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Four degree of freedom liquid dispenser for direct write capillary
self-assembly with sub-nanoliter precision
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and A. John Harta)

Department of Mechanical Engineering, University of Michigan, Ann Arbor, Michigan 48109, USA

(Received 2 November 2011; accepted 6 December 2011; published online 9 January 2012)

Capillary forces provide a ubiquitous means of organizing micro- and nanoscale structures on sub-
strates. In order to investigate the mechanism of capillary self-assembly and to fabricate complex or-
dered structures, precise control of the meniscus shape is needed. We present a precision instrument
that enables deposition of liquid droplets spanning from 2 nl to 300 μl, in concert with mechanical
manipulation of the liquid-substrate interface with four degrees of freedom. The substrate has sub-
100 nm positioning resolution in three axes of translation, and its temperature is controlled using
thermoelectric modules. The capillary tip can rotate about the vertical axis while simultaneously dis-
pensing liquid onto the substrate. Liquid is displaced using a custom bidirectional diaphragm pump,
in which an elastic membrane is hydraulically actuated by a stainless steel syringe. The syringe is
driven by a piezoelectric actuator, enabling nanoliter volume and rate control. A quantitative model
of the liquid dispenser is verified experimentally, and suggests that compressibility in the hydraulic
line deamplifies the syringe stroke, enabling sub-nanoliter resolution control of liquid displacement
at the capillary tip. We use this system to contact-print water and oil droplets by mechanical manipu-
lation of a liquid bridge between the capillary and the substrate. Finally, we study the effect of droplet
volume and substrate temperature on the evaporative self-assembly of monodisperse polymer micro-
spheres from sessile droplets, and demonstrate the formation of 3D chiral assemblies of micro-rods
by rotation of the capillary tip during evaporative assembly. © 2012 American Institute of Physics.
[doi:10.1063/1.3673680]

I. INTRODUCTION

Central to the creation of new materials is the study of
how geometric arrangements of constituent building blocks
can determine macroscale material properties. In particular,
the size, spacing, and arrangement of micro- and nanopar-
ticles can determine the optical, electric, and thermal char-
acteristics of a surface or bulk crystal. Applications of
particle assemblies include optoelectronics,1 photonics,2 bi-
ological sensors,3 granular electronics,4 lithography,5 and
spectroscopy.6 However, in order to realize these applications,
as well as enable fundamental studies of different crystalline
arrangements, simple and scalable techniques are needed to
assemble nanoparticle structures with deterministic shape and
crystalline order.

When particles are suspended in a liquid, the propor-
tional relationship between meniscus curvature and capil-
lary pressure drives particles to assemble in ordered arrange-
ments at the liquid-air interface.7 This phenomenon, typi-
cally called evaporative self-assembly, has been exploited to
assemble closely packed clusters and monolayers of micro-
and nanoparticles.8 Additionally, it has been shown that the
shape of the meniscus during evaporation can influence the
geometry and crystal structure of particle assemblies.9 For
example, discrete clusters of microparticles have been made
by simply drop-casting microliter volumes of solution onto
a substrate with lithographically patterned wells.10 Simi-
larly, micro molds have been used to confine the meniscus

a)Electronic mail: ajohnh@umich.edu.

into various two-dimensional (2D) shapes, including squares,
hexagons, and circular rings,11 resulting in matching particle
arrangements.

Several direct-write methods have been used to con-
trollably deposit small volumes of liquid onto substrates.
These are typically engineered for printing droplets onto
unpatterned substrates, where evaporation occurs without
additional mechanical constraint. These include noncon-
tact systems that print onto substrates by pressure-driven,12

electrohydrodynamic,13 and pyroelectrodynamic14 droplet
ejection. Additionally, there are contact printing methods that
include dip-pen printing with micro quills or AFM tips,15

inkjet nozzle dispensing driven by a stepper motor,16 and ul-
trasonic pumping through a capillary pipette tip.17 Direct-
write methods have also been used to print complex three-
dimensional (3D) polymer and ceramic lattice structures,18

spanning microelectrodes,19 and 3D polycrystalline colloid
structures by multi-layer deposition.20

We propose that dynamic manipulation of the menis-
cus during assembly could enable fabrication of more com-
plex 2D and 3D particle assemblies and, further the mech-
anistic understanding of capillary-force-driven evaporative
self-assembly of micro- and nanoparticle crystals. Such a
technique would combine the functionality of direct-write ap-
proaches that dispense precise liquid volumes onto substrates,
and templating approaches that physically direct the meniscus
during evaporation.

Therefore, we present a system for direct-write cap-
illary self-assembly which enables simultaneous controlled
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FIG. 1. (Color online) Instrument for direct-write meniscus manipulation: (a) complete assembly on optical tabletop; (b) schematic representation showing fluid
and motion paths in the system.

deposition and manipulation of liquid droplets in four degrees
of freedom. This system features a novel diaphragm pumping
mechanism that has bidirectional control of liquid volumet-
ric displacement and rate, with sub-nanoliter accuracy. This
is enabled by a custom-built syringe pump controlled by a
piezo-stepper motor. The system can deposit liquid volumes
spanning from 2 nl to 300 μl, due to its variable volume load-
ing capability. This liquid may be diluted, mixed, or strati-
fied by a secondary fluid. Additionally, the substrate may be
controllably heated and cooled to influence the liquid evap-
oration rate. We demonstrate the use of this system in two
exemplary experiments: (1) combinatorial screening of how
droplet size and substrate temperature affect the crystalliza-
tion of 2D islands of polymer microparticles from suspension
and (2) building a 3D chiral assembly of polymer microcylin-
ders by rotation of the capillary tip during liquid dispensing
and evaporation.

II. SYSTEM DESIGN AND CONSTRUCTION

The direct-write liquid manipulation system (Fig. 1)
can simultaneously dispense liquid and control the mo-
tion between a dispensing (capillary) tip and a temperature-
controlled substrate. The system comprises a dispenser mech-
anism, translation stage assembly, rotary seal and motor, two
fluid lines, and two syringe pumps. The substrate translates
in three axes (X-Y-Z) and the tip rotates about the vertical
axis (θ ) perpendicular to the substrate. The syringe pumps
control the volumetric displacement of the fluid in their re-
spective stainless steel lines. Syringe pump 1 is custom built
and syringe pump 2 is a commercial product (New Era Pump
Systems Inc., NE-510). Valves 1 and 2 are used for line filling
and pressure relief.

Both fluid lines pass through the rotary seal (Rotary Sys-
tems Inc., 003-10210) and feed into the dispenser mechanism.
Actuation of the syringe pump(s) is transmitted hydraulically
through the fluid lines to control displacement of a “deposi-
tion fluid” through the capillary tip, which is separated from
the hydraulic fluid by an elastic diaphragm. The rotary seal
contains an inner component that turns with respect to an
outer stationary casing, allowing the fluid line input and out-
put ports to rotate with respect to one another. The rotary mo-
tor turns the inner rotary seal component. The rotary motor,
rotary seal, and dispenser mechanism are connected about a
single axis of rotation so that the rotary motor turns the en-
tire dispenser mechanism, which is seated in a sealed ball
bearing (McMaster, 2780T68). As discussed later, the stiff-
ness of the diaphragm and the compressibility (due to trapped
air) of the hydraulic fluid present a straightforward means to
achieve high-resolution control of liquid displacement in the
capillary.

A. Dispenser mechanism and diaphragm pump

The dispenser mechanism enables liquids to be loaded
into a reservoir and controllably dispensed through a capillary
tip. It consists of the following components (Figs. 2(a) and
2(b)):

1. A reservoir for the deposition liquid, which is formed by
the elastic diaphragm and stainless steel contoured bowl.

2. A clamping block that holds the diaphragm against the
flat perimeter of the contoured bowl, and connects to the
hydraulic line.

3. An inlet port, which is opened to load deposition liquid
and plugged during dispensing.
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FIG. 2. (Color online) Model and schematic of dispenser mechanism: (a) exploded view, showing how diaphragm is clamped over the bowl and capillary is
held using a collet; (b) cross-section indicating flow paths; (c) finite element model of elastic diaphragm deformation.

4. A T-junction for fluid mixing using the second line.
5. An assembly of a miniature collet and collet cap, which

holds the capillary tube along the axis of rotation, and
can accommodate capillary tips with different diameters.

The elastic diaphragm, fluid line 1, and syringe pump 1
comprise a hydraulic pump which is used to control the dis-
placement of the deposition liquid through a capillary tip. The
elastic diaphragm is hydraulically actuated by volumetric dis-
placement of the fluid in line 1 using the syringe pump 1
(Fig. 1(a)) which is described in Sec. II B.

The contour of the reservoir bowl is designed to approx-
imately match the deformed shape of the elastic diaphragm
under applied hydraulic pressure. This was verified by simu-
lating the deformed diaphragm contour using nonlinear finite
element analysis in ANSYS (Fig. 2(c)). We use a square La-
tex sheet (McMaster, 8611K222) for the diaphragm, although
any stretchable material flexible enough to conform to the sur-
face of the reservoir bowl would be suitable. Cutting from a
sheet is cost-effective and allows the diaphragm material to
be selected based on its mechanical properties and chemical
compatibility with the contacting fluids.

The reservoir is loaded by first actuating the diaphragm
forward (via fluid line 1) until it conforms to the bowl sur-
face. Next, a micropipette tip filled with the deposition liq-
uid is placed in the inlet port. The diaphragm is then actu-
ated away from the bowl surface, drawing the liquid into the
reservoir from the pipette. The pipette is then removed and
replaced with a stopper to plug the inlet hole. The reservoir
volume may be adjusted from ∼0 to 300 μl based on how
far the diaphragm is drawn backward during the liquid load-
ing step. Liquid is dispensed from the reservoir by actuating
the diaphragm forward, which displaces the liquid through the
orifice and capillary tube.

A miniature collet holds the capillary tube and centers it
about the axis of rotation. A screw cap holds the collet against
the capillary and squeezes the top end of the capillary against
a gasket to maintain the internal seal. A secondary fluid in

line 2 can be fed into the capillary via a T-junction beneath
the reservoir bowl by positive displacement of syringe pump
2. This secondary fluid may be used to dilute or mix with the
deposition liquid.

B. Syringe pump

We initially used a commercially available syringe pump
to actuate the diaphragm, but the step resolution (∼5 μm) and
backlash (∼300 μm) of its lead screw mechanism were in-
sufficient for our needs. In particular, the backlash prevented
consistent reversible control of fluid dispensing, which we
later show to be essential for dispensing nanoliter droplets by
contact printing.

As a result, we constructed a custom syringe pump con-
sisting of a stainless steel syringe (New Era Pump Systems
Inc., SYR-SS1SL8) actuated linearly on a micrometer stage
(Thorlabs, PT1) by a piezo-stepper motor (New Focus, 8303).
This motor drives the volume and rate of fluid displacement
of the syringe with <30 nm step size and <15 nm backlash,
and is controlled through LabVIEW.

C. Stage assembly

The stage assembly holds the substrate, which is typi-
cally a piece of silicon wafer or a glass slide. The stage is a
copper platform suspended between two thermoelectric chips
(Custom Thermoelectric, 12711-5L31-02CK), as illustrated
in Fig. 1(a). The thermoelectric chips are driven in parallel by
a single temperature controller (Omega, CNi3242-C24), with
feedback from a thermocouple mounted underneath the plat-
form. The suspended platform design provides spatial unifor-
mity of temperature in the center of the suspended region.21

With this setup, we can control the substrate temperature
from 20–70 ◦C, and have measured heating rates as rapid as
1.4 ◦C/sec.

The stage assembly is supported by a custom-made
3-point ball-groove kinematic coupling (Fig. 1(a)), which
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enables fine adjustment of the substrate’s planar orientation.
This entire assembly is fixed to three linear actuated stages, ar-
ranged serially, which enable three-dimensional positioning.
Each actuator (Thorlabs, Z825B) has 28 nm incremental res-
olution and is controlled using the LabVIEW.

III. LIQUID DISPENSER MODEL
AND CHARACTERIZATION

The custom syringe pump (syringe pump 1) displaces
the fluid in line 1, which deforms the elastic diaphragm in-
side the dispenser. In this section, we describe how the de-
sign parameters of this hydraulic diaphragm pump (Fig. 3(a))
determine the volume of liquid dispensed from the reservoir
(∂Vd, [m3]) upon syringe actuation (∂Vs, [m3]). This model
was motivated by our practical finding that entrapment of a
small amount of air is inevitable when filling the hydraulic
line, largely due to the intricate geometry inside the rotary

FIG. 3. (Color online) (a) Schematic of components and parameters com-
prising the diaphragm pump that contribute to the system model; (b) rep-
resentative liquid displacement at the capillary tip for sensitivity measure-
ments; (c) system model depicts that the nonlinear curve relating sensitivity
(S) and line compressibility (C) shifts left as disturbance (D) increases; (d)
experimental sensitivity measurements (circles) fall within a fixed C range
and along model curve for D = 0.05; (e) the system model accurately de-
scribes the explicit experimental relation between sensitivity measurements
at various line pressures.

seal component. Therefore, ∂Vs is not exactly equal to ∂Vd,
as would be the case if the hydraulic line was incompressible.
Notably, the inclusion of this entrapped air deamplifies ∂Vd

with respect to ∂Vs, which significantly increases the system’s
resolution.

We determined several physical relations among the sys-
tem parameters defined in Fig. 3(a). First, the volume of
air (Vair, [m3]) and volume of hydraulic fluid (Vf, [m3])
constitute the total volume of the hydraulic line (VL, [m3])
(Eq. (1)),

VL = V f + Vair. (1)

Compressibility in the hydraulic line may be attributable to
entrapped air (n, [mol]) as described by the ideal gas law
(Eq. (2)), and to hydraulic fluid compression (β, [Pa−1])
(Eq. (3)). R is the universal gas constant and T is the abso-
lute room temperature. It is assumed that the stainless steel
tubing that houses the hydraulic fluid is rigid,

PL Vair = n RT, (2)

∂VL

∂ PL
= −

(
n RT

P2
L

+ βV f

)
. (3)

The volume change at the diaphragm (∂Vd) is the summation
of volume displaced by the syringe (∂Vs) and hydraulic line
compression (∂VL) (Eq. (4)),

∂Vd = ∂Vs + ∂VL . (4)

Next, we define diaphragm stiffness (kd, [N/m5]) as the pa-
rameter relating change in pressure across the diaphragm (∂PL

− ∂Po, [Pa]) to change in displaced volume (∂Vd), which, in
general, is a function of the pressure difference across the di-
aphragm (PL − Po, [Pa]), which need not be linear (Eq. (5)),

∂ PL − ∂ Po

∂Vd
= kd = f (PL − Po). (5)

Notice that ∂Vd is equal to the volumetric displacement of the
deposition liquid. If the deposition liquid is incompressible
and completely fills the reservoir cavity with no entrapped air,
∂Vd is equal to the liquid volume displaced through the cap-
illary tip (∂Vo, [m3]). We assume this is true for the present
case.

We define the sensitivity (S) of the dispenser as the ra-
tio of volumetric displacement of the diaphragm (∂Vd) to the
volumetric displacement of a syringe stroke (∂Vs). By alge-
braic substitution of Eqs. (1)–(5), we derived an expression
for dispenser sensitivity as a function of two dimensionless
parameters, C and D (Eq. (6)),

S = ∂Vd

∂Vs
= 1

1 + C
− DC

(1 + C − D) (1 + C)
= SH − SD,

(6a)

C = kd

(
n RT

P2
L

+ βV f

)
≈ kdn RT

P2
L

, (6b)

D = ∂ Po

∂ PL
. (6c)
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First, the compressibility parameter, C (Eq. (6b)), relates all
system parameters affecting hydraulic line compressibility.
All physically significant parameter values (n, R, T, PL, kd, β,
Vf), and thus C, are lower-bounded at zero. For C to be greater
than zero, it is necessary to have entrapped air (n) and/or fluid
compressibility (β). Notably, C may be adjusted by varying
the line pressure (PL). Unlike kd and n, which are fixed by
the system design and assembly, PL can be easily varied by
syringe actuation. Hydraulic fluid compressibility is negligi-
ble because we use water (β = 46 × 10−11 Pa−1 at 25 ◦C)
and maintain PL < 200 kPa due to the limit of our pressure
transducer.

Second, the disturbance parameter, D (Eq. (6c)), is the ra-
tio of the pressure change on the downstream (deposition liq-
uid) side of the diaphragm (∂Po) to the change in line pressure
(∂PL). The pressure exerted on the diaphragm during deposi-
tion of liquid onto a substrate constitutes ∂Po; for example, a
disturbance can be introduced by the capillary pressure aris-
ing from tip-liquid-substrate interactions. D = [0,1] for phys-
ically significant states of the system. When D = 0, the depo-
sition fluid experiences no change in pressure upon actuation
of the diaphragm (i.e., ∂Po = 0). Physically, this means that
the deposition fluid imparts no resistance on being volumetri-
cally displaced by the diaphragm. For D = 1, the deposition
fluid experiences a change in pressure exactly equal to that in
the hydraulic line upon syringe actuation. Equation (5) shows
that this results in zero diaphragm deformation (i.e., ∂Vd = 0).
Physically, this corresponds to the situation in which the depo-
sition fluid is incompressible and plugged such that it cannot
undergo volumetric displacement. The system may approach
this condition, if, for example, capillary pressure at the end
of the deposition tip becomes large. This may be true if very
small diameter tips are used.

We have formulated the equation for dispenser sensitiv-
ity (Eq. (6a)) to highlight two terms. It is composed of a hy-
draulic sensitivity term (SH) which is solely dependent on C.
Subtracted from SH is a disturbance sensitivity term (SD) that
depends on both C and D. Because C is always greater than
zero, SH is bounded between 0 and 1. For the limiting case
where the hydraulic line approaches perfect incompressibil-
ity (C → 0), dispenser sensitivity approaches 1 regardless of
the pressure disturbances (i.e., SH = 1, SD = 0). This is also
depicted in Fig. 3(c). Conversely, as line compressibility be-
comes very large (C → ∞), dispenser sensitivity approaches
zero regardless of the pressure disturbances (i.e., SH = 0, SD

= 0). For zero pressure disturbance (D = 0), dispenser sensi-
tivity is simply described by SH since SD equals zero. As D in-
creases, the nonlinear curve describing the relation between S
and C shifts left (Fig. 3(c)), which lowers the dispenser sensi-
tivity for a prescribed value of C. Finally, at maximum distur-
bance (D = 1), dispenser sensitivity is zero because SH equals
SD, and may be regarded, visually, as an infinite leftward shift
of the S–C curve.

To measure the hydraulic line compression, we plugged
fluid line 1 with a solid-state pressure transducer just upstream
of the diaphragm (Fig. 4(a)). In this configuration, we ac-
tuated the syringe (�Vs, [m3]) and recorded PL, noting that
�Vs must be equal to the volume change of the hydraulic line
(�VL, [m3]). We found the relationship between line pres-

FIG. 4. (Color online) Validation of fluid line compressibility due to en-
trapped air: (a) plugged configuration of the hydraulic line used for these
measurements; (b) inverse relation between line pressure and volumetric dis-
placement, which is described by the ideal gas law; (c) pressure transients in
the line upon syringe actuation, verifying that pressure transmission is essen-
tially instantaneous.

sure and syringe displacement to be inversely proportional
(Fig. 4(b)) and the transmission of pressure from syringe to
sensor to be essentially instantaneous (Fig. 4(c)). This con-
firms that hydraulic line compression is due to entrapped air,
and is accurately described by the ideal gas law.

We derived an expression, based on the ideal gas law, to
calculate the amount of entrapped air (n) using line pressure
measurements before (Pi) and after (Pi+1) a syringe stroke of
known volumetric change (�Vs) (Eq. (7)),

n = Pi Pi+1�Vs

RT (Pi − Pi+1)
. (7)

Here, �Vs > 0 corresponds to an increase in hydraulic line
volume, and thus a decrease in pressure. We performed this
calculation between sequential points in Fig. 4(b), and deter-
mined n ≈ 0.9 μmol.

We then measured the sensitivity of the dispenser experi-
mentally, having the system assembled as shown in Fig. 3(a).
We filled the reservoir cavity and capillary with water through
the inlet, as described in Sec. II A. Then, we plugged the in-
let and actuated the diaphragm forward until a small liquid
bulge extended from the tip (Fig. 3(b)). From here, we actu-
ated the syringe by a small stroke and recorded the volume
change of the liquid bulge, noting that �Vd = �Vo in this
case. This volume change was determined by image anal-
ysis, assuming that the bulge geometry is a spherical cap.
We assumed that this incremental volume change was small
enough so that �Vd/�Vs ≈ ∂Vd/∂Vs = S. We repeated this
procedure at a range of line pressures, showing that S in-
creases as PL increases, and ranges from 2.7 × 10−3 to 9.9
× 10−3 (Fig. 3(e), circles). We performed the measurements
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so as to keep �Vo approximately the same for all data
points.

Based on these measurements, we approximated the ef-
fect of capillary pressure against the diaphragm (Po) using the
Laplace-Young equation for capillary pressure across a spher-
ical curved meniscus (Eq. (8)). Patm is the ambient pressure,
Phead is the head pressure from the water column inside the
capillary tube, γ is the water-air surface tension at room tem-
perature (γ = 0.0728 N/m), and r is the meniscus radius of
curvature,

Po = 2γ

r
+ (Patm − Phead) . (8)

The change in capillary pressure (�Po) was computed using
measurements of the liquid bulge radius of curvature before
(r1) and after (r2) each �Vs (Eq. (9)),

�Po = 2γ

(
1

r2
− 1

r1

)
. (9)

We then substituted Eq. (9) into Eq. (6a) by assuming that
�Po ≈ ∂Po (Eq. (10)), and found kd to be approximately con-
stant across all measurements (kd ≈ 9 × 1014 N/m5),

kd = P2
Lr1r2 (�Vs − �Vd ) + 2n RT γ (r2 − r1)

�Vdn RT r1r2
. (10)

Using the experimental sensitivity measurements, and the cal-
culated values for n and kd, we calculated the corresponding
non-dimensional terms C and D using Eq. (6). Our maximum
and minimum measurable line pressures (PLmax = 124 kPa,
PLmin = 70 kPa) correspond to C ranging from 95 to 350,
respectively. D is approximately constant (D ≈ 0.05) for all
measurements, which is expected since �Vo was approxi-
mately the same for all measurements. We show that the ex-
perimental S measurements (Figs. 3(c)–3(e), circles) fit well
against model curves plotted using our calculated values for
n, kd, and D (Figs. 3(d) and 3(e), dotted lines).

This model guides us on how to configure the system
to achieve a desired resolution, and enables understanding
of how capillary pressure at the tip affects the dispenser
performance. Our sensitivity measurements show that the
dispenser currently exhibits approximately 100:1 to 370:1
deamplification of the syringe’s volumetric displacement at
the diaphragm. Considering that the displacement resolution
(�Vs) of our custom syringe pump is < 2.0 nl, these sensi-
tivity values indicate that we can control the displacement of
liquid at the capillary tip (�Vo) with resolutions ranging from
∼5 to 20 pl.

A notable characteristic of this system is that, for a given
line compressibility C, disturbances due to capillary pres-
sure (i.e., D > 0) serve to lower system sensitivity. Capillary
pressure disturbances will become more significant at smaller
size regimes due to larger meniscus curvatures. Therefore, we
expect the resolution of the system to inherently scale with
droplet volume since D will become more significant. If the
sensitivity measurements described above were conducted us-
ing a capillary tip inner diameter smaller by one order of mag-
nitude (45 μm), we estimate S ∼ 6 × 10−6 and D ≈ 0.998
by extrapolation of our model. This indicates that our cur-
rent system will exhibit volumetric resolution on the order of

FIG. 5. (Color online) Contact printing of droplets using liquid bridges:
(a) still images showing steps in the procedure, resulting in de-
position of a droplet with 2 nl volume (enhanced online) [URL:
http://dx.doi.org/10.1063/1.3673680.1]; (b) row of four droplets with iden-
tical volumes, deposited sequentially; (c) row of four droplets with different
volumes, deposited sequentially; (d) relationship between droplet volume and
liquid bridge height (δ).

0.1 pl without any modification. In this respect, inclusion of
an air bubble in the hydraulic line is advantageous because
a perfectly incompressible hydraulic line would not scale the
resolution with the droplet size.

We emphasize that our model describes the volumet-
ric control of a pinned volume of liquid at stable equilib-
rium capillary pressure conditions. Examples include a liquid
bulge extending from the end of a capillary tip, as utilized
for the sensitivity measurements, and a liquid bridge span-
ning between the capillary tip and a substrate (Fig. 5(a)). In
other words, our model describes the precision with which
the volume of a stable liquid bridge or bulge may be in-
creased or decreased once established. Instabilities, such as
stick-slip of liquid contact lines, and liquid bridge collapse,
can drastically alter the equilibrium capillary pressure condi-
tion within a liquid volume and are often difficult to predict.
These events may cause sudden, microliter, displacements of
liquid through the capillary tip. This is not captured by our
consideration of Laplace capillary pressure disturbances for
describing system sensitivity. In principle, analytical models
for dynamic scenarios involving instabilities could be derived,
but this is beyond the scope of the present study. Such a model
would relate the particular instability to the pressure exerted
on the diaphragm (∂Po), which could then be substituted into
Eq. (6).

Additionally, resolution of the dispenser can be im-
proved by increasing kd or n. These parameters can be
modified by replacing the diaphragm, and injecting air into
the hydraulic line. Although Eq. (6) suggests that infinites-
imal volumetric resolution can be achieved using a suffi-
ciently large entrapped air bubble and a very stiff diaphragm,
there are, of course, practical limitations including room
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vibrations, temperature fluctuations, and syringe volume
capacity.

IV. RESULTS

We now demonstrate the functionality of the dispenser
to controllably deposit liquid droplets on substrates, and
to manipulate a liquid meniscus between the capillary tip
and substrate. We then demonstrate the effect of droplet size
and temperature on the evaporative assembly of microspheres,
and use capillary tip rotation to control the 3D organization of
microrods. These results are enabled by simultaneous control
of liquid displacement using the diaphragm pump, stage mo-
tion, and optional capillary tip rotation.

A. Direct-write droplet deposition by liquid bridging

The bidirectional pumping capability allows discrete liq-
uid droplets to be deposited from the capillary tip by contact
printing. After the reservoir is loaded, as described in Sec. II
A, we actuate the diaphragm forward, by manual control of
the syringe pump, to cause the deposition liquid to bulge out-
ward from the capillary tip (Fig. 5(a), enhanced online). We
monitor the size of the bulge using a video microscope with
dashed-line markers overlaid on-screen to denote the distance,
δ, from the edge of the capillary tip to the apex of the liquid
bulge. Then, we move the substrate upward until it contacts
the bulge at distance δ from the capillary tip, causing a liquid
bridge to form. Then, we lower the substrate using the mo-
torized stage, causing the bridge to neck and break, printing a
droplet on the substrate.

We consider the distance δ to be a metric relating the vol-
ume of the initial liquid bulge to the volume of the printed
droplet. Larger δ corresponds to a larger bulge volume, and
therefore, a larger printed droplet. To control the droplet vol-
ume, we incrementally actuate the syringe pump while ref-
erencing the video feed. We set the liquid bulge to the de-
sired δ before each deposition. The droplet volume can then
be calculated from the video microscope images, by measur-
ing the droplet height and contact line diameter, and assuming
a spherical cap geometry.

Figure 5 shows three limiting examples of this technique.
First, (Fig. 5(a), iv) shows a water droplet as small as 2 nl
(δ = 45 μm), deposited using a capillary tip with 450 μm
inner diameter onto a plastic microscope coverslip substrate.
Next, we deposited multiple mineral oil droplets at the same δ,
which shows that the contact printing procedure is repeatable
(Fig. 5(b)). The low vapor pressure of mineral oil minimized
evaporation, which allowed us to sequentially deposit the four
35 nl (standard deviation of 0.9 nl) droplets and then take the
image shown to measure the droplet volumes. We also de-
posited mineral oil droplets at different values of δ (Fig. 5(c)),
and show that the relation to droplet volume is approximately
linear within the range tested (Fig. 5(d)). Several other param-
eters affect the printed droplet volume, including the capillary
tip material and geometry, and the air/liquid/substrate surface
energies. In general, performance of the machine will depend
on these parameters, which can be calibrated in advance. In
the future, we imagine implementing closed-loop positional
control for the 3D stage and syringe pump stepper motor to

FIG. 6. (Color online) Assembly of polystyrene microspheres from droplets
deposited by contact printing: (a) Three-by-three array of self-assembled par-
ticle crystal islands formed from droplets with different volumes deposited
at different temperatures; (b) schematic of self-assembly process in the dry-
ing droplets; (c) SEM of uniform crystal island at optimum temperature and
droplet volume (inset: closely-packed assembly of 3 μm polystyrene spheres
in this island); (d) schematic of heterogeneous nucleation and growth of par-
ticle crystals at the contact line; (e) SEM of a non-uniform crystal island
having the finger-like protrusions.

improve position and volume displacement accuracy beyond
the manual proof-of-concept shown here.

B. Evaporative self-assembly of microspheres
and microrods

Using our contact-printing technique, we deposited a 3
× 3 array of droplets consisting of a water-based suspension
containing 3 μm-diameter polystyrene particles (2.5 vol. %,
Polysciences, Inc.). Temperature was varied by row and
droplet volume by column (Fig. 6(a)). Thus, this is a small
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combinatorial study of the evaporation-induced self-assembly
of micro-particles. A uniform polycrystalline island with di-
ameter ≈ 350 μm is achieved at T = 63 ◦C and V = 82 nl
(Fig. 6(c)).

We consider two major effects when interpreting these
results. First, the diameter of the assembled microparticle
crystal correlates with the diameter of the initial liquid-
substrate contact area. This diameter is dependent on the
droplet volume and contact angle. Because substrate tem-
perature affects the contact angle, it affects the droplet
volume and wetting diameter. Second, in the absence of
evaporation, the particle concentration of the source solution
(inside the capillary tip) should match the particle concen-
tration inside a deposited droplet. Accordingly, the number
of particles in each deposited droplet would scale linearly
with the droplet volume. However, elevated substrate tem-
perature significantly increases the evaporation rate so that
the particle concentration continuously increases during the
bridging stage of droplet deposition. In this respect, the par-
ticle concentration in deposited droplets is directly related
to the substrate temperature, and this may be exploited to
control the volumetric concentration of particles in deposited
droplets. We observe these effects in the array because the
number of particles per island increases with volume and with
temperature.

During evaporation of these deposited droplets, the par-
ticle concentration increases and particles migrate towards
the liquid-substrate contact line,22 as depicted in Fig. 6(b).
Here, particle crystals nucleate and grow towards the center
of the droplet (Fig. 6(d)) until evaporation completes. If the
droplet does not contain a sufficient number of particles, crys-
tal growth from the nucleation cites may cease due to starva-
tion of particles. In such a case, there are several finger-like
structures protruding inward from the location of the pinned
contact line, as shown in Fig. 6(e).

Finally, we demonstrate the effect of capillary tip rotation
on the assembly of polymer micro cylinders23 from a water-
based solution. At constant rotation rate (12 rpm) and elevated
substrate temperature (60 ◦C), we established a liquid bridge
between the capillary tip and substrate (Fig. 7(a)). Then, we
moved the substrate downward slowly while dispensing. This
continuous stretching and twisting of the meniscus assembled
the micro cylinders into a 3D chiral structure (Fig. 7(b), en-

FIG. 7. (Color online) Simultaneous dispensing and assembly of micro-rods
into a 3D chiral assembly using the rotating capillary tip: (a) schematic of
the process; (b) SEM image of a chiral assembly fabricated by this process
(enhanced online). [URL: http://dx.doi.org/10.1063/1.3673680.2].

hanced online). By tuning the rotation speed, downward mo-
tion speed, and substrate temperature, 3D structures having
different geometries may be achieved.

V. CONCLUSION

We designed, built, and tested a rate-controlled sub-
nanoliter resolution dispenser system, and demonstrated its
utility for direct-write droplet deposition and evaporative self-
assembly. The system features four degrees of freedom be-
tween a deposition tip and a temperature-controlled substrate.
Simultaneous actuation of the liquid dispenser along with
motion of the stage enables spatial and temporal control of
the meniscus profile of evaporating droplets. We expect the
resolution of the system to inherently scale with the droplet
volume, allowing us to deposit and manipulate picoliter or
smaller liquid volumes with properly designed deposition
tips. We envision this machine being an essential tool for
proof-of-concept demonstration of unique 2D and 3D par-
ticle assemblies, and a versatile platform for studying the
principles of capillary self-assembly across the micro- and
nanoscales.
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