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Limits to feature size and resolution in ink jet printing
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bstract

nk jet printing is an attractive route for the manufacture of small ceramic parts and MEMS components. The attainable feature size of a component
abricated in this fashion is determined by both the generated droplet size and how the droplet interacts with the substrate. Here we present a study of
he impingement and coalescence of drops to form beads, and linear deposits after a subsequent phase change. Experimentally, it is found that there
s a minimum width of linear deposit produced in this way that is dependent upon droplet size and the surface energy interaction between droplet
nd substrate. A simple geometric model is presented that can accurately predict both the onset of limitation with changing droplet separation and
he width of the deposit at a given droplet separation. A bulging instability is also found at small droplet separation that is explained in terms of

ompeting pressure-driven axial flow and spreading flow driven by capillarity. The bulging of deposited nanoparticulate ink was found to agree
ualitatively with previous observations, with the bulging being reduced with increasing print-head traverse velocity. The bulging of deposited
olution-based ink did not agree with previous observations; this was explained in terms of evaporation of solvent as the instability was formed.

2008 Published by Elsevier Ltd.
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. Introduction

Ink jet printing is a solid freeform fabrication technique
hat shows potential for use in fields such as ceramic part

anufacture,1 MEMS2 and biomaterials.3 Ink jet printing is
non-contact printing technique that can deposit droplets of
variety of material-laden inks at predetermined locations on
substrate. By in turn depositing droplets that coalesce into

ines, lines that coalesce into sheets and overprinting of sheets,
hree-dimensional objects can be made. To control the feature
ize obtained with this process, an understanding of how liquid
roplets coalesce into patterns as a function of fluid properties,
ubstrate properties and machine parameters is required.

The deposition mechanism of a discrete droplet can be sepa-
ated into two stages: an impact-driven stage in which the impact
inetic energy is dissipated, and a surface energy driven stage
here the droplet will spread to a diameter dependent upon the

urface energy interactions between the ink and the substrate.
solid deposit is formed by the phase change of the ink from

liquid to a solid (e.g. gelation, solidification, evaporation).
he size of deposit obtained will either be dependent upon the

mpact-driven stage if the phase change from liquid to solid is
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E-mail address: jonathan.stringer@manchester.ac.uk (J. Stringer).

β

w
d
(
t
a

955-2219/$ – see front matter © 2008 Published by Elsevier Ltd.
oi:10.1016/j.jeurceramsoc.2008.07.016
ast (e.g. solidification),4 or on the surface energy driven stage
f the phase change is slower (e.g. evaporation). If gravitational
orces are negligible, a liquid droplet deposited on a substrate
ill equilibrate to a spherical cap with a contact angle, θ, so as to
inimise the energy state of the droplet. The value of θ that cor-

esponds to this energy minimum is defined by the Young–Dupre
quation (Eq. (1)):

os θ = σSV − σLS

σ
(1)

here σSV is the interfacial energy between substrate and air,
LS is the interfacial energy between droplet and substrate and
is the interfacial energy between droplet and air. Assuming
spherical cap geometry and conservation of volume between
roplet and spherical cap, the extent of droplet spreading upon
he substrate so as to minimise surface energy can be calculated
Eq. (2)):

eqm = d

deqm
= 3

√
8

tan(θ/2)(3 + tan2(θ/2))
(2)

here βeqm is the ratio of the initial droplet diameter, d, to the

iameter of the droplet on the substrate, deqm. The Bond number
Bo = ρgd2/σ, where ρ is the ink density and g is the accelera-
ion due to gravity) indicates the relative influence of surface
nd gravitational forces. For typical parameters found with ink

mailto:jonathan.stringer@manchester.ac.uk
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Fig. 1. Diagram of model for predicting bead width from a train of droplets.

Table 1
Fluid properties of the different inks used in this study.

η/mPa s σ/mJ m−2
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The equilibrium contact angle, θ, of each ink/substrate combi-

T
C

I

N
N
N
O
O
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anoparticle ink 14.4 31
rganometallic ink 4.14 28

et printing, the Bond number is approximately 10−2 to 10−3,
howing that surface forces are dominant and the spherical cap
ssumption above is valid.

Material-laden inks will often show a contact angle hysteresis
ue to solid material segregating to the contact line and pinning
t.5 This means that the shape that the ink forms on the substrate
t phase change will be the same as the shape of the final deposit.
hus, Eq. (2) will also predict the size of the final deposit on a
ubstrate. Using the same conservation of volume and surface
nergy balance assumptions as before, a model can be derived
or a train of droplets that coalesce to form a liquid bead with

circular segment cross-section (Fig. 1). This model can be
ade dimensionless with respect to both d and θ to obtain the

ollowing universal relationship:
w

βeqmd
=

√
2πd

3pβ2
eqm((θ/ sin2 θ) − (cos θ/ sin θ))

(3)
n
s
p

able 2
omparison of measured and calculated βeqm from measured θ values.

nk Substrate θ/◦

anoparticle Glass 15.5 ± 2.2
anoparticle Polyimide 45.2 ± 0.8
anoparticle Silicone 63.4 ± 1.1
rganometallic Glass 22.0 ± 1.4
rganometallic Polyimide 10.8 ± 2.4
rganometallic Silicone 47.0 ± 1.3
n Ceramic Society 29 (2009) 913–918

here w is the width of the formed bead and p is the spacing
etween deposited droplets. In the presence of contact line pin-
ing, the smallest stable bead size, wmin, possible will be the
iameter of a single droplet at equilibrium on a substrate. A
hreshold, pmax, above which liquid beads will not have parallel
ontact lines can be derived from Eq. (3):

max =
√

2πd

3β2
eqm((θ/ sin2 θ) − (cos θ/ sin θ))

(4)

The largest stable bead size, wmax, is a more complex sit-
ation, influenced by the fluid properties of the ink, the rate
f phase change and the flow rate of ink into the bead. For
olidifying systems, it has been found that a bulging of the
ead occurs when the apparent contact angle formed upon
olidification of the liquid ridge exceeds 90◦. The stability
f solidifying beads is therefore strongly influenced by the
emperature difference between droplet and substrate.4 With
vaporating systems, a series of regular bulges connected by
idges of width equal to deqm has been observed.6 This has been
xplained in terms of two competing flows within the bead; an
utward spreading flow due to capillarity and an axial flow driven
y pressure differences inherent within the deposited bead. The
argest stable bead size that can be obtained under these con-
itions, wmax, should increase with decreasing θ, decreasing σ,
ncreasing ink viscosity, η, and increasing print head traverse
elocity, Ut. The work assumed that the phase change of the
nk has negligible impact upon the formation of the instability
esides pinning the contact line, which is likely to be invalid
n faster evaporating systems as evaporation will increase η and
lter σ.

. Experimental procedure

The inks used in this study were a commercial silver
anoparticle ink (Inkjet Silver Conductor AG-IJ-G-100-S1,
ABOT-PED, Albuquerque, NM, USA) and an organometallic

alt dissolved in xylene synthesised in-house. Preparation details
or the synthesis of the organometallic solution have been pub-
ished previously.7 The substrates used in this study were glass
microscope slides, BDH, Poole, Dorset, UK), polyimide film
KaptonTM, DuPont, Wilmington, DE, USA) and silicone rub-
er (Goodfellow Cambridge Ltd., Huntingdon, Cambs., UK).
ation was measured using a CCD camera and image analysis
oftware (FTA 200, Camtel, Royston, UK). Both inks used have
reviously been characterised with regards to surface tension

βeqm (calculated) βeqm (measured)

2.69 ± 0.14 2.60 ± 0.06
1.82 ± 0.03 1.85 ± 0.08
1.56 ± 0.02 1.58 ± 0.04
2.38 ± 0.03 2.37 ± 0.05
3.04 ± 0.26 2.99 ± 0.10
1.79 ± 0.02 1.81 ± 0.04
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nd viscosity, either in previous publications7 or on data sheets
upplied with the ink. This data is summarised in Table 1.

Printing of samples was carried out using a JetLab print-
ng platform (MicroFab Inc., Plano, TX, USA) that consists of
piezoelectric squeeze mode print head situated above a pro-

rammable x–y platform. The print heads used in this study had a
ozzle diameter of 50 �m (MJ-SF-01-50, MicroFab, as above).
roplet diameter measurements were conducted by ejecting a
nown number of droplets into a vial containing an appropriate
olvent. The mass change of this vial was compared with an
dentical reference vial filled with the same solvent and a mass
alance used to calculated the diameter of an individual droplet,
ssuming a spherical droplet and known density values. All sub-
trates were cleaned with acetone before deposition of droplets.
he two variables investigated using this apparatus were p and
t.

. Results and discussion

The size of an individual droplet was measured as described
bove and was found in both cases to be slightly greater than
he nozzle diameter (d = 61 �m for the nanoparticulate ink,
= 56 �m for the organometallic ink). This shows that the pri-
ary limitation on droplet size is the nozzle diameter, with the
ozzle diameter limited by the viscous dissipation as fluid is
orced through it.8

The deposit left by individual droplets of both inks on each
ubstrate were measured and compared with the diameter as cal-

f
i
t

ig. 2. A typical series of deposits formed from liquid beads of organometallic ink on
.

ig. 3. Comparison of measured w with varying p for both organometallic and
anoparticulate ink with Eqs. (3) and (4).

ulated using Eq. (2) (Table 2). In all cases, good agreement was
hown between experimental and calculated diameters, showing
hat gravitational effects are negligible and that contact line pin-
ing takes place due to segregation of the solid component of
he ink.

The impact velocity of both droplets were similar (2.3 ms−1
or the organometallic ink and 2.8 ms−1 for the nanoparticle
nk), which gave an impact kinetic energy similar to the ini-
ial surface energy of the droplet. Further experiments were

a glass substrate. p varies from 10 �m to 160 �m in 30 �m intervals from a to
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ig. 4. Deposits of nanoparticulate ink on polyimide with Ut = 0.01 ms−1 for (a
or (b) and (d).

arried out with the organometallic ink at a higher impact veloc-
ty (4.2 ms−1), and no difference was found in the spreading
ehaviour. This shows that the impact-driven spreading seems
o have no influence on the deposit size.

The deposits formed from beads of coalesced droplets (Fig. 2)
ere measured and compared with Eqs. (3) and (4) (Fig. 3). For
oth the nanoparticulate and organometallic inks, observation
greed well with predictions from Eq. (2). The threshold of track
tability predicted by Eq. (3) also agreed well with experimental
ata, as shown by the measurements following a straight line
eyond this point. The points beyond the threshold predicted
y Eq. (4) initially showed a curvature of the contact line due to
ontact angle hysteresis (Fig. 2e) as p was increased. With further
ncrease in p, the droplets no longer coalesce into a continuous
rack, instead forming a series of discrete droplet depositions
Fig. 2f).

In all cases a region could be identified below the threshold
efined by Eq. (4) in which the relationship defined by Eq. (3)
as obeyed. This shows that it is possible to form a bead, and

herefore deposit, with parallel contact lines if θ and d are known,
nd p adjusted accordingly. The size of this region was found to
ecrease with increasing θ, signifying that alteration of θ as a

eans of controlling feature size has to be performed carefully

f a deposit with parallel contact lines is to be achieved.
At low droplet spacing, a variety of bulging instabilities were

bserved (Figs. 4 and 5). With the nanoparticle ink (Fig. 4),

d
t
s
e

(b) and Ut = 0.1 ms−1 for (c) and (d). p = 20 �m for (a) and (c) and p = 80 �m

hese bulges appeared similar to those observed by Duineveld,6

ith the connecting ridge between bulges approximating to deqm
n all but the shortest droplet spacing. The occurrence of these
nstabilities was noticeably reduced with an increase in Ut, sug-
esting that the theory proposed by Duineveld6 is valid and that
he evaporation of solvent does not play a significant role in the
ormation of these instabilities.

The deposits formed by the organometallic ink also showed
ulging instabilities at low droplet spacing (Fig. 5), but the con-
ecting ridges were significantly greater than deqm and their
resence was not reduced by an increase in Ut. The increased
idth of these ridges could be indicative of the significance
f evaporation within the bead formation process. Initially, the
xial flow is dominant over the capillary flow within the ridge
nd a bulge will form. As the process proceeds, evaporation
ncreases the viscosity of the fluid within the bead and the cap-
llary flow will become dominant, causing the ridge to spread
utwards.

The presence of bulges at both high and low Ut is most prob-
bly due to evaporation counteracting the increased flow of fluid
nto the ridge. An increased Ut will increase the frequency of
roplet deposition and reduce the amount of time between each

eposition for a given p. The beads produced at low Ut will
herefore have more time for evaporation between droplet depo-
itions and the viscosity of the fluid in the ridge will be increased,
ncouraging capillary flow.
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ig. 5. Deposits of organometallic ink on polyimide with Ut = 0.01 ms−1 for (a
or (b) and (d).

. Conclusion

The formation of deposits by ink jet printing a series of coa-
escing droplets of material-laden (nanoparticle suspension and
olution) ink was investigated. It was found that deposits with
arallel contact lines could be formed within certain ranges of
roplet separation, p. The track width, w, could be predicted
n a variety of substrates with different contact angle, θ, using
simple geometric model, showing that gravitational forces
ere negligible. The maximum value of p was predicted using

he same model and experimental observations showed good
greement. The relationships described by Eqs. (2) and (3) were
losely matched by experimental behaviour of both nanopartic-
late and solution inks, meaning that such behaviour should be
niversal for all fluids that exhibit contact angle hysteresis, such
s ceramic suspensions and salt solutions.

At low values of p, a series of bulging instabilities was
bserved, which were explained in terms of the competing axial
ow through the liquid bead and the spreading flow due to
apillarity. Results using nanoparticulate ink showed qualita-

ive agreement with previous observed behaviour. Results using
rganometallic ink also showed bulging, but the width of the
onnecting ridge between each bulge was significantly larger
han the nanoparticulate ink. This was believed to be due to

3

4

(b) and Ut = 0.1 ms−1 for (c) and (d). p = 20 �m for (a) and (c) and p = 80 �m

he increased influence of evaporation on the flow within the
iquid bead. Again, this behaviour should be universal for flu-
ds that exhibit contact angle hysteresis, with the nature of the
ulging dependent upon the evaporation rate of the carrier sol-
ent.
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