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Abstract 

A recent model for the drop-on-demand (DoD) jetting of 
mono-disperse linear polymer solutions has identified three re-
gimes of behaviour: with the polymer chains fully relaxed; with 
significant viscoelastic effects; and with the chains fully extended.  
These regimes have now been confirmed by experimental observa-
tions in several different systems.  The model predicts the maxi-
mum jettable concentration of polymer as a function of molecular 
weight. The highly extensional flows in high-speed jetting with 
viscous solvents can fully stretch linear polymer chains outside the 
nozzle, permitting jetting of solutions with higher polymer contents 
than for purely elastic behaviour. These results are significant for 
DoD printing at high jet speeds and will be relevant to jet for-
mation from linear polymer solutions for any DoD printhead. 

Introduction  
Drop-on-demand (DoD) ink-jet printing of dilute polymer so-

lutions, with a fixed drive waveform to achieve a main drop tip 
speed of ~ 6 m/s at ~ 1 mm standoff had been studied by high-
resolution spark flash imaging [1]. Dilute solutions of polystyrene 
(PS) with near mono-disperse molecular weights (Mw) from 24,000 
to 488,000 g/mol were prepared in a good but viscous solvent, 
diethyl phthalate (DEP). The dependence on polymer molecular 
length (L) of the maximum PS concentration for DoD jetting was 
determined. Zimm-Rouse theory for polymers in dilute solution 
provides a quantitative relation between L and Mw as described 
elsewhere [2]. 

These polymer solutions with low Mw and dilutions were ex-
pected to show jetting behaviour either controlled by linear viscos-
ity tending towards the Newtonian solvent viscosity at the lowest 
polymer concentrations, or “elastic” behaviour, with the maximum 
jettable concentration falling rapidly (at least as an inverse square 
law) with Mw. However results from both our experiments [3, 4] 
and our numerical simulations [5] appeared to show the variation 
of this limiting concentration to be close to 1/Mw, which was un-
explained by polymer theory. Earlier results, from de Gans et al 
[6], for slower (~ 2 m/s) jets of mono-disperse polystyrene solu-
tions in another “good” solvent from a different print head type 
appeared to show “elastic” behaviour at high Mw. We have sought 
to understand these apparent discrepancies. 

Numerical simulations & models 
Numerical code developed by Morrison and Harlen has been 

validated separately for DoD and CIJ jetting conditions, using a 
large-scale drop generator system [7] as well as by various results 
on the scale of industrial inkjet printing [8]. This axi-symmetric 
code for fluid flow incorporates polymer Zimm models [5] and at 
high shear rate predicted a relationship between the required print 
head drive and Mw which was unexpected but which was con-
sistent with the jetting data for PS in DEP obtained in earlier work. 

Recently [9], another possible regime for polymer behaviour 
was considered: if polymer chains become fully stretched, i.e. 
beyond the viscoelastic region, how does this affect the fluid jet-
ting? Once the polymer chains are fully stretched they behave like 
rigid rods of length L in solution, with very high viscosity >100 
times the viscosity at low extension rate. (The viscosity ratio be-
tween fully stretched chains and the Newtonian viscosity in this 
model [9] is given by ⅔L², and for a linear polymer with Mw > 
100,000 g/mol the value of L > ~15.) This higher viscosity sug-
gests a power-law dependence on polymer concentration that still 
does not conform directly to all ink-jet measurements, since it 
neglects key aspects of high speed ink-jets. 

A previous approach to understanding polymer solution ink-
jets [10] was based on a simple model of an extending ligament 
combined with the polymer theory. This approach gave very good 
descriptions of viscoelastic behaviour and predicted the conditions 
under which fluid is initially ejected from the nozzle but never 
separates, and retracts back inside (“bungee jumpers”). However, 
this approach was applied only to relatively low extension rates 
(jet speeds) compared with those reported here. 

Figure 1 shows the model for the rapidly extending ink-jet. 

 
Figure 1: Basic model of extending ink-jet [9], following earlier approach [10]. 

Using the previous model approach [10] and the multi-mode 
Zimm model, it was found [9] that at high extension rates in fast 
jetting conditions a combination of fully stretched polymer chains 
and thinning of the ligament during fluid extension reduced the 
predicted overall power-law dependence on concentration close to 
that observed for ink-jets of PS in the (viscous) solvent diethyl 
phthalate (DEP), also providing some explanations for the scaling 
law that was found in the earlier simulation results [5].  
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Model results 
Three regimes of ink-jet jetting behaviour are predicted [9]: 

two are well-known but the third had not previously been clearly 
identified in the literature or experimental data. Transitions be-
tween these regimes depend on the initial Weissenberg number 
(Wi) given by the product of initial extension rate (ė) and polymer 
relaxation time (τ), where we approximate the extension rate from 
the initial jet speed (U0) and length scale (d) for the jet neck (see 
Figure 1): 

Wi = ė × τ (1) 

ė = U0/d (2) 
 
Newtonian, viscoelastic and fully stretched chains are associ-

ated with the extensional flow conditions 0 < Wi < ½, ½ < Wi < L, 
and L < Wi respectively, and correspond to particular scaling laws 
in L (or Mw). The power law exponents for the Mw dependence of 
the maximum jettable concentration (in g/cc, wt%, etc.) in the 
three regimes are (1-3ν), (1-6ν) and (-2ν) respectively, where ν is 
the solvent quality factor which generally lies between 0.5 (poor) 
and 0.6 (very good). For PS in the “good” solvent DEP (diethyl 
phthalate), ν=0.567 and the scaling law exponents are -0.70, -2.40 
and -1.12 respectively. Figure 2 shows the three regimes, for PS in 
DEP, indicating the scaling laws and the transition points at Wi ≈ 
½ and Wi ≈ L; the solid curve is based on numerical simulations 
with a more exact model for deceleration. The model fails for L < 
5. Higher extensional rates and solvent viscosities increase Wi 
linearly: both transitions move towards lower Mw values and 
shrink the viscoelastic region, such that jetting is then limited for 
most Mw by extensional behaviour of fully stretched polymer 
chains.  

 

 
Figure 2. Predictions (see Appendix) for maximum jettable concentrations for 
PS solutions in the “good” solvent DEP, indicating power law slopes in the 3 
regimes and Weissenberg number Wi values at transitions between them. 

Experimental results 
Experimental techniques for imaging and analysis have been 

presented previously: for high speed flash by Hutchings et al. [1] 
and for high speed video imaging by Hsiao et al. [11]. Methods for 
rheological characterization [4] and related experiments on poly-
styrene solutions in DEP filament stretching and thinning [8, 12, 
13, 14], as well as full details of the materials and solution prepa-
ration, are described elsewhere [9]. Experimental values for the 
maximum jettable concentration for solutions of PS in DEP, corre-

sponding to ~6 m/s tip speeds, were evaluated at a nominal “stand-
off” distance of ~1 mm, for a Xaar XJ126-200 (non-wetting noz-
zle) print head. Concentration limits were extrapolated to a drive 
voltage setting of EFF=1.3±0.2 in the print head control software, 
which is responsible for the error bars plotted in Figure 3.  

Figure 3 compares the results for jetting of PS in DEP at ~6 
m/s (■) [9] and of PS in acetophenone (ATP) at ~ 2 m/s (□) from 
de Gans et al (2004) [6], together with appropriate scaling law 
slopes adjusted to the data. For PS in DEP the data are consistent 
with fully stretched chains at Mw > 100 kDa (probably with a 
Newtonian regime I, shown as a dashed line, but almost no viscoe-
lastic regime II), whereas PS in ATP is consistent with scaling in 
the regimes I and II (and the highest Mw point may possibly lie in 
regime III as shown by the dotted line) [9]. 

Figure 4 shows c/c* vs Mw from A-Alamry et al. [15], where 
c* is the concentration limit for dilute solutions (e.g. [2]). 
 

 
Figure 3. Jetting limit data for PS in “good” solvents DEP (■) [9] and ATP (□) 
[6] overlaid with model predictions from the 3 regimes. Solutions in DEP (■) 
appear consistent with fully stretched chains at most Mw, but solutions in 
acetophenone (□) are consistent with regimes I & II (& III?)[9]. See Appendix. 

 
Figure 4. Jetting limit data, from A-Alamry et al [15], for PS and PMMA in a  
“good” solvent, overlaid by the scaling predictions for the slope of the c/c* vs. 
Mw plot from the new model [9] for solvent quality factor ν=0.55. Jetting data 
for a 50 µm MicroFab print head, at drives of 30V (▲) and 50V (●), are shown 
for each polymer solution, with PMMA as solid symbols and PS as open 
symbols. The slopes (0, -1.65 and -0.45) depicted on the c/c* vs. Mw plot are 
close to the regime slopes for PS in DEP (Fig 2) after subtracting the Mw 
dependence of c*. The uncertainties are estimated as ± 0.08 in c/c*. 

Jetting of solutions of PMMA (polymethylmethacrylate, another 
linear polymer) and PS in the “good” solvent γ-butyrolactone 
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(GBL) has been reported recently by A-Alamry et al. [15]. Divid-
ing the scaling predictions (i.e. subtracting the slopes) for maxi-
mum concentration c vs. Mw (in three regimes equivalent to Figure 
2) by the scaling for c* vs. Mw (as given in the first regime), the 
predicted scaling for c/c* data vs. Mw is readily found. The data in 
Figure 4 [16] show trends that reflect the power law scaling in all 
three regimes from Figure 2. The possible change of slope, and 
hence regime, between jetting at 30V and 50V drive is linked to a 
higher initial jet speed U0 associated with higher drive, and hence 
higher Weissenberg number through increased extension rate ė, as 
shown by equation (2). Observation of three regimes in data for 
jetting in quite different systems strongly supports the model [9]. 

Table 1 lists the Mw scaling laws from the model predictions, 
and the values of the exponents for solvent quality factor 0.5 < ν < 
0.6, for the maximum jettable concentration c (and c/c*) for the 
three regimes of behaviour. 

Table 1: Mw scaling laws in three regimes of polymer behaviour 
Regime: 

Law: Viscous: I Viscoelastic: II Fully 
stretched: III 

c 1-3ν 1-6ν -2ν 
c/c* 0 -3ν ν-1 

c -0.65±0.15 -2.30±0.30 -1.10±0.10 
c/c* 0 -1.65±0.15 -0.45±0.05 

Discussion 
The data for PS in acetophenone at the higher Mw in Figure 3 

lie in regime II (and possibly III) but the behaviour was not inter-
preted as completely elastic by de Gans et al. (2004) [6], perhaps 
because the slope is slightly too shallow if regime III is missed [9]. 
With the identification of a fully stretched regime in jetting, the 
data from de Gans et al. (2004) [6] can be considered good evi-
dence for both the critical concentration c*-limited regime I and 
viscoelastic-limited regime II, with the transition between these 
taking place at Mw ≈ 360 kDa for 2 m/s jetting from a 70 µm diam-
eter MicroDrop print head. The scaling law prediction for the fully 
stretched chain is Mw ≈ 1650 kDa under these conditions. The data 
for PS in DEP are for ~6 m/s jetting from a 50 µm diameter 
XJ126-200 printhead, and equation (2) suggests that ė was ~4 
times that for PS in ATP. However, theory suggests that the poly-
mer relaxation time is proportional to the solvent viscosity [2], so 
equation (1) implies that WiDEP is ~7WiATP under the same jetting 
conditions. This becomes ~28 times greater than under the de Gans 
et al [6] conditions. This large factor moves the points for both the 
transitions for PS in DEP to much lower values of Mw that produce 
relaxation times 28 times shorter than the equivalent values for PS 
in ATP. This effectively reduces the gap between regime I and 
regime III, almost (but not quite) enough to eliminate regime II for 
PS in DEP [9]. Chain relaxation times from the Zimm model also 
underestimate the effective relaxation time for PS in DEP at lower 
Mw [14], which most probably prevents access to viscoelastic re-
gime II in our data [9]. 

Many previous authors have claimed fully stretched ligaments 
in their jetting experiments without proof, but rather based on ex-
pectations. In the present work, the experimental power law scal-
ing dependence was tested by matching polymer theory to the 
model of jet thinning, and backed up by numerical simulations, 
with good agreement that also excludes other interpretations such 

as viscoelastic behaviour for the highest molecular weights. The 
implications for ink-jetting of polymer solutions are several: it 
proves far easier to jet fully stretched chains of high molecular 
weight polymer than in the viscoelastic mode, since in the latter 
the limiting concentration has a Mw exponent of (1-6ν) not (-2ν); 
the use of low viscosity solvent can suppress (through the polymer 
relaxation time) the onset of full stretching for high Mw polymer 
(as seen but perhaps not fully identified by de Gans et al. [6]). 

 Depending on the choice of solvent viscosity, DoD print 
head nozzle diameter and jetting speed, there is a rather narrow 
range of molecular weight which can give viscoelastic (1-6ν) be-
haviour, because the separation in Wi value between regimes I and 
III is only ~⅔L; applications with higher jet speeds (and narrower 
nozzles) can reach Wi > L at lower Mw, as seen in the data for PS 
in DEP in Figure 3. 

The precise value of the solvent quality factor ν does not sig-
nificantly affect the implications of the three different scaling laws 
for inkjet printing of polymer solutions, because a “poor” solvent 
has ν = 0.5 and a “good” solvent has ν = 0.6. Thus the exact value 
of ν for the polymer/solvent combination might be unknown, but 
can reasonably be represented by the value ν = 0.55 without much 
error. Thus the slopes for c/c* vs. Mw in Figure 4 (0, -1.65, -0.45), 
or their equivalent slopes in dimensional concentration as in Figure 
2 but evaluated with ν=0.55 (-0.65, -2.30, -1.10), should provide 
reasonable limits for the jetting of linear polymer solutions from 
all DoD print heads. This simplification of the more exact results 
may assist in practical application of the theory to other solvents, 
as the three regimes will exist for all solvents. 

Extension of this approach to commonly jetted polymer mol-
ecules is clearly of interest for industrial DoD applications: 
branched, star and flexible polymers often behave differently in 
jetting from linear polymers, as has been reported elsewhere [16, 
17]. The influence of a high poly-dispersity index (a measure of 
the range of molecular weight in a sample) in bulk commercial 
polymers has been investigated in detail for DoD jetting of aque-
ous solutions of polyethylene oxide (PEO) [17].  

Knowledge of the polymer relaxation time is important in this 
approach, although this parameter has only recently become meas-
urable experimentally at extension rates approaching those in ink-
jet printing, e.g. as shown by Vadillo et al [13, 14]. New methods 
for measurements of the rheology of inkjet fluids have also been 
introduced by Jung et al [18]. Further presentations on the numeri-
cal simulations of polymer jetting were also given elsewhere, e.g. 
Morrison et al (2011), Harlen et al (2012) [19, 20]. 

Conclusions 
Extensional strain and fully stretched polymer chains are rel-

evant to fast drop-on-demand ink-jetting. Evidence from experi-
ments, models and numerical simulations, for high jet speeds and 
viscous solvents, strongly supports this. Other results for jetting of 
linear polymer solutions, at lower speed in far lower viscosity 
solvents and with different printhead technology, are also ex-
plained, allowing the formulation of general scaling rules that 
should for useful guidelines for the jetting of solutions of any line-
ar polymer from any drop-on-demand printhead.  

Appendix 
Computation of the transition points between the regimes, in 

terms of molecular weights, is of obvious practical interest. Data 
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for polystyrene in DEP [2] were used in Figure 2 as shown below. 
The model assumptions fail for L < ~5 (Mw ≈10 kDa). 

Relaxation time (µs) is approximated by τ = Mw
3ν /(5.4×107). 

Finite extensibility L is estimated from L² = (9.2×10-3) Mw
2(1-ν). 

Weissenberg number Wi is evaluated from equations (1) and (2), 
using U0 associated with the jetting speed at the start of necking, 
which is 1.5-2 times the final drop speed (as we observe in our 
numerical simulations and experiments). 

The first transition point is at Wi = ½, becoming a limit on τ 
and hence Mw.  
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The first transition for a D = 50 µm diameter nozzle occurs above 
64 kDa (54 kDa) for U0 = 1.5(2) × the final 6 m/s drop speed.  
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The second transition for D = 50 µm occurs at ~760 kDa (~610 
kDa) for U0 = 1.5(2) × 6 m/s drop speed. 

Equations (3) and (4) can be used, with appropriate numerical 
values for other polymer-solvent systems, for other DoD jetting 
scenarios. As an example, we consider the data of de Gans et al [6] 
for PS in ATP from a 70 µm diameter nozzle producing a final 
drop speed of ~2 m/s. The 5.4 numerical factor in both these equa-
tions is then ~6 times larger than for DEP because of the viscosity 
ratio of DEP to ATP, while the D/U0 ratio is a factor of 4.2 larger 
because of the larger nozzle and slower ATP drop speed. These 
transitions for PS in ATP are raised to 260 kDa (220 kDa) for en-
tering the elastic regime and to ~ 3300 kDa (~ 2600 kDa) for en-
tering the stretched chain regime. These predictions appear con-
sistent with the data of de Gans et al [6], as shown in Figure 3 
above. 

A further application of equations (3) and (4) is to the data of 
A-Alamry et al. [15], to jetting of linear polymers PS and PMMA 
in γ-butyrolactone (GBL), for which ν = 0.55 is a reasonable 
choice. The 5.4 numerical factor change is again by a factor of 6 
for solvent viscosity ratio DEP/GBL, but the D/U0 ratio is only 
affected by the drive voltage used (hence by U0 and the target 
speed). For 50 V drive, A-Alamry et al. measured final speeds of 
4±1.5 m/s, so that D/U0 should be increased by a factor of 1.5 for 
GBL. The first transition is at ~340 kDa (~290 kDa), while the 
second transition is predicted at molecular weights well beyond 
the data, despite apparent agreement in Figure 4 with the stretched 
scaling law (which may be due to polymer chain scission [15]). 

Acknowledgements 
We thank Tri Tuladhar and Damien Vadillo of the Depart-

ment of Chemical Engineering and Biotechnology, University of 
Cambridge, for their help and interest in our work, and our indus-
trial consortium partners for their support and permission to pub-
lish. This work was supported by the UK Engineering and Physical 
Sciences Research Council though grant numbers GR/T11920/01 
(Next Generation Inkjet Technology) and EP/H018913/1 (Innova-
tion in Industrial Inkjet Technology). 

 

References 
[1] I.M. Hutchings, G.D. Martin & S.D. Hoath, High speed imaging and 

analysis of jet and drop formation, JIST 51 (2007) pp 438-444. 
[2] C. Clasen, J.P. Plog, W.M. Kulicke, M. Owens, C. Macosko, L.E.  

Scriven, M. Verani, G.H. McKinley, How dilute are dilute solutions 
in extensional flows? Journal of Rheology 50 (2006) pp 849-881. 

[3] S.D. Hoath et al, Drop-on-demand jetting of dilute polymer solutions, 
3rd International Workshop on Ink-jet Printing, Eindhoven (2007) 

[4] S.D. Hoath, I.M. Hutchings, G.D. Martin, T.R. Tuladhar, M.R. 
Mackley and D.C. Vadillo, Links between fluid rheology and drop-
on-demand jetting and printability, JIST 53 (2009) 041208. 

[5] N.F. Morrison & O.G. Harlen, Viscoelasticity in inkjet printing, 
  Rheologica Acta 49 (2010) pp 619-632. 
[6] B.J. de Gans, E. Kazancioglu, W. Meyer, U.S. Schubert, Ink-jet print-

ing polymers and polymer libraries using micropipettes,  Macromo-
lecular Rapid Communications 25 (2004) pp 292-296 

[7] J.R. Castrejón-Pita, G.D. Martin, S.D. Hoath, I.M. Hutchings, Review 
of Scientific Instruments 79 (2008) 075108 

[8] D.C. Vadillo, S.D. Hoath, W.-K. Hsiao, M.R. Mackley, The effect of 
inkjet ink composition on rheology and jetting behaviour, NIP27, 
Minneapolis, Minnesota, USA October 2nd-6th (2011) pp 568-572 

[9] S.D. Hoath, O.G. Harlen and I.M Hutchings, Jetting behaviour of 
polymer solutions in drop-on-demand inkjet printing, Journal of Rhe-
ology 56 (2012) DOI: 10.1122/1.4724331 

[10] A.V. Bazilevski, J.D. Meyer, A.N. Rozhkov,  Dynamics and breakup 
of pulse microjets of polymeric liquids, Fluid Dynamics 40, (2005) pp 
376-392 

[11] W.-K. Hsiao, S.D. Hoath, G.D. Martin and I.M. Hutchings, Jetting, 
In-Nozzle Meniscus Motion and Nozzle-Plate Flooding in an Indus-
trial Drop-on-Demand Print Head, NIP27 Minneapolis, Minnesota, 
USA October 2nd-6th (2011) pp 66-69 

[12] T.R. Tuladhar & M.R. Mackley, J. Non-Newtonian Fluid Mechanics 
148 (2008) pp 97-108 

[13] D.C. Vadillo, T.R. Tuladhar, A.C. Mulji, S. Jung, S.D. Hoath, M.R. 
Mackley, Evaluation of ink jet fluids performance using the  “Cam-
bridge Trimaster” filament stretch and break-up device, Journal of 
Rheology 54 (2010) pp 261-282 

[14] D.C. Vadillo, W. Mathues, C. Clasen, Microsecond relaxation pro-
cesses in shear and extensional flows of weakly elastic polymer solu-
tions, Rheologica Acta 50 (2012) pp 

[15] K. A-Alamry, K. Nixon, R. Hindley, J.A. Odel, S.G. Yeates, Flow-
induced polymer degradation during ink-jet printing, Macromolecular 
Rapid Communications 32 (2011) pp 316-320. 

[16] B.J. de Gans, L.J. Xue, U.S. Agarwal, U.S. Schubert,  Ink-jet printing 
of linear and star polymers, Macromolecular Rapid Communications 
26 (2005) pp 310-314. 

[17] X.J. Yan, W.W Carr, H.M. Dong, Drop-on-demand drop formation of 
polyethylene oxide solutions, Physics of Fluids 23, (2011) 107101. 

[18] S. Jung, S.D Hoath, G.D. Martin, I.M. Hutchings, A new method to 
assess the jetting behavior of drop-on-demand ink jet fluids, JIST 55 
(2011) 010501 

[19] O.G. Harlen, N.F. Morrison, S.D. Hoath, Jet break-up of polymeric 
fluids in inkjet printing, 16th International Conference on Rheology, 
Lisbon (2012) 

[20] N.F. Morrison, O.G. Harlen, W.-K. Hsiao, S.D. Hoath, J.R. Castrejón-
Pita, Drop ejection in industrial inkjet printing, ICIAM Vancouver 
(2011) 

Author Biography 
Stephen Hoath holds a B.A. in physics (1972) and a D.Phil. in nuclear 
physics (1977) from the University of Oxford, UK. He has studied inkjet 
printing fundamentals for 7 years at the Inkjet Research Centre in Cam-
bridge. A member of IS&T and IOP, physicist, engineer and scientist, he is 
Director of Studies in Engineering at Wolfson College Cambridge.

NIP 28 and Digital Fabrication 2012 411


	Introductory Materials
	TECHNICAL PROGRAM AND PROCEEDINGS
	Copyright 2012
	ISBN: 978-0-89208-302-2
	Welcome to NIP28 and Digital Fabrication 2012
	Conference Committees
	IS&T Board of Directors
	Table of Contents
	2012Week At-a-Glance
	Quebec City Convention Center
	Conference Exhibitors
	Conference Sponsors
	Corporate Member Conference Sponsors
	IS&T Corporate Members

	Technical Papers Program: Schedule and Contents
	Keynote Talks
	Frey, 21st Century Libraries -- from Print to Bits
	Rolland, Paper Microfluidics as an Enabling…pg.1
	Shinada, Single-pass Inkjet Digital Printing…pg.2
	Tzori, The Nanographic Printing™ Process…pg.6
	Stasiak, Digital Fabrication: Enabling Ambient…pg.7

	NIP 28
	Actionable, Security & Forensic Printing
	Ulichney, Combined Covert Data Embedding…pg.364
	Vans, Progressive Barcodes…pg.368
	Gaubatz, Mobile Capture of High-resolution…pg.371
	Simske, Incremental Information Objects…pg.375

	Advanced & Novel Printing and Applications
	Chatow, Custom Cloud Printing Solutions…pg.266
	Ilmonen, Biofabrication of Cancer Microenvironment…pg.269
	Yanaka, Integral Photography Using 2D Printer…pg.273
	Henry, A Multi-pixel LED Print-head for Novel…pg.277
	Sekizawa, New High-resolution Technique of Image…pg.280
	Pu, An In-situ Formed Cross-linked Coating…pg.284

	Color Science/Image Processing
	Recker, Challenges for 3D High-Fidelity Soft…pg.124
	Zhao, A Printer Point Set Gamut Model based…pg.128
	Koh, Custom Fan Deck for Multi-primary Visual…pg.132
	Kitakubo, Experimental Results on Brain…pg.137
	Liu, Color Difference Evaluation…pg.140
	Yamanouchi, Automatic Color Reproduction Using…pg.144

	Commericial & Industrial Printing
	Ujiie, State of Art of Inkjet Textile Printing:…pg.17
	Ishikura, Design Studies on Ink Jet Printhead…pg.20
	Matsumae, Development of Digital Quasi-embossing…pg.24
	Xu, Preparation of a Novel Dispersant…pg.28

	Digital Print Fulfillment and Finishing
	Moore, Cloud Computing for Graphic Arts…pg.106
	Karni, Seamless Publication Using 3D Proofing…pg.109
	Mizen, Revolutionizing Photo Books through…pg.113
	Hoarau, Intuitive and Scalable Operational…pg.116
	Song, Understanding Post Finishing Performance…pg.120

	Electronic Paper and Paper-Like Displays
	Zhou, Development of Bistable Electronic Inks …pg.32
	Hsieh, Advertising Efficacy Research…pg.36
	Kobayashi, Organic Electrochromic Materials…pg.39
	Shibata, Comparing Paper Books and Electronic…pg.43
	Zhang, Study on the Photo-alignment Performance…pg.47
	Inada, Analysis of General Rashness of Reading …pg.51

	Environmental Sustainability
	Voss, Deinking of Recovered Paper Mixtures…pg.522
	Bhattacharyya, Effects of Paper on LEP Digital…pg.526
	Mittelstadt, Deinking of Thermal Inkjet Newsprint…pg.530
	Simske, Sustainability through Variable Data…pg.533
	Black, Imaging Devices, Sustainable Design…pg.537
	Fischer, New Deinkable Water based Inkjet Inks…pg.541
	Gong, Application of Wet Image Analysis…pg.543
	Sobotka, Explaining the Present Parameters…pg.547

	Fusing, Curing, and Drying
	Maza, HP Designjet L65500 Drying and Curing…pg.463
	Bae, A Numerical Study for Fusing Process…pg.467
	Eguchi, Analysis of Electrostatic Offset…pg.471
	Onishi, Toner Fix Analysis Using Numerical…pg.475

	Image Permanence
	Salesin, The Light Induced Deterioration…pg.378
	Bugner, Factors to Consider in the Design…pg.381
	Gordeladze, Colorant Fade and Page Yellowing…pg.387
	Hodgson, Test Methods for the Water Sensitivity…pg.392

	Ink Jet Printing: Materials
	Wakabayashi, The Study of the Relation Image…pg.54
	Yu, Synthesis of Aqueous Blocked Polyurethan…pg.61
	Zhang, Study on Droplets Formation Process…pg.65
	Bai, Modification of SMA Using Epoxypropyl…pg.66
	Suzuki, Application of Color-changeable Ag Films…pg.70
	Hall, UV Inkjet Inks with Improved Stray Light…pg.74
	Li, Preparation of a Cross-linkable Emulsion…pg.78

	Ink Jet Printing: Processes
	McConville, Waterless Inkjet Process for High…pg.95
	Nishi, Development of Novel Bend-mode Piezo Ink…pg.99
	Jia, Research on Droplet Spreading…pg.103

	Ink Jet Printing: Processes continues
	Tada, Stability Analysis of a Drop Generation…pg.396
	Grace, Jet Fluctuations and Drop Velocity…pg.400
	Mace, Digital Printing of Packaging…pg.404
	Hoath, Regimes of Polymer Behaviour…pg.408
	Hsiao, Aerodynamic Effects in Ink-jet Printing …pg.412
	Snyder, Dot and Line Formation Analysis…pg.416
	Talbot, Drying and Deposition of Picolitre…pg.420

	Mathematical Modeling
	Wang, Plasma Dynamics and Charging…pg.479
	Kitazawa, Heat Transfer Simulation for Thermal…pg.483
	Kemp, Semi-analytical Model of Charge Image…pg.487
	Wang, Charging of Surfaces with a Wire Corona …pg.490
	Takahashi, Simulation Technology to Predict Paper…pg.494

	Media for Digital Printing
	Wu, Color Reproduction Consistency…pg.8
	Le Galudec, Inkjet Wallpaper and Decor on Demand…pg.12
	Chen, Research on the Printability of Coated…pg.14

	Print & Image Quality
	Zhao, Analyzing Print Quality of Large Printed…pg.230
	Simske, Use of Face Detection to Qualify Image…pg.234
	Whitney, Laser Spot Size Measurements…pg.236
	Pykönen, Experimental Comparison of Wettability…pg.239
	Shi, Tone Reproduction Characteristic…pg.242
	Lei, Hybrid Target for Camera-based Document…pg.245
	Kumagai, Observation of Electrostatic Latent…pg.250
	Kasuga, Relationship Between the Readability…pg.253
	Boley, Performace of Print Masks Using Image…pg.256
	Park, Implementation of Halftone Blending…pg.262

	Printing Systems Engineering/Optimization
	Ecer, Simulation of Toner Mixing and Delivery …pg.219
	Beltman, Improved Ink Registration through…pg.222
	Kuo, An Adaptive Model-based Approach…pg.226

	Printing Systems Engineering/Optimization Applications
	Kahatabi, Dielectric Properties Study of Thin…pg.287
	Oohara, Analysis of the Paper Curl Amount…pg.289
	Suhara, Potential Profile Measurement…pg.294
	Nauka, Sensing Volatile Hydrocarbons…pg.298
	Inenaga, Technology of Media Capability for Color…pg.301

	Thermal Printing
	Yasuo, A New UV Curable Inkjet Ink…pg.58
	Fujiwara, Development of the High Durability…pg.81
	Taniguchi, Novel Approach to Plastic Card…pg.84
	Toyosawa, Study of Thick Film Thermal Head…pg.88
	Terao, On-demand Transcript Foil Print…pg.92

	Toner-Based Printing: Materials
	Kakiuchi, Crystalline Polyester for Chemically…pg.171
	Hoshino, Powder and Film Charging Characteristic …pg.175
	Naito, New Submicron Silica Produced…pg.179
	Nelli, The Effects of Fumed Silica Structure…pg.183
	Lai, Latex Optimization for Emulsion…pg.187
	Chun, Materials Compatibility Assessment…pg.190
	Tan, Palm Oil-based Bio-Resin for Toner…pg.194
	Mizuhata, Advanced Process for Polyester…pg.198
	Zhang, The Research on  Recovery…pg.202
	Shi, Effects of Toners on Photothermographic …pg.206
	Kambara, External Additives for Toners: Character…pg.209
	Birecki, Temperature Effects on Liquid…pg.213
	Nozaki, A Method for Measuring Electrical Proper…pg.215

	Toner-Based Printing: Materials continues
	Zhou, Semiconducting Polymer Matrix as Charge …pg.344
	Forgacs, Electro-Rheological Model of HP-Indigo…pg.348
	Kim, Aggregation Behaviors of Colloidal…pg.352
	Nash, The Effect of Carrier Surface Morphology…pg.356
	Veregin, Linking the Chemistry and Physics…pg.360

	Toner-Based Printing: Processes
	Kawamoto, Parametric Investigation on Dynamics…pg.498
	Anthony, ElectroInk Charge Retention in the HP…pg.502
	Leoni, Small Dot Printing with Ion Head…pg.503
	Whitney, Toner/Transfer Member Adhesion Response …pg.507

	Toner-Based Printing: Processes con’t.
	Kadonaga, Three Dimensional Simulation of…pg.510
	Yang, Cartridge Clustering for Improving Tone …pg.514
	Kobayashi, A Model for the Dynamics of Charging…pg.518


	Digital Fabrication 2012
	3D Printing
	Jones, The Influence of Residual Toner Charge…pg.327
	Huson, Solid Free-form Fabrication of Ceramics …pg.332
	Klein, 3D Printing of Transparent Glass…pg.336
	Umezu, Digital Fabrication of 3D Bio Devices…pg.338
	Hoskins, 3D Printing of Self-glazing Ceramics…pg.341

	Devices
	Chen, Direct Etch through SiNx, Selective Dope…pg.148
	Hermans, Inkjet Masking for Industrial Solar Cell…pg.151
	Hakola, Optimizing the Performance of Metal Grid…pg.155
	Shin, Front Side Metallization Issues of a Sol…pg.159
	Platt, Low Cost Metallization Inks…pg.162
	Shen, Intelligent Packaging with Inkjet-Printed…pg.164
	Espig, Central Challenges When Up Scaling…pg.168

	Devices continues
	Zipperer, Touch Sensors based on PolyTC…pg.549
	Ueberfuhr, Inkjet System for Printing Mechanical…pg.550
	Maejima, All-inkjet-printed “lab-on-paper”…pg.554
	Beckert, Inkjet Printing for Applications…pg.557
	Magdassi, Nanomaterials for Printed Electronics…pg.561
	Lorwongtragool, Inkjet Printing of Chemiresistive…pg.564
	Sanchez-Romaguera, Enabling Low Cost UHF RFID…pg.568

	Formulation of Functional Inks
	Deiner, Mechanochemical Approaches to Ceramic…pg.318
	Kanzaki, Method to Synthesize Silver Nano-particles…pg.323

	Metrology, Instrumentation, Design of Print Pattern
	Ellinger, Patterned by Printing—A New Approach…pg.304
	Ramon, Inkjet Geometric Design & Compensation…pg.308
	Reinhold, Measurement of Mass of Single Inkjet…pg.312
	Cahill, Evaluation of Inkjet Technologies…pg.315

	Pre & Post Processing
	Reinhold, Spectrally Enhanced Photonic Sintering…pg.424
	Lim, Inkjet Printing and Sintering of Nano…pg.431
	van Dongen, Digital Printing of µPlasmas…pg.436
	Farnsworth, The Photonic Curing Process…pg.440
	Hammerschmidt, The Influence of Post-Treatment…pg.444
	Wunscher, Inkjet Printing and Low Temperature…pg.448

	Printing of Electrical Connections
	Reichenberger, Low-cost Ink-jet Printing…pg.452
	Rathjen, Feasibility Study: Inkjet Filling…pg.456
	Grouchko, Copper Ink-Jet Inks for Flexible…pg.461


	Author Index



