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What is Inkjet Printing? TU/e

Inkjet Printing

Ink is jetted on the substrate medium in a
predefined pattern
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Piezoelectric-element DoD Inkjet Printing TU/e

Heat or Piezo element

Ink Droplet
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Piezoelectric-element DoD Inkjet Printing TU/e

Inlet Membrane

Piezoelectric-element i

Nozzle /
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Piezoelectric-element DoD Inkjet Printing TU/e
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Influence of Heat Dissipation on Print Quality TU/e

Requirements

e High quality
e High throughput
e Less cost
(a) Too small (b) Favorable (c) Too large
droplet volume droplet volume droplet volume
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Influence of Heat Dissipation on Print Quality TU/e

Requirements

e High quality
e High throughput
® |ess cost
(d) Too small (e) Favorable (f) Too large
droplet volume droplet volume droplet volume
Temperature consistency is vital !
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Thermo-Fluidic Aspects of Inkjet Printer TU/e

Thermo-Fluidic Process
Interaction of solids and fluids under influence of Thermal Input
‘ Thermal Input \
{} k {}
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Objective TU/e

Develop a virtual prototyping tool for controlling thermo-fluidic aspects in inkjet printhead. )
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Objective TU/e

Develop a virtual prototyping tool for controlling thermo-fluidic aspects in inkjet printhead. )

e Thermo-fluidic model should be modular and adjustable.

e No additional actuator or sensor is allowed to use.
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Modeling Thermo-fluidic Processes in Inkjet Printhead TU/e

Thermo-Fluidic Process

l Qin The interaction of solids and liquids under influence
of thermal dissipation.
H, i,
Reservoir Thermal Heat transfer
e Conduction
l QRD
e Convection
H, H, L .
. . Distributor e Advection
Hay, Qn Hyo Qw2 Qn Hy
Drop Formation
000 Array
v v v
Qo1 Qo2 Qom
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Modeling Thermo-fluidic Processes in Inkjet Printhead TU/e

| @ @ The finite graph G(NV(0),€)
H‘ H, @® The set of nodes NV (0) := {N1(O), ..., N,,,(0)}
- I Reservoir

© The Adjacent matrix A € Z""*""

| Qno
" " A 1, iff V;(©) has a connection with N;(©)
. Distributor ©J 0, otherwise

Hyy S l% o 1 O The set of edges £ In particular,
; '” Drop Formation &= {givj | v Ai,j = 1}' with . .
ooo Array 5¢,j = {wm» = Vj; | ,Ai’j =1, ¢ 75 ]}
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Modeling printhead as a spatially interconnected system

TU/e
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Various Representation of The Model

9/21 TQ] Tgk

A Bh Bh, By Bl
C’Z@w Dy Dup Dy Dy pi(t)
O(;a: Dtlgv Dtl'zp Dtl]u thgd ul(t)
Czl/a: Dzl/v D;p Dzl/u Dgz;d dz(t)
Pi
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Various Representation of The Model TU/e

Vv

W
0,
q © p
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7
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Various Representation of The Model TU/e

M- .
p 0, q
*9 ®nn
91
q 0, P u
u j) y
®HII d
A R
u_ 2, y
a7 "
‘7?1[1
The model can be extended to arbitrary number of nozzles )
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TU/e

Sensing Nozzle Temperature: Use Piezo as Soft Sensor

t(le];lyi

Acoustic Sensing Signal at Different Temperatures

——Signal at T
——Signal at T

0.5
=
= 0
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1 |
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Time [s] x107°
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Sensing Nozzle Temperature: Use Piezo as Soft Sensor TU/e

Acoustic Sensing Signal at Different Temperatures

——Signal at T}
——Signal at T

e o = Amplitude [V]

e ( = Damping [-]

y(t) = a(efﬁ sin(wt + ¢)) + ® w = Frequency [rad/s]
e ¢ = Phase shift [rad]
e v = Offset [V]
e © = Energy [J]
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Sensing Nozzle Temperature: Use Piezo as Soft Sensor TU/e

Acoustic Sensing Signal at Different Temperatures

——Signal at T
——Signal at T

e o = Amplitude [V]

e ( = Damping [-]

® w = Frequency [rad/s]
® ¢ = Phase shift [rad]
e v = Offset [V]

e © = Energy [J]

y(t) = a(e Ssin(wt + ¢)) +

Use the key parameters to estimate temperature

J
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Step 1: Locating the poles from output response TU/e

Prametrizing Output response

y(k) = e**u(0) = Z2%2(0)

7= Yly;
Im
Construct the Hnakel matrix ‘_k\' """
N
Yo cee YL—2 YL—1 U1 e YL YL . \\\ (€))
L 2 I I I BEEE C A T : ‘¥ Re
. . . : C , 7
YnNn-L-1 .-+ YN-3 YN-2 Yn—-r .-- YN-2 YN-1 . ,
. w
4
Find SVD of Z *’ ________

2K
7 =Yty = lz 1uku2] Y

=1 %k

Find the Poles p =1In{o(Z)}
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Step 2: Use energy of the output response to estimate temperature TU/e

6 Temperature vs Energy curve

L o o
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Energy in J
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Soft sensor calibration to incorporate evaporation effect

TU/e

13/21
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Soft sensor calibration to incorporate evaporation effect TU/e

Temperature/energy curves

Energy/temperature curve
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jetting pulses nozzles
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Soft sensor calibration to incorporate evaporation effect TU/e

Ny Energy/temperature curve . Temperature/energy curves
32
9 32t o
230} 20
S 28¢ =
g g 26y
a 26 + % =@ Curve Nozzle 1
% —= Mean p F‘U 24 ¢ == Curve Nozzle 2
= o4 | ©— Variance o Curve Nozzle 3
. 22 - @ @ Curve Nozzle 4
O Data points
22 ‘ : ‘ ‘ : 20 -
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Energy in J x10* Energy in J %10
Figure: Variance plot of calibration Ill with 2000 Figure; Temperature/energy curves of multiple
jetting pulses nozzles
The soft sensor is accurate within 0.1 degree )
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Feedback Controller Synthesis TU/e

Controller Requirement

Need to anticipate and compensate the temperature changes

Controller’s Job

@ Utilise prior information of print-profile

@ Respect the constraints on states and inputs

Use the piezo as an heating actuator while no jetting J
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Feedback Controller Synthesis TU/e

Controller Requirement

Need to anticipate and compensate the temperature changes

Controller’s Job

@ Utilise prior information of print-profile

@ Respect the constraints on states and inputs

Use the piezo as an heating actuator while no jetting J

MPC CONTROLLER

Prediction Satisfy + Minimized

Model Constraint Cost
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Formulating MPC for Temperature Control TU/e

e Prediction model In discrete time

Tip1k = ATk + Bigar + fijr Vi=0,1,---,N—-1
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Formulating MPC for Temperature Control TU/e

e Prediction model In discrete time
Tip1k = ATk + Birar + fijr Vi=0,1,---,N—1

e Optimization Problem: Minimising the output and reference temperature

N-1
|z N — xf\ﬂk”%k + Z [z — xfkaQQ + [[wik — Uffk”%ﬂ
i=0
subject to
Umin < Ui |k < Umazx>

Tmin < Tijk < Tmams i=0,---,N
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Closed-Loop Simulation of PID vs MPC for steady state tracking

TU/e
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Enabling Modularity Towards Design Changes TU/e

Ink inle\t& )I}]k return @ The finite graph g(N(G)v 5)
@® The set of nodes N (0) := {N1(0),...,N;,,(O)}
© The Adjacent matrix A4 € Z""*""

Ll 1, iff V;(©) has a connection with N;(©)
A= .
0, otherwise

L2 @ The set of edges £ In particular,
g .= {Si’j | A Ai’j = 1}, with
gz‘,j = {wm = Uy, | Ai’j = 1, 7 7é j}

L31 DMI L32

NP1 NP2
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Enabling Modularity Towards Design Changes TU/e

Drop Module (DM)
DQAY0y

O |

> LEnergy flow

rFin& QT+ ZQn l;l_ ZQn2i Q
|

—> Liquid in flow

=]

50,
———>L.iquid return flow

——>»  Heatinput @ @
O Liquid retour channel \
Q Liquid inlet channel @ %

Solid component

Q Combined component Q X

Ir4,
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MPC to minimize temperature gradient between adjacent nozzle =~ TU/e
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Concluding Remarks

TU/e

System-Level Thinking for Model-Based Control of Large Scale Models

Conclusion

e A modular, completely flexible modeling framework for thermal aspects in printhead.
e Fully automated software tools for simulation, design optimization and controller synthesis.

e Exploiting piezo as a self-sensing actuator; no need of additional sensors and heaters.

Future work

e Designing non-jetting pulse to generate control input for heating.
e Improve scalability of controller for implementation.

e Investigate new control architectures.
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Thank You!
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