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Abstract

The printing quality delivered by a Drop-on-Demand (DoD) inkjet printhead
is limited due to the residual oscillations in the ink channel. The maximal
jetting frequency of a DoD inkjet printhead can be increased by quickly
damping the residual oscillations and by bringing in this way the ink channel
to rest after jetting the ink drop. This paper proposes an optimization-based
method to design the input actuation waveform for the piezo actuator in order
to improve the damping of the residual oscillations. A discrete-time transfer
function derived from the narrow-gap model is used to predict the response
of the ink channel under the application of the piezo input. Simulation and
experimental results are presented to show the applicability of the proposed

method.
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1. Introduction

The ability of Inkjet technology to deposit materials with diverse chemical
and physical properties on a substrate has made it an important technology
for both industry and home use. Apart from conventional document printing,
the inkjet technology has been successfully applied in the areas of electronics,
mechanical engineering, and life sciences. It has been used to manufacture
solar panels, PCBs and flat panel displays in the electronics industry. Low
cost metal coating and rapid prototyping are popular applications of inkjet
printers in mechanical engineering. In the medical field, it has been used for
printing DNA structures and making artificial skin by jetting live cells [1].
The success of Inkjet technology in all these application is mainly due to its
low operational costs.

A typical drop-on-demand (DoD) inkjet printhead consists of several ink
channels in parallel. Each channel is provided with a piezo-actuator, which
on application of a standard actuation voltage pulse generates pressure os-
cillations inside the ink channel. These pressure oscillations push the ink
drop out of the nozzle. A detailed description of the droplet jetting process
can be found in [2]. The print quality delivered by an inkjet printhead de-
pends on the properties of the jetted drop, i.e., the drop velocity, the jetting
direction and the drop volume. To meet the challenging performance require-
ments posed by new applications, these drop properties have to be tightly
controlled.

The performance of the inkjet printhead is limited by two factors. The
first one are residual pressure oscillations. The actuation pulses are designed

to provide an ink drop of a specified volume and velocity under the assump-



tion that the ink channel is in steady state. Once the ink drop is jetted the
pressure oscillations inside the ink channel take several micro-seconds to de-
cay. If the next ink drop is jetted before these residual pressure oscillations
settle, the resulting drop properties will be different from the ones of the
previous drop. This can degrade the printhead performance. The second
limiting factor is the cross-talk. The drop properties through an ink chan-
nel are affected when its neighboring channels are actuated simultaneously.
However, the drop velocity variation caused by the cross-talk is much less
significant than the one caused by the residual oscillations and will not be
addressed in this contribution.

A consequence of the residual oscillations in the ink channel is that the
velocity of the drops will only be constant if these drops are jetted at a low
frequency. At a high frequency, drops will be jetted before the oscillations in
the ink channel have completely disappeared and these residual oscillations
will influence the drop velocity. Since a printhead may have to jet drops
at different frequencies when printing a bitmap, it is required to be able to
jet ink drops with a constant velocity at any rate up to 70kHz. Given this
fact, an important characteristic is the so-called DoD curve which represents
the ink drop velocity as a function of the jetting frequency (which is also
called the DoD frequency). Ideally, the DoD curve must be flat. However,
for the reasons given above, this DoD curve is far from flat in practice. Our
goal in this paper is to flatten the DoD curve by designing an optimal piezo
actuation pulse. Since the residual pressure oscillations in the ink channel
are the main reason for which the DoD curve is not flat, our main objective

is to reduce these residual oscillations.



Generally, the piezo actuation consists of only one positive trapezoidal
pulse which gives good result when only one drop is jetted; we will call this
particular actuation pulse the standard pulse. The parameters of the stan-
dard pulse are generally tuned by exhaustive studies on a complex numerical
model of the inkjet printhead or on an experimental setup [3, 4, 5|. As men-
tioned earlier, the main drawback of this standard pulse is that it generates
residual oscillations. In order to damp the residual oscillations, an additional
pulse can be applied after the standard pulse. The actuation pulses used in
the literature to damp the residual oscillations can be broadly classified into
two categories based on the polarity of the actuation pulse. The first one is
an unipolar actuation pulse [6, 7], which consists of the standard pulse to
jet an ink droplet and an additional trapezoidal pulse of the same polarity
as the standard pulse to damp the residual oscillations. The second cate-
gory is the bipolar pulse [8, 9, 10], which consists of the standard pulse to
jet an ink droplet and the residual oscillations are damped by an additional
trapezoidal pulse of opposite polarity of the standard pulse. The advan-
tage of using the bipolar actuation pulse is that the residual oscillations can
be damped earlier compared to the unipolar pulse. Conventionally, the pa-
rameters of the unipolar and the bipolar pulse are obtained by exhaustive
experimental studies, see [7, 8, 9]. The number of experiments needed to de-
sign an actuation pulse can be reduced with a wise guess on the parameters
of the actuation pulse. It is possible to make an initial guess on the param-
eters of the actuation pulse as a function of the fundamental period of the
channel pressure or the meniscus position [6, 10]. To determine this period,

the authors of [2, 6, 10] use an experimental approach. The fundamental



period of the inkjet printhead can be obtained by measuring the ink-channel
pressure using a self-sensing mechanism [2, 6] or by measuring the meniscus
position using a CCD camera [10]. The meniscus is the ink and air interface
in the nozzle. Once the fundamental period is measured, the unipolar pulse
and the bipolar pulse can be designed using the parameters recommended
in [6] and [10] respectively. However, manual fine tuning of the parameters
is needed since the effect of higher-order harmonics is not considered in the
design procedure. As opposed to the approaches in [6, 10], we will design the
actuation pulse for the DoD inkjet printhead with a systematic model-based
approach.

For this purpose, we require a model of the system that we want to control.
Here, we consider a discrete-time model H(q) relating the piezo input voltage
(i.e., the input) to the velocity of the meniscus (i.e., the output) [11, 2]. We
consider this particular model since it is well known that the velocity of
the meniscus is a good measure of the pressure in the ink channel [12, 3].
Consequently, reducing the residual oscillations of the meniscus velocity is
equivalent to reducing the residual pressure oscillations in the ink channel.

Using this model, we will be able to compute the optimal piezo actuation.
Mainly due to the limitations of the driving electronics (see Section 3.1.), the
optimal input cannot be computed using a feedback controller, but must be
computed off-line based on the model H(q) (feedforward control).

In the literature, we can find other applications of system/control theory
to designing off-line the optimal piezo actuation. In [13], the authors propose
to inverse H(q) to design the actuation pulse. As the system H(q) is strictly

proper and non-minimum phase, it cannot be inverted directly and approx-



imations have to be used. In [2], an iterative learning approach is used to
design the optimal pulse off-line. The main drawback of the approach in [2] is
that it is not possible to put apriori constraints on the shape of the optimal
pulse while such constraints are generally present in practice. Indeed, the
driving electronics are generally only able to generate trapezoidal shapes for
the piezo actuation input. The approach presented in this paper allows us
to deal with such shape constraints. We propose to parameterize the class of
piezo input satisfying these shape constraints and to determine the optimal
input within this class using an optimization-based approach.

For this purpose, we assume that the possible inputs can be parame-
terized as u(k, @) with 6 a parameter vector and k the discrete time index.
We then design a template y..¢(k) for the desired meniscus velocity, i.e., a
meniscus velocity profile with fast decaying residual oscillations. Based on
this template y.f(k) and the transfer function H(g), an optimal actuation
pulse u(k,8,p¢) will be determined as the one minimizing the norm of the
tracking error. The proposed method is similar to model predictive control
(MPC) [14]. Both these approaches try to reduce the tracking error using
an optimization algorithm. The methods differ in the computation of the
control input. In the standard MPC algorithm, no constraint on the shape

of the control input is imposed.

2. System description and modeling

The DoD inkjet printhead under investigation is made up of two arrays
of 128 ink channels each. A cross-sectional view of an ink channel is shown

in Figure 1. The ink channel is carved in the channel plate. A filter is placed
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Figure 1: A cross-sectional view of an ink channel.

before the ink channel to remove impurities from the liquid ink. A metallic
nozzle-plate with drilled holes, which act as nozzles, is attached at the end
of the channel plate. One wall of the ink channel is formed by a flexible
foil to which a piezo unit is attached. The piezo unit acts as an actuator
and on the application of a voltage, it deforms the wall of the ink channel.
The deformation generates pressure waves inside the ink channel and when

specific conditions are met, a droplet is jetted [2].

Several analytic and numerical models are available for the inkjet channel
dynamics in the literature (for details see [2]). Analytical models are ob-
tained by introducing several assumptions and simplifications. Due to this,
the accuracy of analytical models is low compared to numerical models. On
the other hand, numerical models are very complex and therefore compu-
tationally expensive. For control applications, one prefers a simpler model
with a sufficient accuracy. Therefore, we selected the ‘narrow-gap model’
[15] for control synthesis purposes. The narrow-gap model is an analytical

model, which describes the dynamic system from the piezo input voltage u



to the meniscus velocity y. We will use a small droplet DoD inkjet printhead
built by Océ Technologies to demonstrate the proposed model-based actua-
tion pulse design method. The viscosity of the ink is 10 - 1073 Pa-s and the
surface tension of the ink is 28 - 107 Nm™!. The speed of sound in the ink is
1250 ms~!. A detailed derivation of the model for the considered DoD inkjet
printhead using the narrow channel theory [15] is given in [11]. In this model,
a narrow channel wave equation is used to describe the acoustics inside the
ink channel. This wave equation is a simplified form of the Navier-Stokes
equation (conservation law for fluids) [11].

In the narrow-gap model, the frequency response H(w) of the system is
computed using the sine sweep method. This method consists of solving the
wave equation for a sinusoidal input signal u(t) = |u|sin(wit + ¢1) at some
frequency w;. Supposing that the corresponding meniscus velocity is given
by y(t) = |y| sin(wit+¢2), the frequency response of the system at w; is given
by:

el = (12)
LH(w) o P2 — 1 (1b)

By repeating this procedure over a fine frequency grid, we obtain the fre-
quency response given in solid line in Figure 2. It can be seen that the system
is non-minimum phase. The narrow-gap model is experimentally validated
in [11] by measuring the meniscus velocity on an experimental setup with the
help of a laser vibrometer. The empirical frequency function H(w) cannot be
used for the optimization leading to the optimal piezo actuation. A transfer

function model of the inkjet system is indeed needed for the optimization.
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Figure 2: Frequency response of the narrow-gap model H(w) (solid) and frequency response

H(e™) of the approximated transfer function H(q) (dashed).

Hence, we fit a discrete-time model H(q) to the frequency response obtained
from the narrow-gap model. We used the system identification toolbox of
MATLAB to approximate the empirical frequency function H(w) by a 16th
order discrete-time transfer function H(q). The non-minimum phase behav-
ior present in the frequency response is also captured by the fitted model
H(q) shown by the dashed line in Figure 2. This approximated discrete time
model will be used for further analysis. Note that the sampling time 7§ cor-
responding to the discrete-time transfer function H(q) was here chosen equal

to 0.1us.

Remarks:

e The narrow-gap model H(w) depends on the printhead geometry and



the properties of the ink material. Hence, the discrete-time transfer
function H(q) approximating the frequency response of the narrow-gap
model will not be the same for different ink materials and printhead
geometries. However, in such situation, we can repeat the procedure
above to obtain the discrete-time transfer function H(q) corresponding

to the considered situation.

e The narrow-gap model presented in [11] is obtained under the assump-
tion that the acoustic behavior inside the ink-channel is linear. This
assumption is valid for the inkjet printheads used in the graphical print-
ing industry. This is thanks to the fact that the meniscus movement
with a wide variety of ink materials used in this industry is linear, as
these ink materials behave as Newtonian fluids. For several emerg-
ing new industrial applications [1], this will not be the case anymore.
However, we will see in next section that the proposed method for the
actuation pulse design is not limited to linear models. If a nonlinear
inkjet system model is available for a non-Newtonian fluid, one can
still use the proposed approach to design the actuation pulse in order

to damp the residual oscillations.

3. Optimization-based feedforward control design

In this section, we first present the control objectives and foreseen lim-
itations. The proposed optimization-based feedforward control is discussed

subsequently.
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3.1. Limitations of the control system

The printhead under investigation has very limited control capabilities.
The possibility to use feedback control is ruled out due to the following

limitations of the actuation system

e No sensor is provided for real-time measurement of the channel pressure

or of the meniscus velocity.

e The driving electronics limit the range of the actuation pulses that can
be generated in practice. The only possible choice of the actuation

pulse is the trapezoidal waveform (Figure 3).

e The sample time required for control computation must be very short

due to high drop jetting (DoD) frequency.

In this scenario, the ink channel dynamics can be controlled using a feedfor-
ward strategy. The goal is to generate a trapezoidal actuation pulse for the
piezo actuator such that the control objectives are met. As mentioned in the
introduction, the standard pulse can jet a single ink drop of specified prop-
erties, but it is not capable of damping the residual oscillations generated
after jetting the ink drop. Therefore, we add a negative trapezoidal pulse
in addition to the standard positive trapezoidal pulse in order to damp the
residual oscillations, see Figure 3. The actuation signal then consists of a
positive trapezoidal pulse (called resonating pulse), which is responsible for
jetting the ink drop, followed by the negative trapezoidal pulse which damps
the residual oscillations. This pulse is called the quenching pulse. We will
see in the sequel that the optimal starting time for this additional negative

pulse is approximately equal to the period of the first resonant frequency.
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Figure 3: Proposed piezo actuation pulse.

This enables the proposed actuation pulse to jet ink drops at faster DoD
frequencies compared to the method proposed in [7, 6]. Now, the actuation
pulse can be characterized by the rise time (t,.), the dwell time (t,,), the fall
time (¢;) and the amplitude (V) of both the resonating and the quenching
pulse. The time interval between the resonating pulse and the quenching
pulse is t4,. Thus, an actuation pulse u(k,#) is defined by the parameter
vector 0 = [tr, twg try Vi ta, tro two tro Vol'- Note that in Figure 3, the
time parameters (t,,t,,ts,tq,) of the actuation pulse are restricted to be
equal to an integer multiple of the sampling period T;. As opposed to the
approaches in [8, 9, 10], the optimal parameter vector of the bipolar pulse will
be determined using a systematic (optimization-based) approach as shown

in the sequel.
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3.2. Control Objective

In order to define the optimization problem leading to the optimal param-
eter vector By, we need a template yy.¢(k) for the desired meniscus velocity.
In this section we describe the procedure to construct the desired meniscus
velocity trajectory (k) using the transfer function model H(gq) and the
standard pulse.

For the considered inkjet printhead, the standard pulse is represented in
Figure 5 and corresponds to a parameter vector fsq = [1.5 2.5 1.5 25 0 0 0 0 O]T
when using the parametrization of Section 3.1. This standard pulse allows
to jet one drop at the desired velocity, but the residual oscillation generated
by this standard pulse perturbs the subsequent drops. Such a behavior can
be observed in Figure 4 (dashed line) where we represent the response of the
model H(q) to the standard pulse. As shown in Figure 4, we can character-
ize the meniscus velocity response y(k) in two parts. Part A of the response
y(k) allows the drop to be jetted at the desired drop velocity. A procedure
is described in [12] to predict the properties of the jetted drop using Part
A of the meniscus velocity profile. Since we want to jet the ink drop at the
desired ink-drop velocity, the desired meniscus velocity y,.¢(k) should be the
same as y(k) in Part A.

Part B of the response y(k) represents the residual oscillations. This is
an undesired behavior, since, the residual oscillations perturb the subsequent
drops. Therefore, in Part B, we force the desired meniscus velocity ye(k) to
zero. This means fast decaying residual oscillations. This template y,¢(k) is
represented by the solid line in Figure 4.

Thus, the desired meniscus velocity y.f(k) is a meniscus velocity profile

13
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Figure 4: Reference meniscus velocity trajectory.

to jet an ink drop with the desired drop-velocity and fast decaying residual
oscillations. If the actuation pulse is designed in such a way that the meniscus
velocity y(k) follows the reference trajectory y.¢(k), then the channel will
come to rest very quickly after jetting the ink drop. This will create the

condition to jet the ink drops at higher jetting frequencies.

3.3. Feedforward control

We are now ready to formulate the optimization problem which will lead
to the optimal piezo input. The optimal input is the trapezoidal input u(k, )
which minimizes the difference between the reference trajectory y,.¢(k) and

the meniscus velocity y(k). More precisely, we can define the objective func-

with a trapezoidal pulse
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tion as the following sum of weighted square errors
N

70 = 3wk (velh) — y(kulh.0))’ (22)
(h

[e=]

N

(k)
= Zw(k)<yrof —lLI(q)u(/’{;,H))2 (2b)

k=0
where N = Tls, T, is sampling time, T" is chosen equal to 100 us, w(k) is a
user-defined time-domain weighting, H(q) is the discrete-time model from
piezo input to the meniscus velocity, ¢ is here the forward shift operator
and u(k, 0) is the proposed actuation pulse parameterized by the parameter
vector 6 (see Section 3.1).
Thus, the optimal actuation pulse parameter 6, is the parameter vector

0 solving the following optimization problem
min 7 (0), (3)
subject to
O <0 <0yg, (4)

where, 0.5 and Oyp are the vectors containing the lower and the upper

bounds on each element of the parameter vector 6.

This is a constrained nonlinear optimization problem and can be solved off-
line using standard algorithms. We use the MATLAB function fmincon.
This function implements a range of optimization techniques. In our experi-
ments we used the default option which is sequential quadratic programming

(16, 17].

Remarks:

15



e The proposed framework is very general and it is not restricted to
the meniscus velocity. It is possible to construct the objective function
using several other system variables such as the channel pressure signal,
the meniscus position, the DoD curve, the flight profile of jetted drops
and the velocities of the jetted drops. Moreover, the linear model H(q)
for the inkjet system can also be replaced by a nonlinear model if this
model allows the computation of the meniscus velocity for all possible
piezo inputs. Using nonlinear models will be more accurate when non-

Newtonian fluids are jetted.

e Instead of using a model H(q) to generate y(k, u(k,6)) in (2), an actual
experimental setup could be used for this purpose. By computing the
gradient numerically, we could then perform the optimization of 6. This
would be of use when an accurate model is not available. A possible
application of this can be the jetting of a non-Newtonian fluid with the
inkjet printhead. In this case, a linear model could lead to inaccurate
results and obtaining a nonlinear model of the inkjet system may also
not be always possible. In such a scenario, one can still obtain the
actuation pulse with the proposed method by using the ink channel
pressure instead of the meniscus velocity. Indeed, this pressure can be
measured by using the piezo unit as an ink-channel pressure sensor (i.e.
the self-sensing mechanism [2],[6]). Unfortunately, this approach can

not handle severe nonlinearities, see [18].
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3.4. Feedforward control with an unconstrained pulse

We have seen that the pulse with constrained shape can be obtained
using the nonlinear optimization problem (3)-(4). As mentioned in Section
3.1, this shape constraint is imposed by the driving electronics. From a
theoretical point-of-view, it is nevertheless important to verify whether this
shape constraint limits the achieved performance to a small or a large extent.
In order to perform this verification, a method must be developed to design
the pulse minimizing the difference between the actual meniscus velocity and
the desired one when no constraints whatsoever are imposed on the shape of
this pulse.

One could use for this purpose model predictive control [14]. However,
when the control sequence to be computed is long, this method is compu-
tationally expensive. We present a simpler and computationally efficient
filtering-based approach to generate the unconstrained actuation waveform
in order to damp the residual oscillations. For this purpose, we parameterize
the to-be-designed actuation pulse as the pulse response of a Finite Impulse

Response (FIR) filter F'(q, 5):
u(k, B) = F(q,3)d(k) (5)

with F(q,8) = Bo+ 61 ¢ ' + ... + Bn,q7 ™, 0(k) the unit pulse and § =
(Bo, -, @Lﬁ)T a vector containing the coefficients of the FIR filter. When the
dimension of (3 is chosen equal to the desired length of the actuation pulse,
this parametrization allows to generate actuation pulses of arbitrary shapes.

For an arbitrary vector (3, the response of the ink channel H(q) to the

17



input u(k, ) is given by:

y(k,B8) = H(q)F(q,8)0(k) = F(q,8)H(q)(k) (6a)
= F(q.B)h(k) (6b)

where h(k) is the pulse response of the known ink channel dynamics H(q).
The optimal control u(k, fopt) is then the one which minimizes the differ-

ence between the desired meniscus velocity trajectory y,r(k) and the achieved

meniscus velocity y(k, 3). Therefore, the optimal parameter vector B,y is the

solution of the following optimization problem :

2

min Y w(k) (st (k) = F(a, H)h(K)) (7)
k=0

Unlike the optimization problem (3) which is nonlinear, the optimization
problem (7) leading to the unconstrained actuation pulse is a weighted linear

least-squares problem.

Remark:

Determining (5 can be difficult when the least squares problem (7) is ill-
conditioned. In such cases it is advisable to approximately solve the least
squares criterion (7) using a truncated Singular Value Decomposition (SVD),
to effectively reduce the degrees of freedom in the least squares problem. For

more details, see [19].

4. Simulation Results

In the previous section, our control objectives and the related problem of

feedforward control design (constrained and not constrained) have been pre-
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sented. We will first consider the (realistic) case where the actuation pulse
is constrained to have the trapezoidal shape of Figure 3. The nonlinear opti-
mization problem (3)-(4) delivering the optimal trapezoidal pulse is solved by
using the fmincon function of the MATLARB’s optimization toolbox. Recall
that the goal is to damp the residual oscillations. Therefore, the weighting
w(k) is designed to penalize the tracking error more in Part B of the reference
trajectory. The initial guess 6;,;; for the optimal parameter vector needed to

solve the nonlinear optimization problem (3)-(4) is chosen as follows
O = [1.5 25 1.5 25 6 36 1 1.4 —15.

The time parameters (¢,, %, tr, tdQ) in 6;,;; are chosen using the recommen-
dations in [6] and [10]. The optimal parameter vector ., obtained after

solving the optimization problem (3)-(4) is given as follows
Oope = [2.0 2.5 1.3 22.5 7.6 1.3 0.4 44 —13.2]".

Note that in the parameter vector 6, the time parameters (t,,t.,ts,t4,) of
the actuation pulse are expressed in us.

We compare the standard pulse and the optimal actuation pulse in the
bottom panel of Figure 5. As expected, the optimal piezo actuation pulse
contains two components, the resonating pulse and the quenching pulse.
The quenching pulse deflect the piezo actuator in order to damp the resid-
ual oscillations. This enables the meniscus velocity to track the reference
trajectory very closely and brings the ink channel to rest soon after jet-
ting the ink drop as seen in the top panel of Figure 5 where we compare
Yopt (k) = H(q)u(k, Oopt) to the meniscus velocity corresponding to the stan-

dard pulse. As discussed in Section 3.1, the starting time for the quenching
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Figure 5: Response of the meniscus velocity to the standard and the optimal actuation

pulse.

pulse is approximately 12us, which is the fundamental period corresponding
to the first resonant frequency at 80kHz (see Figure 2). The energy spectral
density of the tracking error for the standard pulse and the optimal pulse is
shown in Figure 6. It is evident that considerable error reduction is achieved
by the optimal pulse at the two dominant resonant frequencies of the inkjet
printhead and at low frequency in general.

Given the behavior in Figure 5, ink drops can be jetted with higher fre-
quencies using the optimal actuation pulse. Figure 7 shows the response of
the ink channel when ten ink drop are jetted at DoD frequency 38 kHz, i.e.,
the time interval between the initiation of two actuation pulses is (1/38) ms.

In this figure, we compare the behavior when the standard and the optimal

20
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pulses are used. The meniscus velocity does not quickly come to rest after
jetting the ink drop for the standard actuation pulse. Therefore, the initial
conditions differ when applying the subsequent actuation pulses. This causes
the velocity-peaks to change for subsequent drops as indeed observed in Fig-
ure 7 where they are not equal to 5ms™! as in Figure 4. Recall that the
velocity peak is a major feature and that a changed velocity-peak will result
in drops having different velocities. These short comings are not seen with
the optimal piezo actuation pulse. It ensures similar initial conditions before
the application of the resonating pulse for each ink drop. The difference in
the velocity-peaks for the optimal actuation pulse are almost negligible. This
will result into ink drops having almost the same velocity.

We have done similar experiments at different DoD frequencies to analyze
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Figure 7: Simulation for jetting of ten drops at DoD frequency 38kHz.

the improvement in the performance of the inkjet printhead. To summarize
all the results in Figure 8, we have only plotted the velocity-peak of the tenth
drop against the DoD frequency. As the velocity-peak is almost equal to the
velocity of the jetted drop, Figure 8 is equivalent to the ‘DoD-curve’, which
is the benchmark defined in the introduction. We have seen previously that
the standard pulse is not able to quickly bring the ink channel to a rest.
The time allowed for the residual oscillation to settle down will reduce as
we increase the DoD frequency. Therefore, as shown in Figure 8, the varia-
tion in the peak meniscus velocity becomes larger at higher DoD frequencies
when we consider the standard pulse. As opposed to this, the variation of

the velocity-peak with the optimal pulse is very limited.
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Remark:

By adding an extra quenching pulse, the duration of the optimal pulse
will always be longer than the standard pulse. The duration of the
standard pulse is 5.5 us while the one of the optimal pulse (u(k,pt))
is 19.5 us. A consequence of the longer duration of the pulse is that,
within the range [0 70kHz| for the DoD frequency, the optimal pulses
will overlap from a DoD frequency (1/19.5 us)= 51 kHz. This does not
happen for the standard pulse. For fp,p > 51 kHz, we have decided to
superimpose the overlapping pulses. This means that, if we want to jet

a series of Np drops at a DoD frequency fp,p larger than 51 kHz, we
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in fact apply the following voltage toyeriap(k) to the piezo unit

Np—1

Uoverlap(K) = > Uop (k‘ —iTD)

=0
where uop (k) = u(k, Oop) the optimal pulse of duration 19.5 s, and
7p is the time (expressed in number of samples) between two actuation

pulses.!

In Figure 5, we observe that the optimal trapezoidal shape allows to reduce
significantly the residual oscillations. By considering the approach in Sec-
tion 3.4, we will now verify whether an even better performance could be
achieved if we relax the trapezoidal shape constraint on the actuation pulse.
For this purpose, we have solved the least-square problem (7) with a FIR
filter F'(q, 3) of length 930 to improve the performance. In Figure 9, we com-
pare the meniscus velocity resulting from the application of the optimal pulse
obtained by solving (7) (i.e. the unconstrained pulse) and the meniscus ve-
locity resulting from the application of the optimal pulse obtained by solving
(3)-(4) (i.e. the trapezoidal pulse). By analyzing the unconstrained pulse (see
the bottom of Figure 9), we must first observe that this unconstrained pulse
is very similar to the optimal trapezoidal pulse. The main difference between
these two pulses is the oscillating behavior after 15us in the unconstrained

pulse. However, from a practical point of view, the increase of complexity

f T, is the sampling time and round(x) rounds a real number x to the nearest in-

teger, 7p is then equal to round( . Indeed, at a DoD frequency of fpep, the time

1
Ts fooD )

separating two successive actuation pulses is ﬁ second and 7p must be an integer since
o

uopt (k) is a discrete-time signal.
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Figure 9: Response of the meniscus velocity to the optimal actuation pulse and the FIR-

based actuation pulse.
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of the pulse (the oscillatory behavior) outweighs the improvement of perfor-
mance (the performance with the optimal trapezoidal pulse is already very
satisfactory). Considering this, the optimal trapezoidal pulse delivered by
the optimization problem (3)-(4) seems the best compromise between per-
formance and complexity. It also indicates that the nonlinear optimization

(3)-(4) yields an actuation pulse which is very close to the global optimum.

5. Experimental Results

The simulation results show that significant improvements can be achieved
by using the optimal piezo actuation pulse u(k, ,pt) i.e. the trapezoidal pulse
depicted at the bottom of Figure 5. In this section we present experimental
results obtained with the optimal actuation pulse u(k,8,,), derived in the
previous section, to validate this claim. The experimental setup is equipped
with a CCD camera which can capture the images of jetted drops at an inter-
val of 10us. The details about the experimental setup, such as the camera,
the microscopic lens etc can be found in [20]. In each experiment we have
jetted 10 ink drops from the inkjet channel at a fixed DoD frequency. All
the images are placed adjacent to each other in the order of the time instant
when they are taken. The composite image constructed in this manner for a
DoD frequency equal to 28kHz is shown in Figure 10. This image shows the
flight profile of the ten drops from the nozzle to the paper. The vertical axis
represents the position of the ink drop. The starting position is the nozzle
level and the paper is placed at the end position. The distance between the
nozzle and the paper is approximately 2mm. Ideally, it is required that the

ten drops should be placed at an equal distance on the paper. In Figure 10,
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Figure 10: Experimental results: 10 drops jetted at DoD frequency 28kHz.
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we compare the result with the standard pulse (Figure 10a) and with the
optimal pulse (Figure 10b). Figure 10a shows that, for the standard pulse,
the first drop travels to the paper, but the second drop is slower than the first
drop and gets merged in the third drop. Only nine drops reach the paper
and the first drop is placed far away from the rest of the drops. However,
for the optimal pulse, all the ten drops travel with almost the same velocity
and they are placed at an equal distance on the paper.

The printhead performance degrades severely when the standard pulse is
used at a DoD frequency of 46kHz, shown in Figure 11. Figure 11a shows
that for the standard pulse, the first drop travels to the paper. However, the
drops jetted subsequently have different velocities and they are slower than
the first drop. Therefore, they get merged into a single drop before reaching
the paper. Consequently, only two drops eventually reach the paper and they
are placed far away from each other. For the optimal actuation pulse, all the
jetted drops have almost the same velocity (see Figure 11b). Since they have
similar velocities, the drops are placed at an equal distance on the paper.
The first drop is however slower and hence caught by the second drop. A
small satellite drop is also visible after the tenth drop.

Now let us consider the case of a DoD frequency equal to 54kHz (see
Figure 12). In this case, as opposed to the previous cases, the first drop is
slower than drops 2, 3 and 4 when the standard pulse is used (see Figure
12a). This has as consequence that the four first drops merge and only seven
drops reach the paper. With the optimal pulse, only the two first drops
merge. Another advantage of the optimal actuation is that the drops, which

do not merge, have similar velocities while these velocities are disparate with
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Besides the experiments at these 3 DoD frequencies, other experiments
were carried out for different DOD frequencies ranging from 20 kHz to 70 kHz
The drop velocities of each of the 10 drops are
shown in Figures 13 and 14 as a function of the DoD frequency (DoD curve).
Figure 13 is obtained when the standard pulse is used and Figure 14 shows the
results when the optimal pulse is used. As we will show in the sequel, these
figures will confirm the observations made for Figures 10-12. We will evaluate

the performance observed in these two new figures based on three aspects.



First, we compare the velocity variation of the tenth drop over the DoD
frequency range. The velocity of the tenth drop for the standard pulse varies

1

from 5.5ms™! to 14.5ms~!. For the optimal actuation pulse, this variation

is considerably smaller: the velocity of the tenth drop varies from 5.5ms™!
to 9.8ms~!. Second, at each DoD frequency we look at the velocities of the
individual drops. It is very clear that at a fixed DoD frequency, the velocities
of the ten drops are quite different for the standard pulse. On the other hand,
individual drop velocities are very similar when the optimal pulse is applied
to the inkjet printhead. Third, the behavior of the first drop is analyzed over
the DoD frequency range. In Figure 13, we observe that, for the standard
pulse, the first drop behaves very differently compared to the subsequent nine
drops. This can affect the print quality severely, as it appears like a shadow
of the printed bitmap to human eyes. When the optimal pulse is used, the
difference between the first and the subsequent drops is much less significant.
Hence, a bitmap printed with the optimal pulse will not suffer from the
shadow effect. The overall improvement in the velocity consistency achieved
using the optimal piezo actuation pulse has far-reaching consequences for
the print quality. This is because of the proximity of the inkjet printhead to
the printing paper. In the simulation results, we observe that the optimal
pulse allows us to almost completely remove the residual oscillations. This
should imply a flat DoD curve. However, even though we observe significant
improvements, the DoD curve is not completely flattened when using the
optimal pulse. This could be explained by neglected dynamics. The narrow-
gap model cannot predict the meniscus position, it only predicts the meniscus

velocity. Once the ink drop is jetted, the ink channel is refilled from the ink
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reservoir. The refill process involves two types of actions, the passive refill
and the active refill. In the passive refill, only capillary forces are exerted
on the meniscus, whereas in the active refill, oscillations in the meniscus
helps to pull the ink from the ink reservoir. In order to achieve ink drops
of same properties, it is required to maintain similar initial conditions in
the nozzle prior to the application of the actuation pulse. Bringing residual
oscillations in the meniscus velocity to zero is not sufficient to bring the
meniscus to its initial position and similar initial conditions can therefore
not be achieved. Due to this neglected refill dynamics the experimental DoD
curve is not completely flat. To handle this issue we are developing a LPV
(linear parameter varying) model to describe the ink channel dynamics with

the refill effect.

6. Conclusions

In this paper we have proposed an optimization-based feedforward control
law to damp the residual oscillations in a DoD inkjet printhead. The simu-
lation results show that the proposed method can very effectively damp the
residual oscillations enabling the ink channel to jet ink drops at higher jet-
ting frequencies. Experimental results have demonstrated that considerable
improvements in the ink drop consistency can be achieved with the proposed
method. The difference between the experimental and the simulation results
is attributed to neglected dynamics.

Further improvements can be achieved through a more accurate ink chan-
nel model or with an extension of the proposed method to handle parametric

uncertainties. This is subject of ongoing research. Applications of the pro-
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posed method to multi-channel control will be investigated in the future.
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