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Abstract—1In the field of inkjet deposition, there is a lack
of specific knowledge to detect and change drop volume to
regulate fluid placement. In this paper, we present a novel
control scheme to regulate drop diameter on a surface with
unknown properties. We derive a model for line width as
a function of nozzle velocity, valve duty cycle, and physical
properties of fluid and surface. As many of these variables
are generally unknown, we present a nonlinear estimator to
estimate their cumulative effects as a single variable. Next,
benefiting from our estimation knowledge, a closed-loop
control method is designed to track a time-varying line width.
Stability of both the estimator and control are established
using Lyapunov stability theory, and the control is shown to be
robust to errors in the estimator. Simulations and experimental
results confirm the stability and performance of the approach.

I. INTRODUCTION

Inkjet deposition (or inkjet printing) refers to multiple
technologies to deposit liquids on a substrate. Depositing
of various liquid materials has been reported for many
applications. Conductive ink has been used to print low-cost
antennas on a paper substrate [1], [2]. Organic semiconduc-
tors have been printed to create transistors [3] and displays
[4], [S]. Inkjet deposition has been used to deposit nerve
regeneration conduits [6], biomaterials and tissues [7] [8].
Solutions of carbon nanotubes have been inkjet printed [9].
A mobile robot equipped with laser scanner and inkjet printer
head was used to autonomously navigate a building and mark
structures [10].

In this paper, we present preliminary results on inkjet
deposition on arbitrary level surfaces. Researchers have used
feedback control to improve deposition/ printing quality in
other ways. Learning control was used to regulate jetting
frequency and improve line quality [11]. Feed-forward and
optimal control were used to reduce vibration in the reservoir
and minimize variation in velocity and volume of drops [12],
[13]. Control of the meniscus of the drop at the nozzle
improved line uniformity [14]. Position [15] and velocity
[16]-[18] control of the print head and substrate have been
investigated.

Our work focuses on a novel control methodology and
technology with an ultimate goal to print on a 3D surface of
arbitrary shape. There are three major contributions in this
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paper. First we present a dynamic model of line width as
a function of changing duty cycle, nozzle velocity and the
contact angle arising from chemical and physical properties
of the liquid and surface. Using the duty cycle as input and
the width as output, we can obtain control-affine dynamics.
However, many terms in the dynamic equations are unknown
or difficult to measure. This leads to our second contri-
bution, a nonlinear estimator to determine the cumulative
uncertainties as a single parameter. The third contribution is
a nonlinear control law to regulate drop diameter. The net
result is a closed-loop regulation of printed line width given
no knowledge of the interactions between liquid and surface.
We also establish the robustness of this methods with respect
to parameter error, which guarantees ultimate convergence of
error to a known maximum value. The upper bound for the
error depends on our control gain and difference between real
and estimated parameter value. Stability of the estimator and
control law is established through Lyapunov Analysis. Simu-
lations and experiments are presented to verify performance
of the estimation and control schemes.

The paper proceeds as follows. Section II presents deriva-
tions of spot volume with respect to duty cycle. Section
IIT presents parameter estimation and section IV introduces
a feedback controller to regulate spot diameter on a level
surface. In section V and VI, we provide simulation and
experimental results to verify the proposed method. Finally
we present conclusion and future work in section VIIL

II. FACTORS OF DROP VOLUME AND LINE WIDTH

We refer to a small amount of liquid in the air having
recently left the jetting nozzle as a drop, while the liquid
in contact with a surface is referred to as a spor. A spot
deposited on a solid substrate will flatten and spread. The
degree to which a drop of liquid spreads on a solid surface
is referred to as wetting [19], [20]. Wetting is a complex
phenomenon dependent on the chemical properties of the
liquid, solid surface and surrounding air, physical properties
of the solid such as surface roughness, temperature, and
possible contamination such as dirt, oil, etc. Drop volume
has the strongest influence on spot size, followed by fluid
viscosity and surface interactions. Drop velocity and impact
dynamics are generally negligible for small drops if the
impact is normal to the surface. A second factor influencing
line width is drop-to-drop spacing. Constant velocity of the
nozzle mitigates changes in line width due to spacing. Single
spot diameter determined by wetting defines the minimum
line width, and reduction in spacing between drops/spots
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Fig. 1. Wetting and Contact Angle

increases the line width. Research has investigated proper
spot spacing for different liquids and surfaces.

Wetting is typically studied in terms of contact angles,
which describe the shape of the spot on a level surface.
Small contact angles (f < 90°) indicate high wetting
and large spread, while large angles indicate low wetting
and little spread. Young’s equation [21] gives the contact
angle 6 at equilibrium as a function of the liquid-vapor,
solid-vapor, and solid-liquid interfacial tensions (7y, Ysv
and -y,;) respectively, cos § = “’“ﬁy Tsl (Fig. 1). The diameter
of a drop/spot on the surface, as viewed from above, can be
described as a function of the spot volume V' and contact
angle [22]. Depending on 6, the spot diameter d is
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Given accurate knowledge of the material properties, it
is possible to estimate 6 off-line and determine the correct
volume for a drop to give a desired diameter. While research
has gone into control to correctly generate the desired
volume, if there is error in the estimate of 6, the diameter
will be incorrect. Given a desired spot diameter d*, define
the error in spot diameter as e(t) = d(t) — d*(t). Consider
the case of # < 90°, and assume € is constant. As the volume
of liquid in a spot must be the same as volume in the drop
before it contacts the surface, change of spot diameter is a
function of the drop volume
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the relationship between d and V can be written as
d=bV-3V. 4)
Equation (1) also can be represented
d=3bV3 (5)
or
v=(dy (6)

By substituting (6) in (4), we obtain

b3
d=95V. (7

If the liquid is regulated by a solenoid valve, and the
nozzle is moved at a constant velocity, then the volume of
the drop is a function of the duty cycle of a signal sent
to the valve. Let D denote the duty cycle of the signal.
Within a specific range of duty cycle (e.g. 0 < D < 50)
the relationship between V and D is approximately linear

V(t) = aD(t) ®)
in which case d(t) can be written
b B
d= 9d—2aD( ) = d2D( )- ©))

To give (9) a control affine form, we design D as

D = ad® + d*u (10)

with v as our virtual input and a as our free parameter, giving
the overall dynamics

d = aBd + Bu. (1)

B encapsulates all uncertainties and depends on surface
and liquid characteristics. However, B is constant for a
uniform surface and liquid and constant end-effector velocity
(assuming that there is no dirt, oil, etc. on the surface).

ITII. ESTIMATION OF CONSTANT PARAMETERS
AFFECTING LINE WIDTH

We consider our model as

d = aBd+ Bu
(12)
y=d
and our estimator model
d = L Bd + Bu (13)
y=d
where B(t) is updated according to
B=lyB+kye ky<0ky>0 (14)

and é = d — d. Now, we are set to propose our theorem.

Theorem 1 Consider the system model in (12), and the
estimator in (13), where B(t) is updated according to (14).
If the control is given by u = —ad+1, then ep = B — B(t)
is bounded and converges to the zero as time goes to the

infinity.
Proof First and second time derivative of eg can be written
as .
ep = —B (15)
and using (14),
ép = — (k1B + koé). (16)



On the other hand, é=d— (f Replacing (12) and (13) in
é=d— cZ, gives

é = (ad +u)ep. (17)
By replacing (15) and (17) in (16), we have
ép = kiep — ko(ad + u)ep (18)

and designing v = —ad + 1 leads to the ordinary differential
equation.

ép — kiep + koep = 0. (19)

Because roots of the characteristic equations of (19) are both
negative, then ep is bounded and converges to the zero as
time goes to the infinity. This implies B is bouned and
converges to B. We note that B is always positive, if its
initial value is positive and k; o render an over damped
differential equation in (19).

IV. DIAMETER CONTROL

After estimating B, we need to design a control scheme
that guarantees the current diameter d converges to and
tracks d*.

A. Line Width Tracking Control

Theorem 2 Consider the system model in (12), and assuming
that parameter B is known, then by designing

1 .
u = —ad+ E(*kget +d*) ks3>0 (20)

where e; = d — d*, one can guarantees d converges to d*
when time goes to infinity.
Proof Define our Lyapunov function as

2y

= Z€;.
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Taking the time derivative of (21) and using (12) and (20),
we arrive at

V = ete't = €t(d — d*)

= ei(aBd — aBd — kse; + d* — d*) (22)
= —k‘36t2
which assures e; goes to zero.
Where d* is constant, (20) can be simplified to
k
u=—ad— E?’(et) ks >0 (23)

B. Control Under Parameter Uncertainty

Due to sensor noise and errors, we likely have that ep is
small but not 0. Furthermore, there could be minor changes
in B due to surface inconstancies. In these cases, the tracking
control might not guarantee a perfect convergence. Here, we
analyze the case that there are errors in our estimate of B,
and show that we can guarantee e; converges to a known
neighborhood close to 0 and remains there. Furthermore, the
size of this neighborhood can be determined through our

choice of feedback gain. Knowing B is our estimate, the
control in (20) would be

1 .
u=—ad+ E(*k‘get + d*) ks >0 24)
and equation (22) can be rewritten as
V = Btét = et(d - d*)
B . .
= ei(aBd — aBd + E(*kget +d*) —d¥)
B . B
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We can deduce that for B(t) > 0, when
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V <0 and guarantees asymptotically stability. However, for
d*(B - B)
2ksB

_d*(B-B) _
2%ksB | =

e 27)

V is not necessarily negative. As B and ks are constants,
and B is bounded by some maximum, we can conclude that

M € Ry such that |Z{E2D)

tracking error e; will ultimately converge inside an interval
with radius less than or equal to 2M. That guarantees et is
uniformly ultimately bounded. We also note that as B — B,

d*(B—B)
‘7%33 ‘ — 0.

’ < M. So, one can say the

V. SIMULATIONS

In this section, we test our estimator and control scheme
under ideal conditions (e.g., there is no dirt or fluid/material
characteristic change during the simulation) using Simulink.
We set B = 0.5 and constant. The desired line diameter is
a sinusoidal function as

d* = 2sin(t) + 2 (28)

which varies between 0 and 4 mm. We first simulate estima-
tion of B. Then, based on the estimation, we use the tracking
controller to follow desired line diameter.

In Fig. 2, one can see that for different initial value of
B = {0.1,0.3,0.7, 1}, the estimate converges to the correct
value of B, in less than 2 seconds, for £y = —10 and ko =
25. These values satisfy critical damping of the second order
system (19).

In Fig. 3, one can see tracking performance of the control
law in (20) using B = 0.5. We set k3 = 1, a = 1. The
blue graph is the desired line width, and the red graph is the
measured width. The tracking error converges to zero in less
than 3 seconds. In Fig. 4, the green graph depicts the duty
cycle of the valve signal, which is calculated based on (10).
Duty cycle is smooth and bounded from above and below.

In real experiments, B is not constant due to different
factors like dirt, surface non-coherence, etc. In this part, we
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simulate a situation in which B varies between 0.4 and 0.6
due to aforementioned factors. We used a random variable
with mean of 0.5 and variance 0.1 with saturation limits of
0.4 and 0.6.

Using control law (24) with the worst case scenario of
B ={0.6,0.4}, we expect an error interval

le; — (£0.2)] < 0.2

(29)
—-04< e < 0.4.

Fig. 5 verifies our claim, as tracking error absolute value
is bounded by +0.4. Fig. 6 depicts the duty cycle values
corresponding to control under parameter uncertainty.
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VI. EXPERIMENTS

We conducted experiments to verify the estimation of B
and control of line width proposed in Section III. As seen
in Fig. 7, a Staubli TX90 robot arm has a solenoid valve
mounted to the end effector. The needle mount was designed
in Solidworks and machined such that the offset from the end
effector flange is precisely known. We also mounted an Intel
RealSense R300 RGB-D camera on the end effector. The
camera can provide depth measurement to a sub-millimeter
accuracy. The solenoid valve (INKX0514100A) is driven by
a pulse train generated by an Arduino microcontroller, then

Fig. 7.

Experiment Setup for Inkjet Printing
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amplified to the necessary voltages levels. A compressed
air tank with a digital regulator provides air pressure to a
syringe filled with distilled water. To estimate line width, we
converted the RGB image from the RealSense camera into a
grayscale image, then isolated the ink mark below the needle
by thresholding the grayscale image. An open morphological
filter operation is applied to remove noise, such as water
splatter marks in the image. We then find the biggest contour
in our region of interest. Measuring the area and perimeter
of that contour, leads us to line width in terms of number
of pixels. By applying depth information, we measure line
width in mm. Finally, a FIR filter was applied to reduce the
measurement noise.

A. Estimation of B

We first provide results of estimation by applying the
approach in Theorem 1. We set k; = —10, ko = 25 and
a = 1. However, due to errors and uncertainties in real
experiments, the estimate does not converge to a constant.
Rather, oscillation around a constant value can be observed.
We conducted eight different experiments, the results of
which are shown as thin lines in Fig. 8. the mean of all
experiments is also shown as a thick line. We observe that
B converges to 1 approximately.

We also observed the duty cycle during estimation phase,
as shown in Fig. 9. Note that there is no line width control
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involved in this part, and the line depth increases over time
as duty cycle increases. In our experience, the estimate of
B always converged before the duty cycle saturated. Choice
of gains k1 and k2, as well as the magnitude of the control
u(t) could mitigate saturation if it becomes an issue.

B. Regulation to Constant Desired Line Width

Fig. 10 depicts three experiments to regulate line width
to constants values of 3.0mm, 2.5mm, and 2.0mm. We set
ks = 1, and the duty cycle initial value was D = 35. One
can see that the measured line width converges near desired
value with some oscillation. The corresponding duty cycles
are shown in Fig. 11. Photos of the lines are shown in Fig. 12
and photos of line width measurements are provided in Fig.
13. The calipers are in inches, but we can note that the mea-
surements are approximately 0.079”=2mm, 0.098”=2.49mm
and 0.1187=3.0mm, indicating that our approach works well.

C. Tracking a Time Varying Desired Value

Two experiments for time varying line width are shown,
with the desired width given by sine functions d* = sin(2t)+
3 and d* = sin(0.5t) + 3. The initial value of the duty
cycle was set to 35. Figs. 14 and 16 show line width
observed during experiment, and Figs. 15, and 17 depict the
corresponding duty cycle. The line width quickly converges
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near the desired value and tracks well after that, though noise
is evident in the measured signal. Printed lines are shown in
Fig. 18. Maximum and minimum widths of the lines are also
measured in Fig. 19 which are approximately 4 mm and 2
mm respectively, as expected.
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VII. CONCLUSIONS AND FUTURE WORK

This paper described an investigation into how to model,
estimate and control an inkjet device mounted on a robot
end effector to draw a line with a desired width in a
closed loop fashion. This nonlinear estimation allows us to
estimate parameters of the model with no knowledge about
physical properties of the surface and fluid. We established
the robustness of our method to parameter estimation error
and the stability of our closed loop system. Simulations and
experiments validated the performance of the approach for
constant and time varying desired widths.

Our ultimate goal is to deposit ink with a desired width on
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a given path on a 3D surface. Motion planning of the robot
end effector is our next step to be investigated. Equation (8)
is also a simplification of the real system dynamic, so we are
interested in deriving a much detailed differential equation
that describe valve deposition dynamics. We are currently
investigating an approach to a combined nonlinear estimator
and controller, rather than the two phase process presented
here. One remaining technical issue is that our camera is
not reliable for sub millimeter measurements. This lack of
precise knowledge causes experiments to deviate from the
ideal result observed in simulation.
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