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ABSTRACT

This study presents the experimental hysteresis compensation method implemented in a magnetostrictive
inkjet print-head, utilizing the Terfenol-D, a giant magnetostrictive material. The distinctive features
between the input energy and the output displacement are known as the inherent hysteresis characteristics
in a ferromagnetic material, which cause major obstacles to the output performance. Therefore, an
appropriate compensation method is necessary to reduce the Hysteresis Loss (HL). Previous research has
focused on mathematical models such as the Preisach or the Jile — Atherton models. However, such models
are complicated, and it is thus challenging for them to control hysteresis in a real-time system. This paper
solves the aforementioned problem based on the charging and discharging of an RC-circuit, which is
known as the experimental compensation method. In the experiment, an attempt to compensate for
hysteresis at the frequencies of 5 Hz and 100 Hz is made. For each frequency, different ranges of the
capacitance value are selected to find the resistance value. A resistor with the value of 50 Q is chosen and
integrated into the compensation circuit. Through the experiment, optimal capacitance values of 335 pF
and 10.75 pF are obtained at the considered frequencies. The results are attained using PEDOT: PSS and
silver nanoparticle ink to validate the droplet formation. In both cases, the droplet formation is estimated

and calculated in terms of the droplet diameter, tail length, droplet volume, and breaking time.
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I.  INTRODUCTION

The inkjet printing technology has been developing for
decades and has become prevalent in various industries. It can
be categorized into two particular groups, namely, Continuous
Inkjet Technology (CIJ) and Drop-on-Demand Inkjet
Technology (DoD) [1-3]. In CIJ, the droplet formation is
created by applying the vibration from a piezoelectric crystal.
A pressure wave passes through the nozzle, the ink flows, and
is divided into equal sizes at a certain range of space [4]. Many
drops are charged by the vibration and are simultaneously
printed onto the substrate in a multiple defluxion system, while
the uncharged drops fly back to the gutter for recirculation. In
DoD, four types of inkjet printing technology are included,
namely thermal, piezoelectric, electrostatic, and acoustic [5].
The DoD technology has becomes more popular compared to
ClJ, especially in electronic printing applications and low-cost
printings [6-7]. The inkjet printing technology faces challenges,
particularly when working with high-viscosity fluids that
impact the droplet formation and ejection consistency. Authors
in [8] discovered a new actuation waveform that can be used
with single-drop and multi-drop ejection techniques. In [9], a
high-viscosity liquid was utilized with a magnetostrictive inkjet
print-head, proving that the pouring of such a liquid is feasible.
In [10], where the jet stability method was investigated, more
uniform designs were developed. Authors in [11] discussed the
development of a new electrode configuration for an

electrostatic inkjet printing head. Aiming to improve resolution
in micro-displays for the Augmented Reality (AR) and Virtual
Reality (VR) technologies, authors in [12] examined various
inkjet printing techniques, such as aerosol, piezoelectric, and
electro-hydrodynamic printing, and how they can help
overcome issues, like coffee-ring effects and ink optimization.
These techniques’ implementation in wearable, flexible
electronics is becoming the cutting edge of portable health
monitoring, human—machine interface, and other electronic and
optical applications [13]. The ink properties were demonstrated
in [14] combined with a printing strategy, making sensor
devices more flexible and wearable at present and in the future
[15].

The magnetostrictive inkjet technology is a highly
advanced and precise method of inkjet printing, which is
especially well-suited for applications where traditional
piezoelectric or thermal inkjet technologies may fail to meet
performance requirements [16]. Authors in [17] presented the
capability of high frequency driving, while strong output forces
were used by a magnetostrictive actuator to produce relatively
large displacements in comparison to other upcoming actuator
technologies. Authors in [18] focused on the dynamic of a
magnetostrictive actuator, having applied the prestress effect to
verify hysteresis loop. In order to achieve accurate and reliable
droplet ejection in magnetostrictive inkjet print-heads, some
methods have been exploited to mitigate the effect of
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hysteresis. Hysteresis compensation combines modeling,
control schemes, and adaptive approaches [19-21]. These
techniques are vital for preserving dependability and excellent
print quality in situations where accuracy is crucial. A smart
actuator, such as Terfenol-D, has been utilized in
magnetostrictive inkjet showing strong force, yet displaying a
significant hysteresis. Previous studies on hysteresis have
deployed a state observer based on the Bouc—Wen model to
estimate and compensate for hysteresis [22]. In [23], the
nanopositioning systems were reviewed, which demonstrate
periodic stability of the close loop system via comparison with
the multiple inversion — based and inversion — free approach. In
addition, a robust control strategy was introduced that
effectively compensates for the hysteresis nonlinearity in
nanopositioning systems, which is critical for high-precision
applications,  like  atomic  force  microscopy  and
nanomanufacturing. Authors in [24] focused on improving the
accuracy of hysteresis modeling and compensation for
Piezoelectric Actuators (PEAs), particularly under high-
frequency, and the results displayed complex signal conditions.
Having used a combination of hysteresis inversion and sliding
mode control, the proposed Adaptive Conditional
Servocompensator (ACS) achieved superior tracking accuracy
and robustness. To attain optimal performance in
magnetostrictive inkjet printing systems, several techniques
may be applied in practice, such as feedback control for fine-
tuning and a feed-forward model for baseline compensation.
Another example of linearizing the actuator response with
inverse algorithms and creating mathematical models to
describe hysteresis has been investigated in smart actuators,
like magnetostrictive materials [25]. Some of the discussed
methods to compensate for smart material hysteresis are
effective but extremely complicated in calculation and
computerization. Laminating Terfenol-D can reduce the eddy
current loss, but it can also affect the material's characteristics.

The current study employs an experimental method to
compensate for the hysteresis of Terfenol-D by using an RC-
circuit. The hysteresis curve is analyzed at the frequencies of
5Hz and 100Hz. Subsequently, HL is calculated and the
proposed model is implemented to inkjet the print-head system,
and thus verify the droplet characteristics. At the frequency of
5 Hz with the optimal capacitance value of 335 pF, the HL
accounts for 4.32% and the efficiency of hysteresis
compensation (HE) reaches 79.55%. At 100 Hz, the optimal
capacitance is determined to be 10.75, HL accounts for
16.62%, and the HE attains 58.53%. After the compensation
with the determined RC-circuit, hysteresis compensation in
Mag-Jet is employed for droplet formation at the frequencies of
5 Hz and 100 Hz.

II. EXPERIMENTAL SETUP

The hysteresis compensation setup involves a
magnetostrictive actuator, a power amplifier, a function
generator, an RC-circuit, a capacitive sensor, an oscilloscope,
an XYZ stage, a Z stage, a current probe, a computer with a
data acquisition system, and an optical table. The actuator,
covered by a permanent magnet, allows bi-directional
movement. A function generator generates input waveforms for
the RC-circuit. The XYZ stage has a groove for sensor cable

stability. The function generator produces triangular
waveforms with a 50% symmetry setting. The triangular input
waveform is set at 200 ps with a 5 Hz sampling rate and supply
voltage at a * 3.5 V peak-to-peak value. The output signal is
amplified 10 times with a LPASB power amplifier before being
fed into a magnetostrictive actuator. Also a CapaNCDT sensor
is mounted on the XYZ stage, as depicted in Figure 1.

Fig. 1.

Experimental setup for hysteresis compensation.

The hysteresis loop at the frequency of 5 Hz with a
selectively different capacitance is presented in Figure 2, where
it is noticed that the loop decreased with higher capacitance
values ranging from 108 pF to 335 pF. The optimized capacitor
generated a current of + 0.43 A with a displacement of 16.01
pm. The current dropped due to the greater energy storage
during the capacitance charge and discharge.
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Fig. 2. Hysteresis compensation at SHz.

Figure 3 presents the hysteresis characteristic for several
capacitance values at a frequency of 100 Hz. The supply
voltage is set up at + 5V generating a displacement value of
25.16 um in the original state. The optimal capacitance value of
10.75 pF results in a displacement of 18.05 pm and a current of
approximately 0.7 A.
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evaluation tool to assess the efficiency of hysteresis
compensation, typically calculated by dividing the magnetic
field strength (H) by the magnetic flux density (B).
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Fig. 4. The hysteresis curve and rectangular reference.

The efficiency of the hysteresis compensation (HE) is
calculated by:

_ HLOriginal - HLCapacitor

x100% (€))
HLOriginal

where HLoyiginat and HLcypacicor are the HL without and with the
RC-circuit, respectively.

HL is calculated by:

III. RESULTS AND DISCUSSION

The experimental evaluation setup for droplet verification
included a laptop connected with a high-speed camera and a
magnetostrictive inkjet print-head mounted on 3D printing for
tracking the droplet formation. An oscilloscope and a DAQ
were used for signal acquisition. The entire experimental
component was placed on an optical table.

Fig. 5. Experimental setup for droplet formation.

The procedure was performed with two different inks to
compare the inkjet formation and characteristics. The
experiment was carried out in two phases. In the first one,
PEDOT:PSS and silver nanoparticle ink were utilized to
validate the droplet formation at the frequency of 5 Hz before
and after compensation. The experiment was conducted in a

www.etasr.com

Bao: Hysteresis Compensation Application in Magnetostrictive Inkjet Print-head



Engineering, Technology & Applied Science Research

Vol. 15, No. 2, 2025, 20878-20883 20881

laboratory at room temperature, and the capture of images by a
high speed camera was reinforced with a light source. Figures 6
and 7 present the droplet formation before and after applying
hysteresis compensation with PEDOT:PSS. Figures 8 and 9
illustrate the droplet generation while deploying silver
nanoparticle ink. The droplet formation results show that the
bubble ink is reduced after hysteresis compensation.
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b '-T—' 7 3“ ;-_Ié-_l?s-%— 25.1 Time

el M

Length
(um)

Fig. 7. Droplet formation after hysteresis compensation at 5 Hz with
PEDOT:PSS.

Fig. 8. Droplet formation at 5 Hz with silver nanoparticle ink.

Table II summarizes the droplet formation evaluation at 5
Hz for both cases before and after compensation, with the
recording time set from O to 2.1 ms.
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Fig. 9. Droplet formation after hysteresis compensation at 5 Hz with silver
nanoparticle ink.

TABLE II. DROPLET FORMATION EVALUATION WITH
PEDOT:PSS AND SILVER NANOPARTICLE INK AT 5 HZ.
Before After
Parameters . .
compensation compensation
PEDOT:PSS
Droplet making time (ms) 1.85 1.55
Droplet diameter (um) 277.5 263.34
Droplet volume (nL) 11.19 9.56
Breaking tail (um) 293.36 146.48
Total tail (um) 815.42 642.86
SILVER NANOPARTICLE INK
Droplet making time (ms) 2.15 1.75
Droplet diameter (um) 210.54 187.65
Droplet volume (nL) 4.89 3.46
Breaking tail (um) 525.05 420
Total tail (pum) 885.39 871.5

In the second part of the experiment, PEDOT:PSS and
silver nanoparticle ink were employed to validate the droplet
formation at the frequency of 100 Hz before and after
hysteresis compensation. Figures 10 and 11 present the droplet
formation before and after applying hysteresis compensation
with PEDOT:PSS at 100 Hz. Figures 12 and 13 display the
droplet generation while deploying silver nanoparticle ink at
100 Hz.
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Fig. 10.

Droplet formation at 100 Hz with PEDOT:PSS.
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Fig. 11.  Droplet formation after hysteresis compensation at 100 Hz with
PEDOT:PSS.
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Fig. 12.

Droplet formation at 100 Hz with silver nanoparticle ink.
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Fig. 13.  Droplet formation after compensation at 100 Hz with silver
nanoparticle ink.

Table III summarizes the droplet formation evaluation for
both cases at 100 Hz before and after hysteresis compensation,
with a recording time set from O to 2.1 ms.

TABLE IIL DROPLET FORMATION EVALUATION WITH
PEDOT:PSS AND SILVER NANOPARTICLE INK AT 100 HZ.
Before After
Parameters . .
compensation compensation
PEDOT:PSS
Droplet making time (ms) 1.7 1.2
Droplet diameter (um) 228.68 212.2
Droplet volume (nL) 6.26 5
Breaking tail (um) 378.57 168.29
Total tail (um) 814.32 621.95
SILVER NANOPARTICLES
Droplet making time (ms) 1.9 1.7
Droplet diameter (pm) 195.14 165.98
Droplet volume (nL) 3.89 2.39
Breaking tail (um) 562.5 316.67
Total tail (um) 845.06 540.05

Overall, the parameters at the frequency of 100 Hz are
lower than those at 5 Hz in each category. Similarly, the effect
after hysteresis compensation is lower than in the original state.
The droplet making time at the frequency of 100 Hz is lower
compared to that at 5 Hz, under the same experimental
conditions. The value before compensation is about 2.15 ms,
then decreased to 1.75 ms after compensation at the frequency
of 5 Hz compared to the values of about 1.9 ms and 1.7 ms at
the frequency of 100 Hz. The droplet diameter at the frequency
of 5 Hz before compensation is about 210.54 um, whereas after
compensation it is 187.65 pum, which determines a droplet
volume of around 4.89 nL and 3.46 nL, respectively. The
values of the droplet diameter and droplet volume before and
after compensation are 195.14 pum, 165.98 pm and 3.89 nL,
2.39 nL at the frequency of 100 Hz. The values of the breaking
tail at the frequency of 5 Hz before compensation and after
compensation are 525.05 pum, and 885.39 pm. Also the values
of the total tail at 5 Hz are 420 pm and 877.5 um. At the
frequency of 100 Hz, the breaking tail before and after
compensation is estimated at 562.5 pm and 316.67 pm,
whereas the total tail has shown a big gap before and after
compensation, which is recorded at 845.06 pm and 540.05 um,
in turn. Regarding the experiment with the silver nanoparticle
ink, at the frequency of 5 Hz the tail length did not demonstrate
a great difference before and after compensation.

IV. CONCLUSION

In this study, experimental hysteresis compensation is
performed in a magnetostrictive inkjet print-head. An RC
circuit is utilized at the frequencies of 5 Hz and 100 Hz. The
results revealed that the capacitance value is disproportionate at
a higher frequency gap. The optimal capacitance value at 5 Hz
is approximately 10.75 pF and the Hysteresis Loss (HL)
decreases to 16.62%, while at 100 Hz, this ratio is only 4.32%
with a capacitance value of 335 pF. It is noted that the
hysteresis loop at SHz is smaller than that at 100 Hz after
compensation.

The findings exhibited that the above optimal capacitance
value used in the inkjet printing system affected the droplet
parameters, namely the droplet volume, time required for
making droplets, droplet diameter breaking tail, and total tail,
which decreased through the utilization of PEDOT:PSS and
silver nanoparticle ink. This could be handled with a thin line
of droplets on the surface allowing for the manufacturing of
various substrates when utilizing a higher frequency. One
method to decrease the tail length could be to reduce the flow
rate, another one to decrease the input current, or optimize the
capacitor. The current study presents a promising method
applying the magnetostrictive actuator for controlling the
droplet formation in the inkjet print-head. This compensation
method could reduce the satellite effect when printing in a
flexible circuit, such as a temperature sensor. However, the
study focuses only on two frequencies which may generate
certain limitations and challenges when dealing with other
frequencies. Further studies could focus on a higher frequency
to reduce HL by using the selected capacitor.
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