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Abstract
The generation of ink droplets in piezoelectric drop-on-

demand printheads is governed by a tightly coupled multiphysics
process involving electromechanical actuation, fluid dynamics,
and free surface interactions. Conventional simulation ap-
proaches often treat these subsystems separately, thus limiting
predictive fidelity for design optimisation. In this study, we in-
troduce a framework for simulating the interaction between the
deforming piezoelectric actuator and the ink within the inkchan-
nel. The approach couples a structural model that accounts for
piezoelectric behaviour with a compressible, multiphase com-
putational fluid dynamics (CFD) solver. These two solvers are
coupled through a partitioned fluid–structure interaction (FSI)
approach that enforces strong coupling at the shared interface,
allowing the model to reproduce the interaction between the ac-
tuator motion and fluid response during droplet generation. The
modelling tools are applied to a single inkchannel representa-
tive of an industrial recirculating printhead, where a volume-of-
fluid (VOF) approach is used to track the evolving ink—air in-
terface. Comparisons with structural and fluid observations for
the Seiko RC1536 architecture show that the simulations cap-
ture the essential features of jet formation, including the effects
of waveform shape, inkchannel configuration, and surface ten-
sion. By combining the detailed electromechanical and fluid
physics, the proposed framework provides a more predictive ba-
sis for analysing and improving inkjet printhead performance. It
also offers a foundation for future efforts aimed at refining device
geometry, adjusting actuation strategies, and supporting the de-
velopment of next-generation industrial and functional printing
systems.

Introduction
Piezoelectric drop-on-demand (DOD) inkjet printing pro-

duces droplets by actively changing the inkchannel volume using
piezoelectric actuation. A voltage pulse applied to the piezoelec-
tric walls deforms the channel, generating pressure waves that
drive the ejection of a droplet through the nozzle [1]. The char-
acteristics of the emitted droplet—its volume, velocity and sta-
bility—are therefore highly sensitive to the temporal shape and
magnitude of the actuation waveform.

Industrial printheads have advanced considerably beyond
the simplified channel geometries for which classical lumped-
element or one-dimensional acoustic models were originally
conceived. Modern architectures such as the Seiko RC1536 em-
ploy a fully recirculating ink path, an isolated channel structure
(ICS) to suppress cross-talk, and shear mode piezoelectric actu-
ation, resulting in a tightly coupled interaction between actuator
deformation, internal multiphase flow, and meniscus dynamics at
the nozzle [2]. Experimental studies on the RC1536 demonstrate
that drop velocity, drop volume, refill behaviour, and allowable
throw distance vary strongly with the transient interplay between

acoustic pressure waves, chamber compliance and flow-induced
interface motion. The ability of such printheads to operate across
wide viscosity ranges (8–25 cP) and handle larger pigment sizes
further illustrates the need for modelling strategies that capture
the full multiphysics behaviour of the jetting process.

Despite these developments, numerical studies of piezoelec-
tric inkjet systems remain dominated by decoupled formulations.
Many structural analyses compute piezoelectric deformation in
isolation, neglecting realistic fluid loading, whereas fluid dynam-
ics simulations often prescribe idealised wall motions or sim-
plified forcing. Existing three-dimensional CFD studies typi-
cally omit compressibility, true piezoelectric electromechanics,
free surface motion or recirculating flow architectures. Conse-
quently, essential mechanisms such as actuator–fluid feedback,
wave propagation in complex chambers, and the influence of ICS
designs on cross-talk are not fully resolved in current modelling
frameworks.

To overcome these challenges, we introduce a three-
dimensional fluid structure interaction (FSI) methodology that
embeds the piezoelectric response directly within the structural
solver. Extending our earlier work, the proposed framework
couples a finite element piezoelectric actuator model with a
compressible, multiphase volume-of-fluid (VOF) solver using
a strongly coupled partitioned approach. This enables self-
consistent prediction of actuator-driven pressure waves, chamber
deformation, ink recirculation, meniscus evolution and droplet
formation. The framework provides a high-fidelity tool for
analysing waveform design, geometric modifications and oper-
ational conditions in next-generation industrial inkjet printheads.

Three-dimensional coupled piezoelectric
structure fluid model of inkchannel

This work focuses on a class of recirculating industrial
printheads produced by SII Printek Inc. [3]. These devices em-
ploy a dedicated recirculation chamber and an isolated channel
nozzle arrangement, allowing stable jetting performance across
a broad range of inks and substrates. A representative three-
dimensional rendering of the RC1536 channel layout is shown
in Fig. 2, illustrating how the ink is guided through the chamber
while droplet formation is actuated by deformable piezoelectric
walls.

The piezoelectric jetting mechanism is a strongly coupled
multiphysics process. Applying an electric potential across the
actuator induces a deformation of the poled piezoelectic layer.
This alters the inkchannel volume and generates acoustic waves
within the ink. The resulting unsteady flow then interacts with
the inkchannel structure and ultimately results in the formation of
a droplet at the nozzle. Capturing this phenomenon requires two
numerical models: (i) an electromechanical model capable of re-
solving the piezoelectric actuator response under an applied volt-
age, and (ii) a fluid dynamics model that describes the transient
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ink dynamics and free surface motion during ejection. These
models exchange information through the deforming wall, lead-
ing to a tightly coupled actuation–flow system. A concise de-
scription of both components is provided in the following sec-
tion.
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Figure 1. Schematic of the RC1536 ink channel showing the actuator wall,

electrode layout, cover and nozzle plates, and the internal ink chamber. Not

to scale.

Figure 2. Three-dimensional rendering of the inkjet head channel geome-

try, highlighting the piezoelectric actuator region (light grey) and the ink-filled

section (dark blue).

Electromechanical model of the actuator walls
The deformation of the piezoelectric channel walls is gov-

erned by the equations of motion for a continuum occupying a
domain Ω with boundary Γ = ∂Ω. The balance of linear mo-
mentum can be written as

ρ üi = σi j, j +ρ f B
i , (1)

while the electric field must satisfy Gauss’s law for a charge-free
dielectric,

Di,i = 0. (2)

In these equations, σi j denotes the components of the Cauchy
stress tensor, while Di represents the electric displacement vec-
tor. The quantities ρ and f B

i correspond to the material den-
sity and body force term, respectively. The superscripts and
subscripts follow conventional notation: ()i and ()i j indicate
the ith component of a vector and the (i, j) entry of a second-
order tensor. Time and spatial differentiation are expressed using
(̈) = ∂ 2()/∂ t2 and (),i = ∂ ()/∂xi. Gauss’s law is written here
for a dielectric medium without free charge. The constitutive
behaviour of the piezoelectric solid couples the mechanical and
electrical fields through

σi j =Ci jkl εkl − eki jEk, (3)

Di = eiklεkl + εikEk, (4)

where Ci jkl , εik, and eki j are the elastic, dielectric, and piezoelec-
tric material constants. The strain tensor is defined by

εkl =
1
2 (uk,l +ul,k), (5)

and, assuming negligible magnetic effects, the electric field fol-
lows from the electric potential φ as

Ei =−φ,i. (6)

The coupled electromechanical governing equations are dis-
cretised using a finite element formulation in which both dis-
placement and electrical potential are nodal degrees of free-
dom. This enables resolution of piezoelectric anisotropy and
shear mode coupling that is consistent with standard formula-
tions used for actuator simulations. The specific implementa-
tion employed in this work follows the piezoelectric solid model
available within the Open-source, Object-Oriented, Finite Ele-
ment Method (OOFEM) framework [4, 5, 6], which was adequate
for multi-field structural analysis required in this study. The ap-
proach has been previously verified for piezoelectric actuators
relevant to inkjet applications [7].

Ink flow model
The ink and surrounding air are represented as an immisci-

ble, compressible two-phase system under isothermal conditions.
Their motion is described by the Navier–Stokes equations, which
enforce conservation of mass and momentum.

∂ρ

∂ t
+∇.(ρu) = 0, (7)

∂ρu
∂ t

+ρ(u.∇)u =−∇p+∇.(µ∇u)−g.x∇ρ + fff b. (8)

In these equations, ρ denotes the mixture density, p the dynamic
pressure, and uuu the velocity field. The vector ggg represents gravi-
tational acceleration, while fff b accounts for additional body force
contributions acting on the fluid. In this work, the two fluids
are modeled as an immiscible mixture using volume-of-fluid ap-
proach, in which the indicator function, α represents the volume
fraction of the ink phase in a control volume where α = 1 means
the volume is fully occupied by the ink phase. The interface
between two fluids is essentially smeared in the transition from
α = 0 to α = 1. The dynamics of the free surface is modelled as
the transport of volume fraction:

∂α

∂ t
+∇.uα +∇.ucα(1−α) =−α

ρ

Dρ

Dt
(9)

where uc is the artificial compression velocity to maintain the
sharpness of interface between phases. The mixture properties
can be approximated using weighted averaging mean interpola-
tion as

ρ = αρ1 +(1−α)ρ2, (10)

µ = αµ1 +(1−α)µ2. (11)

In these expressions, the indices 1 and 2 correspond to the ink and
air phases, respectively. The interfacial surface tension is incor-
porated as a volumetric force following the continuous surface
force formulation [8], and this contribution is introduced into the
momentum equation as an additional body force term:

fff b = fff σ = κσ∇α,

In this formulation, κ denotes the local interface curvature and
σ is the surface tension coefficient. The curvature is obtained
directly from the volume fraction field through

κ = ∇.(
∇α

|∇α|
). (12)

A cell-centred finite volume formulation, as implemented in the
foam-extend [9] fork of OpenFOAM [10], is used to discre-
tise the isothermal, compressible two-phase Navier–Stokes equa-
tions.
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Fully coupled fluid–piezoelectric–structure inter-
action model

The interaction between the deforming piezoelectric walls
and the surrounding fluid is resolved using a partitioned FSI
framework. This strategy enables the solid and fluid domains
to be solved by OOFEM and OpenFOAM respectively while
maintaining a consistent exchange of interface quantities. At
the fluid–solid boundary, kinematic compatibility is imposed
through continuity of displacement, whereas dynamic equilib-
rium is enforced by matching the tractions transmitted between
the two fields. This formulation constitutes a strongly coupled
interface condition.

Within the foam-extend FSI environment [11], several
iterative coupling algorithms are available, including fixed-point
(Gauss–Seidel) iterations with either fixed or Aitken ∆2 relax-
ation [12], and the interface quasi-Newton approach with in-
verse Jacobian updates constructed via a least-squares procedure,
Interface Quasi-Newton Inverse Least-Squares (IQN–ILS) [13].
These algorithms accelerate convergence by improving the esti-
mate of interface displacements and loads at each iteration.

For each time step, the coupling procedure begins by form-
ing an initial estimate of the interface displacement and evaluat-
ing the associated residual. The fluid and solid solvers are then
advanced in an alternating manner: face-centred tractions com-
puted on the fluid side are mapped to the solid interface, while
nodal displacements from the solid model are transferred back to
the fluid mesh, which is subsequently updated through a mesh-
motion solution. Both the fluid and solid fields are then resolved
using the updated interface information, after which a new in-
terface residual is evaluated. This iterative exchange continues
until the interface residual satisfies the prescribed convergence
tolerance [14], yielding a fully converged fluid–piezoelectric–
structure interaction state for the current time step.

3D coupled FSI simulations of inkjet print-
heads

The fully coupled FSI framework developed in this work is
applied to high-fidelity three-dimensional simulations of an in-
dustrial recirculating inkjet printhead. These simulations aim to
resolve, within a single unified model, the complete sequence
of physical processes governing drop-on-demand jetting: piezo-
electric driven wall deformation, the resulting compressible pres-
sure waves in the ink chamber, viscous and inertial flow effects
within the nozzle, and the subsequent evolution of the ink–air
free surface leading to droplet formation and pinch-off.

By explicitly coupling the electromechanical behaviour of
the actuator with the transient multiphase flow field, the model
captures the intricate interplay between channel compliance,
acoustic wave propagation, and interface dynamics. This enables
a physics-based description of jet initiation and droplet ejection
that goes beyond simplified or decoupled approaches, providing
a predictive tool for analysing waveform sensitivity, geometric
effects, and ink property dependence in modern industrial print-
heads.

The following subsections present the computational setup,
coupling strategy, and representative results obtained from the
three-dimensional FSI simulations.

Simulation setup and geometry
The three-dimensional simulations are performed on a de-

tailed representation of a single jetting channel from the indus-
trial printhead considered in this study. Only the primary chan-
nel is modelled, as the ICS design of the RC1536 printhead en-

sures that neighbouring channels and the recirculation manifold
have negligible influence on the local actuation and droplet for-
mation dynamics. A summary of the channel geometry and the
fluid/solid regions incorporated into the model is shown in Fig. 3.
The geometric model includes the inkchannel, the piezoelectric
actuator wall, the cover and nozzle plates, and the nozzle transi-
tion region, enabling the complete actuation–to–ejection process
to be captured within a single-channel domain. Key geometric
features of the RC1536 architecture are retained to ensure that
the predicted flow and deformation fields accurately reflect real-
istic operating conditions. The computational domain is further
reduced by applying two orthogonal symmetry planes, exploiting
the ICS of the RC1536 design.

The fluid and solid domains are meshed separately as illus-
trated in Fig. 3. The structural mesh is discretised with tetrahe-
dral elements while the fluid mesh is constructed using a predom-
inantly hexahedral topology with a uniform cell size of approxi-
mately 2 µm in the channel–nozzle region. This mesh resolution
is sufficient to resolve the free surface and propagation of acous-
tic waves in the inkchannel.

The two meshes are generated to be geometrically confor-
mal at the fluid–structure boundary to fascilitate transfer of dis-
placements and tractions during the FSI coupling iterations. This
geometric fidelity, together with the mesh resolution in the re-
spective fluid and solid domains provides the foundation for ac-
curately resolving the transient multiphysics phenomena central
to inkjet droplet generation.

Inkchannel material properties
The solid components of the printhead are represented using

linear elastic constitutive laws. The cover plate and actuator wall
are composed of lead–zirconate–titanate (PZT), while the nozzle
plate is modelled as an isotropic polyimide layer, consistent with
typical industrial printhead assemblies. Only the actuator plates
are electromechanically active; the cover plate serves solely as a
passive structural layer.

Piezoelectric actuation is implemented using a transversely
poled PZT configuration operating in shear mode. In this mode,
the applied electric field induces in-plane shear deformation of
the actuator wall, governed primarily by the shear mode piezo-
electric strain coefficient d15 = 7.80× 10−12 pC/N. All remain-
ing elastic, dielectric, and piezoelectric parameters follow stan-
dard values for engineering grade PZT ceramics and polyimide
films and are omitted for brevity, as they play a secondary role in
the present FSI simulations.

Actuation waveform, boundary conditions, and
ink properties

The piezoelectric actuator is driven using a voltage wave-
form representative of typical industrial operating conditions. In
the present study, a unipolar driving pulse with an amplitude
of 26 V and a pulse width of 5.5 µs is applied across the op-
positely poled Piezo(+) and Piezo(–) layers. This imposed po-
tential difference generates the electric field responsible for the
expansion–contraction cycle of the actuator wall. The resulting
structural deformation is transferred directly to the fluid domain
through the shared fluid–solid interface via the strongly coupled
FSI scheme described previously.

To accommodate the wall motion, the interior of the fluid
mesh is updated using the velocityLaplacian mesh motion
method which solves a Laplace equation for the mesh velocity
at cell centres, interpolates this velocity to mesh points, and ad-
vances the point coordinates using the time-integrated point ve-

Advanced Inkjet Technology 2026 5



Figure 3. Discretization of the fluid and solid domains. The fluid domain is meshed using predominantly hexahedral cells with a uniform resolution of 2 µm

in the inkchannel–nozzle region, resulting in ∼4.7 million cells. The solid domain, comprising the cover plate, nozzle plate, and the piezoelectric actuator

assembly, is discretised with ∼190k tetrahedral finite elements. The actuator consists of two piezoelectric plates, labelled Piezo(+) and Piezo(–), which denote

oppositely poled layers. The geometry is truncated by two orthogonal symmetry planes. Fluid and solid meshes are constructed to be conformal at the

interface.

locities. This formulation has been shown to be robust for the
moderate deformations characteristic of inkjet actuation [15].

No-slip boundary conditions are imposed on all solid walls
in the fluid domain. The ink–air interface at the nozzle exit is
captured implicitly using the volume-of-fluid (VOF) phase frac-
tion field. The outlet employs a Neumann bounday condition,
allowing droplets to exit the computational domain without arti-
ficial confinement. The fluid and solid domains are truncated by
two symmetry planes so that only one quarter of the full simula-
tion volume is resolved.

The ink used in this study is a water-based pigment formu-
lation with material properties and operating parameters sum-
marised in Table 1. These properties influence the acoustic re-
sponse of the inkchannel, viscous damping, capillary dynamics
at the meniscus, and ultimately the droplet formation process.

Table 1. Ink properties and operating conditions.
Application Textile printing
Ink type Water-based pigment
Viscosity (mPa·s) 11.20
Surface tension (mN/m) 37.36
Density (g/cm3) 1.116
Speed of sound (m/s) 1692.52
Temperature (°C) 25
Driving voltage (V) 26
Driving pulse (µs) 5.5
Capillary number (Ca) 1.80
Ohnesorge number (Oh) 0.33

Pressure wave propagation and inkchannel re-
sponse

The applied voltage pulse induces shear deformation in the
piezoelectric actuator wall. Depending on the signal applied, the
wall motion can initially increase the inkchannel volume, pro-
ducing a reduction in chamber pressure. This disturbance gener-
ates an acoustic wave that travels through the ink. As it prop-
agates toward the nozzle it encounters geometric features and
boundary constraints that give rise to repeated reflections. The
superposition of these incident and reflected waves forms the
transient pressure field that ultimately controls the motion of the
meniscus.

Fig. 5 shows the time evolution of inkchannel pressure and
actuator wall displacement. The pressure initially drops as the
actuator expands the chamber, followed by a sequence of os-
cillations associated with acoustic reflections within the con-
fined geometry of the inkchannel. As the oscillations decay, the
fluid–structure system relaxes under the combined influence of
fluid viscosity and the compliance of the actuator assembly. The
wall displacement closely follows the evolving pressure, demon-
strating the interaction captured by the coupled FSI approach.

This interaction between the acoustic wave and structural
deformation governs the forcing applied to the meniscus. These
dynamics set the conditions for interface motion, ligament for-
mation, and ultimately droplet formation. Accurately resolving
this behaviour is essential for predicting the full actuation-to-
ejection sequence in piezoelectric inkjet systems.
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Figure 4. Actuation-to-ejection droplet formation sequence. Top: Predicted interface evolution and velocity magnitude from the coupled FSI simulation,

capturing meniscus deformation, ligament formation, necking and pinch-off. Bottom: Corresponding high-speed jetting images obtained from the printhead

under the same operating conditions.
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Figure 5. Inkchannel pressure and actuator wall deflection vs. time pre-

dicted by coupled FSI simulation.

Full actuation-to-ejection simulation
The pressure response described earlier drives the meniscus

motion that leads to droplet formation. Once the chamber pres-
sure rises above ambient during the actuation cycle, the menis-
cus begins to move outward and a ligament forms as ink is ac-
celerated through the nozzle. The subsequent reduction in pres-
sure during the rarefaction stage eventually causes the ligament
to detach from the fluid remaining inside the inkchannel. The
volume-of-fluid (VOF) formulation tracks the ink–air interface
throughout this sequence, capturing the progression from initial
meniscus displacement to ligament stretching and final droplet
detachment.

Fig. 4 shows a representative ejection sequence predicted
by the coupled FSI framework, alongside corresponding high-
speed jetting images. The simulation reproduces the charac-
teristic stages observed experimentally: outward meniscus mo-
tion, ligament stretching, and formation of the ink droplet. The
close qualitative agreement between simulation and experiment
demonstrates that the FSI model resolves the key multiphysics
mechanisms governing droplet generation in piezoelectric inkjet
printing. The solver reproduces realistic jet morphology, breakup

behaviour, and droplet kinematics. These results confirm that the
proposed FSI framework can capture the complete end-to-end
actuation-to-ejection dynamics and provides a solid foundation
for future waveform optimisation and design studies.

Conclusion
This work presented a fully coupled three-dimensional

fluid–piezoelectric–structure interaction framework for the sim-
ulation of piezoelectric drop-on-demand inkjet printheads. The
model integrates compressible multiphase flow, piezoelectric ac-
tuation, structural dynamics, and mesh motion within a unified
finite volume/finite element solution procedure. By resolving the
coupled actuation and ejection physics within a single computa-
tional domain, the solver captures the complete sequence from
voltage-driven wall deformation to pressure-wave propagation,
meniscus motion, ligament formation, and final droplet breakup.

High-fidelity simulations of an isolated channel represen-
tative of the Seiko RC1536 industrial printhead architecture
were performed using experimentally relevant waveforms and
ink properties. The predicted chamber pressure response, wall
deflection, and droplet formation exhibit strong qualitative agree-
ment with high-speed jetting measurements. The framework suc-
cessfully reproduces the characteristic features of piezoelectric
inkjet operation,including meniscus dynamics, ligament stretch-
ing, primary drop formation, and satellite formation behaviour.
These results confirm that the coupled FSI formulation provides
a physically consistent representation of the multiphysics mech-
anisms governing droplet generation in industrial printheads.

The solver offers a robust foundation for design exploration
and optimisation. Because the complete actuation-to-ejection dy-
namics are modeled directly, sensitivity to waveform shape, ink
rheology, material properties, and geometric features can be ex-
amined with high accuracy. Future work will focus on systematic
parametric studies, integration of non-Newtonian ink models, re-
finement of free surface resolution for improved satellite predic-
tion, and development of reduced-order models informed by the
high-fidelity FSI simulations. Together, these efforts will enable
predictive tools that support next-generation inkjet printhead de-
sign and waveform engineering.
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