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ABSTRACT: Piezoelectric dispensers are widely applicable devices across many industries. However,
their electromechanical structure often poses complexity in dynamic modeling. The interplay of many
components especially compliant mechanisms and piezoelectric actuators makes modeling of the
system challenging. In this study, the components of the system have been modeled individually and
coupled together to predict the system behavior. For analyzing the bridge-type compliant mechanism,
an appropriate method is proposed to model the structure with limited states. The mentioned method
can predict the component behavior without sacrificing the precision which makes it ideal for coupling
with other components dynamics. Additionally, a non-linear modeling approach is introduced to capture
the piezoelectric non-linear hysteresis behavior. Finally, by coupling the whole system dynamic, a
comprehensive model is reached. The model developed for the compliant mechanism is individually
validated by FEM software and experiments to prove the accuracy. The hysteresis nonlinear model is
also identified and validated with the experiments with R squared exceeding 0.98. The entire coupled
dynamics of the electromechanical system are identified and tested across several input frequencies.

Review History:

Received: Oct. 19, 2024
Revised: Jan. 29, 2025
Accepted: Feb. 21, 2025
Available Online: Mar. 03, 2025

Keywords:

Droplet Dispensing System
Piezoelectric

Dynamic Modeling
Compliant Mechanism

Hysteresis

R-squared values exceed 0.95 for all input frequencies, affirming the accuracy of the dynamic model.

1- Introduction

Piezoelectric dispensers are widely used in various
industries due to their precision and agility, though their
complex electromechanical design presents challenges. One
major issue is that the piezoelectric actuator’s displacement
may not always suffice for effective dispensing. Traditional
solutions include hinge-lever systems to amplify displacement,
but these have limitations, such as needle misalignment,
reduced actuator lifespan due to bending, and the need for
dual actuators[1, 2]. Modeling these systems with commercial
simulation software like ADAMS, SimulationX, and Ansys
FEM offers accuracy but at high computational costs[1, 3].
Recent research has explored compliant mechanisms, which
use structural flexibility for displacement amplification,
offering potential advantages over hinge-lever systems[4].
However, compliant mechanisms are more complex to
model. Analytical and simplified dynamic models have been
developed, focusing on different compliant designs like
bridge-type and rhombus mechanisms, though they often lack
comprehensive dynamic analysis[5]. This study introduces
a bridge-type compliant mechanism providing sufficient
displacement amplification for piezoelectric dispensers.
The entire system, including the power amplifier, compliant
mechanism, dispensing port, and actuator, is modeled. The
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approach uses discretization for faster calculations without
compromising accuracy. Experimental validation shows
the model accurately represents both static and dynamic
characteristics, achieving R-squared values above 0.95 for
multi-frequency inputs, demonstrating its effectiveness in
predicting needle motion based on input voltage.

2- Methodology

The paper proposes a comprehensive dynamic modeling
approach for a piezoelectric droplet dispenser incorporating
a bridge-type compliant mechanism. The modeling method
begins by decomposing the entire electromechanical system
into four main components: the power amplifier, piezoelectric
actuator, compliant mechanism, and fluid dispensing port.
Each component is modeled individually and later coupled to
predict the overall system dynamics.

a) Power Amplifier Modeling

The power amplifier, responsible for boosting the voltage
signal to the piezoelectric actuator, is modeled using a first-
order dynamic equation. The model considers the bandwidth
limitations imposed by the actuator’s capacitance, ensuring
accurate frequency response predictions. (Equation 1)
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b) Piezoelectric Actuator Modeling:

The actuator model uses a second-order dynamic
system that accounts for mass-spring-damper properties. A
significant contribution is the incorporation of a nonlinear
hysteresis model based on the generalized Prandtl-Ishlinskii
(PI) model. This model efficiently captures the actuator’s
hysteresis behavior and is identified experimentally for high
accuracy without the need for force sensors. (Equation 2)

YO =Y wH ey ]0=w, Hlxnl @

¢) Compliant Mechanism Analysis:

The bridge-type compliant mechanism, crucial for
amplifying the actuator’s displacement, is analytically
modeled by decomposing it into 16 rigid and flexible links.
Dynamic stiffness matrices are computed for each link,
considering lateral vibrations, and then simplified into
four equivalent links to reduce system complexity while
maintaining precision. The dynamic stiffness matrix of
the entire mechanism is derived, enabling accurate force-
displacement relationships essential for coupling with other
system dynamics. (Equation 3)
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d) Fluid Dispensing Port Modeling:

A second-order transfer function with three parameters
(B1, B2, B3) represents the fluid dispensing port. These
parameters are identified using optimization techniques based
on experimental data across multiple frequencies. (Equation
4)
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¢) Coupled Dynamic Modeling:

Finally, all components are coupled into a unified dynamic
model. The coupled system is represented by a comprehensive
transfer function relating the needle displacement to the
input voltage, incorporating frequency-dependent dynamic
stiffness matrices and the identified hysteresis and fluid
dispensing dynamics. (Equation 5,6)
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Table 1. Results of analytical and FEM

Analytical FEM Experimental
Test Type Model Error | Error Accuracy (R?)
Amplification N o
Ratio 4% 8.3% -
Natural
Frequency 7% - -
(Mode 1)
Natural
Frequency 6% - -
(Mode 2)
Hysteresis
Model Accuracy ) ) 0.99
Coupled
Dynamic Model ) ) >0.95
H, (W)
/
=——— (k,(s)+ ks (s)+ Ok, (s
Y= sy (O TR+ Ok() .
B
s*+ Bys+ B,
0= ke (8)+k,y(s) =k, (s)—ks(s) .
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3- Results and Discussion

The developed model for the piezoelectric dispenser was
validated through experimental tests and FEM simulations.
The static analysis showed that the analytical model had an
amplification ratio error of 4%, which was more accurate than
the FEM model’s 8.3% error. Dynamic validation revealed
that the analytical model predicted natural frequencies with
7% accuracy compared to FEM results. The hysteresis model
achieved an R? value 0f 0.99, and the overall coupled dynamic
model maintained R? values above 0.95 across various test
signals, proving high accuracy. (Table 1)

4- Conclusion

The study successfully developed and validated a
comprehensive dynamic model for a piezoelectric droplet
dispenser featuring a bridge-type compliant mechanism.
The analytical approach reduced system complexity
while maintaining high accuracy, with static and dynamic
validations showing errors below 8% and R? values
exceeding 0.94 for dynamic responses. The hysteresis model
also demonstrated exceptional precision, achieving an R?
of 0.99. Overall, the proposed model accurately predicts
the dispenser’s performance, making it highly suitable for
system optimization and control design. This work offers a
reliable framework for future advancements in piezoelectric
dispensing technologies.
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Fig. 1. Comparison between identified model and sys-
tem real response
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Fig. 1. Structure of the designed fluid droplet dispensing system and its components
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Fig. 2. Block diagram of the system component's connections, including the piezoelectric driver,
piezoelectric actuator, flexible mechanism, and injection port
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Fig. 3. Arrangement of elements in the bridge flexible mechanism
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Fig. 4. Free-body diagram of the flexible element in the bridge mechanism
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Fig. 5. Equivalent element in the bridge flexible mechanism
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Fig. 6. Experimental components and their interconnections
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Table 1. Geometric specifications of the bridge flexible mechanism
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Fig. 7. Meshed geometry of the flexible mechanism
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Fig. 8. Static amplitude validation diagram of the flexible mechanism
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Table 2. Comparison of static results using the analytical method, finite element analysis, and experi-
mental testing
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Table 3. Natural frequencies of the mechanism and mode shapes of resonance
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Fig. 9. Determinant value of the dynamic stiffness matrix at different frequencies
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Fig. 10. (a) System response to linear chirp. (b) FFT of the same signal on the right.
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Table 4. Comparison of dynamic results using the analytical method, finite ele-
ment analysis, and experimental testing
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Fig. 11. (a) Quasi-static input to the system. (b) System response to the quasi-static input and
comparison with the identified model in a closed loop.
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Table 5. Identified dynamic coefficients of the system
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Fig. 12. Comparison of system output with the identified model
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