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1. INTRODUCTION

Structures start vibrating when subjected to dynamic loading circumstances such as
the external environment, machine vibrations, noise, and human activities, making
vibration control in structural dynamics one of the most concerning issues in the
research community [1]. These vibrations can significantly compromise structural
integrity, leading to premature fatigue and eventual failure. Therefore, it is necessary
to mitigate these vibrations or keep them within an acceptable limit to minimise the
risk of structural failure [2, 3]. It is important to note that thin-walled composite beam
structures have a considerable number of engineering applications. Structures such as
helicopter and aircraft blades, robotic arms [4] and wind turbine blades structures
demonstrate the geometry of thin-walled beams. However, aeroelastic flutter is a
challenging issue concerned with these kinds of structures and needs to be minimised
or eliminated [5]. Recently, structures are manufactured using various types of
composite materials to obtain high specific stiffness as well as specific strength. On
the other hand, vibration suppression has emerged as a crucial issue for the operational
performance of the system due to the flexible properties of the composite structures
[6,7].

Several vibration suppression technologies, including active control (which
comprises both open-loop and closed-loop approaches), as well as semi-active,
passive, and hybrid control methods, have been implemented recently to enhance
system integrity. A passive control scheme includes incorporating various damping
materials or devices (e.g. mass, spring and damper), producing the control counter
force in reaction to external disturbances and does not need any external electrical
source for operation. However, other schemes generally require actuators, sensors and
controllers to function. These can provide control counter forces to the system based
on the real time data but need external electrical sources to activate these devices [8].
It is important to highlight that active control schemes are increasingly used in
numerous engineering fields due to the easy market accessibility of a range of smart
materials, particularly piezoelectric [9,10]. Piezoelectric materials are often used for
energy harvesting [11], monitoring structural integrity [12], and vibration suppression
applications [13], due to their effective electromechanical capabilities, substantial
blocking force, excellent stiffness, and prompt response [14]. Piezoelectric materials
such as lead zirconium titanate (PZT), are commonly employed in numerous
industrial applications due to their excellent stiffness and ability to generate high
actuation force. Additionally, they may be implemented as sensors and actuators,
attributed to direct piezoelectric and converse phenomena respectively. However, they
have some constraints, such as brittle behaviour, inadequate flexibility, and limited
capability to adapt curved surfaces, which have adverse effects on the stability and
efficiency of piezoelectric materials [2]. The polyvinylidene fluoride is an alternative
piezoelectric material, that is relatively more flexible than PZT but generates less
actuation force.

These restrictions have encouraged researchers to work on alternative
techniques for the development of advanced piezoelectric materials. To address the
limitations of piezoelectric material for practical applications, extensive research has
been conducted on the incorporation of piezoceramic fibers into polymeric matrix [15,
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16]. NASA invented macro fiber composites (MFCs) in 1999 to address the above-
mentioned limitations, the rectangular piezoceramic fibers had been incorporated into
polymer matrix and sandwiched between the protective and electrode layers [12, 13,
17-19]. Smart Material began commercializing this invention as NASA's licensed
manufacturer and supplier in 2002 [20].

In this study, the MFC patches have been employed as actuators to suppress
vibration amplitudes in additively manufactured (AM) poly lactic acid (PLA) and
PLA-based composite structures, such as PLA reinforced with short carbon fibers
(PLA-SCF), continuous carbon fibers (PLA-CCF), and continuous glass fibers (PLA-
CGF).

The creation of complicated structures with intricate geometries has been
modified by 3D printing, which is also referred to as additive manufacturing
technology [21]. Compared to traditional subtractive manufacturing techniques,
additive manufacturing techniques create components through a layer-by-layer
addition of material, some of which may be melted or cured. The key benefits of these
include their ability to fabricate components with complicated geometries and allow
reduction of material waste. Fused deposition modelling (FDM) is one of the additive
manufacturing technologies that has received a lot of attention from the industrial and
academic sectors [22, 23]. 3D printers utilizing FDM, fabricate items by depositing
filaments made of thermoplastic polymers that have been heated up to their melting
point and extruded through nozzle [24]. This methodology makes it possible to design
various structures with a variety of configurable features, making it the right choice
for several engineering applications [25]. Concerning the mechanical properties of 3D
printed specimens, it should be noted that the mechanical characteristics of AM
components are affected not only by the thermoplastic material but also by the printing
settings such as layer height, layer orientations, filling density, temperature, and
printing speed [26—28]. To maximize the performance and utility of AM structures in
applications including vibration, resonance, and dynamic loading, it is essential to
understand these factors [29].

In this research, for the first time, AM structures made of PLA and PLA
composites such as PLA-SCF, PLA-CCF and PLA-CGF have been investigated to
explore the impact of different layer orientations (0°-0° and 0°-90°) on their dynamic
characteristics and vibration suppression. Moreover, the study demonstrates the
influence of layer orientations and AM structures on vibration amplitude suppression
to identify effective combination providing the maximum vibration suppression with
the application of MFC actuator.

1.1. Aim of the Doctoral Dissertation

To investigate the dynamic characteristics of kinematically excited, additively
manufactured (AM) structures and develop an effective vibration control
methodology by integrating macro fiber composite (MFC) actuators to suppress
vibration amplitudes. To achieve this aim, the following objectives were pursued:

1. To analyse the dynamic properties of AM poly lactic acid (PLA) and PLA-based
composite structures, including PLA reinforced with short carbon fibers (PLA-
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SCF), continuous carbon fibers (PLA-CCF), and continuous glass fibers (PLA-
CGF), considering both unidirectional (0°-0°) and cross-ply (0°-90°) orientations.

2. To assess vibration amplitude suppression in kinematically excited AM structures
made of PLA, PLA-SCF, PLA-CCF, and PLA-CGF with two distinct orientations
(0°-0° and 0°-90°) by applying a vibration control methodology using MFC
actuators, identifying the orientation and structure exhibiting the maximum
vibration suppression at their relevant first resonance frequencies.

3. To investigate the influence of the signal phase, ranging from 0° to 360°, applied
to the MFC actuators on the vibration amplitude of the AM structures and
determine the phase that provides the maximum vibration suppression for each
structure.

4. To create numerical models of the AM structures and develop a numerical
simulation approach to evaluate their dynamic characteristics and vibration
control using MFC actuators, while comparing the results with experimental data.

1.2. Research Methods and Techniques

The research involved the AM of beam structures, experimental investigations,
numerical simulations, and theoretical analysis to obtain the expected results. PLA
and PLA-SCF beam structures were fabricated using an Original Prusa i3 MK3S &
MK3S+ 3D printer manufactured by Prusa Research, Czech Republic. The creation
of PLA-CCF and PLA-CGF composite beam structures was carried out using a
MeCreator-2 3D printer, produced by Geeetech, China, with a modified printing head.
The Polytec 3D laser vibrometer (PSV-W-500), manufactured by Polytech GmbH,
Germany, was used to evaluate modal characteristics, including natural frequencies,
bending mode shapes, and amplitude spectrum. The laser displacement sensor (LK-
G82) from Keyence Corporation, Japan, was utilised to measure the controlled and
uncontrolled vibration amplitudes in kinematically excited beam structures. The non-
destructive C-scanning of beam structures was performed to identify internal defects
using the THz spectrometer (TPSTM Spectra 300 THz Pulsed Imaging and
Spectroscopy from TeraView). The numerical investigation was performed using
Abaqus CAE 2024 software. Most of the experimental work was performed at the
Faculty of Mechanical Engineering and Design and Institute of Mechatronics, Kaunas
University of Technology, while C-scanning spectroscopy and the numerical
simulation study were carried out at the Institute of Fluid-Flow Machinery, Polish
Academy of Sciences, Gdansk, Poland.

1.3. Scientific Novelty

1. The dynamic characteristics of additively manufactured (AM) PLA and PLA
composite structures were investigated with a particular focus on the influence of
different layer orientations (0°-0° and 0°-90°) on the natural bending mode
frequencies, amplitude spectrum, and overall dynamic behaviour of these
structures.

2. A vibration control methodology using MFC actuators has been developed to
suppress vibration amplitudes in AM structures with 0°-0° and 0°-90°
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orientations, identifying the most effective layer orientation and structure for
vibration suppression.

3. A finite element based numerical simulation approach has been developed to
study dynamic characteristics and vibration suppression using MFC actuators in
AM structures.

1.4. Practical Value of the Work

1. The vibration control technique can be applied to additively manufactured
composite structures fabricated from various materials and orientations to identify
the most effective combination for suppressing vibration amplitudes.

2. The vibration control methodology can be implemented in microfabrication
processes and medical robotic arms to effectively reduce small vibrations where
precise movement is crucial. By minimising vibrations, the system's reliability is
improved ensuring high accuracy during critical tasks.

3. The developed numerical simulation method can be employed to investigate the
dynamic behaviour and vibration suppression of structures made from different
materials and layer orientations before fabricating the actual additively
manufactured structure with the suitable material and layer orientation for
effective performance, thus saving both manufacturing costs and time.

1.5. Statements for the Defense

1. Dynamic characteristics of additively manufactured (AM) structures are
significantly influenced by both the layer orientation and the type of reinforced
fibers.

2. In AM structures, the layer orientation and reinforced fibers are crucial factors in
vibration suppression. This appropriate combination facilitates selecting the AM
structure with maximum vibration suppression.

3. The developed numerical simulation approach captures the dynamic
characteristics and vibration suppression trends in AM structures effectively, as
validated by the consistency between the numerical and experimental results.

1.6. Publications on Research Findings

The scientific experimental and numerical findings from this research have been
published in international journals indexed in the Clarivate Analytics Web of Science
database. Three scientific articles have been published in Quartile 1 (Q1) journals and
one in Quartile 2 (Q2) journal. Additionally, these findings have been presented at six
international conferences.

[Al]: Raza, Ali; RimaSauskiené, Rita; Jurénas, Vytautas; Mahato, Swarup.
Experimental investigation of vibration amplitude control in additive manufactured
PLA and PLA composite structures with MFC actuator // Engineering structures.
London: Elsevier. ISSN 0141-0296. eISSN 1873-7323. 2023, vol. 294, art. no.
116802, p. 1-13. DOI: 10.1016/j.engstruct.2023.116802. [Q1]

[A2]: Raza, Ali; Rimasauskiené, Riita; Jurénas, Vytautas; RimaSauskas, Marius. An
experimental study on the dynamic properties of 3D-printed structures with different
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layer orientations // Journal of Vibration Engineering & Technologies: Springer
Nature. ISSN 2523-3920. eISSN 2523-3939. 2024, vol. 12, p. 321-334. DOLI:
10.1007/s42417-024-01417-w. [Q2]

[A3]: Raza, Ali; Rimasauskiené, Rita; Jirénas, Vytautas; Kuncius, Tomas.
Enhancing vibration control in kinematically excited additively manufactured
continuous fiber composite structures with distinct orientations // Engineering
structures. London: Elsevier. ISSN 0141-0296. eISSN 1873-7323. 2024, vol. 321, art.
no. 118933, p. 1-15. DOI: 10.1016/j.engstruct.2024.118933. [Q1]

[A4]: Raza, Ali; Mieloszyk, Magdalena; RimaSauskiené, Rita; Jirénas, Vytautas.
Dynamic analysis and vibration control of additively manufactured thin-walled
polylactic acid polymer (PLAP) and PLAP composite beam structures: numerical
investigation and experimental validation // Materials. Basel: MDPI. ISSN 1996-
1944. 2024, vol. 17, iss. 22, art. no. 5478, p. 1-26. DOI: 10.3390/ma17225478. [Q1]
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2. LITERATURE ANALYSIS

In recent times, vibration control in structural dynamics has been one of the most
concerning issues in the research community. The structure starts vibrating when
subjected to dynamic loading circumstances such as the external environment,
machine vibrations, noise, and human activities. The structure is harmed by
mechanical vibrations, which create premature fatigue and subsequently the structure
collapses. Therefore, it is critical to maintain vibration in structures within the
permissible limit to reduce the risk of failure [2, 3, 30]. Composite structures are
extensively utilised in many engineering fields due to their exceptional properties,
such as significant stiffness, low density, and high strength-to-weight ratio.

However, low-frequency resonance occurrences have a detrimental effect on
these structures and raise significant concerns about structural integrity. These aspects
inspire researchers to examine the vibration amplitude suppression approaches [31].
Several vibration control technologies, including active control (AC) which
comprises, both open loop and closed loop control approaches as well as semi-active
control (SAC), passive control (PC), and hybrid control (HC), have been introduced
in recent years to ensure system safety. A PC control system often consists of
numerous materials and devices that provide a control force depending on the system's
motion, whereas sensors and the control system are frequently used in AC, SAC, and
HC. The PC technique is frequently implemented due to its low cost and ease of
installation. [8, 32]. It is also worth mentioning that active control approaches are
becoming popular in scientific fields due to the availability of a variety of smart
materials, such as piezoelectric type, shape memory alloys and others in the market
[9,10]. Piezoelectric materials, including traditional piezoelectric patches such as PZT
and advanced piezoelectric patches like MFC, are extensively used in various
engineering applications due to their rapid response and high efficiency. Both can be
employed as actuators and sensors. However, PZT patches have some limitations,
such as low structural flexibility due to their brittle nature, while MFC patches provide
significant structural flexibility due to their composite design, making them more
versatile and adaptable for real-life engineering applications.

Extensive experimental and numerical investigations have been conducted by
researchers to mitigate vibrations in various structures through the application of
piezoelectric actuators, as discussed below in this section.

Wani et al. [33] conducted a comprehensive review of various control
methodologies, including active, passive, and hybrid control, for effectively
controlling vibrations in structures. The adoption of a specific control technique is
influenced by the complexity of the structural system. Furthermore, it was reported
that more than one type of technique may be implemented to control vibrations
effectively. Dafang et al. [34] conducted an experimental study on a flexible beam to
examine the control of vibrations with piezoelectric patches. The independent modal
space control technique was applied to specifically control and investigate the first
three modes of the beam. A comparison between the vibration responses of the
flexible beam before and after applying the control approach revealed a significant
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vibration suppression. Furthermore, a numerical simulation was performed to
simulate the first three modes, and the results from the simulation and experiment
were quite comparable. The findings indicate that the proposed control method is quite
effective in suppressing vibrations. Xie et al. [35] investigated the dampening of active
vibration in a lattice grid beam by utilising piezoelectric material as an actuator. They
employed a novel approach by utilising the fractional-order proportional-derivative
(PD) approach to mitigate vibrations. Furthermore, the researchers conducted
simulations involving the beam under diverse dynamic loads. These dynamic loads
comprise of harmonic excitation, step excitation, and initial disturbance scenarios.
The findings demonstrate that the applied control approach exhibited a significant and
rapid decrease in vibration amplitudes in comparison to the conventional integer-order
PD control approach. Mayer et al. [36] worked on active, passive, adaptive, and
integrated vibration control techniques and compared their respective design
challenges and advantages. The study employed a design arrangement to demonstrate
different ways of implementing a vibration control system, as well as the integration
of various vibration control approaches. Rezaei et al. [37] investigated the possibility
of embedding a piezoelectric layer within a tuned mass damper system (TMDS) to
achieve both power harvesting (PH) and vibration reduction concurrently. The
investigation revealed that the TMDS proved effective in both vibration suppression
within the host structure and enabling PH. Consequently, the investigation concludes
that TMDS represents a potential approach for achieving both vibration suppression
and PH. Przybylski et al. [38] did theoretical and experimental studies on nonlinear
flexural vibration of uniform aluminum beams that were symmetrically integrated
with smart piezoelectric actuators on their top and bottom sides. Theoretical and
experimental findings prove that piezoelectric actuators play a significant role in
suppressing vibrations across various applications.

Miao et al. [39] investigated the suppression of vibrations in the cantilever beam
using MFCs as actuators and a sensor. Two MFC patches were used for AVC in the
cantilever beam, and the third was used as a sensor. The AVC for the first two modes
of vibration was executed using the PD control and fuzzy control algorithms. The
results confirm that vibrations in the first two modes are significantly suppressed, and
this scheme can be implemented in different industrial applications to control
vibrations. Rimasauskiene et al. [7] conducted an experimental study to observe the
influence of active and passive control schemes on the vibration control of a
composite structure by using MFC patch. The findings show that active and passive
control schemes efficiently suppress vibrations of the beam structure. Gawryluk et al.
[40] conducted an extensive study of various algorithms to suppress vibrations in the
composite beam, and an MFC patch (MFC-8528 P1 type) was integrated with the
beam. Simulation and experimental studies were carried out to suppress vibrations in
the beam structure. The results of the simulation and the experiment confirm that the
vibration amplitude can be significantly reduced by applying these control algorithms.
Zippo et al. [41] reported an experimental investigation on the AVC of a honeycomb
carbon fiber sandwich composite plate bonded with MFCs as actuator and sensor. The
first four modes were effectively controlled using a control algorithm. The control
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algorithm was found reliable and effective in suppressing the vibration amplitude in
linear and nonlinear systems. It was concluded that more tests are needed to
investigate the non-linear behaviour of the system and the electromechanical
interconnection between different components. Lee et al. [42] investigated a unique
dual control approach to mitigate unwanted oscillations in bistable composites
structure. The approach includes two MFCs and one Positive Position Feedback (PPF)
controller. This technique entails applying a certain voltage to a single
MEFC to suppress one of the potential wells and push the structure towards a stable
position. This is achieved by using a PPF controller to mitigate the resulting single-
well vibrations in the structure through the second MFC. Both mathematical and
experimental methods have been employed to demonstrate the effectiveness of the
dual control approach in reducing the vibration amplitude under various oscillation
scenarios. Hao et al. [43] conducted a study on the intra-well as well as inter-well
vibrations of an asymmetric bi-stable rectangular-shaped laminate structure with a
cross-ply configuration stimulated by a MFC (d33 type). According to the findings, it
is easier to achieve the snap-through response in laminate structure when excited by
pulsating impulse voltages rather than constant (static) voltages. In addition, snap-
through response can be enhanced by varying the frequency as well as amplitude of
the supplied voltage to MFC within a specific range. The supplied voltage applies an
external force to the system, thereby altering its characteristics such as stiffness,
damping, and others. Li et al. [44] utilised an active vibration control (AVC) approach
to suppress vibration in a flexible beam. Two MFCs (P2 type) were integrated with
the flexible beam; one as an actuator and the second as a sensor. The numerical
simulation and experiment were performed on beam structure applying both linear
quadratic regulator (LQR) and fuzzy control algorithm under diverse external
dynamic conditions. The findings confirm that the LQR control approach is more
effective in reducing vibration in beam structures than the fuzzy control. Lu et al. [45]
employed an adaptive feedback loop to suppress the vibration amplitude at low
frequencies in a sandwich structure composite. A modified analytical model is
presented that incorporates the impacts of MFC patches to investigate the vibration
properties of the sandwich structure. Numerical simulations and experiments were
carried out to validate the accuracy of the modified analytical model. The adaptive
feedback loop scheme was employed analytically as well as experimentally, and the
findings confirm that vibrations in sandwich structure can be suppressed effectively
by applying this scheme.

Wang et al. [46] reported a numerical approach to develop a geometric nonlinear
fiber-reinforced thin-walled composite beam integrated with piezo-composite
actuators to create a smart structure for the aircraft wing. The simple negative velocity
feedback approach was applied, and it was shown that the damping performance can
be improved, and the total cost of the system can also be decreased by selecting the
suitable size and position of the piezo actuator. Chai et al. [47] reported the numerical
simulation and theoretical investigation on the aero-thermoelastic behaviour of the
laminated structure. Two MFC patches were integrated with the structure; one as a
sensor to measure strain and the other creates a control force to suppress vibrations in
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the structure. The findings confirm that MFC patch effectively reduces the vibration
amplitude in the structure. Li et al. [3] presented a comprehensive numerical study on
the AVC of a piezoelectric plate integrated with a piezoelectric patch, aiming to
suppress vibrations. The velocity feedback approach was applied on the plate to
observe the significant effect of AVC on the plate. The findings from the study reveal
that a substantial vibration suppression is achieved. Mitura et al. [48] developed FEM
for a beam structure composed of glass-epoxy with multi layers using the Abaqus
platform. The purpose was to mitigate undesired vibrations through the application of
embedded MFC actuators (M8528-P1). The PPF control was employed to manage
vibration, and a dedicated subroutine was developed to incorporate PPF within the
Abaqus platform. The study involved a comparison of the beam structure's behaviours
with and without the implementation of the PPF controller. Subsequently, the
numerical simulations associated with the efficacy of the PPF controller were
validated through experimental verification. Kamel et al. [49] developed a dynamic
model of a carbon composite-based cantilever beam in ANSY'S using FEM to control
vibrations. Frequency analysis of the dynamic model was conducted in ANSYS,
considering four distinct scenarios. The state space model (SSM) of the smart beam
for each scenario was created in the MATALB using the results obtained from
ANSYS. Subsequently, a Proportional-Integral-Derivative (PID) controller was
developed using the SSM derived from the first scenario in the MATLAB and
confirmed against the other three scenarios. To enhance the performance of the
system, three additional smart controllers based on fuzzy logic were studied. The
findings reveal that fuzzy-based controllers contributed a significant role in the
vibration control of the beam system.

After conducting an in-depth review of the existing literature, it has been
identified that the current investigation addresses a scientific gap by exploring how
distinct layer orientations, such as 0°-0° and 0°-90°, in AM structures influence their
dynamic characteristics. These structures are made from PLA, PLA-SCF, PLA-CCF,
and PLA-CGF. Moreover, this pioneering study also investigates vibration
suppression in these structures with the application of MFC actuators, identifying the
layer orientation and AM structure that play a significant role in effective vibration
suppression.
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3. REVIEW OF THE PUBLISHED ARTICLES!

This chapter consists of a summary of the findings of the published articles.

3.1. Article [A1]: Experimental investigation of vibration amplitude control in
additive manufactured PLA and PLA composite structures with MFC actuator
[57]

This sub-section references a scientific article published in ‘Engineering Structures’
(Elsevier, 2023, Vol. 294). It addresses the first, second, and third objectives of the
dissertation. To date, this article has received a total of 9 citations.

In this article, a quantitative comparative study is presented on the use of macro
fiber composite (MFC) as an actuator across various materials, especially AM fiber-
reinforced composites in the field of vibration control. The MFC (M8507-P2) actuator
has been utilized to control vibrations in AM beam structures with a 0°-0° layer
orientation, made from polylactic acid (PLA) and PLA composites. The PLA
composites include PLA with short carbon fibers (PLA-SCF composite) and PLA
with continuous carbon fibers (PLA-CCF composite). The primary objectives of this
study are to determine the dynamic properties (natural frequencies and bending mode
shapes), assess vibration suppression with an impact of MFC in AM structures, and
identify the structure in which the MFC is most effective at limiting vibration
amplitudes.

The beams were manufactured individually using FDM technology with PLA,
PLA-SCF and PLA-CCF. The PLA and PLA-SCF specimens were fabricated using
an Original Prusa i3 MK 3S & MK3S+ 3D printer. While the creation of a PLA-CCF
composite specimen was performed using a modified MeCreator-2 3D printer. The
fabrication process of specimens has been presented in Fig. 1.

The vibration control system consists of a beam structure (parameters 120 mm
x 20 mm x 1.35 mm), and an MFC (M8507-P2) as actuator (active size 85 mm x 7
mm % 0.3 mm with an overall size 100 mm x 10 mm X 0.3 mm) produced by Smart
Materials [20]. An electrodynamic shaker (DDR-11077) made by the German
company VEB Robotron-Messelektronik "Otto Schon" Dresden, was used to
individually introduce vibrations from the clamped side of the beam structure. The
MEFC actuator was bonded with epoxy to the surface, 5 mm from the clamped side of
the beam. The schematic view of the beam structure with the MFC patch is presented
in Fig. 2. The overall experimental arrangement presented in Fig. 3 was used to obtain
vibration amplitude at the free end (one point) of each beam structure.

The Polytec 3D laser vibrometer (PSV-W-500) manufactured by Polytech
GmbH, Germany, shown in Fig. 4, was used to measure natural frequencies, bending
mode shapes, and the amplitudes of bending modes. This experimental setup consists
of three scanning heads (for 3D vibration measurement), voltage amplifier (F10A)
made by FLC electronics, Sweden, and data management system (PSV-500-3D-HV).

IThis chapter references the author’s work published in WoS journals [56-59].
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Fig. 2. Schematic view of the beam structure with the bonded MFC

The first stage of the experimental investigation was focused on determining the
natural frequencies and bending mode (BM) shapes of structures made of PLA, PLA-
SCF, and PLA-CCF individually. Vibrations were introduced in each structure,
caused by the MFC actuator (M8507-P2) to determine the natural frequencies and

mode shapes.
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Fig. 3. Experimental Setup: 1 — laser displacement sensor (LK-G82); 2 — beam with
MFC actuator; 3 — electrodynamic shaker (DDR-11077); 4 — clamper; 5 — laser
displacement sensor controller LK-G3001PV; 6 — voltage amplifier (LV-103); 7 —
voltage amplifier (EPA-104); 8 — function generator WW5064; 9 — analogue/digital
signal converter (ADC) Pico-Scope- 3424; 10 — computer
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Fig. 4. Polytec 3D laser vibrometer (PSV-500): a) data management system (control
unit); b) three scanning heads for 3D vibration measurement

The natural frequencies and respective amplitudes of the first four bending
modes are listed in Table 2. It is reported in Table 2 that the vibration amplitudes are
significantly reduced from first to fourth BM. The highest vibration amplitudes are
found at the first natural frequencies, which are 9.295 um at 30 Hz for PLA, 6.831
um at 40.5 Hz for PLA-SCF, and 4.139 pm at 60 Hz for PLA-CCF. The lowest
vibration amplitudes are obtained at the fourth natural frequencies of PLA, PLA-SCF,
and PLA-CCEF structures, which are 0.129 pm, 0.049 um, and 0.022 um at 1207.5 Hz,
1546 Hz, and 2192 Hz, respectively. The average spectrum of each structure is shown
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in Fig. 5. The inset portion in Fig. 5 presents the maximum vibration amplitude values
of PLA, PLA-SCF, and PLA-CCEF at the corresponding first natural frequency.

It can be concluded from the above experimental results as well as from the
literature study that the highest vibration amplitude consistently occurs at the first
natural frequency and has a dominant impact on the overall vibration response [7].
Therefore, it was decided that only the first bending mode of each beam structure
should be investigated as it is the dominant mode (with the largest amplitude) and
offers the most potential for reducing vibration amplitudes.

Table 2. Natural frequency and corresponding amplitudes for PLA, PLA-SCF, and
PLA-CCF beam structures

PLA PLA-SCF PLA-CCF
Bending
Mode Freq Amp Freq Amp Freq Amp
(Hz) (pm) (Hz) (pm) (Hz) (pm)
Ist 30 9.295 40.5 6.831 60 4.139
2nd 215 3.602 280.5 1.911 410 1.131
3rd 626.5 0.349 802 0.136 1153 0.110
4th 1207.5 0.129 1546 0.049 2192 0.022
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Fig. 5. Amplitude spectrum of the beam structure, made of PLA, PLA-SCF and
PLA-CCF with MFC patch

In the second phase, structures made of PLA, PLA-SCF, and PLA-CCF were
individually excited at their respective first resonant frequencies (30 Hz, 40.5 Hz and
60 Hz) using an electrodynamic shaker with harmonic signal of 0.16 V to obtain the

uncontrolled displacement response. The maximum peak to peak displacement values
were observed as £400 um, 370 um and 210 um for PLA, PLA-SCF and PLA-CCF
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structures, respectively. An open-loop AVC approach with incremental domain
searching was employed to determine the optimal phase and control voltage for
maximum vibration amplitude reduction. The stable phase domains for PLA, PLA-
SCF and PLA-CCF ranged from approximately 330° to 90°, 310° to 70° and 290° to
50° respectively. However, beyond these phase ranges, the vibration amplitude
exhibited an increase rather than a decrease. The influence of phase change on the
vibration amplitude has been depicted in Fig. 6. PLA exhibited the maximum
reduction at a phase of 29° phase with control voltage of 22.4 V, while PLA-SCF
demonstrated the optimal results at a phase of 10° with a control voltage of 13.92
Similarly, for PLA-CCF the maximum reduction was obtained at a phase of 351° with
a control voltage of 10.52 V. These optimizations (optimal phase with control voltage)
produced peak-to-peak vibration amplitudes for PLA, PLA-SCF, and PLA-CCF,
ranging from +5.5 ym to -4.5 um, +3.2 pm to -2.9 pm, and +1.7 pm to -1.7 pm,
respectively, as shown in Fig. 7. to Fig. 9.

90° 90°
120° 100 60° 120° 100 60°

50 50
150° 30° 150° ) 30°

180° 0° 180° 0°

210° 330° 210° 330°

240° 300° 240° 300°
270° 270°

(a) (b)
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150° 0 30°

180° 0°
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(c)

Fig. 6. Phase influence on amplitude reduction for: a) PLA; b) PLA-SCF; ¢) PLA-
CCF
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The considerable vibration reductions of more than 80 times, 110 times and 120
times were observed in PLA, PLA-SCF and PLA-CCEF, respectively. The maximum
vibration amplitude reduction was observed in PLA-CCEF, followed by PLA-SCF and
PLA, respectively, in a controlled environment.

3.2. Article [A2]: An experimental study on the dynamic properties of 3D-printed
structures with different layer orientations [56]

This sub-section references a scientific article published in ‘Journal of Vibration
Engineering & Technologies’ (Springer Nature, 2024, Vol. 12). It addresses the first
objective of the dissertation. To date, this article has received a total of 2 citations.
After a detailed examination of the available literature, it was concluded that
most researchers have only investigated the impact of 3D printing process settings on
the mechanical response of various structures. Consequently, it is necessary to
examine the impact of printing settings on dynamic characteristics (natural
frequencies, bending mode shapes, decrement coefficient, damping and deformation)
of structures. In the current study, beam structures made of PLA, PLA-SCF, and PLA-
CCF (dimensions: 120 mm x 20 mm X 1.35 mm) are created using FDM with two
distinct layer orientations (0°-0° and 0°-90°). The impact of these orientations on the
dynamic characteristics of the structures is investigated through various experiments.
The fabrication of PLA and PLA-SCF samples was carried out using an Original
Prusa 3D printer (Model: MK3S and i3 MK3S+), while the PLA-CCF and PLA-CGF
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specimens were fabricated using a customized MeCreator-2 3D printer. The
fabrication process is depicted in Fig. 10.

Carbon fiber

~ filament spool i -
Cooling fan filament S

PLA Carbon fiber spool  AE —_—
filament  filament Extrusion head — 4\ a
Cooling fan % o |n il |
Printing nozzle -
Extrusion head

Printing nozzle

Printed PLA-CCF

composite  printed PLA
structure structure

Printing bed

0°/90° Layer 0°/0° Layer
orientation orientation

(c)

Upper layer

Lower layer

Fig. 10. Fabrication process of beam structures: a) fabrication of PLA-CCF and
PLA-CGF; b) fabrication of PLA and PLA-SCF; ¢) 0°- 0° and 0°-90° layer
orientations

To assess the deformation in beam structures with 0°-0° and 0°-90° layer
orientations, the experimental setup shown in Fig. 11 was used. The beam structure
was fixed at one end, and various point mass loads were applied to the free end of
each structure, as presented in Fig. 12. The deformation in each structure was
measured using a laser displacement sensor (LK-G82).

To determine the logarithmic decrement coefficient, a new experimental
approach, as depicted in Fig. 13, has been employed. The arrangement was especially
created for observing the exponential damped response in each structure caused by an
electrodynamic shaker (DDR-11077), manufactured by VEB Robotron-
Messelektronik Otto Schon, German and the response was measured at the one point
from free end by a laser displacement sensor (LK-G82) made by Keyence
Corporation, Japan. The structure was fixed from one side and vibrations in the
structure were introduced by electrodynamic shaker from fixed side as indicated
schematically in Fig. 14.
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Fig. 11. Deformation measurement in beam structures: a) experimental setup; b)
fixation of beam structure

Beam structure
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Mass

Fig. 12. Schematic of beam structure with point mass at free end

The burst signal of 50mV amplitude as input was provided to the
electromagnetic shaker by the function -arbitrary waveform generator (33220A) built
in Agilent, Malaysia. The decrement coefficient in each structure has been calculated
using the following expression [50].

ym, 3.1)

Un

5=1n(
Un+m
where U, is the amplitude at time t,,; U, 1., is the amplitude at time ¢t,,,,,; m is the
number of cycles.

Moreover, modal analysis testing was performed to obtain the natural
frequencies, mode shapes, and corresponding vibration amplitudes of each structure,
as shown in Fig. 4. The MFC (M8507-P2) actuator was integrated into the beam
structure at a point 5 mm from the fixed end. Vibrations in each beam were generated
using an MFC patch by applying a 100 V chirp signal. A Polytec 3D laser vibrometer
(PSV-500, GmbH, Germany) was used to measure observations at a single point on
the free end of the structure.

Moreover, an impact test was conducted to estimate the first natural frequencies
of the structures. The beam structure was fixed in a fixture, and vibrations were
induced by impacting the free end of the structure with a relatively small object, as
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shown in Fig. 15. The excitation response of each structure was measured using a
laser displacement sensor (LK-G82).

Fig. 13. Logarithmic decrement coefficient measurement setup: 1 — laser
displacement sensor (LK-G82); 2 — beam structure; 3 — electrodynamic shaker
(DDR-11077); 4 — fixture; 5 — laser displacement sensor controller (LK-G3001PV);
6 —voltage amplifier (LV-103); 7 — function generator (33220A); 8 —
analogue/digital signal converter Pico-Scope; 9 — computer

% 1135

Beam
structure

Amplitude

[} 1.
J 110
10

Fig. 14. Schematic view of vibration in beam structure by electromagnetic shaker

Beam structure Impact force

T1.35

Fig. 15. Schematic view of impact force at free end of beam structure
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The deformation in structures increases linearly with an increasing point mass
load, as shown in Fig. 16. The maximum deformation is observed in PLA-CGF
structure with 0°-90° layer orientation, 6.69 mm, and the minimum deformation is
found in PLA-CCF structure with 0°-0° layer orientation, 0.78 mm under a mass of 8
g. The deformations in beam structures with 0°-90° layer orientation have been found
more compared to their corresponding structures with 0°-0° orientation.

P A S
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=

—$-0°-0° PLA
—$-0°-90° PLA
—3—0°-0° PLA-SCF |
0°-90° PLA-SCF | 1
—3—0°-0° PLA-CCF
0°-90° PLA-CCF
——0°-0° PLA-CGF
1—0°-90° PLA-CGF| ]

wn

Mass (g)

&

0 1 2 3 4 5 6 7
Deformation (mm)

Fig. 16. Deformation in beam structures under varying masses

The resistance to deformation under a mass load in a structure is generally
described as its stiffness. The experimental results indicate that with a layer
orientation of 0°-0°, the stiffness increases from PLA to PLA-SCF to PLA-CGF and
finally to PLA-CCF, while with a 0°-90° layer orientation, it increases from PLA-
CGF to PLA-CCF to PLA and then PLA-SCF.

The decrement coefficient of each structure was determined by taking the first
five successive peak amplitudes i.e., U, to U,,4 (4 cycles), as represented in Fig.
17(a). The vibrating periodic amplitudes of beam structures were recorded by a laser
displacement sensor, as depicted in Figs. 17(b) through 17(1).

For the 0°-0° layer orientation, the decrement coefficient values for PLA, PLA-
SCF and PLA-CCF, PLA-CGF as calculated by Eq. (3.1), were 0.043,0.081,0.214 and
0.063 respectively. The vibration amplitude damping effect was observed maximum
in PLA-CCF followed by PLA-SCF, PLA-CGF and finally PLA structures.

In contrast, for the 0°-90° layer orientation, the decrement coefficients for PLA,
PLA-SCF, PLA-CCF, and PLA-CGF were 0.041, 0.052, 0.040, and 0.038,
respectively. Consequently, PLA-SCF exhibited the maximum amplitude damping
effect, while PLA and PLA-CCF showed similar amplitude damping effects, and
PLA-CGF demonstrated the minimum. The findings reveal that 0°-0° structures
demonstrate greater damping properties compared to their corresponding 0°-90° beam
structures.
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Fig. 17. Amplitude damping of PLA, PLA-SCF, PLA-CCF and PLA-CGF beam
structures: a) exponentially decaying amplitude trend; b) 0°-0° PLA; c) 0°-90° PLA;
d) 0°-0 PLA-SCF; e) 0°-90° PLA-SCF; f) 0°-0° PLA-CCF; g) 0°-90° PLA-CCF;
h) 0°-0° PLA-CGF; i) 0°-90° PLA-CGF

Moreover, the first four natural frequencies of the bending modes are
summarised in Table 4. The results reveal that the natural frequencies of beam
structures with 0°-0° layer orientation are comparatively higher than the respective
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structures with 0°-90° layer orientation. The mechanical characteristics of the
material, such as its mass and stiffness, assess its natural frequencies according to Eq.
(3.2) [51-53].

*/m

f=5—-

2T

(3.2)

where k represents stiffness; m represents mass; f represents natural frequency.

According to the modal testing findings, within 0°-0° oriented structures, the
frequency increases progressively from PLA to PLA-SCF to PLA-CGF, with PLA-
CCF exhibiting the maximum frequency. For 0°-90° oriented structures, it increases
from PLA-CGF to PLA-CCF to PLA and finally to PLA-SCF.

Table 4 presents the vibration amplitudes of the structures at their respective
frequencies. The findings indicate that the vibration amplitude is highest at the first
natural frequency and lowest at the fourth natural frequency.

Finally, the estimation of the first natural frequency of each beam structure,
without MFC patch (only actual beam) was performed. Applying an impact force to
the free end of the beam structure caused vibrations, which were then monitored using
a laser displacement sensor (LK-G82). The average value of each structure is reported
in Table 3.

Table 3. Natural frequencies of beam structures by impact test

Beam structure

Frequency of 0°-0° oriented
structures (Hz)

Frequency of 0°-90°
oriented structures (Hz)

PLA 26.54 25.95
PLA-SCF 39.31 30.62
PLA-CCF 58.87 25.65
PLA-CGF 46.61 20.27

The impact responses of structures made from various materials depend on
several aspects, such as material properties (both the matrix and reinforcing elements),

structure layout, the number of layers in structures, and the impact force [54].

Thus, the findings demonstrate that specimens with 0°-0° layout have

substantially higher first natural frequency than 0°-90° layout specimens.
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3.3. Article [A3]: Enhancing vibration control in kinematically excited additively
manufactured continuous fiber composite structures with distinct orientations
[58]

This part of the dissertation references a scientific article published in ‘Engineering
Structures’ (Elsevier, 2024, Vol. 321). It addresses the first, second, and third
objectives of the dissertation. To date, this paper has received a total of 1 citation.

In this sub-section, after conducting an in-depth review of the existing literature,
it has been identified that the current study offers a novel contribution by exploring
how AM composite structures with two distinct layer orientations, 0°-0° and 0°-90°,
influence dynamic characteristics and vibration suppression, with the application of
MFC (M8507-P2). These composite structures were made from PLA-CCF and PLA
reinforced with continuous glass fibers (PLA-CGF). The primary aim of the study is
to identify a distinct layer orientation that contributes a significant role in vibration
suppression.

Moreover, this section also examines the dynamic characteristics and vibration
suppression of PLA and PLA-SCF with 0°-0° and 0°-90° orientations. The dynamic
characteristics and vibration suppression of PLA and PLA-SCF with 0°-0°
orientations have been published in the article [A1]; however, the findings related to
0°-90° orientations were not previously published and are now included in this sub-
section. Adding this information is crucial for a comparative investigation of the
influence of distinct layer orientations on the dynamic characteristics and vibration
suppression of PLA, PLA-SCF, PLA-CCF, and PLA-CGF beam structures.

Composite specimens reinforced with continuous carbon fiber and glass fiber
were produced using the MeCreator-2 3D printer with a modified printing head. The
printing method employed is based on Co-Extrusion with Towpreg technology. In
other words, the modified printing head has two input channels: one for PLA
thermoplastic matrix and another for impregnated continuous carbon fiber or glass
fiber. The authors have exhaustively examined the impregnation process for
continuous fiber [55]. The fabrication process of composite structures is depicted in
Fig. 18, whereas schematic description of fabrication process with modified printing
head is illustrated in Fig. 19. While the fabrication process of PLA and PLA-SCF has
been illustrated in Fig. 10.

The experimental design shown in Fig. 3, was utilised to observe and examine
the vibration suppression in composite structures. The system comprises a composite
structure with dimensions of 120 mm x 20 mm x 1.35 mm, integrated with an MFC
(M8507-P2) made by Smart Material [20]. The MFC actuator was integrated with
epoxy, 5 mm from the fixed edge of the composite structure, as illustrated in Fig. 2.

The OLAVC approach has been used to measure vibration suppression; the
experimental approach layout is schematically depicted in Fig. 20. Vibrations were
introduced into each composite structure from the fixed edge side using an
‘Electrodynamic Shaker (DDR-11077)’, with the input signal supplied through a
function generator (WWS5064). Vibration amplitudes were monitored and measured
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4 mm from the free end of each beam, with the impact of the MFC patch assessed
using a Laser Displacement Sensor (LDS).

0°/90° Layer 0°/0° Layer
orientation orientation
&J, Carbon fiber filament spool (b)
PLA filament Carbon fiber filament
\ / Cooling fan
Extrusion head 0°/0° 0°/90° -~ e

Printing nozzle PLA/CGF PLA/CGFPLA/CCF PLA/CCF

-

‘ | |
L | &)
Printed PLA/CCF \ i
B composite 3
Printing s ]
bed ‘

Fig. 18. Fabrication scheme of composite structures: a) preparation process of
composite structures; b) depiction of 0°-0° and 0°-90° layer patterns; ¢) 3D printed
composite structures
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P PLA filament driver fiber spool
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Heating control unit

Q . .
2 Prlntlng nozzle EXtrleEd 3D sample

Fig. 19. Schematic description of fabrication process with modified printing head

The voltage signal with the optimal phase was supplied to the MFC through the
function generator (WW5064) to achieve maximum reduction in amplitude. The LDS
(LK-G82) captured the deformation in the composite beam and transferred signal to
the LDS control unit (LK-GD500) for processing. This data in analogue format was
further processed through a Pico-Scope 3424 device, which functioned as analog to
digital converter (ADC). The data was then analysed using Pico-Scope 6 software.
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Fig. 20. Scheme of the layout of the experimental approach

The experimental design depicted in Fig. 4 was utilised to ascertain the inherent
frequencies, bending mode shapes, and amplitude spectra for each beam. The
composite structures started vibration when a chirp signal of 100 V was supplied to
the MFC actuator. To examine the responses at the free end, a Polytec 3D laser
vibrometer (PSV-W-500) was used.

To assess the deformation in PLA-CCF and PLA-CGF composite structures, the
experimental design illustrated in Fig. 11, was utilised. Both structures were
composed of 0°-0° and 0°-90° layer orientations. The deformation assessment in each
structure was carried out by fixing one side and subjecting the free end to various
static concentrated masses. The response in each composite structure was examined
using an LDS (LK-G82). Moreover, the deformations in PLA and PLA-SCF with 0°-
0° and 0°-90° layer orientations were also determined employing the same
methodology. The deformations in all configurations have been reported in Fig. 16.
Fig. 16 shows that the deformation in 0°-90° beam structures is higher compared to
the corresponding 0°-0° beam structures.

The structures with minimal deformation are generally associated with
enhanced stiffness [10]. Moreover, the findings highlight that the PLA-CCEF structure
with 0°-0° layers exhibit the highest stiffness, while the PLA-CGF structures with 0°-
90° layers demonstrate the lowest stiffness.

In the second phase of the experimentation, modal analysis was conducted to
evaluate the inherent frequencies of the first four bending modes, along with their
corresponding bending mode (BM) shapes and amplitude spectra, for PLA-CCF and
PLA-CGF composite structures with 0°-0° and 0°-90° layer orientations. Vibrations
were induced in each structure using an integrated MFC (M8507-P2). The integrated
MFC patch was stimulated with a chirp signal of 100 V, generated by a function
generator, it is an integral part of the 3D laser vibrometer. The inherent frequencies,
along with their corresponding amplitude have been provided in Table 3.4.

38



The highest vibration amplitude for each composite structure is observed at the
first frequency and the lowest amplitude at the fourth frequency (see Table 5).
Furthermore, Fig. 21 illustrates the amplitude spectra of PLA-CCF and PLA-CGF
with 0°-0° and 0°-90° layer arrangements.

Table 5. Inherent frequencies and corresponding amplitudes for PLA-CCF and
PLA-CGF composite structures

0°-0° PLA-CCF | 0°-90° PLA-CCF | 0°-0° PLA-CGF | 0°-90° PLA-CGF
Freq Amp Freq Amp Freq Amp Freq Amp
(Hz) | (um) | (Hz) | (um) | (Hz) | (um) | (Hz) | (um)
Ist 60 4.14 26.6 10.11 47.7 4.40 213 9.26
2nd 410 1.13 203 3.38 315.6 1.45 165 3.33
3rd 1153 0.11 592 0.26 895.3 0.12 480 0.25
4th 2190 0.02 1114 0.12 1707 0.05 918 0.10
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Fig. 21. Amplitude spectra of PLA-CCF and PLA-CGF with 0°-0° and 0°-90°
orientations

For PLA and PLA-SCF with 0°-0° and 0°-90° layer arrangements, the maximum
amplitude occurs at the first frequency, and the lowest at the fourth, as reported in
Table 4. Additionally, the amplitude spectra of PLA and PLA-SCF are presented in
the article [A2]. The results reveal that 0°-0° beam structures consistently exhibit
higher frequencies compared to their corresponding 0°-90° structures.

Based on the reported experimental findings and the literature study, it can be
deduced that the first BM always exhibits the maximum vibration amplitude and
dominance in the entire vibrational behaviour [7, 53, 56]. Thus, this article focuses on
further investigating the reduction in vibration amplitude at the first BM due to its
dominance.
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To investigate the uncontrolled vibration amplitude behavior, each composite
structure was stimulated at first resonant frequency using electrodynamic shaker. The
maximum uncontrolled vibration amplitudes for 0°-0° PLA-CCF, 0°-90° PLA-CCF,
0°-0° PLA-CGF and 0°-90° PLA-CGF exhibited a range approximately from +210
pm to -212um at 60 Hz, +514 um to -545um at 26.6 Hz, +244 um to -242 pum at 47.7
Hz and +785 pm to -810 pm, respectively.

In the case of 0°-0° PLA and 0°-0° PLA-SCF beam structures, the uncontrolled
vibration amplitudes were observed as approximately 400 pm at 30 Hz and £370 um
at 40.5 Hz, respectively (published data in the article [A1]). For 0°-90° PLA and 0°-
90° PLA-SCF, the uncontrolled vibration amplitudes were identified as approximately
+526 um at 27.5 Hz and +492 pm to -503 um at 28.8 Hz, respectively.

To achieve vibration amplitude reduction in each beam structure, a voltage
signal was introduced to MFC, generating a counter force that decreases the vibration
amplitude. As the voltage amplitude increased, the MFC produced more force, as
specified by the manufacturer [20]. However, this approach does not yield optimal
control applicable to both amplitude and phase regulation. Accurate tuning of both the
control voltage amplitude and phase is imperative for achieving maximum reduction
in vibration amplitude.

For a comparative analysis, vibration amplitude reduction can be quantified
using the Eq. (3.3):

R = (%) x 100%, (3.3)
where R, W,,, W, correspond to the reduction factor, uncontrolled amplitude, and
controlled amplitude in the time series. Using the OLAVC methodology with
incremental parameter tuning, optimal control voltage and phase settings were
determined to achieve maximum amplitude reduction. The control voltage along with
phase for 0°-0° PLA-CCF, 0°-90° PLA-CCF, 0°-0° PLA-CGF and 0°-90° PLA-CGF
were determined as follows:10.52 V with 351° phase,29.4 V with 45°phase, 17.68 V
with 4° phase and 43 V with 79° phase.

For 0°-0° PLA and 0°-0° PLA-SCF, the control voltages with optimal phases
were determined as 22.4 V with a 29° phase and 13.92 V with a 10° phase,
respectively (reported in the article [A1]). While in 0°-90° PLA and 0°-90° PLA-SCF,
the settings were determined as 30.1 V with 37° phase and 27 V with 32° phase,
respectively.

An interesting insight derived from this investigation is that the vibration
amplitude of the dynamic system only decreases when voltage phase exists within the
specific range. The stable phase range for 0°-0° PLA-CCF and 0°-90° PLA-CCF
spans from 290° to 50° (comprising both intervals 290° to 360° and 0° to 50°) and
350° to 100° (encompassing both intervals 350° to 360° and 0° to 100°), respectively,
as illustrated in Figs. 22 (a) and 22 (b).
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Within this stable range, the W, value remains lower compared to I, yielding
a positive R value indicative of a decrease in vibration magnitude. For 0°-0° PLA-
CGF and 0°-90° PLA-CGF, the stable phase region spans approximately 300° to 70°
(encompassing both intervals 300° to 360° and 0° to 70°) and 15° to 135°,
respectively, as depicted in Figs. 22 (c¢) and 22 (d).

For 0°-0° PLA and 0°-0° PLA-SCF, the stable phase ranges approximately from
330° to 90° and from 310° to 70°, respectively (reported in article [A1]). In the case
0f 0°-90° PLA and 0°-90° PLA-SCF, the stable phase spans approximately from 335°
to 95° and from 330° to 90°, respectively, as presented in Figs. 22 (e) and 22 ().

These optimisations (optimal phase with control voltage) resulted in
amplitude reduction of more than 120 times,80 times,90 times and 75 times for 0°-0°
PLA-CCEF, 0°-90° PLA-CCF, 0°-0° PLA-CGF and 0°-90° PLA-CGF respectively, as
presented in Figs. 23 — 26. Similarly, reductions of more than 80, 70, 110, and 95
times were observed for 0°-0° PLA, 0°-90° PLA, 0°-0° PLA-SCF, and 0°-90° PLA-
SCF, respectively. Fig. 27 and Fig. 28, illustrate the results for 0°-90° PLA and 0°-
90° PLA-SCF, while the results for 0°-0° PLA and 0°-0° PLA-SCF are shown in Fig.
7 and Fig. 8. A summary of the vibration suppression analysis for the beam structures
is provided in Table 6.
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Fig. 23. Vibration amplitude behaviour in composite structure comprising 0°-0°
PLA-CCF: a) uncontrolled vibration amplitude; b) controlled vibration amplitude at
350°, 351° and 352°
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Fig. 24. Vibration amplitude behaviour in composite structure comprising 0°-90°
PLA-CCF: a) uncontrolled vibration amplitude; b) controlled vibration amplitude at
44°, 45° and 46°
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Table 6. Vibration suppression analysis in composite structures

Beam A1= Uncontrolled Voltage and Az- Controlled Reduction

structures peak-to-peak phase for peak-to-peak factor= A1/
amplitude (pm) maximum amplitude (um) Az
suppression

0°-0° +400 to -400 22.4 V with 29° +5.5t0-4.5 > 80 times

PLA phase

0°-90° +526 to -525 30.1 V with 37° +7.8 to -6.4 > 70 times

PLA phase

0°-0° +370 to - 370 13.92 V with 10° +3.2t0-2.9 > 110 times
PLA-SCF phase

0°-90° +492 to -503 27 V with 32° +4.5t0-5.8 > 95 times
PLA-SCF phase

0°-0° +210to -212 10.52 V with +1.7to -1.7 > 120 times
PLA-CCF 351° phase

0°-90° +514 to -545 29.4 V with 45° +6.15 to -6.4 > 80 times
PLA-CCF phase

0°-0° +244 to -242 17.68 V with 4° +2.9t0-24 > 90 times
PLA-CGF phase

0°-90° +785 to -810 43 V with 79° +8.5t0-12.2 > 75 times
PLA-CGF phase
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The results indicated that beam structures with 0°-0° layer orientations
demonstrated higher vibration reduction with lower control voltage compared to their
corresponding 0°-90° structures.

3.4. Article [A4]: Dynamic analysis and vibration control of additively
manufactured thin-walled polylactic acid polymer (PLAP) and PLAP composite
beam structures: numerical investigation and experimental validation [59]

This sub-section refers to a scientific article published in ‘Materials’ (MDPI, 2024,
Vol. 17). It addresses the fourth objective of the dissertation.

This numerical study aims to validate the previously published experimental
investigations [57]. Prior research extensively explored the dynamic characteristics of
kinematically excited AM beam structures, including modal characterization,
frequency-dependent amplitude spectra, and vibration control influenced by MFC
(M8507-P2). The beam structures were fabricated using polylactic acid polymer
(PLAP), short carbon fiber reinforced in PLAP (PLAP-SCF), and continuous carbon
fiber reinforced in PLAP (PLAP-CCF) with 0°-0° layer orientations, and their
fabrication process has been thoroughly discussed in a published experimental work
[57].

In this numerical simulation study, the 0°-0° oriented PLAP, PLAP-SCF and
PLAP-CCF beam structures were modeled to investigate the dynamic characteristics
such as modal characterisation assessment and frequency response analysis (FRA),
with the aim of vibration suppression in beam structures integrated with MFCs by
implementing OLAVC. The numerical results were thoroughly compared and
validated with the previously published experimental results [57].

Additionally, similar investigations were comprehensively conducted on other
beam structures, such as 0°-0° PLAP-CGF, 0°-90° PLAP, 0°-90° PLAP-SCF, 0°-90°
PLAP-CCF, and 0°-90° PLAP-CGF. However, these structures have not been
examined and discussed in the article [59]. It is crucial to include a comparative
analysis of the 0°-0° and 0°-90° configurations to evaluate their dynamic
characteristics and vibration suppression. Therefore, these additional structures are
examined and discussed in this sub-section.

The finite element modeling (FEM) of laminated beam structures (length: 110
mm; width: 20 mm; thickness: 1.35 mm) with MFC patches was performed in the
Abaqus CAE 2024 software. The overall effective dimensions of both numerical
models and AM beam structures were considered similar. However, the actual length
of the AM beam was 120 mm, as a 10 mm portion of the beam was placed in the
support to firmly fix the beam on one side. Thus, the effective length of AM beams
during the experiments was 110 mm.

Firstly, the PLAP and PLAP-SCF laminated beams with [0°-0°] layer sequences
were individually modeled as continuum solid shells (CSS8). The layup-ply approach
was adopted to describe the layer arrangement, as presented in Fig. 29 (a). A similar
approach was used for beam structures with [0°-90°] layer sequences. Conversely, the
PLAP-CCF and PLAP-CGF beam composites with [0°-0°] fiber layer sequences, with
an ~18% volume fraction of fibers (consistent with real AM beam structures), were
modeled as continuum solid shells (CSS8), as illustrated in Fig. 29 (b). Furthermore,
the same approach was used for PLAP-CCF and PLAP-CGF beam composites with
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[0°-90°] fiber layer sequences, which had a ~17% volume fraction of fibers, as

illustrated in Fig. 29 (c).

(2)

Layer sequences oriented at
0°-0° or 0°-90°

|

20 mm
(
\
%

b) .
w‘

1.35 mm
—

PLAP or PLAP-SCF
laminated beam structure
z

1 135 mm

Continuous fibers oriented at
0°-0° in PLAP laminates

|

20 mm

PLAP laminated beam structure
reinforced with continuous fibers

©

Continuous fibers oriented at
0°-90° in PLAP laminates

PLAP laminated beam structure

reinforced with continuous fibers z

Fig. 29. FEM of laminated beam structures: a) PLAP and PLAP-SCF oriented at
0°-0° or 0°-90°; b) PLAP-CCF and PLAP-CGF oriented at 0°-0°; ¢) PLAP-CCF
and PLAP-CGF oriented at 0°-90°
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Subsequently, the FEM of integrated MFC (M8507-P2) was performed using
piezoelectric solid elements (C3D20RE). The active part of the MFC (length: 85 mm;
width: 7 mm; thickness: 0.3 mm) was simplified as a homogeneous material rather
than an intricate design. The active portion of the MFC was affixed to each beam
structure, 15 mm from the fixed end. The Tie constraint was implemented to ensure
interaction between the surfaces of the beam and the MFC. After numerically
modeling the geometry, hexahedral (hex) meshing with refinement was performed on
the MFC and each beam structure resulting in no additional significant changes in the
computed natural frequencies. Further on, mechanical boundary conditions involved
fixing one side of the beam, with nodes restricted to displace in the X, Y, and Z
direction, as depicted in Fig. 30 (a). On the other hand, a sinusoidal force was
employed to kinematically excite the beam. However, due to limitations of the
Abaqus, it was not possible to apply the excitation force through the fixed side as it
was carried out in the experiments exhibited in Fig. 30 (b). The electrical boundary
conditions, such as a sinusoidal signal (Umrc), were applied from the upper side of the
MFC, while the bottom side was grounded (0 V).

119
Measuring ‘;;&

e Si
point 0 ln(wt)

20

(b)

Amplitude

Beam
MFC active area (85x07) structure

707 15 85 10

100 5

Fig. 30. Beam structures integrated with MFC illustrating boundary conditions : a)
FEM model; b) schematic view of experimental sample
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The Lanczos methodology has been employed to compute the modal natural
frequencies and corresponding mode shapes of beam structures without applying
external forces.

FRA finds out the response of the structure subjected to harmonic force over a
spectrum of frequencies. The frequency-dependent dynamic response (amplitude
spectrum) of each beam was assessed across a frequency spectrum.

Afterwards, vibration suppression in each beam was thoroughly studied and
compared with the published experimental data [57] addressing the limitations of the
numerical simulation.

The numerical and experimental natural frequencies of the bending modes of
0°-0° oriented beam structures are presented in Table 7, with the percentage error
between the values shown in Fig. 31. The first natural frequencies of the 0°-0° oriented
numerical models were found to be 30.45 Hz for PLAP, 39.95 Hz for PLAP-SCF,
60.50 Hz for PLAP-CCF and 45.03 Hz for PLAP-CGF. These numerical values
closely align with the experimental frequencies of 30.00 Hz, 40.50 Hz, 60.00 Hz and
47.70 Hz respectively, resulting in differences of only 1.50%, 1.35%, 0.83% and
5.59% for PLAP, PLAP-SCF, PLAP-CCF and PLAP-CGF respectively. The second,
third and fourth natural frequencies of the numerical models deviate within 10% of
the experimental values.

1
0°-0° PLAP
10 ¢ u 0°-0° PLAP-SCF

9 m (°-0° PLAP-CCF
0°-0° PLAP-CGF

% Error

1st 2nd 3rd 4th
Bending Modes
Fig. 31. Percentage error in experimental and numerical bending mode frequencies
for 0°-0° beam structures

The numerical and experimental natural frequencies of the bending modes of
0°-90° oriented beam structures are presented in Table 8, and the percentage error
between the values is shown in Fig. 32. For the 0°-90° oriented numerical models, the
first natural frequencies are 28.63 Hz for PLAP, 29.47 Hz for PLAP-SCF, 27.89 Hz
for PLAP-CCF, and 22.27 Hz for PLAP-CGF, closely aligning with the experimental
values 0f 27.50 Hz, 28.80 Hz, 26.60 Hz, and 21.30 Hz, respectively. These correspond
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to differences of 4.10%, 2.32%, 4.84%, and 4.55%, respectively. The second, third,
and fourth natural frequencies of the numerical models deviate by approximately up
to 16% from the experimental values.

18 ¢ =0°-90° PLAP
I 0°-90° PLAP-SCF
0°-90° PLAP-CCF
[ 0°-90° PLAP-CGF

16 -

14 F

12 |

% Error

1st 2nd 3rd 4th
Bending Modes

Fig. 32. Percentage error in experimental and numerical bending mode frequencies
for 0°-90° beam structures

Several factors could contribute to discrepancies between the modal frequencies
of the FEM and actual AM beam models. Firstly, the geometry of the AM beam could
differ slightly from the idealised numerical model used in Abaqus. This difference
might be due to internal irregularities such as defects that are not perfectly considered
in the numerical model. Secondly, defining boundary conditions in the numerical
model with simple assumptions could lead to inconsistencies with experimental
results. For instance, in the numerical simulation, the beam structure is firmly fixed at
one end, while in real condition (experiments) there is a possibility that the beam was
not firmly fixed leading to a lack of consistency with the numerical model.

The frequency-dependent dynamic response of the actual AM beam structures
was measured by fixing one side of each beam structure in a fixture and applying a
100 V excitation signal to the MFC patch. The amplitude spectrum of each beam
structure, illustrating the variation in vibration amplitudes with changing frequencies,
was measured by a 3D laser vibrometer (PSV-W-500) manufactured by ‘Polytec
GmbH, Germany’. Notably, the amplitude spectrum revealed (Fig. 33 and Fig. 34)
that vibration amplitudes peaked at the first natural frequencies of the bending mode
and decreased towards the fourth natural frequencies in both numerical and
experimental scenarios. Although there was a considerable difference in the absolute
values of vibration amplitudes between numerical and experimental data, a consistent
trend of amplitude variation over the frequencies was observed in both sets of results.
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Despite the discrepancy in the vibration amplitude values between the two
datasets, there was consistency in the overall behaviour of vibration amplitudes as
frequency varied.

For the 0°-0° oriented numerical results, the vibration amplitudes at the first
natural frequency were observed to be the highest as follow: 7.0870 um at 30.45 Hz
for PLAP, 3.9240 pm at 40.00 Hz for PLAP-SCF, 1.8980 um at 60.5 Hz for PLAP-
CCF and 3.1702 pm at 45.03 Hz for PLAP-CGF. The corresponding experimental
vibration amplitudes at the first natural frequency were determined: 9.295 um at 30
Hz for PLAP, 6.831 pm at 40.5 Hz for PLAP-SCF, 4.139 pm at 60.0 Hz for PLAP-
CCF and 4.400 um at 47.7 Hz for PLAP-CGF.

In the 0°-90° oriented numerical results, the highest vibration amplitudes at the
first natural frequency were detected as follow: 7.9860 um at 28.63 Hz for PLAP,
7.1110 pm at 29.47 Hz for PLAP-SCF, 8.0267 um at 27.89 Hz for PLAP-CCF and
12.2230 pum at 22.27 Hz for PLAP-CGF. The corresponding experimental vibration
amplitudes at the first natural frequency were determined: 10.9240 um at 27.5 Hz for
PLAP, 9.7330 um at 28.8 Hz for PLAP-SCF, 10.1100 um at 26.6 Hz for PLAP-CCF
and 9.2600 um at 21.3 Hz for PLAP-CGF.

For both numerical and experimental scenarios, the fourth natural frequencies
exhibited the lowest vibration amplitudes, and the results followed the same trend, as
presented in Fig. 33 and Fig. 34.

Overall, the numerical approach captures the dynamic behaviour of each AM
beam structure effectively, as evidenced by the consistency between numerical and
experimental results. However, the observed differences in absolute amplitude values
may be attributed to the limitations in boundary conditions: in experimental case, the
excitation force was provided by the MFC patch, while in numerical case, the force
was provided at the free-end side of each beam structure.

Ultimately, the analysis of vibration amplitude suppression was thoroughly
performed on numerically modeled beam structures, with the results compared and
validated against experimental data. The numerical models of PLAP, PLAP-SCF,
PLAP-CCF and PLAP-CGF with 0°-0° and the 0°-90° orientations were externally
excited at their respective first resonant frequencies.

The 0°-0° oriented numerical models reveal uncontrolled vibration amplitudes
of +435 um to -408 pm, £395 pm, +220 pm to -224 um and +252 pm to -251 um,
respectively. In the experimental case, uncontrolled vibration amplitudes were, £400
um, £370 um, £210 um and +242 pm to -240 um, respectively. These uncontrolled
amplitudes are depicted in Figs. 35(a) to 35(d).

For 0°-90° oriented numerical models, uncontrolled vibration amplitudes were
found as +548 um to -540 pm, +515 pm to -510 pm, +555 pm to -540 um and +820
pm to -815 um, for PLAP, PLAP-SCF, PLAP-CCF and PLAP-CGF respectively. The
corresponding experimental uncontrolled amplitudes were +526 pm to -525 pm, +492
um to -503 pm, +514 um to -545 pm and +785 um to -810 pm. Both numerical and
uncontrolled amplitudes are depicted in Figs. 36(a) to 36(d).
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Fig. 33. Frequency-dependent amplitude spectrum of 0°-0° oriented beam
structures: a) numerical data; b) experimental data

After applying a counterforce with the MFC, the controlled vibration amplitudes

for the 0°-0° oriented numerical models of PLAP, PLAP-SCF, PLAP-CCF and
PLAP-CGF were approximately £19 pm, 16 pm, and £13 pm, +14.3 pm
respectively. Experimentally, the controlled vibration amplitudes were observed to be
around £5 um, 3 um, 1.7 pm and +2.9 um to -2.4 um for the respective models.
Both numerical and experimental results exhibited the same trend of decreasing
amplitude from PLAP to PLAP-SCF, PLAP-CGF and finally to PLAP-CCF, as

illustrated in Figs. 35(a) to 35(d).

For the 0°-90° oriented numerical models of PLAP, PLAP-SCF, PLAP-CCF

and PLAP-CGF, the controlled vibration amplitudes were about +21.5 um to -21.7
um, +19.9 um to -20.4 pum, +23.3 um to -21.5 pm and +25.5 pm to -24.7 pm
respectively. Experimentally, the controlled vibration amplitudes were found as
approximately +7.8 um to -6.4 um, +4.5 um to -5.8 um, +6.15 um to -6.4 pm and

53



+8.5 um to -12.2 um for the respective models. Both numerical and experimental
results exhibited the same trend of decreasing amplitude from PLAP-CGF to PLAP-
CCF, PLAP and ultimately PLAP-SCEF, as illustrated in Figs. 36(a) to 36(d).

The overall

findings from numerical and experimental analyses reveal that the

0°-0° oriented beam structures exhibited higher vibration suppression compared to the
corresponding beam structures with 0°-90° orientations.

The disparity in controlled vibration amplitudes between the numerical and
experimental results is influenced by the inherent limitations of the numerical models,
which do not fully capture the complexities of real experimental conditions.
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Fig. 34. Frequency-dependent amplitude spectrum of 0°-90° oriented beam

structures: a) numerical data; b) experimental data
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Fig. 36. Uncontrolled and controlled vibration amplitude in 0°-90° oriented beam
structures

Numerical simulations typically rely on generalised assumptions and may not
properly account for material imperfections such as voids, porosity, or any
irregularities present in the actual model. Additionally, environmental factors and
intricate damping characteristics resulting from the fixture used to secure one side of
the beam during experiments are not fully considered in the numerical simulation.
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4. CONCLUSIONS

1. The dynamics characteristics of additive manufactured (AM) structures were
carried out and the following key findings were achieved:

AM structures with a 0°-0° orientation exhibited higher natural bending mode
frequencies than those with the corresponding 0°-90° orientation. In 0°-0° case,
the layers are aligned in the same direction, which increases stiffness, resulting in
higher natural frequencies. In contrast, in the 0°-90° case, the layers are
perpendicular to each other, which decreases stiffness and increases flexibility,
leading to lower natural frequencies. For the 0°-0° oriented structures, the first
natural bending mode frequencies for PLA, PLA-SCF, PLA-CCF, and PLA-CGF
were 30.0 Hz, 40.5 Hz, 60.0 Hz, and 47.7 Hz, respectively. In comparison, the
corresponding values for the 0°-90° oriented structures were 27.5 Hz, 28.8 Hz,
26.6 Hz, and 21.3 Hz.

Decrement coefficient values for AM structures with a 0°-0° orientation were
higher than those with corresponding 0°-90°, indicating greater damping. For the
0°-0° orientation, the coefficient values for PLA, PLA-SCF, PLA-CCF, and PLA-
CGF were 0.043,0.081, 0.214, and 0.063, respectively, with PLA-CCF exhibiting
the highest damping and PLA the lowest. In the 0°-90°, the corresponding
coefficient values were 0.041, 0.052, 0.040, and 0.038, respectively, with PLA-
SCF exhibiting the maximum damping effect, while PLA-CGF had the lowest.

2. Vibration suppression was thoroughly compared and examined in kinematically
excited AM structures made of PLA, PLA-SCF, PLA-CCF, and PLA-CGF, with 0°-
0° and 0°-90° orientations using MFC (M8507-P2) actuators. The following key
findings were obtained:

The MFC actuator was found to be more efficient in containing the vibration
amplitude of stiffer AM structures. Vibration suppression was higher in the 0°-0°
oriented structures compared to the corresponding 0°-90° structures. For the 0°-
0° orientation, significant vibration reductions of over 80 times for PLA, 110
times for PLA-SCF, 120 times for PLA-CCF, and 90 times for PLA-CGF were
observed. In 0°-90° orientation, significant vibration reductions of over 70 times
for PLA, 95 times for PLA-SCF, 80 times for PLA-CCF, and 75 times for PLA-
CGF were identified.

3. The phases (ranging from 0° to 360°) of a signal provided to the MFC actuators
significantly influence the vibration amplitude of kinematically excited AM
structures.

During the fine-tuning of phases for PLA, PLA-SCF, PLA-CCF and PLA-CGF
with 0°-0° and 0°-90° orientations, specific phase ranges were noticed where the
uncontrolled vibration amplitude decreased, while outside these ranges, amplitude
increased. In the 0°-0° orientation, the MFC actuator covers a wider phase
interval of up to 130° for vibration amplitude reduction, while in the 0°-90°
orientation, the MFC covers a phase interval of up to 120°. For 0°-0° oriented
structures, the specific phase ranges were 330° to 90° for PLA, 310° to 70° for
PLA-SCF, 290° to 50° for PLA-CCF, and 300° to 70° for PLA-CGF. The phases
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yielding maximum vibration reduction were 29° for PLA, 10° for PLA-SCF, 351°
for PLA-CCF and 4° for PLA-CCG. In 0°-90°, the specific phase ranges were
335° to 95° for PLA, 330° to 90° for PLA-SCF, 350° to 100° for PLA-CCF, and
15° to 135° for PLA-CGF with maximum reduction observed at 37° for PLA, 32°
for PLA-SCF, 45° for PLA-CCF and 79° for PLA-CCG.

4. Numerical models of PLA, PLA-SCF, PLA-CCF and PLA-CGF AM structures

with 0°-0° and 0°-90° layer orientations were created using Abaqus 2024 software.

Simulations were performed to investigate their dynamic characteristics and vibration

suppression using MFC actuators, comparing the results with experimental data.

— The developed numerical approach captures the dynamic characteristics of actual
AM structures effectively, demonstrating a close alignment with experimental
data. In the modal analysis, the first natural bending mode frequencies of the 0°-
0° and 0°-90° oriented numerical models closely aligned with the experimental
values, with differences of only approximately 5%. The higher natural bending
mode frequencies (second, third, and fourth) deviated by approximately 10% and
16% from the experimental values for the 0°-0° and 0°-90° oriented structures,
respectively.

— In vibration control analysis, the controlled peak-to-peak vibration amplitudes for
0°-0° numerical models including PLA, PLA-SCF, PLA-CCF and PLA-CGF
were approximately £19 pm, £16 um, and £13 pm, £14.3 um respectively, while
the corresponding experimental values were around +5 pm, +3 pm, +1.7 um and
+2.9 um to -2.4 um, respectively. Both numerical and experimental results
exhibited the same trend of decreasing vibration amplitude from PLA to PLA-
SCF, PLA-CGF and finally to PLA-CCF. In 0°-90° numerical models, the
controlled vibration amplitudes were approximately +21.5 pm to -21.7 pm for
PLA, +19.9 pm to -20.4 pm for PLA-SCF, +23.3 pm to -21.5 pm for PLA-CCF
and +25.5 um to -24.7 um for PLA-CGF, while experimental values ranged from
+7.8 um to -6.4 um, +4.5 pum to -5.8 um, +6.15 um to -6.4 um and +8.5 um to -
12.2 pm respectively. Both sets exhibited the same trend of decreasing amplitude
from PLA-CGF to PLA-CCF, PLA and ultimately PLA-SCF.
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5. SANTRAUKA

Strukttiros pradeda vibruoti veikiamos tokiy dinaminiy apkrovy kaip iSoriné
aplinka, irenginiy virpesiai, triukSmas ir Zzmoniy veikla, todél virpesiy valdymas
konstrukcingje dinamikoje yra viena i§ aktualiausiy bendruomenés moksliniy tyrimy
problemy [1]. Sie virpesiai gali labai pakenkti struktiiros vientisumui, sukelti ankstyva
susidévejima ir galiausiai suirima. Todél, siekiant sumazinti strukttiros suirimo rizika,
bitina Siuos virpesius suSvelninti arba juos iSlaikyti tarp tam tikry riby [2,3].
Paminétina, kad plonasienés kompozitinés pluosty struktiiros turi nemazai inZineriniy
pritaikymy. Plonasieniy pluoSty geometrija atspindi tokios struktiiros kaip
sraigtasparniy mentés, léktuvy mentés, roboty rankos [4] ir sparny turbiny mentés.
Taciau su tokiomis struktiiromis susijgs virpesys yra sudétinga problema, kurig reikia
sumazinti arba pasalinti [5]. Pastaruoju metu struktiiros gaminamos naudojant jvairiy
rusiy kompozitines medziagas, kad biity pasiektas didelis savitasis standumas ir
savitasis stipris. Kita vertus, dél lanks¢iy kompozitiniy struktiiry savybiy, virpesiy
slopinimas tapo itin svarbiu sistemos eksploatavimo savybiy veiksniu [6,7].

Siekiant padidinti sistemos vientisuma, pastaruoju metu jdiegtos kelios virpesiy
slopinimo technologijos, iskaitant aktyvyji valdyma (kuris apima tiek atvirojo, tiek
uzdarojo ciklo metodus), taip pat pusiau aktyvius, pasyvius ir hibridinius valdymo
metodus. Pasyvioji valdymo schema apima jvairias slopinimo medziagas ar jtaisus
(pavyzdziui, masg, spyruokle ir amortizatoriy), kurie sukuria valdymo prieSpriesing
jéga reaguodami | iSorinius trikdzius ir kuriems veikti nereikia jokio iSorinio elektros
Saltinio. Taciau kitoms schemoms veikti paprastai reikalingi aktyvatoriai, jutikliai ir
valdikliai. Jie gali suteikti sistemai valdymo priespriesines jégas, remdamiesi realaus
laiko duomenimis, taciau Siems jtaisams jjungti reikia iSoriniy elektros Saltiniy [8].
Svarbu paminéti, kad aktyvaus valdymo schemos vis dazniau naudojamos daugelyje
inZinerijos sri¢iy, nes rinkoje lengvai gaunamos jvairios pazangios medziagos, ypac
pjezoelektrings [9,10]. Pjezoelektrinés medziagos daznai naudojamos energijai
sukaupti [11], struktiriniam vientisumui stebéti [12] taip pat virpesiy slopinimo
programoms [13] dél veiksmingy elektromechaniniy savybiy, didelés blokavimo
jégos, puikaus standumo ir greito atsako [14]. Pjezoelektrinés medziagos, pavyzdziui,
$vino cirkonio titanatas (PZT), dél puikaus standumo ir gebéjimo generuoti didele
suveikimo jéga, paprastai naudojamos daugelyje pramonés sri¢iy. Be to, jos gali biiti
naudojamos kaip jutikliai ir vykdikliai, atitinkamai dél tiesioginio ir atvirkstinio
pjezoelektrinio efekto. Taciau jos turi tam tikry apribojimy, pavyzdZziui, yra trapios,
nepakankamai lankscios ir ribotai prisitaiko prie lenkty pavirsiy, o tai turi neigiama
itaka pjezoelektriniy medziagy stabilumui ir efektyvumui [2]. Polivinilidenfluoridas
yra alternatyvi pjezoelektriné medZziaga, santykinai lankstesné nei PZT, ta¢iau sukuria
mazesng veikimo jéga.

Sie apribojimai paskatino mokslininkus ieskoti alternatyviy paZzangiy
pjezoelektriniy medziagy. Siekiant iSspresti pjezoelektriniy medziagy apribojimus
praktiniam pritaikymui, atlikta daug tyrimy, susijusiy su pjezokeraminiy pluosty
jterpimu ] polimering matricg [15,16]. NASA 1999 m. iSrado makropluostinius
kompozitus (MFC), kad iSspresty anksciau minétus apribojimus. Staciakampiai
pjezokeraminiai pluostai buvo jkomponuoti j polimering matricg ir jterpti tarp
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apsauginio ir elektrodinio sluoksniy [12,13,17-19]. 2002 m. ,,Smart Material* pradéjo
komercializuoti §j iSradima kaip NASA licencijuotasis gamintojas ir tickéjas [20].

Siame tyrime MFC elementai buvo panaudoti kaip vykdikliai virpesiy
amplitudéms slopinti adityviai pagamintose PLA ir PLA pagrindu sukurtose
kompozitinése struktiirose, jskaitant PLA-SCF, PLA-CCF ir PLA-CGF.

Sudétingy struktiiry su jmantria geometrija kiirimas buvo modifikuotas 3D
spausdinimu, kuris dar vadinamas adityvigja gamybos technologija [21]. Palyginti su
tradicinémis subtraktyviosios gamybos technologijomis, adityviosios gamybos
technologijomis komponentai kuriami sluoksnis po sluoksnio pridedant medziagg,
kurios dalis gali buti i§lydyta arba sukietinta. Pagrindiniai jy pranaSumai — galimybé
gaminti sudétingos geometrijos komponentus ir sumazinti medziagy atlieky kiekj.
Lydzios masés formavimas (FDM) yra viena i§ adityviosios gamybos technologijy,
sulaukusi didelio pramonés ir akademinio sektoriaus démesio [22,23]. 3D
spausdintuvai naudodami FDM metoda, gaminius gamina iSpurSkdami
termoplastinius polimerus ant darbo zonos per antgalj [24]. Si metodika leidZia
projektuoti jvairias konfigliruojamas struktiiras, tad ji yra pageidautinas variantas
[vairioms inzinerinéms reikméms [25]. Kalbant apie 3D spausdinamy bandiniy
mechanines savybes, reikéty paminéti, kad AM komponenty mechaninéms savybéms
itakos turi ne tik termoplastiné medziaga, bet ir spausdinimo parametrai, pavyzdziui,
sluoksniy aukstis, sluoksniy orientacija, uzpildymo tankis, temperatira ir
spausdinimo greitis [26—28]. Norint maksimaliai padidinti AM struktiiry efektyvuma
ir naudinguma, jskaitant virpesius, rezonansg ir dinamin¢ apkrova, bitina suprasti
Siuos veiksnius [29].

Siame tyrime pirma kartg buvo tiriamos AM struktiiros, pagamintos i§ PLA ir
PLA kompozity, tokiy kaip PLA-SCF, PLA-CCF ir PLA-CGF, siekiant istirti
skirtingy sluoksniy orientacijy (00 ° ir 0-90 °) itaka jy dinaminéms charakteristikoms
ir virpesiy slopinimui. Be to, tyrime parodytos sluoksniy orientacijos ir AM struktiiry
itaka virpesiy amplitudéms slopinti, siekiant nustatyti optimaly derinj, kuris pasizymi
didziausiu virpesiy slopinimu taikant MFC vykdiklj.

5.1. Daktaro disertacijos tikslas

Istirti kinematiskai suzadinty, adityviuoju biidu pagaminty AM struktiiry
dinamines charakteristikas ir sukurti efektyviag virpesiy slopinimo metodika
integruojant makropluosto kompozito (MFC) vykdiklius, siekiant sumazinti vibracijy
amplitudes. Siam tikslui pasiekti buvo iskelti $ie uzdaviniai:

1. iSanalizuoti dinamines polilaktido (PLA) ir PLA pagrindu sukurty kompozitiniy
strukttiry, jskaitant PLA, sustiprintg trumpais anglies pluostais (PLA-SCF), istisiniais
anglies pluostais (PLA-CCF) ir iStisiniais stiklo pluostais (PLA-CGF), savybes,
atsizvelgiant j vienkrypte (0-0 °©) ir skersing (0—90 °) sluoksniy orientacijas;

2. jvertinti virpesiy amplitudés slopinima kinematiskai suzadintose AM struktiirose,
pagamintose i§ PLA, PLA-SCF, PLA-CCF ir PLA-CGF su dviem skirtingomis
sluoksniy orientacijomis (00 ° ir 0-90 °), taikant veiksmingg virpesiy slopinimo
metodikg naudojant MFC vykdiklius, nustatant orientacijg ir struktiirg, pasizyminc¢ig
didziausiu virpesiy slopinimu atitinkamuose pirmuosiuose rezonanso dazniuose;

60



3. istirti signalo fazés nuo 0 ° iki 360 ° veikian¢ius MFC vykdiklius, jtaka AM
strukttiry virpesiy amplitudei ir nustatyti fazg, kuri uztikrina didZiausia kiekvienos
konstrukcijos virpesiy slopinima;

4. sukurti skaitinius AM struktiiry modelius ir skaitinio modeliavimo metoda, kad
bty galima jvertinti jy dinamines charakteristikas ir virpesiy valdyma naudojant
MFC vykdiklius, lyginant rezultatus su eksperimentiniais duomenimis.

5.2. Tyrimo metodai ir budai

Tyrimas apémé pluosto struktiry AM eksperimentinius tyrimus, skaitinj
modeliavimg ir teoring analize, kad buity gauti laukiami rezultatai. PLA ir PLA-SCF
pluosty struktiiros buvo pagamintos naudojant originaly ,,Prusa i3 MK3S ir MK3S+
3D spausdintuva, pagamintg ,,Prusa Research® (Cekija). PLA-CCF ir PLA-CGF
kompozitiniy pluosty struktiros buvo kuriamos naudojant 3D spausdintuva
»MeCreator-2, pagaminta ,,Geeetech (Kinija) su modifikuota spausdinimo galvute.
Modalinéms charakteristikoms, jskaitant savuosius daznius, lenkimo virpesiy formas
ir amplitudés spektrus, jvertinti naudotas ,,Polytec 3D* lazerinis vibrometras (PSV-
W-500), pagamintas ,,Polytech GmbH* (Vokietija). Lazerinis poslinkio jutiklis (LK-
(82), pagamintas ,,Keyence Corporation* ,,Japonija“, buvo naudojamas kinematiskai
suzadinty strukttiry valdomy ir nevaldomy virpesiy amplitudéms matuoti. Vidiniams
defektams nustatyti atliktas neardomasis pluosty struktiiry C-skenavimas naudojant
THz spektrometra (angl. TPSTM Spectra 300 THz Pulsed Imaging and Spectroscopy
from TeraView). Skaitinis tyrimas atliktas naudojant ,,Abaqus CAE 2024 programing
jranga. Didzioji dalis eksperimentiniy darby atlikta Kauno technologijos universiteto
Mechanikos inZinerijos ir dizaino fakultete ir Mechatronikos institute, o C-skenavimo
spektroskopija ir skaitinio modeliavimo tyrimas — Lenkijos moksly akademijos
Skysciy srauto masiny institute, Gdanske, Lenkijoje.

5.3. Mokslinis naujumas

1. Nustatytos adityviuoju biidu pagaminty PLA ir PLA kompozity struktiiry
dinaminés charakteristikos, daugiausia démesio skiriant skirtingy sluoksniy
orientacijy (0-0 ° ir 0-90 °) jtakai Siy struktiry natiiraliems lenkimo virpesiy
dazniams, amplitudés spektrui ir bendrai dinaminei biisenai.

2. Sukurta veiksminga virpesiy slopinimo metodika naudojant MFC vykdiklius, skirta
valdyti virpesius 0-0 ° ir 0-90 ° orientacijos adityviuoju biudu pagamintose
struktiirose, nustatant veiksmingiausig sluoksniy orientacijg ir strukttrg virpesiams
slopinti.

3.Sukurtas skaitinio modeliavimo metodas, skirtas tirti dinaminéms charakteristikoms
ir virpesiy slopinimui naudojant MFC vykdiklius adityviai pagamintose struktiirose .

5.4. Praktiné darbo verté

1. Virpesiy valdymo metodas gali biiti taikomas i§ jvairiy medziagy ir sluoksniy

orientacijy pagamintoms adityviai gaminamoms kompozitinéms struktiroms siekiant

nustatyti efektyviausig derinj virpesiy amplitudéms slopinti.

2. Virpesiy valdymo metodika gali biiti jdiegta mikrogamybos procesuose ir

medicininése roboty rankose, siekiant veiksmingai mazinti nedidelius virpesius, kai
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labai svarbus tikslus judéjimas. Sumazinus virpesius iki minimumo, pagerinamas
sistemos patikimumas ir uztikrinamas aukstas tikslumas atliekant svarbias uzduotis.
3. Sukurtas skaitinio modeliavimo metodas gali biiti taikomas tiriant i$ skirtingy
medziagy ir sluoksniy orientacijy pagaminty struktiry dinamine elgseng ir virpesiy
slopinimg prie§ adityviuoju budu gaminant realig struktira, kurios efektyviam
veikimui uztikrinti biity parinkta tinkama medziaga ir sluoksniy orientacija, taip
taupant gamybos sgnaudas ir laika.

5.5. Teiginiai gynimui

1. Dinaminéms adityviuoju biidu pagaminty (AM) konstrukcijy savybéms didelg jtaka
daro tiek sluoksniy orientacija, tick armuojanciy pluosty tipas.

2. AM konstrukcijose sluoksniy orientacija ir armuojantys pluosStai yra lemiami
veiksniai slopinant virpesius. Tinkamai parinktas derinys palengvina AM
konstrukcijos kiirima, kuris maksimaliai slopina vibracijas.

3. Sukurtas skaitmeninio modeliavimo metodas veiksmingai atspindi AM
konstrukcijy dinamines charakteristikas ir virpesiy slopinimo tendencijas, tai
patvirtina skaitmeniniy ir eksperimentiniy rezultaty suderinamumas.

5.6. Moksliniy tyrimuy rezultaty publikacijos

Sio tyrimo moksliniai eksperimentiniai ir skaitiniai rezultatai buvo paskelbti
tarptautiniuose zurnaluose, indeksuotuose ,,Clarivate Analytics Web of Science*
duomeny bazéje. Trys moksliniai straipsniai publikuoti 1 kvartilio (Q1) zurnaluose ir
vienas — 2 kvartilio (Q2) Zurnale. Be to, Sie rezultatai buvo pristatyti SeSiose
tarptautinése konferencijose.
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5.7. Publikuoty straipsniy apZvalga’
Si skyriy sudaro paskelbty straipsniy i§vady santrauka.

5.7.1. Straipsnis [Al]. Eksperimentinis virpesiy amplitudés valdymo tyrimas
adityviuoju biidu pagamintose PLA ir PLA Kkompozitinése struktiirose
naudojant MFC vykdiklj [S7]

Siame poskyryje pateikiamos nuorodos j mokslinj straipsnj, paskelbta Zurnale
»~Engineering Structures® (Elsevier, 2023, Vol. 294). Jame nagrinéjami pirmasis,
antrasis ir treciasis disertacijos tikslai. Iki Siol §is straipsnis i§ viso cituotas 9 kartus.
Straipsnyje pateikiamas kiekybinis lyginamasis makropluosto kompozito (MFC),
kaip vykdiklio naudojimo jvairiose medziagose, ypa¢ AM pluostu armuoty
kompozity, tyrimas virpesiy valdymo srityje. MFC (M8507-P2) vykdiklis buvo
panaudotas virpesiams valdyti AM pluosty struktiirose su 0—0 ° sluoksniy orientacija,
pagamintose i§ polilacto riig§ties (PLA) ir PLA kompozity. PLA kompozitai apima
PLA su trumpais anglies pluostais (PLA-SCF kompozitas) ir PLA su iStisiniais anglies
pluostais (PLA-CCF kompozitas). Pagrindiniai Sio tyrimo tikslai — nustatyti
dinamines savybes (savuosius daznius ir lenkimo virpesiy formas), jvertinti virpesiy
slopinimag AM struktiirose naudojant MFC ir nustatyti struktiira, kurioje MFC
efektyviausiai riboja virpesiy amplitudes.

Pluostai buvo gaminami atskirai, naudojant FDM technologija su PLA, PLA-
SCF ir PLA-CCF. PLA ir PLA-SCF bandiniai buvo pagaminti naudojant originaly
»Prusa 13“ MK 3S ir MK3S+ 3D spausdintuvg. O PLA-CCF kompozito bandinys
buvo sukurtas naudojant modifikuotg ,,MeCreator-2* 3D spausdintuva.

Virpesiy valdymo sistema sudaro pluosty struktiira (parametrai 120 mm x 20
mm x 1,35 mm) ir MFC (M8507-P2) kaip vykdiklis (aktyvusis dydis 85 mm x 7 mm
x 0,3 mm, bendras dydis 100 mm x 10 mm x 0,3 mm). Elektrodinaminis virpintuvas
(DDR-11077) buvo naudojamas individualiai jvesti virpesius i$ prispaustosios pluosty
struktiiros pusés. MFC vykdiklis buvo priklijuotas epoksidine medziaga prie
pavirSiaus, 5 mm atstumu nuo pluosty prispaustosios pusés. Kiekvienos pluosty
struktiiros laisvajame gale (viename taske) virpesiy amplitudei gauti buvo naudojama
1 pav. pateikta bendra eksperimentiné schema.

»Polytec 3D* lazeriniu vibrometru (PSV-W-500) buvo matuojami savieji
dazniai, lenkimo virpesiy formos ir lenkimo virpesiy amplitudés.

Pirmajame eksperimentinio tyrimo etape daugiausia démesio skirta atskirai i§
PLA, PLA-SCF ir PLA-CCF pagaminty struktiiry saviesiems dazniams ir lenkimo
virpesiy formoms nustatyti.

Nustatyta, kad virpesiy amplitudés gerokai sumazéja nuo pirmojo iki ketvirtojo
lenkimo virpesiy. Didziausios virpesiy amplitudés nustatytos prie pirmyjy savyjy
dazniy: esant 30 Hz PLA atvejui jos yra 9,295 um; esant 40,5 Hz PLA-SCF — 6,831
um; esant 60 Hz PLA-CCF atvejui — 4,139 um. Maziausios virpesiy amplitudés

'Siame skyriuje pateikiamos nuorodos j autoriaus darba, paskelbta WoS Zurnaluose [56—59].
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gaunamos esant PLA, PLA-SCF ir PLA-CCF strukttry ketvirtiesiems saviesiems
dazniams — 0,129 pm, 0,049 um ir 0,022 pum, atitinkamai 1207,5 Hz, 1546 Hz ir 2192
Hz.

(DY

LA

\ -d‘*‘*x\

10 9 8 7 6 5 4

1 pav. Eksperimentinis stendas: 1 — lazerinis poslinkio jutiklis (LK-G82); 2 —
bandinys su MFC vykdikliu; 3 — elektrodinaminis virpintuvas (DDR-11077); 4 —
spaustuvas; 5 — lazerinio poslinkio jutiklio valdiklis LK-G3001PV; 6 — jtampos
stiprintuvas (LV-103); 7 — jtampos stiprintuvas (EPA-104); 8 — funkcijy
generatorius WW5064; 9 — analoginio / skaitmeninio signaly keitiklis (ADC) ,,Pico-
Scope-3424“; 10 — kompiuteris

IS minéty eksperimentiniy rezultaty ir mokslinés literatiiros tyrimy galima daryti
iSvada, kad didZiausia virpesiy amplitudé nuosekliai pasireiskia ties pirmuoju savuoju
dazniu ir turi dominuojancia jtaka bendram virpesiy atsakui. Todél buvo nuspresta
tirti tik pirmuosius kiekvienos pluosty struktiiros lenkimo virpesius, nes tai
dominuojantys virpesiai (su didziausia amplitude) ir turi didziausig virpesiy
amplitudziy mazinimo potencialg.

Antrajame etape i§ PLA, PLA-SCF ir PLA-CCF pagamintos strukttiros buvo
atskirai zadinamos atitinkamais pirmaisiais rezonansiniais dazniais (30 Hz, 40,5 Hz ir
60 Hz) naudojant elektrodinaminj virpintuva su 0,16 V harmoniniu signalu, kad biity
gautas nevaldomo poslinkio atsakas. Nustatytos didziausios PLA, PLA-SCF ir PLA-
CCF struktiiry poslinkio nuo piko iki piko vertés atitinkamai +400 um, £370 pm ir
+210 pm. Siekiant nustatyti optimalig faz¢ ir valdymo jtampa maksimaliam virpesiy
amplitudés sumazinimui, taikytas atviro kontiiro aktyviojo virpesiy valdymo metodas
su inkrementine domeno paieska. Atlikus Siuos optimizavimus (optimali fazé ir
valdymo jtampa), PLA, PLA-SCF ir PLA-CCF virpesiy amplitudés nuo maksimumo
iki maksimumo svyravo atitinkamai nuo +5,5 pm iki 4,5 pm, nuo +3,2 um iki 2,9
um ir nuo +1,7 um iki —1,7 um. Dél to PLA, PLA-SCF ir PLA-CCF virpesiai
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sumazgjo daugiau kaip 80, 110 ir 120 karty. Didziausias virpesiy amplitudés
sumazéjimas nustatytas PLA-CCF, po to PLA-SCF ir galiausiai PLA.

5.7.2. Straipsnis [A2]. Eksperimentinis 3D spausdinty struktiiry su skirtingomis
sluoksniy orientacijomis dinaminiy savybiy tyrimas [56]

Siame poskyryje pateikiamos nuorodos j mokslinj straipsnj, paskelbta Zurnale
,Journal of Vibration Engineering & Technologies* (Springer Nature, 2024, Vol. 12).
Jame nagrinéjamas pirmasis disertacijos tikslas. Iki $iol $is straipsnis i§ viso cituotas
2 kartus.

ISsamiai iSnagrinéjus turima literatira padaryta iSvada, kad dauguma
mokslininky tyré tik 3D spausdinimo proceso nustatymy poveikj jvairiy struktiiry
mechaniniam atsakui. Todél biitina iStirti spausdinimo nustatymy jtaka struktiiry
dinaminéms charakteristikoms (saviesiems dazniams, lenkimo virpesiy formoms,
dekremento (mazéjimo) koeficientui, slopinimui ir deformacijoms). Siame tyrime i§
PLA, PLA-SCF ir PLA-CCF pagamintos pluosty struktiiros (matmenys: 120 mm x 20
mm x 1,35 mm) sukurtos naudojant FDM su dviem skirtingomis sluoksniy
orientacijomis (0—0 ° ir 0-90 °). Siy orientacijy jtaka dinaminéms struktiiry savybéms
tirta jvairiais eksperimentais.

PLA ir PLA-SCF bandiniai buvo gaminami naudojant originaly ,,Prusa®“ 3D
spausdintuva (modelis: MK3S ir i3 MK3S+), o PLA-CCF ir PLA-CGF bandiniai
pagaminti naudojant specialiai pritaikyta ,,MeCreator-2 3D spausdintuva.

Kiekvienos strukttiros deformacija buvo matuojama naudojant ,,Keyence
Corporation”  (Japonija) pagamintg lazerinj poslinkio jutikli (LK-G82).
Logaritminiam deformacijos koeficientui nustatyti taikytas naujas eksperimentinis
metodas pavaizduotas 2 paveiksle.

Isdéstymas buvo specialiai sukurtas kiekvienos struktiiros eksponentiniam
slopinamajam atsakui, kurj sukelia elektrodinaminis virpintuvas (DDR-11077),
stebéti, o atsakas buvo matuojamas viename taske nuo laisvojo galo lazeriniu
poslinkio jutikliu (LK-G82). Be to, sickiant nustatyti kiekvienos struktiiros savuosius
daznius, virpesiy formas ir atitinkamas virpesiy amplitudes, buvo atlikti modalinés
analizés bandymai.

Struktiry deformacija didéja tiesiSkai, didéjant taskinei masés apkrovai.
DidZiausia deformacija nustatyta PLA-CGF struktiiroje su 0-90 ° sluoksniy
orientacija — 6,69 mm, o maziausia — PLA-CCF struktiiroje su 0—0 ° sluoksniy
orientacija — 0,78 mm, veikiant 8 g taSkinei masés apkrovai. 090 ° sluoksniy
orientacijos pluosty struktirose nustatytos didesnés deformacijos, palyginti su
atitinkamomis 0—0 ° orientacijos struktiiromis. Strukttiros atsparumas deformacijoms
veikiant masés apkrovai paprastai jvardijamas kaip jos standumas. Eksperimenty
rezultatai rodo, kad esant 0—0 ° sluoksniy orientacijai standumas didé¢ja nuo PLA iki
PLA-SCF, nuo PLA-CGF iki PLA-CGF ir galiausiai iki PLA-CCF, o esant 0°-90°
sluoksniy orientacijai — nuo PLA-CGF iki PLA-CCF, nuo PLA-CCF iki PLA ir
galiausiai iki PLA-SCF.
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2 pav. Logaritminio dekremento koeficiento matavimo stendas: 1 — lazerinis
poslinkio jutiklis (LK-G82); 2 — bandinys; 3 — elektrodinaminis virpintuvas (DDR-
11077); 4 — tvirtinimo jtaisas; 5 — lazerinio poslinkio jutiklio valdiklis (LK-
G3001PV); 6 — jtampos stiprintuvas (LV-103); 7 — funkcijy generatorius (33220A);
8 — analoginio / skaitmeninio signalo keitiklis ,,Pico-Scope “3424; 9 — kompiuteris

Esant 00 ° sluoksniy orientacijai nustatyta, kad PLA, PLA-SCF ir PLA-CCF,
PLA-CGF dekremento koeficiento vertés yra atitinkamai 0,043; 0,081; 0,214 ir 0,063.
Didziausias virpesiy amplitudés slopinimo efektas nustatytas PLA-CCF, po to PLA-
SCF, PLA-CGEF ir galiausiai PLA strukttrose.

PrieSingai, esant 0-90 ° sluoksniy orientacijai, PLA, PLA-SCF, PLA-CCF ir
PLA-CGF dekremento koeficientai buvo atitinkamai 0,041; 0,052; 0,040 ir 0,038.
Todel PLA-SCF pasizyméjo didziausiu amplitudés slopinimo poveikiu, PLA ir PLA-
CCF — panasiu amplitudés slopinimo poveikiu, o PLA-CGF — maziausiu. Rezultatai
atskleidzia, kad 0-0 ° sijy struktiiros pasizymi didesnémis slopinimo savybémis,
palyginti su atitinkamomis 0-90 ° pluosty struktiiromis.

Be to, atlikus modaling (virpesiy formy) analize¢, nustatyti pirmieji keturi
lenkimo virpesiy savieji dazniai. Tai rodo, kad pluosty struktiiry su 0—0 ° sluoksniy
orientacija savieji dazniai yra palyginti didesni nei atitinkamy struktiiry su 0-90 °
sluoksniy orientacija. 0—0 ° orientacijos strukttiry savasis daznis palaipsniui didéja nuo
PLA iki PLA-SCF ir PLA-CGF, o PLA-CCF pasizymi didziausiu dazniu. 0-90 °
orientuotose struktiirose jis didéja nuo PLA-CGF iki PLA-CCF, nuo PLA-CCF iki
PLA ir galiausiai iki PLA-SCF.

66



5.7.3. Straipsnis [A3]. Virpesiy valdymo gerinimas kinematiSkai suZadintose
skirtingos orientacijos adityviai pagamintose, iStisiniu pluoStu armuotose
kompozitinése struktiirose [58]

Siame poskyryje pateikiamos nuorodos j mokslinj straipsnj, paskelbta Zurnale
»Engineering Structures” (Elsevier, 2024, Vol. 321). Jame nagrinéjami pirmasis,
antrasis ir tre€iasis disertacijos tikslai. Iki Siol §is straipsnis i§ viso cituotas 1 kartg.

Siame poskyryje, atlikus i§samig esamos literatiiros apzvalga nustatyta, kad §is
tyrimas yra novatoriSkas bandymas istirti, kaip AM kompozitinés struktiiros su dviem
skirtingomis sluoksniy orientacijomis — 0-0 ° ir 0-90 ° — daro jtakg dinaminéms
charakteristikoms ir virpesiy slopinimui taikant MFC (M8507-P2). Sios kompozitinés
struktiiros buvo pagamintos i§ PLA-CCF ir PLA armuoto iStisiniais stiklo pluostais
(PLA-CGF). Pagrindinis tyrimo tikslas — nustatyti sluoksniy orientacijg, kuri yra
svarbi slopinant virpesius.

Be to, Siame poskyryje nagrinéjamos PLA ir PLA-SCF su 00 ° ir 0-90 °
orientacijomis dinaminés charakteristikos ir virpesiy slopinimas. PLA ir
PLA-SCF su 0-0 ° orientacija dinaminés charakteristikos ir virpesiy
slopinimas buvo paskelbti straipsnyje [A1]. Taciau reikia paminéti, kad su 0—
90 ° orientacijomis susijusios i§vados anksciau nebuvo skelbtos, tod¢l dabar
jos jtrauktos j §j poskyrj. Sios informacijos pridéjimas yra labai svarbus
skirtingy sluoksniy orientacijy PLA, PLA-SCF, PLA-CCF ir PLA-CGF
pluosty struktiiry jtakos dinaminéms savybéms ir virpesiy slopinimo
lyginamajam tyrimui.

1 pav. pavaizduotas eksperimentinis projektas buvo naudojamas stebéti ir tirti
virpesiy slopinimg kompozitinése struktiirose. Sistemg sudaro 120 mm x 20 mm x
1,35 mm matmeny kompozitiné struktiira, integruota su MFC (M8507-P2).

Siekiant nustatyti kiekvieno bandinio savituosius daznius, lenkimo virpesiy
formas ir amplitudés spektrus, naudotas ,,Polytec* 3D lazerinis vibrometras (PSV-W-
500).

Kiekvienos struktiiros deformacija buvo matuojama lazeriniu poslinkio jutikliu
(LK-G82). Rezultatai rodo, kad 0-90 ° pluosty struktiiry deformacijos yra didesnés,
palyginti su atitinkamomis 0—0 ° pluosty struktiiromis.

Antrajame eksperimento etape atlikta modaliné analizé, siekiant jvertinti
pirmyjy keturiy lenkimo virpesiy biidingus daznius, taip pat jy atitinkamas lenkimo
virpesiy formas ir amplitudés spektrus kiekvienai bandinio strukttrai su 0—0 ° ir 0-90
° sluoksniy orientacija.

Didziausia amplitudé kiekvienai bandinio struktiirai bidinga pirmajam dazniui,
0 maziausia amplitud¢é — ketvirtajam dazniui.

Siekiant iStirti nevaldomg virpesiy amplitudés elgseng, kiekviena bandinio
struktira buvo stimuliuojama pirmuoju rezonansiniu dazniu naudojant
elektrodinamin] virpintuva. DidZiausios nevaldomos virpesiy amplitudés 0—0 ° PLA-
CCF, 0-90 ° PLA-CCF, 0-0 ° PLA-CGF ir 0-90 ° PLA-CGF sieké mazdaug nuo +210
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pm iki —212 pm, kai daznis 60 Hz, nuo +514 um iki —545 pm, kai daznis 26,6 Hz, nuo
+244 um iki —242 pm, kai daznis 47,7 Hz, ir nuo +785 um iki —=810 pm.

0-0 ° PLA ir 0-0 ° PLA-SCF bandiniy struktiiry atveju buvo stebimos
atitinkamai mazdaug +400 pm esant 30 Hz ir £370 pm esant 40,5 Hz nevaldomy
virpesiy amplitudés (paskelbti duomenys straipsnyje [Al]). 090 ° PLA ir 0-90 °
PLA-SCF nevaldomy virpesiy amplitudés atitinkamai buvo mazdaug £526 pm, kai
daznis sieké 27,5 Hz, ir +492 pum iki —503 pm, kai daznis 28,8 Hz.

Siekiant sumazinti kiekvienos struktiiros virpesiy amplitude, MFC buvo
zadinama jtampos signalu sukuriant prieSprieSing jéga, mazinanCig virpesiy
amplitude. Norint maksimaliai sumazinti virpesiy amplitude, bitina tiksliai
sureguliuoti tiek valdymo jtampos amplitude, tick faze. Kontroliné jtampa ir fazé 0—0
° PLA-CCF, 0-90 ° PLA-CCF, 0-0 ° PLA-CGF ir 0-90 ° PLA-CGF buvo nustatyta
taip: 10,52 V su 351° faze, 29,4 V su 45° faze, 17,68 V su 4° faze ir 43 V su 79° faze.

0-0 ° PLA ir 0—0 ° PLA-SCF valdymo jtampos su optimaliomis fazémis buvo
nustatytos atitinkamai 22,4 V su 29 ° faze ir 13,92 V su 10 ° faze (pateikta straipsnyje
[A1]). Tuo tarpu 0-90 ° PLA ir 0-90 ° PLA-SCF nustatymai buvo tokie: 30,1 V su 37
°faze ir 27 V su 32 ° faze.

Parinkta fazé ir valdymo jtampa lémé amplitudés sumazéjima daugiau nei 120
karty, 80 karty, 90 karty ir 75 kartus atitinkamai 0—0 ° PLA-CCF, 0-90 ° PLA-CCF,
0-0 ° PLA-CGF ir 0-90 ° PLA-CGF. Panasiai, daugiau nei 80, 70, 110 ir 95 karty
sumazéjo atitinkamai 0—0 ° PLA, 0-90 ° PLA, 0-0 ° PLA-SCF ir 0-90 ° PLA-SCF.
Rezultatai parodé, kad 0—0 ° orientacijos sluoksniy pluosty struktiiros pasiZyméjo
didesniu virpesiy amplitudziy sumazéjimu esant mazesnei valdymo jtampai, palyginti
su atitinkamomis 0-90 ° orientacijos strukttiromis.

5.7.4. Straipsnis [A4]. Dinaminé analizé ir adityvinoju biidu pagaminty
plonasieniy polilaktino riigsties polimero (PLAP) ir PLAP kompozitiniy
struktiiry, armuoty pluoStu virpesiy valdymas: skaitinis tyrimas ir
eksperimentinis patvirtinimas [59]

Siame poskyryje pateikiama nuoroda j mokslinj straipsnj, paskelbtg Zurnale
,Materials* (MDPI, 2024 m., 17 tomas). Jame nagrin¢jamas ketvirtasis disertacijos
tikslas.

Siuo skaitiniu tyrimu siekiama patvirtinti anks&iau paskelbtus eksperimentinius
tyrimus [57]. Ankstesniuose tyrimuose iSsamiai nagrinétos kinematiskai suzadinty,
adityviai pagaminty pluostais armuoty struktiiry dinaminés charakteristikos, jskaitant
modalinj apibiidinimg, nuo daznio priklausomus amplitudziy spektrus ir virpesiy
valdyma, kuriam jtakos turi MFC (M8507-P2).

Siame skaitinio modeliavimo tyrime buvo modeliuojamos 0-0° orientuotos
PLAP, PLAP-SCF ir PLAP-CCF struktiiros, siekiant iStirti tokias dinamines
charakteristikas, kaip modalinio (formy) apibiidinimo vertinimas ir dazninio atsako
analiz¢ (FRA), siekiant slopinti struktiiry, armuoty pluostais, integruoty su MFC
virpesius, jdiegiant atviro kontiiro aktyvyjj virpesiy valdyma.

Be to, panasis tyrimai buvo i$samiai atlikti ir su kitomis strukttiromis, tokiomis
kaip 0-0 ° PLAP-CGF, 0-90 ° PLAP, 0-90 ° PLAP-SCF, 0-90 ° PLAP-CCF ir 0-90 °
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PLAP-CGF. Taciau Sios struktiiros nebuvo nagrinétos ir straipsnyje jos neaptartos
[59]. Labai svarbu jtraukti lyginamajg 0—0 ° ir 0-90 ° konfigtracijy analize, kad biity
galima jvertinti jy dinamines charakteristikas ir virpesiy slopinimg. Todél Sios
papildomos struktiiros nagrinéjamos ir aptariamos Siame poskyryje.

Armuoty pluostais bandiniy strukttiry, integruoty su MFC vykdikliais, baigtiniy
elementy modeliavimas (BEM) atliktas naudojant ,,Abaqus CAE 2024 programing
jrangg.

Lanczos metodika taikyta bandiniy strukttiry modaliniams saviesiems dazniams
ir atitinkamoms virpesiy formoms, nenaudojant iSoriniy jégy, apskai¢iuoti. 0-0 °
orientuoty pluosty struktiiry savieji dazniai yra didesni, palyginti su atitinkamomis 0—
90 ° orientuotomis pluosty struktiiromis. Nustatyta, kad 0—0 ° orientuoty skaitiniy
modeliy pirmieji savieji dazniai yra 30,45 Hz PLAP atveju, 39,95 Hz PLAP-SCF
atveju, 60,50 Hz PLAP-CCF atveju ir 45,03 Hz PLAP-CGF atveju. Sios skaitinés
vertés atitinka eksperimentinius daznius, atitinkamai 30,00 Hz; 40,50 Hz; 60,00 Hz ir
47,70 Hz. Skaitiniy modeliy, orientuoty 0-90 ° kampu, pirmieji savieji dazniai yra
28,63 Hz PLAP atveju, 29,47 Hz PLAP-SCF atveju, 27,89 Hz PLAP-CCF atveju ir
22,27 Hz PLAP-CGEF atveju, o tai atitinka eksperimentines vertes, atitinkamai: 27,50
Hz; 28,80 Hz; 26,60 Hz ir 21,30 Hz.

Dazninio atsako analizé (FRA) nustato harmoninés jégos veikiamos strukttiros
atsaka ] dazniy spektra. Kiekvienos struktiros dinaminis atsakas (amplitudés
spektras), priklausantis nuo daznio, buvo vertinamas dazniy spektre. Véliau buvo
kruopséiai iStirtas kiekvieno bandinio virpesiy slopinimas ir palygintas su
eksperimentiniais duomenimis, atkreipiant démesj ] skaitinio modeliavimo
apribojimus.

FRA rezultatai atskleidzia, kad tarp skaitiniy ir eksperimentiniy duomeny buvo
didelis absoliuc¢iy virpesiy amplitudziy veréiy skirtumas. Abiejuose rezultaty
rinkiniuose buvo stebima pastovi amplitudés kitimo tendencija rezonansiniuose
dazniuose.

Nustatyta, kad 0-0 ° orientacijos skaitiniy rezultaty atveju virpesiy amplitudés
ties pirmuoju savuoju dazniu buvo didziausios, kaip nurodyta toliau: PLAP atveju —
7,0870 um, kai daznis 30,45 Hz, PLAP-SCF atveju — 3,9240 um, kai daznis 40,00 Hz,
PLAP-CCF atveju — 1,8980 um, kai daznis 60,5 Hz, PLAP-CCF atveju — 3,1702 um,
kai daznis 45,03 Hz. Nustatytos atitinkamos eksperimentinés virpesiy amplitudés
pirmuoju savuoju dazniu: PLAP atveju — 9,295 um, kai daznis 30 Hz, PLAP-SCF
atveju — 6,831 um, kai daznis 40,5 Hz, PLAP-CCF atveju — 4,139 um, kai daznis 60,0
Hz, PLAP-CCF atveju — 4,400 um, kai daznis 47,7 Hz. Skaitiniy tyrimy rezultatuose,
orientuotuose 0-90 ° kampu, didziausios virpesiy amplitudés esant pirmajam savajam
dazniui buvo tokios: PLAP atveju — 7,9860 um, kai daznis 28,63 Hz; PLAP-SCF
atveju — 7,1110 um, kai daznis 29,47 Hz; PLAP-CCF atveju — 8,0267 um, kai daznis
27,89 Hz; PLAP-CCF atveju — 12,2230 pum, kai daznis 22,27 Hz. Nustatytos
atitinkamos eksperimentinés virpesiy amplitudés pirmuoju savuoju dazniu: PLAP
atveju — 10,9240 um, kai daznis 27,5 Hz; PLAP-SCF atveju —9,7330 um, kai daznis
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28,8 Hz; PLAP-CCF atveju — 10,1100 um, kai daznis 26,6 Hz; PLAP-CCF atveju —
9,2600 pm, kai daznis 21,3 Hz.

Tiek skaitinio, tiek eksperimentinio scenarijaus atveju ketvirtajame savajame
daznyje buvo maziausios virpesiy amplitudés, o rezultatai atitiko ta pacia tendencija.

Galiausiai buvo atlikta iSsami skaitiniu biidu sumodeliuoty struktiiry armuoty
pluostais virpesiy amplitudziy slopinimo analizé, o rezultatai palyginti ir patvirtinti
pagal eksperimentinius duomenis. PLAP, PLAP-SCF, PLAP-CCF ir PLAP-CGF
skaitiniai modeliai su 00 ° ir 0-90 ° sluoksniy orientacijomis buvo iSoriskai suzadinti
atitinkamais pirmaisiais rezonansiniais dazniais. Skaitiniai modeliai su 0-0 °
orientacija atskleidé nevaldomy virpesiy amplitudes atitinkamai nuo +435 pm iki —
408 pm, 395 pum, nuo +220 pum iki —224 pm ir nuo +252 pm iki 251 pm.
Eksperimento atveju nevaldomy virpesiy amplitudés buvo atitinkamai 400 um, £370
um, £210 um ir nuo +242 pum iki —240 pm.

Skaitiniy modeliy, orientuoty 0-90 ° kampu, nevaldomy virpesiy amplitudés
buvo tokios: +548 pm —540 pm, +515 um —510 um, +555 pm —540 pm ir +820 um
—815 um, atitinkamai PLAP, PLAP-SCF, PLAP-CCF ir PLAP-CGF. Atitinkamos
eksperimentinés nevaldomos amplitudés buvo nuo +526 pm iki =525 pm, nuo +492
pm iki =503 pm, nuo +514 pm iki —545 pm ir nuo +785 pm iki —-810 pm. Tiek
skaitinés, tiek nevaldomos amplitudés.

Pritaikius priespriesing jéga su MFC vykdikliu, PLAP, PLAP-SCF, PLAP-CCF
ir PLAP-CGF, valdomy virpesiy amplitudés 0—0 ° orientuotose PLAP, PLAP-SCF,
PLAP-CCF ir PLAP-CGF skaitmeniniuose modeliuose buvo atitinkamai mazdaug
+19 pm, £16 pm ir £13 pm, +14,3 pm. Eksperimentiskai nustatyta, kad atitinkamy
modeliy valdomy virpesiy amplitudés buvo mazdaug +5 pm, +3 um, £1,7 pm ir nuo
+2,9 um iki —2,4 pm. Ir skaitiniai, ir eksperimentiniai rezultatai rodo ta pacia
amplitudés mazéjimo tendencijg nuo PLAP iki PLAP-SCF, PLAP-CGF ir galiausiai
iki PLAP-CCF.

0-90 ° orientuoty PLAP, PLAP-SCF, PLAP-CCF ir PLAP-CGF skaitiniy
modeliy valdomos virpesiy amplitudés atitinkamai buvo mazdaug nuo +21,5 um iki
—21,7 pm, nuo +19,9 um iki —20,4 pm, nuo +23,3 um iki —21,5 pm ir nuo +25,5 pym
iki —24,7 pum. Eksperimentiniu biidu atitinkamiems modeliams buvo nustatytos
mazdaug nuo +7,8 um iki —6,4 um, nuo +4,5 pm iki —5,8 pm, nuo +6,15 pm iki —6,4
pum ir nuo +8,5 um iki —12,2 pm valdomos virpesiy amplitudés. Tiek skaitiniai, tiek
eksperimentiniai rezultatai rodo tg pacig amplitudés maz¢jimo tendencija nuo PLAP-
CGF iki PLAP-CCF, PLAP ir galiausiai PLAP-SCF.

Bendros skaitinés ir eksperimentinés analizés iSvados rodo, kad 0-0 °
orientacijos sluoksniy struktiiros pasizyméjo didesniu virpesiy slopinimu, palyginti su
atitinkamomis 0-90 ° orientacijos sluoksniy struktiiromis.
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5.8. ISVADOS

1. Atliktas adityviai pagaminty AM struktiiry dinamikos charakteristiky tyrimas ir
gautos Sios pagrindinés iSvados:

AM struktiros su 0-0 ° sluoksniy orientacija pasizyméjo aukstesniais
savaisiais dazniais nei tos, kuriy atitinkama 0-90 ° orientacija. Esant 00 °
konfigtiracijai sluoksniai turi vienoda kryptj, todél padidéja konstrukcijos
standumas, o tai lemia aukStesnius savuosius daznius. PrieSingai, 0-90 °
orientacijos atveju sluoksniai yra statmeni vieni kitiems, todél sumazéja
standumas ir padidéja lankstumas, o tai lemia Zemesnius savuosius daznius.
0-0° orientuoty sluoksniy strukttry PLA, PLA-SCF, PLA-CCF ir PLA-CGF
pirmieji savieji dazniai buvo atitinkamai: 30,0 Hz, 40,5 Hz, 60,0 Hz ir 47,7
Hz. Palyginimui, atitinkamos 0-90 ° konfigtiracijos vertés buvo 27,5 Hz, 28,8
Hz, 26,6 Hz ir 21,3 Hz.

AM struktiiry su 0—0 ° sluoksniy orientacija mazinimo koeficiento vertés buvo
didesnés nei su atitinkama 0-90 ° orientacija, o tai rodo didesnj slopinima.
Esant 0-0 ° orientacijai, PLA, PLA-SCF, PLA-CCF ir PLA-CGF koeficienty
vertés buvo atitinkamai: 0,043; 0,081; 0,214 ir 0,063, o PLA-CCF pasizyméjo
didziausiu slopinimu, o PLA — maziausiu. Esant 0-90 °, atitinkamos
koeficiento vertés buvo atitinkamai: 0,041, 0,052, 0,040 ir 0,038. PLA-SCF
pasizyméjo didziausiu slopinamuoju poveikiu, o PLA-CGF — maziausiu.

2. Virpesiy slopinimas buvo kruops¢iai istirtas ir palygintas kinematiSkai suzadintose
AM struktiirose, pagamintose i§ PLA, PLA-SCF, PLA-CCF ir PLA-CGF, kuriy
sluoksniy orientacija 0-0 ° ir 0-90 °. Gautos §ios pagrindinés iSvados:

nustatyta, kad MFC vykdiklis efektyviau slopina virpesius standesniy AM
struktury konstrukcijose. 0-0 ° sluoksniy orientacijos struktiirose virpesiy
slopinimas yra didesnis, palyginti su atitinkamomis 0-90 ° orientuotomis
strukttiromis.

nustatyta, kad 0-0 ° orientacijos struktiirose virpesiai sumazéja daugiau kaip
80 karty PLA atveju, 110 karty PLA-SCF atveju, 120 karty PLA-CCF atveju
ir 90 karty PLA-CGF atveju. Esant 0—0 ° orientacijai nustatyti reikSmingi,
daugiau kaip 70 karty sumazeje PLA virpesiai, 95 kartus — PLA-SCF, 80 karty
— PLA-CCF ir 75 kartus — PLA-CGF.

3. MFC vykdikliams teikiamo signalo fazés (nuo 0° iki 360°) daro didele jtaka
kinematiSkai suzadinty AM struktiiry virpesiy amplitudei.

Tiksliai nustatant optimalias fazes PLA, PLA-SCF, PLA-CCF ir PLA-CGF
su 0—0 ° ir 0-90 ° sluoksniy orientacijomis nustatyti tam tikri faziy intervalai,
kuriuose nevaldomy virpesiy amplitudé mazéjo, o uz $iy intervaly riby
amplitudé didéjo. 0—0 ° orientacijoje MFC vykdiklis slopina platesniame
fazes intervale iki 130°, o 0-90 ° orientacijoje MFC apima fazés intervalg iki
120°. 0-0 ° orientuoty struktiiry atveju specifiniai faziy intervalai buvo Sie:
PLA —nuo 330 °iki 90 °; PLA-SCF —nuo 310 ° iki 70 °; PLA-CCF —nuo 290
° iki 50 °. PLA-CGF — nuo 300 ° iki 70 ° optimalios fazés, uztikrinancios
didziausig virpesiy sumazgjima, buvo 29 ° PLA, 10 ° PLA-SCF, 351° PLA-
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CCF ir 4 ° PLA-CCG. 0-90 ° diapazonas buvo nuo 335 ° iki 95 ° PLA, nuo
330 °iki 90 ° PLA-SCF, nuo 350 ° iki 100 ° PLA-CCF ir nuo 15 ° iki 135 °
PLA-CGF, o optimalios fazés buvo 37 ° PLA, 32 ° PLA-SCF, 45 ° PLA-CCF
ir 79 ° PLA-CCG.
4. PLA, PLA-SCF, PLA-CCF ir PLA-CGF AM struktiiry su 0-0 ° ir 0-90 ° sluoksniy
orientacijomis skaitiniai modeliai buvo sukurti naudojant ,,Abaqus 2024* programing
jrangg. Siekiant iStirti jy dinamines charakteristikas ir virpesiy slopinimg naudojant
MFC vykdiklius, buvo atliktas modeliavimas, o rezultatai palyginti su
eksperimentiniais duomenimis.

e Sukurtas skaitinis metodas veiksmingai perteikia realiy AM struktiry
dinamines charakteristikas ir rodo, kad jis labai atitinka eksperimentinius
duomenis. Atliekant modaline analizg, 0-0 © ir 0-90 ° orientuoty sluoksniy
skaitiniy modeliy pirmyjy lenkimo virpesiy savieji dazniai glaudziai sutapo
su eksperimentinémis vertémis, o jy skirtumai tesieke apie 5 %. AukStesniyjy
lenkimo virpesiy (antrojo, treciojo ir ketvirtojo) savieji dazniai skyrési
mazdaug 10 % ir 16 % nuo eksperimentiniy verciy atitinkamai: 0-0 ° ir 0-90
° orientuotoms struktiiroms.

o Atlickant virpesiy valdymo analizg¢, 0—0 ° orientuoty modeliy PLA, PLA-
SCF, PLA-CCF ir PLA-CGF valdomy virpesiy amplitudés atitinkamai buvo
mazdaug £19 pm, £16 um ir £13 pum, £14,3 um, o eksperimentinés vertés
buvo mazdaug £5 pm, +3 pm, +1,7 pm ir nuo +2,9 pm iki -2,4 pm. Ir
skaitiniai, ir eksperimentiniai rezultatai rodo tg pacig amplitudés mazéjimo
tendencijg nuo PLA iki PLA-SCF, PLA-CGF ir galiausiai iki PLA-CCF. 0-
90 ° modeliuose valdomy virpesiy amplitudés buvo mazdaug nuo +21,5 pm
iki =21,7 pm, nuo +19,9 um iki —20,4 pum, nuo +23,3 um iki —21,5 pm ir nuo
+25,5 um iki —24,7 um, o eksperimentinés vertés svyravo nuo +7,8 um iki —
6,4 um, nuo +4,5 um iki —5,8 um, nuo +6,15 um iki —6,4 pm ir nuo +8,5 um
iki —12,2 pm. Abiejy rinkiniy amplitudés mazéjimo tendencija nuo PLA-CGF
iki PLA-CCF, PLA ir galiausiai PLA-SCF buvo tokia pati.
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In this study, Macro Fiber Composite (MFC) as actuator has been used for open-loop active vibration control
(AVC) in additive manufactured structures made of polylactic acid (PLA) and PLA composites, such as PLA with
short carbon fibers (PLA-SCF composite) and PLA with continuous carbon fibers (PLA-CCF composite), when
subjected to forced vibrations. The laser vibrometer has been used to find the natural frequencies and bending
mode shapes of each beam structure. The MFC patch (M8507-P2), used here as an actuator, is very sensitive to
supplied voltages. Thus, it is very crucial to find out the optimum phase and amplitude of the input voltage. The
optimal phase angle and voltage for each structure (PLA, PLA-SCF, PLA-CCF) are estimated by a domain search in
an incremental manner. Once tuned with the optimal input voltage values, the proposed technique shows
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exceptional performance in vibration suppression. The results confirmed that

s technique can be used in a

wide range of composite materials.

1. Introduction

In recent times, vibration control in structural dynamics has been
one of the most concerning issues in the research community. The
structure starts vibrations when subjected to dynamic loading circum-
stances such as the external environment, machine vibrations, noise, and
human activities. The structure is harmed by mechanical vibrations,
which create fatigue and ly the structure col-
lapses. Therefore, it is critical to maintain vibration in structures within
the permissible limit to reduce the risk of failure [1-3]. Composite
structures are extensively utilized in many engineering fields due to
their exceptional properties, such as significant stiffness, low density,
and high strength-to-weight ratio.

However, low-frequency resonance occurrences have a detrimental
effect on these structures and raise significant concerns about structural
integrity. These aspects inspire researchers to examine the vibration
amplitude suppression approaches [4].

Several vil control technologies, including active control (AC)
which comprises both open loop and closed loop control approaches as
well as semi-active control (SAC), passive control (PC), and hybrid
control (HC), have been introduced in recent years to ensure system
safety. A PC control system often consists of numerous materials and

* Corresponding author.
E-mail address: rta.rimasauskicne@kin It (R. Rimasauskiené).

https://doi.org/10.1016/j.engstruct.2023.116802

devices that provide a control force depending on the system's motion,
whereas sensors and the control system are frequently used in AC, SAC,
and HC. The PC ique is freq due to its low cost
and ease of installation. [5,6]. It is also worth mentioning that active
control approaches are becoming popular in scientific fields due to the
availability of a variety of smart materials, such as piezoelectric type,
shape memory alloys and others in the market [7,5]. Piezoelectric ma-
terials are extensively used as smart materials in various fields due to
their rapid response and high efficiency.

Furthermore, due to the converse and direct piezoelectric effects,
piezoelectric materials may be used as actuators and sensors, respec-
tively. However, they have some limitations, such as high brittleness,
low deformation, and low integration ability with curved structures due
to their brittle nature, which have adverse effects on the stability and
efficiency of piezoelectric materials [3]. These restrictions have
encouraged researchers to work on alternative techniques for the

of advanced p ric materials. To address the limi-
tations of piezoelectric material for practical applications, extensive
research has been conducted on the incorporation of piezoceramic fibers
into polymeric matrix [9,10]. NASA invented Macro Fiber Composites
(MFCs) in 1999 to address above mentioned limitations, the rectangular
piezoceramic fibers had been incorporated into polymer matrix and
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sandwiched between the protective and electrode layers [11-15]. Smart
Material began commercializing this invention as NASA's licensed
manufacturer and supplier in 2002 [16]. Wang et al. reported a nu-
merical approach to develop a ic li fiber-reinforced
thi lled ite beam integrated with piezo- actuators
to create a smart structure for the aircraft wing. The simple negative
velocity feedback approach was applied, and it was shown that the
damping performance can be improved and the total cost of the system

Engineering Structures 294 (2023) 116802

the beam structure [25]. Gawryluk et al. conducted an extensive study of
various algorithms to suppress vibrations in the composite beam, and an
MFC patch (MFC-8528 P1 type) was integrated with the beam. Simu-
lation and experiment studies were carried out to suppress vibrations in
the beam structure. The results of the simulation and the experiment
confirm that the vibration amplitude can be significantly reduced by
applying these control algorithms [26].Zippo et al. reported an experi-
mental investigation on the AVC of a honeycomb carbon fiber sandwich

can also be decreased by selecting the ble size and p of the
piezo-actuator [ 17]. Dafang et al. conducted an experimental study ona
flexible beam to examine the control of vibrations with piezoelectric
patches. The independent modal space control technique was applied to
specifically control and investigate the first three modes of the beam. A
comparison between the vibration responses of the flexible beam before
and after applying the control approach revealed a significant vibration
suppression. Furthermore, a numerical simulation was performed to
simulate the first three modes, and the results from the simulation and
experiment were quite comparable. The findings indi that proposed
control method is quite effective in suppressing vibrations [18]. Li et al.
presented a comprehensive numerical study on the AVC of a piezo-
electric plate integrated with a piezoelectric patch, aiming to suppress
vibrations. The velocity feedback approach was applied on the plate to
observe the significant effect of AVC on the plate. The findings from the
study reveal that a sub ial vibration is achieved. [1].
Kumar et al. investigated a finite element model (FEM) of a cantilever
beam integrated with PZT patches to suppress the vibrations. Modal
analysis is carried out on the ANSYS platform to determine the natural
frequencies and mode shapes of the beam. The results from the modal
analysis confirmed the effectiveness of this investigation for the SHM of
beam structures [2]. Przybylski et al. did theoretical and experimental
studies on nonlinear flexural vibration of uniform aluminum beams that
were symmetrically integrated with smart piezoelectric actuators on
their top and bottom sides. Theoretical and experimental findings prove
that the piezoelectric actuators play a significant role important role in
suppressing vibrations across various applications [19]. Xie et al. stud-
ied on the AVC of the beam using piezoelectric material as an actuator.
The numerical dynamic model of the beam is developed and a new AVC
technique (fractional-order PDy algorithm) was applied to suppress vi-
brations in the beam under various external dynamic loading conditions.
The results confirm that by applying this technique, the vibration
amplitude can be suppressed more dramatically and quickly [20].
Several research have been conducted to examine the effectiveness of
piezoelectric materials in vibration control applications, including AVC
in space truss, column structures, and smart beam structures [21].
Mayer et al. worked on active, passive, adaptive, and integrated vibra-
tion control techniques and compared their respective design challenges
and advantages. The study empl 1 a design arr to demon-
strate different ways of implementing a vibration control system, as well
as the integration of various vibration control approaches [22]. Chai
et al. reported the numerical simulation and theoretical investigation on
the aero-thermoelastic behavior of the laminated structure. Two MFC
patches were integrated with the structure; one as a sensor to measure
strain and the other creates a control force to suppress vibrations in the
structure. The findings confirm that MFC patch effectively reduces the
vibration amplitude in the structure [23]. Miao et al. investigated the
suppression of vibrations in the cantilever beam using MFCs as actuators
and sensor. Two MFC patches were used for AVC in the cantilever beam,
and the third was used as a sensor. The AVC for the first two modes of
vibration was executed using the proportional derivative (PD) control
and fuzzy control algorithms. The results confirm that vibrations in the
first two modes are significantly suppressed, and this scheme can be
implemented in different industrial applications to control vibrations
[24]. Rimasauskiene et al. conducted an experimental study to observe
the influence of active and passive control schemes on the vibration
control of a composite structure by using MFC patch. The findings show

composite plate bonded with MFCs as actuator and sensor. The first four
modes were effectively controlled using a control algorithm (PPF). The
control algorithm was found reliable and effective in suppressing the
vibration amplitude in linear and li y . It was luded
that more tests are needed to investigate the non-linear behavior of the
system and the electromechanical interconnection between different
components [27]. Danish et al. proposed a solution to suppress un-
wanted vibrations in a cross-ply lamination (bistable square) structure
by integrating an extra strip. The investigati ploys a
parametric approach to examine how the potential energy (P.E) terrain
and related dynamic properties vary with changes in the width and the
thickness of the composite strip. Based on the findings from the
analytical and numerical simulations, the article presents the optimal
design specifications of the integrated strip for minimizing unwanted
vibrations in the structure induced by periodic stimulation [28]. Rezaei
et al. investigated the possibility of embedding a piezoelectric layer
within a tuned mass damper system (TMDS) to achieve both power
harvesting (PH) and vibration reduction concurrently. The investigation
revealed that the TMDS proved effective in both vibration suppression
within the host structure and enabling PH. Consequently, the investi-
gation concludes that TMDS represents a potential approach for
achieving both vibration suppression and PH [29]. Lee et al. conducted
an investigation on a unique dual control approach to mitigate un-
wanted oscillations in bistable composites structure. The approach in-
cludes two MFCs and one Positive Position Feedback (PPF) controller.
The approach entails applying a certain voltage to a single MFC to
suppress one of the potential wells and push the structure towards a
stable position. This is achieved by using a PPF controller to mitigate the
resulting single-well vibrations in the structure through the second MFC.
Both mathematical and experimental methods have been employed to
demonstrate the effectiveness of the dual control approach in reducing
the vibration amplitude under various oscillation scenarios [30]. Hao
et al. conducted a study on the intra-well as well as inter-well vibrations
of an ric bi-stable 1 lar-shaped 1 structure with a
cross ply configuration stimulated by a MFC (d33 type). According to the
findings, it is easier to achieve the snap-through resp in lami
structure when excited by pulsating impulse voltages rather than con-
stant (static) voltages. In addition, snap-through response can be
enhanced by varying the frequency as well as amplitude of the supplied
voltage to MFC within a specific range. The supplied voltage applies an
external force to the system, thereby, altering its characteristics such as
stiffness, damping, and others [31]. Li et al. utilized an active vibration
control (AVC) approach to suppress vibration in a flexible beam. Two
MFCs (P2 type) were integrated with the flexible beam; one as an
actuator and the second as a sensor. The numerical simulation and
experiment were performed on beam structure, applying both LQR and
fuzzy control algorithm under diverse external dynamic conditions. The
findings confirm that the LQR control approach is more effective in
reducing vibration in beam structures than the fuzzy control [32].Lu
et al. employed an adaptive feedback loop to supp the vibration
amplitude at low frequencies in a sandwich structure composite. A
modified analytical model is presented that incorporates the impacts of
MFC patches to investigate the vibration properties of the sandwich
structure. Numerical simulations and experiments were carried out to
validate the accuracy of the modified analytical model. The adaptive
feedback loop scheme was employed analytically as well as experi-
1ly, and the findings confirm that vibrations in sandwich structure

that active and passive control schemes efficiently suppress vibrations of

can be suppressed effectively by applying this scheme [33]. Raza et al.

79



80

A. Raza et al.

Engineering Structures 204 (2023) 116802

Units in mm

Amplitude

10.3
1.35

Beam
| structure

M8507-P2

5 100

wi

Fig. 1. Schematic view of the cantilever beam structure with the bonded MFC patch.

performed an investigation on the vibration suppression technique in
beam structures made of various materials, using MFC (M8507, P2 type)
as actuator vibration suppression technique. The ANSYS platform was
used to create the FEA models of each beam integrated with the MFC.
Each beam was subjected to an external force, causing it to vibrate,
while MFC produced a counter-control force to reduce the vibration
when a control voltage was provided to the MFC. The numerical simu-
lation findings confirm that the MFC effectively reduces the vibration
amplitude in each beam [34].

In order to conduct research on 3D structures, additive

actuator to control vibrations in AM cantilever beam structures with a
0°-0° layer orientation, which were made of polylactic acid (PLA) and
PLA p The PLA include PLA with short carbon
fibers (PLA-SCF composite) and PLA with continuous carbon fibers
(PLA-CCF composite). The primary objectives of this study are to find
out the dynamic properties (natural frequencies, bending mode shapes
and vibration suppression with effect of MFC) of the additive-
manufactured structures and identify the structure in which the MFC
is most effective in limiting vibration amplitudes. Additionally, an open-
loop active vibration control (AVC) approach with incremental domain

facturing (AM) technol has been widely used. AM technol
creates 3D objects by adding layers on top of each other until the final
object is manufactured [35.36].0Over the years, AM technology has
expanded significantly and is expected to continue growing in the
future. Its versatility and affordability make it suitable for applications

such as rapid prototyping and facturing. This technology can

hing has been employed to determine the optimal voltage and
phase of the signal provided to MFC actuator at which maximal ampli-
tude suppression is obtained for each structure. The modal analysis of
each AM structure is performed to determine bending mode shapes,
natural frequencies, and vibrating amplitudes at corresponding natural
fr i b ly, the experimental results of vibration ampli-

process various thermoplastic polymers, including polylactic acid (PLA)
[37-39], acrylonitrile butadiene styrene (ABS) [38,39], polyamide (PA)
and polycarbonate (PC) [40,41] as well as thermosetting polymers like
epoxy resins. Depending on material selection, 3D printing of polymers
holds potential applications in various sectors such as in the aviation
sector for the f: ing of i d structures, in the archi-
tectural sectors for creating building models, and in the medical tech-
nology for creating organs [40-42]. Unfortunately, due to their lack of
mechanical strength, the majority of 3D-printed models are primarily
presented as speculative rather than fi 1. This limitation has been
alleviated by incorporating nanoparticles or fibers into the polymer
matrix to enhance mechanical strength [41]. Researchers have con-
ducted extensive studies on the reinforcement of short or continuous
carbon fibers in the polymer matrix such as PLA, ABS, nylon, PC, PETG
and others, using AM technology [42-47].

After an extensive literature review, the authors conclude that a
quantitative comparative study is needed on the use of Macro Fiber
Composite (MFC) as actuator over various materials, especially additive
manufactured (AM) fiber reinforced composite in the field of vibration
control. This inspired the authors to utilize MFC (M8507-P2) as an

tude suppression, achieved by applying the MFC actuator at the first
resonant frequencies, are thoroughly discussed. Furthermore, the
approach and data provided in this research study could be useful for
vibration control in various composite structures.

2. Materials and methods

In this experimental research, the transverse vibrations of additive
manufactured cantilever beam structures manufactured from PLA and
PLA composites were individually studied and reported. Transverse vi-
brations in the cantilever beam were produced by the influence of an
electrodynamic shaker. To control vibrations, an open-loop active vi-
bration control (AVC) experimental setup was created using the MFC
(M8507-P2) as an actuator to provide forces for controlling the beam
vibrations. The first resonant frequency of each structure is determined
by model analysis, rep ing the freq at which AVC exhibits the
maximum damping effect.
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Fig. 2. Configuration of P2 type Macro Fiber Composite (MFC).

2.1. Design of the experiment

The vibration control system created consists of a beam structure
(parameters 120 mm x 20 mm x 1.35 mm), and an MFC (M8507-P2) as
actuator (active size 85 mm x 07 mm x 0.3 mm with an overall size 100
mm x 10 mm x 0.3 mm) produced by Smart Materials [16]. The beams
are manufactured individually using additive manufacturing (AM)
technology with PLA, PLA-SCF and PLA-CCF. A cantilever beam-type
structure was used to simulate and investigate open-loop active vibra-
tion control (AVC) in materials (PLA, PLA-SCF and PLA-CCF). An elec-
trodynamic shaker (DDR-11077) made by the German company VEB
Robotron-Messelektronik “Otto Schon” Dresden was used to individu-
ally introduce vibrations from the clamped side of the beam structure, as
shown in Fig. 1. The MFC (M8507-P2) as actuator, (Fig. 2) was bonded
with epoxy to the surface, 5 mm from the clamped side of the cantilever
beam. The sct view of the cantil beam structure with the
MFC patch is presented in Fig. 1. In the MFC, rectangular piezo ceramic
rods are dwiched b polyimide film, el des, and adhesi
layers. The ribbon-shaped rods receive and transmit the applied voltage
through interdigitated arrangement of electrodes affixed to the film.
This arrangement provides sealed, reliable, and ready-to-use in-plane
poling, actuation, and sensing. The P2 type MFCs use the d31 effect to
operate, and can contract up to 750 ppm at maximum voltage rate (-60 V
to + 360 V) [16,25].

2.2. Fabrication of beam structures

For the preparation of PLA-based beam structures, a 1.75 mm
diameter filament with a density of 1.24 g/cm® was used. It was sup-
plied by Polymaker, China [48]. For the fabrication of PLA-SCF-based
structures, a 1.75 mm diameter filament (XT-CF20) with a density of
1.35 g/cm3 has been used. This material (XT-CF20) is manufactured by
ColorFabb, The Netherlands [49]. Furthermore, for the preparation of

Table 1

3D printing parameters for PLA, PLA-SCF, and PLA-CCF [51].
Parameters Original Prusa i3 MK 35 & MK3S+ MeCreator 2

PLA PLASCR PLA-CCF

Nozzle Diameter (mm) 0.4 0.4 1.5
Extrusion Multiplier 1 1 0.7
Extrusion Width (mm) 0.45 0.45 1.2
Layer Height (mm) 0.15 0.15 0.5
Printing Speed (mm/s) 25 25 3.0
Extruder Temperature (C) 215 260 210
Bed Temperature (C) 60 75 90
Fan Speed 50% 30% 60%
Infill Percentage 100% 100% 100%
Layer orientations 00" 0°0° 00

required temperature before starting the process. This 3D printer oper-
ates based on FDM techniques, in which 3D geometry is created by
placing layers on layers until the final part is manufactured. The
controlled extrusion of thermoplastic filaments through a nozzle is the
foundation of this technique. Once the printing process is completed, the
object is allowed to cool down on the bed. The printing parameters have
been reported in Table 1 [51].
The of a PLA-CCF P was performed using
a modified MeCreator 2 FDM 3D printer. Two input paths were created:
one for the PLA filament and the other for the impregnated CCF. The
impregnation process of CCF has been thoroughly discussed by authors
[52]. The drive wheel carried plastic material to the extrusion head,
h the impreg; d CCF was i duced directly into the printing
nozzle through the extrusion head. The thermoplastic filament melted
and formed a composite connection with the CCF before being extruded
through a printing nozzle and printed on a bed platform made of bo-
rosilicate glass. Throughout the preparation of the PLA-CCF samples, the
extrusion width, extruder temperature, and printing speed remained

PLA-CCF structures, Polymaker PLA (1.75 di; ) by Pol K
was used as a matrix and T300B-3000 tow (7 pm-diameter of one fibre)
purchased from Toray Composite Materials America, Inc. was used as a
reinforcement material. The T300B-3000 tow is high performance car-
bon fibers with a density of 1.76 g/cn13 [50].

PLA and PLA-SCF specimens were fabricated using an original Prusa
i3 MK 3S & MK3S + 3D printer. The spool of PLA or PLA-SCF filament is
placed on the printer’s filament holder, and the filament is inserted
through the extruder following the instructions from the Original Prusa
i3 MK 3S & MK3S +. The printer bed and extruder are heated up to the

at 1.2 mm, 210° and 3 mm/s, respectively [53]. The fabri-
cation process of samples has been presented in Fig. 3.

In PLA-SCF, the reinforcement content was 20% (wt.)[49], while in
the case of PLA-CCF, the reinf content was d using tool
length path by knowing the number of layers and lines of the 3D printed
sample and it was estimated about 45.93% (wt.). Furthermore, the
mechanical properties of the materials used for the fabrication of the
beam structure are reported in Table 2 [54].
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Fig. 3. Fabrication of beam structures: a) preparation of pla-cef structures, b) preparation of pla and pla-scf structures, ¢) pla, pla-sef and pla-ccf samples.

Table 2
Properties of 3D Printed Material [54].

Material ~ Average Average Average AverageFlexural
Tensile Young's Flexural modulus
strength modulus stress (GPa)  (GPa)
(GPa) (GPa)

PLA 0.0438 3.0 0.0832 .1

PLA 0.0437 4.8 0.0763 4.5

SCF
PLA. 0.2454 259 0.1689 10.6
CCF

2.3. Force equilibrium in the beam structure
The force equilibrium for the structures can be described as follows
[25]):

Feu+ F+ Fpiew = 1)

F.. represents the external force that the electrodynamic shaker
produces, and according to Ampere’s force law it can be presented as

[55,56]:

Foq = BIL (2)

where:

B = magnetic flux density.

I = current flowing across a wire.

L = overall length of wire within field.

Where I = I-sinwt and F = Kpeq,, 6 represents the bending force that is
proportion to the beam flexure 6, and Fy;.., is the force produced by the
MFC actuator that has a reverse piezoelectric effect.

2.4. Experimental arrangement
The experimental arrangement presented in Fig. 4, was used to

obtain experimental observations at the free end (one point) of each
cantilever beam structure. The ar was specifically designed to

Fig. 4. Laser displacement sensor (LK-G82); 2- cantilever beam with MFC actuator; 3- electrodynamic shaker (DDR-11077); 4- clamper; 5- laser displacement sensor
controller LK-G3001PV; 6- voltage amplifier (LV-103); 7- voltage amplifier (EPA-104); 8- function generator WW5064; 9- analogue/digital signal converter (ADC)

Pico-Scope- 3424; 10- computer.
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Fig. 5. Polytec 3D laser vibrometer (PSV-500): a) three scanning heads for 3D vibration measur

P 4
i1

1* bending mode of PLA

3" bending mode of PLA

; b) data system (control unit).

2" bending mode of PLA

s uw

4" bending mode of PLA

(a) Bending modes of PLA

Fig. 6. The first four bending mode shapes of cantilever beam structures with M8507-P2: a) bending modes of PLA; b) bending modes of PLA-SCF and ¢) bending

modes of PLA-CCF.

observe and investigate vibrations in each cantilever beam induced by
an electrodynamic shaker. The purpose of the experiment was to observe
the influence of MFC (M8507-P2) actuator to control the vibration
amplitude of each beam structure (PLA, PLA-SCF, PLA-CCF).

The Polytec 3D laser vibrometer (PSV-W-500) manufactured by
Polytech GmbH, Germany, shown in Fig. 5, was used to measure, natural

3. Results and discussions

To investigate each additive manufactured structure, the natural
frequencies and the bending mode shapes are determined. Subse-
quently, the vibration amplitude reduction in each beam is performed
with the effect of the MFC patch. The experimental results, along with

frequencies, bending mode shapes, and the amplitudes of bendi
modes. This experimental setup consists of three scanning heads (for 3D
vibration ), voltage lifier (F10A) made by FLC elec-
tronics, Sweden, and data management system (PSV-500-3D-HV).

detailed analysis are p d th hly in the article.
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Fig. 6. (continued).

Table 3
Natural frequency and displacement amplitude of cantilever beam structure made of PLA, PLA-SCF, and PLACCF with MFC patch.
Modes PLA PLA-SCF PLA-CCF
Frequency (Hz) Amplitude (um) Frequency (Hz) Amplitude (um) Frequency (Hz) Amplitude (jum)
1st Bending Mode 30 9.295 40.5 6.831 60 4.139
2nd Bending Mode 215 3.602 280.5 1.911 410 1.131
3rd Bending Mode 626.5 0.349 802 0.136 1153 0.110
4th Bending Mode 1207.5 0.129 1546 0.049 2192 0.022
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The first stage of the experimental investigation was focused on
determining the natural frequencies and bending mode (BM) shapes of a
structure made of PLA, PLA-SCF, and CCF individually. Vibrations were
introduced in each structure, caused by the MFC actuator (M8507-P2) to
determine the natural frequencies and mode shapes. The MFC patch was
excited by a periodic chirp signal of 100 V. The integration of the MFC
patch moderately increases the mass and stiffness of each material,
causing the natural frequencies of each structure to vary from the actual
cantilever beam.

The first four bending mode shapes of each beam structure are pre-
sented in Fig. 6. The natural frequencies and respective amplitudes of
the first four bending modes are listed in Table 3. The mechanical
properties of a material, particularly its mass and stiffness, determine its
natural frequencies. Materials with higher stiffness and lower mass are
commonly associated with higher natural frequencies [34,57,58].Ac-
cording to the researcher [54], PLA-CCF exhibits the highest Young's
modulus of 25.9 GPa, followed by PLA-SCF with 4.8GPa and PLA with 3
GPa. The Young's modulus is directly associated with stiffness of the
material, with higher values indicating increased stiffness. Conse-
quently, when the Young's modulus of the material increases, the cor-
responding natural frequency also increases. The relationship is evident
in Table 3, which demonstrates the increasing trend in natural fre-
quencies from PLA (30 Hz) to PLA-SCF (40.5 Hz) to PLA-CCF (60 Hz).

It is reported in Table 3 that the vibration amplitudes are signifi-
cantly reduced from the first BM to the fourth BM. The highest vibration
amplitudes are found at the first natural frequencies, which are 9.295
um at 30 Hz for PLA, 6.831 ym at 40.5 Hz for PLA-SCF, and 4.139 pm at
60 Hz for PLA-CCF. For PLA, PLA-SCF, and PLA-CCF, the second bending
modes have amplitudes of 3.602 pm at 215 Hz, 1.911 pm at 280.5 Hz,
and 1.131 pm at 410 Hz, respectively. The third bending modes for PLA,
PLA-SCF, and PLA-CCF have amplitudes of 0.349 um at 626.5 Hz, 0.136
um at 802 Hz, and 0.110 pm at 1153 Hz, respectively. The lowest vi-
bration amplitudes are obtained at the fourth natural frequencies of
PLA, PLA-SCF, and PLA-CCF structures, which are 0.129 pm, 0.049 um,
and 0.022 pym at 1207.5 Hz, 1546 Hz, and 2192 Hz, respectively. The
average amplitude spectrum of each structure is shown in Fig. 7. The

values of PLA, PLA-SCF, and PLA-CCF at the corresponding first natural
frequency. Table 3 shows that the amplitude values of second mode of
PLA, PLA-SCF, and PLA-CCF are 38.75%, 27.97%, and 27.32% of their
respective first mode amplitudes. The third mode amplitude values of
PLA, PLA-SCF, and PLA-CCF are only 3.75%, 1.99%, and 2.6% of their
corresponding first mode amplitudes. Similarly, the fourth mode am-
plitudes of PLA, PLA-SCF, and PLA-CCF structures are determined
as1.38%, 0.717%, and 0.53%, of their corresponding first mode ampli-
tudes. It can be concluded from the above experimental results as well as
from the literature study that the highest vibration amplitude consis-
tently occurs at the first natural frequency and has a dominant impact on
the overall vibration response [25]. Therefore, it was decided that only
the first bending mode of each beam structure should be investigated as
it is the dominant mode (with the largest amplitude) and offers the most
potential for reducing vibration amplitude.

3.2. Tuning the optimal phase of the control voltage

Initially, the structure made of PLA, PLA-SCF, and PLA-CCF was
individually excited by an el dy ic shaker (subj d to har-
monic signal) with the correspondi freq i.e., 30 Hz,
40.5 Hz, and 60 Hz, respectively (see Fig. 4) to get the uncontrolled
displacement response.

The MFC actuator uses an alternating current (AC). Amplitude and
phase are the two parameters that determine it. Although increasing the
voltage amplitude will result in a greater force, as stated in the MFC
patch’s material specification, this will not result in the best possible
control. This is true for both the amplitude and phase regulating pa-
rameters. Finding out the precise amplitude and phase at which the
voltage will be applied provides incentive.

For a comparison study, the displacement-amplitude reduction is
represented by.

of= (YY;Y) x 100% 3)

Here, rf is reduction factor; Y, and Y, are uncontrolled and
controlled amplitude in time domain, respectively. For the beam made
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Fig. 8. Phase influence on amplitude reduction for (a) PLA, (b) PLA-SCF, and (c) PLA-CCF.

of PLA, the control voltage is increased by 2 mV step with a random
phase between 0" and 360°. Once it shows a significant reduction in
displacement around 1.12 V, changes in voltage amplitude are stopped.
With that amplitude, the phase angle of the voltage is changed by steps
of 5°. During this experiment, it is observed that it gives a maximum
reduction near 30°. To locate the exact required phase, the increment of
steps is set to 0.5°. When searching for this sub-step, it is found that the
29° phase angle gives the highest reduction in vibration amplitude.
Setting this phase and the 1.12 V voltage, the MFC patch generate a force
which makes Y. near zero. Thus, the rf comes as 98.66% and shown in
Fig. 8(a). An intriguing finding from this experiment is that when the
phase value falls within a certain range, the amplitude of vibrations is
reduced. However, when it is outside that range, the amplitude of vi-
bration increases, and the dynamic system becomes unstable. For PLA
beam, the stable domain spans from approximately 330° to 90

(including values from 330° to 360° and 0° to 90°). In this stable phase
domain of 120°, Y, grows turning rf positive, that indicates reduction in
vibration amplitude. It is observed that the vibration amplitude starts to
decrease within the stable phase domain (330" to 90°) and the maximum

reduction is seen at 29° with a voltage of 1.12 V, as depicted in Fig. 8(a).
The range between 90° to 330" constitutes the unstable domain here. In
this approximately 240° phase range, the Y, grows turning rf negative.
In this unstable region (90° to 360°), an i in vibration litud
is recorded rather than a reduction. Therefore, the assessment of the
unstable phase is also highly crucial for the secure operation of this
control system.

The same steps are repeated for the beam made of PLA-SCF and it is
found that 13.92 V gives a significant amplitude reduction. Once the
voltage amplitude is set, the process is repeated to find the optimal phase
angle by increasing the phase by 5° in each step. The rf is found near the
10° phase and, to be more exact, small steps are taken near this phase, as
previously mentioned. In this case, the voltage with 13.92 V amplitude
and 10° phase is found to produce the rf of 99.16%. In PLA-SCF, the
stable domain spans from app ly 310° to 70° (including values
from 310° to 360" and 0° to 70°), as presented in Fig. 8(b). In this stable
phase range of 120°, Y, grows turning rf positive. The vibration
amplitude begins to decrease within the stable domain, and the
maximum reduction in vibration amplitude is observed at the 10° phase
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Fig. 9. Vibration amplitude in beam structure made of PLA with MFC actuator excited by electrodynamic shaker: (a) vibration amplitude without effect of MFC
actuator (b) vibration amplitude with effect of MFC actuator at 29°(c) vibration amplitude with effect of MFC actuator at 28° (d) vibration amplitude with effect of

MEFC actuator at 30°.

with a voltage of 13.92 V. The unstable domain spans between 70° to
310° and the Y, grows turning rf negative. Within the about 240° un-
stable phase region, the vibration amplitude begins to increase instead
of decrease (see Fig. 8(b)).

A similar procedure is followed for PLA-CCF material beam, and it is
found that the optimal voltage amplitude and phase are 10.52 V and

respectively. For the 28° and 29° phases, the amplitude reduction in the
PLA structure was observed approximately 36 times and 70 times,
respectively.

Fig. 10 (a) shows that the highest level of vibration amplitude was
observed in the PLA-SCF structure i.e.,~ +370 pm peak to peak, when it
was excited by an electrodynamic shaker close to the first resonant
freq 'y (40.5 Hz). The highest level of vibration amplitude reduction

351°, respectively. With this input, the MFC patch force to
give the reduction factor to 98.62%. The stable domain phase of a PLA-
CCF beam ranges from 290° to 50° (containing values from 290° to 360°
and 0° to 50°), as shown in Fig. 8 (c). The vibrati ds

was observed in the PLA-SCF structure, when the MFC patch was sub-
jected to a control voltage of 13.92 V with an optimal phase of 10°. After
the litude reduction, the peak-to-peak vibration ampli-

in this stable phase range of 120°, and the maximum vibration ampli-
tude is found at 351° with voltage of 10.52 V. While the unstable phase
domain ranges from 50° to 290° (Fig. & (c)), the vibration amplitude
increases rather than decreases across this approximately 240° phase
range. The experiments show that the stable operating range of the
phase is around 120°, even if the optimal phase varies across materials.

3.3. Calcul

of the litude red

The maximum amplitude in the PLA structure i.e.,~ 400 pm peak to
peak, can be seen in Fig. 9 (a) when it was excited by an electrodynamic
shaker near its first resonant frequency (30 Hz). The PLA structure
experienced the highest level of amplitude reduction when the MFC
patch was subjected to a control voltage of 22.4 V with an optimal phase
angle of 29°, as depicted in Fig. 9 (b). After the maximum amplitude
reduction, the peak-to-peak vibration amplitude of PLA was found to be
from + 5.5 pm to —4.5 pm, and the amplitude reduction was observed
more than 80 times. It has been presented in Fig. 9(c) and 9(d) when the
MFC was supplied with the control voltage 22.4 V and phases close to
the optimal phase, such as 28° and 29°, the peak-to-peak vibration
amplitude was observed as + 11 pm to —11 pm and + 5.7 pm to —5.7 pm

tude was noted to be from + 3.2 pm to —2.9 pm as provided in Fig. 10
(b). More than 110 times the amplitude reduction was achieved. Fig. 10
(c) and 10 (d) show that when the MFC patch was subjected t013.92 V
with phases close to the optimal phase such as 9° and 11°, the peak-to-
peak vibration amplitude was observed as + 6 pm to —6 pm and + 9 pm
to ~10 pm respectively. The vibration amplitude was reduced by
approximately 60 and 40 times at 9° and 11° phases, respectively.

In case of PLA-CCF structure, the maximum vibration amplitude was
observed i.e.,~ +210 pm peak to peak at the first resonant frequency (60
Hz), as given in the Fig. 11(a). The highest level of amplitude damping
level was observed at 351°a phase with a voltage of 10.52 V. The
maximum peak-to-peak vibration amplitude was measured from + 1.7
pm to —1.7 pm, as depicted in Fig. 11(b). with a vibration amplitude
reduction more than 120 times. Fig. 11 (c) and 11 (d) illustrate that
when the MFC actuator was subjected to phases such as 350° and 352,
the peak-to-peak vibration amplitude was observed + 6 pm to —6 pm
and + 3 pm to —3.4 pm respectively. The amplitude reduction was
approximately 35 and 65 times, at 350° and 352° phase, respectively.

Maximum amplitude reduction was achieved at phase angles of 29°,
9°, and 351°, with corresponding voltages of 22.4 V, 13.92V, and 10.52
V for PLA, PLA-SCF, and PLA-CCF, respectively.
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Fig. 10. Vibration amplitude in il beam st made of PLA-SCF with MFC actuator excited by el d ic shaker: (a) vibrati litude without

effect of MFC actuator (b) vibration amplitude with effect of MFC actuator at 10°(c) vibration amplitude with effect of MFC actuator at 9° (d) VIhmlmn amplitude

with effect of MFC actuator at 11°,

PLA exhibited the highest peak-to-peak vibration ampli , fol-
lowed by PLA-SCF and PLA-CCF without the MFC effect. Cosequently,
PLA required the highest voltages to achieve maximum vibration
reduction, followed by PLA-SCF and PLA-CCF. Furthermore, according
to the literature study, it is claimed that the location and type of MFC

. An op

with harmonic signal of 0.16 V to obtain the uncontrolled displace-
ment response. The maximum peak to peak displacement values
were observed as + 400 pm, +370 pm and + 210 pm for PLA, PLA-
SCF and PLA-CCF structures, respectively.

p AVC app h with i 1 domain searching was

patch can be altered to observe the ph of
in various types of composite materials.

4. Conclusions

ployed to determine stable phase domain of the signal provided to
MFC actuator, g vibration amplitud: for each
structure. The stable phase domains for PLA, PLA SCF and PLA-CCF
ranged from approximately 330° to 90°, 310° to 70" and 290° to 50°
respectively. Notably, outside of these phase ranges, the vibration

Yir:d hibited

The aim of this article was to experi the open-loop
AVC of the additive manufactured beam slructures made of PLA, PLA-
SCF and PLA-CCF using an MFC actuator. The significant reduction in
amplitude demonstrated in the previous section provides evidence of its
effecnveness In view of the findings obtained in this article, the
foll g lusions have been deduced.

1. After conducting the first part of the experiment, it was observed that
the natural fre showed an i g trend from PLA (30 Hz)
to PLA-SCF (40.5 Hz) to PLA-CCF (60 Hz) as beam structure was
subjected to vibrations induced by a MFC patch (M8507-P2) with a
penodlc chirp signal of 100 V. Remarkably, the maximum vibration

des were ly observed at the first natural fre-
quencies, such as 9.295 pm at 30 Hz for PLA, 6.831 pm at 40.5 Hz for
PLA-SCF, and 4.139 um at 60 Hz for PLA-CCF. In contrast, the PLA,
PLA-SCF and PLA-CCF beam structures exhibited the lowest vibra-
tion amplitudes at their fourth natural frequencies such as 0.129 ym,
0.049 um, and 0.022 um at 1207.5 Hz, 1546 Hz, and 2192 Hz,
respectively.

. In the second phase, structures made of PLA, PLA-SCF, and PLA-CCF
were individually excited at their respective first resonant fre-
quencies (30 Hz,40.5 Hz and 60 Hz) using an electrodynamic shaker

N

o

o

an il rather than a decrease.
. After meticulous fine tuning of stable phase region, the optimal
phase and control voltage for litude reduc-
tion were determined. PLA exhibited the i red ata

phase of 29° phase with control voltage of 22.4 V, while PLA-SCF
demonstrated the optimal results at a phase of 10° with a control
voltage of 13.92 Similarly, for PLA-CCF the maximum reduction was
obtained at a phase of 351° with a control voltage of 10.52 V.
Finally, after implementing these optimizations (optimal phase with
control voltage), the peak-to-peak vibration amplitude of PLA, PLA-
SCF and PLA-CCFF ranged from + 5.5 pm to —4.5 pm, +3.2 pm to
—2.9 pmand + 1.7 pm to —1.7, respectively. These optimizations led
to impressive vibration reductions of more than 80 times, 110 times
and 120 times for PLA, PLA-SCF and PLA-CCF, respectively.

. Moreover, the findings confirmed that the MFC actuator was found

to be more effective in containing the vibration amplitude of struc-
tures with highest first resonant frequency. Therefore, the maximum
vibration amplitude reduction was observed in PLA-CCF, followed by
PLA-SCF and PLA, respectively, in a controlled environment.



A. Raza et al.

300
‘—\llxlmum vibration amplitude without M8507-P2 effect

i

Vibration Displacement (um)
g o

-
H

-300 v v v v v v v ?
0 01 02 03 04 6 07 08 09 1
Time (uc)
8 —Vibration amplitude reduction at 350° |
- 6}
H
4
£
2|
g2
]
20
B
a
=2
2
£
a
>4
8 |
0 01 02 03 04 05 06 07 08 09 1
Time(sec)

Fig. 11. Vibration amplitude in cantilever beam made of PLA-CCF with MFC actuator excited by

S

Vibration Displacement (pm)
-~ o

&

w s o

Engineering Structures 294 (2023) 116802

“—Maximum vibration amplitude reduction at 351°

01 02 0;3 0;4 05 0.6 0.7 08 0;9 1
Time (sec)
(d) —Vibration amplitude reduction at 352°
i
{
| {
0.1 0.2 03 04 0s 0.6 0.7 08 09 1
Time (sec)
d ic shaker: (a) vibrati itude without effect of

MFC actuator (b) vibration amplitude with effect of M8507-P2 at 351°(¢) vibration amplitude with effect of MFC actuator at 350° (d) vibration amplitude with effect

of MFC actuator at 352°.

%5 i1

CRediT auth

A. Raza: Methodology, Software, Formal analysis, Validation,
lnvesnganun, Writing - original draft, Visualization. R.
lization, Writing — review & editing, Su-
pervision. V. Jurenas: Methodology, Investigation, Writing - review &
editing, Supervision. S. Mahato: Formal analysis.

Concep

Declaration of Competing Interest

The authors declare the foll g P re-
lationships which may be idered as p ial i
Ruta Ri kiene reports fi 1 support and equipment, drugs, or

supphes were provided by Kaunas University of Technology. Ruta
ki reports a relationship with Kaunas University of Tech-
nology that includes: employment and funding grants. Nothing.

Data availability

No data was used for the research described in the article.
Acknowledgement

Research was funded by a grant (No. S-M-ERA.NET-20-1) (project:
“Additive Manufactured Composite Smart Structures with Embedded

Fibre Bragg Grating Sensors”, acronym: “AMCSS") from the Research
Council of Lithuania.

References

m

&

N

3

(C)]

sl

6]

7

s

91

101

[283]

Li J, Xue Y, Li F, Narita Y. Active vibration control of functionally graded
piezoelectric material plate. Compos Struct 2019;207:509-18. hrips://doi.org,
10.1016/J.C0MPSTRUCT.2018,09.053.

Yashavantha Kumar GA, Sathish Kumar KM. Free vibration analysis of smart
composite beam. Mater Today: Proc 201 87-91. https://doi.org/10.1016/j.
matpr.2017.02.101.

A, Younes R, llinca A. Optimized Active Control of a Smart Cantilever Beam
netic Algorithm. Designs (Basel) 2022;6(2):36.

Zhang WX, Zhang W, Yang DS, Luo Z, Guo XY. Vibration suppression of nonlinear
laminated composite plates using internal oscillator-enhanced nonlinear energy
sinks. Eng Struct 2023;279:115579. https://doi.org/10,1016/J.
ENGSTRUCT.2022.115579.

Ma R, Bi K, Hao H. Inerter-based structural vibration control: A state-of-the-art
review. Eng Struct 2021;243:112655. hitps://doi.org/10.1016/].
engstruct.2021.112655.

Fang X, Hao H, Bi K. An i (PCIC)
system for structural vibration control induced by seismic ground excitations. Eng
Struet 2022;256:113990. l|u|v~ /u(u. org/10. ]U](UJ engstruct. 2022.113990.
Kamila S. Introduction, Cl and ions of Smart i
Overview. Am J Appl Sci 2013;10:876-80. hitps://doi.org/10.3844
AJASSP.2013.876.880.

%

An

Gopi Krishna J, Thirumal JR. Application of Smart Materials in Smart Structures.
Intemnational Journal of Innovative Research in Science. Eng Technol 2015;4
(50]8‘23) https://doi.org/10.1 1()#(0/ WIRSET.2015.0407206.

A, Nasser H. of the equi of
Macro Fiber Composite (MFC) using periodic h IntJ
Solids Struct 2010;47:3272-85. https://doi.org/10.1016/J.
LISOLSTR.2010.08.006.

Park S, Inman DJ, Yun CB. An outlier analysis of MFC-based impedance sensing

data for wireless structural health monitoring of railroad tracks. Eng Struct 2008;

30:2792-9. https://doi.org/10.1016/J. ENGSTRUCT.2008.02.019,

D.N. Betts University of Bath 1 of ical i ing, , Bath BA2

7AY, United Kingdom H.A. Kim of Bath 1 of i

I:ngmeenns, . Bath BA2 7AY, United Kingdom C.R. Bowen University of Bath 1

of ing, , Bath BA2 7AY, Ummd ngdom D.J.

of Ann

lnman University of Michigan 2 D
Arbor, Michigan 48109, USA Optimal of bistable pi
for energy harvesting Appl Phys Lett 100 11 2012 114104 10.1063/1.3693523.

&9



A. Raza et al.

nz2j
nsj
(4]

nsi

el
a7l

ns1

91
201
211

221

231
241

251

26]
1271
28]
291
301

311

321

33]

341

90

Konka HP, Wahab MA, Lian K. Pi ic fiber for health
monitoring in composite structures. Sens Actuators A Phys 2013;194:84-94.
hnp» //doi.org/10.1016/J.SNA.2012.12.039.
A. Effective response of
and models. Int J Mech Sci

://doi.org/10.1016/J.1JIMECSCI.2013.09.031.
Nagendra Kumar D, Raja S, Tkeda T. Active vibration control of smart plates with
partially debonded multilayered PZT actuators. Smart Mater Struct 2007;16:
1584-94. https://doi.org/10.1088/0964-1726/16/5/012.
Friswell MI, Ali SF, Bilgen O, Adhikari S, Lees AW, Litak G. Non-linear piezoelectric
vibration energy harvesting from a vertical cantilever beam with tip mass. J Intell
Mater Syst Struct 2012;23:1505-21. hitps://doi.org/10.1177/
1045389X12455722.
Smart Material n.d. htips://www.smart-material.com/ (accessed March 6, 2022).
Wang X, Morandini M, Masarati P. Velocity feedback damping of piezo-actuated
wings. Compos Struct 2017;174:221-32. https://doi.org/10.1016/1,
COMPSTRUCT.2017.04.016.
Wu D, Huang L, Pan B, Wang Y, Wu S. Experimental study and numerical
simulation of active vibration control of a highly flexible beam using piezoelectric
intelligent material. Aerosp Sci Technol 2014;37:10-9. https://doi.org/10.1016/].
ast.2014.04.008.
Przybylski J, Gasiorski G. Nonlinear vibrations of elastic beam with piezoelectric
actuators. J Sound Vib 2018;437:150-65. hitps://doi.org/ 10,1016/
JSV.2018.09.005,
Xie C, Wu Y, Liu Z. Modeling and active vibration control of lattice grid beam with
piezoelectric fiber composite using fractional order PDy algorithm. Compos Struct
2018;198:126-34. https://doi.org/10.1016/j.compstruct.2018.05.060.
Fallah N, Ebrahimnejad M. Active control of building structures using piezoelectric
actuators. Appl Soft Comput 2013;13:449-61. https://doi.org/10.1016/.1.
ASOC.2012.08.010,
Mayer D, Passive HS. Adaptive, Active Vibration Control, and Integrated
Approaches. Vibration Analysis and Control in Mechanical Structures and Wind
Energy Conversion Systems. IntechOpen 2017:1-23. hups://doi.org/10.5772/
INTECHOPEN.71838.
Chai YY, Song ZG, Li FM. Activi ic flutter supp of

i panels with ti Compos Struct 2017;179:
61-76. https://doi.org/10.1016/j.compstruct.2017.07.053.
Miao WK, Xu ML, Wu CS, In: Recent Advances in Structural Integrity Analysis
Proceedings of the International Congress (APCF/SIF-2014). Elsevier; 2014.
P 447-52,

¢ R, Jirenas V, M, M, O w.
analysis of active-passive vibration control on thin-walled composite
beam. Compos Struct 2019;223:110975. hitps://doi.org/10.1016/j.
compstruct.2019.110975.

Gawryluk J, Mitura A, Teter A. Dynamic control of kinematically excited
laminated, thin-walled beam using macro fibre composite actuator. Compos Struct
2020;236:111898. https://doi.org/10,1016/j.compstruct.2020.111898,

Zippo A, Ferrari G, Amabili M, Barbieri M, Pellicano F. Active vibration control of a
composite sandwich plate. Compos Struct 2015;128:100-14. htips://doi.org/
10.1016/j.compstruct.2015.03.037.

Danish B, Ani PM, Rao BN. of 11 vil f a bistable
square cross-ply laminate using an additional composite strip. Int. J Dyn Control
2023;11. https://doi.org/10.1007/540435-023-01153-1.

Rezaci M, Talebitooti R, Lino WH, Friswell MI. Integrating PZT layer with tuned
mass damper for si vibration and energy
id exciter d; An analytical and 1 study. J Suuud Vib

2023;546:117413. https://doi.org/10.1016/1.JSV.2022.117413.

Lee AJ, Xie A, Inman DJ. Suppression of cross-well oscillations for bistable
composites through potential well elimination. J Vibr Acoust Trans ASME 2020;
142:031003. https://doi.org/10.1115/1.4046123.

Hao YX, Bai CP, Zhang W, Liu LT, Yang SW. Intrawell and interwell oscillations for
bi-stable cross-ply laminates actuated by MFC under oscillating impulse voltages.
Int J Non Linear Mech 2022;143:104025. https://doi.org/10.1016/j.
ijnonlinmec.2022.104025.

C. Li School of Mechanical Engineering, Jiangsu University of Science and
Technology, Zhenjiang 212100, China L. Shen School of Mechanical Engineering,
Jiangsu University of Science and Technology, Zhenjiang 212100, China J. Shao
School of Mechanical Engineering, Jiangsu University of Science and Technology,
Zhenjiang 212100, China J. Fang School of Mechanical Engineering, Jlmlgs\l
University of Science and hnol Zh 212100, China Si and
Experiment of Active Vibration Control Based on Flexible Piezoelectric MFC
Composed of PZT and PI Layer Polymers (Basel) 15 8 2023 10.3390/
polym15081819 1819,

Lu Q, Wang P, Liu C. An analytical and experimental study on adaptive active
vibration control of sandwich beam. Int J Mech Sci 2022;232:107634. hitps://doi.
org/10.1016/).1LIMECSCL. 2022.107634.

Rimasauskiene R, Raza A, Mahato S. Actuation Performance of Macro Fibre
Composite (MFC) as Actuator in Vibration Reduction of Cantilever Beams.
Mechanics 2023;29(1):42-50.

1351

[36]

371

38

1391

401

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

149]

150;

(511

152]

153]

[54]

1551

[56]

1571

[58]

Engineering Structures 294 (2023) 116802

Savolainen J, Collan M. How Additive Manufacturing Technology Changes
Business Models? — Review of Literature. Addit Manuf 2020;32:101070. hitps://
doi.org/10.1016/J., I\D[)\“\ 2020.101070.
Lazorenko G, itskii A. additive A review. Addit
Manuf 2022;55:102782. https://doi.org/10.1016/J.ADDMA.2022.102782,
Melnikova R, Ehrmann A, Finsterbusch K. 3D printing of textile based structures by
Fused Deposition Modelling (FDM) with different polymer materials. IOP Conf Ser
Mater Sci Eng 2014;62:012018. https://doi.org/10.1088/1757-899X/62/1/
012018,
Tran P, Ngo TD, Ghazlan A, Hui D. Bimaterial 3D printing and numerical analysis
of bio-inspired composite structures under in-plane and transverse loadings.
Compos B Eng 2017;108:210-23. hitps://doi.org/10.1016/1.
COMPOSITESB.2016.09.083.
Tymrak BM, Kreiger M, Pearce JM. Mechanical properties of components
fabricated with open-source 3-D printers under realistic environmental conditions.
Mater Des 2014;58:242-6. https://doi.org/10.1016/J.MATDES.2014.02.038,
Garcia CR, Correa J, Espalin D, Barton JH, Rumpf RC, Wicker R, et al. 3D printing
of anisotropic metamaterials. Prog Electromagn Res Lett 2012;34:75-82.
Wang X, Jiang M, Zhou Z, Gou J, Hui D. 3D printing of polymer matrix composites:
A review and prospective. Compos B Eng 2017;110:442-58. hitps://doi.org/
10.1016/j.compositesb.2016.11.034.
van de Werken N, Tekinalp H, Khanbolouki P, Ozcan S, Williams A, Tehrani M.
Additively manufactured carbon fiber-reinforced composites: State of the art and
perspective. Addit Manuf 2020;31:100962. hitps://doi.org/10.1016/1.
ADDMA.2019.100962.
Somireddy M, Singh CV, Czekanski A. Mechanical behaviour of 3D printed
composite parts with short carbon fiber reinforcements. Eng Fail Anal 2020;107:
104232, hitps://doi.org/10.1016/J. ENGFAILANAL.2019.104232,
Ferreira RTL, Amatte IC, Dutra TA, Biirger D. Experimental characterization and
micrography of 3D printed PLA and PLA reinforced with short carbon fibers.
Compos B Eng 2017;124:88-100. hitps://doi.org/10.1016/J.
COMPOSITESB.2017.05.013.
Al Abadi H, Thai H-T, Paton-Cole V, Patel VL El.
reinforced structures. Compos Struct 2018;19.
Oztan C, Karkkainen R, Fittipaldi M, Nygren G, Roberson L, Lane M, et al.
Microstructure and mechanical properties of three dimensional-printed continuous
fiber composites. J Compos Mater 2019;53(2):271-80.
Naranjo-Lozada J, Ahuett-Garza H, Orta-Castanon P, Verbeeten WMH,
Gonzalez D. Tensile properties and failure behavior of chopped and continuous
carbon fiber composites produced by additive manufacturing. Addit Manuf 2019;
26:227-41. hitps://doi.org/10.1016/J.ADDMA.2018.12,020.
Polymaker. PolyLite™ PLA technical data sheet 2017. hitps://c-3d.niceshops.
com/upload/file/PolyLite PLA TDS V3.pdr (accessed March 9, 2023).
ColorFabb. ColorFabb (XT-CF20) technical datasheet 2022, littps://colorfabb.con
/media/datasheets/tds/colorfabb/TDS E ColorFabb XT CF20.pdf (accessed March
9, 2023).
‘Toray composite materials America. T300 standard modulus carbon fiber technical
data sheet 2018. https://www.rockwesteomposites.con/media/wysiwyg/
T300Datasheet 1.pdf (accessed March 9, 2023).
Magsood N, Rimasauskas M. Tensile and flexural response of 3D printed solid and
porous CCFRPC structures and fracture interface study using image processing
technique. J Mater Res Technol 2021;14:731-42. hitps://doi.org/10.1016/J.
JMRT.2021.06.095.
Rimasauskas M, Kuncius T, Rimasauskiene R. Processing of carbon fiber for 3D
printed continuous composite structures. Mater Manuf Process 2019;34:1528-36.
https://doi.org/10,1080/10426914.2019.1655152.
Magsood N, Ri kas M. lop and fabrication of conti carbon
fiber rei ic porous i with different infill
patterns by using additive manufacturing. J Thermoplast Compos Mater 2022:
1-26. https://doi.org/10.1177 /0892705 »74111)&“ 168/ASSET/IMAGES/LARGE/
10.1177_08927057221088468-FIG12.JF
Maqsood N, Rimasauskas M. Characterization of carbon fiber reinforced PLA

fi d by fused ition modeling. Ce ites Part C: Open
Access 2021;4:100112. https://doi.org/10.1016/j.jcomc.2021.100112,
Yao T, Wang Y, Wang Z, Qin C. Design and performance analysis of wave linear
generator with parallel mechanism. Mech Sci 2021;12:405-17. https://dol.org/
10.5194/MS-12-405-2021.
Wu Q, Li W, Li J, Feng G, Zhang B. Electromagnetic-Thermal Analysis of High-
Temperature Direct Drive Electric-Actuated Valve Canned Permanent Magnet
Synchronous Motor. IEEJ Trans Electr Electron Eng 2023;18:105-19. htips://doi.
0rg/10.1002/tee.23703.
Lashin MMA, Saleh WS, Alrowais F. Determination of Different Structures’
Materials Natural Frequencies using Fuzzy Logic System, Int J Eng Adv Technol
2020;9(3):722
Miyashiro D, Taira H, Hamano R, Reserva RL, Umemura K. Mechanical vibration of
single-walled carbon nanotubes at different lengths and carbon nanobelts by modal
analysis method. Compos Part C: Open Access 2020;2:100028. litps://doi.org/
10.1016/J.JCOMC.2020.100028.

astic properties of 3D printed fibre.




Title [A2]: An experimental study on the dynamic properties of 3D-printed structures
with different layer orientations
Authors: Ali Raza, Riita Rimasauskiené, Vytautas Jirénas, Marius RimaSauskas

Journal of Vibration Engineering & Technologies
https://doi.org/10.1007/542417-024-01417-w

ORIGINAL PAPER

An Experimental Study on the Dynamic Properties of 3D-Printed
Structures with Different Layer Orientations

Ali Raza' - Rata Rimasauskiené' - Vytautas Jurénas? - Marius Rimasauskas'

Received: 6 July 2023 / Revised: 2 May 2024 / Accepted: 6 May 2024
© Springer Nature Singapore Pte Ltd. 2024

Abstract

Purpose The PLA and PLA composites beam structures were manufactured using FDM technology to investigate the effect
of layer orientations on the dynamic properties of the structure. The PLA composites consisted of PLA with short carbon
fiber (PLA_SCF), and PLA with continuous carbon fiber (PLA_CCF).

Methods The deformation in each structure was obtained with a laser displacement sensor to estimate stifiness. The loga-
rithmic decrement coefficient of each structure was calculated with laser displ. sensor, to ine the amplitude
damping phenomena in structures. The Polytec 3D laser vibrometer was used to find out the amplitude spectrum and mode
shapes, under dynamic loading conditions induced by the MFC patch. Moreover, the impact test was performed to measure
the first natural frequency of each beam structure.

Results The results showed that structures with a 0°\0° layer orientation exhibited higher natural frequencies and stiff-
ness compared to corresponding structures with a 0°\90° layer orientation. In the structures oriented at 0°\0°, both natural
frequency and stiffness increased from PLA to PLA_SCF to PLA_CCF. While, when layers were oriented at 0°\90°, they
increased from PLA_CCF to PLA to PLA_SCF.

Conclusion This research reveals how the dynamic properties of 3D-printed beam structures are influenced by two alterna-
tive layer orientations, 0°/0° and 0°/90°. The approaches employed in this study can be implemented in various types of 3D
printed materials to investigate their dynamic characteristics.

ywords FDM technology - PLA

Introduction

The creation of complicated structures with intricate geom-
etries has been modified by 3D printing, which is also
referred to as additive manufacturing technology [1]. Com-

ites - Layer orientations - Dynamic properties - Stiflness - Natural frequency

components with complicated geometries and allow reduc-
tion of material waste. Fused Deposition Modelling (FDM)
is one of the AM technologies that has received a lot of
attention from the industrial, academic, and home sectors
[2. 3]. 3D printers utilizing FDM, fabricate items by depos-

pared to traditional sub ive f ing 1

iting fil made of thermoplastic polymers that have

additive f ing (AM) techniques create components
layer-by-layer addition of material, some of which may be
melted or cured. The key benefits of additive facturing
(AM) technologies include their ability to fabricate

been heated up to their melting point and extruded through
nozzle [4]. This hodology makes it possible to design
various structures with a variety of configurable features,
making it a desirable option for several engineering applica-
tions [5]. Concerning the mechanical properties of 3D
printed specimens, it should be noted that the mechanical
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h istics of additively manufactured components are
affected not only by the thermoplastic material but also by
the printing settings such as layer height, layer orientations,
filling density, temperature, and printing speed [6-8]. To
maximize the performance and utility of AM structures in
applications including vibration, r and dynamic
loading, it is essential to understand these factors [9]. Medel
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et al. [10] used Laser Doppler Vibrometry (LDV) to assess
the stiffness and damping behavior of 3D printed PLA rect-
angular prisms. The researchers investigated how printing
parameters affected the dynamic and mechanical behavior
of specimens made with various AM methods. The findings
of the research can be used to identify optimal printing
parameters for low damping ratios, resulting in improved
inter-filament bonding. He et al. [S] investigated the influ-
ence of process variables (nozzle dimension, infill density,
and layer orientation) on the damping characteristics of
beam structure manufactured by material extrusion tech-
nique. The authors derived a mathematical model to illus-
trate how modal damping ratios and structural stifiness
relate to one another. The findings indicate that a stiffer
structure has a lower damping ratio. Overall, the study clari-
fies how 3D printing process variables affect the damping
characteristics of cantilever beams made with MEX tech-
nology. Geng et al. [11] examined how printing variables
influence the mechanical properties of 3D printed Poly-
phenylene Sulphide (PPS) specimens. The results showed
that by changing the melt extrusion settings, PPS specimens’
tensile and bending strengths are increased, and the inner
gaps between neighboring fil are also eli ted
Moreover, lowering the angle between the filament and load
direction increases the tensile and bending strengths of PPS
specimens with different filament orientations. Domingo-
Espin et al. [12] studied the relationship between process
parameters and the overall performance of FDM approach
while manufacturing components for machinery and trans-
port uses. The authors investigated the mechanical charac-
teristics of polycarbonate using a dynamic I

ical

analysis of dynamic behavior, including natural frequencies
and their respective amplitudes, as well as crack growth and
crack penetration assessment. These aspects were studied
through a combination of experimental, theoretical, and
numerical approaches. The results of the study demon-
strated that these approaches can be effectively employed as
in-situ damage analysis tools to estimate crack penetration
depth in ABS when subjected to dynamic loading condi-
tions in conjunction with temperature variations. Afonso et
al. [15] studied how the extrusion temperature and the print-
ing speed affect the mechanical characteristics and weight
of PLA products. The authors were successful in formulat-
ing mathematical models that accurately predicted the
observed results. This study demonstrates the efficacy of
using a systematic experimental design technique to develop
mathematical equations-based predictive models that can be
employed across several responses while keeping a consis-
tent specimen structure Renganathan et al. [16] examined
the friction characteristics of PLA samples printed using
two distinct rates, 20 mm/s and 50 mm/s and three distinct
fill patterns concentric, linear, and Hilbert. According to the
study, printing configurations have an influence on the wear
rate and friction coeflicient. The findings indicate that a fill
pattern printed at an optimal speed result in strong bonding
between the layers and raster as well increases crystallinity
for higher wear resistance. Wang et al. [17] carried out vari-
ous experiments to examine the impact of diverse printing
configurations such as printing temperature, speed, and
layer thickness, on the mechanical characteristics, micro-
structure, and surface quality of 3D printed PEEK samples.
The findings reveal that 3D printing with appropriate print-

setup, as well as a Taguchi technique and a statistical analy-
sis of variance to determine the effect of factors on such
mechanical characteristics. Magsood et al. [6] reported a
study how the controlled cooling and printing parameters
affect the integrity and mechanical characteristics of
CCFRPC. It emphasizes the critical need to select optimal
printing parameters to achieve the maximum levels of ten-
sile and flexural strength in composite structures. The find-
ings of this study provide useful information for professionals
engaged in additive manufacturing of composite structures,
allowing them to enhance both the overall integrity and
mechanical characteristics of the final product. Raza et al.
[13] using FEM analysis in the ANSYS platform, the
dynamic properties of the different composite beams were
studied separately. The Macro fiber composite (MFC-8507
P2 type) was embedded with each beam structure to calcu-
late the percentage amplitude reduction and RMS in each
beam structure. Bagasah et al. [14] investigated 3D printed
beam specimens made of ABS, examining their characteris-
tics and response under dynamic loading conditions com-
bined with temperature effects. The study involved the
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ing settings results in enhanced adhesion between layers
and infill filaments, reduced surface roughness, decreased
internal defects, and increased density of PEEK parts. Raza
et al. [18] conducted a comprehensive study on 3D printed
beam structures made from various materials. The study
aimed to explore the dynamic characteristics of these struc-
tures and assess their ability to suppress vibrations. Specifi-
cally, the vibration suppression effect, with the integration
of MFC actuator in the structures, has been thoroughly
investigated. The results demonstrated that substantial
vibration suppression was observed in the 3D printed struc-
tures. Tagcioglu et al. [19] conducted research on optimizing
the printing factors and post-treatment techniques, to
enhance the surface and structural quality of 3D manufac-
tured PLA specimens. Layer thickness was found to be the
most critical factor in influencing surface and structural
(dimensional) quality in both 3D printed and post-treated
PLA specimens. The printing temperature and the duration
of the post-treatment procedure both have a considerable
impact on the structural accuracy and surface quality of the
fabricated specimen, respectively. He et al. [20] carried out
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an experimental study on 3D printed beams fabricated using
ABS material to examine their bending fatigue response
under thermos-mechanical loading conditions. The speci-
mens were manufactured with three distinct layer patterns:
0°, +45°/-45°, and 90°, as well as various printing settings,
including nozzle sizes and layer thicknesses. The objective
of the investigation was to determine the optimal layer pat-
tern and printing settings that would result in exceptional
fatigue resistance for the ABS beams. Kumar et al. [21]
investigated the dynamic mechanical characteristics of PC/
ABS composite specimens manufactured using the FFF
technique. The study examines how the dynamic mechani-
cal characteristics are affected by modifying the FFF pro-
cess parameters as well as introducing TBBA and MCC
substances into the PC/ABS material. Compared to undi-
luted PC /ABS material, the inclusion of TBBA and MCC
substances considerably enhances the dynamic mechanical
characteristics of the PC / ABS composite. Almutairie et al.
[22] carried out a comparative investigation on 3D printed
beams made from two distinct materials: ABS and PETG.
This investigation examines the dynamic fatigue behavior
of ABS and PETG beams when exposed to diverse thermal
loading criteria. The beams were fabricated using custom-
ized layer angles of 45°, 60°, and 90° between the layers,
using numerous printing settings. Additionally, the findings
revealed that both the customized layer angles and tempera-
ture significantly influence the characteristics of ABS and
PETG.

After a detailed examination of the available literature,
the authors have concluded that most researchers have only
investigated the impact of 3D printing process settings
on the mechanical response of structures. Consequently,
it is necessary to examine the impact of printing settings
on dynamic characteristics (natural frequencies, bending
mode shapes, decrement coefficient, damping and deforma-
tion). In this current work, beam structures made of PLA,
PLA-SCF, and PLA_CCF are created using fused deposi-
tion modeling (FDM) with two distinct layer orientations
(0°10° and 0°\90°). The impact of these orientations on the

Table 1 Printing settings for beam structures

Settings Original Prusa MeCreator-2
PLA PLA_SCF PLA_CCF

Nozzle size 0.4 mm 0.4 mm 1.5 mm

Extrusion multiplier 1 1 0.7

Layer height 0.15 mm 0.15 mm 0.5 mm

Extrusion width 0.45 mm 0.45 mm 1.2 mm

Extruder temperature 215 260 °C 210°C

Printing speed 25 mm/s 25 mm/s 3.0 mm/s

Bed temperature 60 °C 75°C 90°C

Fan speed 50% 30% 60%

filling density 100% 100% 100%

Printing orientation 0°/0° & 0°/ 0°/0° & 0°/ 0°/0° & 0°/
90° 90° 90°

dynamic features of the structures is investigated through
various experiments.

Materials and Methods

The dynamic characterizations of 3D printed beam struc-
tures such as PLA and PLA composites (PLA-SCF and
PLA_CCF) with layer orientations 0°\0° and 0°\90° are
studied separately. The following tests were carried out
to investigate dynamic characterizations: modal analysis,
impact test, calculation of decrement coefficient and defor-
mation in each structure with the effect of applied weight.

Materials

To fabricate PLA beam structures, a filament with a size of
1.75 mm and a density of 1.24 g/cm?, produced by Poly-
maker, was utilized [23]. For PLA-SCF, a filament with a
size of 1.75 mm and a density of 1.35 g/cm?, produced by
ColorFabb, was employed [24]. Additionally, for PLA-CCF
structures, PLA from Polymaker served as the matrix mate-
rial, while T300B-3000 tow of carbon fibers, with a den-
sity of 1.76 g/em® and individual fiber diameter of 7 pm,
produced by Toray Composite Materials, was used [25].
The CCF tow cannot be used directly for 3D printing. Thus,
CCF tow must be impregnated before printing. Researchers
comprehensively described this process in the article [26].

Preparation of Samples

In the current investigation, PLA, PLA_SCF, and PLA_CCF
beam structures of size 120 mmx20 mmx1.35 mm were
manufactured using fused deposition modelling (FDM)
technology. The beam structures with layer orientations of
0°10° and 0°\90° were prepared separately to investigate the
influence of these layer orientations on dynamic character-
istics of beam structures. The specific printing settings for
the beam structures have been summarized in Table 1. The
fabrication of PLA and PLA_SCF samples involved the
use of an Original Prusa 3D printer (Model: MK 3 S & i3
MK3S+). This procedure includes loading the PLA or PLA/
SCF filament onto the holder of the printer and feeding it
through the extruder as per the manufacturer’s guidelines.
Prior to commencing the printing process, both the bed and
extruder of the printer are preheated to the necessary degrees
Celsius. This 3D printer operates on the principles of FDM,
where layers are deposited one over the other to construct a
3D object. Central to this technique is the moderated ther-
moplastic extrusion from the nozzle. Upon completion of
the printing task, the specimen remained on the bed to cool.
The development of a PLA_CCF specimen was conducted
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with a customized MeCreator-2 printer. Two separate paths
were established for the PLA filament and the impregnated
CCF tow. The drive wheel facilitated the transportation of
the PLA to the extrusion head, whereas the CCF was fed
directly to the printing nozzle through it. PLA underwent
melting to create bonding with CCF before it was extruded
through the nozzle onto a borosilicate glass bed [18, 27].
The process of fabricating samples is depicted in Fig. 1.

Deformation Under Point Load

The experimental setup shown in Fig. 2 was used to observe
the deformation in beam structures with 0°\0° and 0°190°
layer orientations individually. The beam structure was
fixed from one end and various static point laods were
applied on the free end side of each structure, as presented
in Fig. 3. The deformation in each structure was measured
with a laser displacement sensor (LK-G82).

Logarithmic Decrement Coefficient Measurement

A new experimental approach, as shown in Fig. 4, has been
used to determine the logarithmic decrement coefficient of
each structure with layer orientations of 0°\0° and 0°\90°.
The arrangement was especially created for observing the
exponential damped response in each structure caused by
an electrodynamic shaker (DDR-11,077), manufactured by

Carbon fiber
~ filament spool

PLA Carbon fiber
filament  filament
Cooling fan
/

v
Extrusion head
., Printing nozzle
composite

structure
Printing
bed

(C) 0’/?0“ La.yer
orientation

Printing nozzle —

Printed PLA-CCF

Printed PLA
structure

Printing bed

0°/0° Layer
orientation

VEB Robotron-Messelektronik Otto Schon, German and
the response was measured at the one point from free end
by a laser displacement sensor (LK-G82) made by Keyence
Corporation, Japan. The structure was fixed from one side
and vibrations in the structure were introduced by electro-
dynamic shaker from fixed side as indicated schematically
in Fig. 5. The burst signal of 50mV amplitude as input was
provided to the electromagnetic shaker by the function /
arbitrary waveform generator (33,220 A) built in Agilent,
Malaysia. The decrement coefficient in each structure has
been calculated using the following expression [28].

i Un
o=In (m) /m [0))

Where:
U, = amplitude at time 7,
U, ., = amplitude at time (,,,,,

m= number of cycles
Modal Analysis Testing

The setup shown in Fig. 6 has been utilized to obtain the
natural frequencies, mode shapes, and amplitude of respec-
tive mode shapes of beam structures with 0°\0° and 0°\90°
infill pattern separately. The MFC (M8507-P2) actuator

Cooling fan —

Extrusion head —

Upper layer

Lower layer

Fig. 1 Fabrication process of beam structures: a) fabrication of PLA_CCF. b) fabrication of PLA and PLA_SCF, ¢) 0°\ 0° and 0°190° layer

orientations
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Fig. 2 Deformation measurement in beam structures: (a) experimental setup; (b) fixation of beam structure

Beam structure

Fig. 3 Schematic of beam structure with point weight at free end

with beam structure at S mm from the fixed end of the struc-
ture, has been schematically shown in Fig. 7. The vibrations
in each beam were generated by an MFC patch by providing
100 V chirp signal, and a Polytec 3D laser vibrometer (PSV-
500, GmbH, Germany) was used to measure observations at
the single point (free side) of the structure.

Impact Testing

An impact test is a quick and easy method for estimating
the first natural frequencies in structures. The beam struc-
ture was fixed in a fixture and the vibrations in the structure
were caused by impacting the free end of the structure with
a relatively small object, as shown in Fig. 8. The exciting
response of each structure was measured by a laser displace-
ment sensor (LK-G82).

T135

Weight

Result and Discussion

To thoroughly examine each beam structure, deformation
in beam structures under point load, the logarithmic dec-
rement coefficient to estimate amplitude damping of beam
structures, the impact test to estimate the initial natural fre-
quencies and the modal analysis test to identify natural fre-
quencies and mode shapes at respective frequencies, have
all been thoroughly discussed in this article.

Calculation of Deformation Under Point Load

Table 2 summarizes the deformation in structures with
0°\0° and 0°\90° layer orientations, subjected to point load.
Deformation in structures increases linearly with increas-
ing point load, as shown in Fig. 9. The maximum deforma-
tion is observed in PLA_CCF structure with 0°\90° layer
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orientation, 5.02 mm, and the minimum deformation is with 0°\0° orientation. PLA structures oriented with 0°\0°
found in PLA_CCF structure with 0°\0° layer orientation,  and 0°\90° exhibit nearly similar deformations, measuring
0.78 mm under the point load of 8 g. The deformations in ~ 2.72 mm and 2.79 mm, respectively, under 8 g load, as pre-
beam structures with 0°\90° layer orientation have been  sented in Fig. 9. It appears that with a further increase in
found more compared to their corresponding structures  load, the deformation in both structures will be similar.
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Fig.6 Polytec 3D laser vibrom- (a)
eter: a) Scanning heads for modal
analysis; b) data organizing
system

Fig.7 Diagram illustrating a
beam structure incorporating
MFC

M8507-P2 e
struTture
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5 100 5
Fig. 8 Schematic view of b sldatiice Impact force
impact force at free end of beam
structure
T135

Table 2 Deformation with weight in beam structures with 0°\0° and 0°\90° layer orientations

Weight ~ 0°10° PLA (mm) 0°90° PLA (mm) 0°0° PLA_SCF (mm) 0°90° PLA_SCF (mm) 0°0° PLA_CCF (mm) 0°-90°

(g) PLA CCF (mm)
2 0.72 0.80 0.33 0.59 0.20 1.27
4 1.37 1.44 0.67 1.06 0.39 2.52
6 2.05 2.11 1.00 1.57 0.59 3.77
8 2.72 2.79 1.34 2.08 0.78 5.02

The amount of deflection produced by the load on the
material is generally described as the stiffness of the mate-
rial. The experimental results (see Fig. 9) indicate that
with a layer orientation of 0°/0°, the stiffness increases
from PLA to PLA_SCF to PLA_CCF, while with a 0°\90°

layer orientation, it increases from PLA_CCF to PLA to
PLA_SCF.
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Fig.9 Deformation in beam structures under point load

Table 3 Decrement coefficients of beam structures with 0°\0°and
0°\90° layer orientations

Beam structures  0°\0° layer orientation

0°\90° layer orientation

PLA 0.043 0.041
PLA-SCF 0.081 0.052
PLA_CCF 0.214 0.040

Calculation of Log Decrement Coefficient

The logarithmic decrement indicates how quickly the
amplitude of a free damped vibration decreases, which gen-
erally represents the damping properties. It is described as
the natural logarithmic ratio of the preceding amplitudes.
In the current study, the decrement coefficient of each
structure was determined by taking the first five successive
peak amplitudes i.e., U, to U,,.4 (4 cycles), as represented
in Fig. 10(a). The vibrating periodic amplitudes of beam
structures were recorded by a laser displacement sensor,
as given in Fig. 10(b) through 10(g). In scenario of 0°\0°
layer orientation, the vibrating amplitude of PLA_CCF (see
Fig. 10(f)) abruptly drops and begins to fluctuate between
—90 nm and +90 nm at 2 s, then continues to decline. The
vibrating amplitudes of PLA (see Fig. 10(b)) and PLA_SCF
(see Fig. 10(d)) progressively decline and begin to oscillate
between —230 pm and +220 um and —49 um to +48 pm
at 2 s, respectively and further decrease with time. Table 3
describes the decrement coefficient values for each beam
structure. According to Eq. (1), the decrement coeflicient val-
ues for PLA, PLA_SCF and PLA_CCF are 0.043,0.081 and
0.214, respectively. As a result of 0°\0° layer orientation, the
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vibration amplitude damping effect was observed maximum
in PLA_CCF followed by PLA_SCF and PLA structures.

Whereas, in case of 0°90° layer orientation, the vibrat-
ing amplitudes of PLA (see Fig. 10(c)), PLA-SCF (see
Fig. 10(e)) and PLA CCF (see Fig. 10(g)) progres-
sively decline and start fluctuating between —273 pm and
+280 pm, -150 pum to +149 pm and —207 pm to +197 pm
respectively and further reduce over time. Based on Eq. 1,
the decrement coefficients for the PLA, PLA-SCF, and
PLA_CCF are 0.041, 0.052, and 0.040, respectively. Con-
sequently, PLA_SCF had maximum amplitude damping
effect, whereas PLA and PLA_CCF structures had ampli-
tude damping effects that were quite close to one another. In
structures oriented at 0°\0°, the layers are stacked immedi-
ately on top of each other in the vertical direction, resulting
in strong interlayer bonding. Conversely, in 0°\90° oriented
structures, the layers are stacked such that they are perpen-
dicular to each other, leading to comparatively weaker layer
bonding. Additionally, previous research has demonstrated
that 0°\0° oriented structures are stiffer compared to their
0°90° counterparts and proven stiffer materials exhibit
more damping characteristics [13, 18]. Therefore, 0°\0°
structures exhibit greater damping properties compared to
corresponding 0°\90° beam structures.

Calculation of Natural Frequencies and Mode
Shapes

This section of the article is focused on determining the nat-
ural frequencies and mode shapes of beam structures with
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0\0°and 0°\90° layer orientations. The first four natural fre-
quencies of the bending modes are summarized in Table 4.
The weight and stiffness of each beam structure increases
dramatically with the M8507-P2 patch, which causes the
natural frequencies of the beam to differ from the real beam
structure. Table 4 indicates that the natural frequencies of
beam structures with 0°\0° layer orientation are compara-
tively higher than the respective structures with 0°\90° layer
orientation. The mechanical characteristics of the material,

such as its weight and stiffness, assess its natural frequen-
cies. High natural frequencies ( f) are believed to be pres-
ent in structures with high stiffness (k) and light mass (m),
according to Eq. (2) [13, 29, 30].
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Moreover, the initial four bending mode shapes of the beam
structures at their respective frequencies are presented in
Fig. 11. According to modal testing findings (see Table 4),
the 0°\0° oriented structures exhibited higher natural fre-
quency values than their corresponding 0°\90° oriented
structures. Researchers have experimentally validated that
natural (inherent) frequency of the stiffer materials is always
greater than that of low stiffness materials [13, 18]. Among
0°\0° oriented structures, PLA_CCF has the highest fre-
quency, PLA_SCF has the intermediate, and PLA has the
lowest frequency, whereas for 0°\90°riented structures,
PLA_SCF has the highest frequency, PLA, and PLA_CCF
have the intermediate and lowest frequency, respectively.

Figure 12 (a) and 12 (b) show the average amplitude
spectrum of beam structures with 0°\0° and 0°\90° layer
orientations, respectively. Table 4 illustrates the vibration
amplitudes of structures at respective frequencies. Accord-
ing to the findings, the vibration amplitude is highest at the
first natural frequency and lowest at the fourth natural fre-
quency. For PLA, PLA_SCF, and PLA_CCF with a 0°\0°
layer orientation, the vibration amplitudes are observed
9.295 um at 30 Hz, 6.831 um at 40.5 Hz, 4.139 pm at 60 Hz
and at fourth natural frequencies, they are 0.129 um at
1207.5 Hz,0.049 pm at 1545.8 Hz, 0.022 pm at 2190 Hz,
respectively.

However, with 0°\90° layer orientation, at first natural fre-
quencies the amplitudes of PLA, PLA_SCF, and PLA_CCF
are 10.924 pm at 27.5 Hz, 9.733 um at 28.8 Hz, 10.110 pm
at 26.6 Hz and, at fourth natural frequencies, 0.152 pm
at 1157.5 Hz, 0.111 pm at 1193.8 Hz, and 0.121 pm at
1114.1 Hz are noted respectively.

Estimation of First Natural Frequency by Impact Test

The purpose of this testing was to find out the first natu-
ral frequency of each structure without MFC patch (only
actual beam). Applying the impact force to the free end
of the beam structure caused vibrations, which were then
monitored using a laser displacement sensor (LK-G82). To
determine the average value of each structure, the experi-
ment was repeated three times and findings are reported in
Table 5. Impact responses of structures made from various
materials depend on several aspects, such as material prop-
erties (both the matrix and reinforcing elements), structure
layout, the number of layers in structures, and the impact
force [31]. It has been proven that 0°/0° layout structures
are stiffer than corresponding 0°/90° layout structures, and
stiffer structures have a higher initial natural frequency [13.
18]. Thus, the findings demonstrate that specimens with
0°\0° layout have substantially higher first natural frequency
than 0°\90° layout specimens. Additionally, the increase in
the first natural frequency for the 0°\0° and layer orientation
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specimens exhibit a trend like that found in the modal analy-
sis test. However, the values of the first natural frequency
obtained by the modal testing are significantly higher than
the impact test, except for the PLA_SCF with the 0°90°
layer orientation, where the modal testing value (28.8 Hz)
is lower than the impact test value (30.62 Hz). The beam
structure with the MFC patch exhibits a different frequency
than the actual beam due to the change in stiffness caused by
the addition of the MFC patch.

Conclusion

In this article PLA, PLA_SCF and PLA_CCF specimens
were manufactured using FDM technology. Each speci-
men was prepared with two distinct orientations: 0°\0° and
0°\90° separately. Calculation of the decrement coefficient,
modal testing, and deformation in structures under various
point loads are carried out to investigate the influence of
distinct orientations on dynamical characteristics of beam
structures. The following conclusions were derived from
this investigation.

1. Under various static point loads, the structures oriented
at 0°190° show higher deformations than corresponding
0°\0° oriented structures. However, deformation in PLA
specimens oriented at 0°\0° and 0°\90° is almost equal,
measuring 2.72 mm and 2.79 mm, respectively, under a
maximum point load of 8 g.

2. 2.In case of 0°\0° oriented beam structures, the decre-
ment coeflicients for the PLA, PLA_SCF, and PLA _
CCF are 0.043, 0.081, and 0.214, respectively. Thus,
the vibration damping effect was observed maximum
in PLA_CCF followed by PLA_SCF and PLA. While
in 0°190° oriented structures, the PLA, PLA_SCF, and
PLA_CCF have corresponding decrement coefficients
of 0.041, 0.052, and 0.040. PLA_SCF showed maxi-
mum damping effect, whereas PLA and PLA_CCF
structures had amplitude damping effects that were
quite close to each other.

3. The initial four frequencies of the bending mode are
recorded during the modal testing, and it is noted that
the beam structures with 0°\0° orientation have higher
natural frequencies than the corresponding 0°\90° ori-
ented structures. The initial four bending mode fre-
quencies of PLA, PLA_SCF and PLA_CCF vary from
30 Hz to 1207.5 Hz, 40.5 Hz to 1545.8 Hz, and 60 Hz
to 2190 Hz in 0°\0° oriented structures respectively.
While in 0°\90° oriented structures, the values range
from 27.5 Hz to 1157.5 Hz, 28.8 Hz to 1193.8 Hz, and
26.6 Hz to 1114.1 Hz, respectively.
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Fig. 11 Initial four bending mode shapes of PLA, PLA_SCF and PLA_CCF beam structures : a) bending mode shapes with 0°\0° orientation ; b)
bending mode shapes with 0°\90° orientation
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ARTICLE INFO ABSTRACT

Keywords: The article is primarily focused on investigating vibration control in 3D printed composite beam structures. It
Glass fiber specifically examines the impact of Macro Fiber Composite (MFC) on two distinet composite materials: polylactic
3D printing acid (PLA) with continuous carbon fiber (PLA/CCF) and PLA with continuous glass fiber (PLA/CGF) under
Kutica e kinematical excitation. An essential aspect of the research is that both types of composites were manufactured
with two distinct layer orientations: 0°/0° and 0°/90". The modal analysis was performed to find out inherent
frequencics and amplitude spectrum for composite beam using 3D laser vibrometer. To maximize vibration
damping, an optimization process was implemented to fine-tune the voltage and phase of the signal delivered to
the MFC (MB507-B2) for each structure. Following this, the article identified stable and unstable phase regions
for each structure and extensively explored the vibration amplitude response within these regions. The study
exposes that MFC is more successful in mitigating vibration in structures with 0°/0" orientations, exhibiting
significantly greater vibration suppression compared to their corresponding 0°/90° structures.

Vibration damping
Layer orientations

1. Introduction (AC) i 1 d-loop, and i-acti
control, in addmon to passwe connol (PC) and hybrid approaches. The

In this age of automation, smart matenals have gained signi PC are

among in the domain. These materials

d through the application of
damping isolators. Meanwhile, the AC approaches are realized by inte-

provide novel solutions to significant engineering
the mitigation of vibration amplitudes, the minimization of noise levels
and their potential nppllc:mons in health monitoring [1-4]. Further-

more, smart are being in

ics to dampen vibrati litudes. These vib can pose
substantial risks to structures, and it is imperative to mitigate them to
prevent failures [5-7]. C il % i those

reinforced with continuous carbon and glass fibers within polymer
matrix, are widely used in various industries such as aviation, automo-
biles, construction, and more. This popularity is attributed to their high
strength, elastic modulus, impressive strength-to-mass ratm, :\nd mini-
mal risk of f:.ulure [8-10]. But the presence of at

grating smart as sensors and within the system [ 1,12
13]. Among smart i i ic ials find
application as both sensors and actuators owing to their direct and
converse pi lectric ph y. However, they do have
certain constraints, such as being hlghly bmtle. exhibiting limited
flexibility, and facing challenges in effectively integrating with surfaces
that possess intricate designs. To alleviate these constraints, piezocer-
amic fibers were incorporated into polymer matrix [14-16]. In 1999,
NASA nmroduced Macro Fnbel Composnes (MFCs), developed by
h fibers into a polymer
matrix, as a soluuon lo the constrmnts discussed earlier. These MFCs

low i concerns the integrity of such
structures, ivating the hers to explore techni for miti-
gating vlbr:mon amplitudes [11]. In pursuit of significant vibration

the have i several active control
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offer A their seamless integration with
curved surfaces. Moreover, they produce greater actuation forces
compared to piezoelectric patches [3,17-20]. By 2002, the Smart Ma-
terial company commenced the supply of this innovation under the li-
cense granted by NASA [21,22].
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Xie et al. conducted an investigation on the dampening of active
vibrations in a lattice grid beam by utilizing piezoelectric material as
actuation elements. They employed a novel approach by utilizing the
fractional-order proportional-derivative (PD) approach to mitigate vi-
brations. Furthermore, the researchers conducted simulations involving
the beam under diverse dynamic loads. These dynamic loads comprised
of harmonic excitation, step excitation, and initial disturbance sce-
narios. The findings demonstrate that the applied control approach
exhibited a significant and rapid decrease in vibration amplitudes, in
comparison to the conventional integer-order PD control approach [23].
Dafang et al. did an experimental investigation involving a beam, with
the aim of i igating vib control through the utilization of
piezoelectric patches. They employed the independent modal space
control technique to focus on controlling and analyzing the initial three
modes of the beam. An assessment of vibration behavior of the heam
prior to and after implementing the control scheme indi dsub

Engineering Structures 321 (2024) 118933

an experiment focusing on the AVC of a composite plate made of hon-
eycomb carbon fiber structure, utilizing MFCs for both actuation and
sensing purposes. The study successfully employed a control algorithm
(PPF) to effectively control the first four modes. The reliability and ef-
ficacy of the control algorithm were demonstrated in dampening vi-
bration amplitudes across both linear and nonlinear systems [29].
Mitura et al. developed FEM for a beam structure composed of
glass-epoxy with multi layers using the Abaqus platform. The purpose
was to mitigate undesired vibrations through the application of
embedded MFC actuators (M8528-P1). The PPF control was employed
to manage vibration, and a dedicated subroutine was developed to
incorporate PPF within the Abaqus platform. The study involved a
comparison of the beam structure’s behaviors with and without the
implementation of the PPF controller. Subsequently, the numerical
simulations associated with the efficacy of the PPF controller were

lidated through experimental verification [30]. Miao et al. aimed to

vibration reduction. Furthermore, a simulation was carried out for the
initial three modes, and the outcomes from both the simulation and the
experiment showed significant comparability. The results strongly
indicate that the implemented control method is highly effective in
mitigating vibrations [24]. Li et al. conducted a thorough numerical
investigation on Active Vibration Control (AVC) involving a piezoelec-
tric plate coupled to a piezoelectric element. The primary objective was
to mitigate vibrations effectively. The velocity-feedback method was

1 d to assess the 1 impact of Active Vibration Control
on the plate’s behavior result. The study’s results d rate the suc-

mitigate active vibrations (AV) in a beam by utilizing MFC patches,
which were employed as both actuators and sensor. The experimental
setup consisted of integrating two of these patches as actuators onto the
beam, while the third patch served as a sensor. The study employed
proportional derivative and fuzzy control approaches, leading to sig-
nificant suppression of vibration amplitudes observed in the first two
modes [31]. Danish et al. introduced a method to mitigate undesired
vibrations within a cross-ply lamination structure through the incorpo-
ration of an additional composite layer. The study employs parametric

met gy to analyze how changes in the dimensions (width and

cessful realization of substantial vibration reduction [5]. Kumar et al.
investigated the integration of Lead Zirconate Titanate (PZT) patches
with a cantilever beam, aiming to suppress vibrations. They developed a
finite element model (FEM) and conducted modal analysis using the
ANSYS software to find out the beam’s inherent frequencies and corre-
sponding mode shapes. The investigation’s findings validated the effi-
cacy of the SHM of beams [6]. Przybylski et al. performed nonlinear
transverse vibration analysis on aluminum beam structures using both
analytical and experimental approaches. The beams were constrained
from both ends, and piezoelectric actuators were integrated at desig-
nated position. In analytical modelling, Euler-Bernoulli approach was
utilized to formulate the influences of external force and piezo actuation
on transverse vibration. While, the Lindstedt-Poincaré method was
employed to determine solutions to nonlinear vibration issues. In
addition, two different experimental setups were created to confirm
analytical findings. This study concentrated on the impact of electric
fields on piezo-actuator forces, as well as on the inherent frequencies of
both systems. Furthermore, it was revealed that any instabilities in the
structure due to external force could be lessened by implementing the
piezo force. The findings from both analytical and experimental analyses
demonstrate the suitability of piezoelectric actuators for control appli-
cations in smart structures [25]. Mayer et al. explored active, passive,
adaptive, and combined vibration control approaches, analyzing the
distinct design aspects and benefits associated with each. The study
utilized a designed configuration to present diverse approaches for
executing vibration control systems, including the integration of diverse
methods for controlling vibrations [26]. Chai et al. conducted a study
that p d both computational modeli and- i
of the aero-thermoelastic resp 1 by al d structure.
The structure incorporated two MFC patches, with one functioning as a
strain sensor and the second generating a control force to mitigate vi-
brations within the structure. The results validate the efficacy of the

MFC patch in significantly decreasing vibration amplitudes within the

thickness) of the composite layer impact the potential energy landscape
and associated dynamic characteristics. Through theoretical and nu-
merical simulations, the study demonstrates the suitable design pa-
rameters of the embedded layer. These specifications effectively work to
minimize the undesired vibrations that arise due to cyclic excitation
within the structure [32]. Rimasauskiene et al. did an investigation
focused on observing the impact of an MFC patch on the vibration
control of a beam by employing active and passive control schemes. The
results demonstrate the effective reduction of vibrations within the
beam through the implementation of both active and passive control
schemes [33]. Raza et al. designed a numerical model of beams
composed of various materials in the ANSYS platform embedded with
MFC (M8507-P2) to suppress the vibrations. Every beam was kinemat-
ically excited to produce vibrations, while MFC patch generates a
compensatory control force to mitigate the vibration. The results
demonstrate that the MFC patch significantly decreased the vibration
amplitudes in every beam [34]. Lee et al. conducted a study involving a
distinct dual control hodology designed to oscillations
within bistable composite structures. The approach comprised of two
MFCs and one PPF controller. In this approach, one of the potential wells
was suppressed and the structure was directed towards the stable side
when one of the MFCs experienced voltage. While the second MFC was
used to suppress vibrations that occurred due to single-well scenario,
with the support of PPF controller. This unique dual control approach
was confirmed through mathematical and experimental study [35].
The current i is an of our p! work [36],
the previous study was that primarily centered on vibration amplitude
control using MFC patch (M8507-§2) in additively manufactured (AM)
beam structures with 0°/0° layer orientation. These AM beams were
fabricated from polylactic acid (PLA), PLA reinforced with short carbon
fiber (PLA/SCF) and PLA reinforced with continuous carbon fibers
(PLA/CCF). An incremental parameter tuning scheme was used to
determine opnma] voltage and phase settings for each beam to achieve

structure [27] Gawryluk et al. carried out a comp ive invi
focused on mitigating vibrations within a composite beam by incorpo-
rating an MFC patch (M8528-P1). Their study involved both simulations
and experiments, with the goal of effectively reducing vibrations in the
beam by employing various control algorithms. The results from both
the simulations and experiments validate the effectiveness of these
control algorithms in reducing vibrations [28]. Zippo et al. carried out

Thus, a significant vibration amplitude
control was 1denuﬁed in each AM beam.

After conducting an in-depth review of the existing literature, the
authors identified that the current study represents a pioneering effort in
exploring how AM composite structures with two distinct layer orien-
tations, 0°/0° and 0°/90°, influence dynamic characteristics, especially
vibration damping, with the application of MFC (M8507-P2). These
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composite structures were made from PLA/CCF and PLA reinforced with
continuous glass fibers (PLA/CGF). The primary aim of the study is to
identify a distinct layer orientation that contributes a significant role in
vibration damping. The dynamic characteristics comprised of natural
frequencies, bending mode (BM) shapes, and vibration damping in
kinematically excited beams. The deformation response of each com-
posite structure was measured under various static loads. Modal analysis
was cond d to eval inherent fi corresponding bendi
mode shapes, and amplitude spectrum for each composite structure.
Additionally, an incremental parameter tuning methodology was
implemented to optimize control voltage and phase signals supplied to
the MFC, achieving vibration p The vibration
amplitude behaviors in both stable and unstable phase regions were
identified and analyzed. Ultimately, a thorough analysis was performed
on the vibration amplitude responses of each kinematically composite
structure with influence of MFC to identify the most effective layer
orientation for vibration control.

2. Methodology

In this investigation, vibration amplitude control in AM composite
structures with two distinct layer orientations such as 0°/0° and 0°/90°,
were thoroughly examined and reported. These structures were fabri-
cated from PLA/CCF and PLA/CGF. Each composite structure was
stimulated by an electrodynamic shaker, and to control amplitude vi-
bration plitude, an open-loop active vibration control (OLAVC)
arrangement was created, employing the MFC (M8507-P2). The vibra-
tion amplitude control of each composite structure has been determined
at its first resonant frequency.

2.1. Additive manufacturing of composite structures

For creating composite structures involving PLA/CCF and PLA/CGF,
Polymaker PLA filament served as the matrix material, which has a
diameter of 1.75 mm [37]. As for reinforcement, TORAYCA T300 [38],
with a single-fiber diameter of 7 ym, was used for PLA/CCF, while
VETROTEX EC11300, featuring a single-fiber diameter of 11 pm, was
chosen for PLA/CGF.

Composite specimens reinforced with continuous carbon fiber and
glass fiber were produced using the MeCreator 2 printer with a modified
printing head. The printing method employed is based on Co-Extrusion
with Towpreg technology. In other words, the modified printing head
has two input channels: one for PLA thermoplastic matrix and another
for impregnated continuous carbon fiber or glass fiber. The authors have

h ively ined the imp ion process for continuous fiber
[39]. These materials are mixed in the heating element, resulting in a
homogeneous composite filament that is deposited on the printing
platform through the 1.5 mm nozzle. To enhance adhesion between the
specimen and the glass platform, 3D LAC was used. The printing settings
are presented in Table 1. The fabrication process of composite structures
is depicted in Fig. 1, wh h ic description of fabrication

Table 1
Printing settings for fabricating of PLA/CCF and PLA/CGF.

Settings Composite structures

PLA/CCF PLA/CGF
Nozzle diameter (mm) 1.5 1.5
Extrusion multiplier 0.7 0.7
Extrusion width (mm) 1.2 1.2
Layer height (mm) 0.5 0.5
Printing speed (mm/s) 3.0 3.0
Extruder temperature (°C) 210 220
Bed temperature ("C) 90 95
Fan speed (%) 60 100
Infill percentage 100 100
Layer orientations 0°/0°, 0°/90 0°/0°,0° /90
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process with modified printing head is illustrated in Fig. 2.

As depicted in Table 1, three parameters: extruder temperature, bed
temperature and fan speed, vary while printing PLA thermoplastic
composite structures with CCF and CGF reinforcements. During printing
process of PLA/CGF composite structures, the extruder temperature was
risen by 10 degrees Celsius to enhance the secondary impregnation
between the reinforcement and the matrix, as the single-fiber diameter
of the CGF is 57.14 % larger than the CCF. This adjustment increases the
printability and stability of the printing process. The differences in fan
speed and bed temperature are associated with adhesion between
printed composite line and printing bed during changes in the printing
direction. The optimal adjustments of these parameters minimize the
line end pull and ensure specimen length stability during printing, as the
matrix material cools quickly and adheres better to the printing bed.
Moreover, the cooling rate (fan speed) and bed temperature are kept
higher for CGF b after impr ion, it b less flexible and
stiffer than the CCF, requiring higher adhesion during printing.

Moreover, it is important to highlight that the width of the specimen
does not align as an integer multiple of the extrusion width due to the
intricacy in printing continuous fiber reinforced composite structures
using the Co-Extrusion with Towpreg process and limitations in the
fused deposition modeling (FDM) technology itself. In FDM technology,
it is impossible to fully eliminate air voids; that occur between the
printing lines or layers. To minimize this air voids percentage, the
printing lines should overlap. While, during printing process, any vari-
ations in the fiber extrusion multiplier of the matrix material have a
direct impact on the printing line width. The line width should be
optimally adj d ling to the di of the fiber reinforcement.

2.2. Experimental configuration

The experimental design shown in Fig. 3 was utilized to observe and
examine the vibration damping in composite structures. The system
comprises a  composite  structure with  dimensions of
120 mm x 20 mmx 1.35 mm, integrated with an MFC (M8507-P2)
made by Smart Material [21]. The MFC actuator was integrated with
epoxy, 5 mm from the fixed edge of the composite structure, as illus-
trated in Fig. 4. The OLAVC approach has been used to measure vibra-
tion damping; experimental approach layout is schematically depicted
in Fig. 5. Vibrations were introduced into each composite structure from
the fixed edge side using an ‘Electrodynamic Shaker (DDR-11077)", with
the input signal supplied through a function generator (WW5064). Vi-
bration amplitudes were monitored and measured 4 mm from the free
end of each beam, with the impact of the MFC patch assessed using a
Laser Displacement Sensor (LDS). The voltage signal with the optimal
phase was supplied to the MFC through the function generator
(WW5064) to achieve maximum reduction in amplitude. The LDS
(LK-G82) captured the deformation in the composite beam and trans-
ferred signal to the LDS control unit (LK-GD500) for processing. This
data in analogue format was further processed through a Pico-Scope
3424 device, which functioned as analog to digital converter (ADC).
The data was then analyzed using Pico-Scope 6 software which then
displayed the results on the computer screen.

2.3. Experimental modal analysis (EMA)

The experimental design depicted in Fig. 6 was utilized to ascertain
the inherent frequencies, bending mode shapes, and amplitude spectra
for each beam. The MFC actuator was affixed to each composite struc-
ture mounted 5 mm from the fixed edge, as depicted in Fig. 4. The
composite structures started vibration when a chirp signal of 100 V was

pplied to MFC To ine the at the free end, a
Polytec 3D laser vibrometer (PSV-500) was utilized.
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Fig. 2. Schematic description of fabrication process with

3.1. Determination of deformation under a point load

l'able 2 presents a summary of the deformation observed in PLA/CCF
and PLA/CGF composite structures.These structures have 0°/0° and 0°/
90° layer orientations, and the deformation was examined under a static
load applied at free side beam. The masses of the composite structures,
as determined by the weight cell, have been reported in Table 3. It is
illustrated in Fig. 9, the deformation in PLA/CCF and PLA/CGF com-
posite structures shows a linear progression as the load varies from 2 g to
8 g. The deformation in PLA/CCF with 0°/0° and 0°/90° orientations
varies between 0.20 mm to 0.78 mm and 1.27 mm to 5.02 mm, corre-
pondingly, as the load ct from 2 g to 8 g. Conversely, in PLA/CGF
with 0°/0° and 0°/90° orientations, the deformation changes between
0.41 mm to 1.47 mm and 1.85 mm to 6.69 mm, correspondingly, across
the load range of 2 g to 8 g.The PLA/CCF and PLA/CGF structures with
0°/0° layer orientations exhibit less deformation as compare to their

ing head.
2.4. Structure response to a static concentrated load

The experimental design, as illustrated in Fig. 7, was utilized to
assess the deformation in PLA/CCF and PLA/CGF composite structures.
Both structures were comprised with 0°/0° and 0°/90° layer orienta-
tions. The deformation assessment in each structure was carried out by
fixing one side and subjecting the free end to various static concentrated
loads, as shown in Fig. 8. The response in each composite structure was
examined using an LDS (LK-G82).

3. Results and discussions

This article ively and di the impact of MFC on
reducing vibration amplitudes in composite structures made of PLA/CCF
and PLA/CGF, which are oriented with 0°/0° and 0°/90° layer
configurations.

corresp ing 0°/90° layer orietation structures. The structures with
minimal deformation are 11 iated with enh  stiffness
[40]. Moreover,the findings highlight that the PLA/CCF structures
demonstrate greater stiffness pared to their corresponding PLA/CGF
structures with 0°/0° and 0°/90° layer orientations. Among the exam-
ined structures, the PLA/CCF structures with 0°/0° layers exhibit the
highest stiffness, while the PLA/CGF structures with 0°/90° layers
demonstarte the lowest stiffness.

3.2. Modal analysis

In the second phase of the experi modal lysis was

di d to 1 the inh f and corresponding
bending mode (BM) shapes and amplitude spectra of PLA/CCF and PLA/
CGF composite structures with 0°/0° and 0°/90° layer orientations.
Vibrations were induced in each structure using an integrated MFC
(M8507-P2). The integrated MFC patch was stimulated with a chirp
signal of 100 V, generated by a function generator, is an integral part of
the 3D laser vibrometer. The initial four BM shapes of composite
structures have been depicted in Fig. 10. The inherent frequencies, along
with their corresponding amplitude have been provided in Table 4. The
frequencies sequentially increase from 0°/90° PLA/CGF (21.3 Hz) to 0°/

£
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10 9 8 7 6 5 4

Fig. 3. Experimental design c ion for vibration d i Juation: 1-
displacement sensor (LDS); 4-Fixture; 5- LDS control unit 6- voltage. amplifier (LV-10:
computer system.

shaker; 2- Composite structure integrated with MFC; 3- Laser
; 7- voltage amplifier (EPA-104); 8- function generator 9- ADC Pico Scope-; 10-

= Vi [or 6))

Where f, k and 1 correspond to frequency, stiffness, and weight,
respecuvely [34,41,42]. In the preceding section, it has been experi-
11; rated that the stiffness increases sequentially from
0°/90° PLA/CGF to 0°/90° PLA/CCF to 0°/0° PLA/CGF to 0°/0°
PLA/CCF, with corresponding weights of 3.26 g, 2.86 g, 3.24 g, and
2.82 g respectively. Moreover, the reported experimental results (refer
to Table 4) indicate a significant reduction in vibration amplitudes as the
BM proceeds from the first to the fourth for each composite structure In
Table 4, vibration amplitudes were measured through Polytec 3D laser
vibrometer. The laser vibrometer scans the entire surface of composite
structure, scanning each point on surface three times to ensure the
reliability of data. It then measures the vibration amplitude of each
point, which is processed by Polytec PSV software (control unit). This
software calculates the final amplitude by averaging the amplitudes of
Fig. 4. Visual depiction of composite structure with MFC. all points on the surface [43]. The maximum amplitude for each com-

posite structure is noted at the first frequencies: 9.26 ym for 0°/90°

90° PLA/CCF (26.6 Hz), followed by 0°/0° PLA/CGF (47.7 Hz) and ul- PLA/CGF at 21.3 Hz, 10.11 pm for 0°/90° PLA/CCF at 26.6 Hz,4.40 pm
timately 0°/0° PLA/CCF (60 Hz). Struclures wnh hlgh stiffness :md low for 0°/0° PLA/CGF at 47.7 Hz and 4.14 um for 0°/0° PLA/CCF at 60 Hz.
weight are thought to d b q as Conversely, the lowest amplitudes are observed at fourth frequencies:
described by the equation. 0.10 pm for 0°/90° PLA/CGF at 918 Hz, 0.12 pm for 0°/90° PLA/CCF at
1114 Hz,0.05 pm for 0°/0° PLA/CGF at 1707 Hz and 0.02 pm for 0°/0°
PLA/CCF at 2190 Hz. Furthermore, Fig. 11, illustrates the amplitude

TVTTTVVIV
Time

M h—

|
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I
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B 100 5
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i
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delivered to MFC was performed to achieve maximum
i reduction in c

Channel 2: A 160mV voltage signal with a 0° phase was

applied to the electrodynamic shaker to observe the

maximum uncontrolled amplitude

Fig. 5. Schema of experimental approach layout.
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Fig. 7. Estimation of deformation in composite structures: a) experimental setup b) elamping of composite structure.
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Fig. 8. Depiction of composite structure with concentrated static load at free end.
Table 2 Table 3
Deformation in composite structures under applied load. Masses of composite structures.
Weight 0°/0° PLA/ 07/90° PLA/ 0°/0° PLA/ 0°/90° PLA/ Layer configuration Masses of samples in grams
() CCF (mm) CCF (mm) CGF (mm) CGF (mm) PLA/CCF (g) PLA/CGE (g)
2 0.20 27 0.4 .85
i oo e o0 e o Z‘:z ;;z
6 0.59 377 112 5.06 z - -
8 0.78 5.02 1.47 6.69
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ite structures as load varies.
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Fig. 10. Initial four bending modes of PLA/CCF and PLA/CGF with 0°/0° and 0°/90° orientations.

111



112

A. Raza et al. Engineering Structures 321 (2024) 118933
Table 4
Inherent and ¢ di litudes for PLA/CCF and PLA/CGF composite structures.
Bending modes 0°/0° PLA/CCF 0°/90° PLA/CCF 0°/0° PLA/CGF 0°/90° PLA/CGF
frequency (Hz) amplitude (um) frequency (Hz) amplitude (um) frequency (Hz) amplitude (pm) frequency (Hz) amplitude (um)
1st 60 414 26.6 10.11 7.7 2.40 21.3 9.26
2nd 410 113 203 3.38 315.6 1.45 165 3.33
3rd 1153 0.11 592 0.26 895.3 0.12 480 0.25
Ath 2190 0.02 1114 0.12 1707 0.05 918 0.10
10 ; . - e
——0°/0° PLA/CCF
o —0°0° PLA/CGF
/ ~——0°/90° PLA/CCF
[, ot v ~—0°/90° PLA/CGF
= 3rd bending
3 mode
= Srdbending 4uh bending AS by
- mode ‘mode 3rd bending.
/ made
107
108 . I 1 . . . . R A
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
f(Hz)
Fig. 11. Amplitude spectra of PLA/CCF and PLA/CGF with 0°/0° and 0°/90° orientations.
spectra of PLA/CC and PLA/CGF, oriented with 0°/0° and 0°/90° layer W
arrangements. The amplitudes for second BM for 0°/90° PLA/CGF, R= (%) x 100% 2)
u

0°/90° PLA/CCF, 0°/0° PLA/CGF and 0°/0° PLA/CCF, are approxi-
mately only 36.0 %, 33.4 %,33.0 % and 27.3 % respectively of their
respective first BM amplitudes. Similarly, third BM amplitudes for these
orientations are about 2.7 %,2.6 %,2.7 % and 2.6 % of their respective
first BM amplitudes. Furthermore, the fourth BM amplitudes exhibit
values of around 1%, 1.2%,1.1 % and 0.5% compared to their
respective first BM amplitude. The values for BM from second to fourth
for each composite structure are determined as less than 40 % of their
respective first BM amplitudes. Therefore, based on the reported

In this equation, R, W,, W, correspond to the reduction factor, un-
controlled amplitude, and controlled amplitude in the time series.

In the 0°/0° PLA/CCF composite structure, the control voltage was
raised in 2mV steps using a function generator (WW5064), while
maintaining a random phase spanning the entire 360° range. A sub-
stantial decrease in amplitude was observed at approximately 10.52 V.
Consequently, further voltage adjustment was halted, and instead, phase
adjustments were made in increments of 2°. During phase adjustment,

experimental findings and the literature study, it can be deduced that the
first BM always exhibits the i vibrati plitude and domi-
nance in the entire vibrational behavior [33,34,44]. Thus, this article
focuses on further investigating the reduction in vibration amplitude at
the first BM due to its dominance.

3.3. Optimizing the control voltage phase

At the start, the 0°/0° PLA/CCF, 0°/90° PLA/CCF, 0°/0° PLA/CGF,
and 0°/90° PLA/CGF composite structures were individually subjected
to vibration using an electrodynamic shaker. Each structure was exposed
to its corresponding freq : 60 Hz, 26.6 Hz, 47.7 Hz, and
21.3 Hz, to attain il unce p

To achieve vibration amplitude reduction in beams, a voltage signal
was introduced to MFC, generating a counter force that decreases the
vibration amplitude. As the voltage amplitude increased, the MFC pro-
duced more force, as specified by the manufacturer [21]. However, this
approach does not yield optimal control, licable to both litud

litude reduction was noted at 30°. To identify the
optimal phase, the voltage amplitude was fine-tuned in sub-steps of 0.5°
around 30°, and the maximum decrease in vibration amplitude was
d 1 at 29°. Upon impl ing a control voltage of 10.52 V with
29° phase, the MFC produced an optimal force that effectively mini-
mized W, to nearly zero. The resulted in an R value of 99.19 %, as
depicted in Fig. 12 (a). An interesting insight derived from this inves-
tigation is that the vibration amplitude of the dynamic system only
decreases when voltage phase exists within specific range. The stable
phase range for 0°/0° PLA/CCF spans from 290 to 50° (comprising both
intervals 290° to 360° and 0° to 50°) as illustrated in Fig. 12 (a). Within
this stable range, the W, value remains lower compared to W, yielding a
positive R value indicative of a decrease in vibration magnitude.
Conversely, in the unstable range falling between 50° to 290°, the W,
value exhibits a higher value compared to W, and resulting in a nega-
tive R value negative that signifies an increase in vibration amplitude
within this region instead of a reduction.
The corresponding steps were carried out for the 0°/90° PLA/CCF

and phase regulation. Accurate tuning of both the control voltage

amplitude and phase is imp ive for achieving reduction in
vibration amplitude.
For a ¢ i lysis, vibration reduction can be

quantified using the equation:

p structure, resulting in a significant amplitude reduction noted
at 29.4 V. The optimal phase was then determined by increasing the
phase in 2° increments, and significat vibration reduction was observe at
phase of 44°. Further fine-tuning was done using sub-steps of 0.5°
centered around 44°. The optimal phase was found to be 45°, at which
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Fig. 12. Influence of phase on the vibration amplitude: (a) 0°/0° PLA/CCF, (b) 0°/90° PLA/CCF (c) 0°/0° PLA/CGF (d) 0°/90° PLA/CG.

maximum reduction was noted. Applying a control voltage of 29.4 V
along with phase of 45° resulted in an R value of 98.18 %, as depicted in
Fig. 12 (b). The stable region ranges from 350° to 100° (encompassing
both intervals 350° to 360° and 0° to 100°). Within the stable region, the
value of W, remains lower than W,,,resulnng in a positive R value
indi vibration However, in the unstable
range spanning between 100° to 350°, the value of W, exceeds W,, and
leading to a negative R value. The negative value suggests an increase in
vibration amplitude within this region instead of a reduction.

A similar approach was adopted for 0°/0° PLA/CGF composite
structure and determining optimal voltage and phase settings of 17.68 V
and 4° respectively. Employing these inputs with the MFC resulted in an
R value of 98.90 %. The stable phase region spans approximately 300° to
70° (encompassing both intervals 300° to 360° and 0° to 70°), as illus-
trated in Fig. 12(c). Within stable region 300° to 70°, the of W, remains
lower compared to W,,, re g in a positive R value that indicates a

increases. The findings indicate that the stable operational span for the
0°/0° PLA/CCF and 0°/90° PLA/CGF is approximately 120° and while
for 0°/0° PLA/CGF and 0°/90° PLA/CCF, it is approximately 110°.

structure

3.4. A of amplitude reduction in comp

This section provides a detailed on the effectiveness of
MFC in vibration damping of composite structures, specifically PLA/CCF
and PLA/CGF, with 0°/0° and 0°/90° orientations.

The PLA/CCF composite structure with a 0°/0° orientation exhibited
its highest amplitude, ranging approximately from -+ 210um to
—212 pm, as illustrated in Fig. 13 (a). This occurred when the composite
structure was subj 1 to sti from an electrody shaker
operating in close to its initial resonant frequency of 60 Hz, with a phase
of 0°and an amplitude of 160 mV. Significantly, the 0°/0° PLA/CCF
structure showed the most sub I reduction in

significant amplitude reduction. Conversely, in the ble region
falling between 300° to 70°, a negative R value indicates an increase in
vibration litude instead of a d . In case of 0°/90° PLA/CGF
composite structure, the optimal voltage and phase are found to be 43 V
and 79°, respectively. With these inputs, an R value of 98.70 % is ach-
1eved The stable phase reglon comprises approx.lmately 15° to 1357,

ng the litude re as depicted in Fig. 12 (d). While, in
the unstahle region falling between 135° to 15° (encompassing both
intervals 135° to 360° and 0° to 15”) in which vibration amplitude

ampl.ltude when a 10.52V control voltage was applied to MFC,
accompanied by an optimal phase angle of 3517, as depicted in l-w 13
(b). The range of vibration litude from the i to

extended from + 1.7 pm to —1.7 um, indicating a remarkable reduction
in amplitude by over 120 times. This remarkable reduction highlights
the efficacy of MFC in vibration damping of 0°/0° PLA/CCF. The 351°
phase difference demonstrates that the electrodynamic shaker and MFC
signals are approximately out of phase, resulting in effective vibration
cancellation and producing maximum damping. The 351° phase
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Fig. 13. Vibration litude behavior in ite structure ing 0°/0° PLA/CCF: (a) U lled vil litude (b) C lled vibrati litude at
350°, 351° and 352°, with influence of MF(‘ (¢) 351° phase diff between the el d; ic shaker signal and MFC signal, realizing maximum vibra-
tion reduction.
the elect ic shaker and the MFC signals can shown in Fig. 14(a), demonstrated its highest vibration amplitude,

be seen in Fig. 13 (c). Additionally, Fig. 13(b) demonstrated that when
applying a 10. 52 V contlol voltage with phases of 350° and 352° to the
MFC, corresp to vibration amplitudes of
+ 6 um to 6 pm and + 3 um to —3.4 pm were recorded, respectively.
The ng decrease in litude at phases 350° and 352° was
approxim;\tely 35 and 65 times, respectively. The comparatively lower
vibration damping at 350° and 352° adjacent phases, relative to the
optimal phase of 351°, exhibits the sensitivity of the 0°/0° PLA/CCF
composite structure to phase angle. Even a slight variation in phases
adjacent to optimal phase leads to sub ially lower vib

ranging approximately from + 514 ym to —545 um. This happened
when the composite structure was exposed to excitation from a shaker
operating close to its initial resonant frequency of 26.6 Hz, with a phase
of 0°and an amplitude of 160 mV. The 0°/90° orientation exhibits
higher vibration amplitude d‘mn the 0°/0° orientation, demonstrating
the distinct dy ic vib P d with the 0°/90°

orientation. The most signifi ibrati litude reduction in 0°/
90° PLA/CCF was noted at a 29.4 V control voltage with optimal phase
of 45°. ng the reduction, the maximum to
ini amplitude was recorded + 6.15 pum to —6.4 ym,

ial

damping.
The PLA/CCF composite structure, with a 0°/90° orientation as

representing a remarkable amplitude reduction of over 80 times. The
need of a higher control voltage with optimal phase to assess maximum
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Fig. 14. Vibration amplitude behavior in composite structure comprising 0°/90° PLA/CCF: (a) U lled vil litude (b) C lled vi litud

at 44°, 45 and 46°, with influence of MFC (c) 45° phase difference between the electrodynamic shaker signal nnd MFC signal, realizing maximum vibra-

tion reduction.

damping in the 0°/90° onentauon, compzu'ed to 0°/0° orientation, in-
dicates that layer ori i) the interaction
between MFC actuation and vibration dynamics of composite structures.
This demonstrates the crucial role of layer orientations in vibration
damping. The 45° phase difference between the electrodynamic shaker
and the MFC signals has been depicted in Fig. 14(c). Moreover, ampli-
tude reductions exceeding 30 times and 60 times were achieved when
the MFC was exposed to a 29.4 V control voltage of at phases of 44° and
46° respectively, as presented in Fig. 14 (b). The beam’s vibration
amplitude ranged around from + 16 ym to ~16.19 ym and + 8 pm to
~8. 9 um, respecnvely The results indicate that the optimal phase (45°)
the vibration d; while adj; phases (44°

and 46°) also provide significant vibration damping.

A similar approach was adopted for PLA/CGF composite structure
with a 0°/0° orientation, which exhibited its highest vibration ampli-
tude, ranging approximately from + 244 pm to —242 pm (see Fig. 15
(a)) at its initial resonant frequency of 47.7 Hz. This amplitude was
observed slxghﬂy higher than 0 /0° PLA/CCF, indicating dlffermg vi-
bration dy istic: two
structures. The hxghest vibration damping, exceeding 90 nmes was
achieved when the MFC was exposed to 17.68 V control voltage with
phase angle of 4°, g in a vib that ranged around
from + 2.9 pm to —2.4 ym was observed. The 4° phase indicates that
shaker signal and MFC signals are appr ly in phase ali
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Fig. 15. Vibration amplitude behavior in composite structure comprising 0°/0° PLA/CGF: (a) U lled vibrati litude (b) C lled vibrati litud
at 3%, 4° and 57, with influence of MFC (c) 4° phase difference between the el d; ic shaker signal and MFC signal, realizing maximum vibration reduction.
ducti di

75 times, was observed when the MFC received a

effectively canceling out the vibration effects and thus p

vibration d ing. The 4° phase difference between the
electrodynamic shaker signal and the MFC signal has been revealed in
Fig. 15 (c). Vibration amplitude damping of over 35 times and 30 times
were realized when the PLA/CGF (0°/90°) structure was subjected to
phase angles of 3° and 5°, respectively, as illustrated in Fig. 15 (b). The
beam’s vibrati litude ranged app from + 6.4 um to
—6.8 ym and pm 7.1 pm to —7 pm, respectively. The results indicate that
the phases around the optimal phase still provide significant vibration
damping. In case of PLA/CGF w1th 0°/90° orientation, the highest vi-
bration litude was app ly in the range of + 785 um to
~810 pm at its initial resonant frequency of 21.3 Hz (see Fig. 16(a)).

43 V voltage at a 79° phase angle, as illustrated in Fig. 16(b), resulting in
a vibration amplitude ranging from around + 8.5 ym to —12.2 pm. The
requirement of high control voltage with an optimal phase indicates an
intricate interaction between MFC actuation and vibration dynamics of
0°/90° PLA/CGF structure. Moreover, the high phase difference of 79°
demonstrates a substantial lag in the dynamic behavior of 0°/90° PLA/
CGF structure relative to the control signal provided to the MFC. Fig. 16
(c) illustrates a 79° phase diffe b the el dy ic shaker
and the MFC signals. At phase angles of 78" and 80°, corresponding
vibration amplitude damping, over 60 times and 25 times was achieved,
respecnvely, as depicted in Fig. 16 (b). The vibration amplitude ranged
ly from +17.4pm to -124pm and + 24.5um to

This 0°/90° PLA/CGF indicates the highest vibratif litudes among
all the examined composite structures. The most substantial vibration

—30 7 um, respectively. Additionally, the adjacent phases (78° and 80°)
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Overall, the highest unct lled vibration litude was d
in 0°/90° PLA/CGF configuration, followed by 0°/90° PLA/CCF, 0°/
0° PLA/CGF and 0°/0° PLA/CCF. It is worth noting that, to attain
maximum vibration reduction, the 0°/90° PLA/CGF demanded the
highest voltage at 43 V with 79° phase, followed by 0°/90° PLA/CCF at
29.4 V with a 45° phase, 0°/0° PLA/CCF at 17.68 V with a 4° phase and
0°/0° PLA/CCF at 10.52 V with a 351° phase. Furthermore, composite
structures with 0°/0° layer configurations exhibited more effective vi-
bration reduction compared to their corresponding 0°/90° layer con-
figurations, influenced by MFC. The vibration damping analysis is also
summarized in Table 5

In this experimental study, the vibration amplitude reduction is
h hl lyzed in AM structure fabricated with PLA/
CCF and PLA/CGF. These structures have distinct 0°/0° and 0°/90° layer
orientations. An OLAVC approach is applied to achieve substantial
amplitude reduction. Considering the findings achieved in this study,
the subsequent inferences are derived:

1. In the initial phase of experimentation, the stiffness of each beam
was evaluated using deformation under the point load approach. The
stiffness of the PLA/CCF and PLA/CGF composite structures with 0°/
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Table 5
ibration damping analysis in structures.
Composite Ay Optimal Ay Reduction
structures = Uncontrolled voltage and Controlled factor= A, /
peak-to-peak phase for peak-to-peak Ay
(um) i i
damping (pm)
0°/0° PLA/ +210to -212 10.52Vwith  +1.7t0 > 120 times
CCF 351° phase -17
o/ + 514 to -545 29.4 Vwith +6.15t0 > 80 times
90°PLA/ 45° phase —6.4
CCF
0°/0°PLA/ + 244 10 —242 17.68 V with +291t0 > 90 times
CGF 4° phase -2.4
0°/90° + 785 to 810 43V with +85t0 > 75 times
PLA/CGF 79° phase ~12.2

N

»

>

o

0° layer patterns was identified higher than that of their corre-
sponding 0°/90° layer patterns structures. While the overall stiffness
follows a sequence from 0°/90° PLA/CGF to 0°/90° PLA/CCF to 0°/
0° PLA/CGF, and ultimately to 0°/0° PLA/CCF.
In the second phase of experiments, the inherent frequencies of the
first four BM for each composxte structu.re were determined with a 3D
laser vib . The i fr ively increase
from 0°/90° PLA/CGF (21.3 Hz) to 0“/90 PLA/CCF (26.6 Hz) to 0°/
0° PLA/CGF (47.7 Hz), and ultimately to 0°/0° PLA/CCF (60 Hz).
Additionally, the amplitude spectrum showcased the maximum
amplitude aligned with the first inherent frequencies, measuring
9.26 ym, 10.11 pm,4.40 pym and 4.14 um respectively.
To investigate the uncontrolled vibration amplitude behavior, each
p structure was 1 at first resonant frequency using
electrodynamic shaker. The maximum amplitudes for 0° PLA/
CCF, 0°/90° PLA/CCF, 0°/0° PLA/CGF and 0°/0° PLA/CCF exhibited
a range approximately from + 210um to —212pm at 60 Hz,
+ 514 pm to —545 ym at 26.6 Hz, + 244 um to —242 pm at 47.7 Hz
and + 785 pm to —810 pm, respectively.
Utilizing an OLAVC h y with inc P tun-
ing, optimal control voltage and phase settings were determined to
achieve maximum amplitude reduction. The control voltage along
with phase for 0°/0° PLA/CCF, 0°/90° PLA/CCF, 0°/0° PLA/CGF and
0°/0° PLA/CCF were determined as follows:10.52V with 351°
phase,29.4 V with 45°phase, 17.68 V with 4° phase and 43 V with
79° phase.
Upon applying these optimizations, amplitude reduction of more
than 120 times,80 times,90 times and 75 times was observed for 0°/
0° PLA/CCF, 0°/90° PLA/CCF, 0°/0° PLA/CGF and 0°/0° PLA/CCF
respectively.
Furthermore, the results indicated that 0°/0° layer orientations
demonstrated higher vibration reduction with lower control voltage
compared to 0°/90°. The overall sequence of amplitude reduction
progressively increases from 0°/90° PLA/CGF to 0°/90° PLA/CCF to
0°/0° PLA/CGF, and finally to 0°/0° PLA/CCF.
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Abstract: This study primarily p s a numerical investi of the dy ic behavior and
vibration control in thin-walled, additively manufactured (AM) beam structures, validated through
experimental results. Vibration control in thin-walled structures has gained significant attention
recently because vibrations can severely affect structural integrity. Therefore, it is necessary to
minimize these vibrations or keep them within acceptable limits to ensure the structure’s integrity. In
this study, the AM beam structures were made of polylactic acid polymer (PLAP), short carbon fiber
reinforced in PLAP (SCFR | PLAP), and continuous carbon fiber reinforced in PLAP (CCFR | PLAP),
with 0°10° layer orientations. The finite element modeling (FEM) of the AM beam structures
integrated with macro fiber composite (MFC) was carried out in Abaqus. The initial four modal
frequencies of bending modes (BMs) and their respective modal shapes were acquired through
numerical simulation. It is crucial to highlight the numerical findings that reveal discrepancies in the
1st modal frequencies of the beams, ranging up to 1.5% compared to their respective experimental
values. For the 2nd, 3rd, and 4th modal frequencies, the discrepancies are within 10%. Subsequently,
frequency response analysis (FRA) was carried out to observe the frequency-dependent vibration
amplitude spectrum at the initial four BM frequencies. Despite discrepancy in the amplitude values
between the numerical and experimental datasets, there was consistency in the overall amplitude
behavior as frequency varied. THz spectroscopy was performed to identify voids or misalignment
errors in the actual beam models. Finally, vibration amplitude control using MFC (M8507-P2) was
examined in each kinematically excited numerical beam structure. After applying a counterforce
with the MFC, the controlled vibration amplitudes for the PLAP, SCFR | PLAP, and CCFR|PLAP
configurations were approximately +19 um, +16 pum, and 13 um, respectively. The trend in the
controlled amplitudes observed in the numerical findings was consistent with the experimental
results. The numerical findings of the study reveal valuable insights for estimating trends related to
vibration control in AM beam structures.

Keywords: thin-walled beam; MFC; modal frequencies; THz spectroscopy; vibration control;

amplitude spectrum

1. Introduction

Currently, vibration suppression in structural dynamics has emerged as a prominent
domain of research. These structures, either with simple or intricate designs, are susceptible
to vibrations caused by various sources such as machinery noise, wind loads, human
activities, and others [1]. These vibrations can significantly compromise structural integrity,
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leading to premature fatigue and eventual failure. Therefore, it is necessary to mitigate
these vibrations or keep them within an acceptable limit to minimize the risk of structural
failure [2,3]. It is noteworthy to describe that thin-walled composite beam structures have
a considerable number of engineering applications. Structures such as helicopter blades,
aircraft blades, robotic arms, [4] and wing turbine blades demonstrate the geometry of
thin-walled beams. However, flutter is a challenging issue concerned with these kinds
of structures and needs to be minimized or eliminated [5]. In recent times, structures are
manufactured using various types of composite materials to obtain high specific stiffness
as well as specific strength. On the other hand, vibration suppression has emerged as a
crucial issue for the operational performance of the system due to the flexible properties of
the composite structures [6,7].

Many vibration suppression technologies, such as active control, semi-active control,
passive control, and integrative control, have been implemented recently to enhance system
integrity. A passive control scheme includes incorporating various damping materials or
devices (e.g., mass, spring, and damper), producing the control counter force in reaction
to external disturbances and does not need any external electrical source for operation.
However, other schemes generally require actuators, sensors, and controllers to function.
These can provide control counter forces to the system based on the real-time data but need
external electrical sources to activate these devices [8]. Itis important to highlight that active
control schemes are increasingly used in numerous engineering fields due to the easy mar-
ket accessibility of a range of smart materials, particularly piezoelectric [9,10]. Piezoelectric
materials are often used for energy harvesting [11], monitoring structural integrity [12], and
vibration suppression applications [13], due to their effective electromechanical capabilities,
substantial blocking force, excellent stiffness, and prompt response [14]. Piezoelectric
materials, such as lead zirconium titanate (PZT), are commonly employed in numerous
industrial applications due to their excellent stiffness and ability to generate high actuation
force. Additionally, they may be implemented as sensors and actuators attributed to direct
piezoelectric and converse phenomena, respectively. However, they have some constraints,
such as brittle behavior, inadequate flexibility, and limited capability to adapt curved
surfaces [2]. The polyvinylidene fluoride is an alternative piezoelectric material that is
relatively more flexible than PZT but generates less actuation force.

To alleviate the challenges of piezoelectric materials for real-life application, thor-
ough studies have been carried out on the polymeric matrix reinforced with piezoceramic
fibers [15,16]. In 1999, NASA developed various types of macro fiber composites (MFCs) to
overcome their limitations. The polymeric matrix was reinforced with rectangular-shaped
piezoceramic fibers and positioned within protective and electrode wraps [17-19]. After-
wards, in 2002, the Smart Materials Corp. commenced the production and supply of the
MFCs under a licensed manufacturer agreement for NASA-developed technology [20].

Dafang et al. carried out an experimental study on active vibration control of a flex-
ible beam manufactured from epoxy resin and fiberglass, employing the independent
mode control (IMC) technique to control the first three modes independently. Piezoelectric
patches, used as actuators, were integrated with the beam at designated positions to damp
vibrations. The findings demonstrate that the modal damping of the beam structures was
significantly enhanced by using the IMC technique. To perform the numerical simulation,
the dynamic equation governing the beam was formulated using Hamilton's principle.
The simulation results were closely aligned with the experimental results. The findings
from experiments and simulations illustrate that employing the piezoelectric actuators
enabled the IMC technique to effectively suppress vibrations [21]. Raza et al. conducted
numerical simulations on the vibration control of beam structures with distinct material
properties integrated with MFC (M8507-P2) using the ANSYS R19.1 software. Modal
analysis was thoroughly performed on each beam to assess the modal frequencies and
modal shapes. Additionally, vibration control employing MFC was executed on each beam,
with the maximum vibration reduction noted in the beam with the highest 1st resonant
frequency. The findings confirm that this scheme could be effectively implemented across
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various materials to control vibration [22]. Silva et al. conducted an experimental study
on active vibration control in composite beams by applying electromagnetic actuators. A
fuzzy logic methodology was employed to control the vibration amplitude of the beams.
An identical mathematical model of the experimental setup was developed using the
unique methodology, and numerical simulations were performed on the model using the
MATLAB platform. Both numerical and experimental results for vibration suppression of
the first mode in frequency and time aspects were compared and validated. The insights
reveal the robustness of the control methodology applied to suppress vibration ampli-
tude [23]. Rima3auskiené et al. accomplished an experimental investigation to evaluate the
combined impact of a unique active-passive vibration control methodology on the beam
structure with the application of an MFC patch. The results demonstrate that the suggested
methodology effectively facilitates in the vibration suppression of the beam structure [7].
Raza et al. performed a comprehensive investigation on the dynamic characteristics of
3D-printed beam structures integrated with MFC (M8507-P2). The beams were developed
using polylactic acid polymer (PLAP), short carbon fiber reinforced in PLAP (SCFR | PLAP),
and continuous carbon fiber reinforced in PLAP (CCFR | PLAP) beam structures oriented at
two distinct layer patterns: 0° 10° and 0° 190°. The deformation, decrement coefficient, and
modal characteristics were assessed, and the impact test was conducted on each beam to
observe the influence of distinct layer patterns on dynamic characteristics. The findings
demonstrate that the two distinct orientations (0° 10? and 0° 190°) have a significant effect
on the dynamic characteristics of the beam [24]. Moreover, Raza et al. presented a detailed
study of vibration damping with the influence of MFCs in 3D-printed composite structures
made of CCFR | PLAP and continuous glass fiber reinforced in PLAP (CGFR | PLAP) with
two distinct orientations (0° 10° and 0° 190°). The findings illustrate that the structures
with 0° 10° orientation exhibit higher vibration damping compared to those with the 0°10°
orientation [25]. Karimi et al. presented a comprehensive review of the fused deposition
modeling (FDM) approaches employed in the 3D printing of continuous and short fiber-
reinforced composites. Continuous fiber-reinforced composite parts are receiving greater
interest in industries, compared to short fibers, due to their excellent strength. Moreover,
various fiber reinforcement composite fabrication approaches were discussed, especially
two approaches: in situ fusion and ex situ prepreg. However, voids and irregularities
were found in the parts fabricated by these two approaches. To alleviate these problems,
new approaches have been established by researchers through modifications to these two
techniques, resulting in the filling of voids and irregularities and enhancing the mechanical
properties of composites parts [26]. Wani et al. conducted a comprehensive review of
various control methodologies, including active, passive, and hybrid control, for effec-
tively controlling vibrations in structures. The adoption of a specific control technique is
influenced by the complexity of the structural system. Furthermore, it was reported that
more than one type of technique may be implemented to control vibrations effectively [27].
Ding et al. presented a novel vibration control methodology to manage vertical vibrations
within the engineering framework. Traditional tuned fluid column dampers (TFCDs) are
employed to mitigate vibrations in horizontal orientations. This study introduces a novel
methodology based on TFCD, aimed at successfully suppressing vibrations in vertical
orientations. Afterward, the motion equations of the proposed system were formulated
using Lagrange equations and further validated through numerical simulations in the
ANSYS suite. The outcomes provide valuable insights into the capabilities of the suggested
TFCD methodology and illustrate its potential to suppress vibrations in the vertical direc-
tion [28]. Wang et al. proposed a practical technique, “dynamic mode decomposition (DMD)
approach’, to formulate a low-order state-space model (SSM) for mitigating vibrations in a
cable strut-based framework, relying on data regarding the framework’s behavior and input
control force. The data related to the input control force were determined by stimulating
the framework with integrated actuators. A novel linear quadratic regulator (LQR)-based
approach, DMD-LQR, was developed using the DMD-based SSM. This approach has been
proven to be more computationally effective relative to the FEM-derived LQR approach.
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The efficacy of the novel approach (DMD-LQR) was also demonstrated through numerical
simulations. The findings illustrate the effectiveness of this novel approach in mitigat-
ing vibrations [29]. Zang et al. conducted analytical and experimental studies on the
nonlinear vibration control in coupled carbon composite beam structures with secured
ends under thermal influence. The modal characterization and mode frequencies of the
coupled beams were determined using the ‘Rayleigh-Ritz’ approach and confirmed by
FEM. Dynamic equations of motion were formulated using Lagrange’s set of equations and
the ‘Galerkin” approach. Additionally, the frequency-dependent amplitude response was
assessed through the harmonic balance technique and verified through the ‘Runge-Kutta”
approach. For the experimental study based on the analytical study, NiTINOL-steel wires
were placed on the coupled beams in accordance with a predefined layout. The experimen-
tal findings demonstrate that the steel wires effectively damp the vibrations in the coupled
composite beams and align with the analytical results [30]. Guang Sun et al. presented a
‘linear active disturbance rejection control (LADRC)" approach to mitigate vibrations in
beam structures integrated with piezoelectric patches acting as actuators. The beam struc-
tures were externally stimulated by harmonic loads. Initially, the fundamental equations of
the beam with actuators were formulated utilizing the Euler-Bernoulli beam model along
with Lagrange’s equations. The LADRC approach for the beam with piezoelectric patches
was derived from these fundamental equations. To confirm the accuracy of the analytical
study, the same analysis was performed using ANSYS and experimentally. The findings
validate that the applied approach has a substantial effect on controlling vibrations in
beam structures [31]. Soltani et al. carried out a thorough investigation of vibration control
of multi-layer sandwich-based micro-beams manufactured from piezoelectric materials.
To examine the effectiveness of control measures for the sandwich beam structure and
to assess the relevant mechanical characterization, both Hamiltonian and ‘generalized
differential quadrature (GDQ)" methodologies were applied in determining the solution
discretely. Moreover, the authors designed several controllers to investigate the tracking
characterization and vibration dampening of the system. The findings of this investiga-
tion demonstrated that the Linear Quadratic Integral-based control technique performed
considerably more effectively in controlling vibration and enhancing tracking characteris-
tics [32]. Moreira et al. proposed a unique passive damping approach for light and elastic
frameworks by introducing viscoelastic material (VM) to address vibration challenges and
potential early failure under dynamic loading conditions. They incorporated indentations
on the internal surfaces of the host structure (bottom layer), along with the confining
layer (upper layer) sandwiching the VM layer, which adopted a wave-like configuration.
The modeling of this sandwich structure was performed using the ‘NX Nastran software”
in association with the Siemens FEMAP software, with the facilitation of the MATLAB
platform for mesh creation. The insights confirm that the VM layer significantly enhances
passive damping treatment [33]. Kamel et al. developed a dynamic model of a carbon
composite-based cantilever beam in ANSYS using FEM to control vibrations. Frequency
analysis of the dynamic model was conducted in ANSYS considering four distinct scenar-
ios. The state space model (SSM) of the smart beam for each scenario was created in the
MATLAB platform using the results obtained from ANSYS. Subsequently, a PID controller
was developed using the SSM derived from the first scenario in the MATLAB platform and
confirmed against the other three scenarios. To enhance the performance of the system,
three additional smart controllers based on fuzzy logic were studied. The findings reveal
that fuzzy-based controllers contributed a significant role in the vibration control of the
beam system [34].

This numerical study aims to validate previously published experimental investiga-
tions [35]. Prior research extensively explored the dynamic characteristics of kinemati-
cally stimulated, additively manufactured (AM) beam structures, including modal char-
acterization, frequency-dependent amplitude spectra, and vibration control influenced
by MFC (M8507-P2). The beam structures were fabricated using PLAP, SCFR | PLAP, and
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CCFR | PLAP with 0° | 0° layer orientations, and their fabrication process has been thor-
oughly discussed in a published experimental work [35].

This is the first time the dynamic characteristics and vibration control in numerical
models of PLAP, SCFR | PLAP, and CCFR | PLAP with [0° | 0°] layer sequences integrated with
MFC (M8507-P2) have been comprehensively discussed and validated against previously
published experimental results. However, challenges arose due to the general assumptions
adopted in the numerical simulations compared to the experimental scenarios.

Initially, the finite element modeling (FEM) of PLAP, SCFR | PLAP, and CCFR | PLAP
with MFC (M8507-P2) was performed in the Abaqus CAE 2024 platform. Following this,
the modal characterization assessment of each numerical beam model was conducted
to assess the modal frequencies and their respective modal shapes. The discrepancies
in numerical and experimental modal frequencies for each beam have been reported
separately. Additionally, frequency response analysis (FRA) was carried out to assess the
frequency-dependent amplitude spectra of the numerical models, and comparisons were
made with the experimental results. In the next section, THz spectroscopy was performed
to reveal voids or misalignment errors in the 3D-printed layers of actual beam models.
Finally, vibration control in each numerical model, utilizing MFC counterforces, was
thoroughly examined and compared with experimental results. A detailed investigation of
the discrepancies between the simulation and experimental results has also been presented.
Based on the findings, the beam structure that exhibited the highest vibration suppression
was identified.

2. Materials and Methodology

In this numerical simulation investigation, the 0° | 0°-oriented PLAP, SCFR | PLAP
and CCFR | PLAP beam structures were modeled to study dynamic characteristics such
as modal characterization assessment and FRA, with the goal of mitigating vibrations in
beam structures integrated with MFCs by implementing open-loop active vibration control
(OL-AVC). The numerical results were thoroughly compared and validated with previously
published experimental study by the authors. The overview of the steps involved in the
numerical simulation investigation has been demonstrated in Figure 1.

In Figure 1, three main steps involved in the numerical simulation are illustrated: pre-
processing, solution, and post-processing. In the pre-processing step, the geometry of the
beam structure with the MFC is created and defined. The material properties are assigned
to the beam and MFC separately, interaction is established between them, element types
are assigned, and meshing is performed. Then, boundary conditions are applied, followed
by defining various analysis steps such as linear perturbation frequency (to assess natural
frequencies and mode shapes), steady-state dynamics (to assess frequency-dependent
amplitude), and dynamics implicit (to analyze vibration control with MFCs).

In the solution step, a job is created for each step and executed for analysis. The
progress of each numerical simulation is monitored, and the convergence of the results is
confirmed. If the results do not converge, mesh refinement is performed, and the analysis
steps are repeated.

In the post-processing step, the results are visualized and examined, and the required
data are extracted. The graphs are generated to describe the results. Finally, the simula-
tion results are validated against the experimental results to confirm the accuracy of the
numerical findings.

A thorough discussion of numerical modeling, simulation investigation, and valida-
tion with the experiment are discussed in subsequent sections.



Materials 2024, 17, 5478

60f26

Geometry Definition
= Create geometry within Abaqus using built-in tools
= _Define part instances
2
Material Property Assignment
= Define material properties ]
= _Section assignment
v

Defining Interaction
* Specify part interaction such as a Tie constraint
between the beam and MFC

Meshing & Element type
1 * Mesh generation & refinement
1 * Assign element type
1 2
: Boundary Conditions
* Assign mechanical conditions to beam structure
1 gl
1 = _Assign electrical conditions to MFC patch
1
1 .
1 Step Definition
1 * Define the sequence of analysis steps
: * Solver setting such as time increments, convergence criteria
1
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Results Comparison
* Results visualization

= Extracting and plotting data

Experimental
Results

Figure 1. Overview of steps involved in numerical simulation.

2.1. Finite Element Modeling (FEM)

In this section, the FEM of laminated beam structures (length: 110 mm; width: 20 mm;
thickness: 1.35 mm) with MFC patches is outlined. The overall effective dimensions of both
numerical models and AM beam structures were considered similar. However, the actual
length of the AM beam was 120 mm, as a 10 mm portion of the beam was placed within a
support to firmly fix the beam from one side. Thus, the effective length of AM beams during
the experiments was used 110 mm. Firstly, the PLAP and SCFR | PLAP laminated beams
with [0°10°] layer sequences were individually modeled as continuum solid shells (CSS8).
The layup-ply approach was adopted to describe the layer arrangement. The [0°10°]
layer sequence indicates that all layers were aligned parallel (along the same axis) to each
other without any angular deviation between them, as presented in Figure 2a. Conversely,
the CCFR | PLAP beam composite with [0°10°] fiber layer sequences, was represented
as continuum solid shells (CSS8) using a representative volume element (RVE) with an
~18% volume fraction of fibers (consistent with AM beam structures). Similarly, in the
CCFR | PLAP model, [0° |0°] fiber layer sequences showed that the direction of the fibers in
both layers was parallel to each other (along the same axis), as illustrated in Figure 2b. The
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1.35 mm

(b)

PLAP

PLAP layers, oriented at 0°/0°

CCFRin PLAP,
oriented at 0°/0"

material parameters for modeling beam structures are detailed in Table 1. Subsequently,
the FEM of integrated MFC (M8507-P2) was performed using piezoelectric solid elements
(C3D20RE). The active part of the MFC (length: 85 mm; width: 0.7 mm; thickness: 0.3 mm)
was simplified as a homogeneous material rather than an intricate design. The material
parameters of the MFC are listed in Table 2. The active portion of the MFC was affixed
to each beam structure in accordance with AM samples, i.e., 15 mm from the fixed end.
The Tie constraint was implemented to ensure interaction between the surfaces of the
beam and the MFC. After numerically modeling the geometry, hexahedral (hex) meshing
with refinement was performed on the MFC and each beam structure, resulting in no
additional significant changes in the computed natural frequencies. The aim of the mesh
refinement was to attain greater exactness; however, excessive refinement prolonged the
computational time required to obtain the desired output, rendering it impractical for use.
Further, mechanical boundary conditions involved fixing one side of the beam, with nodes
restricted to displace in the X, Y, and Z direction, as depicted in Figure 3a. On the other
side, a sinusoidal force was employed to kinematically excite the beam. However, due to
limitations of the Abaqus, it was not possible to apply the excitation force through the fixed
side as was carried out in the experiments exhibited in Figure 3b. The electrical boundary
conditions, such as a sinusoidal signal (Umrc), were applied from the upper side of the
MEFC, while the bottom side was grounded (0 V).

0°/0" PLAP beam structure

0°/0° CCFR|PLAP
beam structure

Figure 2. Modeling beam structures oriented at 0° |0°: (a) approach for PLAP and SCFR | PLAP beam
structures and (b) approach for CCFR | PLAP.
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Table 1. Mechanical parameters of PLAP, SCFR | PLAP, and CCF [22,36-38].

Parameters PLAP PLAPISCF CCF
Young’s Modulus (Y) (2636 + 330) x 10° Pa 5143 x 10° Pa 230 x 10° Pa
Poisson’s Ratio (v) 0.36 0.4 0.2
Tensile Strength (46.6 £ 0.9) x 10° Pa 76 x 10° Pa 3530 x 10° Pa
Density 1.17 to 1.24 g/cm® 1.35 g/cm® 1.76 g/cm?

Measul‘lng i‘e"§ -

p i
point 0 1,,(",[)

20

Measuring point

30.3
11.35

(b)

4
2
2
E . Beam
T MFC active area (85x07) structure
I7 10 (20
) i ; le. ]
o 15 1 85 10 il
— e
5 100 5

Figure 3. Beam structures integrated with MFC, illustrating boundary conditions (units in mm):

(a) FEM model and (b) schematic view of experimental sample.
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Table 2. Material Parameters of MFC (M8507-P2) [20,22,39,40].

Parameters Values

Y; =30.336 x 10° Pa

Young'’s Modulus (Y)
Ys = Y3 = 15.857 x 10° Pa
Shear Modulus Gi2 = Gj3 = Gy3 = 5515 x 10° Pa
vy2 =v13 =031
Poisson’s Ratio (v)
V3 = 0.438
Density 5.44 g/cm?

d3; = —170 pm/V

Piezoelectric Coefficient dan = —100 pm/V

2.2. Modal Analysis

The Lanczos methodology has been employed to compute the modal natural fre-
quencies and corresponding mode shapes of beam structures without applying external
forces. This process involves specifying the geometric configurations of the beam struc-
tures, material characteristics, and boundary conditions, such as fixing one side of the beam

structure firmly.

The Abaqus employs the following fundamental governing equations to determine
the modal frequencies and mode shapes, as explained in the Abaqus documentation [41]:

ME(t) + Kz(t) = 0

(8]

The above equation describes the motion of the undamped system with multiple

degrees of freedom.

Where M, (t) , z(t), K describe mass matrix, acceleration vector, displacement vector,

and stiffness matrix.
Assuming harmonic motion of the dynamic system,

z(t) = Py sin(wnt)
By substituting Equation (2) into Equation (1),
M(— 0,2,¢,.sin(w,,t)) + K(®ysin(w,t)) = 0
This simplifies to the following:

(K - w%M) ®,=0

)

3)

4)

Equation (4) represents equilibrium equation governing the dynamics of structure for

undergoing free vibration that is formulated as an eigenvalue problem:

An= W (K= AuM)®y =0

()

where K, ®,, A, and M represent stiffness matrix, eigenvectors, eigenvalues, and mass

matrix, respectively.

The eigenvalues A, yield the modal frequencies, while the eigenvectors, ®;, provide
the mode shapes of structures. This is a general form of equation to compute modal
frequencies and mode shapes. The relation between the eigenvalues A, and f;, is described

as follows:

An=w2

(6)
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Ux=0 Beam Structure

Uy=0
Uz=0

wn =V Au @)
wy = 2nf, (8)

where w,, and f, represent the angular and linear natural frequencies, respectively.

The Lanczos methodology encompasses a set of Lanczos runs, with each run consist-
ing of several iterations to refine the solution. The following spectral transformation is
employed by Lanczos for each run.

M(K — o M) M®, = OM®, ©)

where o and 0 are the phase shift and eigenvalue, respectively. This transformation
provides effective convergence to the expected eigenvalues. The eigenvectors of this
equation (Equation (4)) and the spectral transform equation (Equation (9)) are the same,
but the eigenvalues have the following relationship:

M=g+o (10)

2.3. Frequency Response Analysis (FRA)

The frequency-dependent dynamic response (amplitude spectrum) of each beam
structure (PLAP, SCFR | PLAP, and CCFR | PLAP) with layers oriented at 0° | 0° was assessed
across a frequency spectrum and subjected to dynamic loading conditions. One side of the
beam structure was firmly fixed, while the harmonic excitation force was applied to the
free-end side, as exhibited in Figure 4.

Harmonic
Exciting Force

MEFC Patch
(Active part)

Figure 4. Schematic depiction of beam structure with MFC to assess frequency-dependent dynamic
behavior.

The FRA primarily depends on the previously performed modal analysis, as described
in Equation (9). Modal analysis determines the modal frequencies (w',,) and modal shapes
of the beam structure, which are crucial for describing the dynamic behavior of the beam
structure. FRA finds out the response of the structure subjected to harmonic force over a
spectrum of frequencies. The displacement spectrum z(t) in response to the applied force
can be stated as the cumulative total from each modal mode, as described in the Abaqus
documentation [41]:

() = Y s ay
n=1

where a,; and @, denote the modal amplitude and mode shape (mode coordinates) of nth
mode, respectively. Where Equation (12) describes a;;:
n =

&y = (fbnTFu) /(w2 w? + 2i ,]',,w,,w) (12)

In Equation (12), Fy, w and [, denote the force exertion, excitation frequency, and
damping ratio, respectively.
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2.4. THz Spectroscopy

The non-destructive C-scanning of beam structures was performed to identify internal
defects using the THz spectrometer (TPSTM Spectra 300 THz Pulsed Imaging and Spec-
troscopy from TeraView), as presented in Figure 5a. This high-tech instrument employs
terahertz (THz) radiation to analyze samples made from various materials. The unique
characteristics of THz radiation enable it to penetrate samples, making it effective for
non-destructive testing and imaging. The applicability of the NDT technique is primar-
ily limited to the inspection of non-conductive materials, such as polymers [42] or glass
fiber-reinforced polymers [43]. Its main advantage is the low power (below 1 uW [44])
generated by a THz wave that reduces the risk of destroying sensitive materials. THz
waves are totally reflected by conductive materials. CCFR structures contain conductive
carbon fibers reinforced in a non-conductive polymeric matrix. The applicability range
of the NDT method for CCFR strongly depends on the carbon fiber content. For instance,
CCFR laminates manufactured using infusion method have a high fiber content (typically
60-70% of total weight [45]). In such case, THz spectroscopy can be used to detect coatings
(e.g., contaminations, thickness variation [46]) or surface damage (e.g., burn [47]). A com-
parative analysis of the influence of different carbon fiber alignments in CCFR laminates
on THz wave penetration depth is thoroughly presented by authors [48]. In the analyzed
CCFR | PLAP samples, the fiber content is significantly lower, approximately 18%. This
lower amount of conductive material (carbon fiber) allows THz spectroscopy to inspect the
whole structure.

Figure 5. Non-destructive C-scanning of beam structures to identify the internal defects: (a) THz
spectrometer setup for experiment and (b) illustration identifying internal defects.

The spectrometer facilitates the determination of sample parameters within the THz
frequency range and is capable of scanning samples in either reflection or transmission mode.
Its imaging capability allows for the measurement of samples up to 700 mm x 700 mm in size.
For the investigation, each beam structure, with dimensions of 120 mm x 20 mm x 1.35 mm,
was placed on a metal table and examined in reflection mode. The measuring heads were
configured with a 22° angle between them, as presented in Figure 5b. Since THz radiation
is significantly affected by moisture, the investigation was conducted using an air dryer
to minimize moisture around the measuring heads and an air conditioner to maintain an
ambient temperature of 20 °C. The scanning step was set to 0.2 mm in the xy plane, and
THz signals were recorded with 10 averages.
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2.5. Examination of Vibration Control with Influence of MFC
To analyze vibration damping, the dynamic response equation of the beam structure
with MFC has been employed and is as follows:

Mz(t) + Cz(t) + Kz(t) = Fext — Fmrc (13)

Here, C represent the damping matrix, z(t) is the velocity vector, Fext denotes the
external force on the beam to generate vibrations, and Fysrc indicates the force provided
by the MFC to damp vibration amplitude.

Where Fext =Fgsin(wt)and Fype = d3 AVpsin(wt) (14)

where A, Vo, and d3; indicate the active area of the MFC, amplitude of harmonic signal
provided to MFC, and piezoelectric coefficient, respectively.

The force (Fypc) produced by the MFC operates in opposition to the external harmonic
force and effectively reduces the vibration amplitude in the beam structure. The damping
matrix C’, incorporated in the Equation (13), inherently encompasses the internal friction
and other energy dissipative effects that are crucial to damp vibration amplitude in the
beam structure.

3. Results and Discussions

To examine the dynamic characteristics of beam structures (PLAP, SCFR | PLAP, and
CCFRIPLAP), modal characteristics” assessment and FRA were carried out using the
Abaqus. THz spectroscopy was carried out to identify defects in AM structures. After-
wards, vibration suppression in each beam was thoroughly studied and compared with the
published experimental data [35], addressing the limitations of the numerical simulation.

3.1. Assessment of Modal Characteristics of Beam Structures

In the preliminary phase of the numerical simulation investigation, the emphasis is
on identifying the modal frequencies and modal bending mode shapes of numerical beam
structures. By incorporating the MFC (M8507-P2) patch within the beams, each beam
experiences a slight enhancement in mass and stiffness, leading to deviations in natural
frequencies compared to beams without the MFC patch [24,35]. The natural frequencies of
the first four bending mode shapes have been presented in Table 3, and it can be clearly
observed that the natural frequencies of beams with the MFC are higher than those of beams
without the MFC. The average computational time to calculate the natural frequencies of
the numerical beam models was approximately 26 min. The initial four bending mode
shapes of each numerical beam model are presented in Figure 6. The first natural frequen-
cies of the numerical models were found to be 30.45 Hz for PLAP, 39.95 Hz for SCFR | PLAP,
and 60.50 Hz for CCFR | PLAP. These numerical values closely align with the experimen-
tal frequencies of 30.00 Hz, 40.50 Hz, and 60.00 Hz, respectively, resulting in differences
of only 1.50%, 1.35%, and 0.83% for PLAP, SCFR | PLAP, and CCFR | PLAP, respectively.
The fourth natural frequencies of the numerical models were found to be 1268.00 Hz for
PLAP, 1580.70 Hz for SCFR | PLAP, and 2189.70 Hz for CCFR | PLAP. The corresponding
experimental values were 1207.50 Hz, 1546.00 Hz, and 2192.00 Hz, with differences of
approximately 5.01%, 2.24%, and 0.10% for PLAP, SCFR | PLAP, and CCFR | PLAP, respec-
tively. The second and third natural frequencies of the numerical models deviate within
10% from the experimental values.

Several factors could contribute to discrepancies between the modal frequencies of
the FEM and actual AM beam models. Firstly, the geometry of the AM beam could differ
slightly from the idealized numerical model used in Abaqus. This difference might be due
to internal irregularities such as defects that are not perfectly considered in the numerical
model. Secondly, defining boundary conditions in the numerical model with simple
assumptions could lead to inconsistencies with experimental results. For instance, in the
numerical simulation, the beam structure is confirmedly fixed at one end, while in real
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conditions (experiments), there is a possibility that the beam was not firmly fixed, leading
to a lack of consistency with the numerical model. To further investigate this, the node
locations of the first four bending modes of one of the AM beams and its corresponding
numerical model, specifically CCFR | PLAP with MFC, have been determined and presented
in Figure 7. In the AM model, the node locations were identified using the 3D laser
vibrometer, while in the numerical, the Abaqus platform was used. It can be clearly noted
from Figure 7 that the beams vibrate very close to the fixed side, especially in the 2nd, 3rd,
and 4th bending modes of both the AM and numerical models. There is a possibility that
the AM beam was not firmly fixed, and displacement from the fixed end occurred during
vibrating conditions.

Table 3. Natural frequencies of 0° | 0°-oriented beam structures with and without MFC: experiments
and numerical simulation results.

0°10° PLAP 0°10° SCFRIPLAP 0°10° CCFRIPLAP
Bending  Experiment MU Numerical Experiment \umerical - Numerical - p o ene Numerical o erical
4 P Without . P Without with P Without :
Modes with MFC with MFC with MFC with MFC with MFC
(H) MES (H2) (H2) MEC Mre (H2) Mue (H2)
(Hz) (Hz) (Hz) (Hz)
st 30.00 26.89 30.45 40.50 34.70 39.95 60.00 61.47 60.5
2nd 215.00 168.23 236.33 280.50 216.96 289.47 410.00 384.71 392.83
3rd 626.50 471.76 671.73 802.00 608.53 825.02 1153.00 1076.10 1119.00
4th 1207.50 927.35 1268.00 1546.00 1196.50 1580.70 2192.00 2106.20 2189.70
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Figure 6. Initial four bending modes of MFC-integrated 0° | 0°-oriented beam structures: (a) bend-
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CCFR | PLAP.
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Figure 7. Node locations on beam structure integrated with MFC: (a) node locations on AM beam
and (b) node locations on AM beam.

3.2. Frequency Response Analysis (FRA) of Beam Structures

In this section, a detailed discussion has been provided on the frequency-dependent
dynamic behavior of the numerical beam models (PLAP, SCFR | PLAP, and CCFR | PLAP)
integrated with the MFC under harmonic excitations. To assess the dynamic behavior,
one side of numerical model was fixed, as depicted in Figure 4, while a sinusoidal force
with an amplitude of £1 x 1078 N was applied to the other side. Figure 8 illustrates the
amplitude spectrum of numerical and AM beam models at the first four resonant frequen-
cies of bending modes. Table 4 presents the initial four bending mode numerical resonant
frequencies of beam structures along with their amplitudes. The average computational
time to compute the FRA response of beam structures was approximately 55 min.
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Figure 8. Frequency-dependent amplitude spectrum of 0° | 0°-oriented beam structures: (a) numerical
data and (b) experimental data.
Table 4. Numerical natural frequencies of 0° | 0°-oriented beam structures with amplitudes.
0°10° PLAP 0°10° SCFRIPLAP 0°10° CCFRIPLAP
Bending . : P
Modes Numerical Amplitude Numerical Amplitude Numerical Amplitude
Frequency G Frequency (um) Frequency (um)
(Hz) " (Hz) (Hz)
1st 30.45 7.0870 40.00 3.9240 60.50 1.898
2nd 236.33 0.1420 290.42 0.0874 392.83 0.0496
3rd 671.73 0.0189 827.70 0.0115 1119.00 0.00636
4th 1268.00 0.0059 1585.10 0.0034 2189.70 0.0016
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These trends in numerical findings were confirmed with the early published exper-
imental data [33]. The frequency-dependent dynamic response of the actual AM beam
structures was measured by fixing one side of each beam structure in a fixture and applying
a 100 V excitation signal to the MFC patch. The amplitude spectrum of each beam structure,
illustrating the variation in vibration amplitudes with changing frequencies, was measured
by a 3D laser vibrometer (PSV-W-500) manufactured by ‘Polytec GmbH, Germany’. No-
tably, the amplitude spectrum revealed (Figure 8) that vibration amplitudes peaked at the
first resonant frequencies of the bending mode and decreased towards the fourth resonance
frequencies in both numerical and experimental data. Although there was a considerable
difference in the absolute values of vibration amplitudes between the numerical and exper-
imental data, a consistent trend in amplitude variation over the resonant frequencies was
observed in both sets of results.

Moreover, the resonant frequencies of FEM and AM beams were noted to be near
each other, as reported in Table 3. Despite the discrepancy in the vibration amplitude
values between the two datasets, there was consistency in the overall behavior of vibration
amplitudes as frequency varied. For instance, in the numerical results, the vibration
amplitudes at the first resonance frequency were observed to be the highest as follows:
7.0870 um at 30.45 Hz for PLAP, 3.9240 um at 40.00 Hz for SCFR | PLAP, and 1.8980 pum at
60.5 Hz for CCFR | PLAP. The corresponding experimental vibration amplitudes at the first
resonance frequency were as follows: 9.295 um at 30 Hz for PLAP, 6.831 um at 40.5 Hz for
SCFR | PLAP, and 4.139 pm at 60 Hz for CCFR | PLAP.

In the numerical results, the lowest vibration amplitudes were noted at the fourth reso-
nant frequency: 0.0059 um at 1268.00 Hz for PLAP, 0.0034 um at 1585.10 Hz for SCFR | PLAP,
and 0.0016 um at 2189.70 Hz for CCFR | PLAP. The corresponding experimental values were
observed to be 0.1290 um at 1207.50 Hz for PLAP, 0.0490 um at 1546.00 Hz for SCFR | PLAP,
and 0.0220 um at 2192.00 Hz for CCFR | PLAP.

Both the numerical and experimental results follow the same trend. Similarly, the vari-
ation in the vibration amplitudes of the numerical model at the second and third resonant
frequencies follows the same trend observed in the experimental model, as illustrated in
Figure 8.

Overall, the numerical approach effectively captures the dynamic behavior of each AM
beam structure, as evidenced by the consistency of numerical results with the experimental
results. However, the observed differences in absolute amplitude values may be attributed
to the limitations in boundary conditions: in experimental case, the excitation force was
provided by the MFC patch, while in numerical case, the force was provided at the free-end
side of each beam structure.

3.3. Analysis of THz Spectroscopy Findings

The aim of utilizing THz spectroscopy was to analyze the beam structures of real
samples that were modeled using the Abaqus CAE 2024 software. The simulations were
performed under the assumption that the real structures were ideal, without voids or fiber
alignment errors in any 3D-printed layer or across consecutive layers.

C-scans were determined for three samples and presented in Figure 9a—. In each case,
three surfaces were determined: the upper surface of the sample, the bottom surface of
the sample, and the image obtained from the metal table. In the case of PLAP (Figure 9),
the image of the upper surface (Figure 9a) presents its periodic irregularity. The image of
the bottom surface (Figure 9b) shows that the sample was manufactured from thin PLAP
filament lines that were aligned so closely together they were not visible using the ‘naked
eye’. Such internal structure influences the vibration properties of the material. The image
obtained from the metal plate (Figure 9¢) contains information about both the material’s
periodic irregularity (probably due to the PLAP filaments in consecutive layers not being
perfectly aligned) and the joint PLAP filaments creating the structure.
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Figure 9. PLAP surfaces: (a) upper surface, (b) bottom surface, and (c) metal table.

In the case of SCFRIPLAP (Figure 10), determining the upper surface was more
challenging than in the PLAP case (pure polymer), probably due to the irregular distribution
of conductive short carbon fibers in the SCFR | PLAP composite. Therefore, the image for
the upper surface (Figure 10a) appears blurred. However, it is still possible to observe the
periodicity of the sample surface. The image of the bottom surface (Figure 10b) indicates the
characteristics of manufacturing method, revealing the sample was manufactured from thin
parallel SCFR | PLAP filaments. The structure contains some discontinuations, observed
as circular objects randomly distributed in the structure. This may be an effect of locally
higher or lower amounts of short carbon fibers in the SCFR | PLAP-printed filaments. Such

inequality should not considerably influence the vibrational properties of the material.

However, differences in the mechanical properties of carbon fiber and polymer could result
in such areas to be an origin of structural damage. The image determined from the metal
table (Figure 10c) indicates that, when considering the whole thickness of the sample, the
short carbon fibers are equally distributed.

Min M

%0

Compact filament
alignment

/

%0 3 ® s 70

fmm] b xjmm)
(b) (c)
Figure 10. SCFR | PLAP surfaces: (a) upper surface, (b) bottom surface, and (c) metal table.

In the case of CCFR | PLAP (Figure 11), the upper surface image (Figure 11a) shows
that it is not perfectly flat, and the carbon fibers are not perfectly aligned. The areas with
darker colors can be described as voids and regions with a higher amount of PLAP (pure
polymer). The images of the bottom surface (Figure 11b) and metal table (Figure 11c)
confirm the presence of voids. These are visible as irregular light lines (Figure 11b) between
the carbon fibers and as irregular dark lines (Figure 11c) between reflections from the metal
table. Such voids and misalignments of carbon fibers influence the vibrational parameters
of the analyzed CCFR | PLAP structure, indicating potential origins of structural damage.
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Figure 11. CCFR | PLAP surfaces: (a) upper surface, (b) bottom surface, and (c) metal plate.

3.4. Analysis of Vibration Amplitude Control in Beam Structures

This analysis provides a comprehensive discussion on vibration amplitude control
in numerically modeled beam structures, comparing and validating the results obtained
with experimental data. The damping characteristics of the numerical beam structures are
adjusted to ensure that the numerical and experimental absolute uncontrolled vibration
amplitudes are comparable. The average computational time to determine the controlled
vibration amplitude in beam structures was around 97 min. The PLAP numerically modeled
beam exhibited the highest uncontrolled vibration amplitude ranging from +435 um to
—408 um when subjected to a harmonic force at its first resonant frequency of 30.45 Hz, as
depicted in Figure 12a. To obtain an uncontrolled amplitude approximately identical to
the experimental results, a specific force value for each beam was determined using the
following expression [49]:

Fext = 3YID/L? (15)

where Feyt, Y, 1, D, and L indicate the load at the free end, Young's Modulus, moment of
inertia related to the cross-section, maximum peak-to-peak deflection, and length of each
beam, respectively.

By applying a counter force through the MFC at the same resonant frequency (30.45 Hz),
the maximum controlled vibration amplitude was observed to be approximately +19 um
(see Figure 12b). This represents an overall reduction in controlled vibration amplitude of
more than 22 times compared to the uncontrolled scenario. In the experimental scenario,
the AM beam structure was stimulated at its first resonant frequency (30 Hz) with an
electromagnetic shaker, resulting in an uncontrolled vibration amplitude of approximately
+410 um. Applying a counterforce with the MFC at the same resonant frequency (30 Hz),
the controlled amplitude was reduced to around £5 um. This demonstrates an overall
reduction in controlled vibration amplitude of around 80 times.

For the SCFR | PLAP numerical model, the uncontrolled highest vibration amplitude
was observed around 4395 um when subjected to a harmonic force near its first resonant
frequency of 40 Hz, as depicted in Figure 13a. In experiments with the AM model, the
uncontrolled amplitude was noted around £370 um at its first resonant frequency of
40.5 Hz. Upon applying a counterforce through the MFC, the controlled numerical and
experimental vibration amplitudes were observed around +16 um and +3 um, respectively,
as presented in Figure 13b. This reflects an overall reduction in controlled vibration
amplitudes of approximately 25 times and 110 times, respectively.
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Figure 12. Vibration amplitude analysis in 0° | 0° PLAP beam structure: (a) uncontrolled vibration

amplitude and (b) controlled vibration amplitude.

In both the numerical and AM models of the CCFR | PLAP, the numerical model

exhibited uncontrolled amplitudes ranging from +220 um to —224 um, while the AM

model showed an approximate amplitude of +210 um, as illustrated in Figure 14a. These

measurements were taken at their respective first resonant frequencies, approximately
60.5 Hz for the numerical model and 60 Hz for the AM model. After the MFC applied a
counterforce, the numerical and AM beams exhibited controlled amplitudes of +13 pum and
+1.7 um, respectively, as demonstrated in Figure 14b. This represents an overall reduction
in controlled amplitudes of approximately 31 times for the numerical model and 120 times

for the AM model.

139



21 of 26

\
|

— Expérimenlnl

()

Uncontrolled Vibration Amplitude in 0°/0° SCFR|PLAP Without MFC Influence

25x20 |

Materials 2024, 17, 5478

s

i, T 0 TP DUSUN T PPV =l
= = = = = > > >
a a a a a a a
X X X X XXX
wi = wi w = wi =
m Pl

(wrf) spmyypdury

450

= = ‘Numerical

400

300

250
Time (ms)
Controlled Vibration Amplitude in 0°|0° SCFR|PLAP with MFC Influence

200

100

20

0
5

w oS wn S w
—

500

300 350 400
Time (ms)

200

The results demonstrate significant changes in the reduction ratios for PLAP, SCFR | PLAP,
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and CCFRIPLAP in experimental cases, with reductions of 80 times, 110 times, and

vibration amplitude and (b) controlled vibration amplitude.
120 times, respectively. In contrast, numerical models exhibited reductions of 22 times,

25 times, and 31 times, respectively. However, the peak-to-peak controlled vibration am-
plitudes remain relatively consistent, such as £5 um, +3 um, and +1.7 um for PLAP,

SCFR IPLAP, and CCFRIPLAP in experimental scenarios, and +19 pum, +16 um, and
+13 um in numerical scenarios, respectively. It indicates consistent effectiveness in control-

ling vibration amplitudes in both numerical and experimental scenarios.
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Figure 14. Vibration amplitude analysis in 0° |0 CCFR|PLAP beam structure: (a) uncontrolled

vibration amplitude and (b) controlled vibration amplitude.

The disparity in controlled vibration amplitudes between the numerical and experi-
mental results is influenced by the inherent limitations of the numerical models, which do

not fully capture the complexities of real experimental conditions. Numerical simulations

typically rely on generalized assumptions and may not properly account for material imper-

fections such as voids, porosity, or any irregularities, which are present in the actual model.
Additionally, environmental factors and intricate damping characteristics resulting from

the fixture used to secure one side of the beam during experiments are not fully considered

in the numerical simulation.

The numerical findings provide valuable insights for estimating trends related to
vibration control in AM beam structures. However, the experimental data are crucial
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for improving and optimizing vibration amplitude control methodologies to assure their
efficacy in real-life applications. Despite the disparity in controlled vibration amplitudes
between numerical and experimental models, the trend of reduction factor in both scenarios
is similar. It increases from PLAP to SCFR | PLAP and then continues with CCFR | PLAP.

4. Conclusions

In this article, the numerical models of 0°10° PLA, 0°10° SCFRIPLA, and 0°10°
CCFR | PLA beam structures integrated with the MFC have been investigated to study their
dynamic characteristics and control vibration amplitude under kinematically stimulated
conditions. The numerical results are comprehensively compared and validated against
previously published experimental results. In response to the findings from the results, the
subsequent conclusions are formulated.

1. The Ist resonant frequencies were found to rise from 30.45 Hz for PLAP, to 39.95 Hz
for SCFR | PLAP, and then to 60.5 Hz for CCFR | PLAP. The numerical values align
with experimental values of 30 Hz, 40.5 Hz, and 60 Hz, with discrepancies of 1.50%,
1.35%, and 0.83%, respectively.

2. Numerical analysis of the frequency-dependent amplitudes of the initial four bending
modes exhibited that the 1st resonant frequency had the highest amplitudes, while
the lowest amplitudes were observed at the 4th resonant frequencies. A similar trend
in frequency-dependent amplitudes was observed in the experimental scenario.

3. THz spectroscopy was performed to identify voids or misalignments in the real AM
samples. The PLAP revealed periodic irregularities, SCFR | PLA showed random
discontinuities, and CCFR | PLA showed a significant number of voids and misalign-
ments in the continuous carbon fiber.

4. The numerically models of PLAP, SCFR | PLAP, and CCFR | PLAP were externally stim-
ulated at their respective 1st resonant frequencies, revealing uncontrolled vibration
amplitudes of +435 um to —408 pm, +395 um, and +220 pm to —224 pm, respectively.
In the experimental case, uncontrolled vibration amplitudes were +400 um, £370 pm,
and £210 um.

5. After applying a counterforce with the MFC, the controlled vibration amplitudes in
the numerical models for PLAP, SCFR | PLAP, and CCFR | PLAP were approximately
+19 pm, £16 um, and 13 pm, respectively. Experimentally, the controlled vibration
amplitudes were observed to be around £5 pm, %3 um, and =1.7 um for the respec-
tive models. Both numerical and experimental results exhibited the same trend in
decreasing amplitude from PLAP to SCFR | PLAP and finally to CCFR | PLAP.

6. Numerical simulation provides valuable insights for estimating trends in controlling
vibration amplitudes. However, experimental data are crucial for improving and
optimizing vibration amplitude reduction methodologies to ensure their efficacy in
real-life applications.
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Abbreviations

Acronym Full Term

MFC Macro fiber composite
PLAP Polylactic acid polymer

SCFRIPLAP  Short carbon fiber reinforced in PLAP
CCFRIPLAP  Continuous carbon fiber reinforced in PLAP
CGFRIPLAP  Continuous glass fiber reinforced in PLAP

FRA Frequency response analysis
NDT Non-destructive testing
BM Bending mode
AM Additively manufactured
FEM Finite element modeling
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