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Abstract

With the growing need for lightweight, durable, and high-performance structures, addi-
tively manufactured (AM) polymer composite structures have captured significant attention
in the engineering community. These structures offer considerable advantages in various
dynamic engineering sectors including automotive, aviation, and military. Thus, this in-
vestigation emphasizes the numerical analysis of the dynamic properties and vibration
control of AM polylactic acid (PLA) composite structures reinforced with continuous glass
fibers (CGFR-PLA) and carbon fibers (CCFR-PLA), with 0°-0° and 0°-90° layer orienta-
tions. The findings of this numerical study are compared and validated against earlier
published experimental results. Initially, the numerical models were created using the
Abaqus CAE 2024, replicating the actual experimental models. The numerical bending
modal frequency of each numerical model is determined, and the 0°-0° oriented mod-
els exhibited considerably higher values compared to the corresponding 0°-90° models.
Significant differences were noted between the numerical and experimental values in the
higher modes, mainly due to existence of voids and misalignment in the actual models that
were not considered in numerical models. Following this, a numerical amplitude frequency
response (AFR) analysis was conducted to observe vibration amplitude variations as a
function of frequency. The AFR numerical results demonstrated consistent trends with
the experimental results despite differences between the absolute values of both scenarios.
Afterwards, vibration amplitude control analysis was performed under the influence of a
macro fiber composite (MFC) actuator. The findings from both numerical and experimental
cases revealed that vibration control was noticeably higher in 0°-0° oriented structures com-
pared to 0°-90° structures. Experimental models demonstrated higher vibration control
effectiveness than the corresponding numerical models. Although significant differences
between the numerical and experimental vibration response values were observed in each
composite structure, the numerical results exhibited consistent trends with the experiments.
This discrepancy is attributed to the challenge of capturing all boundary conditions of the
experimental scenario and incorporating them into the numerical simulation.
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1. Introduction

Recently, the need for lightweight, high-performance, and high-resistant materials
with the capability to withstand significant forces especially under dynamic loads and
vibrations [1-3]. This demand is particularly evident in industries such as automotive,
aviation and military, where low mass, longevity, strength, and resistance are crucial. Met-
als and traditional materials such as plastics are increasingly falling to meet the rising
standard requirements of these rapidly developing industries [4]. This is one of the reasons
engineers and scientists increasingly prefer composites, where the combination of two or
more different materials can produce a material with desired characteristics. In the market,
a wide variety of composites are available, which can be divided according to reinforcement
or matrix material, the orientation of the reinforcement and manufacturing methodology.
The three main groups of composite structures categorized by matrix material are metallic,
polymeric, and ceramic composites [5]. According to Dinita et al., polymeric matrix com-
posites with fiber reinforcement (FRPC) are one of the most popular advanced material
groups, characterized by high stiffness to weight and strength to weigh ratios [6]. The
appropriate selection of matrix and reinforcement materials, along with fiber volume frac-
tion and orientation, enables the creation and development of composite structures with
desired properties and performance for targeted applications [7]. Zhang et al. presented an
extensive study on recyclable thermosets and their composites composed of dynamic cova-
lent networks. These materials can be recycled and reprocessed like thermo-plastic, while
maintaining the high strength and thermal stability comparable to traditional thermosets.
These recycled thermosets and their composites have numerous applications such as in
wearable technology, 3D printing, and biomedical materials [8]. Among the wide range
of available polymer matrices, thermoplastic materials are considered among the most
promising. The thermoplastics enables additive manufacturing and offers easier recycling
and reusability than thermosets. Additive manufacturing is one of the fastest growing
technologies and is reshaping our understanding of manufacturing processes, leading
the Industry 4.0 revolution [9]. This approach has offered almost unlimited design and
geometric freedom, elimination of tooling, accelerated product development, improved
cost efficiency, and reduced material waste [10].

Due to its ability to use a wide range of materials such as thermoplastic composites, ad-
ditive manufacturing has become one of the most researched and promising methodologies
for manufacturing and developing high performance structures with complex geometries
and advanced functionalities. Among additive manufacturing technologies, fused deposi-
tion modeling (FDM) is one of the most widely used methods to manufacture continuous
fiber reinforced thermoplastic composites [11]. FDM offers several advantages, such as
relative simplicity, high customizability, an adaptable printing process, affordability and
material versatility. The FDM process consists of layer-by-layer extrusion of thermoplastic
through a nozzle onto the printing bed [12]. One of the most frequent polymers utilized in
FDM process is polylactic acid (PLA). PLA is commonly known for its excellent printabil-
ity and environmental friendliness. PLA is derived from renewable resources including
corn starch and sugarcane [13]. However, pure PLA often lacks the strength, rigidity, and
stiffness required for demanding and dynamic loading applications. The customizable
feature of FDM process provides the opportunity to reinforce PLA with continuous fibers,
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including Kevlar, carbon or glass. This drastically enhances its mechanical properties and
expands its application potential [14].

The static mechanical properties, numerical simulation approaches, and printing
methodologies to reinforce PLA with continuous fiber have been extensively studied;
however, investigations into their dynamic features and vibration control are becoming one
of the most important research topics [15]. To fully examine the properties of composite
structures, it is also necessary to investigate their dynamic behavior, particularly when these
structures are designed for applications involving dynamic loads, such as in the automotive
and aviation industries. Vibrations in composite structure can cause damage, significantly
reduce their lifespan and generate unwanted noise [16]. To minimize the influence of
vibrations and dynamic loads on structural integrity and reduce the risk of structure failure,
a thorough investigation of dynamic characteristics such as damping ratios, mode shapes
and natural frequencies is crucial [17]. Accurate prediction of dynamic characteristics
and material behavior requires a combined approach, including both experimental and
numerical simulation.

Finite element analysis (FEA) is one of the most used approaches for simulating
and predicting the dynamic behavior of intricate composite structures [18]. FEA allows
engineers to predict the overall dynamic and mechanical characteristics of structures. This
capability enables them to optimize the geometry, materials, fiber orientation, and content
in the structure prior to the manufacturing phase. However, to ensure accurate and reliable
predictions of the composite structures, numerical results must be validated experimentally.
Experimental modal analysis (EMA) performs a crucial role as the link between numerical
simulation and real-world behavior [19].

Different approaches are employed for vibration control in engineering applications,
such as passive, active, and semi-active methods. The passive control approach usually in-
volves integrating damping materials or devices (typically tuned mass dampers), enabling
the system to attenuate vibrations without requiring external power [20]. The active control
scheme acts as an emerging technological approach, typically incorporating piezoelectric
actuators and sensors to actively suppress the vibrations of the system. Moreover, it enables
real time tracking of system’s vibration status. Although this method is more expensive
and complicated, it offers greater flexibility and adaptability compared to passive approach.
The semi-active method combines both passive and active techniques, providing a balance
between complexity and performance in controlling system vibrations. The choice of the
control approach depends on the specific application, damping requirements, cost and
system complexity [21,22].

Nowadays, researchers are employing advanced piezoelectric composites known as
macro fiber composites (MFCs,) manufactured by Smart Materials Corp [23], in active
vibration control applications as actuator and sensors rather than using conventional
piezoelectric (typically PZT-lead zirconate titanate). These MFCs provide greater flexibility,
enhanced conformability, and generate higher actuation force strain than conventional
piezoelectric material [24,25].

Raza et al. carried out FEA of PLA and PLA composite structures, including those
reinforced with short carbon fiber (SCFR-PLA) and continuous carbon fiber (CCFR-PLA),
using ANSYS R19.1 software. The simulations were executed to assess their natural
frequencies of various modes, and to evaluate vibration reduction by employing an effective
methodology involving an MFC actuator. The findings demonstrate that the CCFR-PLA
structure has the highest natural frequencies, followed by SCFR-PLA, with pure PLA
having the lowest. Moreover, the MFC actuator most efficiently suppresses vibration in the
structure with the highest [26].



J. Manuf. Mater. Process. 2025, 9, 235

40f21

Lyu et al. proposed an innovative methodology to control vibrations in flexible beam
structure by incorporating the MFC actuators along with a rotary motor. The results demon-
strate that, through the combined effect of MFCs and the rotary motor, the novel scheme
significantly suppresses the vibrations in the beam structure [27]. Zhang et al. suggested
a numerical simulation and experimental adaptive vibration control methods for CCFR
structures by incorporating MFC as an active control element. The CCER structures face
vibration under external disturbance, and it is imperative to suppress these vibrations to
enhance performance and structural durability. Both numerical and experimental find-
ings indicate that the suggested adaptive technique proved effective in suppressing the
vibrations in the CCFR structure [22].

In addition, other numerical simulation and experimental studies have addressed the
dynamic properties and vibration control of additively manufactured (AM) PLA, SCFR-
PLA, and CCFR-PLA structures with 0°-0° layer configurations. The dynamic analysis
findings demonstrate that CCFR-PLA structures indicate the highest natural bending mode
frequencies, followed by SCFR-PLA and PLA the lowest. An effective vibration control was
developed utilizing the MFC actuators, resulting in the most substantial reduction recorded
in CCFR-PLA, followed by SCFR-PLA and the least in PLA [1,28]. Zhang et al. conducted a
novel theoretical investigation on actively suppressing non-linear vibrations in functionally
graded plate structure made of carbon nanotube reinforced composite under mechanical
loadings. The proposed active feedback control approach involved incorporating MFCs
with plate structure as actuators and sensors. The findings reveal that the proposed active
control approach has proven promising in controlling the non-linear vibration effect in the
plate structure [29].

This numerical simulation provides new insights into evaluating the dynamic prop-
erties and vibration mitigation analysis of AM CGFR-PLA and CCFR-PLA compos-
ite structures with 0°-0° and 0°-90° layer orientations, incorporating MFC actuators
(Model: M8507/P2). The findings of this numerical study are thoroughly compared and
validated against prior published experimental data [30]. The experimental work was
conducted prior to numerical simulation to incorporate accurate physical characteristics
into the numerical model. Moreover, if the numerical simulation had been performed
first, a significant portion of the data such as material properties and exact number of
printed lines in one layer. This would have been taken from literature, where these parame-
ters might differ from those of the actual model used, making it difficult to compare and
validate results.

Firstly, the finite element models of AM composite structures and MFC patch were
created using the Abaqus CAE 2024 platform. The MFC was integrated with numerical
models at an appropriate position replicating the experimental setup. Modal frequencies
and associated mode shapes were assessed using the Lanczos approach. The deviations
between numerical and experimental modal frequencies were analyzed by examining
microscope images of the actual AM structures captured with a portable smart microscope
and by considering the limitations in replicating the experimental boundary conditions
within Abaqus platform. Following that, amplitude frequency response (AFR) analyses
were performed to observe vibration amplitude as a function of frequency. Numerical and
experimental results were compared, and discrepancies arising from differences in applied
boundary conditions were discussed. Finally, vibration mitigation analysis considering the
impact of integrated MFC patch was carried out in the numerical models and compared
with the experimental scenario.

The numerical study focuses on assessing trends in dynamic properties (modal analy-
sis and AFR) and vibration response of each composite structure, consistent with exper-
iments, rather than providing fully predictive absolute values. Additionally, it presents
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a detailed investigation of discrepancies between numerical and experimental results
and demonstrates the influence of fiber type and orientations on dynamic properties and
vibration suppression.

2. Materials and Methods

In this study, AM CGFR-PLA and CCFR-PLA structures incorporated with MFC, are
employed to investigate their numerical dynamic properties and vibration mitigation per-
formance. The numerical results were compared and validated against prior experimental
data [30]. The experimental process flow diagram based on previous published article is
depicted in Figure 1. The flowchart of numerical simulation and experimental validation is
illustrated in Figure 2.
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Figure 2. Flowchart of numerical simulation and experimental validation.

In the pre-processing stage, the geometry of model is created, material properties
are assigned, interaction between sections is specified, appropriate element categories are
assigned to sections, the model is properly meshed, boundary conditions are applied, and
necessary analysis steps are defined to investigate the numerical model.

During the solution stage, a job is created and executed for each defined analysis step.
The convergence of the results is observed and if the desired results are not attained, then
modifications are made to the model in the pre-processing stage, and the analysis step
is re-executed.

In the post-processing stage, the results are visualized, necessary data are retrieved
and properly plotted for interpretation.

2.1. Finite Element Modeling (FEM) of Composite Structures

The CGFR-PLA and CCFR-PLA composite structures with 0°-0° and 0°-90° were
numerically modeled (measurements: 110 mm x 20 mm x 1.35 mm) using the Abaqus, rep-
resenting each layer as continuum solid shells (CSS8). The volume fractions of fibers in the
0° and 90° oriented layers were comparable to those in the actual AM structures, ~18% and
~17%, respectively. The modeling scheme of the composite structures is depicted in Figure 3.
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Following that, modeling of the active portion (measurements: 85 mm x 7 mm X 0.3 mm)
of MFC (M8507/P2) was performed considering it as homogeneous piezoelectric solid
(C3D20RE) elements [1]. Afterwards, a mesh convergence test was carried out using the
0°-0° CCFR-PLA structure with hexahedral elements. To assess the mesh convergence,
the first natural frequency was evaluated across three mesh refinement levels as depicted
in Figure 4. These three mesh refinement levels were chosen based on the need to ap-
propriately capture the reinforced fibers in the PLA matrix. For this numerical study,
the 2nd refinement level, with a mesh size of 0.02 mm, was selected for meshing, as it
provided the suitable results within an acceptable range. Further refinement to 0.01 mm
significantly increased the computational time required for dynamic behavior and vibration
control analysis. Thus, a hexahedral mesh with a size of 0.02 mm was applied separately
to each composite structure and the MFC. The material specifications used for modeling
are detailed in Tables 1 and 2. The numerically modeled MFC was coupled with compos-
ite structure models replicating the experiment setup, positioned 15 mm from the fixed
side. To provide a firm surface interaction between the MFC and composite structure, a
tie constraint was implemented. Moreover, one side of each composite model was fixed,
restricting movement in the X, Y, and Z directions. The boundary conditions applied to
FEM model and actual model are illustrated in Figure 5. The upper surface of the MFC
model was defined as a higher potential (U), while the bottom surface was held at 0 V.

Exhibiting continuous
fibers oriented at 0°—0° (a)

PLA reinforced with continuous

fibers oriented at 0°-0° (2 layers) 1
‘%‘
(b)

1.35 mm

Exhibiting continuous
fibers oriented at 0°—90°

PLA reinforced with continuous

fibers oriented at 0°-90° (2 layers) I

Figure 3. Modeling of AM CCFR-PLA and CGFR-PLA structures: (a) 0°-0° orientation, (b) 0°-90°
orientation.
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Figure 4. Mesh convergence analysis demonstrating three mesh refinement levels.
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Figure 5. Composite structure integrated with MFC demonstrating applied boundary conditions:
(a) FEM model, (b) schematic diagram of actual model.
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Table 1. Material specifications of PLA, CGF, and CCF [26,31-33].

Specifications PLA CGF CCF
Young’s Modulus (Y), GPa 2.636 £+ 0.330 89 230
Poisson’s Ratio (v) 0.36 0.22 0.20
Tensile Strength (o%), MPa 46.6 + 0.9 4600 3530
Density (p), g/cm? 1.17-1.24 2.53 1.76

Table 2. Material specifications of MFC (M8507 /P2) [23-26].

Specifications MEFC (M8507/P2)
Young’s Modulus (Y), GPa Y1 =30.336, Y, = Y3 =15.857
Shear Modulus (S), GPa 512 = 513 = 523 =5.515
Poisson’s Ratio (v) vip =vyz =0.31, vp3 = 0.438
Density (p), g/ cm?® 5.44
Piezoelectric Coefficient (d), pm/V ds; = —170, d3p = —100

2.2. Extraction of Modal Frequencies and Mode Shapes

The Lanczos approach has been implemented to assess the modal frequencies and
relevant mode shapes in the absence of an applied force. It entirely depends on the
defined material characteristics, geometry, and boundary conditions of model. The Abaqus
software applies the following fundamental free vibration equations, as available in Abaqus
documentation 2024 [34]. It represents the vibrating harmonic motion of the system in the
absence of an external force.

y(t) +Ky(t) =0. (1)
In Equation (1) M illustrates mass matrix, y(t) is the acceleration vector, y(f) is the
displacement vector, and K indicates the stiffness matrix.
Considering the harmonic vibrating motion of the system under analysis:

Y(t) = opsin(wpt). ()
Incorporating Equation (2) into Equation (1) and simplifying;:
(K’ - wﬁM) 0, = 0. 3)

In Equation (3), w? describes the eigen values and g, is the eigen vectors. This is a
general representation of equation to determine the modal frequencies and generate mode
shapes, respectively.

2.3. Amplitude Frequency Response (AFR)

The amplitude frequency response (AFR) was performed to examine the vibration
amplitude as a function of frequency of each model in dynamic loading scenarios. One end
of each structure was fixed, and the dynamic force was applied to the free end, as exhibited
in Figure 5. The AFR depends on previously performed modal analysis as thoroughly
discussed in Abaqus documentation 2024 [34] and finds out the amplitude response as
function of frequency.

The overall displacement spectrum z(t) resulting from the implemented dynamic load
can be represented as cumulative sum of each modal mode [34].

2(t) =) 7 anou, @)

where «;, is the nth modal amplitude; g, is the nth mode shape. Equation (5) represents «;:
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ay = anTFO/ w% —w? +2i c[nwnw, (5)

where Fy is applied load; w is excitation frequency; §,, damping ratio.

The damping ratio values for the numerical models were calculated from the ac-
tual composite models following the methodology demonstrated in the referenced ar-
ticle [35]. The damping ratio values were determined as 0.0340, 0.0064, 0.0100, and
0.0060 for the 0°-0° CCFR-PLA, 0°-90° CCFR-PLA, 0°-0° CGFR-PLA, and 0°-90° CGFR-
PLA composites, respectively.

2.4. Vibration Control Analysis

To investigate the vibration suppression in each structure integrated with an MFC
actuator, the governing equation of the system can be described as:

Mz(t) + Cz(t) + Kz(t) = F, — F,, (6)

where C is the damping matrix, z(f) is the velocity vector, F is the applied external force
for producing kinematic excitation in composite structure, and F; illustrates the counter
force generated by MFC to suppress vibrations.

The counter force (F;) produce by MFC applied to structure to suppress the vibration
amplitude. While C is inherent characteristics of the described system such as internal
friction and other damping effects that facilitate vibration suppression.

2.5. Microstructural Imaging of Composite Structures

The microstructural imaging of the top and bottom surfaces of each actual AM com-
posite structure was performed using the portable smart microscope (G600, China). This
digital microscope has a magnification range of 1-600x. The top and bottom surfaces of
each composite structure were analyzed, with magnification adjusted between 1x and
600x until voids and fiber misalignments in AM composites were clearly visible. The
upper and bottom surfaces of the CCFR-PLA and CGFR-PLA composite structures with
0°-0° and 0°-90° orientations, highlighting voids and misalignments on the surfaces, are
illustrated in Figures 6 and 7, respectively.

——— 1200 pnt

(a) Upper surface of 0°-0° CCFR-PLA () Bottom surface of 0°-0° CFR—PLA
oriented at 0° oriented at 0°

1200%m

(c) Upper surface of 0°-90° CCFR-PLA  (d) Bottom surface of 0°-90° CCFR-PLA
oriented at 90° oriented at 0°

Figure 6. Microscopic images of upper and bottom surfaces of CCFR-PLA composite structures with
0°-0° and 0°-90° orientations.
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iy o et

(b) Bottom surface of 0°-0° CGFR-PLA
oriented at 0°

(a) Upper surface of 0°-0° CGFR-PLA

oriented at 0°
¥ P
‘3 |

1200 n

(¢) Upper surface of 0°-90° CGFR-PLA (d) Bottom surface of 0°-90° CGFR-PLA
oriented at 90° oriented at 0°

Figure 7. Microscopic images of upper and bottom surfaces of CGFR-PLA composite structures with
0°-0° and 0°-90° orientations.

3. Results and Discussions

The investigation of dynamic properties and vibration amplitude suppression in
CCFR-PLA and CGFR-PLA composite structures with 0°-0° and 0°-90° orientations was
conducted using the Abaqus platform. Additionally, the obtained findings were compared
with the previously published experimental results for validation.

3.1. Assessment of Modal Frequencies and Mode Shapes

In this section, the numerical modal frequencies and associated mode shapes of the
first four bending modes of each composite structure integrated with MFC (M8507 /P2)
patch were determined. The modal frequencies of CCFR-PLA and CGFR-PLA composite
structures both with 0°-0° and 0°-90° orientations, are reported in Table 3, while their
associated numerical mode shapes are depicted in Figures 8 and 9, respectively. Each
numerical model requires about 30 min to compute modal frequency and associated
mode shapes.

Table 3. Modal frequencies of composite structures: experiments and numerical simulation results.

0°-0° CCFR-PLA

0°-90° CCFR-PLA 0°-0° CGFR-PLA 0°-90° CGFR-PLA

B;;[I::l?sg Experiment Numerical Experiment Numerical Experiment Numerical Experiment Numerical
Hz
1st 60.00 60.5 26.60 27.89 47.70 45.03 21.30 22.27
2nd 410.00 392.83 203.00 230.37 315.60 305.15 165.00 191.87
3rd 1153.00 1119.00 592.00 656.15 895.30 881.02 480.00 550.38
4th 2192.00 2189.70 1114.00 1233.00 1707.00 1720.90 918.00 1022.00
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Figure 8. Bending modes of numerical CCFR-PLA composite structures with 0°—0° and 0°—90°
orientations.

As observed in Table 3, the numerical frequencies of the 1st bending modes closely
match the experimental frequencies, with differences of 0.83%, 5.60%, 4.85%, and 4.55%,
respectively, for 0°-0° CCFR-PLA, 0°-0° CGFR-PLA, 0°-90° CCFR-PLA, and 0°-90° CGFR-
PLA. In the 2nd bending modes, the differences are 4.18% and 3.31% for CCFR-PLA and
CGFR-PLA with both 0°-0° orientations, respectively, while in the 0°-90° case, compar-
atively higher errors are observed: 13.48% and 16.28%. In the 3rd bending modes, the
differences are 2.95% and 1.59% for CCFR-PLA and CGFR-PLA with both the 0°-0° orien-
tations, respectively, and 10.84% and 14.66% for the 0°-90° orientation, respectively. In the
4th bending modes, the differences are 0.10% and 0.81% for CCFR-PLA and CGFR-PLA
with both 0°-0° orientations, and 10.68% and 11.32% for the 0°-90° case, respectively. The
percentage error in experimental and numerical bending mode frequencies are illustrated
in Figure 10. Several factors are attributed to the discrepancy between the numerical and
experimental higher modes frequencies, especially in the 0°-90° orientation scenarios. This
is attributed to misalignment, voids (see Figures 6 and 7) in the actual AM composite struc-
tures, as well as complex inherent properties that were not incorporated into numerical
models. Secondly, the incomplete incorporation of boundary conditions in the numerical
scenario contributes to the deviations from the experimental results. Specifically, in the
numerical scenario, the composite structures were firmly fixed from one side, whereas in
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the experimental scenario, they were fixed within a fixture. There is also the possibility
of slippage of the actual structure within the fixture during vibration, causing significant
variations in the modal frequencies.

+7. 100
S
+439x 107
4366 x 10°
4219100
it
i

9006 5L value = 80043, Freq = 45.028  (cycessime) ’; ke  Vaue = 367606 x 10 Freq = 30515 (cyceseme)
z B v P80 2 o
S S Focor +123 10" e e Scle actas 411510
x X
15! Bending Mode: 0°-0° CGFR-PLA 21 Bending Mode: 0°-0° CGFR-PLA
i Step: Step-1
B8 5L vave = 30642010 Frea = 80102 (cxdste) G
o) R, sed B REHO T
x x
314 Bending Mode: 0°-0° CGFR-PLA 4™ Bending Mode: 0°-0° CGFR-PLA
xg Fke L vave = 19579, Frea= 22270 (cycestima) zg Hode : Value = 145320 % 10¢Freq = 191.87  (cycles/ume)
iy Py a1
o oo Sl Facta: 4129107 S Bt uson ScaeFocor: 4114 10°
x x
15 Bending Mode: 0°-90° CGFR-PLA 21 Bending Mode: 0°-90° CGFR-PLA
v, U, Magnitude
e e
uEe i
Ja W
bii Mg e
b i e
B e
peeitatd H
b b
O e S v
;y m'," i Value = 119586 x 10" Frea = 55038 (cyclesfuime) zg .;."?:.s"% vm- 412329 10" Freq = 1022.0  (cycles/time)
e Etion Scl Factar: +107x10° By Yo U Hie e e 49500 10
x x
3" Bending Mode: 0°-90° CGFR-PLA 4™ Bending Mode: 0°-90° CGFR-PLA

Figure 9. Bending modes of numerical CGFR-PLA composite structures with 0°—0° and 0°—90°
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3.2. Assessment of Amplitude Frequency Response (AFR)

Figure 11 illustrates the AFR of CCFR-PLA and CCFR-PLA models with 0°-0° and
0°-90° orientations. The AFR exhibits the absolute magnitude of vibration amplitude
|Y(w)| in meter (m) as function of frequency (f) in Hertz (Hz). The measurements are
demonstrated in the logarithmic scale rather than linear one to enhance the visualization of
the vibration amplitude response across the entire frequency range.
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Figure 11. Amplitude frequency responses (AFR) of CCFR-PLA and CGFR-PLA composite structures
with 0°-0° and 0°-90° orientation: (a) numerical response, (b) experimental response.

Figure 11a presents the experimental frequency responses, obtained using a 3D laser
vibrometer (PSV-W-500, Polytech GmbH, Germany) [30], while Figure 11b exhibits the
numerical simulation responses obtained using Abaqus. To evaluate the numerical dynamic
response of each composite structure one side was fixed and other free end was subjected
to sinusoidal excitation force of £1 x 1078 N.

The experimental and numerical AFR results highlight the bending vibration responses
of each model, indicating distinct peaks as depicted in Figure 11.

The experimental AFR in Figure 11a exhibits significant variability and noise in high
bending mode peaks, which is typically expected during real-world measurements. The
3D laser vibrometer offers high precision measurement; however, the factors such as low
surface reflectivity of specimens and ambient vibrations can still introduce such varia-
tions. Additionally, imperfections in actual AM models such as misalignments, voids (see
Figures 6 and 7) and inconsistencies in the boundary conditions further contribute to these
variations in AFR.
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In contrast, the numerical AFR in Figure 11b shows comparatively smoother and more
prominent distinct bending mode peaks. This is due to the idealized modeling of numerical
models and consistency in boundary conditions.

Both experimental and numerical results show different absolute values of vibration
amplitude as function of frequency. However, a clear consistency in trends is observed,
such as the first bending modes showing the highest vibration amplitude and the fourth
bending mode the lowest.

For the 0°-0° oriented composite structures, the numerical results indicate that the
vibration amplitudes at the first natural frequency were observed to be the highest as
follows: 1.89 um at 60.5 Hz for CCFR-PLA and 3.17 um at 45.03 Hz for CGFR-PLA.
The corresponding experimental vibration amplitudes at the first natural frequency were
determined: 4.14 um at 60.0 Hz for CCFR-PLA and 4.40 um at 47.7 Hz for CGFR-PLA.

In the 0°-90° oriented composite structures scenario, the numerical results reveal
that the highest vibration amplitudes at the first natural frequency were observed as
follows: 8.03 um at 27.89 Hz for CCFR-PLA and 12.22 um at 22.27 Hz for CGFR-PLA.
The corresponding experimental vibration amplitudes at the first natural frequency were
determined: 10.11 pm at 26.6 Hz for PLAP-CCF and 9.26 um at 21.3 Hz for CGFR-PLA.

3.3. Vibration Amplitude Control Analysis

This section provides a comprehensive analysis of vibration control of numerical
models, focusing on identifying the trends in vibration control responses rather than
assessing the fully predictive absolute values. Additionally, these numerical results are
compared and validated with experimental data to ensure consistency [30].

The numerical models CCFR-PLA composite structure with 0°-0° and the 0°-90°
orientations were externally excited at their corresponding first resonant frequencies of
60.5 Hz and 27.89 Hz, respectively. The numerical uncontrolled vibration amplitude re-
sponses were noted about £222 um for 0°-0° CCFR-PLA, as presented in Figure 12a, and
+555 um to —540 um for 0°-90° CCFR-PLA, as presented in Figure 13a. The experimental
uncontrolled responses were observed as £210 um for 0°-0° CCFR-PLA (Figure 12a), and
+514 pum to —2545 um for 0°-90° CCFR-PLA (Figure 13a). The 0°-0° oriented models
exhibit significantly lower peak-to-peak vibration amplitude as compared to correspond-
ing models with 0°-90° orientation. In the 0°-0° orientation, the reinforced fiber layers
within the matrix are aligned along the same longitudinal axis (bending axis). Thus, this
configuration provides maximum stiffness in that direction due to strong bonding between
the layers, resulting in lower vibration amplitude (i.e., less deformation) under external
excitation. Whereas, in the 0°-90° orientation, the fiber layers are oriented perpendicular to
each other. This configuration reduces stiffness due to weak bonding between fiber layers,
resulting in higher vibration amplitude under external excitation [35].

After introducing the counteracting force through MFC (M8507/P2), the numerical
controlled vibration amplitude was about +£13 um for 0°-0° CCFR-PLA, as depicted
in Figure 12b, and about £22.5 um for 0°-90° CCFR-PLA as presented in Figure 13b.
The corresponding experimental responses were £1.7 pm (Figure 12b) and +6.15 um to
—6.4 um (Figure 13b). Moreover, numerical control responses of CCFR-PLA structures
were smoother than the corresponding experiment results. This difference is caused by
the ambient environment factors, including noise influencing the experimental control
responses which were not incorporated in the numerical simulation.

In numerical models of CGFR-PLA, the uncontrolled vibration responses were noted to
be about £252 pm for 0°-0° CGFR-PLA, as illustrated in Figure 14a and about £818 pm for
0°-90° CGFR-PLA as illustrated in Figure 15a. The corresponding experimental responses
were about +241 um (Figure 14a) and +785 pm to —810 um (Figure 15a), respectively.
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The numerical controlled amplitude was about +14.3 um for 0°-0° CCFR-PLA, as il-
lustrated in Figure 14b, and about 25 um for 0°-90° CCFR-PLA as presented in Figure 15b.
The corresponding experimental responses were +2.9 um to —2.4 pm (Figure 14b) and
+8.5 um to —12.2 um (Figure 15b).

The numerically control responses of CGFR-PLA structures were observed to be more
uniform than the corresponding experimental results. However, in the experiment scenario,
particularly for the 0°-90° CGFR-PLA structure exhibited in Figure 15b, the response
was significantly affected by the ambient environment. This is mainly due to the high
flexibility of the glass fiber, which has significantly lower Young’s modulus compared
to carbon fiber (reported in Table 2). Moreover, the printed fiber layers are configured
perpendicular to each other, leading to enhanced flexibility. This flexible nature makes the
0°-90° CGFR-PLA more susceptible to ambient environment, resulting in fluctuations in
the controlled amplitude.

The numerical models exhibited vibration suppression of approximately 94%, while
the experimental models demonstrated a higher suppression of approximately 99%. The
overall discrepancy between the numerical and experimental results arises from the mod-
eling simplifications inherent in the numerical approach. The MFC actuator has been
numerically modeled by considering homogenous material rather than a non-uniform
one, as referred to in the literature [1]. Moreover, the voids and misalignments (refer to
Figures 6 and 7) in the actual AM models have not been introduced in the numerical models.
The environmental factors (i.e., noise) and fixture damping characteristics of experimental
scenario have not been incorporated in the numerical simulation. These factors have a
significant influence on the vibration amplitude suppression. However, the trend of results
in both scenarios reveal that models with 0°-0° orientation demonstrated significantly
higher vibration amplitude suppression compared to 0°-90° oriented structures. Moreover,
the CCFR-PLA structure with 0°-0° and 0°-90° orientation, demonstrated higher vibration
suppression compared to corresponding CCFR-PLA structures.

4. Conclusions

This study evaluated the dynamic properties and vibration control of numerical
models of AM composites including CCFR-PLA and CGFR-PLA with 0°-0° and 0°-90°
layer orientations. Additionally, the achieved results have been compared and validated
with the experimental results to confirm the reliability of the numerical approach.

The following key insights are presented below:

1.  The numerical bending mode frequencies of 0°-0° models were higher than corre-
sponding 0°-90° oriented models. This is because the 0°-0° models demonstrate
higher stiffness due to fibers being aligned in the same direction, while in the 0°-90°
the fibers are perpendicular. The first bending modes frequencies were determined to
be 60.5 Hz for 0°-0° CCFR-PLA, 27.89 Hz for 0°-90° CCFR-PLA, 45.03 Hz for 0°-0°
CGFR-PLA, and 22.27 Hz for 0°-90° CGFR-PLA. The corresponding experimental val-
ues were 60 Hz, 26.60 Hz, 47.70 Hz, and 21.30 Hz, respectively. In the 0°-0° numerical
models, the first and higher bending mode (2nd, 3rd, and 4th) frequencies deviated by
a maximum of about 6% from experimental values. For 0°-90° numerical models, the
first mode frequencies deviated by a maximum of about 5%, and the higher modes by
a maximum of about 16%.

2. The AFR indicates that both experimental and numerical results exhibit variation in
the absolute values of vibration amplitude as a function of frequency. However, the
responses demonstrate a uniform consistency; the first bending mode presents the
highest vibration amplitude, while the fourth bending mode the lowest.
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3. The uncontrolled peak-to-peak vibration amplitude responses indicate that 0°-0°
oriented models exhibit lower amplitudes than 0°-90° models under external forces
at the relevant first resonant frequency. This demonstrates the comparatively higher
stiffness and resistance to deformation of the 0°-0° models. In the numerical models,
uncontrolled peak-to-peak amplitudes were about £222 um for 0°-0° CCFR-PLA,
4252 um for 0°-0° CGFR-PLA, +555 um to —540 pum for 0°-90° CCFR-PLA, and
£818 um for 0°-90° CGFR-PLA. The corresponding experimental values were about
£210 um, £241 pm, +514 um to —545 pm, and +785 um to —810 pm, respectively.

4. The peak-to peak numerically controlled vibration amplitude were achieved: about
+13 um for 0°-0° CCFR-PLA, £14.3 um for 0°-0° CGFR-PLA, £22.5 um for 0°-90°
CCFR-PLA, and £25 pm for 0°-90° CGFR-PLA. The corresponding experimental
value were about +1.7 um, +2.9 um to —2.4 um, +6.15 pm to —6.4 um, and +8.5 pm
to —12.2 um, respectively. Although the vibration amplitude differences were sig-
nificant, the observed percentage vibration reduction trends were consistent and
meaningful, demonstrating a reduction of about 94% for all numerical models and
about 99% experimental models.

5. In the future, numerical study may include the improved modeling of MFC actuator
heterogeneity to obtain the vibration control response closer to experiments. How-
ever, the suggested approaches in this study for examining dynamic properties and
vibration control responses can be applied to different composite structures made
of natural or synthetic fibers individually reinforced in diverse compatible matrix
materials with distinct fiber orientations. This approach will help in the determination
of an effective combination of fiber type, fiber orientation, and matrix material for
dynamic and vibration-related applications.
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