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1. Introduction

Abstract

The additive manufacturing (3D printing) process of plates closely
resembles the production of laminated composites. Both structures can
be treated as multi-layered composites, where each layer may have
distinct mechanical properties while forming an integrated structure.
This study employs a non-destructive inverse technique based on
dynamic tests to characterize the engineering constants (elastic
parameters) of an individual printed layer. By using non-invasive
experimental vibration tests (optical sensing), numerical modelling
(SIMULIA/ABAQUS), and direct optimization  processes
(SIMULIA/Isight), the engineering constants of an individual printed
layer are identified. A thin 3D-printed plate with a symmetric stacking
sequence of layers is used for this characterization. The results are
validated by predicting and measuring the dynamic response of a second
symmetric plate with a different stacking sequence (printing
orientations). The findings demonstrate that Classical Laminated Plate
Theory (CLPT) can effectively predict the linear dynamic response of
thin 3D-printed plates. Furthermore, the inverse technique is shown to
be a robust and reliable method for determining the engineering
constants of individual layers in a 3D-printed plate.

Keywords
vibration test, laser vibrometer, 3D printing, inverse technique, FEM,
engineering constants

The layered methodology employed in the production of 3D-

Fused Deposition Modelling (FDM) has become a widely
adopted technique for producing plates and shell structures
through 3D printing. In this process, components are created by
depositing feedstock material layer by layer. In recent years,
FDM has evolved beyond its original role as a prototyping
method and is increasingly being used for manufacturing,

enabling the production of components ready for immediate use.

(*) Corresponding author.
E-mail addresses:

printed plates is analogous to the fabrication of fibre-reinforced
laminates. Specifically, similarities can be observed with the
automated fibre placement production method [1,2]. Both
processes involve the systematic deposition of material to create
a highly tailored structure. In 3D printing, the application of

a single filament path (line) directly corresponds to the
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deliberate placement of continuous fibres in laminates
manufacturing. Furthermore, both processes allow precise
control over the direction of material application in subsequent
layers, enabling tailored anisotropic properties in the final
structure. This ability to manipulate the orientation and
arrangement of each layer is crucial for optimising mechanical
performance and achieving desired structural characteristics in
both 3D printed and laminated composite materials. These
shared capabilities underscore the potential of leveraging
Classical Laminated Plate Theory (CLPT) to predict and
analyse the mechanical and dynamic responses of 3D-printed
plates, as explored in [3, 4, 5].

Among the wide range of commercially available polymer-
based filaments, those reinforced with short (chopped) carbon
fibres are increasingly considered for industrial applications due
to their enhanced mechanical performance. It is well established
that incorporating short carbon fibres into a polymer matrix
significantly improves stiffness and strength [6], especially in
filaments based on polyamide matrices such as PA-6 and PA-12.
For instance, in PA-12 filaments reinforced with short carbon
fibres (CF-PA-12), the longitudinal stiffness can increase from
approximately 1.0 [GPa] (pure PA-12) to 5.0-8.3 [GPa] after
annealing [7]. As a result, CF-PA-12 is widely recognized for
its high strength-to-weight ratio, heat resistance, and
dimensional stability, making it suitable for high-performance
industrial applications [8]. Typical uses include lightweight
structural components such as brackets, housings, vibration-
and heat-resistant parts, jigs, fixtures, tooling, fluid connectors
(oil and gas), pumps, and drone frames. Its use is also promising
in sandwich composite structures, particularly as an open-cell
core material [9]. Given its broad industrial relevance,
accurately understanding the mechanical behaviour — especially
the stiffness — of CF-PA-12 is essential for selecting an
appropriate numerical modelling strategy.

While the Classical Laminate Plate Theory (CLPT) offers
arational framework for modelling 3D-printed composite plates,
accurately determining the engineering constants (i.e., elastic
parameters) that underpin this theory remains challenging.
These challenges primarily stem from the complex
mesostructure and inherent anisotropy of 3D-printed materials
[3, 10], both of which are highly sensitive to printing parameters
such as raster angle [11, 12], layer thickness [13], deposition

strategy [14], void content [4, 11, 15], and build orientation [16].
To apply CLPT effectively, four engineering constants must be
identified for each individual layer: longitudinal and transverse
Young’s moduli (relative to fibre orientation), Poisson’s ratio,
and the in-plane shear modulus. While these can theoretically
be derived from elasticity theory [17], conventional tensile
testing requires three to four different mechanical tests [5, 18]
and a large number of printed samples to ensure reliability. As
an alternative, computational material modelling — particularly
using computational homogenization based on Finite Element
Method (FEM) — has been employed to predict these constants.
This method involves mesostructural modelling via
a Representative Volume Element (RVE), often requiring
micro-CT scanning to define the RVE geometry [19, 20].
Although this approach is accurate and efficient, it is
computationally intensive and relies on an access to high-
resolution imaging equipment. A comprehensive review of
methods for determining elastic constants in 3D-printed
structures is available in [21].

The present study aims to streamline the process of
characterizing engineering constants by employing an inverse
technique that integrates experimental data with numerical
simulation. This well-established method, commonly used in
the characterization of composite materials [22—24], has not yet
been widely applied to 3D-printed plates. Rather than directly
measuring elastic properties, the inverse technique identifies
them indirectly by optimizing the match between
experimentally measured dynamic characteristics and
numerically simulated responses. This approach is specifically
applicable to thin multi-layered plates, which is a key aspect of
the study. Grounded in Classical Laminated Plate Theory
(CLPT), the method ensures structural integrity while aligning
3D-printed material analysis with established composite
material principles. The optimization process can be carried out
iteratively [25, 26] or through response surface methodology
[27, 28], reducing the experimental effort while maintaining
accuracy in identifying key material parameters. To validate the
proposed approach, the study conducts a comparative analysis
by applying the derived engineering constants to predict the
modal response of an additional 3D-printed plate. The predicted
modal response is then compared with experimental

observations, showing a strong correlation between them. This
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Fig. 1. a) 3D printing machine Omni 500 LITE, b) Printing process of a multi-layered plate

successful validation demonstrates the accuracy and reliability
of the proposed approach. Furthermore, it highlights the
effectiveness of combining advanced numerical modelling with
experimental techniques to enhance our understanding of the
dynamic behaviour and mechanical performance of 3D-printed

structures.
2. Materials and Methods
2.1. 3D-printing process

The current study focuses on short carbon fibre reinforced
polyamide 12 filament (a 15% of fibres content CF-PA-12,
manufactured by IEMAI, China) used for thin plates fabrication.
Assuming an analogy to laminated composites, the fibre
orientation of an individual layer corresponds to the filament
printing direction of the plate’s layer (Fig. 1). The industrial 3D
printing machine Omni 500 LITE was used for the
manufacturing purpose.

The printing process of the plates must meet specific
requirements to ensure they can be regarded as laminated
composites, making them suitable for the application of CLPT.
The main requirement is that there should be no gaps between
filament lines after printing (Fig. 2). This ensures uniform
transverse load distribution within each layer. Furthermore, all
printed lines within a layer must be aligned in the same printing
direction. Another key requirement is to achieve the lowest
possible layer thickness, which reduces the effect of voids on
the stiffness properties. To meet these requirements, the
following printing process parameters were set: layer thickness
of 0.2 [mm], nozzle diameter of 0.4 [mm], infill of 100 [%]

(resulting in no filament gaps), infill pattern (printing direction)

3 Fibre or filament line

Fig. 2. Coordinate system and thickness of a single

unidirectional layer.

of +¢ [deg] individually set for each layer (Fig. 3), nozzle
temperature of 290.0 [°C], bed (printing table) temperature of
100.0 [°C], and closed chamber temperature of 50.0 [°C]. The
CF-PA-12 filament was dried at a temperature of 60 [°C] for 4
hours before printing (WANHAO BOX 2 filament dryer). The
printing process for the multi-layered plate samples is shown in
Fig. 1. After the printing process, all the plates were annealed in

a conventional oven at a temperature of 80 [°C] for 6 hours.
2.2. Numerical model
2.2.1. The Classical Lamination Plate Theory (CLPT)

A concise overview of CLPT is provided to outline its
fundamental features and highlight its applicability to the
analysis of 3D-printed plates. For a more detailed and
comprehensive explanation of CLPT, the references [29, 30] are
recommended. Each unidirectional layer of the plate having
a constant thickness t [mm], is considered orthotropic and
subjected to a plane stress state. For a layer oriented in the 1-2

plane, as depicted in Fig. 2, the stress-strain relationship is given
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T12 0 0 Qesl V12 where [Q] = [T]7[Q][T]"T and [T] being the transformation
where 0y, 0,, T, and &, €5, Y1, are in plane stresses and strains matrix.
respectively, @;; are reduced stiffnesses for the plane 1-2. The For a multi-layered plate, the Eq. 1 and Eq. 3 can be
Q;; are expressed in terms of engineering constants as: considered as a stress-strain relations for the k™ layer. Thus the
E E E Eq. 3 can be written as:
Qu = 1—V112V21; Q22 = 1—V122V21; Q12 = 1—1/;122521; Qoo = ’ {o} = [Q] {e} 4
k = L€1kiEsk
Gyz; Yiz _ Va1 ) The primary objective of CLPT is to estimate the overall

mechanical properties of a composite plate based on the

where the E; and E; are longitudinal and transverse Young’s characteristics of its individual layers, their stacking

moduli in the 1- and 2-directions (in the fibre direction and arrangement, and fibre orientations. This theory assumes that

transverse direction, respectively, as shown in Fig. 2), G, is the deformations are small enough to justify the linear elastic

shear modulus in the 1-2 plane, v;; are the Poisson’s ratios. behaviour of the material. Additionally, it postulates that a line

From the above, it can be inferred that there are four initially straight and normal to the mid-surface of the plate

independent engineering constants which fully characterize the remains straight and perpendicular to the mid-surface during

mechanical behaviour of the layer. deformation. Furthermore, CLPT allows for reducing the three-

In common structural applications, composite plates are dimensional problem to a two-dimensional problem of

constructed by stacking multiple unidirectional layers oriented a deformable body (Fig. 3). The displacement field for CLPT is

at different angles (¢) to create a multi-layered structure (Fig. assumed to be as follows:

3(a)). In such cases, a transformation of the stress-strain U=y —2a, v =1y — 28, W= w, (5)

relations from the layer coordinate system (1, 2, 3) to the global where (g, Vo, Wo) are the displacement components along

coordinate system (x, y, z) must be applied. The stress-strain the (x,y,z) coordinate directions of a point on a reference

relations for a layer in the x-y plane are as follows:
. . owg dwg
middle surface (z = 0), respectively; a = — o P="%

M

a)

<« .
Reference middle surface

A
Reference middle surface

u

Fig. 3. (a) Geometrical characteristics of a 3D printed plate; (b) 2D representation of a plate.

The strains in terms of the assumed displacement field (Eq. 5) are given as:
e = dug 2w
* 7 ox dx? & gg Ky
vy %wy Or in matrix notation: e 0 K
& =%, %52 VY (=& 2y Ty (6)
y y ¥ p K
__dug n G %wg xy Yxy xy
ny - ady ox 0x0y
where &2, syo, 2, are middle surface strains; ,, Ky and Kk, are bending and twisting curvatures of the middle surface,
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respectively; z is a distance measured from the middle surface
along thickness direction. The stresses in the k™ layer can now
be expressed in terms of the plate’s middle surface strains and
curvatures as:
Ox Qi1 Qiz Qs £ K
{ay} =[Q1z Q22 Q2 Eyo +Z{K3’} )
By )y Qis Q26 Qs Kk Yx(')y

The constitutive equations of the multi-layered plate (or

Kxy

laminate) can be expressed in a contracted form [29]:

=15 oIl;] ®
where {N} and {M} are the in-plane force and moment
resultants obtained by integrating the stresses in each layer
through the plate thickness; [A], [B] and [D] are 3x3 matrices
of extensional stiffnesses, bending-extensional coupling
stiffnesses, and bending stiffnesses, respectively. The elements

of the matrices [A], [B] and [D] are given as:

Ay = Zg:l(@ij)k(zk — Z—1)
Bij = > ¥N.1(Qyy) (2 — 7_1), for 1j=1,2,6 )
D; =§ g:l(@ij)k(zli — Zi-1)
where N is the total number of layers, z, and z;,_, are the
distances from the middle surface to the top and bottom of the

k™ layer, respectively. The A;;, B;; and D;; represent the

ij »
integrated stiffnesses of the multi-layered plate and depend on
the layer stacking sequence, the fibre orientation angle (¢) (or
printing direction), four engineering constants, and layer

distance from the middle surface.
2.2.2. Finite Element Model

The Simulia/Abaqus software was used as a pre- and post-
processor. A global (or body) coordinate system (x, y, z) was
located at the reference middle surface of the plate as given on
Fig. 4. For each layer a lamina coordinate system (1, 2, 3) was
defined with the direction 1 along the filament line of a layer.
A printing direction (¢) of a single layer was defined between
the x-axis and the 1-axis. The finite element (FE) method was
used to develop a numerical model of the 3D printed multi-
layered plate. The quadratic SR4 layered finite elements were
used with orthotropic, linear elastic material model and
following the CLPT. All edges of the plate’s model were free of
any boundary conditions (no supports — FFFF). The scope of

the current study requires the model to undergo normal mode

analysis (Frequency analysis type in the Simulia/Abaqus) to
extract numerical eigenfrequencies and eigenvectors (mode
shapes). The eigenvalue problem for undamped free vibrations
is represented as:

(K- wM)®, =0 (10)
where K and M are the stiffness and mass matrices of the plate,
respectively; @, are the n™ eigenvectors of the corresponding

FEM

eigenvalues w, = 27f; FEM

, where f,,;*" are eigenfrequencies.
The normal mode analysis was conducted using the Lanczos
method, and the

mode-extraction eigenvalues and

corresponding eigenvectors of the FFFF plate were determined.
2.3. The inverse technique

In the current study, an inverse method combining experimental
vibration testing and direct optimization is used to determine the
four engineering constants of a single layer of a 3D-printed thin
plate. Initially, trial values for the engineering constants, which
are the parameters to be identified, are assigned to initiate the
FEM analysis for extracting eigenfrequencies and eigenvectors.
A laser-based vibration test is conducted once to obtain the
experimental resonant frequencies. The optimization of the
engineering constants is then performed using Simulia/Isight by
minimizing the objective function, which represents the relative

error between the experimental dataset and the numerical results:

Ao N
(REXP)”

where fEXP are the experimentally determined resonant

0(x) = Xn-1 (11

“FEM calculated

frequencies; are the numerically
eigenfrequencies; x is the vector of unknown parameters; / is
the total number of eigenfrequencies (resonances) considered in
the analysis. To minimise the objective function, the following
optimisation problem was solved: minf(x), subjected to
constraints x¥ < x; < xY, where x=[x1, X2, X3, X4]=[E1, E2, G2,
v12], xF and xV are lower and upper limits of the identification
parameters, respectively. The Hooke-Jeeves optimisation
method was used to find an optimal unknown vector [x]. It shall
be noted that the objective function is constructed in such a way,
to account for multiple eigenfrequencies resonances to be
considered simultaneously. The optimization procedure is
carried out iteratively until a specified convergence criterion

(p) is met.

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 28, No. 1, 2026




Fig. 4. FEM model and layers stacking sequence of the Plate 1.

2.3.1. Hooke-Jeeves optimisation method

The Hooke-Jeeves optimization method (also known as the
Hooke-Jeeves Pattern Search Method) is a derivative-free,
direct search algorithm used for nonlinear optimization
problems, particularly when derivatives are difficult or
expensive to compute. It was developed by Robert Hooke and
T.A. Jeeves in 1961 [31]. This method is well suited for

simulation-based optimization (i.e., finite element models) and

relies on a specific search strategy known as Pattern Search (PS).

PS is a direct search routine that minimizes the objective
function 8 (x), where the argument [x] varies until the minimum
of 6(x) is found. The successive values of x are interpreted as
points in a K-dimensional space. The transition from one point
(i.e., the current vector of unknown parameters) to the next is
called a move. A move is considered successful if 6(x)
decreases; otherwise, it is a failure. The PS routine includes two
types of moves. The first is an exploratory move, designed to
gather information about the behaviour of 6(x) . This
information is inferred solely from the success or failure of
exploratory moves, without relying on the magnitude of the
objective function values. The basic success/failure feedback is
then combined into a pattern that suggests a likely direction for
a successful move. The exploratory moves form a (vector) basis
for the argument space. Starting from an initial point [x], the
algorithm varies each variable by a step size of +A to check for
improvements in 6(x). If improvement is found, the algorithm
proceeds to that new point. If not, the step size is reduced. This

reduction continues until A< y, where p is a predefined

convergence or termination criterion.
2.4. Experimental procedure

An experimental investigation play a crucial role in the
proposed approach for identifying engineering constants. It is
essential to design the vibration testing methodology in a way
that minimizes the adverse effects of the testing apparatus on
the measured resonance frequencies. Specifically, this involves
mitigating the influence of additional mass introduced by
measurement sensors and exciters, which can distort the
experimental results relative to the computed eigenfrequencies.
Consequently, experimental modal analysis was conducted
using an optical vibrometer (POLYTEC Scanning Laser
Vibrometer PSV-400-B), which enables contactless , multi-
point (scanning) vibration measurement. The experimental
setup, along with the individual components of the PSV-400-B
system, is shown in Fig. 5. The PSV-400-B functions based on
the Doppler effect, measuring frequency variations in the
backscattered light wave from a vibrating surface of a plate.
When a wave reflects off a vibrating plate and is detected by
a laser vibrometer, the observed frequency shift can be

mathematically expressed as:
2 .
fo== (12)

where v represents the object's velocity and A = 633 [nm]
denotes the emitted wave's wavelength. To determine an object's
velocity, the Doppler frequency shift must be recorded at
a known wavelength, a task accomplished through a laser

interferometer. Optical interference requires two coherent light
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waves, with their respective intensities I and I,,,, to overlap.
The resulting intensity is modulated according to the following

equation:
[= 1 +1,+ 21, cos [@] (13)

where I is an interference term and is associated with the path
length difference between the two laser beams; I. and I,
correspond to the intensities of the reference and measurement
laser beams, respectively; s, and s, represent the respective
path lengths [32]. The optical path of the laser light (beam) is
shown on Fig. 6 and it is enclosed in the scanning head of the
PSV-400-B system. A helium-neon laser beam is initially
divided by Beam Splitter 1, producing both a reference beam
and a measurement beam. The measurement beam continues
through Beam Splitter 2, where it is directed onto the test object.
Upon striking the surface, the beam is reflected and
subsequently redirected downward by Beam Splitter 2. This
reflected beam is then combined with the reference beam at
Beam Splitter 3 and guided toward a photo detector (VD-07).
Since the reference beam’s path length remains stable over time,
the vibrations of the examined object result in a characteristic
fringe pattern (alternating bright and dark bands) on the detector,
a phenomenon typical of interferometry. Each complete dark-
bright transition in the fringe pattern corresponds to a
displacement equal to half the wavelength of the laser light used.
Given that helium-neon lasers are predominantly employed in
vibrometry, this displacement is approximately 1/2. Variations
in the optical path length over time induce Doppler frequency
shifts in the measurement beam, allowing precise detection and
analysis of the object’s vibrational behaviour. This implies that
the modulation frequency of the interferometric pattern is
directly correlated with the object's velocity. However, since
movement away from the interferometer produces an identical
interference pattern and frequency shift as movement toward it,
To address this limitation, an acousto-optic modulator (Bragg

Cell) is introduced into the reference beam path. This

modification enables not only the measurement of vibration
amplitude but also the identification of its direction. this
configuration is unable to determine the vibration direction of
the object.
|

Loudspeaker

Scanning head

Controller
1

Junction box

Fig. 5. Experimental setup.

The entire process described above is repeated for all predefined
measurement points, which are evenly distributed across the
surface of the examined object. The measurement points are
defined based on image correlation using a camera integrated
into the scanning head. The laser beam is automatically directed
to successive measurement points (scanning) via optical
mirrors. Upon completion of the measurements at each point,
the averaged Frequency Response Function (FRF) and vibration
mode shapes are obtained. The FRF is then used to extract the
resonance frequencies based on the Peak-Picking method [33].
In order to achieve a complete non-invasive measurement
procedure, the plates were driven to vibration through a modal
loudspeaker with a periodic chirp signal spanning in a desired
frequency range. The signal was provided via the internal signal
generator of the PSV-400-B system. In addition, a free boundary
conditions of the plates were ensured by suspending the plates

using two thin nylon threads affixed to their upper corners.
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Fig. 6. Optical path of a laser beam.
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Fig. 7. Examples of the Frequency Response Functions: a) Plate 1; b) Plate 2.
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3. Results

3.1. Identification example

An identification case was performed with a purpose to
characterise four elastic constants (elastic parameters) of a 3D
printed plates: Ei, E», Gi2, vi2. Two types of plates were
developed by 3D printing process with symmetric stacking
sequence: Plate 1 with a stacking sequence [903/0¢]s and Plate
2 with a stacking sequence [903/-45/45/-45,/45/-45]s. The
geometric characteristics of the plates are given on Fig. 3(a) and
listed in Tab. 1. Plate 1 was used for the identification purpose,
while Plate 2 was used for the results validation. For statistical
analysis, five samples of each plate were printed and subjected
to experimental vibration tests. The dynamic tests were
performed aiming for resonant frequencies and mode shapes

extraction. The FRFs of the plates were stored (Fig. 7) and the

first 10 resonances (maximum peaks) and mode shapes within

the frequency range of 0 to 2000 [Hz] were extracted. The
obtained resonances and their averaged values are given in Tab.
2 and Tab. 3. The averaged values of Plate 1 served as input
experimental responses (f£,EXP) in the inverse problem. In order
to verify the repeatability of the measurements the Coefficient

of Variation was calculated for each resonance as [34]:

cV =14 100 (14)
X

where S,,_; is a standard deviation, X is an average value.
Next, two models of 3D-printed multi-layered plates were
developed according to their stacking sequence used in the 3D-
printing process. The layer breakdown view of a plate model is
shown in Fig. 4, with the first layer counted from the bottom of
the plate. Frequency analysis was set up in the range of 0 to
2000 [Hz] for the models to extract numerical eigenfrequencies
and eigenvectors. The geometric characteristics of the plate

models were consistent with those of the 3D-printed plates and
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are listed in Table 1. The material density, as well as the trial
elastic properties required to run the initial analysis, were set as
given in Table 4. Before proceeding with the optimization
process, the convergence of the FEM solution (eigenfrequencies)
was studied. The satisfactory convergence was achieved with
3750 elements for all studied mode shapes (Fig. 8).

After acquiring experimental and numerical data, the inverse
problem for Plate 1 was defined. The Simulia/Isight software
was used to develop the procedure with the objective function

constructed according to Eq. 11. A schematic view of the

iterative procedure is shown in Fig. 9(a). The vector of the
unknown parameters was defined as: x=[xi , X» , X3, X4]=[E1, E,,
G, vi2].
engineering constants were used: 7.5 <E; <9.9 [GPa], 1.5 <E,
< 2.5 [GPa], 0.75 < Gi2 < 0.96 [GPa], 0.40 < 012 < 0.5. The

Hooke-Jeeves optimisation method with the convergence

The following lower and upper limits for the

criterion g = 1.0 * 107° was run. The optimal unknown vector
was found after 60 iteration (Fig. 9(b)). The optimal values of

the engineering constants are given in Tab. 5.
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Fig. 8. Convergence study for the eigenfrequencies (Hz) versus quadratic finite elements’ size.

Tab. 1. Geometrical characteristics of the 3D printed plates.

a, [mm] b, [mm] h, [mm] t, [mm] No. of layers
Plate 1 150.00 100.00 3.60 0.20 18
Plate 2 150.00 100.00 3.60 0.20 18
Tab. 2. Results of the vibration tests for the Plate 1 — [903/0¢]s.

Plate 1 a Plate 1 b Plate 1 ¢ Plate 1 d Plate 1 e X Ccv
Resonance (n) [Hz] [%0]
1 224.69 220.47 218.13 222.66 230.94 223.38 2.19
2 335.94 334.53 332.66 329.84 331.88 332.97 0.71
3 565.64 559.38 553.91 558.75 573.75 562.29 1.36
4 911.82 911.72 905.31 900.78 896.63 905.25 0.74
5 999.84 1009.46 1009.78 1001.4 969.69 998.03 1.65
6 1104.78 1107.47 1108.43 1106.42 1091.25 1103.67 0.64
7 1143.78 1138.68 1130.68 1132.58 1138.98 1136.94 0.47
8 1397.67 1394.56 1389.78 1384.89 1399.43 1393.27 0.43
9 1786.78 1784.68 1773.87 1775.58 1781.85 1780.55 0.32
10 1937.26 1925.46 1915.21 1922.24 1919.53 1923.94 0.43
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Tab. 3. Results of the vibration tests for the Plate 2 — [903/-45/45/-45,/45/-45];s

Plate2 a Plate 2 b Plate 2 ¢ Plate 2 d Plate 2 e x Ccv

Resonance (n) [Hz] [%]
1 243.49 242.56 243.79 241.67 244.12 243.13 0.41
2 278.75 277.65 278.27 276.41 276.34 277.48 0.39
3 605.46 604.21 605.31 602.34 601.80 603.82 0.28
4 691.87 689.13 693.82 689.38 690.30 690.90 0.28
5 1013.28 1013.91 1012.50 1003.58 1000.79 1008.81 0.61
6 1085.56 1081.56 1085.47 1080.32 1070.56 1080.69 0.57
7 1167.13 1165.16 1164.38 1158.46 1167.78 1164.58 0.32
8 1358.94 1352.56 1359.45 1350.64 1363.47 1357.01 0.39
9 1564.78 1560.78 1561.46 1551.46 1562.34 1560.16 0.33
10 1746.25 1737.28 1744.87 1733.68 1735.76 1739.57 0.32

3.1. Results validation

To validate the reliability of the identified elastic properties, the
FEM model of the plate was modified to account for the new
stacking sequence of Plate 2. The identified engineering
constants (Tab. 5) were used to predict the numerical dynamic
parameters (eigenfrequency and eigenvectors). The numerical

results were then compared with the corresponding

experimental data for mode shapes (Tab. 6) and resonances (Tab.

7) of Plate 2. The good agreement between the results can be

observed from the given data.
4. Discussion

The elastic constants E1, E», Gi2, v12 of an individual 3D-printed
layer were successfully identified using an inverse technique.
The method demonstrated strong efficiency and robustness,
achieving rapid convergence in the optimization process within
just 60 iterations. High repeatability in both sample fabrication
and vibration measurements was confirmed by low Coefficient
of Variation (CV) values across tested plates. The non-invasive
testing approach produced high-quality Frequency Response
Functions (FRFs), enabling precise extraction of the plates’
resonant frequencies.

The identified engineering constants were then used to
numerically predict the dynamic parameters of Plate 2, which
featured a different stacking sequence than Plate 1. Both
eigenfrequencies and eigenvectors showed excellent agreement
with experimental results, with an average relative error of only
0.92%. A key outcome of the study is the ability to tailor the

elastic properties of multi-layered 3D-printed plates using the

constants of individual layers and Classical Laminate Plate
Theory (CLPT). This capability offers a solid foundation for the
structural design and optimization of 3D-printed composites.
Notably, the printed layer — with no gaps between adjacent
lines — exhibited approximately 15% higher stiffness than the
filament alone. This enhancement is attributed to fibre bridging
and interfacial continuity, which improve load transfer between
lines. Interdiffusion of the polymer matrix and partial fibre
entanglement at the interfaces increase cohesion, enabling more
efficient stress distribution and improved mechanical
performance. Future studies using X-ray computed tomography
will allow for a more accurate assessment of this phenomenon.
The proposed approach, while effective, has limitations that
must be considered during the design process. It is specifically
suited for thin, multi-layered plates and assumes linear elastic
behaviour, making it appropriate only when deformations are
small and the material response remains within the elastic range.
As such, it does not account for nonlinear or viscoelastic effects,
which may be relevant for polymer-based materials under large
strains or time-dependent loading. Nonetheless, the linear
elasticity assumption remains valid for many engineering
applications involving thin-walled structures.
Tab. 4. Material properties.

Material E,, [GPa] Es, [GPa] Gz, [GPa] vz, [-] p, [kg/m?]
CF-PA-12  8.50 2.00 0.90 0.42 1030.00

Tab. 5. Optimal engineering constants for Plate 1.
Material Ei, [GPa] E,, [GPa] G, [GPa] 012, [-]
CF-PA-12 9.75 1.81 0.82 0.48
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Fig. 9. a) Simulia/Isight inverse technique workflow; b) Objective function convergence history.

Tab. 6. Mode shapes of the Plate 2.

Mode no.
1 2 3 4 5 ‘6 7_‘5'3 9 1va
Experiment NN E X
rev (NN B N B DN

Tab. 7. Validation results for the Plate 2.

Resonance

@ EXP FEM A[%]
[Hz]

243.13 244.55 0.59

2 277.48 282.29 1.73
3 603.82 609.15 0.88
4 690.90 695.82 0.71
5 1008.80 1030.00  2.10
6 1080.69 1081.92 0.11
7 1164.58 1178.43 1.19
9 1357.01 1361.71 0.35
9 1560.16 1575.72 1.00
10 1739.57 1729.78 0.56

Average 0.92

* Average values from Tab. 3, relative error,

**Calculated with optimal engineering constants (Tab.5)

5. Conclusions
The research presented in this study utilizes an inverse
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