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Abstract: This paper analyses mechanical property prediction through Machine Learning for continu-
ous fiber-reinforced polymer matrix composites printed using the novel Material Extrusion Additive
Manufacturing technique. The composite is formed by a nylon-based matrix and continuous fiber
(carbon, Kevlar, or fiberglass). From the literature, the elastic modulus and tensile strength were
taken along with printing parameters like fiber content, fiber fill type, matrix lattice, matrix fill
density, matrix deposition angle, and fiber deposition angle. Such data were fed to several supervised
learning algorithms: Ridge Regression, Bayesian Ridge Regression, Lasso Regression, K-Nearest
Neighbor Regression, CatBoost Regression, Decision Tree Regression, Random Forest Regression,
and Support Vector Regression. The Machine Learning analysis confirmed that fiber content is the
most influential parameter in elasticity (E) and strength (¢). The results show that the K-Nearest
Neighbors and CatBoost provided the closest predictions for E and ¢ compared to the other models,
and the tree-based model presented the narrowest error distribution. The computational metrics
point to a size versus prediction time tradeoff between these two best predictors, and adopting the
prediction time as the most relevant criterion leads to the conclusion that the CatBoost model can be
considered, when compared to the others tested, the most appropriate solution to work as a predictor
in the task at hand.

Keywords: additive manufacturing; mechanical properties; composites; machine learning

1. Introduction

Additive Manufacturing (AM) is a rapidly growing area [1,2]. By 2024, the market
is expected to reach USD 24 billion [3]. On the other hand, composite materials offer
the high directional strength of fiber reinforcement with the flexibility of an adaptable
matrix [2,4]. Technologies, such as the Markforged Two® printer [5], blend the best features
of composites and AM [6], giving those materials load-bearing capabilities that can match
that of Aluminum [7]. AM could be the technology that closes the gap between topological
optimization and actual fabrication [8] because of its unique ability to manufacture many
lattices and intricate geometries [9]. However, designers must have appropriate mechanical
properties to implement such a flexible technique in components.

Markforged® [5] filed a patent in 2015 for a device that used Material Extrusion (MEX)
to manufacture continuous fiber composites. A schematic of the composite MEX printing
process is shown in Figure 1. MEX, arguably the most popular of the AM technologies [10],
is a manufacturing technique in which the topology is reconstructed layer by layer from a G-
code file previously converted to the Standard Template Library language. For Markforged®
composites, this process is performed by a software in the cloud called Eiger® [5].
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Figure 1. Schematic of composite MEX printing. Adapted from [6].

The options to create a part using the Markforged® technology are broad in number
and range. Their impact has been documented [2,4,11-13]. The options are the type of
continuous fiber (carbon, Kevlar, fiberglass, and high-temperature fiberglass), fiber volume
fraction (Vy), fiber fill type (concentric and isotropic, as seen on the top of Figure 2), the
pattern of matrix filling (hexagonal, triangular, square, as seen at the bottom of Figure 2,
and solid fill), matrix fill density, matrix deposition angle, and fiber deposition angle.
The mechanical characterization for different matrix fillings from geometry and material
properties is thoroughly reviewed in [4,11]. Markforged, the sole provider of matrix and
fiber, has characterized individual mechanical properties for matrix (Nylon and Onyx®)
and continuous fibers, as seen in Table 1. It has to be noted that Onyx® is a composite itself,
a nylon matrix reinforced with chopped carbon fiber. Thus, it shows multiple options and
ranges to configure a part.

Fiber orientation

Isotropic Concentric

Triangular Hexagonal Rectangular Gyroid

Figure 2. Options to configure a part for fiber layout and matrix filling, adapted from [14,15].

Table 1. Mechanical properties as provided by Markforged [5]. E is elastic modulus, ¢ is strength,

and € is strain.

Material E [GPa] o [MPa] € %
Nylon 1.7 33.5 45
Onyx 14 36 33
Standard ASTM D638 [16] ASTM D638 [16] ASTM D638 [16]
Carbon 60 800 1.5
Fiberglass 21 590 3.8
Kevlar 27 610 2.7
Standard ASTM D3039 [17] ASTM D3039 [17] ASTM D3039 [17]

Predicting the material properties is still a challenge. The available prediction models
for mechanical properties do not include all the variables [18,19], a task that has to be per-
formed experimentally [11,13,20,21] or numerically [15,18]. However, the existing numeri-
cal modeling requires highly skilled users, a deep understanding of the mechanical behavior
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of composite materials, and fairly advanced numerical modeling skills [18,19,22-24]. Such
requirements are mainly due to the composite’s nature on top of the intrinsic anisotropy of
AM. In order to ease the task, the authors of [4] suggested modeling mechanical perfor-
mance for this kind of composite as isotropic materials with bulk mechanical properties
obtained from mechanical testing and linking them to the printing variables. Therefore,
the need for a model to predict mechanical properties (strength and elasticity), including
the printing variables, or at least the most representative, arises. This way, a novice user
can design a component using a simple isotropic numerical model. The Volume Average
Stiffness (VAS) model [19] is based on the Rule of Mixtures (ROM), but it accounts for each
region of the cross-sectional area. In addition, it accounts for the infill-type adopting models
proposed by Gibson and Ashby [25] for cellular materials and the composite’s anisotropy.
Recently, the authors of [15,26] applied the VAS method, including porosity and the Tsai—
Hill equations, to predict mechanical properties. It was acknowledged that developing
a numerical model with individual properties (fiber and matrix) takes advanced skills.
The model requires a deep understanding of composite theory [27] to be adopted, which
may impede the popularization of the printing technique. On the other hand, Machine
Learning (ML) has been extensively used and applied in different areas and applications.
Therefore, ML could link printing variables and mechanical properties.

When focusing on AM, there are plenty of works that make use of data-driven methods
to predict material properties [28,29]. In conventional manufacturing, Artificial Intelligence
(AI) has been applied to predict surface roughness, welds, forging, geometric tolerance,
sheet metal, and quality control in AM parts [30].

On the other hand, Al systems have the ability to recognize patterns, identify trends
within data, and categorize them based on such patterns. Although Al may be exceptionally
good at pattern recognition, it has limits, such as sensitivity to biases in training data and its
limitation to generalize beyond known patterns. Furthermore, several works have focused
on applying ML to predict material’s mechanical response [29]. Ng et al. [28] reviewed how
authors explored the Artificial Neural Network (ANN) in ML. Tavares [31] used an ANN
to predict static properties of dual-phase steel from processing and chemical composition.
Furthermore, [32] cited several cases where ML was used for strength, stiffness, and strain
prediction. Finally, in composites, ML techniques have been used for composites, including
the manufacturing method, simulation, and mechanical testing as data input to search for a
constitutive model as a whole or a Representative Unit Cell (RUC) [33,34].

Now, more specifically in AM, ML has been used extensively as well. Zhang et al. [35]
used ANNSs to predict the mechanical behavior of the Fused Deposition Modeling (FDM) of
polymer parts accounting for temperature, printing speed, and layer height. Le6n et al. [36]
used several machine learning algorithms to predict elastic modulus and strength based
on selected printing parameters. The study concluded that fiber angle and fiber content
are the factors with the most influence on stiffness and strength. However, the R? for their
prediction was as low as 0.19 for a fine tree network and 0.66 for the Matern 5/2 Gaussian
Process Regression model, whereas a micromechanic-based model gave a R? of 0.74. One
can see that there is still room for improvement. Modeling mechanical properties with
the existing methods is rather complex due to the large number of variables involved (see
Figure 2). To use homogenization such as for a representative volume unit and others,
one needs advanced numerical skills. This could be a roadblock to popularizing the use
of AM composites. Therefore, the present paper attempts to ease that task by predicting
mechanical properties using ML methods.

1.1. Contributions
Based on the recently published research in the intersection of AM, ML, and mechani-
cal property prediction, one can highlight the following main contributions of this work:

* A ML pipeline that estimates mechanical properties such as the strength and elasticity
of AM composite materials reinforced with continuous fibers—carbon (CRTP), Kevlar
(KvRTP), and fiberglass (FGRTP).
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* A dataset was constructed from the peer-reviewed literature. It includes mechanical
properties (elasticity and strength), materials for continuous fibers, and printing pa-
rameters. A robust analysis and the greater reliability of the ML models that have been
tested enable the reproducibility and exploration of polymer-based AM technologies.

* Inorder to determine the most efficient ML models for predicting mechanical prop-
erties, this paper examines a variety of linear and nonlinear ML models. The perfor-
mance analysis reveals their strengths and weaknesses when used within the AM
context. As new algorithms are developed, they can be tested with the existing
dataset. The modeling workflow used comprises k-fold cross-validation and Monte
Carlo resampling, exploring different lightweight machine learning methods like
Bayesian Ridge Regression (BAY), CatBoost Regression (CAT), Decision Tree Regres-
sion (DTR), k-nearest Neighbors (KNN), Lasso Regression (LAS), Random Forest
Regression (RFR), Ridge Regression (RDG), and Support Vector Regression (SVR).

e The manuscript shows how decisive printing parameters are, such as deposition
angles and fiber content, for the mechanical properties of Continuous Fiber Rein-
forced Polymer Matrix Compositess (CFRPCs). Therefore, the results can be used
to optimize material properties without conducting extensive experimental cam-
paigns. The identification of such parameters should lead to a more efficient design
anddevelopment process.

Moreover, when applying ML to AM mechanical property prediction, there are im-
plications such as enhanced design capabilities (i), personalized material selection (ii),
reduction in experimental campaign development time (iii), and scalability and produc-
tion efficiency (iv). (i) A designer can maximize a CFRPC component by reducing the
uncertainty in the mechanical property prediction. This could result in the manufacture
of lightweight, high-strength components designed for tailored purposes, improving the
overall performance of AM products. (ii) This study emphasizes the importance of various
parameters, such as deposition angles and fiber content, that influence the mechanical prop-
erties of AM composites. With this in mind, a designer can select materials, in combination
with AM parameters, to customize a tailored component more effectively, thus ensuring that
the final part meets the requirements and performance standards. (iii) Experimental testing
can be costly and time-consuming. By using ML models, manufacturers can lower the
costs associated with material testing, thus speeding up the development process. (iv) The
results indicate that ML can help popularize AM processes by demystifying the knowledge
on how to best optimize printing parameters to achieve a mechanical property target.

1.2. Paper Organization

The remainder of this paper is organized as follows. Section 2 addresses the essential
technical background encompassing the scope of this work. Section 3 describes the methods
and dataset adopted. Finally, Section 4 shows and analyzes the results, while Section 5
summarizes this study’s main findings.

2. Technical Background
2.1. Models to Predict AM Composites” Elasticity

To predict mechanical properties in composite materials, one can use the ROM from
individual properties of the matrix and fiber [27]. For example, the elastic modulus E of
a component is described in (1) for the direction parallel to the fiber, and in (2), for the
direction perpendicular to the fiber:

Ee, = EfVy+ (1 Vy)En (1)
v, 1-v,]"
_ | S —f
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where the subscript c refers to composite, f to fiber, m to the matrix, 1 to the parallel-to-
the-fiber direction, and 2 to the perpendicular-to-the-fiber direction. Furthermore, if the
porosity is to be accounted for, the elastic modulus is modified by the porosity level py,
which is estimated at 10% [37]. Therefore, (3) shows the corrected elastic modulus.

Ei =(1—p1)Ea 3)

On top of that, and because of the easiness of free-form fabricated AM components,
cellular structures are commonly used. Figure 3 shows the RUC for the three cellular
structures studied here. All lattices have a thickness t.

a)

Figure 3. Different RUCs for infill patterns and geometrical parameters: (a) square, (b) honeycomb,
and (c) triangular.

2.1.1. Square Lattice

The square lattice represents a good balance between the orthogonal strength and
printing time. The RUC, in Figure 3a, is characterized by a square with side I. The infill
density, ps;, can be expressed as the ratio of the filled area to the total area, and it is given
by (4), whereas the elastic modulus is given in (5) [25]. Note that density is the parameter
that defines the geometry in Eiger® software, https:/ /www.eiger.io/.

—412] 4+ 211
psg=—p (4)
Ei=Eqj, (5)

where E; represents the elastic modulus of the solid, and E; is the elastic modulus in
the preferred fiber direction. When the axial load is aligned with the fiber, the x and 1
directions coincide.

2.1.2. Honeycomb or Hexagonal Lattice

The honeycomb lattice was developed mainly for compression applications, yielding
a great strength-to-density ratio. The honeycomb pattern is characterized by a regular
hexagon with side /, as shown in Figure 3b, and it is widely used as a core in manufac-
turing composite panels. It has good strength with fast printing times. The mechanical
characterization of honeycomb structures can be found in [25], with elasticity presented

in (6) and density in (7):
3
E; = 2.3E; (;) (6)
2t
PHex = m 7)

2.1.3. Triangular Lattice

The triangular lattice, as shown in Figure 3¢, is used when strength is needed along
the direction of the wall. It is stronger than the rectangular pattern but requires a longer
printing time. The elasticity and density for an equilateral triangle are presented in (8)
and (9), respectively.

t

E1 = 115E;;

(®)
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oy = 7 )

2.1.4. Solid Region

Because the solid is formed out of melted thermoplastic circular wire, there is porosity,
named p;, between adjacent extruder passes. Rodriguez et al. [37] proposed the porosity
model for such regions, shown in (10). Note that elasticity is assumed as a solid but porous
material, with p; values reported between 15 and 20% [38].

E; = (1—p1)Es (10)

A comparison of Equations (5), (6) and (8) is shown in Figure 4, where the normalized
elastic modulus is plotted versus the variation in the thickness and length for the square,
triangular, and hexagonal cellular structures. The elastic modulus is higher for a thick
structure (larger t). Conversely, for a thin structure (smaller t), the triangular and square
infills perform very similarly, whereas, for thicker structures, the hexagonal (honeycomb)
becomes stiffer after a 0.65 t/L value.

E cel/ E max
T o A
I A |
o A (m}
0g | | OHex L ég0
| |O8q A o
06 + | ATri A g C
A - o
. ﬁ a o
L | A o
02+ o
=] o
B [} o © "
0 B_O_Q_Q_? e L } L L L } L L L | L L L | )"
0 02 04 0.6 08 1

Figure 4. Elastic modulus as a function of thickness over length for three different infills. Adapted
from [14].

The ROM model is simple and easy to implement but leaves out important variables
that impact the AM composite prediction performance.

2.2. Models to Predict AM Composite Strength

On the other hand, in assuming that the composite abides by Hooke’s law, strength in
the axial direction could be described by the ROM [27], as shown in (11):

Oey = 0 , (11)

E
Vi + E—’;u - V)

where ¢ is the tensile strength. Now, if we disregard the contribution of the matrix to
withstand the load, (11) can be conservatively simplified to (12).

Oy = U'fo (12)

The performance of the normalized composite ‘s normal strength, (11), using values
from Table 1 is seen in Figure 5. Firstly, one can see that the variation is linear. Secondly,
the prediction is very close for the three available fibers, especially at the upper limit of
the volumetric fiber fraction. However, FGRTP provides a slightly higher strength at lower
values because of the high rate E,;/E - Furthermore, there is evidence that an elevated
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volumetric fiber content leaves insufficient room for fiber /matrix adhesion [4,26], indicating
that the ideal V; is between 40 and 50%.

0/0Max
10 + B
| | ocCrTP a®?
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08 + ¢ FGRTP a L]
(| aKvTP a®
06 T & -]
L & &
04 1 g B
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&
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Figure 5. Normalized strength as predicted by the ROM. Adapted from [4].

2.3. Machine Learning Models

This section describes the machine learning methods adopted in this work. Since this
is a supervised learning problem with a continuous label, only classical regression methods
were selected.

2.3.1. Linear Regression

Linear regression is one of the simplest algorithms applied to solve regression prob-
lems. It assumes that the input variables have a linear relationship with the target variable.
A straight line represents such a relationship in a two-dimensional space, i.e., when there is
only one input variable, or it can be thought of as a hyperplane when the problem consists
of more than one input variable. The mathematical representation of the linear regression
model is presented in (13) [39]:

7 =wo +wix1 +waxp + - - -+ Wwpxy, (13)

where 7 is the predicted value, w; denotes the coefficients of the model, and x; denotes the
variables or features. Therefore, the Linear Regression (LR) algorithm consists of finding
the coefficients of the model through an optimization process that aims to minimize a loss
function, J(y;, 7;), defined as the sum of squares of the difference between the target and
predicted values. This optimization technique is known as Ordinary Least Squares and is
represented by (14):

n
J(i, 9i) = Y (yi — 9:) (14)
i=0

Despite being simple and efficient, such a model can become sensitive to inputs and
unstable, especially for problems with a small number of samples or fewer samples than
features. One way to overcome this problem is to adopt a modified loss function that
includes additional costs when there are many input variables. The additional portion
of the modified loss function is called a penalty, and different types of penalty can be
used, each of them defining a new algorithm included in the class of penalized linear
regression models. These algorithms include the LAS, RDG, and BAY. The LAS refers
to the penalization based on the sum of the absolute coefficient values, the so-called L
penalty, seen in (15). On the other hand, the RDG considers the L, penalty, which is defined

as the sum of the squared coefficient values as seen in (16).

p
Llpenalty = Z ’w]| (15)
j=0
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szenulfy = Z(w])z (16)
j=0
Therefore, the modified loss functions for the RDG and LAS are defined in (18) and
(17), respectively:

Jrasso =]+ A~ Llpenal[ (17)

v

]Ridge = ]+ A LZPe,m“y/ (18)

where A is a hyperparameter that weights the penalty applied to the loss function. The A
values range from 0 to co, where 0 cancels the penalty, and large values leads to simpler
models with fewer parameters. Furthermore, the BAY is similar to the classical RDG, with
the difference that the regularization parameter is now tuned based on the dataset under
analysis. Hence, the Bayesian model has the advantage of adapting to the data at hand, but
with the drawback of the inference being possibly time-consuming.

2.3.2. CAT Boost Regression

The CAT algorithm was recently developed by Yandex, and it is perhaps one of the
newest regression algorithms available nowadays. As the name suggests, CAT is based
on decision trees [40] and gradient boosting [41]. The major features of the algorithm are
its capacity to handle categorical variables and ordered boosting. The first refers to the
ability not needing to perform any feature transformation before the training stage, which
is generally mandatory for other algorithms. To do so, during the training stage, the CAT
algorithm uses efficient modified target-based statistics [42]. The second major feature
refers to the sequential construction of a set of base predictors so that each subsequent
decision tree has a decreased loss [42]. Moreover, unlike traditional gradient boosting
algorithms, CAT Boost grows oblivious trees as base predictors, i.e., trees with all nodes
at the same level testing the same predictor with the same condition. Therefore, such
characteristics make the CAT computationally efficient and less prone to overfitting [41].

2.3.3. K-Nearest Neighbors Regression

The K-Nearest Neighbors Regression is an instance-based algorithm primarily applied
to solve regression problems. The core idea of the algorithm is quite simple: the predicted
target value for a new instance is calculated by searching for the most similar samples in
the dataset—the so-called neighbors—and computing the mean or median target value
associated with them. Therefore, the only mathematics required are the calculus of distance
metrics to find the neighbors of the query instance. Several distance measures can be used,
such as the Euclidean (19), Manhattan (20), and Minkowski distances (21):

. Euclidean

t5%) = (arx) () 09)

e  Manhattan
d(x;, x;) = |ar(xi) — ar(x})] (20)

. Minkowski
1

d(x;, xj) = (| ar(x;) — ﬂr(xj)|p) 7, (21)

where a,(x) denotes the value of the ry;, feature. The most popular of them is the Euclidean
distance.

The value of k, the number of neighbors to be considered, is the only hyperparameter
of the model. It can be defined using hyperparameter tuning techniques, and typical values
range from 1 to 21. Since the model relies on calculations conducted with the entire training
data, its computational complexity considerably increases for large datasets [43].
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3. Materials and Methods
3.1. Dataset

The data used in this study consist of a combination of datasets retrieved from a
total of 26 studies recently published in the literature on composite AM. Because it is a
new technology, there are not many tests yet. As one can see from the dataset presented
in Table 2, a total of 127 samples were used in this study. Listed materials include three
different types of composite parts, namely a Nylon matrix reinforced with continuous
fibers of carbon (CRTP), Kevlar (KvRTP), and fiberglass (FGRTP). The CRTP ones represent
roughly 76% of the total (91 samples), while KvRTP and FGRTP have 28 (22%) and 23 (18%)
specimens, respectively. Eight printing properties are reported, including the type of filling
matrix, the fiber layout, the fiber angle, the matrix angle, the reinforcement material, the
elastic modulus of the fiber, the tensile strength of the fiber, and the fiber volume fraction,
Vf. Included samples are taken from the literature and journals listed on Scopus, Journal
Citation Reports, and crossed references. Samples with partial or incomplete information
or from journals not indexed on the listed databases were excluded from the study.

Table 2. Dataset table representing groups of samples retrieved from several published works. The
table shows the variations in the values of each feature used in this work.

Reference Fiber Type Fill Fill Fiber Fiber Vs Properties
Pattern  Angle (°) Angle (°)  Distrib.
Blok [44] C T +45 0,45 NA X Ey, 09, 016, G, T2
Dutra [18] C NA +45 0, 90, +45 NA X E], 0, Ez, 0, Elcr (%1 G, 012
Klift [45] C NA 0 NA C X Ey, 0y
Melenka [19] Kv NA +45 0 NA NA Eq, ;1
Dickson [46] C, Ky, FG NA NA NA C NA Ey, 01, Eyp0onf
Justo [47] C,FG NA +45 0,90 NA NA Ey, 0, Ei¢, 0¢, 0
Al-Abadi [48] C, Ky, FG NA +45 0,90 C NA Eq, 1
0,90,
Goh [13] C, FG NA NA 145 I X J, Exf, o1
Fidan [49,50] C,Kv, FG NA NA NA NA NA Eq, 01, €1, SN
Todoroki [51] C NA NA 0,90, 45 NA NA Ey, 00,V
Araya [52] Kv R H NA 0,90, £45 I,C NA Eic, 01c, Evf,01f
Gonzilez [53] C, FG T 0 0,90, £45 C NA E|, 0y
Pertuz [54] C, FG, Kv T NA 0 1 X o1, E1, Sy
Podda [55] C NA NA 0,90 NA NA E, 0
Agarwal [56] FG H NA 0,90, £45 NA NA 01, E1, SN
Mei [57] C, FG, Kv T,H R NA 0 C NA o1, E1
Naranjo [58] C T NA NA NA - Eq, 1
Pyl [59] C NA NA 0 I NA o1, Eq
Saeed [60] C S 0 +45 I X 01, E1
Tessarin [61] C, Kv, HSHT S +45 0 1 X Eq, 01
Lawrence [62] C, FG S 0 0 1 X Ey, 1
Santos [63] C,FG S 0 0 I X Eq, q
Leon [36] C S 0 0,90, +£45 I X Ei, 0
Heitkamp [64] C,Kv S 0 0 1 X Ey, 1
Bendine [65] C S 0 0 I X Eq, ;1
Ojha [66] Kv S 0 0 I X Ey, 04
Siddiqui [4] C S 0 0 I X E;, 0
Zeeshan Ali [67] C R 0 0 I X Eq, ;q
Xiang [68] C R 0 +45 C X Ei,
Lee [69] C,FG S 0 +45 C X Ey, 0y
Moreno-Nufiez [70] Kv R 0 +45 C X Eq, 01
Gljuscic [71] C S 0 0 I X E|, 0

The subscripts in Table 2 are as follows: 1 for axial, 2 for in-plane, ¢ and f for com-
pression and flexural resistance, respectively, and NA for not available. The reported tests
are axial tension T, bending B, in-plane shear (S;), axial compression C, and fatigue SN.
The matrix fill pattern options are the following: H is hexagonal, R is rectangular, T is
triangular, and S is solid, as depicted in Figure 3. The fiber distribution options are as
follows: I for isometric and C for concentric, as shown in Figure 2, whereas Vf is the fiber
volume fraction.

3.2. Machine Learning Pipeline

The supervised learning-based modeling workflow proposed in this work is summa-
rized in Figure 6. As previously mentioned in Section 3.1, eight variables corresponding to



Appl. Sci. 2024, 14, 7009

10 of 21

the printing properties defined during the AM process were used as features. These input
variables correspond to a mix of numerical and categorical variables, and thus a prepro-
cessing step was required. During the preprocessing stage, operations like feature scaling
(numerical features) and encoding (categorical features) were performed to make the data
adequate for the predictive models. As shown in Figure 6, eight regression algorithms were
considered as candidates to serve as mechanical properties predictors. Five of these algo-
rithms were selected based on a preliminary cross-validation analysis conducted with the
help of PyCaret [72]. This low-code Python library makes automatic ML workflows and is
suitable for identifying potential models to perform the task at hand. According to the rank
established in the preliminary analysis, BAY, CAT, KNN, LAS, and RDG were the most
promising models. Thus, they were the ones selected to compound the proposed workflow.
Additionally, the other three algorithms were also considered in the analysis since they are
traditional and well established. These three additional algorithms were the DTR, RFR,
and SVR. The model construction and validation stage adopted consisted of a combination
of randomized hyperparameter tuning, repeated stratified k-fold cross-validation, and
Monte Carlo resampling. In this scheme, each candidate model was evaluated with one
hundred different and randomly split test sets. In summary, at each iteration of the Monte
Carlo Cross-validation (MCCV), the training data were used in a random search procedure
to evaluate eighty hyperparameter combinations with a 5-fold CV scheme repeated ten
times. After training, the models were fed with unseen data to compute performance
metrics. Both regression metrics, as well as computational performance ones, were stored
to compare the performances of the candidates in order to define the most suitable one.
The results of the tests are presented ahead.
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Figure 6. Machine learning modeling workflow.

4. Results

As previously discussed, predicting the mechanical properties of AM composite parts
requires a deep understanding of their mechanical behavior and advanced numerical
modeling skills [18,19,22-24]. The available predictive models do not include all the
variables involved in the task. In this context, ML has proven to be a suitable tool for
building strength and elasticity predictive models, including the most representative
printing variables involved in the AM of composite parts. Hence, experimental data were
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used to evaluate the possibility of building efficient supervised learning models to predict
the mechanical properties of composites from printing variables.

4.1. Exploratory Analysis

Okafor [34] highlighted the importance of data sorting and filtering for an accurate
prediction. Recall that both categorical and numerical features are embraced in this work.
Focusing on the numerical ones, Figure 7 depicts their relation with the target variables.
Although with scattering, the figure shows that the fiber volume fraction positively corre-
lates with ¢ and E, when the Vf increases, the mechanical properties also increase. This
correlation is stronger for ¢ than for E since the Pearson correlation coefficients are equal
to 0.64 and 0.43, respectively. Such a result indicates that Vy is a good predictive variable
for the ML pipeline. Moreover, the Vy influence found here agrees with the ROM, for
E (1) and o (11) and with the literature [36]. Finally, when there was no fiber, Zhang [35]
found that layer thickness and printing speed were the most influential parameters in
mechanical properties.
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| 60 4 m,
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Figure 7. Target variable versus fiber volume fraction: (a) depicts the correlation between o and Vi,
while (b) shows the correlation between E and Vy.

4.2. Numerical Results

The results regarding the performance of the models in the regression task are detailed
in the following. Table 3 presents the summary statistics of the Root Mean Squared
Error (RMSE) for the prediction of E. The results show that BAY, RDG, and LAS achieved
similar performances, as evidenced by the slight differences in the summary statistics and
the boxplots depicted in Figure 8b. Among them, the LAS had the best performance since it
achieved the lowest mean value of the RMSE. However, such a result is still unsatisfactory
since the mean RMSE value was higher than 10% of the dataset’s maximum E value. The
DTR and SVR performed a little better than the linear models but still not in a way to be
considered satisfactory. Alternatively, the RFR, KNN, and CAT stood out from the linear
models, achieving mean RMSE values of close to half of the values achieved by the linear
models. Despite the similar performances, the statistics show that the latter achieved more
consistent results with a narrower RMSE distribution, as shown in Figure 8b. Therefore,
the boosting model had the best performance in the elastic modulus prediction task. On the
other hand, the results for the ¢ prediction are summarized in Table 4. Similarly to what
happened for E, the linear models were the ones with the worst performance. The mean
RMSE values achieved by BAY, RDG, and LAS are almost equal to 20% of the maximum ¢
value in the dataset. In this situation, CAT and RFR performed considerably better than
the linear models, DTR, SVR, and KNN. Despite the lower mean RMSE for RFR, CAT
outperformed the former with a narrower distribution; see Figure 8a.

As previously discussed, building a model for predicting the mechanical properties of
additively manufactured composites from printing properties is challenging. Therefore, it
could be expected that linear models (BAY, RDG, and LAS) would not achieve adequate per-
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formances since they cannot capture the nonlinear relationships between the input variables
(printing properties) and the mechanical properties. On the other hand, models such as
SVR and DTR can better deal with nonlinearities between input and output variables, thus
performing better than linear regression models, as shown by the metrics reported. The
RFR and CAT models performed even better because, in addition to being able to capture
nonlinear relationships, they are an ensemble of decision tree models. Ensembles generally
reduce the chance of overfitting and generate more robust predictions than single models.
KNN also performed well, given its ability to capture nonlinearities and the fact that it is
an algorithm that tends to produce good models when trained with small databases.

Table 3. RMSE summary statistics for the one hundred tests predicting E.

Model Mean Std Dev Min. 1st Quartile Median 3rd Quartile Max

BAY 16.2405 3.2572 9.4879 14.0424 15.8779 18.3325 24.2133
RDG 16.2256 3.4534 9.0721 13.8824 16.0427 18.6324 25.0582
LAS 16.1670 3.2741 8.9366 14.1336 15.6067 18.0086 23.7556
DTR 14.8774 4.3100 7.6346 12.0422 14.4884 16.7512 27.0928
SVR 11.7524 5.0485 29113 7.6782 12.4260 15.4035 21.4587
RFR 9.8297 3.6813 3.6341 6.8087 8.6466 12.3373 19.6891
KNN 9.8020 4.1159 3.7364 6.6482 9.3383 11.9770 23.3197
CAT 9.4446 3.3558 3.0735 7.2028 8.8084 11.7664 18.1977

Table 4. RMSE summary statistics for the one hundred tests predicting o.

Model Mean Std Dev Min. 1st Quartile Median 3rd Quartile Max

BAY 159.7859  24.6198  131.2626 143.6800 156.5881 166.6547 258.1069
RDG 159.4300 25.2739  128.5327 143.7674 155.4155 167.4714 258.7639
LAS 159.3340 25.2431  129.0285 143.4035 155.3209 166.2181 258.7624
DTR 152.2683  45.3625 76.5504 115.0226 150.2737 170.3594 289.0174
SVR 142.2886  43.2337 71.5865 115.0798 144.5133 164.2971 258.5963
KNN 121.4163  42.1382 53.4138 91.3910 111.6907 141.3862 251.2954
CAT 114.4038 32.6867  54.2600 91.3665 109.3586 139.4164 197.8857
RFR 113.1730  36.8256 52.8864 84.8905 107.1129 136.4452 209.2337
160 1 ] :
140
1204 ] ¢ $
‘
] sl
w $ ¢
J $ ¢
]
| ?
04 01
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Figure 8. RMSE boxplots for (a) o and (b) E.

4.3. Computational Performance

The models’ computational performance results are disclosed in Table 5. The predic-
tion time refers to the interval when the model calculates the value of the target variable
based on the manufacturing properties. At the same time, the size represents the amount
of space that the model occupies in a storage disk. One can notice that both metrics follow
the same pattern independently of the target variable. Despite their poor performance
discussed previously, the linear models have shown to be considerably faster and smaller
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than the KNN and CAT. The tree-based model can also be considered fast as it can make a
prediction in less than 1 ms, despite being one of the largest models. Moreover, despite
being able to make a prediction in more than 10 ms, the k-neighbor model is at least ten-fold
smaller than the ensemble. Therefore, there is a clear size versus prediction time tradeoff
between the CAT and KNN, the models with the best regression performance.

Table 5. Computational performances of the models when predicting E and ¢.

Target Model Prediction Time (ms) Model Size (kB)
E BAY 0.2464 + 0.0655 1.8690 = 0.0000
E RDG 0.2571 £ 0.1237 1.0540 + 0.0000
E LAS 0.3108 + 0.2160 1.1542 + 0.0004
E DTR 0.2475 + 0.0485 2.6079 £ 0.0808
E SVR 0.3114 £ 0.0791 9.8657 £ 0.3070
E RFR 2.5034 + 0.8491 323.2075 + 107.4422
E KNN 13.2900 £ 0.3737 12.1362 4 0.0033
E CAT 1.0333 + 0.3281 213.9868 + 114.2556
log BAY 0.2542 + 0.0797 1.8690 + 0.0000
o RDG 0.2395 + 0.0714 1.0540 = 0.0000
o LAS 0.2494 + 0.0535 1.1542 + 0.0004
o DTR 0.2458 + 0.0525 2.5439 £ 0.1393
o SVR 0.3184 + 0.0753 10.5268 4= 0.0322
o KNN 13.3308 + 0.3256 12.1356 4 0.0024
o CAT 0.9430 + 0.2397 198.7430 £ 102.1022
o RFR 2.8011 £ 0.9439 349.6818 £ 88.7123

In summary, the linear models can serve as a baseline and have proven inadequate
for predicting the mechanical properties of AM composite parts despite having the lowest
computational complexity. On the other hand, both the KNN and CAT presented satisfac-
tory regression performances, thus being suitable for performing the task at hand. The
goal of assessing metrics like size and prediction time is to evaluate the model with the
best balance between the regression and computational performance. In this context, the
size versus time tradeoff between the tree-based and the instance-based models makes the
analysis difficult. However, in assuming that the predictive model will not be embedded
in a device with restricted hardware, the prediction time can be used as the first criterion
to define the more balanced candidate. In this sense, the CAT can be considered the most
suitable solution to use as a predictive model for estimating the mechanical properties of
AM composite parts based on their printing variables.

4.4. Detailed Results

In addition to presenting a performance for grouped data, an in-depth comparison
between the models’ predictions and experimental values for the elastic modulus separated
for each type of fiber reinforcement is shown in Figures 9 and 10 and Table 6. The plots
depicted in the figures show the predicted values on the vertical and the experimental
values on the horizontal axis. The table displays several statistics, including the Pearson
correlation coefficient (r) [73], the coefficient of determination (R?) [74], and the result of a
Student’s t-test [75] with the null hypothesis stating that there is no significant difference
between the predicted and experimental values (with 0.05 significance level). The metrics
and the adjustments between predicted and experimental values for the carbon fiber (CRTP)
highlight the poor performance of the linear models (RDG and LAS) and the Bayesian
model. For all of them, the r was inferior to 0.40, the (Rz) lower than 0.20, and the null
hypothesis was rejected in the Student’s t-test. The results for SVR and DTR highlight their
average performance, while the KNN, RFR, and CAT stand out with acceptable correlation
metrics. However, since the null hypothesis was rejected in the Student’s f-test for KNN,
only the tree-based models can be considered sufficiently robust for performing the task.
The same pattern is observed for the fiberglass, where RFR and CAT stood out from the
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other models. On the other hand, for the kevlar fiber only the KNN passed the Student’s
t-test and achieved good correlation metrics.

Table 6. Detailed results for the prediction of E.

Fiber Type Metric SVR DTR RFR CAT KNN RDG LAS BAY
r 0.5835 0.6059 0.8062 0.8075 0.7972 0.3697 0.3473 0.3585
CRTP R? 0.3404 0.3672 0.6500 0.6521 0.6355 0.1367 0.1206 0.1285
Student’s t-test - - Ok Ok - - - -
r —0.0075 0.0218 0.1100 0.1091 —0.0849 0.0250 —0.0119 —0.0370
FGRTP R? 0.0001 0.3672 0.6500 0.6521 0.6355 0.1367 0.1206 0.1285
Student’s t-test - - Ok Ok - - - -
r 0.5240 0.4342 0.5789 0.6695 0.7870 0.2731 0.2546 0.2715
KvRTP R? 0.2746 0.1885 0.3351 0.4482 0.6193 0.0746 0.0648 0.0737
Student’s t-test - - - - Ok - - -
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Figure 9. Comparison for predicted vs. experimental Elastic modulus, GPa, part 1. From the top to
the bottom, the lines display the results for BAY, CAT, DTR, and KNN. From the left to the right, the
columns display the results for CRTP, KvRTP, and FGRTP, respectively.
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Figure 10. Comparison for predicted vs. experimental Elastic modulus, GPa, part 2. From the top to
the bottom, the lines display the results for LAS, RDG, RFR, and SVR. From the left to the right, the
columns display the results for CRTP, KvRTP, and FGRTP, respectively.

On the other hand, the detailed results for the tensile strength problem are shown in
Figures 11 and 12, Table 7. Analyzing the results for the CRTP, one can see that all of the
models, with the exception of the SVR, achieved a poor performance. The support vector
was the only one to achieve r > 0.5 and a reasonable (R?) despite not passing the Student’s
t-test. The same bad performance is also observed for the FGRTP case. None of the models
passed the Student’s f-test and the coefficients are far from values representing a good
prediction performance. On the other hand, for the KvRTP, most of the models achieved
good metrics, and the plots highlight a reasonable correlation, but none of them were able
to pass the Student’s t-test.
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Table 7. Detailed results for the prediction of ¢.

Fiber Type Metric SVR DTR RFR CAT KNN RDG LAS BAY
r 0.6819 —0.0686 —0.1237 —0.0471 -0.1073 —0.0528 —0.0528 —0.0408
CRTP R? 0.4649 0.0047 0.0153 0.0022 0.0115 0.0028 0.0028 0.0017
Student’s f-test - Ok Ok Ok - - - -
r 0.0846 —0.0206 0.0897 0.0886 —0.0013 —0.0325 -0.0212 -0.0450
FGRTP R? 0.0072 0.0004 0.0080 0.0078 0.0000 0.0011 0.0004 0.0020
Student’s t-test - - - - - - - -
r 0.8297 0.7266 0.8532 0.8146 0.7031 0.8235 0.8235 0.8215

KvRTP R? 0.6884 0.5279 0.7279 0.6635 0.4944 0.6782 0.6782 0.6749
Student’s f-test - - - - - - _ _
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Figure 11. Predicted vs. experimental values for the Tensile strength, MPa, part 1. From the top to

the bottom, the lines display the results for BAY, CAT, DTR, and KNN. From the left to the right, the

columns display the results for CRTP, KvRTP, and FGRTP, respectively.
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Figure 12. Predicted vs. experimental values for the Tensile strength, MPa, part 2. From the top to
the bottom, the lines display the results for LAS, RDG, RFR, and SVR. From the left to the right, the
columns display the results for CRTP, KvRTP, and FGRTP, respectively.
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Unlike the commonly accepted ROM, the results here show no linear dependence. The
nonlinearities induced by factors chosen by a designer, such as matrix filling or involuntary
ones intrinsic to the fabrication process, such as porosity [37] or even the effect of the
sample shape defined by the standard used on the test or the lack of adhesion between fiber
and matrix [4] might not be well represented by the ML linear models. Finding the right
combination of printing parameters will give the appropriate strength and stiffness needed
for a part while maintaining geometry and density within requirements. Additionally, it
helps maintain dimensional tolerances, which is crucial for applications that require high
precision, reduced printing time, and material consumption, which translates into lower
costs and Waste Reduction by minimizing waste produced during manufacturing.
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5. Conclusions

Predicting mechanical properties for composite materials fabricated via AM is chal-
lenging. Currently, the available predictive models do not include all the variables and
require highly skilled users with vast knowledge of composite material’s mechanical be-
havior and advanced numerical modeling skills. This work evaluated different supervised
learning models in order to check the suitability of employing ML for automatically pre-
dicting the mechanical properties of AM composite specimens. The predictive models were
trained to estimate the strength and elasticity of AM composite reinforced with fibers like
carbon, Kevlar, and fiberglass. To do so, a diverse dataset was constructed based on data
published in the literature.

The results obtained for the ML model, CAT, and the suitability of the proposed
modeling workflow for obtaining a predictive model are capable of estimating, with
reasonable performance, the mechanical properties of AM composite specimens. The best
overall performance was achieved by the CAT and KNN models, with the first standing
out since it required less time to estimate the mechanical properties of a given sample. The
model takes around 1 ms to make a prediction while achieving relatively low error rates of
9.4446 and 113.1730 for E and ¢ prediction, respectively.

Despite the achievements reported, there is room for improvement in future work.
The results are limited to the parameters and materials studied (nylon matrix and carbon,
Kevlar, and fiberglass fibers). With this in mind, no applications with cellular structures
such as gyroid honeycombs, foams (open- and closed-cell), lattices (grids, octets, face cubic
centered, body cubic centered, or X-shaped), and others cannot be considered to be used
in conjunction with the results found here. Other parameters, which users can tweak in
different systems, such as printing and feeding speed, cannot be included here as the Eiger®
software does not allow modification. Moreover, although the dataset comprises several
samples from different sources, it is still a small dataset from the ML perspective. For
this reason, data augmentation techniques can be explored in future work. To improve
robustness in prediction, Physics-informed Neural Networks (PINNs) [76] can be used. For
this, data could be organized in feature ranges to observe holes within that can be filled
through simulation, i.e., with the finite element method. Such numerical data can be fed to
an ML algorithm in conjunction with experimental data.
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