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Abstract: Polylactic acid (PLA), the second most produced biopolymer, was selected for the fab-
rication of mixed-matrix membranes (MMMs) via the incorporation of HKUST-1 metal-organic
framework (MOF) particles into a PLA matrix with the aim of improving mechanical characteristics.
A deep learning neural network (DLNN) model was developed on the TensorFlow 2 backend to
predict the mechanical properties, stress, strain, elastic modulus, and toughness of the PLA /HKUST-1
MMMs with different input parameters, such as PLA wt%, HKUST-1 wt%, casting thickness, and
immersion time. The model was trained and validated with 1214 interpolated datasets in stratified
fivefold cross validation. Dropout and early stopping regularizations were applied to prevent model
overfitting in the training phase. The model performed consistently for the unknown interpolated
datasets and 26 original experimental datasets, with coefficients of determination (R?) of 0.93-0.97
and 0.78-0.88, respectively. The results suggest that the proposed method can build effective DLNN
models using a small dataset to predict material properties.

Keywords: biopolymer; PLA; mechanical properties; artificial intelligence; machine learning; deep
neural network

1. Introduction

Petroleum-derived polymers such as polystyrene, polyethylene terephthalate,
polypropylene, and polyethylene are environmentally hazardous and unsustainable [1,2].
They produce undesirable waste and release hazardous gases during their decomposi-
tion. Nevertheless, many industrial applications rely on them. Researchers around the
world are exploring bio-based polymers as a sustainable alternative to traditional polymers.
Environmentally friendly biopolymers are usually extracted from biomass like vegetable
oil and sugar or they are derived from natural monomers like starch, bacteria, and cellu-
lose [3]. A few examples of commercial biopolymers are polylactic acid (PLA), chitosan,
and cellulose [4].

Polylactic acid is an eco-friendly biopolymer derived from lactic acid and known for
its biocompatibility and ease of processing [5,6]. However, compared to inorganic and
hybrid materials like zeolites and metal-organic frameworks (MOFs), PLA has limitations
in terms of thermal and chemical stability, selectivity, and mechanical properties [7-12]. To
overcome these limitations, researchers have investigated composite mixed-matrix mem-
branes (MMMs) that combine PLA with MOFs. Alhulaybi incorporated MOF particles into
a PLA matrix to create porous PLA films [13]. He examined different fabrication conditions
and introduced HKUST-1 MOF to form a PLA/HKUST-1 MMM. The mechanical proper-
ties, degradation, water flux, and separation performance of the MMM were evaluated,
highlighting the potential of MOFs in enhancing MMM properties. However, measurement
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of the mechanical properties of these membranes is complex and time-consuming and is
currently done manually, which poses challenges due to the need for multiple specimens
and sensitivity to environmental factors [14-16].

The utilization of an Al-based computational model has the potential to assist design
engineers and materials experts in predicting mechanical properties, enabling informed
decisions during the design stage. This approach is advantageous due to lower costs
during the design phase [17]. By using an efficient model, industrial demands can be met
more effectively by avoiding or reducing the time-consuming and labor-intensive trial-
and-error process that involves costly experimental investigations, benefiting inspection,
testing, and manufacturing processes [18]. Machine learning has been applied to predict
the mechanical properties of various polymers, such as polycarbonate (PC), polymethyl-
methacrylate (PMMA), aluminum alloys, polypropylene (PP), and cotton fiber [18-21].
However, few studies that specifically address the prediction of the mechanical properties
for PLA biopolymer films/membranes have been conducted.

Park et al. [19] developed a deep learning neural network (DLNN) model with a
4-(133-200)-4 architecture to predict material properties of PC and PMM using 200 data
points that were generated by finite element (FE) simulation and the Latin hypercube
sampling (LHS) algorithm. Whether the NN model is equally effective in predicting the
simulated and experimental data points cannot be concluded based this study, as only two
experimental data points for PC and PMM were used. Moreover, the issue of overfitting in
modeling was not addressed, although it is very common for small datasets [22]. Merayo
et al. [20] developed a CAD tool to predict the yield strength and tensile strength of alu-
minum alloys using a DLNN with 3-(100-100-10)-2 architecture. They constructed 713 data
points by extorting the commercial material datasheets to train and test their DLNN by
splitting them in an 80:20% ratio. Although they applied early stopping techniques to pre-
vent overfitting, the performance of the DLNN model was not tested with the experimental
dataset. They evaluated the model performance using only one experimental data point
and reported >95% accuracy. In [21], Kazi et al. proposed a DLNN model with 8-(200-200-
200-200)-1 architecture that predicts the optimal filler content of cotton fiber /polypropylene
composite to achieve the targeted mechanical properties. They used six experimental data
points for modelling and applied dropout regulation to avoid overfitting. Although the
sensitivity of the input parameters was analyzed, the model’s prediction accuracy was
not addressed in sufficient detail. On the other hand, Sterjovski et al. [18] proposed three
different shallow NNs (SNNs) for prediction of three material characteristics of steels: (i)
impact toughness, (ii) simulated heat-affected zone toughness, and (iii) hot ductility and
hot tensile strength. The architectures of the SNN models were 10-(5)-1, 16-(12)-1, and
9-(14)-2. The models were trained and tested with experimental datasets. However, the
size of each dataset was not mentioned clearly. The model was evaluated by combining the
training and testing results for each output parameter, which obstructs the realization of the
actual model performances for the unknown data points. SNN models are also known to
have less prediction capability than DLNNs for modeling of complex relations [23]. Thus,
the limitations of the previous studies can be identified as follows:

(i) Underestimation of model overfitting, which is significant for NN models trained
with small datasets [24];

(i) Inadequate evaluation of the model accuracy, with the experimental data distributed
over a wide range.

In the current study, we developed a DLNN model with dropout and early stopping
regularization to optimize the model overfittings and tested our model with twenty-six
(26) experimental data points distributed over a wide range. The overfitting issues were
addressed and optimized by applying dropout and ES regularizations while training the
model. The prediction performance was tested by both interpolated and experimental data
points covering the entire data range. The results confirm a consistent and reliable predic-
tion performance of the proposed DLNN model compared to existing models (Table 1).
The current model was developed to predict the following mechanical properties of the
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PLA/HKUST-1 MMM based on the input parameters of PLA wt%, HKUST-1 wt%, casting
thickness, and immersion time:

a. Stress;

b. Stain;

C. Elastic modulus;
d.  Toughness.
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Table 1. Comparison of NN regression models for prediction of material characteristics.
Were Model
. . Experimental Model Performance Evaluation
. Hidden # qf Pre- TeF h{uque to . Data Points Used Evaluation Performance
Ref. Material NN Type Layer dicted Optimize Model Dataset Size . . .
Architecture Parameters Overfitting to Test the (Using Experimental (Using Non-
Model? Data) Experimental
(# of Data Points) Data)
200 simulated data .
[19] PC and PMMA DLNN (133-200) 4 NM ¢ points + Yes (2) NM ¢ Correlation
(polymers) AEDPL * coefficient = 0.99
713 data points Pearson
extracted from Confidence level > correlation
[20] Aluminum alloys DLNN (100-100-10) 2 ES regularization commercial material Yes (1) ..
datasheet + 95% coefficient =
1 EDPL * 0.86-0.88
Cotton fiber/
(200-200- Dropout 6 EDPL * + £10% $ 5
[21] P olypropylene DLNN 200-200) ! regularization deviation of EDPLs * Yes (NM*) NM NM
composite
Combined training
Model 1: (5) Only experimental Et;?rn(giiﬁoaxi
Model 2: (12) $ datasets were used, $ 5 #
[18] Steels SNN 4 NM . Yes (NM *) data) performances NA
Model 3: but the size was not
(14) mentioned reported as RMSE =
6.38j, 11.69; HV,
7.79%; 8.68 MPA
Dropout .
Current PLA L 1214 interpolated data 2 2
study (polymers) DLNN (16-12-8-4) 4 regularization + points + 26 EDPL * Yes (26) R*=0.78-0.88 R* =0.93-0.95

ES regularization

* Experimental data points from the literature = EDPL; $ Not mentioned = NM; * Not Applicable = NA.
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2. Data Generation
2.1. Manufacturing Methodology

Various preliminary fabrication conditions for PLA/HKUST-1 MMMs were tested,
and ultimately, a specific set of manufacturing conditions was selected. The hybrid
PLA/HKUST-1 MMMs were created with different amounts of HKUST-1 on glass sub-
strates, which were then immersed in distilled water at 25 °C and dried in an oven at 40 °C
for 24 h. The study evaluated different variables, including immersion time (10, 90, and
1440 min), initial film-casting thicknesses (150, 100, and 50 pm), and HKUST-1 loadings
into the PLA matrix (5, 10, and 20 wt%). The details of the manufacturing methodology are
available in Alhulaybi (2020).

2.2. Mechanical Properties

A tensile stress testing system (Linkam TST350, Linkam Scientific Instruments Ltd.,
Redhill, UK) was used to study the mechanical properties of selected films. All tests were
conducted at room temperature under dry conditions. A laser cutting machine was used to
cut a specimen into a dog bone shape with a width of 4 mm and a length of 11 mm. The
testing system had a fixed distance of 15 mm between the grips, while the tensile speed
was fixed at 0.15 mm /s, corresponding to a strain rate of 0.014 s~!. The tensile force was
measured by a load cell of 20 N. Experimentally measured parameters included applied
force (F) and the cross-sectional area (A) of the specimen, as well as the change in the
specimen length caused by the applied force (L — Lj), where Ly was the original length,
and L was the length of the specimen after testing. Results obtained from tensile testing
were used to evaluate the tensile stress (o = %), strain at peak stress (¢ = LEOLO ), Young's
elastic modulus (E = Z), and toughness. A stress-strain curve was used to estimate
film toughness based on the trapezoidal integration rule using Microsoft Excel. The data
generated in the experiments are presented in Table 2. It is important to mention that the
measured mechanical properties can be used to evaluate the durability of PLA/HKUST-1
MMM under various fabrication conditions using mechanical characteristics.

Table 2. Results of experimental measurements.

Input 1 Input 2 Input 3 Input 4 Output 1 Output 2 Output 3 Output 4
PLA wt% HI;E;TJ Tﬁiacslzlnrtegss ,Irllnnr:!e(r;::)rg Stress (MPa) Strain E (MPa) T(()Ilé?/hl::e'e)ss
(um)
100 0 150 1440 1.43 0.11 39.30 10.26
100 0 150 90 1.07 0.13 27 9.94
100 0 150 10 0.96 0.08 30.40 448
100 0 100 1440 1.28 0.16 32.30 15.61
100 0 100 90 1.14 0.16 23.90 11.96
100 0 100 10 1.87 0.18 42.50 21.90
100 0 50 1440 1.61 0.08 60.80 12.07
100 0 50 90 1.12 0.06 52.50 7.53
100 0 50 10 1.2 0.08 46.70 7.68
100 0 25 1440 1.43 0.07 65.20 7.32
100 0 25 90 1.06 0.04 48.50 3.25
100 0 25 10 1.34 0.08 43.50 6.85
95 5 150 1440 0.80 0.10 26.60 6.98
95 5 150 90 0.98 0.09 30.10 4.80
95 5 150 10 0.86 0.08 30.70 437
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Table 2. Cont.

Input 1 Input 2 Input 3 Input 4 Output 1 Output 2 Output 3 Output 4
PLA wt% HIS:[I;T-I Tﬁiacslzlnnegss _Irrll::le(rli:ﬁs Stress (MPa) Strain E (MPa) T(();%hI:;)ss
(um)
95 5 100 1440 0.90 0.12 25.70 8.65
95 5 100 90 1.22 0.08 37 9.72
95 5 100 10 1.01 0.06 27.60 3.65
95 5 50 1440 0.91 0.13 18.60 9.80
95 5 50 90 0.91 0.05 39.50 3.64
95 5 50 10 1.02 0.04 41.60 3.68
95 5 25 1440 0.96 0.04 45.70 2.57
95 5 25 90 1.21 0.04 49 478
95 5 25 10 1.17 0.05 44.70 4.72
90 10 50 90 0.76 0.05 39.54 3.64
80 20 50 90 0.48 0.05 18.68 1.78

3. Computational Methodology

Recent literature suggests ANN (ANN) models achieve the best performance among
ML algorithms in predicting material characteristics [25-28]. Among the different ANN
models, DLNNs have proven most effective in extracting hidden features from datasets [25].
In the proposed work, we chose DLNN models to predict the mechanical properties of
PLA/HKUST-1 MMMs.

3.1. Background
3.1.1. DLNN Modeling

A DLNN comprises one input layer, one output layer, and two or more hidden
layers [21]. Each hidden layer contains multiple nodes, termed neurons. Figure 1 shows
a DNN model with a 3-(8-8-8)-1 architecture, where each neuron is fully connected to
the neurons of the immediately previous layer. Initially, all these neurons are initialized
by a random weight vector and biases. After the input data are fed to the input layer,
they gradually propagate from the left to the rightmost side of the network through the
activated hidden layer neurons. Then, the output layer predicts the output. After that, the
DLNN model determines the errors by comparing the predicted and actual output. Finally,
the errors backpropagate to the hidden layers and update the weight vector and biases
accordingly before the forward feeding of the next iteration. Repeated forward feed and
error backpropagation gradually improve the prediction performance of the DLNN on the
training dataset.

Mathematically, the output of the neurons in the hidden and output layers can be
computed as [21]:

m
i = qol(zwf-beI) g
i=1
where w' and x' are the weight vector and input vector of layer 1, respectively; m is the total
number of neurons in layer 1; and ¢() and b are the activation function and bias of layer-1,
respectively. The activation function (¢/()) is a non-linear function that passes the value

only if it is above the threshold.
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Figure 1. A DNN model with a 3-(8-8-8)-1 architecture.

3.1.2. Dropout

Dropout is an effective regularization method to optimize overfitting issues, partic-
ularly for small training datasets [29-31]. In this technique, n% of units from the hidden
layers and input features are disabled randomly during training. During testing, all the
weights of the units are set to (1 — n)%. Since any unit can be turned off, dropout reduces
the dependency on a particular unit in the neural network model during feature extrac-
tion [24,31]. Figure 2 elaborates on the dropout effects during training of a simple neural
network (NN) model with two hidden layers. We used this method to avoid overfitting

our trained model.

X

A\

X

(a) (b)

Figure 2. (a) A simple NN model with two hidden layers. (b) Dropout randomly deactivates neurons
while training the NN model.

3.1.3. Early Stopping

NN models are prone to overfitting, in general, if they are trained for multiple it-
erations [32]. Then, the model starts to copy the training data instead of extracting the
generalized features. Early stopping (ES) is a regularization method that generalizes the
model for the whole dataset. This method uses a validation dataset to detect overfitting
and stop training the model before fully converging [24,33]. We applied this to generalize
our NN models.
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3.1.4. Stratified K-Fold Cross Validation

The traditional hold-out cross-validation (CV) technique, where the dataset is split
into fixed training and testing datasets, is not practical for small datasets, as the testing
dataset may contain important data features that are missed during the model training
process. K-fold CV is advantageous, as it divides the whole database into K folds [34].
Then, the model is trained and tested K times separately; for every iteration, unique (K-1)
folds are used as training data, and the remaining fold is used as the unseen testing dataset,
as shown in Figure 3. The final model performance is calculated either from the best model
or by averaging all the results.

D Training

K=5
D Testing
Full dataset

Iter.#1
Iter.#2

|

|

[ |
Iter.#5

Figure 3. K-fold CV /stratified K-fold CV for K = 5.

However, for a biased dataset where the outputs are unevenly distributed throughout
the range, stratified K-fold CV has been proven better [22]. Stratified K-fold CV ensures that
data points in each fold cover the whole output range evenly. In this work, we performed
stratified K-fold CV for K = 5 folds. We split the entire dataset into 15 subgroups based
on the output distributions, then ensured that each fold contained data points from those
15 subgroups evenly.

3.1.5. Data Interpolation

Ideally, an effective machine learning (ML) model is trained with adequate and contin-
uous data points [23]. Recently in the literature, several ML model implementations have
been reported, where the original datasets were very small (<100 data points) due to the
complication and high cost of the experiments in the biomedical engineering, chemical
engineering, and material science domains [35-37]. Those models were trained with the
assistance of interpolated data points to successfully overcome the issue of small and dis-
continuous datasets. In this work, we used the cubic-spline interpolation (CSI) technique
to interpolate our small dataset (26 data points). In CSI, the data points are fitted with
a piecewise function composed of several third-degree polynomial functions, where all
polynomials and their first and second derivatives are continuous all over the dataset [38].
CSI performs better than other spatial interpolation techniques by providing a smother
curve with fewer interpolation errors and no distortion in the boundary region [36,39]. The
effectiveness of which technique has been proven in building various ML models for small
datasets [36,37,40]. To interpolate data, we followed the CSI steps as described in [36].
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3.1.6. ReLU

Rectified linear unit (ReLU) is a recently developed activation function for NNs that
can be represented mathematically as [41]:

g(x) = max(0,x) = {g gi i 8 2

ReLU has proven advantageous over traditional activation functions, such as sigmoid
and hyperbolic tangent functions, as its first derivative (g(x)/) is constant for x > 0,
overcoming the vanishing-gradient problem [29,41]. ReLU is used as the activation function
for the hidden layers of our proposed NNs.

3.1.7. Model Evaluation

We used three metrics from the scikit-learn Python machine learning package to
evaluate the performance of our deep learning neural network (DL-NN) models [42]: mean
absolute error (MAE), root mean square error (RMSE), and coefficient of determination
(R?). The fourth evaluation metric was the residual error (%). Among them, the residual
error (%) is the simplest metric that shows the difference between the actual and predicted
outcome out of 100:

true pred
. (yi Yi )
Residual Error (%) = ~————% x 100 ©)]

true
i

where y!""¢ is the i-th actual outcome, and yf " is the i-th outcome predicted by the model.

MAE represents the mean of total absolute error:

true pred

L 4)

1 N
MAE = —
NE
where N is the total number of data points.
RMSE is another standard metric used to evaluate the prediction performance of the
model. It corresponds to the Euclidean distance between the predicted and true values:

— 1 rue pred 2
RMSE = | <} (vime = ") ()

1

R? is a popular regression score function that provides a numerical value between 1
and 0, where 1 means that the model predicts the outcome perfectly, and 0 means that the
model does not predict the outcome. R? is calculated as:

(e — gt
B Z (ytrue _ ytrue)z (6)

R>=1

—true

where "¢ is the mean of the actual outcome.

3.1.8. Computational Framework

Training DLNN models consist of multiple layers of fully connected neurons and
require a hardware platform that can perform extensive computations in parallel during ev-
ery iteration. Rather using a local machine, in this work, the DLNN models are developed,
trained, and tested using cloud based hardware resources provided by Google Collabora-
tory (Colab) [43]. Colab works based on Jupyter notebook service, which needs zero-setup
and provides on-demand remote access to extensive computing resources, such as GPUs.
Python 3.11.2 programming language and Keras API on the TensorFlow 2 platform were
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used to develop all the models in this work [44]. A Python library named Regressio under
the MIT open-source license was used for the CSI of our dataset [45].

3.2. Model Development

In the current study, we built a DL-NN model to predict the stress, strain, elastic
modulus, and toughness of PLA film. All these models have four inputs, which: weight
percentage (wt%) of PLA, wt% of HKUST-1, casting thickness (um), and immersion time
(minutes). The flow chart presented in Figure 4 demonstrates the steps of the workflow for
the proposed work:

Initiate the DL-NN model Train the model with the
creation process for the 4 folds training dataset
1%t output of the dataset of iteration=i

—V Original dataset

Measure the trained
model performance by
MAE, MSE & R?

yes
no

Choose the
/  best performing
i trained model

select the model
architecture

Tune hyperparameters & Test the trained model

> with unseen original
dataset

\ 4
Test the trained model

Split interpolated dataset
into stratified 5-folds

== ¥ with unseen interpolated
dataset fold

v

Set i=0

DO all output model / Analyze all data
are created? and ‘:g:ﬁﬁrs‘t the

I

no

Initiate the DL-NN model

creation process for next
output of the dataset

Figure 4. Flow chart demonstrating the workflow of the proposed work.

3.2.1. Data Preprocessing

We started data preprocessing by normalizing our dataset’s input and output pa-
rameters, a common practice before DL-NN training [46]. Next, we interpolated data
points following the CSI technique to ensure that we had enough data points spread
over the entire input space in which the model was to be applied [36,46]. Our orig-
inal dataset comprised 26 data points and four output parameters. We interpolated
1214 data points in total: 286, 288, 338, and 302 data points for the DL-NN models to
predict the stress, strain, elastic modulus, and toughness, respectively. The interpolated
data were used for model tuning, training, and cross-validation purposes, whereas the
original 26 data points were kept isolated only for testing purposes. Stratified K-fold CV
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Hidden Layer 1

allowed us to use all 1214 interpolated data points for training and validation/testing
purposes.

3.2.2. Tuning Hyperparameters and Model Selection

We used the grid search method to individually tune the critical hyperparameters
of the Keras-based DL-NNs, such as the number of hidden layers, number of neurons,
kernel initializer, activation function, model optimizer, learning rate, number of epochs,
and dropout rate. First, a set of proper ranges/options were selected as grids for each of
these parameters. Then, each of the grids was evaluated 4-5 times to determine the actual
model performance. Finally, the best grid options for all the hypermeters were selected
for the training phases. In Appendix A, we summarize all the tuned hyperparameters for
our DL-NNs. The selected DL-NN model has 4 hidden layers, with a total of 40 neurons
distributed in a 4-(16-12-8-4)-4 architecture, as shown in Figure 5, where ReLU is the
activation function for the hidden layers, and a linear activation function is used for the

output layer [41].

Hidden Layer 2

Hidden Layer 3

Hidden Layer 4

Output Layer

W,
2
E}j ReLU

W,

g

z

{4

RelLU

12

Figure 5. Selected DL model with 4-(16-12-8-4)-4 NN architecture.

8

..l
@,z/u%m

Output

4

We used the NN illustrated above with the hyperparameters mentioned in Table A1l
to build four individual regression models for each output of our dataset.

3.2.3. Training the Models

The four models used to predict each output were trained separately with their
corresponding interpolated data, obtaining their optimized weight metrics. Identical
training procedures were followed for each model, initiated by splitting the interpolated
data into five sets following stratified K-fold CV for K =5 folds. Then, the model was trained
in 5 iterations, and the evaluation performance was noted in terms of MAE, MSE, and R2.
MAE was the loss function used to train all models. Each iteration used the corresponding
stratified 4 folds as the training dataset. The dropout and early stopping techniques were
applied to prevent overfitting and generalize the model performance [29,30,33,35]. After
completing the 5 iterations, the best-trained mode in terms of the evaluation metrics was
chosen for the testing phases.

3.2.4. Testing and Performance Analysis of the Trained Models

The 4 selected and trained models of each output were tested with the original dataset,
which was unknown during the model training phases. The trained models were also
tested with the unseen interpolated data fold, i.e., the unused 1 fold of data points during
the training iteration of the selected model. Finally, data were analyzed and presented.

4. Results and Discussion
4.1. Dataset Analysis

As previously mentioned, we applied CSI techniques to interpolate the original dataset.
Table 3 shows the statistical properties of all the output parameters in the original and
interpolated datasets, and Figure 6 shows their distribution in detail. The original dataset
not only has a small number of data points, but their distribution is also uneven and
discontinuous. However, in order to build an effective NN model, the dataset needs to be
continuous all over the range and sufficiently large [23,35]. We can also see from Figure 6
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that the interpolated dataset meets these requirements. Table 3 shows that the min. and
max. of all the output parameters are identical in most cases between the original and
interpolated dataset. Conversely, we see differences in their means and standard deviations
with redistribution of the data points evenly without discontinuity for the interpolated

dataset.

Table 3. Statistical properties of the original and interpolated data points for stress, strain, elastic

modulus, and toughness.

Statistical

Original Dataset

Interpolated Dataset

Elastic Elastic
Properties Stress Strain Modulus Toughn; 59 Stress Strain Modulus Toughn; 59
(MPa) (MPa) (Kj/m?) (MPa) (MPa) (Kj/m?)
Data 26 26 26 26 286 288 338 302
Points
Min. 0.48 0.04 18.60 1.78 0.46 0.04 16.60 1.28
Max. 1.87 0.18 65.2 21.9 1.89 0.18 67.15 22.35
Mean 1.10 0.09 37.99 7.37 1.17 0.11 41.88 11.82
S.td'. 0.29 0.04 12.03 4.54 0.41 0.04 14.66 6.11
Deviation

Data points count
= [ N N
o w o w

w

0

Data points count
fun = N N w w
o w o w o w

w

Original vs. Interpclated Stress (MPa) Data Distribution

2I
4

Original vs Interpolated E (MPa) Data Dlstnbutlon

I III
wsm Orig. Data
B |ntp. Data

20

N
o

Data points count
=
w

=y
o

28 I28 ii
mmm Orig. Data
B |ntp. Data
Ill-l!!
1.4 1.6 1.8

Stress (MPa)

(@)

N
o

i
w

Data points count

fn
o

E (MPa)

(©)

Strain

(b)

Orlglnal vs Interpolated Straln Data Dlstrlbutlon

m=m Orig. Data
Intp. Data

0.04 006 008 0.10 0.12 0.14 0.16 0.18

Orlglnal vs. Iterpolated Toughness (Kj/m3) Data Dlstrlbutlon

wwm Orig. Data

Intp. Data

Toughness (K]/m3)

(d)

Figure 6. Data point distribution of original dataset and interpolated dataset for (a) stress, (b) strain,

(c) elastic modulus (E), and (d) toughness.
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4.2. Model Generalization

In the proposed work, all the models were generalized and optimized from the over
fittings by applying the dropout and ES regularization techniques. For example, Figure 7
shows the training and validation losses for the E model of iteration #3 with and without
the dropout and ES regularizations. When there was no regularization, the training loss
reached <0.05 MAE after convergence, which is the minimum reported MAE in this figure.
However, at that point, the validation loss was ~0.10 MAE, which is 100% more than the
training loss. Optimum validation loss is crucial, as it indicates the model’s efficiency for
the unknown dataset [24,30]. This significant difference between the training and validation
loss suggests the model was overfitted and follows the training data instead of extracting
the data features. Figure 7 also shows that this overfitting issue is overcome when we
train the same model with the dropout and ES regulations. This approach generalized the
model’s evaluation performance for the known (training) and unknown (validation) data.
It also reduced the validation loss up to ~0.06 MAE, which is 40% less than the validation
loss reported for the model without dropouts and ES. It is also observed from this figure
that the validation loss reached its minimum before the training loss fully converged, as
indicated by the green dot. Subsequently, as we trained the model for more epochs, the
training loss decreased gradually, while the validation loss slightly increased, ES provided
the advantage of stopping the training process when the validation loss was optimum.

Training and Validation Losses

0.40 7 = Training Losses
0.35 4 — Validation Losses
—— Training Losses (with Dropout & ES
0.30 1 —— Validation Losses (with Dropout & ES)
= 0.254 e Early Stopping Point
<
2 0.20
%]
(7]
9 0.15
0.10 ~
0.05 ~
0.00 A

0 200 400 600 800 1000
Training Epoch#

Figure 7. Dropout and ES techniques used to generalize the models for the training data (known)
and validation data (unknown).

4.3. Performance Evaluation

Table 4 compares the evaluation performances of the four DL-NN models for the
prediction of stress, strain, E, and toughness in terms of MAE, MSE, and R2. We evaluated
each model using three types of datasets: (type 1) the known interpolated data point folds
used in the model, (type 2) the unknown interpolated data point folds used in the model,
and (type 3) the original data points, which were also unknown to the model. All the
models performed identically for the type-1 and type-2 datasets: MSE, 0.39-0.59; RMSE,
0.045-0.071; R?2, 0.93-0.97. We believe these similar model performances for the known
and unknown interpolated datasets were archived due to the dropout and ES techniques,
as shown in Figure 7. The same statistical properties of the interpolated data points in
for type 1 and type 2 is another reason for the similar performances. The three rightmost
columns in Table 4 summarize the model performance for the type-3 dataset. The evaluation
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performance of all models dropped compared to that of type-1 and type-2 datasets, but
they still maintained a satisfactory level [47]: MSE, 0.48-0.062; RMSE, 0.063-0.095; R?,
0.78-0.88. We can attribute this performance dropoff to the statistical differences between
the interpolated and original datasets, as visible in Table 3 and Figure 6. The main objective
of data interpolation in this work was to generate sufficient and continuous data points
with the same features as the original dataset, not necessarily with the same statistical
properties. Table 4 also shows that the evaluation performance of the toughness model
is slightly less accurate than that the three other output models for type-1, type-2, and
type-3 datasets. The typically reduced performance of the toughness model can be linked
to one of the following assumptions: the toughness of the PLA film has a relatively weaker
correlation with all input parameters of our dataset or measurement errors exists within
the toughness data [48].

Table 4. Evolution of the models using known interpolated, unknown interpolated, and unknown
original datasets.

Model Performance Evaluation

Modeli Using Type-1 Dataset Using Type-2 Dataset Using Type-3 Dataset

# odeling Dropout (Known (Unknown Interpolated Data (Unknown Original Data
Output Rate Interpolated Data Points) Points) Points)
MAE  RMSE R? MAE  RMSE R? MAE  RMSE R?

1 Stress 7.5% 0.04 0.05 0.95 0.04 0.05 0.95 0.05 0.06 0.82
2 Strain 4.5% 0.03 0.05 0.97 0.03 0.05 0.97 0.05 0.08 0.88
3 Elastic 125%  0.04 0.05 0.96 0.04 0.05 0.96 0.05 0.07 0.82

modulus
4 Toughness 11.5% 0.06 0.07 0.93 0.06 0.07 0.93 0.06 0.10 0.78

Figure 8 shows a graphic representation of the prediction performances and residual
errors of the stress, strain, E, and toughness models for the original data points and those
unknown to the model (i.e., type-3 dataset). Figure 8a,c,e,g show that the perfect prediction
line (y = T) closely surrounds the predictions of all the models, and Figure 8b,d,f,h show
that the majority of the predictions have <£15% residual errors. The strain model has the
best R? score of 0.88: 73.1% of its predictions have <+15% residual errors—the third-best
residual error performance compared to the other models. Figure 6b,c show that this mode
predicted the larger strains in the 0.4-1 range more precisely, whereas for the smaller strains,
the prediction contained more errors. The stress model showed the best performance in
terms of residual errors, i.e., 88.5% of its predictions had < £15% residual errors, but its
R? score was 0.82, which is the second-best among all the modes. Figure 6a,b indicate the
reason for this; the model achieves consistent prediction performance all over the stress
range of 0-1, with a certain percentage of moderate error. The toughness model exhibited
the worse performance regarding the R? score and residual errors, as evident in Table 2.

To summarize the discussion, we generated sufficiently large and continuous inter-
polated data points by mimicking the data features of the original dataset by applying
CSI techniques. Then, the interpolated data were used in the training phases so that our
NN models could extract and learn the data features and predict the outputs from the
unknown original dataset. Table 2 and Figure 8 show that our models achieved satisfactory
precision in predicting the unknown data points, regardless of whether they belonged to
the interpolated or original dataset.
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Figure 8. Visualizing the prediction performances and residual errors (%) for the stress model (a,b),
the strain model (c,d), the E model (e f), and the toughness model (g,h) using a type-3 dataset (i.e., the
original data points and those unknown to the model). In (b,d,f,h), the brown dots are the predictions
with < £15% residual errors, yellow dots are the predictions with > £15% residual errors, and the
blue line represents the 0% residual errors.
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5. Conclusions

We developed a DLNN model to predict four mechanical properties of the PLA /HKUST-

1 MMM: stress, strain, elastic modulus, and toughness. The model was developed using
the TensorFlow 2 backend Keras APl in Python programming language. A total of 1214 CSI
data points were generated from the 26 experimental data points reported in [13] and
split into stratified K-fold CV of five folds to train and validate the mode. The grid search
methods were used to tune all the model hyperparameters. Dropout and early stopping
regulation were used to generalize the model and optimize the overfitting issues during
model training. Finally, the model was tested using unknown CSI data point folds and
experimental data points. The model’s R? score was between 0.9 and 0.97 for the CSI
data points and between 0.78 and 0.88 for the experimental data points. In both cases, the
model achieved the highest score for strain prediction and the lowest score for toughness
prediction. The distinctiveness of this work is that we demonstrated the performance of
our model for the full range of experimental data points, unlike in other recent works, as
illustrated in Table 1. This also suggests that following our proposed method, an effective
NN model can be built using a small dataset for prediction of material properties.
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Appendix A. Tuned Hyperparameters

Table Al summarizes all the tuned hyperparameters used to train and test out
DL-NN models.
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Table Al. Tuned hyperparameters the DL-NNs.

Hyperparameter Tuning Option
Hidden layers 4
Neurons 40

Kernel initializer GlorotNormal

Activation function

ReLU (for hidden layers)
Linear (for output layers)

Model optimizer

Adam

10~* (for NN model without dropout)
1073 (for NN model with dropout)

Loss function MSE
1000-1500

Learning rate

Epochs

Stress modeling: 7-8%
Strain modeling: 4-5%
E modeling: 12-15%
Toughness modeling: 10-13%

Dropout rate
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