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Research Article

Ultimate drift ratio prediction of steel plate shear wall systems:

a machine learning approach

Muhammed Giirbiiz ** @, ilker Kazaz?

2 Department of Civil Engineering, Erzurum Technical University, 25050 Erzurum, Tiirkiye

ABSTRACT

ARTICLE INFO

Predicting the ultimate drift ratio of steel plate shear wall (SPSW) systems is im-
portant for ensuring the structural integrity and performance of these systems under
lateral loads. In this study, machine learning models are developed for predicting the
ultimate drift ratio based on various design parameters using data from previous re-
search on SPSW systems. These design parameters include the panel aspect ratio,
column flexibility parameter, axial load ratio, web plate thickness and stiffness of
horizontal and vertical boundary elements. A range of machine learning models is
considered, including Random Forest, Lasso, Gradient Boosting, XGBoost, Adaboost,
Artificial Neural Network and a stacked regressor. The models are trained and eval-
uated using data from 292 different SPSW models, and their performance is com-
pared based on the R-squared value, root mean squared error (RMSE), and evalua-
tion time. The results of this study demonstrate the effectiveness of machine learning
techniques for predicting the ultimate drift ratio of SPSW systems. The results of this
study show that machine learning techniques effectively predict the ultimate drift
ratio of SPSW systems. Among the models considered, the ANN model achieved the
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highest R2 value, with a value of 0.94.
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1. Introduction

Structural engineering involves the analysis and de-
sign of load-bearing structures that can be particularly
challenging in complex structural systems under ex-
treme actions exhibiting highly nonlinear behavior. Tra-
ditional structural analysis and design methods involve
the study and application of mathematical and physical
principles to evaluate the performance and behavior of
load-bearing structures. These methods are used to pre-
dict the response of structures to various types of loads,
such as gravity, wind, and earthquakes, and to design
safe and efficient structures. However, these methods
may require a time-consuming calibration process to ac-
curately predict the behavior of systems under extreme
loading conditions, particularly for those that exhibit
highly nonlinear behavior. Additionally, the complexity
and uncertainty in these methods can make them chal-
lenging to implement in practice, particularly for com-

plex structural systems. However, machine learning
(ML) allows for the creation of computer models that can
learn and identify patterns from a set of data, potentially
offering more efficient and effective solutions for struc-
tural engineering problems.

Artificial intelligence (Al) is a computer science field
aiming to replicate human cognition and reasoning capa-
bilities through symbol manipulation and structured
knowledge bases. Machine learning (ML) is a subfield of
Al that focuses on teaching computers to make predic-
tions from data and algorithms without being explicitly
programmed. ML algorithms can be classified into unsu-
pervised and supervised learning. Unsupervised learn-
ing is a type of ML in which an algorithm is trained on an
unlabeled dataset. It is used to discover patterns and re-
lationships in the data without prior knowledge of the
output. Clustering, a subcategory of unsupervised learn-
ing, involves grouping data points into clusters based on
similarity. Dimensionality reduction, another subcate-
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gory of unsupervised learning, involves reducing the
number of variables in a dataset while preserving the im-
portant information. These techniques can be useful in
structural engineering tasks such as identifying similar
structures or simplifying complex models. Supervised
learning is a type of ML in which an algorithm is trained
on a labelled dataset. It is commonly used for regression
and classification problems in which the output is con-
tinuous or discrete. Regression analysis, a subcategory of
supervised learning, involves predicting a continuous
output based on one or more input variables. It is widely
used in various fields, including structural engineering,
to make predictions about structural behavior, such as
strength and stiffness, or to identify relationships be-
tween variables.

In structural engineering, various ML algorithms have
been applied to multiple tasks, including predicting
building responses to seismic loads, analyzing structural
behavior under extreme actions, and optimizing struc-
tural design parameters. These algorithms include neu-
ral networks (NN), which use artificial neural connec-
tions to model relationships between input and output
data; decision trees (DT), which use a tree-like model of
decisions to identify the most appropriate course of ac-
tion; regression analysis (RA), which is used to predict
continuous values based on a given set of input varia-
bles; support vector machines (SVM), which classify data
by finding the hyperplane that maximally separates dif-
ferent classes; random forests (RF), which are ensem-
bles of decision trees that use random sampling to im-
prove the prediction accuracy of the model; and boosting
algorithms (BA), which combine multiple weak models
to create a more accurate and robust model.

Many pioneering works in structural engineering, in-
cluding structural analysis and design, have effectively
employed the machine learning technique. Adeli and Yeh
(1989) completed one of the first examples of structural
design work on beam design. Hajela and Berke (1991)
used neural networks to study force-displacement rela-
tionships in static structural analysis in the following
years. They applied two different network algorithms to
the problem and examined the effects of parameters
such as learning rate on the results. Xu et al. (1992) cre-
ated neural network-based methods for autonomously
detecting structural damage caused by a variety of vari-
ables such as routine operations, accidents, deteriora-
tion, or natural events. They concluded that the use of
the neural network is promising for structural damage
assessment.

Large experimental or numerical datasets are often
required to confirm machine learning's performance in
estimating the behavior of structural systems. One of the
reasons why machine learning is becoming more popu-
lar in structural engineering is because the needed da-
tasets are considerably larger than in the past. The sur-
vey by Thai (2022) provides a comprehensive review of
the growing applications of machine learning algo-
rithms. The research investigates how machine learning
can be applied to ascertain the mechanical characteris-
tics and mix design of concrete. It delves into examining
both individual elements and entire structures con-
structed from steel, concrete, and composite materials.

Sun et al. (2021) review the application of machine
learning in structural design and performance assess-
ment. The paper also discusses the challenges and future
opportunities for integrating machine learning into
structural engineering practice. Xie et al. (2020) studied
the progress and challenges of implementing machine
learning in earthquake engineering. The review encom-
passes the utilization of machine learning across four
primary domains system identification, seismic analysis,
earthquake engineering and damage detection, seismic
fragility assessment, and structural control for earth-
quake mitigation. The study also discusses the chal-
lenges and future research needs for machine learning in
earthquake engineering, including embracing new data
sharing and sensor technologies, implementing ad-
vanced machine learning techniques, and developing
physics-guided machine learning models.

There are also studies to predict structural drift limits
using machine learning methods. Inel (2007) used ex-
perimental data from 237 rectangular columns to cre-
ate an artificial neural network (ANN) model and com-
pared the ultimate displacement estimates from the
model to existing semi-empirical and empirical models.
The results showed that the ANN model performed well
and proved the feasibility of using ANN models for esti-
mating the deformation of RC columns. Darain et al.
(2015) investigated the deflection behavior of
strengthened RC beams using adaptive neuro-fuzzy
prediction. According to the study, the projected deflec-
tion and crack width nearly match the outcomes of the
experiments, confirming the accuracy of the model. An-
other study by Kalman et al. (2013) evaluated the
earthquake performance of RC frames with masonry
wall infill using NN (neural network). The study results
showed that neural networks trained on the database
could be utilized to estimate the seismic behavior of
framed-masonry structural elements. Luo and Paal
(2019) proposed a local machine-learning model for
predicting the drift capacity of reinforced concrete (RC)
columns. The model was trained and tested using a da-
tabase comprising 160 circular reinforced concrete col-
umns. It was then contrasted with well-known existing
global and local learning methods as well as a conven-
tional empirical equation. The outcomes indicated that
the suggested model is a prospective method for im-
proving the predicting of drift capacity. Nguyen et al.
(2021) studied the seismic drift behavior of planar
steel moment frames using ANN and Extreme Gradient
Boosting (XGboost). The authors stated that the
XGboost algorithm better predicted the responses of
steel frames than the ANN model. The authors also de-
signed a user interface to predict steel frame drift re-
sponse using XGboost.

In this study, the performance of different machine
learning-based regression models in predicting the drift
capacity of steel plate shear walls (SPSW) is evaluated
using data from a previous study (Giirbiiz and Kazaz
2022a). SPSW systems are widely used in the construc-
tion of high-rise buildings and other structures subjected
to lateral loads such as earthquakes and wind. Steel web
shear walls have a more sophisticated system mecha-
nism than conventional steel frames. A steel web plate in
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such systems transfers additional loads on the horizon-
tal and vertical boundary members (beams and col-
umns). The lower and higher-level steel panels transmit
opposing loads to the beam members between adjacent
floors. As a result, the top anchor beam experiences an
unbalanced load. Moreover, the steel panel imposes an
inward pull on the columns, possibly leading to unex-
pected column buckling. Steel panel-induced loads have
resulted in various steel frame collapse mechanisms.
These collapse processes under monotonic and cyclic
loading cases were investigated by Giirbliz and Kazaz
(20223, 2022b). The performance of these systems under
lateral loads depends on various design parameters, in-
cluding the panel aspect ratio, column flexibility parame-
ter, axial load ratio, web plate thickness, and more. Previ-
ously, 292 different SPSW models were designed and an-
alyzed by Gilirbiiz and Kazaz (2022a) using the finite ele-
ment method to explore the interactive effect of various
design parameters on the drift capacity and shear force
distribution of SPSW systems. Accurate prediction of the
ultimate drift ratio of SPSW systems is essential for en-
suring the safety and reliability of these structures. Vari-
ous past studies have investigated the interactive effect
of design parameters on the drift capacity and shear force
distribution of SPSW systems using analytical and exper-
imental methods. However, these studies often examined
only a few design parameters at a time, making it difficult
to fully understand the complex interaction of all the pa-
rameters on the behavior of SPSW systems. The design
parameters included panel aspect ratio, column flexibil-
ity factor (a measure of the stiffness of the columns), axial
load ratio, web plate thickness, stiffness of horizontal and
vertical boundary elements. The ultimate drift ratio of
each model was used as the response variable in the ma-
chine-learning models. The ultimate drift ratio is a meas-
ure of the maximum displacement of the structure under
lateral load and is an essential consideration in the de-
sign of SPSW systems as it affects the overall stability
and performance of the structure.

This study aims to fill the gap in the literature by de-
veloping machine learning model algorithms to predict
the ultimate drift ratio of SPSW systems based on the de-
sign parameters. Many machine learning models, includ-

P

(a)

fe—

ing Random Forest, Lasso, Gradient Boosting, XGBoost,
Adaboost, and a stacked regressor, are considered. In ad-
dition, the performance of an artificial neural network
(ANN) model is also investigated. ANNs are a type of ma-
chine learning algorithm that mimics the structure and
function of the human brain and can be used for both re-
gression and classification tasks. By comparing the per-
formance of these different models, the researchers can
determine the most effective approach for predicting the
behavior of these types of structures.

The details of the algorithms used in this study are
given in the following sections. The performance of these
models is compared in terms of the R2 value, root-mean-
squared error (RMSE), and evaluation time. The results
of this study provide a comprehensive understanding of
the behavior of SPSW systems and may be useful for pre-
dicting the ultimate drift ratio of these systems in the de-
sign process.

2. Data

Gurbiiz and Kazaz (2022a) used a verified finite ele-
ment modeling technique to investigate the behavior of
the 3-story and moment-framed steel plate shear walls.
292 models were created by changing design parame-
ters within specific ranges and analyzed under mono-
tonic loading using the finite element analysis software
ANSYS (2016).

To create variations of SPSW models, plate thickness,
panel aspect ratio, stiffness of boundary elements, and
axial load ratio on vertical boundary element (VBE) were
considered. The models contained both geometric and
material non-linearities. Fig. 1 shows a typical three-
story SPSW model that illustrates and summarizes the
study's main parameters. In the model, to increase the
resistance of the top beam against the bending action of
internal steel plate forces, an additional beam was at-
tached to the top beam, and the beams were assumed to
be constrained (share the same nodes) along the adjoin-
ing beam flanges as shown in Fig. 1(a). The horizontal
load was applied at the top left nodes of the models as
shown in Fig. 1(b).

(b) |
Y |

A

HBE _

[

Plate

]

TIvee L

—

h L
(mm) (mm) (mm) 1./1, P/P,
3000 2000 2 1 0.1
3000 3 2 0.2
4000 4 3 0.3
5000 5 4
£ 6000 6 5
h
.

Fig. 1. (a) A representative finite element model of SPSWs used in the study;
(b) Typical steel plate shear wall configuration.
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All story-level intersections of beamsand col-
umns were defined as the locations for lateral support.
At all story levels, out-of-plane displacements of the
nodes in intersection regions were constrained.

The chosen panel lengths are 2000, 3000, 4000, 5000,
and 6000 mm, and the steel panel height hs is constant at
3000 mm in all variants. In this manner, plate aspect ra-
tios - the ratio of panel length to height L/h - between 0.67
and 2 were considered. As previously observed, narrow
steel plate shear walls functioned adequately and dis-
played ductile hysteric behavior, which can be compared
to those with larger aspect ratios (Li and Tsai 2008). Thus,
models with a low panel aspect ratio of 0.67 were also ex-
amined. The chosen plate thicknesses tw are 3, 4, 5, and 6.

The SPSW behavior was investigated using parame-

ters plate thickness, column flexibility parameter (w:), the
moment of inertia ratio of beam and column (Ic/1I»), panel
aspect ratio(L/h), axial load ratio on columns(P/Pc),
beam flange width-beam height ratio (b/hs) the beam
flange width to beam height ratio (bs/hs), the beam flange
width-to-thickness ratio (bg/2tf), beam web area and col-
umn web area.

Seven different types of failure modes were identified
for SPSWs. These failure modes were studied in terms of
variables, including the column flexibility factor, plate
thickness, and L/h in general. Fig. 2 displays the identified
SPSW failure modes and a representative force-drift curve
for each group. Each group was carefully analyzed in the
relevant research, and an investigation on the parameters
that lead to failure and the failure sequence was conducted.

(a) Column out-of-plane buckling

(b) Flexural-torsional buckling

(c) Top beam out-of-plane buckling

(e) Top beam shear failure

(f) Column shear failure

(g) Column bending failure

(h) Representative Force-Drift Curves
1.2

1

0.84

§
g

0.6 f —— Column out-of-plane buckling
3 —+—Flexural-torsional buckling

04k Top beam out-of-plane buckling | |
——Column local buckling
——Top beam shear failure

F/F

0.2+

] —=— Column shear failure
1 —o—Column bending failure
0 . 3 n
0
0 0.1 0.2 0.3 0.4

Drift Ratio

Fig. 2. Different failure modes of the SPSW models and representative Force-Drift ratio curves of each failure group.
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The definition of the ultimate drift ratio (DR.) of SPSWs resented by the force-drift curve in Fig. 3(b), it can be
varies for different models. When the force-drift curves are seen that the system can still sustain the load at 85% of
assessed, some groups show no noticeable drop, while  its maximal strength, but after a particular drift, it loses
others have a system that clearly fails as displayed in Fig.  its ability to resist force. The ultimate drift ratio for these
3. Therefore, it could be claimed that this difference in models is referred to as the location of the break on the
how the ultimate drift ratio is defined is necessary. force-displacement curve. The ultimate drift limit, how-

The point where the base story shear force drops to ever, is taken as the drift level corresponding to 50% of
85% of its maximum value on the load-displacement  the peak shear force, such as in high axial load instances
curve is the ultimate drift ratio for the group that failure =~ where the force-displacement curve steadily decreases
is observable (Fig. 3(a)). In a different group that is rep- after peak force (Fig. 3(c)).

@ L0 (b) 3200 (c)

4000
2400
2700
= Z Z 3000

2 1800 = 1600 =
= = = 2000
900 800 1000
0 0 0

0 0.02 0.04 0.06 0.08 0 0.08 0.16 0.24 0 0.06 0.12 0.18
Drift Ratio Drift Ratio Drift Ratio

Fig. 3. Different definitions of the ultimate drift ratio in Giirbiiz and Kazaz (2022a).

In ensuring data quality and preparing the dataset for methods. One of these methods is the grid search tech-
model training, several crucial data preprocessing steps nique finding the ideal set of hyperparameters for a par-
were employed. This included an extensive data cleaning  ticular model. To achieve this, a model is trained using
process to handle outliers and anomalies, normalization various combinations of hyperparameters, and its effec-
techniques to standardize feature scales, and imputation  tiveness is assessed using test data. The ideal setting is
methods to address missing values. then determined by the combination of hyperparame-

ters that produces the best performance. Many super-
vised machine learning tasks use grid search. The grid

3. Method search can be performed using sklearn's GridSearchCV
class. This section provides information about each ma-
The dataset employed in this study is composed of nu- chine learning algorithm used in this study.

merical data that simulates the behavior of steel plate
shear walls with moment frames under extreme loading  3.1. AdaBoost
conditions. This dataset was created specifically to ex-

plore the performance of the SPSW structures under The AdaBoost algorithm was employed as one of the
these high-loading conditions. By providing the data to ~ base models in the stacking regressor. AdaBoost, which
feed the machine learning models, this study also inves- stands for Adaptive Boosting, is a type of ensemble
tigates the parameter effects on the overall behavior of =~ method that combines a number of weak learners to
the structures. form a strong learner. Freund and Schapire (1997) intro-

The study employed a Stacking Regressor, which  duced it in 1997 and since then has been widely used in
combines multiple base models to improve the predic- various applications. The basic idea behind AdaBoost is

tion accuracy of the drift behavior of Steel Plate Shear  to iteratively improve the performance of a weak model
Walls (SPSWs) under monotonic loading. A variety of by giving more weight to the misclassified examples in
base models were defined, including Gradient Boosting, the training data.

Lasso, Random Forest, XGBoost, ANN and AdaBoost was In this study, the AdaBoost algorithm is implemented
selected due to their capability to deal with nonlinear using the Sklearn library in Python. Scikit-learn
and complex data and used as input to the Stacking Re- (Sklearn) is an open-source machine learning library for

gressor. This ensemble approach aims to leverage the the Python programming language. It provides a wide
strengths of each individual model to achieve improved range of tools and techniques for machine learning and

performance. statistical modeling, including classification, regression,
The choice of model hyperparameters is a critical is- clustering, and dimensionality reduction (“scikit-learn:
sue in machine learning models. When creating models, machine learning in Python - scikit-learn 1.2.0 documen-

different values are given to parameters like the learning  tation” n.d.). The AdaBoostRegressor class is used to cre-
rate and the number of estimators, which directly impact ate the model, which takes several parameters such as
the prediction accuracy of the models. These parameters the number of estimators, the learning rate, and the ran-
can be chosen randomly or optimized using different dom state. The number of estimators refers to the num-
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ber of weak learners to be used, the learning rate deter-
mines the weight of each estimator in the final predic-
tion, and the random state is used to initialize the ran-
dom number generator for reproducibility.

The number of estimators is set to 200, 400, and 600,
the learning rate is set to 0.001, 0.005, and 0.01, and the
random state is set to 0 for the grid search. Finally, the
learning rate is set to 0.01 and the number of estimators
is 600.

3.2. Gradient Boosting

Gradient Boosting is an ensemble learning technique
that is an iterative method to optimize a differentiable
loss function using the gradient descent algorithm. The
idea behind gradient boosting is to train a set of weak
models (such as decision trees) and combine them to
form a stronger model. Each tree grown during the iter-
ation fits the negative gradient of the loss function (or
residual) concerning the current ensemble predictions.
After each iteration, the negative gradient is computed
as the difference between the true target values and the
current ensemble predictions. A typical loss function
used in gradient boosting is mean squared error (MSE)
for regression problems is given as,

MSE =130~ 99 (1)

where yiis the ith observed value, yiis the predicted value
and n is the number of observations.

In this study, the Gradient Boosting algorithm is im-
plemented using the sklearn library in Python. The Gra-
dientBoostingRegressor class is used to create the
model, which takes several parameters such as learning
rate, loss function, maximum depth of the trees, the min-
imum number of samples required to split a node, and
the number of estimators. Using the GridSearchCV class,
the learning rate is set to 0.01. The loss function is set to
'Is' (least squares), which minimizes the mean squared
error between the predicted and actual response values.
The maximum depth of the trees is 6, the minimum sam-
ples required to split a node is 4, and the number of esti-
mators is 600.

3.3. Random Forest

Random forest is a popular algorithm for many ma-
chine-learning tasks, including classification and regres-
sion. The idea behind it is to construct multiple decision
trees and combine their predictions with improving the
overall performance of the model. Each tree in a random
forest is built using a different subset of the training data
and a different subset of the features. The final predic-
tion is made by averaging or voting the predictions of all
the trees in the forest. Fig. 4 depicts a schematic of the
Random Forest working algorithm.

Training Data

DataSet 1

DataSet 2

Decision Tree - 1

DataSet 3

Decision Tree - 2
Decision Tree - 3

Voting or Averaging

Prediction

Fig. 4. Random Forest algorithm.

The random forest algorithm was first introduced by
Breiman (2001). The idea of building a model using mul-
tiple decision trees was motivated by the problem of
high variance in individual decision trees, which often
resulted in poor generalization performance. By averag-
ing the predictions of multiple trees, random forest is
able to reduce the variance and improve the overall per-
formance of the model.

In terms of implementation, one can use the Random-
ForestClassifier and RandomForestRegressor classes

from the scikit-learn library to train and evaluate a ran-
dom forest model. These classes provide a simple and
easy-to-use interface for training and evaluating random
forest models and provide a variety of parameters for
fine-tuning the model performance. Grid search and
cross-validation techniques can also be used to tune the
parameters of the random forest model.

The RandomForestRegressor class is used to create
the model, which takes several parameters such as the
maximum depth of the trees, the minimum number of
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samples required to split a node, the number of estima-
tors and the random state. Using the GridSearchCV class,
the maximum depth of the trees is set to 8, the minimum
number of samples required to split a node is set to 4, the
number of estimators is set to 400 and the random state
is set to 0. These hyperparameters are used to initialize
the Random Forest model, which is then trained on the
provided dataset to make predictions. It is important to
note that these values are not necessarily optimal for
every dataset and problem and that tuning these hy-
perparameters is crucial to achieve good performance.

3.4. XGBoost

XGBoost, also known as eXtreme Gradient Boosting, is
a powerful gradient-boosting algorithm that is specifi-
cally designed to be efficient and fast. It was first intro-
duced by Chen and Guestrin (2016). It is an optimized
implementation of the gradient boosting framework,
which sequentially combines decision trees to improve
the overall accuracy of the model. XGBoost is a popular
algorithm in machine learning competitions due to its
ability to handle large and high-dimensional data and to
be robust in handling missing data.

The algorithm works by fitting an ensemble of decision
trees, with each new tree trained to correct the errors
made by the previous one. It uses several regularization
and optimization techniques to improve the speed and
performance of the algorithm. Chen and Guestrin (2016)
stated that it is ten times faster than existing solutions.
The output variable is given in the following equation:

9=k fu(x), fr € F (2)

where, ¥ and x; are the output and input variables, K is
the number of trees, fis the score function and F is the
possible regression or classification tree set. The regu-
larized objective function is:

L(@) = X 1(Fi y) + 2 2(fi) (3)

where, [ is a differentiable convex loss function and the
second term () penalizes the complexity of the model.

The XGBoost algorithm is implemented using the
XGBRegressor class of the XGBoost library. It takes sev-
eral parameters, such as the learning rate, maximum
depth of the trees, and the number of estimators. Using
the GridSearchCV class, the learning rate is set to 0.01,
the maximum depth of the trees is 8, and the number of
estimators is 600. These hyperparameters are used to
initialize the XGBoost model, which is then trained on the
provided dataset to make predictions.

3.5. Lasso Regression

The Lasso algorithm, which stands for Least Absolute
Shrinkage and Selection Operator, was first introduced
by Robert Tibshirani (1996). Apart from the algorithms
given above, Lasso is a linear model that uses L1 regular-
ization, which is a technique that constrains the sum of
the absolute values of the coefficients. The Lasso algo-
rithm was developed as an extension of the least squares

method, a commonly used technique for fitting a linear
model to a dataset. However, unlike least square, which
uses L2 regularization, Lasso uses L1 regularization, re-
sulting in sparse solutions where some of the coefficients
are zero. This makes Lasso particularly useful for feature
selection, as it can automatically select a subset of the
most important features for the model.

The Lasso algorithm has been widely used in various
fields such as statistics, machine learning, and applied
sciences. It is advantageous in high-dimensional settings
where the number of features is larger than the number
of samples. Since its introduction, many extensions and
variations of the Lasso algorithm have been developed,
such as the elastic net, which is a combination of L1 and
L2 regularization, and the adaptive Lasso, which adapts
the L1 penalty to the data.

In this study, the alpha value is set to 0.001, which
controls the regularization strength. A larger value will
make the model more conservative, while a smaller
value will make the model more flexible and prone to
overfitting.

3.6. Stacked Regressor

The StackingRegressor class can combine the predic-
tions of multiple base estimators and use them for train-
ing a higher-level meta-model. The base estimators are
trained in parallel, and their predictions are combined
using a blending process, which can be specified through
the blender parameter. The meta-model is then trained
on the blended predictions of the base estimators.

In this case, the StackingRegressor object is a model
that combines the predictions of the Gradient Boosting
model, Lasso model, Random Forest Model, and XGBoost
model using the RidgeCV model as the meta-model. This
can potentially improve the performance of the resulting
model compared to using any of the base estimators
alone.

The stacked regressor model, however, came after to
the XGBoost model in this investigation. The stacked re-
gressor model's RZ value is 0.79, and the evaluation pro-
cess took 11.62 sec in total. Among all the models, this
evaluation period is the longest. This is a predictable out-
come, given that using a new meta-model and combining
additional regression models takes some time. However,
the stacked regressor results being less accurate than
the XGBoost model is generally not expected. It is worth
considering whether the ensemble model is appropriate
for the data. Ensemble models can be powerful, but they
may not always be the best choice for a particular da-
taset. The chosen parameters might have high relations
to each other, resulting in the ensemble model being un-
able to capture the full range of prediction patterns and
performing worse than the individual models. A correla-
tion investigation was conducted and the results are pre-
sented in the results section.

3.7. Artificial Neural Network
Artificial neural networks (ANNs) are a class of ma-

chine learning models that are inspired by the structure
and function of biological neural networks. The ANN



Giirbiiz and Kazaz / Challenge Journal of Structural Mechanics 10 (2) (2024) 34-46 41

consists of numerous layers of neurons, which process
and transmit information. ANNs are capable of learning
from data and can be used for a variety of tasks. The
working mechanism of an ANN involves the processing
of input data through the various neuron layers, each of
which applies a set of weights and biases to the input and
produces an output. An example of the ANN algorithm is
given in Fig. 5(a). The output of one layer serves as the
input to the next layer. The weights and biases are ad-
justed during the training process to optimize the per-
formance of the network

The ANN model is created in this study using the Neu-
ral Network Toolbox in MATLAB (“Deep Learning
Toolbox - MATLAB” n.d.). The given code creates a loop
that runs 60 times. In each loop iteration, a neural net-
work with a different number of neurons in the hidden
layer is created and trained using the fitnet and train
functions. The training ratio is set to 70%. The validation

Hidden Layers

—~
QD
~

Input Layer
Output Layer

H-L2

H-L3

ratio is 20% while the test ratio is 10%. It then sets the
proportion of data for training, validation and testing
and trains the network using the train data. Next, the
code calculates the Root Mean Squared Error (RMSE)
for the training and validation sets for each hidden
layer size. After all, the hidden layer sizes have been
trained and the errors have been calculated, the code
used in this study finds the index of the minimum RMSE
value on the validation set and prints the optimal num-
ber of neurons in the hidden layer. The code then re-
trains the network with an optimal number of neurons
with a training ratio of 70%, a validation ratio of 20%
and a testing ratio of 10%. Then the code calculates the
RMSE and relative RMSE of the training and validation
dataset. An image created by the MATLAB Neural Net-
work tool that shows the number of inputs, the number
of optimal hidden layers and the output is given in Fig.
5(b).

(b)

Hidden

Il (Bl

Output

Fig. 5. (a) ANN architecture; (b) An architecture created by MATLAB Neural Network tool.

In each run, the optimal number of neurons takes a
different value. The reason is that the hidden layer
changes in each run since the training and validation sets
are selected randomly at the beginning of each run. This
means that the data on which the ANN is trained and
evaluated will be different in each run, and therefore the
optimal number of neurons in the hidden layer that leads
to the best performance on that specific data will also be
different. The study aims to have an average perfor-
mance on the ANN model.

In addressing the concern of overfitting in this study,
several strategies were implemented. We applied regu-
larization techniques, including L1 regularization in
Lasso Regression and leveraging regularization parame-
ters in the XGBoost algorithm, aiming to control model
complexity. Cross-validation, particularly k-fold cross-
validation, played a pivotal role during model training,
ensuring robustness by evaluating models across vari-
ous data partitions. The optimization of hyperparame-
ters through techniques like GridSearchCV and the utili-
zation of ensemble methods, such as the StackedRegres-
sor, were employed to strike a balance between model
complexity and predictive performance. These con-
certed efforts were undertaken to mitigate overfitting
risks while maintaining the models' accuracy and gener-
alizability.

4., Results

A total of seven different models were trained and
evaluated using the database of steel plate shear walls
(SPSW). These models included Random Forest, Lasso,
Gradient Boosting, XGBoost, AdaBoost, a Stacking Re-
gressor, and an Artificial Neural Network (ANN). The
performance of each model was assessed using various
evaluation metrics, including mean squared error (MSE),
R-squared score, and evaluation time. The following sec-
tion presents a detailed comparison of the performance
of each of these models in terms of their prediction accu-
racy and computational efficiency.

Regarding the R-squared score, the Artificial Neural
Network (ANN) model outperformed all other models
with an R-squared score of 0.918 on the validation da-
taset. The second-best performer was the XGBoost model,
which had an R-squared score of 0.83. The Gradient
Boosting model had an R-squared score of 0.701, followed
by the Stacking Regressor with an R-squared score of
0.791. The Random Forest model had an R-squared score
of 0.753, while the AdaBoost model had an R-squared
score of 0.633. The lowest R-squared score was achieved
by the Lasso model, with an R-squared score of 0.418.
Overall, it can be seen that the ANN model had the highest
prediction accuracy, followed by the XGBoost model. It is
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also worth noting that the ANN model had the highest R-
squared score for all data, training, validation and test set.
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The results are presented in Fig. 6. The results of the best-
performed model are investigated separately in Fig. 7.
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Fig. 6. Comparison of different models.

In terms of evaluation time, the best models were
Lasso and XGBoost, with evaluation times of 0.01 and 0.4
seconds, respectively. These models could predict the ul-
timate drift ratio of SPSW systems with relatively low
evaluation times. The Random Forest model, which had
an evaluation time of 0.52 seconds, also performed rela-
tively well in terms of evaluation time. On the other hand,
the Gradient Boosting, Adaboost and Stacking regressor
models had longer evaluation times of 0.43, 0.72 and
11.98 seconds, respectively. The Artificial Neural Net-
work (ANN) model had one of the longest evaluation
times of all the models, with an average evaluation time
of 6.7 seconds. This is because the ANN model is a com-
plex algorithm that requires more computational re-
sources to train and evaluate. In addition, the loop in the

script tests 1 to 60 hidden layers. However, the ANN
model has the highest R-squared score of 0.9469 among
the models. The evaluation time should be very low with
a specific hidden layer size. It should be noted that the
evaluation time of a model is an essential consideration in
practice, as it can have a significant impact on the feasibil-
ity and cost of using the model in real-world applications.

When Fig. 7(a) is examined, the R-squared value of
the ANN model of the training data was approximately
0.97, which is relatively high. Such a high R-squared
number may indicate an overfitting issue. When an Arti-
ficial Neural Network (ANN) is overfitted, it underper-
forms on unknown, new data because the model was
trained too well on the training data. Overfitting may oc-
cur due to noise, the small size of the training set, and the
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complexity of the classifiers (Ying 2019). When a model
has more parameters than training data, overfitting can
happen, which prevents the model from generalizing to
new data. However, the R2value of the validation data is
0.92 and the test data is 0.85, as shown in Figs. 7(b) and
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7(c). These are also high R? values when viewed within
the context of regression analysis, yet they are accepta-
ble levels. A very high R? value of 0.95 was found in the
regression analysis conducted on the entire data set in
Fig. 7(c), similar to the other results.
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Fig. 7. ANN results: (a) Training data (70% of all data); (b) Validation data (20% of all data);
(c) Test data (10% of all data); (d) All data predicted and target values.

Considering all these findings, XGBoost is among the
most practical models regarding evaluation time and R-
squared outcomes. Except for ANN, only XGBoost has a
better R-squared value than the stacked regressor. The
influence of the parameters on the results was investi-
gated using various techniques through the XGboost
model results.

The relative importance of each feature in a dataset
can be evaluated using the machine learning technique
known as feature importance analysis. First, a feature
importance analysis was conducted and the results are
presented in Fig. 8. In order to improve the performance
of the model or to comprehend the underlying relation-
ships in the data, it helps to identify the attributes that
have the most influence on the model's outcome. In fea-
ture importance analysis, a tree-based model, such as
XGBoost, was utilized to gauge the significance of various
parameters in predicting the ultimate drift ratio of steel
plate shear wall (SPSW) systems. The feature im-
portance was calculated primarily through the evalua-
tion of the Gini impurity or related metrics within these
models. Higher feature importance scores indicate a

stronger influence of the respective parameters on the
predictive accuracy of the models.

When Fig. 8 is analyzed, it is obvious that w;, tw, and
P/Pcr are the most critical factors in the drift behavior of
SPSW systems. According to the findings of the former
study (Giirbliz and Kazaz 2022a, 2022b), these parame-
ters directly impact the behavior of the system. Fig. 9
shows the relationship between the most essential three
parameters with the ultimate drift ratio (DRu).

The ultimate drift ratio and w: have a relatively high re-
lationship, as can be shown in Fig. 9. A higher value of the
column flexibility parameter, w; indicates that the col-
umns are more flexible than the lower. It is expected that
for high w; values, the ultimate drift ratio will take smaller
values. Assessing the models with the lowest ultimate
drift ratio reveals that they typically have thick plates and
are subject to significant axial forces. This is another an-
ticipated outcome that the SPSW system working princi-
ple can explain. Therefore, as the axial load on the col-
umns and thickness of the plate increases, the columns are
more proponed to buckle. Thick plates cause an increase
in the inward force acting on the columns. Clearly, the
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models with the lowest axial force also have the maximum
capacity, as would be predicted. Another significant con-
sequence of this figure is that very high drift values can be
attained if the column axial load and plate thickness could

be adjusted with the selected column section. Similar to
the previous instance, the drift ratio capacity may be
pretty low even when the column axial load and plate
thickness are at their lowest levels in a poorly built model.
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Fig. 9. Ultimate drift ratio - most effective parameters comparison.

Identifying the correlation between parameters is
crucial to improve the data utilized in machine learn-
ing. Correlation between the input parameters is unde-
sirable for machine learning. Because there is a high
correlation between the input parameters, the model
performs worse because the data set contains unused
pairs. Additionally, any highly correlated parameters
can improve the model's performance, while others can

worsen it. The correlation coefficients for several vari-
ables in a dataset may be shown in a correlation matrix
table. The matrix shows how each potential pair of var-
iables in a table correlates. The correlation matrix is a
table with rows and columns, and each cell displays the
correlation between any two variables. Fig. 10 presents
the correlation matrix of the parameters used in this
study.
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Some parameters have a very high correlation, as
seen in Fig. 10. For instance, it is possible to conclude
that the column area and the w: parameter have a strong
inverse correlation. The relationship between beam web
area and total beam area is also solid. The number of
strong correlations might increase by looking at Fig. 10.
That might be a reason for the relatively poor results of
stacking-regressor. In this case, it can be concluded that
the selected parameters should be optimized in machine
learning.

On the other hand, the fact that the parameters tw and
P/P.r typically do not exhibit a substantial correlation
with any parameter indicates that two of the parameters
which have the most extensive influence on the ultimate
drift ratio were rather well selected. Similar to this, there
was a low correlation between other factors and other
relatively effective parameters, L/h and I./I». Assuming
that (except for wi) parameters with high correlation are
typically not very effective on the ultimate drift ratio
would be reasonable.

In our analysis of feature importance, we utilized tree-
based model, such as XGBoost, to gauge the significance
of various parameters in predicting the ultimate drift ra-
tio of steel plate shear wall (SPSW) systems. The feature
importance was calculated primarily through the evalu-
ation of the Gini impurity or related metrics within these
models. Higher feature importance scores indicate a
stronger influence of the respective parameters on the
predictive accuracy of the models. Notably, parameters
like w;, tw, and P/Pcr emerged as the most critical factors
affecting the ultimate drift ratio. These findings align co-
herently with established engineering knowledge in
structural mechanics. For instance, w; the column flexi-
bility parameter, directly correlates with the stiffness of
columns, impacting the structural deformation capacity.

Similarly, the plate thickness (tw) and the ratio of applied
axial load to critical load (P/P.r) are indicative of the
structural robustness and load-carrying capabilities of
SPSW systems. These parameters’ prominence in our
analysis underscores their pivotal roles in governing the
behavior of such systems, affirming their relevance from
an engineering standpoint.

5. Conclusions

Predicting the ultimate drift ratio in SPSW systems is
important for engineers and the construction industry. It
plays a key role in ensuring structural resilience during
seismic events, guiding design optimization, and enhanc-
ing overall safety and cost-effectiveness in construction
projects.

The performances of various machine learning meth-
ods in predicting the SPSW ultimate drift ratio were
comprehensively evaluated in this study. The models
were compared and evaluated based on their R-squared
value, root-mean-squared error, and evaluation time. A
grid search method was used to fine-tune the models’
hyperparameters in order to maximize their perfor-
mance. A StackedRegressor class was also used to com-
bine the predictions of the different models in an attempt
to enhance the models' overall performance. Then, com-
pared to the individual models, these combined results
were used to create more accurate predictions.

Machine learning procedures employing feature im-
portance analysis are very useful in determining the rel-
ative importance of each parameter in a dataset in order
to improve the performance of the prediction model or
to reveal the underlying relationships in the data. It was
demonstrated that w;, tw, and P/P.- are the most critical
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parameters in the deformation capacity of SPSW sys-
tems. These parameters directly impact the behavior of
the system.

It was found that the Artificial Neural Network (ANN)
model exhibited the most accurate predictions among
the various machine learning algorithms evaluated. For
the ANN model, the lowest R-squared value that was ob-
tained for the training, validation, and test groups was
0.85. The R-squared value for the analysis conducted on
the entire dataset was found to be 0.94, indicating a high
level of accuracy. Among the other models, the XGBoost
model had the second-highest accuracy level with an R-
squared value of 0.93. However, the ANN model had one
of the worst performances in terms of evaluation time
due to the use of a loop to optimize the number of neu-
rons in the algorithm. The optimization of the number of
neurons has a direct impact on the results. The data used
in the analysis, which consisted of 292 data points, did
not account for very complex data and it can be inferred
that the models would work well with much more com-
plex data in real-life applications. The ability of the
model to make profound contributions to the usability of
this model is an important aspect to consider.

Several limitations should be acknowledged in this
study, notably the dataset's size and complexity. The da-
taset used for model training and evaluation comprised
292 instances, which, while informative, might not en-
capsulate the full breadth of potential scenarios encoun-
tered in real-world applications. The relatively small da-
taset size could potentially limit the model's ability to gen-
eralize well to diverse or unseen data patterns. Moreover,
the inherent complexity of the structural behavior of
steel plate shear walls (SPSW) systems adds another layer
of challenge, as the dataset might not comprehensively
cover all possible variations and scenarios observed in
practical applications. These limitations may influence
the generalizability of the results, suggesting that cau-
tion should be exercised when applying these models to
different or more complex real-world scenarios.
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1. Introduction

With the development of additive manufacturing
technologies, lightweight structures are widely used in
aerospace, marine, automotive, construction industries,
biomedical, etc. in many engineering fields (Ghahraman-
zadeh Asl et al. 2023; Almalki et al. 2022; Sharma et al.
2022). In addition to the material saving advantage of
lightweight structures, their superior performance such
as high specific stiffness, strength, and energy absorp-
tion capacity are the main reasons for their wide use
(Yang et al. 2021). The design and use of lightweight
structures are accomplished by two methods: (1) mate-
rial type variance; and (2) structure design (Sun et al.

2022). It is quite common to use porous structures mod-
eled in various geometries for the design of structures.
Porous structures are formed by material reduction
based on mechanical strength in the basic configuration.
These reduction techniques are performed with stochas-
tic (foam) or regular (cell architectures) based on topol-
ogy optimization (Timercan etal. 2021; Feng et al. 2022).
Cell architectures are infinitely replicable homogeneous
structures in beam or surface-based forms. A wide vari-
ety of cell architectures are created with beam or surface
forms having various geometrical properties, and thanks
to this diversity, the performance requirements of the
structures in the systems can be obtained (Wang et al.
2020). Among these structures, beam-based lattice
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structures are frequently preferred for porous struc-
tures in terms of modeling with simple design methods
and accessibility. Beam-based structures are formed by
the combination of various numbers of beams at differ-
ent angles and with nodes. These data are the main pa-
rameters that affect the stiffness of the lattice structures
as they cause flexing or bending in the beams. These ef-
fects of beams have been studied by many researchers.
To investigate the design of impact resistant compo-
nents, Nasrullah et al. (2020) preferred Octet Truss lat-
tice structures to provide a special structural configura-
tion that provides crush deformation. Peng et al. stated
that fewer geometric defects of FCC and BCC structures
can occur in Simple Cubic (SC), Body Centred Cubic
(BCC), Simple Cubic Body Centred Cubic (SC-BCC), and
Face Centred Cubic (FCC) lattice structures, which stand
out with their energy absorption capabilities. They devel-
oped a parametric computational approach and created
anumerical framework for estimating fatigue lives (Peng
etal. 2020). Gatto et al. (2021) mechanically investigated
diamond and rhombic dodecahedron lattice structures
for the biomedical industry and experimentally noted
that the compression behavior of these lattice structures
is quite similar to natural bone. Triply periodic minimal
surface structures (TPMS), defined as surface-based
structures, are cell architectures that can be extended in-
finitely in the cartesian space plane. In TPMS structure,
two different solid forms (network and sheet solids) are
obtained with the same surface equations of the same ar-
chitecture (Kapfer et al. 2011). Different geometries of
lightweight structure, affect both the mechanical and
permeability performance of structures. Glinther et al.
(2022) evaluated the mechanical performance of two
lightweight structure geometries in TPMS structures for
bone regeneration. As a result of this evaluation, the sheet
solid model for cortical bone and the network solid model
for trabecular cell architecture were suggested. In the
overall assessment of the difference in TPMS structures,
sheet solids were noted to have better mechanical prop-
erties in relative density compared to network solids
(Kapfer et al. 2011; Al-Ketan et al. 2018). These differ-
ences are mainly related to the surface properties and
wall thickness of the structures. However, these two
form states have been expressed only for TPMS struc-
tures and no studies have been found in the literature re-
garding such a situation for beam-based lattices.
Beam-based lattice structures are symmetrical geom-
etries that form repetitive arrays by combining different
numbers of beams at different angles and nodes (Du
Plessis et al. 2022; Letov et al. 2023). In addition, mini-
mal surface unit cells provide the formation of porous
structures where the curvature sum is equal to zero and
can be multiplied infinitely in three directions (Fu et al.
2022). According to this information, die lattice models
to be obtained from beam-based lattice structures can be
considered as a new alternative for lightweight struc-
tures modeling, since they have surface properties. Die
lattice structures are obtained by forming the basic lat-
tice structures in the opposite direction with reference
to their surfaces. As the novelty of this study, both basic
models and die models of FCC, CFCC, and Octet Truss ar-
chitectures are designed with 50%, 60%, 70%, and 80%

porosity. To evaluate the mechanical properties differ-
ence between the lattice and die structures, the com-
pression tests are simulated by the Finite Element
Method and the effective elastic modulus of these lattice
structures is determined. Also, the effects of structure
type on effective elastic modules are analyzed by
ANOVA. In addition, as a result of the equation obtained
from OriginLab software, the results for the intermedi-
ate values can be predicted with high precision.

2. Material and Method
2.1. Design of lattice structures

In this study, FCC, CFCC, and Octet Truss were chosen
for beam-based lattice structures. For each architecture,
unit cells for both basic lattice structure and die struc-
ture were designed with 50%, 60%, 70%, and 80% po-
rosity. Unit cell models with dimensions of 1 mm x 1 mm
x 1 mm were obtained by using SolidWorks software. Die
lattice structures were obtained by evacuating the basic
lattice structures from the cube with dimensions of 1
mm X 1 mm x 1 mm in the fully filled structure with the
cavity command. For this purpose, die lattice structures
with 50%, 60%, 70%, and 80% porosity were designed
from the basic lattice structures of 20%, 30%, 40%, and
50% porosity of each model (Fig. 1). Structures designed
by this method have surface properties such as surface
based TPMS structures.

Eq. (1) was used to calculate the porosity of the unit
cells:

Porosity = 1 — (p;/ps) (1)

In Eq. (1), piis the density of the lattice structures and
ps that of the solid from which it is obtained (Ashby et al.
2006). A priority classification according to the number
of beams and nodes in beam-based structures is deter-
mined according to Maxwell's stability criterion (Eq. (2))
(Calladine et al. 1978).

M=b-3j+6 2)

In this criterion b and j terms are the number of beams
and the number of nodes, respectively. The schematic rep-
resentation of the terms in the equation was given in Fig. 2.

By determining the M criterion, the behavior of beam
lattice structures under load is classified. Also, if M<O0,
bending in the structures is dominant, and if M =0,
stretching is dominant in the structure (Deshpande et al.
2001). The specified Maxwell criterion will apply to the
basic models. Considering the design rules of die lattice,
they are modeled on a surface basis, unlike beam struc-
tures. Therefore, this criterion cannot be applied to die
lattice structures.

2.2. Finite element analysis
Scaffolds were modeled in 5x5x5 array at the x, y, and

z direction with unit cells and the labeling of these mod-
els was given in Table 1.
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Table 1. Labeling of scaffold structures.

Porosity
Unit cell Typz ot
SEAEIITE 50% 60% 70% 80%
Basic lattice FCC-50 FCC-60 FCC-70 FCC-80
FCC
Die lattice FCCq4-50 FCCq-60 FCC4-70 FCCq-80
Basic lattice CFCC-50 CFCC-60 CFCC-70 CFCC-80
CFCC
Die lattice CFCCq-50 CFCCq-60 CFCCq-70 CFCCq-80
Basic lattice Octet-50 Octet-60 Octet-70 Octet-80
Octet Truss
Die lattice Octetq-50 Octetd-60 Octetd-70 Octetq-80

The mechanical performances of the scaffolds were de-
termined according to the effective elastic modulus values.
For this determination, compression tests on the scaffolds
were simulated. Rigid plates were added to the top and bot-
tom of the scaffold models (Fig. 3a). Plate-mounted scaf-
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folds were transferred to the ANSYS Workbench software,
and mesh structures were created. Especially due to the
complex geometry of the latticed structure, the mesh ele-
ment selection was performed as program controlled. The
mesh grit of the structure was shown in Fig. 3b.

Fig. 3. Compression test models of scaffold; and b) sample mesh structure consisting of tetrahedral elements.

In order to determine the optimum mesh structure,
mesh convergence tests with tetrahedral elements were
applied and mesh structures with a number of approxi-
mately 1.5 million elements were accepted for analysis.
The finite element analyses were defined as fixed plane
for the bottom plate for the boundary conditions, fixed
in the x and z directions for the top plate, and free in the
y direction. The scaffold contact surfaces of both plates
were defined as bonded (Karaman et al. 2022). As the
analysis conditions, a compression pressure of 1 MPa
was applied in the -y direction. Ti6Al4V alloy was se-
lected as the material where the elastic modulus was
110 GPa and the Poisson ratio was 0.33 as material
properties (Xu et al. 2019). As a result of these analyses,
the effective elastic modulus (Eeq) values of each scaf-
fold were calculated according to Hooke's law. In
Hooke's law:

_ AL _ (9 _ (oxLg)
=1 Eyp=(9)=C2 @)

&

c=FEX¢

In Eq. (3), 0, Lo, and AL are the applied pressure (MPa),
the initial length of the model (mm), and directional de-
formation (mm), respectively.

Additionally, a statistical analysis was performed to
determine the parameters using the effective elastic
modulus data of the scaffolds. One-way analysis of vari-
ance was used to investigate statistically significant dif-
ferences (ANOVA). A p-value less than 0.05 was consid-
ered to indicate a statistically significant difference. Fur-
thermore, the curve fitting technique was used to deter-
mine the closest match via analyzing the correlation be-
tween the dependent and independent variables and con-
structing a mathematical function, either linear or non-
linear, which includes the curve according to the data
points in the collection. The input parameters for this in-
vestigation were (x, y, z). The data obtained from each
scaffold model were analyzed using OriginLab software
for evaluating the architecture and porosity of the unit
cell. Thus, the effects of design method on effective elas-
tic modules are more clearly understood. In addition, as
a result of the equation obtained, the results for the in-
termediate values can be predicted with high precision.
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3. Results and Discussion

The maximum von-Mises stress values that occur in
scaffold structures because of compression tests are
given in Table 2. According to von-Mises stress values, all

scaffolds do not exceed the yield strength in compres-
sion of the Ti alloy (970 MPa). Maximum stress values
are realized in 80% porous scaffolds in the same archi-
tectures. However, the maximum von-Mises stress of the
scaffolds gradually increases with increasing porosity.

Table 2. Maximum von-Mises stress values of scaffold structures.

von-Mises stress (MPa)

Porosity
FCC FCCqa CFCC CFCCq Octet Octeta
50% 18.43 19.31 22.40 15.13 26.97 13.49
60% 26.32 29.37 27.15 26.34 38.13 21.42
70% 41.39 47.16 35.95 44.57 60.12 45.24
80% 74.30 104.64 59.32 89.95 96.70 201.23

The stress distributions occurred in each lattice
structure are shown in Fig. 4. The stress distribution of
the scaffolds is relatively uniform in von-Mises stress
counters. This represents the excellent stress transmis-
sion properties of the lattice structures (Nasrullah et al.
2020). When the basic lattice models are evaluated as
quantitative amounts, the order of stress values is Oc-
tet>CFCC>FCC for 50% and 60% porosity. For 70% and
80% porosity, it is Octet>FCC>CFCC. The occurrence of
higher von Mises stress values in the Octet Truss lattice
structure compared to both lattice structures is related
to the number of beams (Viswanath et al. 2022). It has
more beams while having the same number of nodes as
FCC. This increases the stress by causing the load den-
sity at the joint intersection point in the structure. The
variability between FCC and CFCC structures with in-
creasing porosity can be expressed in a similar method.
The beams intersecting at the node point in the body
center of CFCC structures affect the mechanical behav-
ior of the structure (Zheng et al. 2019). CFCC structures
do not differ much from FCC up to 60% porosity. How-
ever, with the decrease of the cross-sectional area after
70% porosity, high stresses occur in FCC structures due
to structural refining (Zheng et al. 2019). A classical
quantitative sort cannot be established for die lattice
structures. There are different quantitative sorts within
each porosity group. This is affected by the variability of
the number of beams and the location of the node points
that forming the cavity in the die lattice structures. FCC
die lattice structures have a higher tensile value com-

pared to other structures up to 70% porosity. At 80%
porosity, Octetd scaffold has the highest stress (201.23
MPa). It is known in the literature that the yielding be-
havior occurs at 45° during loading in structures (Xu et
al. 2019). The cavities created at 45° in the die lattice
structures are the main cause of the high stresses. Ac-
cording to the maximum von-Mises stresses, the FCC
and CFCC basic lattice structures have lower stress val-
ues than the die lattice structures. For Octet Truss, this
is the opposite, except for 80% porosity. Octet die lattice
structures have lower stress values compared to basic
lattice structures. This is all about the angle of cavities
formation and the variability in the cross-sectional area
of the structure.

The directional deformation values within the elastic
limits according to the compression analyses are given
in Table 3. For all structures, the directional defor-
mation value increases with the increase in porosity.

In Fig. 5, the visuals of the directional deformations
in the structures are given. For all structures, the direc-
tional deformation value increases with the increase in
porosity. At 50% porosity, the values of the basic lattice
structures and the die lattice structures are relatively
close to each other. However, with increasing porosity,
this situation disappears. With the increase in porosity,
the solid volume in the structures decreases and the
cross-sectional area decreases (Pham etal. 2020). These
refining in the structures reduce the resistance to the
force which applies from the y direction. Thus, the di-
rectional deformation values increase.

Table 3. Directional deformation values on the scaffolds.

Directional deformation (mm) (y axis)

Porosity
FCC FCCqa CFCC CFCCa Octet Octetq
50% 0.00021012 0.00020916 0.00021680 0.00021223 0.00025220 0.00027175
60% 0.00032741 0.00034049 0.00031772 0.00033906 0.00038795 0.00047018
70% 0.00055005 0.00064242 0.00049198 0.00061829 0.00063133 0.00094640
80% 0.00104240 0.00177290 0.00085139 0.00147470 0.00114580 0.00288850
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Fig. 4. The distributions of von-Mises stresses occurred in the basic lattice structures and the die lattice structures.

According to the deformation values given in Table 3,
the effective elastic modulus values of the scaffolds are
calculated according to Hooke's law. Comparison of ef-
fective elastic modules of scaffold structures with each
other is shown in Fig. 6. In the general impression, the
effective elastic modulus value decreases with increas-
ing porosity in the three lattice types. In addition, the die
lattice structures of a lattice type, have lower effective

elastic modulus values than the basic lattice structures.
In FCC and CFCC lattice structures with 50% porosity,
basic and die lattice structures are formed at approxi-
mately the same values. This situation is not observed in
the Octet Truss lattices. Since the directional defor-
mation value in the Octetd-50 model is higher, it has a
lower effective elastic modulus compared to the Octet-
50.
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Fig. 5. The distributions of directional deformation (y-axis) occurred in the basic lattice structures
and the die lattice structures.

With the increase of porosity, the elastic modulus be-
tween the basic lattice structure and the die lattice struc-
ture increases at different rates in the same lattice type.
For example, there is a 3.8% difference between FCC-60
and FCCd-60 structures, 14.4% between FCC-70 and
FCCd-70 structures, and 41.2% between FCC-80 and
FCCd-80 structures. While there is a 6.29% difference
between CFCC-60 and CFCCd-60 structures in CFCC lat-
tice structures, there is 20.4% difference between CFCC-

70 and CFCCd-70 structures, and 42.2% difference be-
tween FCC-80 and FCCd-80 structures. In Octet Truss
lattice structures, these difference values occur signifi-
cantly at 50% porosity. There is a difference of 7.2% be-
tween Octet-50 and Octetd-50, 17.5% between Octet-60
and Octetd-60, 33.3% between Octet-70 and Octetd-70,
and 60.3% between Octet-80 and Octetd-80. The reason
for the increase in the differences is the increase in the
directional deformation values.
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Fig. 6. Effective elastic modulus plot of basic lattice structures and die lattice structures of FCC, CFCC, and Octet Truss.

Octet Truss lattice structures have lower elastic mod-
ulus values than other lattice structures. This situation
can be associated with Maxwell values (Table 4).

Table 4. Maxwell's criteria for beam-based unit cells.

FCC CFCC Octet Truss

Maxwell’s number -12 -9 0

CFCC and Octet Truss lattices are constructed based
on the FCC lattice structure by adding different numbers
of beams and nodes (Fig. 2). CFCC lattice structure has 1
more number of nodes and 6 additional beams, unlike
FCC. In Octet Truss structures, the nodes are the same as
the FCC, but the additional 8 beams form a connection
between the surface centers. CFCC structures show more
strength in loadings from the y direction. The main rea-
son why CFCC lattice structures show relatively higher
strength compared to FCCis the nodes located in the cen-
ter of the body. Refai et al. (2020) reported the effective
elastic properties of 17 different beam-based lattices for
Titanium material. According to the outputs of their
studies, the CFCC model has higher effective elasticity
than both FCC and Octet Truss structures of the same
porosity. It is advantageous for these structures that the
node, which appears as the intersection point of in the
body center, has a higher load-bearing potential. In
other words, while tension occurs in the beams cross at
the center of the volume, it is seen that stronger struc-
tures will be obtained by the formation of compression
in the outer beams (Park et al. 2022). Octet Truss struc-

tures have the lowest strength among these three struc-
tures. Although it has the same node as the FCC lattice
structure, the increase in beams joining at these nodes
causes this low. The vertical load on the lattice structure
is covered by 8 beams that converge at a node, and the
nodal points are displaced in all three directions. This
causes the bending of beams in Octet Truss structures
to occur at a higher rate compared to other lattice struc-
tures.

Quantitative ordering obtained in the basic lattice
structures in terms of strength is valid for die lattice
structures. In other words, CFCCd structures have higher
effective elastic modulus than FCCd and Octetd. Verma et
al. (2022), who investigated the mechanical properties
of the contact between metal and polymer, created resin
models with the die method. According to numerical
analysis, they noted that CFCC die structures have higher
tensile strength than Kelvin structures among the struc-
tures they investigated. CFCCd has higher strength com-
pared to other lattice structures in the same porosity,
while Octetd has the lowest strength. Since there is no
beam in these structures, surface behavior is in the fore-
ground. Die lattice structures provide their continuity
with surfaces such as minimal surface structures. How-
ever, instead of the surface equations in TPMS struc-
tures, it can be defined as the beam surfaces forming the
cavity. As mentioned in the literature, lattice structures
(especially TPMS) are frequently preferred in various in-
dustrial areas such as biomedical and heat transfer due
to their surface area properties (Dixit et al. 2022). Tang
et al. (2023) performed numerical and experimental
analyses using TPMS unit cells (Diamond, Gyroid, and I-
WP) to improve the heat transfer process and examine
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the performance effects. [t was stated that the results dif-
fer according to the surface geometry and surface area,
and they stated that the best result was obtained from
the I-WP unit cell. Al-Ketan and Abu Al-Rub (2021), who
simplifies the creation of two different unit cells in TPMS
structures with the same surface equations, report that
the surface areas change depending on the cell architec-
ture. Expressing this difference for use in the biomedical
field, Giinther et al. (2022) numerically considered that
the network and sheet solids of TPMS structures can pro-
vide alternatives for different bone tissues. The die lat-
tice structures created in this study also have a minimal
surface geometry similar to TPMS structures. Due to
these properties, the load bearing and mechanical
strength properties vary according to the surface geom-

etry. Surface geometries will change according to the an-
gles of various beam numbers in beam-based structures.

As a result of statistical analyses, S/N ratio charts are
given in Fig. 7 for the effect levels of parameters on the
mechanical performance of scaffold structures. The sig-
nal value (S) in this sentence refers to the value that has
to be measured, while the noise value (N) represents the
level at which contaminants affect the measured value.
The graphs of the obtained signal-to-noise ratios show
the extent of impact of each variable parameter used in
the investigation. ANOVA analysis was used to ascertain
the significant levels of variable factors that impact the
mechanical characteristics of the constructions, in addi-
tion to the S/N ratio. The Minitab program was used to
carry out this research.

Type of Structure

Unit Cell Architectures

Porisities

1,478

Mean of SN Ratios

X -3,141

15,239

8,632

-7,495

Basic Lattice Die Lattice FCC

CFCC OCTET

50% 60% 70%  80%

Fig. 7. Influence of the evaluated parameters on the effective elastic modulus.

The residual error of 0.08% is the foundation for these
graphics. The charts show that porosity, unit cell archi-
tecture, and type of structure have an impact on the effec-
tive elastic modulus of the scaffold, accordingly. In this
evaluation, porosity is considered the most important pa-
rameter at a rate of 54.55%. The effect of unit cell archi-
tecture is 34.36%. Type of structures are 11.01% effect
on the mechanical performance of the scaffolds. As can be
seen from this analysis, the effect of the structure type is
significant. With the use of this structure type, scaffold
structures with a lower elastic modulus can be obtained.

On the other hand, Effective elastic modulus values are
transferred to OriginLab software to establish the rela-
tionship between results achieved. For each type of struc-
ture, equations are obtained using the curve fitting
method in OriginLab software according to all unit cell ar-
chitecture and porosities. Considering the scaffold struc-
ture type first, if the “x” value is unit cell architecture and
the “y” value is taken as porosity rates (%), the following
equations and R squared values for each structure type
are seen in Table 5. These curve fitting observations are
shown graphically in Fig. 8.

Table 5. Curve fitting analysis results in terms of scaffold structure type.

Cure fitting equation Structure type Constants values R-square
a, = 91063 + 1476
a=1013 +121
b =-1841+ 43
Basic lattice 0.999
c=-1471+58
d =8.85 % 0.35
e =59.55+ 3.10
f,y,z2)=a,+ax+by+cx’+dy?+exy
a, = 103322 + 1417
a=1706%87
b =-2165%+51
Die lattice 0.998

¢ =-1793 £ 110
d =10.57 £ 0.79
e=741517.88
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Fig. 8. The graphics of curve fitting results for each structure type.

By using the equations given in Table 5, it will be pos-
sible to obtain how much effective elastic modulus of
scaffolds will have with inserting the elastic modulus
value of the unit cell architecture and the porosity de-
sired to be produced into the equations.

4. Conclusions

In this study, the usability of die structures based on
beam-based structures for lightweight structures was
investigated. The basic lattice structures and die lattice
structures of FCC, CFCC, and Octet Truss unit cells were
modeled at 50%, 60%, 70%, and 80% porosity. Mechan-
ical strength properties of a total of 24 lattice structures
were analyzed numerically. The directional deformation
values in lattice structures with the same architecture in-
creased as the porosity increased in both the basic lattice
structure and the die lattice structures. These increases
caused a decrease in the effective elastic modules for both
structures as the porosity increased. Both the basic lattice
structure and the die lattice structure of the CFCC archi-
tecture show higher mechanical strength compared to
other architectures. In addition, die lattice structures
with the same porosity in architecture have lower effec-
tive elastic modules. As a result of the ANOVA analysis, it
was seen that the structure type had an effect of ~11%.
The main reason for this is that surface connections come
in effectively instead of beams for load transmission. The
study provides a reference for innovating design config-
urations of lattice structures by modeling lightweight
structures with low elastic modulus. The polynomial
equations, which represent second-order curves, were
classified into three groups based on the curve fitting ap-

proach used to the data received from finite element
analysis. The coefficient of determination (R-square) for
these equations exceeded 0.99. The formulae provided
allow for the calculation of the effective elastic modulus
without any restrictions, by using two established con-
stant values related to the relevant fields. The calculated
correlations for the curve equation demonstrated ade-
quate accuracy for the engineering field. Because of their
use, these curve equations provide an abundance of op-
tions for the geometric and mechanical characteristics of
the structure, thus providing an invaluable resource for
production planning in an efficient way.
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Effect of different trimline extension of clear aligners in
combination with Class II elastics on the mandibular dentition:

a finite element analysis
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ABSTRACT

ARTICLE INFO

The objective of this study is to evaluate the effect of different trimline extension of
aligners and the effect of elastics applied through the slit cutouts and buttons on the
mandibular dentition using Class Il intermaxillary elastics combined with clear
aligner treatment. Three-dimensional (3D) finite element models that simulate the
effects of Class II elastics on the mandibular arch in four different scenarios were
studied, named, straight and high trimline aligner (HTLA) model with elastic applied
through buttons (Model 1), straight and low trimline aligner (LTLA) model with elas-
tic applied through buttons (Model 2), HTLA model with elastic applied through slit
cutout (Model 3), LTLA model with elastic applied through slit cutout (Model 4). 3D
displacements of the teeth, von Mises stress (VMS) in the periodontal ligament (PDL)
were calculated. In all models, the crown of the mandibular anterior teeth moved la-
bially, the root moved lingually, and the mandibular first molars moved mesially.
Among all models, labialization of incisors and mesialization of molars was highest
in Model 2 and lowest in Model 3. In clear aligner treatment combined with Class I1
elastics, HTLA was more effective in controlling mandibular incisor proclination and
mesial tipping of mandibular molars. The slit cutout models were more effective in
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controlling mesial tipping of mandibular molars.

1. Introduction

Class Il malocclusion is one of the most important rea-
sons why patients seek orthodontic treatment and many
different techniques can be preferred for its treatment;
the use of intermaxillary elastics is one of these options
as mentioned by Jones et al. (2008). In a recent study by
Liu et al. (2022), intermaxillary elastics play an im-
portant role in the correction of many malocclusions, es-
pecially Class II malocclusions. Although Clle has been
demonstrated to provide beneficial effects, including an-
chorage support and the prevention of mesialization of
maxillary posterior teeth, it has also been reported by
Nelson et al. (2007) and Janson et al. (2013) that it can
cause undesirable side effects, such as the proclination
of mandibular anterior teeth. As stated by Patter-son et

* Corresponding author. E-mail address: nurverkarsli@ktu.edu.tr (N. Karsli)

ISSN: 2149-8024 / DOI: https://doi.org/10.20528/cjsmec.2024.02.003

al. (2021), the use of Clle in fixed orthodontic treatments
inevitably results in loss of anchorage and reciprocal
force transmission to the mandibular anterior teeth. This
may cause side effects such as alveolar defects, fenestra-
tion and dehiscence, especially in patients with thin cor-
tical bone in the lower anterior region, as reported by
Evangelista et al. (2010). Therefore, to avoid these side
effects, many researchers (Celikoglu et al 2016; Unal et
al. 2015; Aslan et al. 2014; Luzi and Luzi 2013; Turk-
kahraman et al. 2016) have used various methods, such
as utilizing skeletal anchorage devices and increasing
the anchorage of the dental units involved.

In recent years, clear aligner treatment (CAT) has
been preferred among patients seeking orthodontic
treatment due to its ease and aesthetic features, and its
treatment efficacy has increased with current develop-
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ments, as reported in a study by Rossini et al. (2015). As
Patterson et al. (2021) and Caruso et al. (2019) men-
tioned, Clle can be applied from buttons adhered on the
teeth or slit cutouts prepared on the aligner in CAT. Ac-
cording to Staderini et al. (2022), the side effects caused
by Clle, such as mandibular incisor proclination and pos-
terior rotation of the palatal plane, can be compensated
to some extent under clinical conditions because the
aligners cover all teeth as a unit. However, further spe-
cificinformation is required on the study of the maxillary
and mandibular dental arch in a force system that is
complex.

The clinical results (Elkholy et al. 2019; Elshazly et al.
2022; Liu and Chen 2015) obtained in CAT are affected
by many parameters such as the trimline extension of
the aligner, the aligner material, the thickness of the
aligner, the use of attachments, and the design of the at-
tachment. Elhazy et al. (2022) found that high trimline
aligner (HTLA) extending over the gingiva produced
higher forces on the teeth. However, the trimming lines
of ClearCorrect® aligners are designed to be straight and
high, and this design has been scientifically proven to
provide more accurate tooth movement and effective
root control in a study by Elshazly et al. (2022). The
study by Nicera et al. (2022) showed that the use of at-
tachments increased the effectiveness of mesio-distal
movements and that better anchorage of posterior teeth
was obtained by increasing the number of attachments
applied to the posterior teeth.

Finite element analysis (FEA) is a computational engi-
neering method used to determine tooth displacements
after the application of external forces. In recent years,
FEA studies (Wang et al. 2022; Rossini et al. 2020) have
been used in orthodontics to prove effective means of
stimulating tooth movement patterns.

There is a lack of information in the literature regard-
ing the effect of CAT with the use of Clle, especially on
the possible mandibular anterior teeth. Therefore, the
aim of this current study was to evaluate the effects of
different trimline extensions of the aligners and the ap-
plication of elastic force through button or slit cutouts on
the mandibular dentition in CAT combined with Clle us-
ing FEA.

2. Materials and Methods
2.1. Model creation

The 3D mesh structure was arranged and mathemat-
ically transformed into a solid mesh structure. The gen-
eration of 3D FEA models and analysis were conducted
on HP workstations equipped with INTEL Xeon E-2286
processors operating at a frequency of 2.40 GHz and 64
GB ECC memory.

The 3D Slicer Software was used to get the 3D model
(.stl) of the bone structure using the CBCT data. The AN-
SYS SpaceClaim software was used for reverse engineer-
ing and 3D CAD activities. In addition, the adaptation of
solid models to the analysis environment and optimized
mesh creation activities were carried out with ANSYS
Workbench software. LS-DYNA solver was used to solve

the finite element models. The dimensions and cutout
modifications of the aligner were based on the ClearCor-
rect® system.

2.2. Cortical bone, trabecular bone, teeth, and
periodontal ligament

Pre-existing CBCT data from an adult patient with
Class Il malocclusion with complete dentition was used
to obtain the bone model used in this study. The thick-
ness of every CBCT slice was adjusted to 0.10 mm. The
CBCT data, formatted as DICOM, was partitioned based
on suitable Hounsfield values using the 3DSlider pro-
gram. Subsequently, the data was transformed into a
three-dimensional model by segmentation. The thresh-
old procedure was used to create mask layers of maxil-
lary and mandibular bone, tooth structure, mandible and
temporomandibular joint (TM]).

The 3D model was imported into the ANSYS Space-
Claim software, where the maxillary and mandibular
cortical bone and tooth geometry were modeled. The
trabecular bone has been obtained by reference the in-
side of the 3D mandibular cortical bone. The disc was
modeled using an anatomic structure. A periodontal lig-
ament model with a thickness of 0.25 mm was created
using the outer surface of the dentin model. All the pre-
pared models were placed in the correct coordinates in
3D space in ANSYS SpaceClaim software and the model-
ing process was completed (Fig. 1). Vertical rectangular
attachments (2x3x1 mm) on the buccal surface of the
lower canine and premolar teeth were added for reten-
tion.

clear aligner
slit cutout

\\b

i,
MVWSM

maxillary and
mandibular dentition

TS
\*\mn{f"

o
Wi

periodontal ligament

Disc 4—\0

clear aligner
button cutout

Mandible

Fig. 1. Different components of the model.

2.3. Creating analysis models from the original 3D
model

The button used in this study was modeled in ANSYS
SpaceClaim software. Two main models as button and
slit cutout were designed. Each of the main models were
designed to the 0.76 mm thick aligners as HTLA (straight
and high trimline that extends 2 mm above the gingival
margin) and LTLA (straight and low trimline that ex-
tends 0.5 mm above the gingival margin). Thus, four dif-
ferent models were prepared for analysis (Fig. 2). The
modifications of the prepared models are given in Table
1.
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Fig. 2. Finite element models:

(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button;
(c) Model 3 (HTLA model with elastic applied through slit cutout);

(d) Model 4 (LTLA model with elastic applied through slit cutout).

The black square areas represent close-up views the aligner cutout and the aligner trimline extension.

Table 1. Modifications of the models.

Models Trimline extension Aligner cutouts
Model 1 High Button
Model 2 Low Button
Model 3 High Slit
Model 4 Low Slit

2.4. Obtaining mathematical models

Mathematical models were created by partitioning
geometric models into discrete and compact parts re-

ferred to as meshes. The modeling procedure was con-
ducted using ANSYS SpaceClaim software, while the
models were generated mathematically using ANSYS
Workbench software. Subsequently, the models were
prepared for analysis. The mathematical models created
in ANSYS Workbench software were transferred to the
LS-DYNA solver for analysis.

2.5. Material properties

The material properties of the investigated model are
quantitatively specified in Table 2. The examinations
used linear material properties, including the elastic
modulus and Poisson’s ratio.

Table 2. Linear material properties.

Material

Elastic modulus (MPa) Poisson’s ratio (v)

Cortical Bone (Liu et al. 2022; Chen et al. 2019)
Trabecular Bone (Liu et al. 2022; Chen et al. 2019)
Tooth (Liu et al. 2022, 2023)

PDL (de Oliveira et al. 2020; Li et al. 2006)
Mucosa (Hohmann et al. 2007)

Button (Liu et al. 2023; Ammar et al. 2011)

CA (Liu et al. 2022, 2023)

Attachments (Liu et al. 2022, 2023)

Condylar cartilage (Liu et al. 2022, 2023)

Disc (Liu et al. 2022, 2023)

1.37 x 10# 0.26
1.37x103 0.30
1.96 x 10* 0.30
6.9x 101 0.45
2.8 0.40
1.14x 105 0.35
5.28x 102 0.36
1.25x 10* 0.36
8x101 0.30
1.8x 101 0.40

***PDL, periodontal ligament; CA, clear aligner.
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2.6. Loading and boundary conditions

A force of 120 g (~1.177 N) was applied to maxillary
canines and mandibular first molars by Clle.

In the slit cutout models; a total force of 120 g was ap-
plied from the slit cutout on the aligner to the button on
the maxillary canine. In button cutout models; aload rep-
resenting 120 g of force was applied from the button on
the maxillary canine to the button on the mandibular
first molar.

The models were bound at the nodal points in the up-
per part of the maxillary bones, thereby constraining all
degrees of freedom to prohibit any movement in the
three axes. A total of six nonlinear static analyses were
conducted on six analysis models, with the force and
boundary conditions indicated. Based on the boundary
criteria, the lower border of the mandible is immobilized
and the upper region is restricted the movement of the
maxillary and temporal structures. The attachment con-
tact was set at the interfaces from cancellous bone to cor-
tical bone, cortical bone to PDL, PDL to tooth and tooth
to attachment. This bonding prevented any movement
between the contact surfaces. Furthermore, the joints
between the teeth were not separated at their interfaces,
allowing some frictionless sliding along the contact sur-
faces. In order to be able to apply the analysis in the
mathematical models created and to obtain accurate re-
sults, the surface relations between the parts must be de-
fined in the analysis program.

A nonlinear frictional contact with a coefficient p=0.2
was set at the aligner-tooth and aligner-attachment in-
terfaces. The tooth-PDL, tooth-attachment, and cortical
and trabecular bone-PDL contact areas were designated
as bonded-type contact. This approach is based on the
assumption that the parts move with full correlation
during their movement. The mesh structure and bound-
ary condition of model were shown in Fig. 3.

elastic force applied
by Class II elastics

Fig. 3. (a) Mesh structure; (b) Global coordinate and
boundary condition of model.

2.7. Outcomes

The global coordinate system shown in Fig. 3 was cre-
ated for the mandibular tooth structure. In this system,
the x-axis relates to the coronal plane, with positive val-
ues indicating the left side and negative values indicating
the right side. The y-axis indicates the sagittal plane, with
positive values indicating the posterior direction and
negative values indicating the anterior direction. Lastly,
the z-axis indicates the vertical plane, with positive val-
ues indicating the superior direction and negative values
indicating the inferior direction. Each tooth was assigned
a local coordination system, with the x-axis indicating
the mesial direction (+) and the distal direction (-), the y-
axis indicating the lingual direction (+) and the buccal di-
rection (-), and the positive direction on the z-axis being
indicated by the apex of the mandibular teeth and the in-
cisor/occlusal of the mandibular teeth.

2.8. Quantitative model information

The mesh properties created in the prepared analysis
models are given in Table 3. In all models, mesh quality
was checked for the triangles that have skewness > 80°,
and minimum length of 0.001. Failed meshes were ed-
ited accordingly.

Table 3. Nodes and elements.

Models Nodes Elements

Model 1 415551 1528465

Model 2 422270 1553124

Model 3 412867 1517856

Model 4 419153 1540841
3. Results

3.1. Aligner deformation

During the mesialization of the mandibular arch with
Clle force, different behaviors and force systems were
recorded among the simulations performed. Data for
maximum and minimum aligner deformation are given
in Appendix A and Figs. 4(a-d). The maximum aligner de-
formation among the models was observed in Model 3
(slit cutout-high) in the region of the slit cutout of the
first molar (0.0817 mm). The maximum aligner defor-
mation was concentrated on the buccal slit cutout region
of the first molars in Models 3 and 4, on the mesiobuccal
cusp region of the first molars in Models 1 and 2, while
the minimum aligner deformation was observed on the
bucco-gingival region of the canine teeth in all models.

3.2. Three-dimensional movement of the mandibular
dentition

The displacement of the teeth has been recorded ac-
cording on the global coordinate system. The movement
of the mandibular dentition occurred mostly in the sag-
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ittal plane toward the y-axis. The mandibular dentition
of all models moved forward with extrusion tendency of

molars and intrusion of anterior teeth due to the Clle
force (Figs. 5(a-d) and Appendix B).

b C

v ir.

Fig. 4. Clear aligner deformation values:

(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button);
(c) Model 3 (HTLA model with elastic applied through slit cutout);

(d) Model 4 (LTLA model with elastic applied through slit cutout).
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Fig. 5. The directional inclination of the lower teeth in models that received Class II elastics:

(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button;
(c) Model 3 (HTLA model with elastic applied through slit cutout);

(d) Model 4 (LTLA model with elastic applied through slit cutout).
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3.3. Three-dimensional displacement of mandibular
anterior teeth

The 3D displacements of the mandibular anterior teeth
in all models are shown in Appendix B and Figs. 6(a-d).

Mandibular central and lateral incisors;

In the mesio-distal direction (x-axis), the crown ex-
hibited mesial movement and the root exhibited distal
movement in all models. Among all models, the highest
movement was observed in Models 1 and 2 (L1, 0.0010;
L2, 0.0012 mm), and the least movement was observed
in Model 4 (L1, 0.0007; L2, 0.0010 mm).

In the labio-lingual direction (y-axis), the crown ex-
hibited buccal movement and the root exhibited lingual
movement in all models. Among all models, the greatest
labial crown movement was observed in Model 2 (L1,
0.0044; L2, 0.0039 mm), and the least labial movement
was observed in Model 3 (L1, 0.0032; L2, 0.0027 mm).

In the supero-inferior direction (z-axis), the crown
and root moved inferiorly (intrusion) in all groups.
Among all groups, the highest inferior movement was
observed in Model 4 (L1, 0.0025; L2, 0.0018 mm), and
the least in Model 3 (L1, 0.0017; L2, 0.0011 mm).

Mandibular canines;

In the x-axis, the crown moved mesially and the root
moved distally in all models. Among all models, the max-
imum mesial movement of the crown was observed in
Model 2, (0.0025 mm), and the minimum mesial move-
ment was observed in Model 3 (0.0020 mm).

In the y-axis, the crown moved buccally and the root
moved lingually in all models. Among all models, the
most labial crown movement was observed in Model 2
(0.0029 mm), and the least buccal crown movement was
observed in Model 3 (0.0019 mm).

In the z-axis, the crown and root moved inferiorly in
all models. Among all models, the most inferior move-
ment was observed in Model 2 (0.0007 mm), while the

least inferior movement was observed in Model 3
(0.0003 mm).

3.4. Three-dimensional displacement of mandibular
molars

The 3D displacements of the mandibular molars in all
models are shown in Appendix B and Figs. 6(a-d).

Mandibular first molars;

In the bucco-lingual direction (x-axis), lingual tipping
with mesiolingual rotation was observed in all models.
Among all models, the highest amount of lingual tipping
with rotation was observed in Model 2 (0.0100 mm) and,
the least in Model 3 (0.0083 mm).

In the mesio-distal direction (y-axis), mesial displace-
ment was observed in all models. The greatest mesial
displacement was observed in Model 2 (0.0042 mm), fol-
lowed by Model 1 and Model 4, respectively. The least
mesial displacement was found in Model 3 (0.0028).

In the supero-inferior direction (z-axis), the crown
and root moved superiorly (extrusion) in all models.
Among all models, the highest extrusion movement was
observed in Model 4 (0.0052 mm), and the least in Model
3(0.0015 mm).

Mandibular second molars;

In the x-axis, lingual tipping with mesiolingual rota-
tion was observed in all models. The highest amount of
lingual tipping with rotation was observed in Model 2
(0.0016 mm), and the lowest in Model 3 (0.0010 mm).

In the y-axis, the crown and root moved mesially in all
models, with a higher displacement in the crown. The
highest mesial displacement was observed in Model 2
(0.0037 mm), and the lowest in Model 3 (0.0029 mm).

In the zx-axis, the crown and root were displaced su-
periorly (extrusion) in all models. Among all models, the
highest extrusion movement was observed in Model 2
(0.0029 mm) and the lowest in Model 3 (0.0019 mm).

. d

Fig. 6. A propensity for three-dimensional displacement of the mandibular dentition in Class II elastic models:
(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button;
(c) Model 3 (HTLA model with elastic applied through slit cutout);
(d) Model 4 (LTLA model with elastic applied through slit cutout).
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3.5. Stress distribution

The stress distribution values and regions occurring
in the PDL are presented in Appendix C and Figs. 7(a-
d).

In all models, maximum stress values were observed
at the buccal root of the maxillary first molars and the
highest PDL stress was found in Model 4 (0.0150 MPa).

The highest PDL stress was concentrated in the labial
and cervical region of the incisors, and the highest stress
was found in Model 2 (L1, 0.0046 MPa; L2, 0.0040 MPa)
among all models.

The maximum PDL stress was found to be concen-
trated in the lingual and cervical region of the canines,
and the highest stress was observed in Model 2 (0.0038
MPa) among all models.

Fig. 7. The stress distribution of PDL:

(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button;
(c) Model 3 (HTLA model with elastic applied through slit cutout);

(d) Model 4 (LTLA model with elastic applied through slit cutout).

4. Discussion

The popularity of CAT has been increasing due to its
significant advantages, including cosmetic and comfort
benefits. Along with the developing aligner industry, dif-
ferent aligner designs are also gaining attention in the in-
dustry, and one of these variables is the trimline exten-
sion of the aligners. Previous experimental studies (EIl-
shazly et al. 2022; Cowley 2012; Brown 2021; Gao and
Wichelhaus 2017) have also reported the importance of
the trimline design and extension of aligners for ortho-
dontic treatment planning.

In aligner therapy of some complex cases, additional
mechanics such as Clle may be required for additional
anchorage. At this point, the factor of where to apply the
intermacxillary elastics comes to the fore; the elastics can
be applied through the precision cutouts designed on the
aligner or through the buttons added on the teeth. Liu et
al. (2022) also reported that Clle applied through slit
cutouts transfers the force directly through the aligner
and elastic force applied through buttons transfers the
force directly to the tooth where the button is applied
and then spreads it to the other teeth. In addition, inter-
maxillary elastics combined with CAT can effectively
correct the sagittal relationship and have many positive

contributions in terms of anchorage and treatment time.
However, the number of studies investigating the effects
of CAT combined with Clle on the mandibular dentition
is quite limited. In the light of all this information, our
study investigates the effects of the area of application of
the elastics and the trimline extension of the aligners on
the mandibular arch in CAT combined with Clle.

FEA is a mathematical method that can precisely eval-
uate the changes in complex geometric shapes and the
stresses and strains that occur on them, which is fre-
quently used in orthodontics. Studies in the literature
(Kucukkurt 2019; Knop et al. 2015) have also indicated
that FEA is an effective method for precisely measuring
changes in teeth and VMS.

In previous research conducted by Liu et al. (2023), it
was demonstrated that correcting the molar relationship
using Clle combined with CAT involved moving the max-
illary molars posterior and the mandibular molars for-
ward. In our study, mesialization was observed in man-
dibular molar teeth with the effect of the force applied
with Clle. The force vector of Clle applied through the
button on the buccal side of the mandibular molar or
through the slit cutouts on the aligner can be divided into
lingual and superior components, with the mesial force
being greater in the study by Liu et al. (2022). Therefore,
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lingual tipping with mesio-lingual rotation was observed
in mandibular molars in this study. Liu et al. (2022)
found that Clle applied through the button provided
more effective molar mesialization than those applied
through the slit cutout. They attributed this to the fact
that mandibular molar mesialization was greater with
the force applied directly to the tooth from the button.
Furthermore, the results obtained in the present study
are consistent with these findings. It was seen that mod-
els with slit cutout and high trimline extension provided
more control over mesial tipping and rotation during
mesial movement of the first molars. The improved con-
trol of tooth movement observed in the high trimline and
slit cutout models can be attributed to the optimization
of forces resulting from the expanded surface area over
which the force is transmitted by the high trimline align-
ers, as well as the utilization of elastics through the slit
cuts to ensure that the force is not directly applied to the
tooth, thereby optimizing force distribution. Moreover,
the increased mesial rotation observed in the button
models can be attributed to the presence of a gap be-
tween the aligners and teeth. This gap is further exacer-
bated when the aligner fit is inadequate particularly in
patients where the aligners are not tracking properly.
Hence, this gap would prevent the aligner to overcome
the mesial rotation effect of Clle, when applied through a
button. It can be proposed that greater control over
overturning in the slit-cutout and high trimline model
can be attributed to the fact that the force applied by the
Clle is directed towards the centre of resistance of the
tooth.

Previous studies (Nelson et al. 2005; Janson et al.
2013) have shown that the use of Clle causes some side
effects such as undesirable proclination of the mandibu-
lar anterior teeth. In our study, labial tipping of the man-
dibular incisors was observed to varying degrees in all
models and it was found that labial tipping of the man-
dibular incisors was higher in models with a low trimline
extension. This information allows us to interpret that
incisor proclination may be more controllable in treat-
ment with aligners with a high trimline extension. In ad-
dition, Liu et al. (2022) reported that additional opti-
mized torque designs can be planned for the control of
the proclination of the mandibular anterior teeth.

The proclination of the mandibular anterior teeth
leads to the concentration of strains on the periodontal
ligament (PDL) and alveolar bone in the cervical region
of the labial surface. Some investigators reported an in-
creased risk of root resorption due to the pressure on the
PDL exceeding the capillary pressure in the area and im-

Appendix A. Aligner deformation and location

paired blood flow. Furthermore, previous studies
(Hohmann et al. 2007; Dorow and Sander 2005) showed
that the PDL pressure threshold involved in root resorp-
tion is 0.047 MPa. Although none of the models ex-
ceeded this threshold for PDL stress, this threshold was
relatively close, especially in the low LTLA and button
cutout model (0.0046 MPA). This may be attributed to
the fact that low trimline extension aligners are less ef-
fective in controlling the proclination of mandibular an-
terior teeth. Moreover, PDL stress values were meas-
ured to be lower in slit cutout models than in button
models.

Although FEA is a widely used technology for biome-
chanical analysis of applied forces in orthodontics, it is
inevitable to say that it has some limitations. Although it
is possible to optimally adjust the magnitude and vector
of the applied force initially, the direction and intensity
of the force are constantly changing with tooth move-
ment during clinical practice. Furthermore, these models
cannot take into account complex masticatory pressures
and bone remodeling. On the other hand, in this FEA
study (Tanne et al. 1987), the PDL thickness was as-
sumed to be constant; however, the PDL varies in thick-
ness along the tooth root. In their study, Hohmann et al.
(2011) suggested that this nonlinear change in PDL
thickness changes the elastic modulus of the PDL, which
in turn affects the VMS values. Therefore, clinical studies
evaluating the effects of Clle applied with aligners on
mandibular anterior teeth are needed and future studies
should investigate the dynamic behavior of the dentition
when using CAT in combination with Clle.

In terms of the clinical importance of these findings, it
can be stated that utilizing a Clle with buttons is a pref-
erable option for patients with short crowns. However,
it does have the drawbacks of inducing tipping and me-
sial rotation. Hence, it might be imperative to incorpo-
rate anti-rotation movement to the lower molars in pa-
tients who would necessitate prolonged use of Clle.

5. Conclusions

Clear aligners with high trimline extension were
found to be more effective in controlling lower anterior
teeth. Less mesial movement was observed in mandibu-
lar molars due to increased aligner deformation by Clle
applied through slit cutouts. The presence of high trim-
line aligners and the application of Clle from the slit cut-
out were found to increase the control of mesial tipping
of mandibular molars.

Maximum
deformation (mm)

Aligner

deformation Localization

Minimum

deformation (mm) Lusdia sty

Model 1 0.0119 Mesio-buccal cusp of mandibular first molar 0 Bucco-gingival edges of canine
Model 2 0.0127 Mesio-buccal cusp of mandibular first molar 0.0013 Bucco-gingival edges of canine
Model 3 0.0817 Slit cutout region of mandibular first molar 0 Bucco-gingival edges of canine
Model 4 0.0157 Slit cutout region of mandibular first molar 0 Bucco-gingival edges of canine
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Appendix B. Three-dimensional displacement of mandibular teeth

Axes X-axis y-axis z-axis
Tooth
Models 1 2 3 4 1 2 3 4 1 2 3 4
Central C 0.0010  0.0010  0.0008  0.0007  -0.0040  -0.0044  -0.0032 -0.0036  -0.0023  -0.0025 -0.0017  -0.0018
inety R -0.0003  -0.0003  -0.0002  -0.0002  0.0014  0.0015  0.0010  0.0012  -0.0008  -0.0008  -0.0005  -0.0005
ateral © 0.0012 0.0012 0.0010 0.0010 -0.0035 -0.0039 -0.0027 -0.0031 -0.0016 -0.0018 -0.0011 -0.0013
inety R -0.0003  -0.0003  -0.0025  -0.0002  0.0008  0.0009  0.0006  0.0007  -0.0005 -0.0005 -0.0002  -0.0003
) © 0.0024 0.0025 0.0020 0.0020 -0.0026 -0.0029 -0.0019 -0.0024 -0.0006 -0.0007 -0.0003 -0.0003
Canine R -0.0007 -0.0007 -0.0006 -0.0006 0.0008 0.0009 0.0005 0.0007 -0.0003 -0.0003 -0.0000 -0.0001
CMB 0.0093 0.0100 0.0083 0.0088 -0.0032 -0.0033 -0.0020 -0.0025 0.0042 0.0046 0.0043 0.0049
CML 0.0080  0.0086  0.0071  0.0076  -0.0003 -0.0003  0.0005  0.0001  0.0016  0.0018  0.0020  0.0025
First CDB 0.0059 0.0063 0.0051 0.0054 -0.0040 -0.0042 -0.0028 -0.0034 0.0048 0.0052 0.0042 0.0049
molar  cp, 00035 00038 00030 00033  -0.0007 -0.0007 00000 -0.0003 00019 00021 00015  0.0022
AM -0.0031  -0.0031  -0.0020  -0.0022  -0.0033  -0.0033 -0.0042  -0.0043  0.0043  0.0046  0.0043  0.0049
AD -0.0065 -0.0068 -0.0051 -0.0054 -0.0048 -0.0049 -0.0056 -0.0057 0.0053 0.0058 0.0044 0.0053
CMB 0.0013 0.0016 0.0010 0.0013 -0.0033 -0.0035 -0.0027 -0.0031 0.0015 0.0019 0.0011 0.0016
CML 0.0009 0.0011 0.0007 0.0009 -0.0016 -0.0017 -0.0011 -0.0014 0.0017 0.0021 0.0013 0.0018
Second CDB  -00003  -0.0003  -0.0005  -0.0003  -0.0035  -0.0037  -0.0029  -0.0033 00022  0.0026 00017  0.0023
molar CDL -0.0009 -0.0008 -0.0010 -0.0008 -0.0016 -0.0017 -0.0012 -0.0014 0.0025 0.0029 0.0019 0.0025
AM 0.0003 0.0003 0.0002 0.0003 -0.0011 -0.0013 -0.0010 -0.0012 0.0019 0.0024 0.0015 0.0020
AD -0.0006 -0.0007 -0.0006 -0.0006 -0.0013 -0.0015 -0.0012 -0.0013 0.0024 0.0029 0.0018 0.0024
C, crown; R, root; CMB, mesiobuccal cusp; CML, mesiolingual cusp; CDB, distobuccal cusp;
CDL, distolingual cusp; AM, Mesial root apex; AD, distal root apex.
Appendix C. von Mises stress values and distribution in the mandibular dentition
Models PDL stress Maximum Localization Minimum Localization
value (MPa) value (MPa)
Central Incisor 0.0042 Bucco-gingival root surface 0 Disto-apical root surface
Lateral Incisor 0.0036 Bucco-gingival root surface 0 Disto-lingual root surface
Model 1 Canine 0.0034 Linguo-gingival root surface 0 Buccal root surface
First Molar 0.0136 Buccal root surface 0.001 Cervico-lingual root surface
Second Molar 0.0067 Disto-gingival root surface 0.001 Mesio-lingual root surface
Central Incisor 0.0046 Bucco-gingival root surface 0 Disto-apical root surface
Lateral Incisor 0.0040 Bucco-gingival root surface 0 Disto-lingual root surface
Model 2 Canine 0.0038 Linguo-gingival root surface 0 Buccal root surface
First Molar 0.0146 Buccal root surface 0.001 Cervico-lingual root surface
Second Molar 0.0075 Disto-gingival root surface 0.001 Mesio-lingual root surface
Central Incisor 0.0034 Bucco-gingival root surface 0 Disto-apical root surface
Lateral Incisor 0.0029 Bucco-gingival root surface 0 Disto-lingual root surface
Model 3 Canine 0.0028 Linguo-gingival root surface 0 Buccal root surface
First Molar 0.0139 Buccal root surface 0 Cervico-lingual root surface
Second Molar 0.0055 Disto-gingival root surface 0 Mesio-lingual root surface
Central Incisor 0.0036 Bucco-gingival root surface 0 Disto-apical root surface
Lateral Incisor 0.0032 Bucco-gingival root surface 0 Disto-lingual root surface
Model 4 Canine 0.0030 Linguo-gingival root surface 0 Buccal root surface
First Molar 0.0150 Buccal root surface 0.001 Cervico-lingual root surface
Second Molar 0.0065 Disto-gingival root surface 0.001 Mesio-lingual root surface
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of conflicts and natural disasters that threaten historical sites worldwide. This study
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approach to conserving cultural legacies, ensuring their preservation and revitalisa-
tion for future generations. Preliminary findings suggest that Al-generated imagery
holds significant promise for enhancing digital heritage preservation by offering
novel approaches for visualising and understanding historical sites. These findings
also highlight the need to address ethical, technical, and collaborative challenges to
enhance the precision, reliability, and applicability of Al technologies in the field of
cultural heritage. This study contributes to digital humanities and archaeological
conservation, demonstrating Al's potential to support and complement traditional
heritage preservation methods and suggests a pathway for substantial methodologi-
cal evolution in the field.
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1. Introduction

The architectural design process is crucial across var-
ious disciplines, from engineering and software develop-
ment to the arts and humanities, and it is significantly
shaped by the fusion of traditional methods and contem-
porary technological advancements. Recent innovations
in Al, particularly text-to-image systems such as
Midjourney, DALL-E, and Stable Diffusion, mark a sub-
stantial evolution in the design and heritage conserva-
tion arenas, signifying a paradigm shift towards more

dynamic, intuitive, and efficient conceptualisation prac-
tices (Brisco et al. 2023; Kenig et al. 2023). This evolu-
tion reflects a broader movement to integrate cutting-
edge Al tools within the architectural design process, un-
derscoring the transition from conventional methods to
more advanced, future-oriented approaches. The advent
of 3D and 2D modelling tools, including Building Infor-
mation Modelling (BIM) software such as ArchiCAD, Au-
toCAD, and SketchUp, has revolutionised architects' abil-
ity to visualise conceptual designs, while the application
of Al techniques, ranging from conditional Generative
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Adversarial Networks (cGANs) to deep learning and ma-
chine learning algorithms, has initiated a new era in the
digital preservation and reconstruction of historical
landscapes and artefacts (Navarro-Mateu et al. 2021).
These technological advancements are reshaping meth-
odologies in archaeological research and conservation
efforts, particularly as the architectural and cultural her-
itage sectors confront profound losses inflicted by con-
flicts and wars. Considering such destruction, Al has
emerged as a pivotal tool, not only in attempting to pre-
serve and reconstruct cultural heritage, but also to facil-
itate a deeper understanding of historical contexts (Kad-
him and Abed 2023; Lee and Chang 2022).

The destruction of cultural heritage sites due to con-
flicts, natural disasters, and human activities poses a
substantial challenge to preservation. Traditional recon-
struction methods often rely on incomplete or damaged
visual records, leading to reconstructions that may lack
accuracy and authenticity. Recent advancements in text-
to-image technology have introduced tools such as
Midjourney and DALL-E, which have revolutionised the
generation of high-quality photorealistic images from
simple text prompts (Adetayo 2024; Kenig et al. 2023;
Becker and Laycock 2023). Al entities can create images
based on text prompts that mimic human cognitive pro-
cesses (Kenig et al. 2023). Models such as Stable Diffusion,
DALL-E, and Midjourney are notable in the realm of text-
to-image generation (Cobb 2023; Huang et al. 2023; Lyu
et al. 2022). The impact of these models is significant, in-
fluencing various fields such as neuroscience research, ed-
ucation, libraries, and architectural visual culture
(Adetayo 2024; Becker and Laycock 2023; Steinfeld 2023).
These tools have made it possible for users to create fully
rendered images promptly, showcasing the potential of
Al in creative endeavours (Newton and Dhole 2023).

Al-generated imagery offers a novel solution to the
problem of accurately reconstructing heritage sites by
leveraging detailed textual descriptions and historical
records to produce accurate visual representations
(Nichol et al. 2021; Ramesh et al. 2022). This study
aimed to explore the effectiveness and broader implica-
tions of leveraging Al-generated imagery for the digital
reconstruction of heritage sites that are significantly
damaged by conflicts. By integrating the capabilities of
these models with dense multi-image 3D reconstruction
techniques, it is feasible to digitally reconstruct and vis-
ualise the destroyed cultural heritage sites (Rihani 2023;
Wahbeh et al. 2016). In addition, the utilisation of 3D
photogrammetric reconstruction methods along with
Al-generated images can provide interactive and immer-
sive experiences for visitors exploring reconstructed
heritage sites (Rihani 2023; Soto-Martin et al. 2020).
Employing generative adversarial networks (GANs) for
heritage image super-resolution reconstruction can as-
sist in estimating high-resolution images of ruins,
thereby enhancing the visual quality of the recon-
structed heritage sites (Nayak and Balabantaray 2021).
Techniques such as laser scanning, photogrammetry,
and UAV-based 3D reconstruction can provide detailed
spatial information for large cultural heritage objects,
thereby enhancing the accuracy of the reconstruction
process (Xu et al. 2016; Bayram et al. 2015).

The novelty and contribution of this study lies in its
innovative approach of using Al-driven text-to-image
generation to reconstruct ruined heritage sites. Unlike
traditional methods, which rely heavily on physical rem-
nants or incomplete visual records, this research utilises
detailed textual descriptions informed by historical, ar-
chitectural, and archaeological sources to generate accu-
rate visual representations of heritage sites. By carefully
crafting text prompts based on extensive research from
articles and historical sources, the Al models were able
to generate images that closely resembled the original
structure. This approach not only leverages the
strengths of Al to produce highly accurate visual repre-
sentations from textual descriptions but also bridges the
gap between historical documentation and digital recon-
struction. This integration offers a more reliable, accu-
rate, and engaging method of heritage reconstruction,
presenting significant advancements in the field of digi-
tal heritage preservation. This study makes several key
contributions to the digital heritage preservation field.
First, itintroduces a novel application of text-to-image Al
technologies in the context of heritage conservation,
demonstrating their potential for creating accurate digi-
tal reconstructions from textual descriptions. Secondly,
the study presents a comprehensive methodology that
integrates Al-generated imagery with historical, archi-
tectural, and archaeological data. This interdisciplinary
approach enhances the reliability and authenticity of
digital reconstruction and provides a robust framework
for future research. Thirdly, by producing new visual
perspectives on the original states of damaged or de-
stroyed heritage sites, the Al-generated images offer val-
uable insights into their architectural and cultural signif-
icance.

This method was applied to reconstruct the Buddha
of Bamiyan in Afghanistan, a heritage site that was sig-
nificantly damaged (Hammer et al. 2018; Griin et al.
2004). By interweaving historical narratives with Al ca-
pabilities, this study seeks to uncover new methodolo-
gies in cultural heritage preservation, contributing to the
academic discourse within the digital humanities (Brisco
etal. 2023; Kenig etal. 2023; Navarro-Mateu et al. 2021).
This exploration is not merely a testament to technolog-
ical innovation but also a commitment to bridging past
and present, ensuring the enduring legacy of our collec-
tive cultural memory. By leveraging Al-generated im-
agery, this research offers a new avenue for the preser-
vation and understanding of cultural heritage, address-
ing the profound challenges posed by conflicts and natu-
ral disasters (Kadhim and Abed 2023; Lee and Chang
2022). This study contributes to the academic discourse
on digital humanities and archaeological conservation
by demonstrating Al's potential to support and comple-
ment traditional heritage preservation methods (Bharati
2023; Orengo et al. 2015).

2. Methodology

In the exploration of digital reconstruction methodol-
ogies for heritage sites decimated by conflict, this study
adopts a comprehensive, multi-faceted approach grounded
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in the latest advancements in artificial intelligence (AI)
technology. The core objective centres on harnessing the
potential of Al, particularly text-to-image generation
models such as Midjourney and DALL-E, to reimagine and
digitally resurrect heritage sites from textual descrip-
tions informed by historical, architectural, and archaeo-
logical evidence. This methodology intersects technolog-
ical innovation with historical research, aiming to recon-
cile the physical remnants of the past with digital recon-
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structions, thereby offering new avenues for under-
standing and preserving our cultural heritage. Architects
can utilize natural language inputs to convey their design
intentions more naturally, which promotes quicker revi-
sions and reduces the obstacles usually associated with
traditional design tools (Ko et al. 2023; Hsu et al. 2022).
The process involves a synergistic blend of data collec-
tion, Al image generation, expert validation, and compar-
ative historical analysis, outlined as in Fig. 1.

04 05

Scholarly Discussion and
Practical Implications

Comparative
Analysis and Validation

Fig. 1. Overview of the five-step research methodology.

Fig. 2 illustrates a detailed flowchart of the five-phase
methodology for Al-driven heritage site reconstruction.
This comprehensive process begins with Data Collection
and Preparation, involving the detailed gathering and or-
ganisation of textual descriptions, architectural details,
and historical records, which are then cross-referenced
for accuracy and compiled into a structured overview.
The Al Image Generation Process follows, where initial
prompts are created based on the collected data, and im-
ages are generated using Al platforms such as Midjour-
ney and DALL-E. These prompts and images are itera-
tively refined and meticulously documented. The third
phase, Image Selection and Iterative Refinement, focuses
on evaluating Al-generated images against historical
benchmarks, readjusting prompts, regenerating images,
and conducting internal validation with expert collabo-
ration. Comparative Analysis and Validation is the fourth
phase, involving rigorous comparison of Al-generated
images with historical records, continuous refinement,
and detailed documentation to address inaccuracies. The
final phase, Scholarly Discussion and Practical Implica-
tions, includes engaging in discussions on the ethical and
practical implications of Al in heritage reconstruction,
proposing frameworks for integrating Al into preserva-
tion practices, and evaluating the educational, commem-
orative, and advocacy potential of the reconstructions.
This flowchart provides a visual representation of the it-
erative and detailed nature of the research methodology,
ensuring transparency and reproducibility in the Al-
driven reconstruction process.

2.1. Data collection and preparation

The initial phase involves the collection and analysis
of textual descriptions, architectural details, historical

accounts, and existing visual records of selected heritage
sites (Remondino 2011). This extensive dataset is crucial
for generating detailed prompts that provide a thorough
historical context to guide the image-generation process.
We gathered a diverse range of historical sources, such
as books, academic journals, architectural blueprints,
and digital archives, to create the dataset. The incorpo-
ration of official photographs from UNESCO and other
reputable institutions improved the dataset by offering
authentic references that are vital for validating the ac-
curacy of our Al-generated reconstructions and ensuring
adherence to established architectural and cultural
standards. The data collection process involved manu-
ally reading historical sources and articles to identify
keywords related to the original construction of the her-
itage sites. These keywords are used to create compre-
hensive textual prompts for the Al generation process.
The systematic extraction and organisation of specific
phrases and terminology indicative of heritage sites'
original construction methods were documented in a da-
tabase, which was categorised by heritage site, historical
period, architectural style, and other relevant factors to
facilitate their effective use in prompt generation.

2.2. Al image generation process

Employing Al platforms such as Midjourney and
DALL-E, this study implements a systematic approach to
convert textual prompts into visual reconstructions
(Horn et al. 2022; Gualandi et al. 2021). Despite exten-
sive research efforts aimed at uncovering photographic
records to inform and validate reconstructions, certain
heritage sites lack definitive visual records, presenting a
significant challenge for accurately reconstructing their
prime versions. Considering these constraints, the meth-
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odology relies more on prompt engineering, utilising de-
tailed textual descriptions derived from available histor-
ical documentation and expert insights. However, it is
important to note that the Al-generated images pro-
duced under these conditions served as initial approxi-
mations rather than exact replicas of the original struc-
tures. The textual prompts derived from the compiled
data aimed to accurately reflect the architectural and
cultural aspects of the targeted heritage sites. Multiple
iterations and a variety of prompts are utilized to ad-
dress the multifaceted nature of each site, facilitating a
broad spectrum of visual outputs (Kadhim and Abed
2023). Utilising the information presented in Table 1, in-
itial prompts were formulated to encapsulate the funda-
mental architectural features, historical contexts, and
cultural significance of each heritage site. For instance,
the Buddhas of Bamiyan are described in terms of their
monumental statues, niches, and surrounding features
before they were destroyed. These prompts were itera-
tively fine-tuned based on Al-generated images. Each it-
eration involved adjusting the textual descriptions to im-
prove the accuracy and detail of the generated images.
This process has been thoroughly documented to track
modifications and advancements. Al platforms generate
multiple images based on refined prompts and capture
diverse perspectives and details. The generated images
were assessed by using historical records and visual ref-
erences. For heritage sites with restricted photographic
records, the methodology relies on extensive textual de-
scriptions and expert insights to guide the Al For in-
stance, for Palmyra, where many structures have been

1. Data Collection
and Preparation

Collecting textual
descriptions, architectural Cross-referencing
details, historical data for accuracy and

accounts comprehensiveness

Creating a structured

overview (Table 1)
Data

Verified

3. Image Selection and
Iterative Refinement

Create initial
prompts based
'on compiled data

l

2. Al Image
Generation Process

Images
Meet
Criteria?

damaged or destroyed, archaeological reports and his-
torical texts provide necessary information.

2.3. Image selection and iterative refinement

The methodology employed in this phase focuses on a
systematic approach for assessing Al-generated images
against historical and archaeological standards. This in-
volves refining textual prompts and regenerating new
images based on evaluations, utilising prompt engineer-
ing to enhance the Al's capability to produce images that
accurately reflect complex architectural designs and cul-
tural nuances (Oppenlaender 2022). Xie et al. (2023)
emphasised that crafting precise textual prompts can
significantly impact the performance of Al, ensuring that
the generated images closely align with architectural in-
tent and historical context. The current approach to re-
construction is based on internal validation, but future
research will involve input from historians, archaeolo-
gists, architects, and cultural experts. This expert feed-
back enhances the accuracy of the reconstructions and
refines the prompts to align with a wider range of histor-
ical and cultural criteria. By continuing to iterate and re-
fine the Al-generated outputs, we will improve their
alignment with the historical records and architectural
reliability. A systematic documentation process tracks
each step of the prompt refinement and image genera-
tion, which is crucial for transparency and reproducibil-
ity. By repeatedly adjusting the textual prompts and re-
generation of images, inaccuracies will be addressed,
and the level of detail will be improved.

5. Scholarly Discussion
and Implication

: 3“::3 i
|’ I 00

Engage in Discussion and
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and Evaluate
Reconstruction
Purposes

External
Validation

4. Comparative
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images
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Fig. 2. Flowchart illustrating the five-phase methodology for Al-driven heritage site reconstruction.
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Table 1. Overview of historical heritage sites: characteristics and conditions.

Site Country Period Significant Main features Destruction Area Causes of Current  Damaged Key
founded  historical period year damage condition parts references
Palmyra Syria 3rd Roman Empire, =~ Temple of Bel, 2015 Varies Extremist Partially ~ Temple of Bel, UNESCO, Britannica
millennium Islamic Caliphate Great group ruined other (Raja and Seland
BC Colonnade activities structures 2022; Elcheikh
2019)
Buddhas of  Afghanistan 6th Gandhara period Two 2001 105 Extremist Destroyed, Two UNESCO (Asal et al.
Bamiyan century AD monumental hectares group niches monumental 2023; Toubekis et
statues activities remain statues al. 2017; Griin et al.
2004)
Ancient City Iraq 13th Assyrian Empire  Palaces, 2015 Over 360 Extremist Ruined Palaces, UNESCO (Pollegioni
of Nimrud century BC temples, hectares group temples, etal. 2015; Reade
colossal activities statues 2002)
statues
Pompeii Italy 6th-7th Roman Empire Urban 79 AD 66 hectares Natural Ruins Entire city UNESCO, Britannica,
century BC infrastructure, disaster preserved (Scorrano et al.
frescoes (Volcanic 2022; Wotzlaw et
Eruption) al. 2022; Senatore
etal. 2014; Fulford
and Wallace-Hadrill
1999)
Hampi India 14th Vijayanagara Temples, 1565 4187, 24 Historical Ruins Temples, UNESCO (Knell
century AD Empire royal hectares Conflict marketplaces 2022; Rajangam
complexes and Sundar 2021;
Powell 2018;
Schettino 2016;
Pakkeerappa and
Thomas 2006)
Parthenon Greece 447-432  Classical Greece  Doric temple 1687 69.5 by 30.9 Military Partially  Structure, UNESCO, Britannica
(Acropolis of BC dedicated to m (228 by Bombardment ruined sculptures (Angouri et al.
Athens) Athena 101 ft) 2017; Fincham
2012; Hamilakis
2002)
Temples of  Egypt 1500-30  New Kingdom of Karnakand  Various 7,390 ha Naturaland  Partially ~ Karnak, Luxor UNESCO, Britannica
Thebes BC Egypt Luxor temples periods with a Human ruined temples (Mahmoud et al.
buffer zone Impact 2019; Manning
of 444 ha 2012; Aubry et al.
2009)
The Great China 7th Various Chinese  Fortification ~Ongoing 21,196 km Erosionand Partially Sections over UNESCO, Britannica
Wall century BC dynasties system (total Human ruined time (Cao etal. 2023;
and length) Impact Shelach-Lavi et al.
onwards 2020; Yang 2017)
Maya Sites Mexico 2000 BCto Pre-Columbian Temples, Post 9th 331,397 ha, Sociopolitical Ruins Several city ~ UNESCO, Britannica
16th Maya civilization pyramids century AD surrounded Decline structures (Chase etal. 2011;
century AD by a buffer Scherer 2007)
zone of
391,788 ha
Angkor Wat Cambodia Early 12th Khmer Empire Temple Not Over 162 Neglectand  Partially Temples, UNESCO, Britannica
century complex specified  hectares Decay restored infrastructure (Chen 2021; Carter

etal. 2019; Chen et
al. 2016; Evans et al.
2013)

2.4. Comparative analysis and validation

This research incorporates a rigorous comparative
analysis between Al-generated images and available his-
torical sources, photographs, and scholarly interpreta-
tions. This validation phase assesses Al's capacity to ac-
curately encapsulate the architectural styles, cultural sig-
nificance, and ambient settings of the ruins (George
2022). The Al-generated images were evaluated by com-
paring them to historical records and visual references
through a comprehensive analysis that included visual
comparisons, consistency checks, and alignment of docu-
mentation for accuracy. Fig. 4 illustrates the Al-generated

reconstructions of Palmyra, focusing on key elements
such as the Temple of Bel, while Fig. 9 showcases the re-
constructed images of Pompeii, highlighting hyper-real-
istic reconstructions of specific Roman buildings and em-
phasising the restoration of architectural elements and
the site's historical and cultural significance. The images
were assessed using photographs and descriptions to en-
sure accuracy. The iterative refinement process involves
modifying prompts based on feedback from comparisons
with historical records to ensure progressive alignment.
This methodology employs prompt engineering to pro-
duce initial approximations of heritage sites, which are
then refined using iterative processes.
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2.5. Scholarly discussion and practical implications

The final phase of this research engages in a scholarly
discussion on the implications of utilising Al for heritage
reconstruction, focusing on future perspectives. This
analysis employs ethical considerations, ensures histor-
ical accuracy while balancing technological advance-
ments, and examines the interplay between digital inno-
vation and traditional restoration practices. Key themes
include the role of Al-generated imagery in enhancing
educational and commemorative initiatives, and their
contribution to broader heritage conservation efforts.
This forthcoming discourse aims to navigate the com-
plexities of Al applications in cultural preservation, ad-
dressing both potential benefits and challenges. This
study evaluates how these reconstructions can serve ed-
ucational, commemorative, and advocacy purposes
within the broader framework of heritage preservation
(Bharati 2023; Orengo et al. 2015). The initial phase pri-
marily investigated the feasibility and potential of the Al-
driven reconstructions. Future research should focus on
specific heritage sites, such as the Buddhas of Bamiyan
in Afghanistan, involving extensive collaboration with
domain experts. This collaboration will aim to validate
and refine the results, thereby ensuring robust and reli-
able outcomes. The structured approach to scholarly dis-
cussion will facilitate meaningful contributions to aca-
demic discourse on digital heritage preservation.

Subsequent validation phases will engage historians,
archaeologists, and cultural experts to further refine the
prompts and validate Al-generated images against a
comprehensive set of historical and cultural criteria. Ex-
pert feedback enhances the accuracy and authenticity of
the generated images. This multidisciplinary collabora-
tion will significantly improve the reliability and validity
of the reconstructions, ensuring that they adhere to rig-
orous historical and cultural standards.

By systematically employing Al-generated imagery
based on historical and textual data, this study seeks to
contribute to the emerging discourse on digital ap-
proaches to cultural heritage preservation and recon-
struction. Prompt engineering is important for improv-
ing the generation of realistic images in text-to-image
syntheses. This process involves carefully selecting and
composing textual prompts to guide Al models in pro-
ducing images that match the intended visual style or
content described in the text (Oppenlaender 2022). The
objective of strategic prompt engineering is to ensure
that the generated images accurately reflect the input
prompts, resulting in visually coherent and contextually
relevant outputs. Designing prompts allows researchers
and practitioners to influence generative Al systems to
produce images with desired characteristics, such as re-
alism, diversity, and adherence to specific visual styles
(Xie et al. 2023; Rombach et al. 2022). Prompt engineer-
ing enhances the interpretability and controllability of
text-to-image synthesis systems. By refining the
prompts used to condition image generation, research-
ers can adjust output images to meet specific criteria or
constraints, such as photorealism, colour accuracy, or
object composition (Liu and Chilton 2021). This ap-
proach empowers users to shape the creative process of

Al-generated image synthesis, allowing them to steer the
output towards their desired visual outcomes (Taveek-
itworachai et al. 2023). The design and optimisation of
prompts significantly impact the performance and capa-
bilities of text-to-image generation systems, expanding
their potential in design, art, and visual content crea-
tion. The integration of Al methodologies marks a new
era in architectural conceptualisation and heritage con-
servation, ensuring that digital reconstructions can
serve educational, commemorative, and advocacy pur-
poses within a broader heritage preservation frame-
work.

We employed two types of comparison methodology
for our evaluation:

e Historical Accuracy Check: This involves verifying the
Al-generated images against historical records and
literature to ensure that the generated content aligns
with the documented descriptions and visual refer-
ences. This approach helps ensure the contextual and
cultural accuracy of the images.

e Quantitative Metrics Evaluation: This involves utilis-
ing image quality metrics, such as SSIM, MSE, PSNR,
and MAE, to quantitatively measure the similarity and
fidelity of the Al-generated images. As illustrated in
Figs. 11-13, these metrics offer a detailed quantita-
tive analysis of the accuracy of the generated images
compared with the original references.

By combining these two approaches, we ensured a
comprehensive evaluation of the Al-generated recon-
structions, balancing both qualitative historical accuracy
and quantitative image fidelity.

3. Results and Discussion

This study examined the integration of 3D modelling
techniques and Al in the reconstruction of heritage sites
significantly damaged by conflicts and natural disasters,
offering innovative solutions for cultural preservation.
Drawing on the comprehensive flowchart detailed in the
methodology section, this discussion enriches the narra-
tive by incorporating additional insights into the system-
atic approach employed for Al-driven heritage recon-
struction. Table 1 is a key resource for the Al-driven re-
construction process implemented in this study. By de-
tailing the architectural characteristics, historical signif-
icance, and extent of damage to each heritage site, the ta-
ble provides essential data that inform the development
and calibration of AI models. This compilation of site-
specific information ensures that Al-generated visualisa-
tions are contextually accurate and architecturally pre-
cise. For instance, the incorporation of specific architec-
tural features and the extent of damage facilitated the
Al’s ability to interpolate missing data and extrapolate
likely architectural elements where physical evidence is
scant. Comprehensive data on the current conditions of
the sites are provided in Table 1 aids in evaluating the
effectiveness of Al for reconstructing various levels of
decay and destruction. This evaluation was involved in
refining the Al algorithms to enhance their adaptability
and accuracy in dealing with the diverse preservation
states found across the surveyed heritage sites. Thus, Ta-
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ble 1 not only informs the technical execution of Al-
driven reconstructions, but also deepens the analysis of
how these technologies can be leveraged to preserve and
interpret cultural heritage. This methodological founda-

tion supports the subsequent discussion on the techno-
logical approaches listed in Table 2 highlighting ad-
vancements and identifying areas for further integration
of Al into heritage preservation.

Table 2. Technological approaches in heritage site reconstruction.
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Pan et al. (2020)
Palmyra Denker (2017) v v v
Wahbeh et al. (2016)
. von Schwerin et al. (2013) v v v
Maya Sites Pierrot-Deseilligny et al. (2011)
s Sbrogio (2022) v v
Pompeli Mazzaglia (2021)
Spallone et al. (2022)
Budc.lhasof Be\{ilacquaetal.[ZOl‘)) v v v v v
Bamiyan Maiwald et al. (2017)
Heikkinen (2009)
Ancient Biljecki et al. (2015)
City of Groger and Pliimer (2012) v v v
Nimrud Remondino (2011)
. Keyvanfar et al. (2022) v v
bl Natampally (2014)
Hu etal. (2013) v
I Debevec (2004)
Berto et al. (2021)
Temples of Meister etal. (2021) v v v
Thebes Bennoui-Ladraa and Chennaoui (2018)
Hu etal. (2013)
Zeng and Jin (2023)
a‘:ucreat Zhou et al. (2022) v v
Bassier et al. (2020)
Angkor Wa‘mg. etal. (2020) v v v v
Wat Shishido et al. (2017)

Table 2 provides a comprehensive historical over-
view of the technologies used across diverse heritage
sites, offering an essential context for the application of
contemporary Al techniques. For Palmyra, the recon-
struction process involves a combination of public do-
main images and professional panoramic imagery
(Wahbeh et al. 2016). This approach utilises
crowdsourced images and 3D photogrammetric pro-
cesses to create interactive immersive experiences, par-
ticularly for the reconstruction of the Temple of Bel.
These tools and techniques have enabled researchers to
digitally recreate and preserve the cultural heritage of
Palmyra, emphasising the importance of advanced imag-
ing techniques in restoration efforts (Pan et al. 2020;
Denker, 2017). The reconstruction of Maya sites in Mex-
ico has been enhanced by the application of photogram-
metry techniques (Pierrot-Deseilligny et al. 2011). These
automated image-based procedures allow accurate 3D

modelling and orthoimage generation, which are instru-
mental in creating detailed reconstructions. Addition-
ally, reality-based 3D documentation techniques involv-
ing software, such as 3D Studio, Maya, and Sketchup,
have enabled realistic 3D models of Maya structures
(Remondino and Rizzi 2010). The MayaArch3D project
further supports this by providing a 3D WebGIS platform
for analysing ancient Maya architecture and landscapes
(von Schwerin et al. 2013). Mazzaglia (2021) discussed
the Information System of the Pompeii Sustainable
Preservation Project, which plays a key role in preserv-
ing cultural heritage through effective data management
and knowledge sharing. Additionally, Sbrogio (2022)
proposed a parametric approach for reconstructing tim-
ber structures in Campanian Roman houses, offering in-
sights into the architectural elements of ancient Roman
buildings in Pompeii. Advanced technologies, such as 3D
laser recording, photogrammetry, and virtual reality,
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have been pivotal in reconstructing and preserving the
heritage of Bamiyan Buddhas. Historical photography
has also been crucial for providing archival images for
virtual reconstruction projects (Spallone et al. 2022;
Toubekis et al. 2017; Maiwald et al. 2017). The use of
photogrammetry from archival imagery combined with
3D models of the current state underscores the im-
portance of historical images in reconstruction efforts
(Bevilacqua et al. 2019; Heikkinen 2009). The recon-
struction of the Ancient City of Nimrud was significantly
enhanced by the application of 3D GIS to archaeology.
This tool is essential for urban reconstruction, modelling
archaeological 3D objects, managing excavations, and
analysing site development over time (Biljecki et al.
2015). In addition, CityGML supports the creation of in-
teroperable semantic 3D city models that are vital for ac-
curately depicting architectural elements and spatial re-
lationships within ancient cities (Groger and Pliimer
2012). Photogrammetry and 3D scanning tools have also
been integral to heritage recording and 3D modelling
(Remondino 2011). This table highlights the evolution of
technological applications in heritage reconstruction,
showcasing both the advancements and existing gaps
that AI technologies can bridge. This strategic integra-
tion of Al aligns with the current technological trends,
ensuring that the study's results are innovative and
grounded in proven practices.

The introduction of Al into this domain has been iden-
tified as a significant development, offering new possi-
bilities for expediting the restoration process through
predictive modelling and conceptual design ideation.
This fusion of historical data with predictive Al capabili-
ties promises to refine and accelerate the restoration
workflow, facilitating a more efficient path for conserv-
ing cultural heritage (Rahim et al. 2021). Traditional ar-
chitectural design, grounded in the rich tapestry of cul-
tural and historical significance, emphasises the sustain-
ability and artistic excellence cultivated over centuries
(Liu et al. 2019). Such methods are pivotal in the context
of modern architectural innovation, as they provide a
sustainable framework for incorporating heritage values
into contemporary designs (Hosseini et al. 2016; Mo-
hammed and Haruna 2021). Conversely, Al-based archi-
tectural design represents a departure from conven-
tional methods by, leveraging the power of Al to foster a
more adaptable and superior architectural planning pro-
cess (Lietal. 2023). Despite its transformative potential,
this approach prompts critical ethical debates, particu-
larly concerning its influence on human creativity and
preservation of traditional design ethics (Hegazy and
Saleh 2023). Furthermore, the role of Al in architectural
education is emerging as a field of study, offering in-
sights into how contemporary pedagogical theories can
be integrated with cutting-edge technological advance-
ments (Sadek 2023).

The Al-generated images, derived from detailed tex-
tual descriptions, provide critical insights into the origi-
nal appearance of heritage sites that are significantly
damaged by conflicts and natural disasters. These im-
ages function as visual reconstructions and interpreta-
tive tools, offering perspectives on sites’ historical and
cultural contexts that are often inaccessible through tra-

ditional architectural methods alone. For instance, the
Palmyra images (Fig. 4) demonstrate Al capabilities to
maintain historical accuracy, focusing on significant ele-
ments such as the Temple of Bel, the Baalshamin Temple,
and ancient theatre. The photographs captured by Ko
Hon Chiu Vincent and provided by UNESCO (Fig. 3) es-
tablish a baseline for the reconstruction process, ensur-
ing that the Al models accurately represent the architec-
tural details. Similarly, the Al-generated images of the
Maya Sites (Figs. 6 and 7) highlight Al's role of Al in un-
derstanding the architectural layout and individual fea-
tures of ancient cities. The prompts for these images
were designed to showcase the architectural and archae-
ological precision of sites like Chichen Itza, thereby en-
hancing our knowledge and appreciation of Mayan civi-
lisation. The Pompeii reconstruction images (Fig. 9) il-
lustrate Al's utility in the restoration of specific histori-
cal sections, focusing on the accurate reconstruction of
Roman buildings. This approach contributes signifi-
cantly to the overall preservation and comprehension of
the site. The Al-driven reconstruction of the Buddha of
Bamiyan (Fig. 10) exemplifies the integration of deep
historical research with advanced Al technologies. Fig.
10(a) provides a foundational visual reference that is es-
sential for accurate digital reconstruction, whereas Figs.
10(b) and 10(c) illustrate the advanced capabilities of Al
in recreating this cultural monument with precise detail
and historical accuracy. The process of generating im-
ages using Al is rooted in extensive academic research
that draws from a variety of sources including historical
texts, scholarly articles, and journal publications. This
approach ensures that each image produced by Al is not
simply a general representation but a detailed and accu-
rate reconstruction that is steeped in a deep under-
standing of the site's historical and cultural context.
These reconstructions serve several objectives, includ-
ing bridging the gap between the past and the present,
providing educational material that enhances the un-
derstanding of the site's cultural context, and offering
visual simulations for restoration projects. The use of Al
in this way supports the preservation of a site's visual
heritage while also contributing to the ongoing develop-
ment of historical scholarship. The application of Al to
interpreting and visualising historical data represents a
significant advancement in the fields of digital architec-
ture, archaeology, and heritage conservation. This
demonstrates the potential of combining technological
innovation with traditional historical research, thereby
opening new possibilities for the preservation and
presentation of heritage sites impacted by time and hu-
man conflict.

In the initial stages of this study, we used Al tools to
generate prompts, and subsequently used these prompts
to create images. However, the initial results were not as
accurate or detailed as expected. This prompted us to
delve deeper into historical records and journal articles
to gather more precise information about heritage sites.
For example, in the case of Bamiyan Buddhas, we discov-
ered that the original statues were constructed using
mud on rock, covered with lime plaster, and often
painted with molten metal. These statues combined In-
dian, Persian, and Greek artistic styles, and some of the
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oldest Buddhist manuscripts, such as the Kharosthi
scripts, were found in the surrounding caves. The evalu-
ation metrics for Al-generated images in this study in-
volved a multifaceted approach to ensure accuracy and
alignment with historical and cultural contexts. Initially,
the images were subjected to internal validation, in
which prompt engineering played a critical role. This in-
volved refining textual prompts to enhance Al's capabil-
ity to produce images that closely resemble the intended
architectural designs and cultural nuances. The method-
ology emphasises the iterative refinement process, in
which prompts are continuously adjusted based on the
initial outputs, leading to progressively accurate visual
representations. This approach ensured that the gener-
ated images were not only realistic but also contextually
relevant, accurately reflecting the architectural intent
and historical context. The Al-generated reconstructions
of Palmyra and Pompeii were compared with historical
records and visual references, focusing on key elements
such as the Temple of Bel and specific Roman buildings.
Using this detailed historical information, we refined our
prompts to include specific keywords and contextual in-
formation. This approach significantly improves the
quality and accuracy of Al-generated images. For in-
stance, Figs. 10(b) and 10(c) of Bamiyan Buddhas exhibit

a higher degree of similarity to the original statues com-
pared to earlier attempts.

3.1. Palmyra (Syria)

Prompt:

¢ Anewly reconstructed Palmyra, where the essence of
its ancient glory is captured in a structure that stands
proud and unblemished under the clear sky. At its
heart, a grand edifice, inspired by the Temple of Bel,
showcases a symmetrical front view with a grand en-
trance. The architecture boasts complete and pristine
columns rising to support a perfectly restored entab-
lature, capped with a pediment that marries timeless
artistry with contemporary innovation. This master-
piece gleams in the sunlight, reflecting a blend of his-
torical reverence with the pinnacle of modern recon-
struction. The surrounding environment is meticu-
lously maintained, featuring a well-kept street leading
to the temple's imposing steps, inviting visitors into a
space where history and the present are seamlessly
intertwined. Capture the essence of both ancient
grandeur and modern architectural achievements,
highlighting the harmony between past and future
(Figs. 3 and 4).

Fig. 3. Photographs of the existing ruins of Palmyra, showcasing the Temple of Bel, the Baalshamin Temple,
and the ancient theatre, taken by Ko Hon Chiu Vincent and provided by UNESCO.

Fig. 4. Midjourney and DALL-E, Al-generated reconstructions of different sections of the ancient city of Palmyra.

3.2. Maya Sites (Mexico)

Prompts:

e Chichen Itza in its heyday, focusing on the Pyramid of
Kukulcan and the Great Ball Court. Show the precise ar-
chitectural and astronomical alignment of the pyramid,
the ornate carvings, and the surrounding temples and

sacred cenotes. The lush Yucatan jungle should frame
the site, highlighting the Maya's connection with their
environmental, realistic, architectural design (Fig. 5).

e A detailed 3D model description of the complete ar-
chitectural layout of Chichen Itza, focusing on the
overall arrangement of the ancient Maya city's build-
ings and structures. Describe the spatial relationships
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between the step-pyramids, temples, ball courts, ob-
servatory, and other key architectural features,
providing information on their relative sizes, orienta-
tions, and distances from one another. Emphasize the

architectural aesthetics and the visual impact of
Chichen Itza's layout, allowing for a comprehensive
representation of this ancient Maya city's architec-
tural grandeur (Fig. 6).

Fig. 5. Photographs of ancient Maya archaeological sites in Mexico, captured by Community Tours Sian Ka’an
and Ko Hon Chiu Vincent under UNESCO's recognition of these historical treasures.

Fig. 6. Midjourney Al-generated complete architectural layout of Chichen Itza of the ancient Maya city.

The intricate architectural features of Chichen Itza,
emphasizing the design and construction of the an-
cient Maya city's iconic buildings and structures.
Highlight the specific elements of architecture, such
as the step-pyramids, temples, ball courts, and ob-
servatory, and provide insights into their unique ar-

chitectural styles, ornamentation, and any notable
construction techniques or materials used. Capture
the essence of Chichen Itza's architectural marvels in
their prime, showcasing the cultural and artistic
achievements of the ancient Maya civilization (Fig.
7).

Fig. 7. Midjourney Al-generated representations of distinctive features of Chichen Itza.
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3.3. Pompeii (Italy)

Prompt:

Create a hyper-realistic image reconstructing the spe-
cific section of the ancient Roman building in Pompeii,
Italy. The reconstruction should focus only on the visible
section in the original image, maintaining the same per-

spective and architectural elements. The mosaic pat-
terns, column details, and architectural style should
match the original as closely as possible, restored to how
they might have appeared before any damage. The set-
ting remains the same with the surrounding ruins still
visible, but the specific section should appear fully re-
stored with accurate colours and details (Figs. 8 and 9).

Fig. 8. Photographs showing the ruins of Pompeii, including detailed architectural remnants and structures.
Images captured by |. Frias Velatti and Limes.Media/Tim Schnarr, as featured on the UNESCO website.

Fig. 9. Midjourney and DALL-E, Al-generated reconstructions of ancient Pompeii,
showcasing its historic architecture and interiors.

3.4. Buddhas of Bamiyan (Afghanistan)

Prompt:

Reconstruct the standing Buddha of Bamiyan, stand-
ing 180 feet tall and carved into a sandstone cliff. The
Buddha is depicted in a standing posture with intri-
cate, layered robes that showcase a blend of Hellenis-
tic and Indian artistic influences. The statue's face re-

flects a serene, meditative expression typical of Indian
Buddhist art. The materials used are traditional mud,
straw, and lime plaster, giving it an aged yet restored
look. The rugged mountainous terrain of the Bamiyan
Valley surrounds the Buddha, emphasizing its monu-
mental scale and cultural significance. Side architec-
tures include detailed carvings and Kharosthi scripts
to enhance historical accuracy (Fig. 10).

Fig. 10. Transformation of the Buddha of Bamiyan: The left image shows the original state of the statue
following its destruction, while the centre and right images represent Al-generated reconstructions.
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A comprehensive set of image quality metrics was em-
ployed to assess the quality and accuracy of Al-gener-
ated images. These metrics included the Structural Simi-
larity Index Measure (SSIM), Mean Squared Error (MSE),
Peak Signal-to-Noise Ratio (PSNR), and Mean Absolute
Error (MAE). Each of these metrics offers unique insights
into different aspects of image fidelity and similarity.

e SSIM is a perceptual metric that quantifies the image
quality by comparing the luminance, contrast, and
structure between the generated and original images.
SSIM values range from 0 to 1, with values closer to 1
indicating higher similarity. During the evaluation,
the SSIM values ranged from 0.083 to 0.125. Fig. 13
achieved the highest SSIM value of 0.125, suggesting
that it closely matches the structural characteristics of
the original image. This indicates that the Al-gener-
ated image effectively preserved the structural integ-

rity and visual information of the original heritage site.

e MSE measures the average squared difference be-
tween the pixel values of the original and generated
images. Lower MSE values indicate fewer errors and
better image quality. In our study, MSE values ranged
from approximately 7,568,117 to 12,674,829. Fig. 13
exhibited the lowest MSE value of 7,568,117, demon-
strating the smallest deviation from the original im-
age in terms of pixel intensity, thereby indicating a
high degree of similarity and reduced error.

o The Peak Signal-to-Noise Ratio (PSNR) is an engineer-
ing metric that measures the ratio of the maximum pos-
sible power of a signal to the power of corrupting noise
and is usually expressed in decibels (dB). Higher PSNR
values indicate a better image quality and less distor-
tion. In our evaluation, the PSNR values ranged from
7.101 to 9.341 dB, with Fig. 13 attaining the highest
PSNR value of 9.341 dB. This high PSNR value suggests
that Fig. 13 has minimal noise and high fidelity, closely
resembling the original image in terms of quality.

e The Mean Absolute Error (MAE) evaluates the aver-
age absolute difference between the pixel values of
the original and generated images. Lower MAE values
indicated better image quality and fewer absolute er-
rors. In our study, the MAE values ranged from ap-
proximately 135.359 to 148.749, with Fig. 12 having
the lowest MAE value of 135.359, indicating the least
average deviation from the original image. This high-

lights the accuracy of the Al-generated image in main-

taining the pixel-intensity distribution of the original

image.

To evaluate the performance of the Al-generated re-
constructions, we selected ten images of the giant Bud-
dha statue. The choice of the Buddha statue allowed us
to conduct a detailed and focused analysis utilising the
metrics described above to evaluate the quality of the
generated images. For other Al-generated images, such
as those of the Maya, Pompeii, and Palmyra sites, our ap-
proach was primarily exploratory. We tested the Al tool
to determine whether it could produce results consistent
with historical records and keywords derived from jour-
nal articles and historical sources. However, our detailed
metric evaluation specifically focused on the Buddha
statue, allowing us to thoroughly validate one heritage
site before extending the same level of evaluation to oth-
ers in future research (Figs. 11-13).

Fig. 13 consistently performed well across all metrics,
achieving the highest SSIM, lowest MSE, highest PSNR,
and relatively low MAE values. This indicates that Fig. 13
is one of the best reconstructions, offering high struc-
tural similarity, minimal error, and high overall quality
compared to the original image.

4., Limitations and Future Directions

This research highlights several limitations that im-
pact the accuracy and authenticity of Al-generated re-
constructions of heritage sites. Addressing these limita-
tions can refine current methodologies and suggest fu-
ture research directions to enhance the precision and re-
liability of digital reconstructions.

Lack of Original Visual References: One of the major ob-
stacles in rebuilding damaged cultural heritage sites is
the absence of original photographs or visual references,
which prevents direct comparison and calculation of
similarity metrics. To overcome this, evaluations rely on
historical records, descriptions, and expert opinion. Fu-
ture research should address this limitation by collabo-
rating with academics and experts, whose feedback will
be essential for validating reconstructions and ensuring
their accuracy and validity in the absence of visual data.
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Fig. 11. Comparison of Al-generated images of the Giant Buddha Statue using evaluation metrics.
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Fig. 12. First figure displaying the evaluation of Al-generated images of the Giant Buddha statue
using several comparison metrics.
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Fig. 13. Second figure displaying the evaluation of Al-generated images of the Giant Buddha statue

using several comparison metrics.
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Automated Information Extraction and Prompt Engineer-
ing: Al's role in reconstructing heritage sites involves
challenges such as the lack of comprehensive photo-
graphic records, necessitating reliance on textual de-
scriptions and expert insights. The dependence of the
current methodology on manually curated prompts from
historical documents and academic sources limits the
comprehensiveness and accuracy of Al-generated im-
ages. Future research will explore automating this pro-
cess using advanced Al to autonomously search, extract,
and summarise relevant information, aiming to generate
more detailed and precise prompts. This development
could refine theoretical understanding of Al's capabili-
ties in interpreting complex historical data and contrib-
ute to the discourse on Al's role in digital archaeology
and heritage reconstruction.

Consistency and Reproducibility in Al Outputs: Variabil-
ity in Al-generated images remains a significant chal-
lenge, complicating the process of achieving consistent
reconstructions from multiple angles. Future research
will focus on integrating advanced generative Al mod-
els, such as stable diffusion algorithms, to improve the
consistency and reproducibility of Al outputs. Enhanc-
ing these aspects will make Al reconstructions more
reliable for educational, cultural, and research pur-
poses.

Enhancement of Detail-oriented Reconstructions: The
accuracy of Al-generated images depends on detailed
input data. Current models require explicit details re-
garding dimensions, materials, and spatial configura-
tions, which are often lacking in textual descriptions. To
address this, ongoing research must improve data col-
lection methods and prompt formulation to include de-
tailed and complex architectural and archaeological
specifics. Developing Al systems capable of effectively
interpreting detailed descriptive data will refine Al's
ability to render accurate images, encouraging deeper
integration of Al models with archaeological and archi-
tectural theories.

Acknowledged Methodological Constraints: The interpre-
tative nature of Al reconstructions, based on incomplete
data and potential biases in expert interpretations, high-
lights the existing methodological constraints. Continu-
ous enhancements in Al technology and collaborative ef-
forts with domain experts are essential to ensure that
digital reconstructions closely adhere to historical accu-
racy and cultural authenticity. As Al technologies be-
come more integrated into heritage preservation, they
can inform policy decisions and strategies at both na-
tional and international levels, leading to the develop-
ment of new guidelines for ethical and effective digital
reconstruction and preservation.

This study lays the foundation for the use of Al in the
digital reconstruction of heritage sites. The limitations
and future directions outlined suggest a pathway for
methodological evolution, aiming for more nuanced, ac-
curate, and culturally respectful digital preservation
practices.

5. Conclusions

This study highlights the significant potential of arti-
ficial intelligence (AI) in the preservation of cultural her-
itage, particularly through the digital reconstruction of
sites impacted by conflicts and natural disasters. Utilis-
ing Al-generated imagery, derived from detailed textual
descriptions and historical analyses, this research has
provided new perspectives on the original appearance of
heritage sites, thereby introducing innovative methodol-
ogies for architectural conceptualisation and heritage
conservation. The evaluation process we conducted was
comprehensive and focused on assessing the Al-gener-
ated reconstructions of the Giant Buddha statue, using
key performance indicators such as the Structural Simi-
larity Index Measure (SSIM), Mean Squared Error (MSE),
Peak Signal-to-Noise Ratio (PSNR), and Mean Absolute
Error (MAE). Among the images that were tested, Fig. 13
consistently performed the best, achieving the highest
SSIM score (0.125), lowest MSE value (7,568,117), high-
est PSNR (9.341 dB), and low MAE (148.749). These met-
rics indicate that Fig. 13 closely aligns with the structural
characteristics, pixel intensity, and overall quality of the
original image, thereby making it one of the most accu-
rate Al reconstructions. By integrating Al with tradi-
tional preservation practices, this research advocates a
balanced approach to conserving cultural legacies, en-
suring that they are both preserved and revitalised for
future generations. We evaluated the performance of Al
tools in generating results that align with historical rec-
ords and keywords derived from journal articles and his-
torical sources for architectural heritages such as Maya
sites, Pompeii, and Palmyra. These findings underscore
the need to address the ethical, technical, and collabora-
tive challenges. Specifically, our analysis revealed that
the precision of Al-generated reconstructions can be lim-
ited by the quality of the input data, underscoring the
need for advanced algorithms that are capable of han-
dling incomplete data with greater accuracy. Future re-
search should focus on refining Al algorithms and ex-
panding methodological frameworks to enhance the pre-
cision, reliability, and applicability of Al technologies in
the cultural heritage field. This requires advancing the
capability of Al systems to process and interpret com-
plex and often incomplete data with greater accuracy
and detail. The application of Al to heritage conservation
presents critical interdisciplinary challenges that re-
quire collaborative approaches. Integrating the capabili-
ties of Al with the expertise of historians, archaeologists,
and architects is essential to ensure that digital recon-
structions are not only technically accurate, but also cul-
turally and historically nuanced. This collaboration is
important for developing ethical standards and frame-
works that guide the responsible application of Al, em-
phasising sustainability, and respect for the validity and
integrity of cultural heritage. Furthermore, the integra-
tion of Al into heritage conservation practices has revo-
lutionised the ways in which we interact with and under-
stand our cultural past. By enhancing the accessibility of
heritage through digital means, Al enables broader en-
gagement and educational opportunities, thus making
cultural heritage more accessible and relatable to a
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global audience. This transformative potential of Al not
only supports preservation efforts but also enriches our
collective cultural understanding. In conclusion, this re-
search contributes to the foundational work employing
Al for the digital reconstruction of heritage sites and sug-
gests a pathway for substantial methodological evolu-
tion. By progressively addressing the outlined chal-
lenges and leveraging documented improvements in re-
construction accuracy and data handling, the field can
advance towards more nuanced, accurate, and culturally
respectful digital preservation practices. The continuous
refinement of Al technologies and their integration into
heritage conservation will be pivotal in ensuring that
this new era of digital engagement with our past is
marked by both innovation and respect for historical ac-
curacy and cultural significance.
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