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Optimisation of tissue engineering (TE) processes requires models that can identify relationships between the
parameters to be optimised and predict structural and performance outcomes from both physical and chemical
processes. Design of Experiments (DoE) methods are commonly used for optimisation purposes in addition to
playing an important role in statistical quality control and systematic randomisation for experiment planning. DoE is
only used for the analysis and optimisation of quantitative data (i.e., number-based, countable or measurable),

while it lacks the suitability for imaging and high dimensional data analysis.

Artificial Intelligence Machine Learning Biomaterials Design of Experiment

| 1. Introduction

Tissue engineering (TE) involves the creation of sophisticated three-dimensional (3D) constructs (i.e., cells
incorporated within a scaffold) that aim to mediate the repair of injured or diseased tissue. TE can be defined as
the combination of the principles of biomaterials and stem cell transplantation to develop and support endogenous
tissue regeneration L. Cell transplantation plays a key role in TE and is used for therapeutic strategies to treat
various injuries, such as bone fractures and cartilage defects. New methods have been developed that include the
direct injection of cells to the affected area, reducing surgical invasiveness and its associated risks [2. Despite its
relatively short history (i.e., 40 years) [l TE has become a fertile ground for scientific discoveries in both applied
and fundamental sciences. There has been a tremendous expansion in the field since its initial goal—to address
the shortage of tissue and organ donors by creating replacement tissues, such as cartilage, blood vessels, bone,
and skin. More recently, tissue-engineered constructs have been applied as drug delivery systems, disease
modelling platforms, and high-throughput screening devices [“IBI8 Traditionally, one-at-a-time type experiments
have been widely applied in the development and optimisation of biomaterials and tissue-engineered constructs.
However, this approach is slow, expensive and cannot demonstrate the complex interactions between input
variables and associated outputs. This results in the slow and arduous development of new biomaterials and

tissue-engineered constructs, which delays their potential clinical translation.

Over the past decade, a one-at-a-time type experimental approach has been superseded by statistical
experiments, e.g., Design of Experiments (DoE), where input variables can be altered simultaneously to obtain the
maximum amount of information from a minimum number of experiments. This experimental approach involves a

series of systematic tests that aim to find the factors that have the greatest effect on response variables [Z. The
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application of these statistical approaches enables the development of models that can predict the properties of
biomaterials and tissue-engineered constructs, identify the relationships between properties and optimise their
structural and performance outcomes with a reduction in experimental iterations, saving time, and reducing the

consumption of laboratory resources and the overall cost of product development (£,

TE generates data from several characterisation techniques, including physicochemical analysis, microstructural
analysis, rheological assessment, mechanical testing, and degradation measurements (Figure 1). Although DoE
approaches are used in many studies for optimisation problems, these statistical methods may not be compatible
for processing and predicting certain types of data, such as images, video, audio and high dimensional data, where
the number of features is larger than the number of observations (Figure 1) 2. Machine learning (ML) has shown
the potential to overcome many of these existing experimental challenges, providing new methodologies for
optimisation within the field of TE. ML plays a significant role in the world today and its impact is transformational,
disrupting society and industry alike. The application of ML has shown the potential to bring about rapid process
optimisation L1 Recently, the application of ML in biomaterials and TE research has been demonstrated with
the successful use of prediction methods, artificial neural networks (ANN), convolutional neural networks (CNN),
Bayesian optimisation (BO) and robot-based rapid prototyping systems, which can be used for prediction and
optimisation in TE applications BI22I1314I15]16] F\rthermore, ML has been combined with DoE to provide further
enhancement of the optimisation process in biomaterials and TE research 7. Despite evidence highlighting the
application of ML reported in the literature, significant challenges remain, in particular relating to effectively
handling the preparation and representation of data generated from biomaterials and TE applications. The majority
of studies focus on scaffold fabrication processes, such as 3D bioprinting and freeze-drying [EJ[12I18]119]  ang
scaffold properties 22, with only a few focussing in detail on how ML can be applied and the main outcomes and
benefits that can be obtained from using ML methods [22l21l22]  Challenges relating to the implementation of ML in
TE applications, largely relate to the limitations in obtaining suitable datasets and the conversion of large datasets
into easily accessible and utilisable formats as data is frequently gathered from manual processes [BIl29, Thus, it is
crucial to collect and explore a considerable amount of data to extract the right features and make it manageable.
As a starting point, this research presents the most widely used DoE methodologies that have evolved into the
analytical foundation for more complicated approaches in TE. Following this, ML applications that have been
recently used in the biomaterials and TE fields are introduced, illustrating the advantages and drawbacks of their
use in these specific fields. Finally, the main differences between DoE and ML methodologies in biomaterials and
TE applications are highlighted, and the possibility of combining the two methods to improve the optimisation and

prediction process is explored.
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Figure 1. DoE and ML workflow to optimise the material that will be used for the TE applications.

| 2. Design of Experiments (DoE)

DoE can be defined as a mathematical approach that is used for planning and performing experiments, data
analysis, and interpretation of the conducted experiments. A DoE approach uses a controlled set of tests to model
the relationships between factors and observed responses to plan experiments and analyse data. Using this
method, researchers can make evidence-based decisions with the minimum number of experiments. Once the
effective factors have been identified, DoE methods can be employed to optimise the experimental response
variables. To determine the relationship between the factors and the response variables, the DoE variables must
be selected carefully, including their ranges and the number of experiments run. DoE can be applied in several
types of systems and processes, such as during product design and development, for statistical quality control, to
assess the systematic randomisation used for experiment planning, for results of model fitting and optimisation to
conduct systematic research of a system 23, DoE studies should be designed using as few experimental runs as
possible when constructing predictive models and making a design or technology decision because each

experimental run requires costly and time-consuming experimental analysis 241,

The typical approach of a DoE workflow for process optimisation, is illustrated in Figure 2. In general, the process
involves nine steps that can be described as follows: (1) identifying the main project problem, by asking what are
the main outcomes of the project; (2) structuring a DoE, which involves planning the experiment and outlining the
main objectives of the project; (3) determining the factors, levels, and responses to be investigated in the study,
identifying the response assumptions, and defining the methods to be used; (4) the experiment is then completed
according to the experimental plan and outputs measured; (5) using output data, mathematical models of the
studied process are produced, to meet the study objectives; (6) the built model is evaluated by using the response
data and demonstrated visually using plots; (7) the measured responses are then used to identify the significant
factors; (8) the final stages of the optimization involve conducting additional experiments to verify the model’s
optimal responses; and finally, (9) additional testing is conducted where there is missing data or where further data

analysis is required with altered ranges of factors and responses 22,
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Figure 2. DoE workflow for the process optimisation.

Generally, a DoE approach is applied in a phased way where a screening study is firstly completed. This allows the
number of factors to be reduced and the appropriate levels for each factor to be determined before the
optimisation. A range of DoE methods has been used for materials sciences and engineering applications,
including factorial experiments, Latin squares, Taguchi and response surface methodologies (RSM) [281127128] The
following section elaborates on the differences between these methods and how they have been applied to

biomaterials and TE applications.

2.1. Factorial Experiments

Factorial experiments consist of two or more factors, each with discrete possible levels. For two-level factorial
designs, the input factors are set at two levels, a ‘low’ level and a ‘high’ level, defined as ‘-1’ and ‘+1’, respectively.
Full factorial designs contain all possible combinations of low and high levels for all input factors. Therefore, if there
are k factors, a full factorial design will consist of 2K experimental runs. This type of design is useful when the
number of factors to be explored is low. When there are larger numbers of factors, the design becomes inefficient
as a large number of experimental runs are necessary e.g., for a two-level design with four factors (24), 16 runs are
required, whereas for seven factors (27), 128 runs are required. In these cases, a fractional factorial design can be
employed, whereby a fraction i.e., ¥ or Y, etc., of the runs specified in the full factorial design are carried out. For
example, a full factorial design with three factors at two levels, will result in 23 = eight experimental runs, whereas a
Y fraction design, written as 2371, requires four experimental runs. Fractional factorial designs are only appropriate
if the expected interactions between the factors are negligible in comparison to the main effects. The factorial
designs are best suited for screening experiments completed to select the main effects within an experiment.

Three-level factorial designs examine the factors at three levels, ‘low’, ‘intermediate’ and ‘high’ or '=1’, ‘0’ and ‘1’
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(291 Three-level designs enable quadratic responses to be investigated, however, these quickly become prohibitive

in terms of the number of runs required.

2.2. Latin Square

A Latin square design consists of an n x n array filled with n different symbols, resulting in a square table of n?. As
shown in Figure 3, a Latin square is a table filled with different Latin letters (A, B, C etc.), that correspond to the
treatments. The main rule for the Latin squares is that these symbols can only occur once in each row and column.
The number of experimental runs required will equal the number of treatment conditions investigated. Latin square
design cells are mainly used to remove two unwanted sources of variability within an experiment. The process
involves blocking in two directions. Hence, the rows and columns represent two limitations on randomization. Latin
squares are equivalent to specific fractional factorial designs, e.g., a 4 x 4 Latin square design is equivalent to a
431 fractional factorial design. A full explanation of the statistical representation of Latin square designs is given by

Montgomery et al. [,

4X4 5X5

A B D C A D E C B
B C A D D A B E C
C D B A C B D A E
D A C B B E C D A

E C A B D

Figure 3. Latin square of each treatment is repeated n times so that it appears once in each row.

2.3. Taguchi Designs

Taguchi designs are types of fractional factorial designs that involve a subset of combinations of multiple factors at
multiple levels. The factors are divided into two sets: (1) control factors, which are under control, and (2) noise
factors, which vary due to the experimental environment and are not controlled. The noise factors can vary during
the experimental environment even though they have no direct control 29, Taguchi designs involve the optimisation
of a process that has several control factors which directly affect the output target or desired value. These variables
can be classified into inputs (M), noise factors (Z), design parameters (X) and outputs (Y), as illustrated in the P-
diagram in Figure 4 B, The Taguchi design employed will depend on the objectives of the experiment, e.g., two-
level Taguchi designs can be used for screening, and other methods can be used for a more detailed investigation

of a process [22],
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Figure 4. P-diagram. A P-diagram is used to classify the variables associated with the product into input energy,
signal or user intent (M), noise factors (Z), design parameters (X) and output/key product characteristics, functions,

performance, etc. (Y).

2.4. Response Surface Methodology (RSM)

RSM is a collection of statistical and mathematical methods that can be applied in modelling and analysing
problems where several input variables affect the response of interest, and the main objective is to optimise this
response . The usual representation of the response surface is illustrated in Figure 5. The following example
represents two factors—the composition of tannic acid and collagen concentration that influence the printing
pressure (response). The relationship between the pressure and these two factors represents the response

surface.
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Figure 5. 3D response surface example to optimise the 3D bioprinting pressure.

The two main groups of RSM designs are (1) central composite designs (CCDs) and (2) Box—Behnken designs
(BBDs). Both designs provide an understanding of the behaviour of a system (i.e., reveal the connection between
factors and responses) and enable its optimisation. CCDs are usually applied after a process of screening has
narrowed down the important factors. It contains central and axial points in addition to cube points, which allow the
estimation of higher-order effects, based on a curvature of the response 23] BBDs have fewer experimental runs
than CCDs and do not have points at the vertices of the cube (i.e., low and high points). As a result the prediction
quality of BBDs, the quality is lower than the standard CCDs, however, they offer advantages for physical
experimentation because extreme points are time-consuming and costly to investigate 381 RSM is primarily aimed
at optimising a system and can also be used to assess interactions and higher-order terms (e.g., quadratic or
cubic), which is not feasible with other experimental design methods. The choice of the DoE methodological
approach depends on the problem that needs to be investigated and the main experimental objectives 24, The
data points required for each DoE method, are summarised in Figure 6. Table 1 summarises different DoE

techniques in terms of their methodology and the benefits for each method.
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.
Full Factorial Fractional Taguchi design
Factorial
/ <z
Central Box-Behnken Designs
Composite
Designs (CCD)
Required Experiment Data points

Full Factorial Design 27
Fractional Factorial Design 5 (82%-time reduction)
Taguchi Design 16 (41%-time reduction)
Central Composite Design 15 (44%-time reduction)
Box Behnken Design 13 (52%- time reduction)

Figure 6. Number of experimental runs required for each design for 3 factors investigated at 3 levels.

2.5. Statistical Tools

In addition to selecting representative runs that successfully sample the domain of research, dedicated procedures
for post-processing the experimental results need to be used. These methods yield both qualitative and
guantitative data relating to the impact of the many independent variables on the dependent variables. The
analysis of variance (ANOVA) method is a mathematical and statistical process for determining whether there are
differences between the means of groups within a sample and whether these differences are random or can be
related to a particular cause. In DoE, the sample represents a set of experiments completed in accordance with a
predetermined plan while groups within a sample are a collection of data connected to a specific factor, level or
response. ANOVA breaks down the total variance and allocates it to all the distinct causes by comparing the group
means of a sample. As a result, it may be used to quantify the effect of factors and responses on the independent
variables 22,

Table 1. Overview of the Design of Experiments (DoE) techniques.
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Techniques Overview Methodology Benefits Ref
Useful for
All factors are assessed as all determining the
possible combinations of ‘high’ . main effects in
. . ) Usually involve two or .
Factorial and ‘low’ levels. Fractional screening 129]
. . . more factors assessed at . )
designs factorial designs can be used to iwo levels experiments;
reduce the number of ' Straight-forward to
experimental runs. design;
Robust.
High control of the
variation from the
Ideally used for experiments in Number of experimental different
Latin square which it is possible to test conditions is required to experimental runs (24]
q subjects individually under every equal the number of and labels [26]
treatment. different labels Better efficiency
compared to other
techniques.
Identifies the right
L input;
. Determination of the best . X .
Taguchi S . Determines parameter High-quality (29]
. combination of inputs to produce ) 137]
designs a desian or a product levels. product;
9 P ' Robust design
perspective.
Represents
relationship
between the
responses and
control factors;
: L Allows response
An offline optimisation method, RSM merges P
. . . X values to be
which usually involves studying mathematical and . .
Response . . . predicted using a
two factors. However, this statistical methods with 137]
Surface . : . range of control
technique can be used to study experimental designs, to ] 38]
Methodology factors;
three or more factors. The develop models that relate . .
(RSM) Provides optimum

method is usually employed in
optimisation experiments.

to the response and
control factors.

2.6. Comparison of the DoE Techniques

values for control
variables;

Uses statistical
testing to
determine a
significant control
variable.

The DoE techniques described have various advantages and disadvantages and the choice of design will depend
on the objectives of the experiment and the number of factors that need to be investigated. Two-level factorial
experiments are best suited for the investigation of main effects or as screening designs. Latin square and Taguchi

designs are also best suited for screening experiments. Taguchi designs are often utilised for very large screening
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experiments. Three-level factorial designs and RSM techniques are more suited for studying interactions between
factors, for process optimisation, troubleshooting process problems and the assessment of the overall robustness
of a process. Generally, it is recommended to complete a screening design to determine the main effects before
optimisation to reduce the numbers of factors required and to ensure the suitability of the levels selected for each
factor. In the selection of the most suitable RSM technique, it is useful to consider the number of experimental runs
required for each design. Considering an experimental design, consisting of three factors at three levels, a full
factorial design will require 27 experimental runs, a BBD will require 13 experimental runs and a CCD will require
15 experimental runs. Although the CCD approach requires a greater number of experimental runs, it has
advantages in that it can include up to five levels per factor and they allow for the inclusion of runs where all factors

are at their extreme settings, e.g., all at the high settings.

2.7. Application of DoE Methods in Biomaterials and TE Research

There have been many studies applying DoE methods in biomaterials and TE research which include the
optimisation scaffold fabrication methods [B4391[401[411[42][43] * hydrogels 4], bioactive extraction methods 13,
electrospun materials 481, 3D bioprinting. In particular, 3D bioprinting 44, an emerging tissue-engineered construct
fabrication technique in TE, has been the focus of a number of studies 2842501 Thjs fabrication technique involves
the layer-by-layer deposition of bioinks to produce complex structures designed to generate functional tissue or
organs BHB2G3IB4 The process can be divided into three steps: (1) pre-printing, which includes the bioink
formulation and pre-processing, (2) printing, where the in-situ printing parameters need to be optimised and
corrected, and (3) post-printing, involving the optimisation of the culture conditions to achieve a functional

tissue/organ.

DoE has been employed to explore the influence of the bioink properties, printing parameters and scaffold design
on the properties of the resultant construct “8l4350] For instance, Trachtenberg et al. applied a full-factorial design
to investigate the influence of poly (propylene fumarate) (PPF) concentration, printing pressure, printing speed and
fibre spacing on the bioink viscosity, fibre diameter and pore size of 3D printed scaffolds B%. The study generated
linear models relating the PPF concentration to the shear-thinning behaviour of the bioink, and fibre-spacing and
the pressure to the pore size and fibre diameter. Overall, the work provided statistical models with the potential for
evaluating the 3D printing compatibility of novel biomaterials and for optimizing the extrusion of these materials for

fabricating 3D scaffolds with predictable architectures.

Bhargav et al. optimised the surface morphology and structure of 3D printed scaffolds using a Taguchi design 48],
This study optimised the scaffold surface morphology by altering the following morphological parameters: (1) pore
size, (2) fibre diameter, (3) fibre orientation and (4) the number of layers 8. A Taguchi design was used to
understand the relationship between these input parameters and their effect on the mechanical and morphological
properties of the resultant construct. These structural parameters play a key role in cell attachment to the construct.
The construct was designed as a square mesh. The adoption of a Taguchi design reduced the number of

experiments required by evaluating each parameter, using an orthogonal array, where four factors (i.e., pore size,
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fibre diameter, fibre orientation and number of layers) were evaluated at three levels. The results showed the effect

of the four factors on the mechanical properties of the construct 48],

RSM has also been applied for the optimisation of tissue-engineered constructs. Shizard et al. investigated the
relationship between the architecture and mechanical performance of the constructs fabricated using 3D printing,
using the RSM technique “2. The study showed the influence of the pore size, architecture and porosity, on the
mechanical properties of both uniform and gradient constructs designed for the TE applications relating to hard
tissue repair. Specifically, the study aimed to simultaneously optimise the physical, mechanical and biological
properties of the construct using the CCD method. The study investigated two factors, based on the geometric
parameters of the scaffold, i.e., (1) strut length and (2) strut radius. The porosity and Young’'s modulus of the
construct was determined using the experimental methods and finite element analysis (FEA) modelling. FEA is a
widely used computational approach for the analysis of stress distribution within complex geometries and the
optimisation of the mechanical properties of a designed element 53, The use of simulation models, such as the
FEA, can be expensive and time-consuming, and requires expensive software and significant processing power,
therefore, their utility is limited. Applying DoE methods to simulations allows for the creation of surrogate models
that have a sufficient predictive performance and can be utilised to explore the broad domains in a quick and

straightforward manner B8I57],

BBD has also been applied for the investigation of other TE fabrication techniques. A recent study by Dehghan et
al. demonstrated the use of a BBD to determine the mathematical relationship between the input factors and the
responses to optimise the constructs fabricated using the electrospinning technique 28, The study demonstrated
the effect of wvarying the concentration of the three different constituents within a
polycaprolactone/gelatine/polydimethylsiloxane (PCL/GEL/PDMS) composite biomaterial with respect to the
strength, elongation, biodegradability and toxicity of the resultant electrospun constructs. The study assessed PCL
and GEL within the range of 0-100 wt.% and PDMS in the range of 1-30 wt.%. The results from the RSM
described the optimal polymer ratio to achieve the optimal mechanical properties, biodegradability and
biocompatibility. The study also determined the relationship between the responses, e.g., it showed that the

elongation under the mechanical loading and the biocompatibility demonstrated a quadratic relationship 281,

Overall, these studies demonstrate the successful use of Taguchi designs and CCD for tissue-engineered construct
design and BBD for biomaterial optimisation. While a direct comparison of the DoE methodologies has not been
completed in the context of biomaterials and TE development, Jankovic et al. compared different DoE methods
applied to the thermal behaviour of a double skin facade to determine the approach that enabled the best
characterisation of the process with the fewest experimental runs 4. This study demonstrated that the RSM CCD
showed the best performance, however, the most efficient design that best balanced the number of experimental
runs and accuracy was a Taguchi L18 array 2L + 3L x 2F. They report that the extent of the nonlinearity in the
process influences the optimal design. If the higher-order terms are significant, some of the RSM designs are
advisable. Whereas, if only the main effects and interactions influence the response quantity, then a Taguchi design
of a lower resolution is sufficient. Jankovic et al. also highlighted that during the selection of the optimal design, the

physical limitations of the experiment, such as time and material resources and the ability to perform experiments
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under extreme conditions must be carefully considered and the selected design should secure a comprehensive

picture of interactions, using as few resources as possible during the physical experiment. Large data sets and

certain types of data cause significant challenges for the DoE methodologies. Correlational or ML methods are

better suited for the analysis of big data sets [24],
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