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Abstract

Polycaprolactone (PCL)-based scaffolds have great potential in various tissue engineering applications because of their
biodegradability, high mechanical strength, and easy fabrication using different 3D printing methods. However, previous
research has only focused on developing and examining each PCL-based scaffold printing method’s merits and limitations
separately. Thus, the lack of a systematic comparison of the various methods to recommend the most appropriate one for
each application remains. This paper provides an overview of different PCL-based scaffold printing methods. Four typical
3D printing methods for fabricating PCL-based scaffolds and five important evaluation criteria including quality, usage,
productivity, cost, and flexibility are identified. The integrated fuzzy-analytical hierarchy process (i-FAHP) and sensitivity
analysis are proposed as multi-criteria decision-making methods for selecting the most appropriate scaffold printing method
(SPM) under constrained construction and material types. Customized software based on a flexible fuzzy-AHP expert system
is built to support decision-makers in determining the optimal SPM quickly and effectively. The result shows that the melt-
based extrusion method is optimal for different scaffold types. This study’s findings will be useful for developing biomaterial
and multi-head 3D bioprinters for customized and commercial tissue engineering applications.

Keywords Fuzzy-AHP - 3D printing - Scaffold fabrication - Tissue engineering - PCL-based material

1 Introduction

Additive manufacturing (AM) refers to the technologies that
build 3D objects by adding material layer-by-layer. Common
approaches to AM include photochemical transformation
(stereolithography — SLA), thermal transformation (fused
deposition modeling — FDM), binding by heat treatment
(selective laser sintering — SLS), and binding/adhesion
(three-dimensional printing — 3DP) [1]. Currently, AM
is widely accepted in various sectors as a prototyping tool
and direct process to construct end-user products. Besides

P4 Lan Xuan Phung
lan.phungxuan @hust.edu.vn

P4 Trung Kien Nguyen

trung.nguyenkien @hust.edu.vn

School of Mechanical Engineering, Hanoi University
of Science and Technology, Hanoi 100000, Vietnam

College of Engineering and Computer Science,
VinUniversity, Hanoi 100000, Vietnam

School of Engineering, RMIT University, Melbourne,
Australia

various well-known applications in engineering, industrial
design, medical research, and education, additive manufac-
turing has assumed an important role in the future of health-
care, such as bioimplants, drug delivery, and tissue engi-
neering [2, 3]. Tissue engineering involves scaffolds, cells,
biomaterials, and bioactive factors to obtain functional and
autologous tissues. A scaffold is a physical space for new
tissue development, providing mechanical support, nutri-
ents, and waste transportation. Additive manufacturing has
a significant advantage for scaffold fabrication because of
its geometric controllability. Such geometry factors include
scaffold shape, line width, pore size, porosity, and intercon-
nectivity which are important in imitating a tissue’s mor-
phology, biocompatibility, and mechanical properties [4].
PCL is an approved FDA polymer and the most common
thermoplastic material for scaffold fabrication due to its high
mechanical strength and good biodegradation characteristics
among the synthesis polymers used in tissue engineering. By
adjusting its molecular weight or combining it with other
biomaterials to control its biodegradation time and biocom-
patibility, PCL can be used in various applications from hard
to soft tissue engineering. PCL can also be used in separated
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printhead without cells for scaffold fabrication in multi-head
bioprinting systems [35, 6].

Previous studies have introduced different additive man-
ufacturing methods for fabricating PCL-based scaffolds.
Because PCL is a thermoplastic material, conventional FDM
(c-FDM) using filament is the most well-known, simple, and
low-cost additive manufacturing technique for scaffold fab-
rication [7, 8]. In addition, other printing methods based
on thermal transformation processes, such as screw-based
extrusion (s-FDM) or melt-based deposition (m-FDM)
using pellets or powders, have been preferably used for
scaffold fabrication [9, 10]. Unlike the thermal transforma-
tion approaches, the solution extrusion technique shows the
potential fabrication process for scaffold made of various
biomaterials, such as hydrogel, thermoplastics, and com-
bined biomaterials with desired geometric characteristics.
The solvent-based dispenser (SBD) method uses solvents
such as dichloromethane and chloroform, to dissolve ther-
moplastic polymer to make a solution before depositing it
through a nozzle at room temperature [11, 12]. As there
are several different scaffold printing methods (SPMs)
with unique characteristics, it is required to determine the
optimal method for specific purposes in tissue engineering
applications.

Several experimental studies have compared the character-
istics of scaffolds fabricated by several techniques. Patricio
et al. compared two types of blend preparation, including
melt blending and solvent casting, by evaluating the scaf-
fold’s geometry, thermal, chemical, mechanical, and bio-
logical properties [13]. The results showed that the solvent
casting material preparation yielded better mechanical and
biological characteristics than blended material prepared by
melt blending. The scaffolds fabricated by the m-FDM and
SBD methods are evaluated in terms of geometric charac-
teristics, mechanical properties, degradation, and bioactivity
[14]. The results indicated the potential of the SBD print-
ing method in bioprinting applications. Zimmerling et al.
discovered that the mechanical properties and accuracy of
fabrication scaffold using m-FDM is higher than those with
SBD [15]. While most studies have focused on the char-
acteristics of the printed scaffolds using different printing
methods, Andrea et al. presented an experimental protocol
and a comparison among common SPMs including c-FDM,
s-FDM, and m-FDM on several evaluation factors related
to the printing process, such as thermal degradation, usage,
material compatibility, material wastage, and working tem-
perature [16]. c-FDM in comparison with s-FDM provides
higher accuracy for fabrication scaffolds while s-FDM and
m-FDM are more versatile than c-FDM in the ability to
directly combine with other additives. m-FDM is more dif-
ficult to control the flow rate than others [16, 17].

Besides product quality and material characteristics,
different aspects should be considered for various scaffold
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printing methods, such as productivity and process economy.
These characteristics are commonly referred to in the evalu-
ation of 3D printing methods or 3D printers [18-20]. 3D
printing methods applied in tissue engineering also have
typical requirements related to biocompatibility. These char-
acteristics are sterilization, post-processing, toxicity, and
bioprinting integration ability. However, most of the evalu-
ation systems for SPMs do not fully achieve these charac-
teristics. With various SPMs and different impacted factors,
the selection of the most suitable method among all SPMs is
time-consuming, and thus, it has become a challenging task
for decision-makers in research and industry application.

Over the past three decades, the multi-criteria decision-
making method (MCDM) has been widely used to solve dif-
ferent decision-making problems through alternative evalua-
tions based on multi-criteria. In the mechanical engineering
field, MCDM has been successfully applied in selecting
optimal manufacturing process, 3D printing method, and
machine tool [21-24]. Among all MCDM methods, the
analytical hierarchy process (AHP) has been one of the
most popular techniques for evaluating multiple attributes
to select the optimal alternative. In this method, based on
a pair-wise comparison between the alternatives and crite-
ria from multiple expert judgments, the AHP method com-
bines separate evaluations to obtain an overall priority rank
of the alternatives considering multiple criteria. Recently,
the AHP method has been applied to the additive manufac-
turing process or 3D printer selection [20, 22]. However,
decision-makers find it difficult to choose the exact numeri-
cal values for pair-wise comparison judgments in the AHP
model. Thus, the fuzzy-AHP method has been developed
to overcome the limitations of the AHP method. In this
method, the concepts of fuzzy set theory have been applied
to change fixed value judgment into interval judgment. This
method has been widely used in the additive manufacturing
process and bioprinter selection [23, 25]. The conventional
fuzzy-AHP method is typically applied to obtain the priority
of alternatives for a specific condition. However, the con-
ventional model is inappropriate for complex and flexible
problems with different initial conditions.

This paper presents an i-FAHP model that combines the
selection and evaluation criteria in a unique model to solve
problems under various initial conditions. Firstly, critical
factors are discovered after reviewing the existing literature
and referring to experts. The characteristics of alternatives
are investigated in detail by practical experience and a thor-
ough literature review. Then, the hierarchy structure of the
SPM model, including two selection criteria, five evaluation
criteria and four alternatives is constructed. The pair-wise
comparison matrices for criteria, sub-criteria, or alternatives
are created and checked for the consistency of judgments.
The overall priority of SPMs is generated for decision-
makers with the help of a developed computer program. A
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sensitivity analysis is executed to determine the effectiveness
and stability of the overall performance. While most stud-
ies have not systematically and comprehensively performed
multi-criteria evaluations of SPMs for thermoplastic mate-
rial in general, and PCL-based materials in particular, the
system of i-FAHP corresponding with each specific applica-
tion can provide flexible solutions and multi-criteria SPM
selection for practical tissue engineering applications.

2 Literature review
2.1 Scaffold types

Three terminologies are used to describe the different con-
structions of scaffolds: general scaffold (GS), hybrid scaffold
(HS), and hybrid constructs (HCs) [26]. Early development
of PCL-based scaffold for tissue engineering, GS has been
fabricated using 3D printers with a single printhead [8, 9,
27]. HS refers to those structures printed with multiple print-
heads without cells [28-31]. HC is constructed similarly to
HS but has at least one printhead containing cells [26, 32].
For each printhead, the material can be pure PCL material,
referred to as a single material (SM) in three forms: fila-
ment, pellet, or powder [27, 33, 34]. Other materials can be
combined with PCL in one printhead using two methods:
(a) making blended material (BM) by thermal treatment or
solvent dissolution to form a unique and homogenous fila-
ment or pellet before feeding it into the printing system [9,
35]; (b) mixing at room temperature and directly supplying
to the fabricating system, referred to as a mixture of materi-
als or mixed material (MM) [36, 37]. Figure 1 summarizes
the common scaffold types based on different construction
and material types.

2.2 PCL based-scaffold printing methods

The four most popular methods used to produce scaffolds
for tissue engineering are briefly reviewed from the existing
literature and are reported as follows:

(a) Conventional fused deposition modeling (c-FDM)

The c-FDM technique is one of the well-known 3D
printing methods, which involves the melt extrusion
of material in a filament form through a heated nozzle
(Fig. 2a). The main advantages of the c-FDM technique
are simple system design and operation, continuous
material supply, less melted material, and improvement
in control and accuracy [16]. Commercial or open-
source 3D FDM printers can be used to construct GS
using PCL filament [8, 38]. However, the lack of com-
mercial PCL-based material in SM and BM filament
form is the main disadvantage of the c-FDM method.
To apply the c-FDM method for PCL-based materi-
als, several studies have made their own filaments from
commercial PCL pellets or powder from pure PCL pel-
lets [39] or blended material such as PCL/TCP or PCL/
HA/PLA [35, 38].

(b) Screw-based extrusion (s-FDM)

The s-FDM method shown in Fig. 2b is developed
with the primary material in the most common form
as pellet or powder [40] to overcome the limitations
of the c-FDM method. The melted material proceeds
only in the region near the nozzle or in the whole bar-
rel, depending on the barrel design [41]. The material
flow is transferred to the nozzle by a screw’s feeding,
making the system complicated and difficult to take
apart for cleaning. However, the system can directly
use an original material form from suppliers without
filament preparation. By directly adding other fillers
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Fig. 1 Common scaffold types for tissue engineering applications
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Fig.2 Schematic of common scaffold fabrication methods for thermoplastic materials

into PCL powder, it can be easy to construct scaffolds
from a mixture of materials such as PCL/TCP or PCL/
HA [9, 36]. Most studies in the literature review have
used c-FDM and s-FDM to fabricate scaffolds in GS
type.

(c) Melt-based extrusion (m-FDM)

The m-FDM method creates the material flow under
pressure through the nozzle without using a screw-
in barrel as demonstrated in Fig. 2c. Material can be
melted directly in the barrel [42, 43] or heated before
being fed into the barrel [28, 32, 44]. In the m-FDM
system, the whole barrel is heated during the printing
process, which can cause a thermal effect under pro-
longed heat exposure. A motor or air pressure can be
employed to transfer the melted material into the noz-
zle; however, air pressure is mostly used. The m-FDM
technique is commonly combined with other types of
printheads to make HS and HC constructions. The
m-FDM method is suitable for all material combination
types, including SM, BM, or MM [6, 13, 45]. Mate-
rial flexibility is the main advantage of this technique;
however, flow rate control using air pressure is poor
compared to the previous two techniques, resulting in
lower product quality [16]. The cost of compressed air
systems and control valves increases equipment invest-
ment. The three above methods all require high work-
ing temperatures depending on the melting point of
the material mixture, which contributed to their main
limitation in the fabrication of scaffolds.

(d) Solvent-based dispenser (SBD)

An SBD produces a slurry or solution by dissolv-
ing thermoplastic material in a specific solvent, such as
chloroform or dichloromethane, that is toxic for users in
preparing the solution and can cause significant dam-
age to cells. The working temperature is room tempera-
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ture, which is the main advantage of this technique. The
solution is deposited on the platform using air pressure.
The literature review shows that the SBD technique has
been used to fabricate all construction types with MM
material [29, 37, 46]. Although the technique is easy
to use and clean, post-processing is necessary to com-
pletely remove the solvent from the scaffold to prevent
cytotoxicity [47]. Thus, the technique shows significant
limitations with HC type. Shrinkage or swelling after
removing the solvent is also a disadvantage of the SBD
method [15].

In general, each SPM has specific merits and limitations
and is sufficient for specific purposes. It is necessary to
develop a systematic and objective approach for compar-
ing various SPMs to derive the most suitable method for
decision-makers corresponding to specific purposes. Table 1
summarizes the literature review of the four SPMs for vari-
ous scaffold types. The literature review also helps to iden-
tify various significant factors for tissue engineering appli-
cations. The factors include printed scaffold accuracy such
as the size and tolerance of the printed line width or pore,
printing speed closely related to the printing time, working
temperature, material compatibility, and an in vivo/in vitro
study.

It also shows that m-FDM and SBD are common methods
for HS. While m-FDM has been mostly used for HC, the
c-FDM and s-FDM methods have been chosen for GS. How-
ever, such a common fact may have been due to the availabil-
ity of SPMs in particular laboratories. Moreover, there was
no specific assessment to compare and choose the appropri-
ate solution. This research work will provide a systematic
and multi-criteria evaluation method that allows decision-
makers to select the proper SPM for their key research pur-
pose. Based on the literature review, two selection criteria
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have been proposed in this research work: construction type
(CT) and material type (MT). While CT consists of three
selection criteria: GS, HS, and HC, MT is a combination of
materials that includes three material selections: SM, BM,
and MM. Four approved alternatives are considered in this
research work named c-FDM, s-FDM, m-FDM, and SBD.

3 Criteria descriptions

SPMs need to meet the common criteria of conventional
3D printing technology and be sufficient for specific goals,
such as flexibility of methods, materials, and strict sterili-
zation usage conditions in producing biological products.
The following literature review is related to the criteria for
evaluating the 3D printing methods, in particular the features
of scaffold fabrication.

3.1 Product quality

Among the five criteria, product quality has assumed the
most important role in selecting the printing method in pre-
vious studies [20, 57-59]. Briefly, product quality is related
to the quality of the complete product produced by a 3D
printing method, where accuracy and surface roughness are
the most important factors [16, 59, 60]. Based on the litera-
ture review shown in Table 1, the average printing accuracy
and printing speed of the different SPMs are calculated and
presented in Table 2. The proposed printing accuracy (6p4)
is derived from the printing ratio (6p%) and the printing error
(6pp)- Opg 1s determined from the difference between the line
width of the design model and the printed model while 6p; is
related to the standard deviation of the printed line width or
pore size. 6,4 can be calculated according to Eq. (1).

|Lo—Lp| 4+ 2D
_Oprtbpg Ly Lp (1)
PA = 2 = 2 ;

where: L, is the line width of the design model; L, is the
line width of the printed model; SD is the standard deviation
of the printed line. It can be observed in Table 2 that the
c-FDM printing method obtained the printing model with
the highest 6,, and the SBD printing method had the lowest
6py- This outcome was mainly due to shrinkage after sol-
vent removal during the post-processing stage. Andrea et al.
showed that the printing temperature significantly affected
flow rate, solidification, and geometric accuracy [16]. Mate-
rial subjected to long exposure to high temperatures in the
barrel would thermally degrade over time, affecting printed
scaffolds’ quality. A comparison of thermal degradation
among the three SPMs based on the FDM technique was
established in his research work. Thus, the thermal effect
is considered an evaluation factor in selecting the optimal

printing method for this research work. Among all meth-
ods, only the SBD method can construct scaffolds at room
temperature, which results in the lowest thermal effect on
printed products.

Moreover, surface roughness is one of the criteria in a 3D
printing method or 3D printer evaluation [18, 20, 57, 58].
In addition, the surface roughness or surface topography is
investigated as it has a significant effect on cell adhesion and
proliferation in a positive way [61-63]. Patricio et al. found
that PCL/PLA scaffolds fabricated by the SBD method had
higher surface roughness and better cell adhesion than the
m-FDM method for the same processing conditions and geo-
metric evaluation [64]. They suggested that the main reason
for this outcome was that the removal of the solvent in the
post-processing caused the surface roughness in micro or
submicron scales producing a positive effect on cell adhe-
sion behavior. The surface topography is considered a sub-
criterion of the product quality criteria in this research work.

3.2 Usages

The usage and handling issues relating to the effective use
of 3D printers include sterilization of printheads before
and after printing, supplying material during printing, the
requirement for post-processing, and toxicity for users or
cells during fabrication [16]. From practical experience and
experts’ suggestions, sterilization much affects cell behavior.
Therefore, all equipment that comes into direct contact with
a printed sample should be disinfected before the printing
process. This process is a crucial step that affects the purity
of printed scaffolds. The same process is also applied after
printing process is completed. Therefore, an SPM that can
explicitly perform disinfection tasks has a higher priority. In
addition, the ability to simply supply and replace materials
during the printing process should be favorable for the 3D
printers to fabricate the scaffold at actual size. Post-process-
ing describes the process of the SPM required after printing,
for example, the removal of solvents from the printed sam-
ple. Users and cells also need to be protected from harmful
chemicals during the printing process. However, solvents
such as chloroform or dichloromethane show a harmful
effect on cells [65]. Thus, these solvents are required to be
completely removed from the printed sample to avoid cyto-
toxicity. The post-processing might take several hours to
remove the solvent in the scaffold before further treatment
and testing [34, 55].

3.3 Productivity
Productivity is also important in all printing or machining
processes. Productivity refers to process performance meas-

urement such as production time, setup time, or large volume
production capability [20, 66]. It is one of the major criteria
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Table 2 Th(zlavefra;ge p rintigg No  Printing method  Average Average printing  Average printing Average
accuracy and printing spee rinting ratio recision (§ accuracy (9, rinting speed
of different SPMs from the ?51 )l g ratl precision (5py) uracy (5p,) ?mlm/ls)g P
literature review PR

1 c-FDM 8.3% 8.7% 8.5% 243

2 s-FDM 9.4% 8.9% 9.1% 13.0

3 m-FDM 19.6% 11.6% 15.6% 4.0

4 SBD 21.8% 20.0% 20.9% 21.5

in practical applications for printing scaffolds at actual tis-
sue size. Especially in bioprinting integration, reduction in
printing time for hybrid construction is necessary to prevent
cell damage because of living outside culture media. Table 2
also shows the average printing speed for different SPMs
obtained from the literature review in Table 1. It can be seen
that the c-FDM and SBD methods indicate the highest print-
ing speeds compared with other methods. Besides printing
time, the setup time, which includes the total time for heat-
ing and mixing materials or preparing the printhead, is also
considered. Large size or high volume production is one of
the evaluation criteria in conventional 3D printer selection
[66, 67]. It is presented as the ability to continuously supply
printing material to print large sizes or high volumes of tis-
sues, hence, it is also an significant factor in practical tissue
engineering applications.

3.4 Process economy

Process economy which is mentioned in most decision-
making methods for 3D printing or machining process
selection is the economic evaluation of printer and printing
methods [20, 68]. The costs for materials, operations, and
equipment should be all considered in this criterion. The
material cost depends on the price of materials (commer-
cial or customized material) used for each method. Table 3
shows the common PCL materials used for the SPMs in the
literature review. PCL pellets are the most common type of
material from commercial suppliers. PCL filament is not
available from well-known manufacturers, including Sigma-
Aldrich, Perstorp, and Polysciences. Pure or blended PCL
filaments are customized material made by researchers at
laboratories from commercial PCL powder or pellets [26,
39]. Thus, the c-FDM method with PCL filament as an input
material type suffer a low priority in material compatibility.

Energy consumption costs (heat, compressed air, pump,
etc.) or depreciation with different SPMs are also assessed as
an operational investment. The FDM-based methods suffer
energy losses due to printing with thermal energy while with
compressed air methods, such as m-FDM or SBD, piping
losses since using pneumatic operating equipment. In addi-
tion, the equipment investment refers to all equipment costs
for the printhead only, not related to the printing table’s drive
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mechanisms, is considered. The methods based on c-FDM
and most of the s-FDM methods use stepper or servo motors
for transferring material into the nozzle. Thus, the mecha-
nism structures are simple and cost-effective. In contrast,
the two other methods use compressed air to create pres-
sure for material feeding. Therefore, additional equipment is
required, such as a compressor, pressure regulator, a pipeline
system, and specialized valves to stabilize the accuracy of
closing and opening status of the material flow. Thus, the
material feeding mechanism is more complex and expen-
sive. However, the equipment costs for pneumatic systems
can be shared with other pneumatic printheads to produce
cost-reduction.

3.5 Flexibility

Flexibility is the ability to modify according to different
situation, such as material combined with other materials
or used in different forms [23]. Engineering tissues are
made for different tissue types such as bone, cartilage,
and skin. Thus, SPMs need to be compatible or rapidly
convertible to use various materials. The variety and avail-
ability of raw materials for the SPMs are also an evaluated
criterion. Only c-FDM has low material flexibility and few
commercial material supply; the three other methods has
various PCL-based material type choices. In addition, the
ability of printhead in converting functions or combin-
ing with other printheads to expand the application scope
of the method for bioprinting is also considered within
the criterion of flexibility. Based on the literature review
and practice, five evaluation criteria named product qual-
ity (PQ), usage issues (UI), productivity (PO), process
economy (PE), and flexibility (FE) are proposed for SPM
evaluation and selection, as shown in Table 4.

A group of experts from academia and hospital assessed
the criteria and alternatives based on their experience and
requirements. The respondents’ identities are kept confi-
dential upon request, and the survey results are used only
to a limited extent in this study. A brief introduction and
the requirements from the experts are described as follows:

User 1 — A specialist who works in a hospital’s regen-
erative medicine center with many years of experience
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Table3 List of commercial PCL materials used in the literature
review in Table 1

No Name Branch Type Code Publication
quantity

1 PCL-45,000 Sigma Pellet 704105- 6
500G

2 PCL-80,000 Sigma Pellet 440744- 5
500G

3 PCL-50,000 Polysciences Pellet 26289— 0
500

4 PCL-50,000 Polysciences Powder 26090— 2
500

5 PCL-80,000 Polysciences Pellet 26290- 1
500

6  PCL-50,000 Perstorp Pellet CAPA 6
6500

7  PCL-80,000 Perstorp Pellet CAPA 2
6800

8  PCL-80,000 Perstorp Powder CAPATM 0
6506

9  PCL 50,000 3D4Makers Fila- FPCL1- 2

ment  0000-

175-
750-
3D4M

10 PCL None spe- Pellet - 3

cific
11 PCL None spe- Fila- - 1
cific ment

in research and work related to tissue engineering. PQ,
UI, and PO are important criteria to accomplish this
user’s objectives.

User 2 — An academician working on different life sci-
ence research fields, especially cell biology, molecular
biology, and tissue engineering. The printing methods
for this user require PQ, UI, and FE.

User 3 — An academician with much experience in
using and constructing different 3D printers, scaffold
fabrication, and tissue engineering research. The cri-
teria most interesting to this user are PQ, UI, and PE.

Each user has different purposes for fabricating scaffold
types and different requirements or criteria for 3D printing
methods. Moreover, each scaffold type is compatible with
several different SPMs due to the characteristics of each
SPM. Thus, evaluating the priority of the SPMs for a spe-
cific scaffold type, including construction type or specific
material type, is highly applicable. The evaluations are
based on specific initial conditions to select the most suit-
able SPM for different applications using a multi-criteria
assessment. It also makes sense to produce the commercial
material in various types of 3D bio-printer construction for
the tissue engineering field to achieve the multi-criteria

purpose. An i-FAHP expert system integrating both selec-
tion criteria and evaluation criteria for selecting the most
appropriate SPM is presented in this work. The system is
designed with a user-friendly interface that allows users to
utilize default assessment data collected from experts or to
modify evaluation data to meet the specific requirements.

4 The i-FAHP approach
for the multi-selection process

The i-FAHP method combines selection criteria and evalua-
tion criteria in a unique model. There are different priorities
of alternatives depending on the choice under the selection
criteria while keeping the priorities unchanged in the evalu-
ation criteria. This situation makes the i-FAHP model highly
flexible and practical. It applies to complex problems with
different initial conditions. The following sections describe
the approach in more detail.

4.1 The i-FAHP structure construction

Figure 3 shows the hierarchical structure of the i-FAHP
method. Based on a specific problem for evaluation, four
main levels including goal, selection and evaluation criteria,
sub-criteria, and alternatives are established. In the compari-
son to the conventional AHP model, the difference is the
addition of selection criteria at the same level as evaluation
criteria.

While the evaluation criteria for the alternatives are con-
stant, the selection criteria change depending on the user’s
choices. The different combinations of sub-criteria under the
selection criteria form the different conventional fuzzy-AHP
models. Thus, the conventional fuzzy-AHP model turns into
a specific case of the i-FAHP model.

4.2 The pair-wise comparison matrix generation

After constructing the hierarchical structure for the i-FAHP
model, the pair-wise comparisons are established using lin-
guistic terms, similar to the conventional fuzzy-AHP [69].

Table 5 shows the conversion of the linguistics scale to
the reciprocal fuzzy scale using a triangular fuzzy number
type. There are two kinds of pair-wise comparisons, criteria
and alternative comparisons. While the criteria comparison
evaluates the impact of each criterion compared to others in
the pair-wise evaluation, the alternative comparison meas-
ures the impact of each alternative on others in the aspect of
a specific criterion/sub-criterion.

The comparison matrix A= [Efu] , where a fuzzy number
is represented with three points as Efﬁ, as presented in Eq. (2),
in whichi,j=1,2,3,...,n :
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Table 4 Criteria and their descriptions

Main criterion

Sub-criterion

Descriptions

Product quality

Usage issues

Productivity

Process economy

Accuracy
Thermal effect

Surface topography

Sterilization

Supply material
Post-processing
Toxicity

Setup time
Printing time
Large volume
Material waste

Material investment
Operation investment

Equipment investment

The similarity between a final 3D printed model compared to the 3D designed model; the line width
or pore size deviation

Long exposure to high temperature during the printing process leads to thermal degradation and
thermal effects on material viscosity, flow rate and solidity time

Surface nanoscale topography on the printed scaffold affects cell adhesion behavior

The equipment is easy to assemble and disassembly of parts for sterilization before and after the
printing process

Ease of use in supplying or interchanging material

Post-processing, such as solvent removal, required after the printing process

Usage of harmful chemicals in the printing process

The process of preparing material for the printhead included mixing or heating materials
The time for printing a layer that is directly related to the printing speed

The ability to provide enough material over a long period for large product printing tasks
Dead or unused material after printing leads to material waste

The cost of material that depends on the popularity of the material form such as pellet, powder or
filament PCL materials

The cost related to the printing process operation, such as energy consumption and depreciation
expenses

The cost associated with purchase or fabricating the 3D printer

Flexibility Material flexibility The wide range of different forms or combined with other materials
Material availability The ability to supply printing material from the commercial market
Bioprinting integration The ability to integrate with other bio-printheads or interchange with other material types for
bioprinting
~ o according to which sub-selection criterion is selected. The
fy=11.1) fi=j fuzzy number a; between sub-selection criterion i and
T=27 = (a. i by) ifi#j @ - y num i ) . . e
% & (a’L’m’J’ y ] is set to 9 if sub-selection criterion i is selected, and 1 for
i = 1/f; = (1/bij’ 1/my, l/aij) otherwise others, as shown in Eq. (3):

The pair-wise comparison value for evaluation criteria 199 (1,1, (8,9,9) (8,9,9)
depends on the experts’ judgments. The pairwise com- A=|1/911|=((/9,1/9,1/8) (1,1,1) (1,1,1) | (3)
parison between the sub-selection criteria is determined 1/5 171 1/9,1/9,1/8) (1,1,1) (1,1, 1)

Tabl? 5 Linguistic scalesh. Fuzzy Linguistic scales Triangular Reciprocal fuzzy scale Reciprocal
and pzzy-AHP membership number (f;) fuzzy scale fuzzy number
functions
arfy

1 Equal (I, 1,1 (1, LD 11

3 Moderate 2,3,4) (1/4, 173, 1/2) 1/§

3 Strong 4,5,6) (1/6, 1/5, 1/4) 1/§

7 Very strong 6,7, 8) (1/8, 1/7, 1/6) 1/7

9 Extremely strong 8,9,9) (1/9, 1/9, 1/8) 1/5

5 The intermittent values 1,2,3) 1/3,1/2, 1) 1/5

1 between two adjacent 3, 4,5) (1/5, 1/4, 173) i

scales
g (5,6,7) (1/7, 176, 1/5) 18
3 (7,8,9) (149, 1/8, 1/7) 13
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Fig.3 The structure of the
i-FAHP model Goal
Selection Selection Evaluation Evaluation
Criterion1 | Criterion n Criterion1 | Criterion n
Sub-Selection Sub-Selection Sub-Evaluation Sub-Evaluation
Criterion n.1 Criterion n.2 Criterionn.1 Criterionn.2
Alternative 1 Alternative2 | Alternative n
Thus, sub-selection criterion i is assigned the highest — —  aw, + mw; + bw;,
priority value among all sub-selection criteria. At the end M; = 3 ®)
of this stage, the consistency of each comparison matrix is
checked using the consistency ratio (CR). The consistency 7
index (CI) is calculated using the Eq. (4) to obtain the CR ~ Nw, = ; )
n
M.

value using Eq. (5):

~

—_~ A —

Gl = Zmx =7 4)
n—1

= G

CR = — 5
= (5)

where )Tmax is the fuzzy maximal eigenvalue of the average
pair-wise comparison matrix; n is the size of the average
pair-wise comparison matrix; R/ is the random consistency
index depending on the size of the comparison matrix [70].
If the CR is smaller than 0.1, the matrix is accepted regard-
ing the consistency requirement. Otherwise, the pair-wise
comparison values should be adjusted.

4.3 The final normalized weight determination

Since the consistency check is passed, the next step is to
determine the geometric means 7; and fuzzy weights f;;l as
given in Egs. (6) and (7). The defuzzification of the fuzzy
weights ]lz is calculated by averaging the fuzzy weight
ff;v:- for each criterion from Eq. (8). Finally, the normal-
ized weight of each criterion W is also determined by
normalizing values M as shown in Eq. (9)

n 1/n
- M ©
=1
u -1
f;i =7 ® ;’; = (awl-, mw;, bwi) @)
=1

5 Application of i-FAHP system
for PCL-based SPM selection

The i-FAHP system for selecting the most potential PCL-based
SPM is constructed and illustrated. Customized software help-
ing decision-makers easily perform the pair-wise comparison,
check the consistency of evaluation, produce multi-criteria
evaluation results, and add and modify the criteria or alterna-
tives for other specific applications is also introduced.

5.1 Development of i-FAHP structure

Based on the analysis from the literature review, practical
experience of the research group and expert suggestions, the
main criteria, sub-criteria, and alternatives are determined.
The developed hierarchical structure of the SPM selection
model is presented in Fig. 4. The decision hierarchy structure
is composed of four levels. The top-level comprised the goal of
selecting the most appropriate SPM method. The second level
consisted of two selection criteria and five evaluation criteria.
There are three sub-selection criteria under each selection crite-
rion and three or four sub-evaluation criteria for each evaluation
criterion. These sub-criteria are the third level of the hierarchy
structure. The last level of the hierarchical structure includes
four alternatives corresponding to four common SPM methods.
Once the hierarchy is constructed, the pair-wise comparison
matrix for each main criterion, sub-criterion is determined
based on the integrated assessment of decision-makers, prac-
tical experience, and analysis from literature reviews. In the
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( Selection of PCL-based SPMs >

N\

{ { {

, 3 3 3

Construction Type . Product Usage Productivity Process Economy Flexibility
[ (1) iatetialiypelli] Quality (PQ) Issues (UI) (PO) (PE) (FE)
General Scaffold Single Material . . Material Material
(sM) Accuracy (AR) J Steralization (SE)J Setup Time (SI)J Wastage (MW) Flexibility (MF)
Hybrid Scaffold Blended Material Thermal Effect Supply Material Printing Time Material Material
(HS) (BM) (TE) (SMa) (PT) Investment (MI) Availability (MA)

Mixed Material
(Mm)

Surface
Topography (ST)

Hybrid Construct
(HC)

Bioprinting
Integration (BI)

Operation
Investment (OI)

Large Volume
(LV)

Post-Processing
(PP)

J

Equipment
Investment (EI)

Screw-based Extrusion

Deposition Modeling (s-FDM)

Conventional Fused
(c-FDM)

J |

J

Melt-based Extrusion
(m-FDM)

Solvent-based Dispenser
(SBD)

Fig.4 The developed hierarchy structure for selecting the optimal PCL based-scaffold printing method

developed fuzzy-AHP model, the selection criteria normally
have the highest impact compared to other evaluation criteria.

5.2 Anillustrative example

As above mentioned, users are able to take advantage of the
system to make their judgments on the criteria and sub-criteria
priority for their usage. To illustrate the reliability and applica-
tion of the i-FAHP system for selecting the optimal SPM, the
assessment data of user 1 is introduced and analyzed. Table 6
represents the pair-wise comparison matrix of the main criteria
for user 1. The user’s main purpose is to effectively fabricate
the HC type for tissue engineering applications. PQ, UI, and
PO are the most important criteria among the five evaluation
criteria to accomplish user 1’s objectives. The consistency cal-
culations in the comparison matrix are executed to ensure the
acceptance of the judgments following Egs. (4) and (5).
Based on the calculations in equations from Egs. (6), (7),
(8) and (9), the intermediate values and final normalized

weight are shown in Table 7. In the conventional fuzzy-AHP
method, the priority of alternatives is fixed because there is
only specific case. In the i-FAHP for selecting the optimal
SPMs, the alternatives’ priority is different depending on the
CT and MT selection. When one of CT or MT is selected,
the comparison value between the selected CT or MT and
other options is extremely strong compared to the others by
setting 9 over the other types. Table 8 shows the pair-wise
comparison of different selection sub-criteria in CT where
the HC option is selected, the weight is set to 9 (8,9,9)
to show the highest importance in comparison with other
options which are set to T (1, 1, 1). As a result, the weight
of HC is 0.812 which is much higher than other options
with 0.094. In each sub-criterion, the pair-wise comparison
matrix concerning the different alternatives is established
based on analysis from the literature review and decision-
makers. The pair-wise comparisons between SPMs that
concern on the sub-criterion AR are determined in Table 9.
The results of normalized weight calculation from Table 7

Table 6 Pair-wise comparison

. S MC CT MT PQ Ul PO PE FE
of the different main criteria
CT L, 1,1 11,1 1,2,3 2,3,4 2,3,4 4,5,6 3,4,5
MT 1,1,1 1, 1,1 1,2,3 2,3,4 2,3,4 4,5,6 3,4,5
PQ /3,12, 1/1  1/3,12,1/1  1,1,1 1,2,3 1,2,3 3,4,5 2,3,4
Ul 1/4,1/3, 172 1/4,1/3,172  1/3,1/2,1/1 1,1,1 1,2,3 2,3,4 1,2,3
PO 1/4,1/3, 172  1/4,1/3,172  1/3,1/2,1/1  1/3,1/2,1/1 1,1,1 1,2,3 1,2,3
PE 1/6, 1/5,1/4  1/6,1/5,1/4  1/5,1/4,1/3  1/4,1/3,1/2 1/3,1/2,1/1 1,1,1 1/3,1/2,1/1
FE /5, 1/4,1/3 15, 1/4,1/3  1/4,1/3,12  1/3,1/2,1/1  1/3,1/2,1/1 1,2,3 1,1,1
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Table 7 The geometric means, ~ — —
fuzzy weights% and normalized MC i Swi Nw;
weights of the main criteria cT 1.739 2318 2.826 0.151 0.269 0.455 0.258
MT 1.739 2.318 2.826 0.151 0.269 0.455 0.258
PQ 0.944 1.426 2.1 0.082 0.165 0.338 0.172
Ul 0.635 0.944 1.369 0.055 0.109 0.22 0.113
PO 0.492 0.731 1.123 0.043 0.085 0.181 0.091
PE 0.285 0.363 0.521 0.025 0.042 0.084 0.044
FE 0.378 0.521 0.774 0.033 0.06 0.125 0.064

toTable 9 are aggregated into the corresponding rows MC,
CT-HC, and AR in Table 10.

Similarity, the normalized weight of main criteria (MC),
selection sub-criteria (SC-S), evaluation sub-criteria (SC-
E), or alternatives (A) are summarized in Table 10. MC,
SC-E, and A are fixed in the i-FAHP while SC-S includ-
ing CT-x and MT-x is one of the three options respectively
corresponding to each SC-S depending on the scaffold type
selected at the early stage.

5.3 Results and discussion

The purpose of the i-FAHP method mainly focuses on to
the determination of the most appropriate PCL-based SPM
according to users’ requirements for a specific application.
Table 11 exhibits the results for evaluating the optimal SPM
under different constrained CT and MT for user 1. The result
shows that SBD is not recommended for printing scaffolds
due to low scaffold accuracy and high material toxicity that
can damage the cells compared with other methods. The
m-FDM method is suggested for most scaffold types in HS
and HC. However, it had lower priority in PQ and PO but
higher priority in UI and FE. Under the GS selection criteria,
where the weight of the SPM is the same (0.25 for each), the
selection results are the most diverse.

Although possessing advantages in most aspects, the
c-FDM method is only fitting for printhead that used pure
PCL material due to the lack of variety and commercial
supply of PCL based-material in filament form. The perfor-
mance of a sensitivity analysis on the weights of the evalu-
ation criteria is an important step to confirm the behavior
of the i-FAHP method’s validity problems. Since literature
analysis and users’ requirements all demonstrate PQ and UI

Table 8 The pair-wise comparison matrix of sub-criterion CT with
HC selection

CT-HC GS HS HC Weight
GS 1,1,1 1,1,1 1/9, 1/9, 1/8 0.094
HS 1,1,1 1,1,1 1/9, 1/9, 1/8 0.094
HC 8,9,9 8,9,9 1,1, 1 0.812

as the most important evaluation criteria, therefore, these two
criteria are grouped in analyzing sensitivity as a typical case.
Eighty-one different calculations for this case in two types of
sensitivity analysis are performed to compare the variations
in the results. These calculations are conducted by changing
the weight of each user’s main criteria and among user-based
requirements. For each user, the percentage in the change of
selected criteria is determined. The amount of weight change
is divided equally among the remaining criteria to ensure no
difference in the total weight. The weight change for each
criterion is normally from 15 to 30%. Figure 5 shows the
sensitivity performance for user 1 in three cases: case 1 (no
change all criteria weight); case 2 (decrease 20% for each
PQ and UI, increase 28.6% for each PO, PE, and FE to keep
constant total weight); case 3 (increase 20% for each PQ and
Ul, decrease 28.6% for each PO, PE, and FE).

Although, there is a slight change in the ranking of SPMs
for ST3 and ST4 terms, no change in the highest priority
in all cases could be observed. Figure 6 illustrates how the
overall alternatives perform concerning three users’ require-
ments. Three users have similar high priorities for PQ and UI
but different priority for PO, FE, and PE. Thus, there are sev-
eral variations in the weights among the main evaluation cri-
teria and the sub-criteria according to their needs and usage
requirements. The rankings of SPMs in the case from ST2
to ST4 and ST7 have a slight change for user 2 who needs
higher flexibility than productivity and process economy for
SPM; however, the highest priority SPM remains constant.
The sensitivity analysis shows that the rank of the alterna-
tives remains stable with criteria weight change for each
user and all users. The result demonstrates that the priority
established in the research work is reliable.

Table 9 The pair-wise comparison matrix of the different alternatives
for sub-criterion AR

AR c-FDM s-FDM m-FDM SBD  Weight

c¢-FDM 1,1,1 1,2,3 3,4,5 6,7,8 0.488

s-FDM 1/3,1/2,1/1 1,1,1 2,3,4 5,6,7 0.326

m- 1/5,1/4,1/3 1/4,1/3,1/2 1,1,1 2,3,4 0.131
FDM

SBD 1/8,1/7,1/6 1/7,1/6,1/5 1/4,1/3,1/2 1,1,1 0.055
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P"'e 10 The priority values Criterion  Symbol  C1 C2 c3 c4 Cs c6 c7 Type

or all criteria, sub-criteria, and

alternatives MC PO 0258 0258 0172  0.113 0091 0044 0064 MC
CT_GS PI_O 0.812 0.094 0.094 - - - - SC-S
CT_HS PI_1 0.094 0.812 0.094 - - - - SC-S
CT_HC Pl_2 0.094 0.094 0.812 - - - - SC-S
GS P11 0.25 0.25 0.25 0.25 - - - A
HS P12 0.178 0.178 0.322 0.322 - - - A
HC P13 0.255 0.255 0.445 0.046 - - - A
MT_SM P2_0 0.812 0.094 0.094 - - - - SC-S
MT_BM P2_1 0.094 0.812 0.094 - - - - SC-S
MT_MM P2_2 0.094 0.094 0.812 - - - - SC-S
SM P21 0.25 0.25 0.25 0.25 - - - A
BM P22 0.117 0.338 0.338 0.207 - - - A
MM P23 0.035 0.24 0.362 0.362 - - - A
PQ P3 0.665 0.167 0.167 - - - SC-E
AR P31 0.488 0.326 0.131 0.055 - - - A
TE P32 0.303 0.179 0.051 0.467 - - - A
ST P33 0.201 0.201 0.201 0.398 - - - A
Ul P4 0.178 0.073 0.293 0.457 - - - SC-E
SE P41 0.294 0.083 0.162 0.46 - - - A
SMa P42 0.413 0.358 0.114 0.114 - - - A
PP P43 0.32 0.32 0.32 0.04 - - - A
TO P44 0.318 0.318 0.318 0.046 - - - A
PO P5 0.33 0.588 0.082 - - - - SC-E
SI P51 0.45 0.335 0.077 0.138 - - - A
PT P52 0.47 0.175 0.068 0.288 - - - A
LV P53 0.466 0.347 0.074 0.113 - - - A
PE P6 0.38 0.38 0.148 0.093 - - - SC-E
MW P61 0.579 0.243 0.089 0.089 - - - A
MI P62 0.065 0.225 0.355 0.355 - - - A
(0)1 P63 0.47 0.288 0.068 0.175 - - - A
EI P64 0.478 0.315 0.081 0.126 - - - A
FE P7 0.566 0.11 0.324 - - - - SC-E
MF P71 0.083 0.219 0.349 0.349 - - - A
MA P72 0.054 0.229 0.359 0.359 - - - A
BI P73 0.091 0.091 0.534 0.284 - - - A

MC main criterion, SC-S selection sub-criterion, SC-E evaluation sub-criterion, A alternative

5.4 Expert system for SPM method selection

The major purpose of expert system software is to provide a
computer tool for decision-makers to quickly obtain a final
result and flexibility. The expert system used in this research
work is integrated with database management to well-build
the hierarchy structure and apply this system to other similar
problems. The software allows a user or decision-maker who
is not an expert in theory calculation to easily and quickly
obtain an evaluation result SPM method. The criteria and
alternatives can be also added or removed from the user
interface to quickly build and modify the hierarchy structure
from decision-makers. The user selects a specific application
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in CT and MT in the initial step as shown in Fig. 7a. The
alternatives are determined and modified depending on spe-
cific purpose, as appeared in Fig. 7b. Figure 8 presents a
pair-wise comparison matrix interface for the main criteria.
The decision-makers select each criterion or sub-criterion,
pair-wise comparison matrix appears to assign judgments.
The module requires that experts or users complete all pair-
wise comparison matrices.

The consistency of the matrix is checked, and the
priority is exhibited before moving to the next pair-wise
comparison matrix. The pair-wise comparison matrix
data for each user is saved with a data file in.xml for-
mat. After completing all comparison matrices, the



The International Journal of Advanced Manufacturing Technology (2022) 121:5971-5990

5985
Tgble 11 The overall pr.iority of Scaffold type Selection criteria Alternatives First rank
different SPMs concerning the
different scaffold type CT MT c-FDM s-FDM m-FDM SBD
ST1 GS SM 0.289 0.254 0.235 0.223 c-FDM
ST2 GS BM 0.264 0.27 0.251 0.215 s-FDM
ST3 GS MM 0.249 0.252 0.255 0.244 m-FDM
ST4 HS SM 0.275 0.24 0.248 0.236 c-FDM
STS HS BM 0.251 0.257 0.264 0.228 m-FDM
ST6 HS MM 0.236 0.238 0.269 0.257 m-FDM
ST7 HC SM 0.29 0.254 0.271 0.185 c-FDM
ST8 HC BM 0.265 0.271 0.287 0.177 m-FDM
ST9 HC MM 0.25 0.253 0.292 0.206 m-FDM

priority for all criteria and the overall priorities for dif-
ferent SPMs are calculated. The final evaluation result
is presented in Fig. 9 for the case of GS and BM. The
sensitivity analysis is effortlessly performed by auto-
matically collecting the results of the criterion weight
change in the expert system. The developed expert sys-
tem is a valuable tool for decision-makers to use or

build their own i-FAHP model, check the consistency
of their assessments, and effectively derive the final
results. The developed software connected to the data-
base with a friendly interface will help decision-makers
conduct quickly, flexibly and accurately multi-criteria
evaluations in SPM problems and similar multi-choice
problems.
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Fig. 5 Sensitivity analysis graph for user 1
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6 Conclusions

The i-FAHP approach is proposed in this research work as
the MCDM solution to evaluate PCL-based SPM. The selec-
tion and evaluation criteria are integrated into a single model
and applied to build an expert system software tool to support
decision-makers in choosing the most appropriate method for
different initial selection of CT and MT. The assessments are
constructed according to the judgments of experts, requirements
of end-users, and the analysis from the literature review. A sen-
sitivity analysis is carried out to evaluate the performance of the
proposed model. The consistency test of comparison matrix and
the sensitivity analysis ensured the reliability of the evaluation
results. The following conclusions are drawn:

e The m-FDM method is the most appropriate for HS and
HC for multi-materials while the c-FDM method is eval-
uated as the most desirable method for a SM in all CT.

e The expert system could help decision-makers to deter-
mine the highest priority of SPMs, to adjust the weight
of specific criteria, and modify the hierarchy structure to
modify the criteria for user purpose.

e These findings from this study will help construct the most
appropriate bioprinter corresponding to specific tissue engi-
neering application. The results also provide recommenda-
tions for supplying types of commercial PCL-based bioma-
terials in the market. The i-FAHP model could be considered
with bioprinting method selection problem in future works.
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