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ABSTRACT

Purpose

This paper reviews the literature on state-of-the-art 3D and 4D printing technology in the fashion
mass customization context and proposes an innovative design concept for improving
independent designers’ and small and medium enterprises’ (SMEs) practice, premised on
commercialized technology and accessible materials in the fashion mass customization business.

Design/methodology/approach

The literature review of 3D and 4D printing technologies enabled discussion of the possibilities
of using them for mass customization, especially in the fashion industry. Then the study presented
a prototype suggesting an approach to improve mass customization by combining two
technologies.

Findings

The intrinsic worth of 3D and 4D printing technology has inspired researchers to strike an
innovative path towards exploiting the potential for mass customization in the fashion industry,
through embedding shape memory materials into 3D-printed objects. 4D printing was confirmed
as offering potential for application in the fashion industry.

Research limitations
A fashion accessory case was presented, exemplifying such 3D/4D printed fashion items, but
more studies experimenting with other types of fashion products are warranted.

Originality/value

This paper establishes appropriate knowledge flows between 4D printing technology and its
commercial possibilities, by identifying the strengths of 4D printing technology, particularly in
the fashion industry. In addition, integration of 3D and 4D printing components is proposed, to
reduce consumer return rate and increase products’ hedonic value by facilitating change of
shape of the 3D-printed object post printing.

Keywords: 3D printing technology, 4D printing technology, shape memory composites, mass
customization, fashion accessories
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1. Introduction

The requirement of manufacturing
fashion and apparel products based on
individual consumers’ varying demands has
prompted the apparel industry to undergo a
fundamental shift from mass production to
mass customization (Senanayake & Little,
2010). A YouGov survey in 2018 found that
29% of U.S. consumers have personalized a
fashion product and are willing to pay a
premium for custom apparel and footwear
(Garcia, 2018). It is expected that the market
for mass customization of garments will
touch 27.2  billion euro in 2020,
corresponding to 5% of the global fashion
market (Probst et al., 2013).

3D printing, an automated additive
manufacturing technology that prints by
adding successive layers using a polymeric
material in order to create an object
(Cuzella, 2015; Mellor Hao, & Zhang,
2014), has been utilized in mass
customization. This technology has proved
its potential to resolve one of the issues of
mass customization, that is the conflict
between efficiency and flexibility in mass
manufacturing (Berman, 2012; Michalik,
Joyce, Barney, & McCune, 2015). 3D
printing  technology = expands  mass
customization manufacturing, because it
enables small quantities of customized items
with low unit price to be quickly and easily
modified based on computer aided design
(CAD) software (Berman, 2012; Michalik et
al., 2015).

Nevertheless, the current
capabilities of 3D printing have not fully
met mass customization requirements, as the
energy consumption and labor cost incurred
after the objects have been printed is not
considered in the entire process (Tibbits,
2014). 4D printing seems to have overcome
this obstacle, emerging and gaining
considerable traction recently with its three
components; the smart material, the
geometric program, and the multi-material
printer (Tibbits, 2014). Unlike 3D printing,
4D  printing  technology  envisages
independent shape transformation, when
encountering a stimulus after the objects
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have been printed. This function is also
known as  “self-assembling”,  “self-
reconfiguring”, and  “self-adaptability”
(Tibbits, 2014; Momeni, M.Mehdi
Hassani.N, Liu, & Ni, 2017). However,
despite  the  importance of  mass
customization and the great potential of 3D
and 4D printing technology in mass
customization, there is limited literature
available that addresses recent advances in
this area.

This study, therefore, aims to review
the current advances in 3D and 4D printing
in order to explore the practicability of mass
customization. Unfortunately, 4D printing
has not yet been adopted on an industrial
scale, due to lack of commercialized multi-
material printers (Headrick, 2015). In light
of this situation, the current study has three
objectives: 1) to review the characteristics,
applications, advantages, and shortcomings
of 3D printing, particularly in the mass-
customization environment of the fashion
industry, and the emergence of 4D printing;
2) to establish appropriate knowledge flows
of 4D printing technology and its
commercial possibilities by identifying the
strengths of 4D printing technology; 3) to
propose, based on the literature, a creative
design approach to the mass customization
business in the fashion industry premised on
the  commercialized technology and
accessible materials, for independent
designers and small and medium-sized
enterprises (SMEs).

2. Literature review
2.1 Current use of 3D printing in the fashion
industry

3D printing technology relies on
digital models, materials, and machines, as
depicted in Figure 1. As shown, 3D printing
involves a digital model to be printed, so
designers commonly use CAD modeling
software or online 3D printing platforms that
offer design capabilities (Rayna &
Striukova, 2016). Designers can also use 3D
scanning to create a digital model (Gibson,
2017; Rayna & Striukova, 2016). According
to Vanderploeg, Lee, and Mamp (2017), the
design and division process of layers is
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performed through 3D modeling software.
Accordingly, modification in measurements,
design components, or adjustments can be
done between the process of designing and
division or layers. Thus, it offers designers
and engineers the flexibility to design and
test prototypes as many times as needed. 3D
printing technology has seen widespread

adoption in many industries, and of late the
apparel and fashion industry has also
accepted this technology to develop
prototypes, customizable products, and
haute couture products (Vanderploeg et al.,
2017). However, specific materials and
methods are needed for wearable
applications.
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Figure 1. General 3D printing design and process
Source: Developed by the authors based on literature

The most commonly available 3D
printing materials include: glass, ceramics,
metals, polymers, and resins, and for the
fashion products, natural and synthetic fibers
or filaments (e.g., cotton, nylon, polymers,
and leathers) (Cuzella, 2015). However,
many of these materials are not flexible or
are uncomfortable. For example, a textile
company, Continuum, offered a
customizable 3D-printed bikini using a
nylon plastic filament (Continuum, n.d.).
Although they were able to achieve the
required shape and size, the material lacked
flexibility. In recent years, the fashion
industry has been working on developing a
new filament to achieve more applications
of 3D printed products. One company,
TamiCare, has developed a 3D printing
technology called Cosyflex (TamiCare,
n.d.). This enables printing fabrics using
liquid polymers such as natural latex,
polyurethane, and Teflon, and textile fibers
such as cotton, rayon, and polyamide (Yap
& Yeong, 2014). Furthermore, sportswear
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retailer Nike has introduced Flyprint, which
is the first 3D printed upper material in
performance footwear (Bain, 2018). Nike
created this product through a solid deposit
modeling process. In this process, the
thermoplastic filament is loosened from a
coil and melted in the 3D printer to be
layered. Flyprint is different from traditional
3D printed fabrics, as it is made from a
lattice of fused material which imparts
flexibility and breathability, and is
lightweight. More recently in 2019, Material
ConnecXion, a materials consultancy
dealing with newly developed 3D printing
materials, displayed a  polyethylene
terephthalate  glycol-modified (PET-G)
filament in their cutting-edge materials
library in High Point, North Carolina. This
was developed as a copolymer version of
polyester, and has a lower melting
temperature than other types of PET. PET-G
is prototyped for household goods and
jewelry, but has not yet been explored for
apparel applications. However, none of
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these initiatives have been successfully
commercialized yet.

The printing method is another
important factor that determines the degree
of acceptance of 3D printing technology.
The available printing methods include:
stereolithography (SL), continuous liquid
interface production (CLIP), multiphoton
polymerization (TPA), selective laser
sintering (SLS), fused filament fabrication
(FFF, i.., fused deposition modeling,
FDM), etc. (Lulzbot, n.d. ; Vanderploeg et
al., 2017). Of these, Vanderploeg et al.
(2017) have pointed out that SL, SLS, FFF
(i.e., FDM), PolylJet, and binder jetting are
the methods that can be applied to fashion
products. SL uses a photopolymer resin that
is a liquid plastic and an ultra-violet (UV)
laser that can strengthen these layers
(Huang, Liu, Mokasdar, & Hou, 2013;
Vanderploeg et al., 2017). Selective laser
sintering (SLS) exploits high-powered lasers
to blend minuscule particles of polymer
powder so that a 3D printed object can be
created, and the process is called sintering
(Huang et al., 2013). The designers can
create delicate, durable, and highly
functional products; therefore, it is suitable
for creating high-quality metal jewelry and
watches, rather than apparel (Vanderploeg et
al., 2017). FFF prints with a liquid
thermoplastic filament that is heated to 1 °C
above the material’s melting point
(Vanderploeg et al., 2017). The melted
filament then becomes dry and firm almost
immediately after layer-by-layer dispersion
(Vanderploeg et al., 2017). PolyJet
selectively  drops beads of liquid
photopolymer resin to create an object, and
then a roller makes the surface of the layer
even (Vanderploeg et al., 2017). In order to
harden the liquid resin, two UV lights
successively pass over the built layer several
times. Binder jetting is also widely used in
the fashion industry. It uses glue or binder to
bond successive layers of powder material
(Bogue, 2013; Hoskins, 2013). As this
method can bond single layers within
seconds, it is the fastest 3D printing
technique (Huang et al., 2013). However,
binder jetting can create weaker or uneven
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surfaced products (Huang et al., 2013).
Based on the literature, it is evident that 3D
printing has high potential in the fashion
industry, but requires some advancements in
printing technology to make it adaptable for
wearable applications.

2.2. The strengths and weaknesses of 3D
printing in mass customization

Mass customization can be a
beneficiary of 3D printing technology,
particularly in the fashion industry. Mass
customization is heavily reliant on a flexible
process to produce varied or individually
customized products (Hart, 1996). In
traditional manufacturing settings, mass
customization means smaller batch sizes,
specialized high flexibility machinery and
equipment, and long production runs, all of
which lead to higher costs, longer lead
times, and an unstable production process
(Lowson, 2001; Schenk & Seelmann-
Eggebert, 2003; Zipkin, 2001). Given these
obstacles, 3D printing technology has
emerged in this field as a means to increase
the efficiency and effectiveness of the
design process by reducing design
constraints and simplifying the process
(Michalik et al., 2015). Specifically, the
technology enables small quantities of
customized items to be produced at a
relatively low unit price (Berman, 2012).
Since designing and manufacturing can
happen virtually anywhere with the 3D
systems and printers (Michalik et al., 2015),
consumers can be offered a flexible
approach to the design process. In addition,
companies can create new projects and test
prototypes at a quicker pace than before
using 3D printing technology (Michalik et
al., 2015), prior to final production. For
example, Nike uses 3D printing for
prototyping, and they have mentioned that it
is 16 times faster to make prototypes with
3D compared to any previous manufacturing
method (Bain, 2018).

Moreover, 3D printed fashion
products can contribute to sustainability. A
company named Ministry of Supply has
been utilizing 3D printing for knits, and this
has helped the company to behave
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sustainably (Leighton, 2017). The 3D
printing process generates almost no waste,
compared to traditional manufacturing
(Leighton, 2017). Normally, knit production
emits 35% leftover fabrics (Leighton, 2017).
In addition, 3D printing also limits stock, so
that inventories become leaner (Weller,
Kleer, & Piller, 2015). In other words, it is
possible to produce according to make-to-
order processes, so that stocks of unsold
items decrease. There are examples of
designers who undertake 3D printing to be
sustainable. One designer, Julia Daviy,
adopted 3D printing when she realized how
traditional apparel production itself creates
labor-intensive and environmentally
irresponsible side effects (Gonzalez, 2019).
She 3D-prints activewears, dresses, and tops
in an environmentally friendly way because
she does not need to mass-produce and stock
(Gonzalez, 2019). Another designer,
Goldstein, values sustainability in her
design, so she developed her own weaving
process using Prusa i3 Mk3 3D printer,
which is one of the most commercialized 3D
printers (Scott, 2018). She has also worked
with Stratasys Ltd, an industry leader in
multi-material printing, to create a 3D
printed pair of shoes through a Connex3
color 3D printer, and she further plans to
include recycled plastic as a material (Scott,
2018).

While there are advantages of 3D
printing in producing fashion products, there
are also some limitations of 3D printing.
One of the most significant challenges of 3D
printing is the labor and energy cost in
manufacturing after the objects have been
printed (Tibbits, 2014). Specifically, the
majority of current 3D printers cannot print
an entire garment within one printing
process. For example, Dutch designer Iris
Van Herpen exhibited 3D-printed clothing at
the 2013 Fashion Week in Paris, and the
designer  fabricated a dress using
thermosetting polymers and tulle to be
inserted in the 3D printer (Mendoza, 2018).
The dress was not able to be printed in a
single pass; instead, it was created in several
patches to be sewn together into a single
piece of dress. Also, the luxury knitwear
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fashion brand Pringle of Scotland launched
their 2014 Fall/Winter ready-to-wear
collection that incorporated 3D printed
fabric. In this collection, the designer
utilized the selective laser sintering process
to produce a more flexible and movable 3D
printed textile, which then required workers
to stitch them into the wool (Chavez, 2014).
Consequently, mass customization cannot
ignore the time, labor, and energy needed
after the textile has been 3D printed.
Additionally, return issues of the 3D
printed customized product remain a
challenge in the mass customization
business. The size and shape of a 3D printed
object cannot change once the object has
been printed. Theoretically, customers
should be less likely to return a customized
product, but inevitably some will. A few
retailers accept customized product return
(e.g. Nike) (Nike, n.d.), undertaking the
financial loss since reselling is not allowed
for customized products. Hence, 4D printing
has emerged as an innovation of 3D printing
technology. With its self-assembling
capability, 4D printing has the potential to
disrupt 3D printing by reducing the labor
and energy costs and enabling consumers to
change the customized product’s shape or
size after it has been  printed.

2.3. 4D printing technology

4D printing was initially defined as
3D printing plus an extra dimension—time
(Pei, 2014). 4D printing means that the
shape, property, or functionality of a 3D
printed object can change as a function of
time (Momeni et al., 2017; Pei, 2014).
Skylar Tibbits (2014), Director of the Self-
Assembly Lab at the Massachusetts Institute
of Technology (MIT), is one of the first
scientists to propose the 4D printing
concept. Tibbits worked with Stratasys Ltd
to develop 4D printing with the ability to
change the shape of 3D printed objects in
post-production, when the object confronts a
particular stimulus. A 4D printed object is
printed just like any 3D printed shape, but
this technology enables a 3D-printed object
to be programmed to self-assemble.
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4D printing is a material science-
based technology, which relies heavily on
smart materials with the appropriate
chemical properties. Invernizzi, Turri, Levi,
and Suriano (2018) indicate that one of the
most crucial attributes of 4D printing
materials is stimuli-responsiveness. Thus,
shape memory composites have gained
increasing industrial  attention.  Shape
memory composites contain shape memory
alloy (SMA), shape memory ceramic
(SMC), shape memory gel (SMG), and
shape memory polymer (SMP) (Sun et al.,
2012). Of these, SMP is particularly popular
and has been applied in various industries,
such as in biomedicine (Xie, 2011),
microelectronic engineering (Gall, Kreiner,
Turner, & Hulse, 2004), and also textile
science (Hu, Meng, Li, & Ibekwe, 2012) for
its high elastic strain (Razzaq, Anhalt,
Frormann, & Weidenfeller, 2007), tailorable
transition temperature (Miaudet et al., 2007),
and easy production and operation (Santo,
Tedde, & Quadrini, 2015).

SMPs are  “polymeric  smart
materials that have the ability to fix a
deformed state (temporary shape) and to
recover back to their original states
(permanent shapes) upon the application of
certain external stimuli” (He, Guo, Liu. &
Liew, 2015). Prior studies classify SMPs
into different categories according to the
stimuli. For example, Leng, Lu, Liu, Huang,
and Du (2009) categorized SMPs into
thermo-responsive SMPs, chemo-responsive
SMPs, and light-responsive SMPs. The
thermal sensitive SMP enables shape
recovery when a temperature change is
triggered, which is the thermally induced
shape memory effect. The heating in the
thermo-responsive SMPs can be in various
ways, such as inductive heating, joule
heating, light heating, and
ultrasonic/acoustic heating (Huang et al.,
2012). The shape recovery of chemo-
responsive  SMPs  occurs upon their
immersion into a special liquid chemical,
when solvent molecules diffuse into the
polymer and act as a plasticizer (Leng et al.,
2009). Additionally, light-responsive
stimulation of SMPs, which has been
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realized through the incorporation of
reversible photoreactive molecular switches
(Leng et al., 2009), is classified into two
types: the intrinsically light-induced SMP,
which is only sensitive to certain
wavelengths of light and is independent of
the temperature effect; and the indirect
thermal actuation SMPs, which can
effectively absorb infrared light and heat to
actuate the structure to recover its original
shape (Liu, Du, Liu, & Leng, 2014).

However, not all stimulus-
responsive components can undergo an
intended transformation when only exposed
to an optimum stimulus. A set interaction
mechanism is necessary to plan out the
sequence of shape-shifting behaviors when
triggered by the stimulus for an appropriate
period of time (Pei & Loh, 2018). This leads
to another key component for 4D printing
viability—the design of the geometric
program. Tibbits (2014) states that the
design and placement of the geometric
program embed the capability for state
change directly into the materials
themselves. Thus, the interaction mechanism
of 4D printing is to combine smart materials
with a sophisticated design of the geometric
program.

Tibbits (2014) conducted an
experiment using a hydrophilic polymer that
expands 150 percent when it encounters
water. This dynamic and rigid material was
developed by giving the structure and angle
limiters for folding. The water is the
plasticizer in this experiment which forces
the rigid material to bend. When the rigid
material reaches the angle limiter, it stops
folding. Moreover, Raviv et al. (2014)
indicate that in the 4D printing process,
multiple materials usually need to be
inserted into a single structure or single
layers are combined to yield multi-layer
structures to develop different density at
various locations. In order to perform shape-
shifting behavior, there are at least two
stable states in a 4D printed structure.
Momeni et al. (2017) summarize the shape-
shifting behaviors considered in 4D printing
as including folding, bending, twisting,
linear or nonlinear expansion/contraction,
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curling, wrinkling, and creasing. The
structures that show 1D to 1D, 1D to 2D, 2D
to 2D, 1D to 3D, 2D to 3D, and 3D to 3D
shape shifting over time are all considered
as 4D printed structures. Additionally, based
on the previous studies (e.g., Ge, Qi, &
Dunn, 2013; Ge et al., 2016; Momeni et al.,
2017; Tibbits, McKnelly, Olguin, Dikovsky,
&, Hirsch, 2014), 4D-printed multi-material
geometric structures have been categorized
into three patterns: uniform distribution with
different concentration, gradient distribution
structure, and special patterns. In general,
various geometric structures can be created
with multi-material distributions in an
optimal way, enabling different shape-
shifting performance.

4D printing focuses on the multi-
material structure, and the desired properties
have to be compatible with printers. Thus,
4D printing entails a 3D printer which is
able to print multi-material structures. To
distinguish this specific 3D printer from a
traditional 3D printer, it is also known as a
multi-material printer. In Tibbit’s
experiment (2014), Stratasys’s Connex
machine that offered multi-material PolyJet
printing was utilized, which enabled shape-
transformation from one state to another,
directly off the print-bed. However,
compared to a conventional 3D printer,
multi-material printers are yet to be
commercialized. Thus, although 4D printing
has lent itself to countless innovations, that
does not mean they are easy to achieve.
Fortunately, =~ many  researchers  and
organizations are working on developing
multi-material printers. Apart from Stratasys
Ltd, Singapore University of Technology
and Design is publishing a project of making
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a new digital light processing (DLP) 3D
printer that uses multiple materials to make
quality components (Kowsari, Akbari,
Wang, Fang, & Ge, 2018). Therefore,
although the majority of 4D printing projects
remain in the laboratory development stage
(Pei, 2014), the time is ripe to establish
appropriate knowledge flows between 4D
printing technology and its
commercialization possibilities. The rest of
the paper presents the strengths and potential
applications based on a literature review of
4D printing technology in the fashion
industry.

2.4. The potential of 4D printing for mass
customization

Grounded in the characteristics of
4D printing technology, this study critically
analyzes 4D technology for better mass
customization. This technology contains
most of the advantages of 3D printing, but
further promotes the development of mass
customization with regard to manufacturing,
sustainability, inventory and transportation,
and comfort. Figure 2 summarizes mass
customization  applicability using 4D
printing technology, based on the literature
review undertaken in this paper. Moreover,
Figure 2 illustrates the conceptual
framework of the design concept we
proposed in Section 3 by integrating existing
3D printing components and one of the
significant 4D printing components, i.e.
stimuli-responsive materials. The proposed
conceptual model suggests how to complete
the shape changing in the post-production
process, which in turn, reached a certain
degree of 4D printing potentials without the
investment in multi-material printer.
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Advantages for
mass
3D customization

Efficient of design process

Fast prototyping

Sustainable production

printing Shortcomings
for mass

customization

High labor and energy cost

Return issues

Not comfortable

4D printing components

Existing 3D printing components
+ stimuli-responsive materials

Proposed
4D potential for
printing mass

customization

Efficient design process

Reduced labor cost

Reduced return issues

Recycle of materials

Reduced inventory cost

Easy transportation

Enhanced comfort

Figure 2. A proposed potential of 4D printing technology for mass customization (MC)
through 3D printing advantages and 4D printing components.
Source: Developed by the authors based on literature.

4D printing is a revolution in
manufacturing by reducing time and labor
cost for assembly (Tibbits, 2014). The high
labor cost in developed countries forces the
majority of fashion brands to engage
contractors in developing countries to
reduce labor cost. Nevertheless, outsourcing
is not a perfect business strategy. For
example, the monthly minimum wage in
some parts of China has reached $321 in
2016, 15.7% higher than in 2015 (Lu, 2016).
It is evident that the predictably growing
labor cost in developing countries will
account for a growing percentage of the
wholesale  prices and become an
increasingly heavy burden for fashion
brands that outsource the manufacturing to
contractors. Second, outsourcing increases
the risk of having to manage supply chains.
According to Jacobs and Singhal (2017),
Rana Plaza, an -eight-story commercial
building that housed 5000 garment factory
workers, collapsed in 2013, and this Rana
Plaza tragedy resulted from outsourcing to a
certain extent. The workers in Rana Plaza
worked for Western fashion retailers, but it
was difficult for the retailers to monitor the
working conditions. The tragedy not only
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caused financial loss but also hurt the
reputation of Western fashion companies
(Jacobs & Singhal, 2017). 3D printing only
enables production of relatively small
custom parts and relies on workers to put
them together after the objects have been
printed (Tibbits, 2014). The self-assembly
capability of 4D printing allows fashion
brands to bring the manufacturing back to
their place of operation and closer to the
markets.

The idea of self-assembly also
shows tremendous advantages with regard to
sustainability. Tibbits (2014) presented that
4D printing has endless possibilities,
considering the reduce, reuse, and recycling
qualities of smart materials and designs. If a
product can self-assemble then it should also
be able to self-disassemble, which leads to
easier after-use disposal of the object.
Simultaneously, Sun, Huang, Lu, Wang, and
Zhang (2014) conducted several
experiments to examine the possible
approaches to implement shape memory
alloy and shape memory polymers’ self-
assembly and self-disassembly activities.
The researchers identified the advantages of
using shape memory technology over
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conventional assembly/disassembly
techniques involving physical handling. Due
to their special characteristics, the 4D
printed objects will not just be thrown away.
Rather, they can be self-disassembled for
recyclability and reconstitution, which also
means less handling and transportation.
Hence, 4D printing has a huge potential to
reduce fossil fuel usage in fabric and
package manufacturing, thereby contributing
to maintaining a sustainable environment.

Furthermore, 4D printing
technology reduces inventory cost and
makes transportation easier. For example,
many brands purchase fabric ahead of time
and keep them in the inventory to be used
for future garment manufacturing, and
therefore they require large warehousing
space. 4D printing enables the material to
remain as 1D strand or 2D sheet preform
before application of stimuli, and thus, it
saves storage space and reduces the
warehousing cost (Choi, Kwon, Jo, Lee, &
Moon, 2015). Additionally, compared to the
3D printed objects, 4D printed objects could
easily fit into smaller vehicles to be later
transformed into real 3D products, which in
turn will reduce the transportation cost. In
general, 4D printing technology has the
ability to enhance the efficiency of the entire
supply chain by decreasing labor, inventory,
and transportation costs.

Compared to 3D printing, the
geometric structure of 4D printing is capable
of enhancing comfort attributes, which could
not be achieved earlier because of the lack
of appropriate materials. Oltuski (2017)
indicated that 3D printing could not be
widely adopted in the fashion industry
because it is not easy to find a printable
filament that is flexible enough to make
wearable clothing. Indeed, many materials
being used in the fashion industry were
utilized to produced hard accessories and
jewelry rather than apparel products and
were applied for creative designs rather than
ready-to-wear products (Mendoza, 2018;
Vanderploeg et al., 2017). However, many
researchers are currently working to create
an effective system to turn a 3D printed
object into a flexible structure, applying 4D
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printing materials. For example, Kinematics
is a system for 4D printing that creates
complex, foldable structures composed of
articulated modules (Mok, 2015). Using the
Kinematics system, a design studio called
Nervous System developed a 4D printed
dress that is composed of thousands of
unique interlocking components, and the
dress responds to the wearer's body.

Nevertheless, the examples of 4D
printed garments in the fashion industry are
limited. Instead of a head-to-toe garment,
the majority of researchers start from
fashion accessories, such as rings and shoes.
For example, Zarek et al. (2016) produced a
set of one-way processed temperature-
responsive 4D printed rings that ‘bloom’
when exposed to heat and a 4D printed shoe-
heel that changes from high to flat heel. To
achieve the shape changing attribute, the
researchers established optimal printing
conditions and ink compositions by
considering the effect of molecular weight
on the thermal properties, and the influence
of dyes. Moreover, Adidas collaborating
with Carbon Inc. released their first
collaborative effort: the Futurecraft 4D
sneaker (Flower, 2017). This sneaker used
4D printed midsoles constructed from a
single piece of elastomer that was printed
with essentially zero support material. This
technology dramatically reduces manual
steps after the objects have been printed
(Carbon, n.d.). Technically, the capability of
customization can be enhanced by 4D
printing technology, because 4D printing
proposes a new production model to satisfy
various design requirements, through shape
memory and changing properties.

3. A design concept for small to medium
enterprises and independent designers
3.1. Background of an alternative concept:
Combination of 3D and 4D printing

The shape-changing property of 4D
printing after the objects have been printed
shows great potential to disrupt the
traditional co-design processes in mass
customization. Lampel and Mintzberg
(1996) developed a continuum of strategies
model which depicts four points of
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customization: design, fabrication,
assembly, and distribution. In the early
stage, consumers are involved for
customization. Thus, consumers’ valuation
of the customized product is likely to be
higher if they engage in the design stage
(Merle, Chandon, Roux, & Alizon, 2010).
Normally, consumers’ co-design is only
allowed in the pre-production stage, and the
product cannot be revised after it has been
produced or printed. With the self-assembly
capability of 4D printing, the shape of a 4D
printed object can change independently
when a stimulus is applied to it, so that
consumers are allowed to adjust the size or
shape even after the objects have been
printed, according to personal preferences.

Although 3D and 4D printing
technologies have been applied in the
fashion industry, they have not been widely
used because of their inherent limitations
(i.e., labor and energy cost of 3D printing,
lack of 4D multi-material printers). In
particular, SMEs and independent designers
who normally have limited budgets and
techniques may find it difficult to gain
access to the 4D printing technology, as it
requires specialized costly multi-material
printers, which are not yet commercially
available (Headrick, 2015).

Accordingly, the current paper
proposes an innovative design idea to
combine these two technologies. This
section thus aims to develop an innovative
approach for the mass customization
business in the fashion accessory industry,
premised on commercialized technology and
accessible materials, considering
independent designers and SMEs. By
integrating 3D printing technology and a key
component of 4D printing, i.e., shape
memory material, the product’s shape can
change independently; moreover, consumers
can be involved in design after the objects
have been printed.

3.2. An example of an innovative design
concept for a fashion product

This  experimental work was
conducted as a part of a course project at
North Carolina State University. In this
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project, an earring prototype was developed
using a Lulzbot Mini 3D printer and
polylactic acid (PLA) for a 3D printed
pendant, and a heat responsive shape
memory alloy (SMA). A printer with FDM
technology was wused. Although this
technology is capable of exploiting soft
materials such as acrylonitrile butadiene
styrene (ABS) and PLA to print flexible,
glossy, lace-like objects (Hoskins, 2013;
Melnikova, Ehrmann, & Finsterbusch,
2014), the experiments utilized standard
material for prototyping.

The process of creating accessory
prototypes includes four steps. Since we
aimed to explore an innovative design
approach instead of developing a particular
design, the following steps  were
implemented. First, we downloaded the
earring pendant file from Thingiverse
(https://www.thingiverse.com/), which is
licensed for use under creative commons.
Second, a user-friendly 3D printing software
Cura, maintained by Ultimaker Inc.
(https://ultimaker.com), was exploited to
process the 3D file. Third, the earring
pendant was 3D-printed by the Lulzbot Mini
3D printer using PLA as the filament.
Lastly, we combined the pendant and the
earring chain constructed from a pre-trained
straight shape SMA. The SMA, obtained
from an e-commerce site for this
experiment, starts becoming rigid and
returns to being straight when exposed to
temperatures above 104°F. The intensity of
the deformation can be controlled by
manipulating the temperature; thus, the
SMA can be customized into different
shapes according to the designers’ needs.

Table 1 and Table 2 exhibit the
original and stimulated earring prototypes.
The original hybrid earring prototype had a
five-centimeter-long SMA chain. Thereafter,
water at a temperature of 104 °F was used to
stimulate the earring chain, which elongated
into six centimeters. Next, we exposed the
chain to a candle flame, since that is easily
accessible to end-users. The chain became
fully straight, reaching approximately 10
centimeters. This approach enables creating
customizable products to meet consumers’
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preferences, after the object has been
printed. In this process, we found that the
more twisted the SMA was, the higher the
temperature needed to  trigger the
deformation. Thus, the customized product

can both achieve complex shapes as well as
change shape independently in the post-
production process without the need to
invest in a multi-material printer.

Table 1. The process of the earring prototype length changing

The original hybrid earring
prototype had a five-
centimeter-long SMA chain.

The chain elongated into six
centimeters after exposing to
104 °F water.

The chain became fully
straight (approximately nine
centimeters) after exposed to

the candle flame.

T )

It was found that the integration of
smart materials into 3D printing sets the
stage for customization of how designers
think about and interact with products when

using the material and the stimuli.
Depending on the different sizes and
properties that designers expect the fashion
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product to achieve, multiple 3D printing
devices and shape memory materials can be
applied. Based on the results of this
experiment, it is expected that this method

can be explored further for future
development of  potential fashion
accessories.

JTATM

Volume 11, Issue 3, 2020




4. Conclusion

This study contributes to
understanding 3D and 4D  printing
technology by reviewing previous literature
within the fashion mass customization
context. Furthermore, this study suggests to
independent designers and SMEs the
approach to a new design concept by
integrating the components of 3D printing
and 4D printing, through showcasing a
fashion accessory prototype developed by
the authors. Accordingly, this study
underlines the possibility that customers can
be engaged in customization even after
fashion products of their choice have been
printed.

Based on the literature review, this
paper has generated some implications about
3D and 4D printing technologies. First, from
an academic perspective, the study can serve
a basis for understanding on managerial
practices of 4D manufacturing in the fashion
industry. Previous literature that
concentrated on additive manufacturing
barely addressed the integration of 4D
printing, focusing on use of 3D printer and
proper 3D printing materials for apparel and
fashion products (Vanderploeg et al., 2017;
Yap & Yeong, 2014; Zarek et al., 2016).
Thus, conclusions of the study, summarized
by the proposed conceptual model, filled the
research gap.

Second, this paper reviewed the
characteristics of the 3D printing and 4D
printing technologies from the perspective
of mass customization. Previous literature
has shown the evidence that 3D printing
technology is effective in implementing
mass customization to a certain degree and
also discusses the limitations of 3D printing
in this area. In addition to the consensus, this
paper makes one of the early attempts to
discuss 4D printing in the fashion mass
customization context.

Third, 4D printing is introduced as
another method to promote mass
customization by upgrading the efficiency of
the entire supply chain, including
manufacturing and  distribution.  The
technology is also found to enable
companies to create more sustainable and
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comfortable garments due to its advanced
geometric  programming  characteristics.
Therefore, this study has identified the
commercial potential of 4D printing in the
fashion industry.

Fourth, this study presented an idea
for SMEs and independent designers to
implement additive manufacturing for mass
customization premised on the
commercialized technology and accessible
materials. Mass customization is an effective
business strategy, but many SMEs may
hesitate to adopt it due to their limited
resources.  Furthermore, 4D  printing
technology needs to be further developed to
enable the transition from the laboratory into
industry. Accordingly, this study proposed a
design concept that integrates 3D and 4D
printing components as an alternative idea,
and cited an example for independent
designers and SMEs that leveraged the value
of mass customization.

Fifth, a small experimental work
was conducted to provide a real-life example
of the concept discussed throughout this
paper. Taking the example of the earring
developed wusing this technology, other
fashion accessory designs can also be
created. For example, glasses’ legs can be
made by shape memory composites and
attached to a 3D-printed glasses frame.
Thereafter, the length of the glasses’ legs
made by shape memory composites can be
adjusted when the material is exposed to
different temperature stimuli. Additionally,
by inserting shape memory composites into
glasses’ bridge, the distance between the
two lenses can be also tailored.

Future research can conduct more
experiments to accommodate different
fashion accessory designs. Theoretically,
any fashion accessory that has a fit concern,
such as rings, necklaces, bracelets, watches,
can all be customized using this design
concept, so that the consumers by
themselves can adjust the size of the
accessory after the fashion item has been
printed. The shape-changing property
operated by consumers increases the
product’s uniqueness and hedonic value,

JTATM
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thus reducing the possibility of return of a
customized item.

From an industrial perspective,
lastly, although 4D printing is still in the
early stages, we believe it is time to
establish  practical business strategies
according to the values 4D printing could
add to the supply chains of the fashion
industry. Hence, future research regarding
4D printing implementation and
management is needed. Additionally, the
integration of 3D-printed object and shape
material is not only the expediency before
the future improvement of 4D printing
technology but also an innovative and
feasible design idea that involves lesser
investment in machinery, i.e., multi-material
printer.
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