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Abstract 

Three-dimensional printing(3DP) is a promising technology with its huge 

growing impacts estimated to hit $35.6 billion by 2024 on global market (Jayaram, 

2020). Despite of explosive development in manufacturing sectors, several 

drawbacks makes it not suitable for complete replacement for conventional 

manufacturing method (Lee et al., 2017). These drawbacks include low 

manufacturing speed, finishing quality of the surface, and requirement of additional 

mechanical operations such as polishing, sanding, and setting of extra supports. (Wu 

et al., 2017), (Ali et al., 2019). Attempts to suggested possible solutions to improve 

overall quality of the 3D printing manufacturing techniques in the research field has 

been made but the fact that flexibility, wearability, and durability required in the 

fashion industry can hardly be achieved with these drawbacks made the application 

of 3DP to the area especially harder compared to other industrial sectors. (Kim, 

2015),(Lee and Hong., 2017). Thus, the paper aimed to present an extensive research 

which provides solutions both to the conventional drawbacks of 3D printing method 

as well as a step forward to a garment making industry. Specifically, the study 

developed a new 3D printing method for garment panels using textile hybrid 

structure, a new type of 3D structure attainable through the combination of 3D 

printing technique and fabric as a functional textile material without support 

structures. Moreover, the study increased the users’ approachability and usability on 

relatively new field of additive manufacturing area as well as developed method by 

implementing a program that integrates the method through a function.  

Keyword: Hybrid Textile Structure, 4D Textile, 3D Printing, fabric tension, 
residual stress 
Student Number: 2018-24221  
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1. Introduction 

1.1. Study Background 

Three-dimensional printing (3DP) or Additive manufacturing is a technique 

used for making products with complex structures where objects are built by 

sequential layer-by layer addition of materials. Since the Stereolithographic process 

first being developed by Charles Hull in 1986, various methods like Fused 

Deposition Modeling (FDM), Digital Lighting Processing (DLP), and Directed 

Metal Deposition (DMD) has been industrialized. Popularization of 3DP started with 

the expiration of earlier patents and boosted with Reprap (Replication Rapid 

Prototyping) open source project conducted by Prof. Adrian Bowyer (Kim & Kim, 

2018). Having an environment in which everyone can use 3DP without barriers, the 

technique underwent explosive growth for nearly three decade both in research and 

industrial domain (Gebler et al., 2014). As a result, there exists over 50 different 

additive manufacturing techniques with materials varying from liquid, powder typed 

synthetic resin, ceramics, metals, papers, woods and even food (Ngo et al., 2018), 

(Kwak & Park, 2013). The technique is being exploited in scaffolds, biomimetics, 

most trending self-healing hydrogels, automotive and aerospace application, and not 

to mention, in design and fashion with its capability of fabricating objects of 

complex shape from micro to macroscale as well as minimizing the material waste. 

The technique is also comparatively sustainable as it is reported to reduce carbon 

dioxide generation with impact of only 30% on nature compared to conventional 

techniques (Rastogi et al., 2019). The recent case of Italian engineering firm Isinnova 
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saving 250 patients' lives with the 3D printing technology amidst of COVID-19 

pandemic panic proves the technique's practicality and actual impact on society. 

Brescia-based hospital recently ran out of respiratory valves which connects 

COVID-19 patients to the breathing machines as the original supplier was 

unable to meet the sudden high demand. The hospital quickly found itself in 

a crisis, but Critian Fracassi, the CEO of Isinnova, utilized 3D technology in 

dealing with the demand and could save the lives of 250 patients. This trend 

of growth and influences is expected to continue for some time, and according 

to the global market research association Wohlers Associates, the global AM market 

is expected to hit $15.8 billion in 2020, growing to $35.6 billion in 2024(2019 

Wohlers Report). 

Despite of the explosive development of 3DP technology and growing 

impacts of it on various industries and manufacturing sectors, several drawbacks 

makes it not suitable for complete replacement for conventional manufacturing 

method (Lee et al., 2017). The first drawback would be the slow speed due to the 

layer by layer additive production method. This makes 3DP not suitable for large-

scale production, compared to other types of manufacturing methods (Wu et al., 

2017). Finishing quality of the surface is another main issue. Staircase effect in 

transition area caused by the accumulation of layers with finite thickness creates 

rough surfaces, degrading the overall quality of final product. This gets worse when 

the surface is inclined, the more inclined a surface, the more evident the effect 

becomes. High chance of need for post processing operation is another drawback for 

3D printing. Mechanical operations such as polishing, sanding, and chemical vapor 
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processes are required to minimize surface quality problem. Post curing processes 

for selective laser sintering (SLS) printed objects, removal of support structures 

designed for overhanging features of a printed object all requires extra costs 

designated for the specific step (Ali et al., 2019).  

 Number of researches and the following results have suggested possible 

solutions to improve the overall quality of 3D printing manufacturing techniques. 

For instance, Campbell (2002) and Alfieri (2017) researched appropriate orientation 

improving the surface finish of a 3D object and Lazetta and Sacs (2014) tested this 

by figuring out types of appropriate printer head. Herman (2004) analyzed the logic 

behind a slicing program while others reviewed preprocessing and postprocessing 

methods (Chohan and Singh, 2017). Incorporation of smart material was also 

suggested as one of the possible solutions, for 3D printing of smart materials enables 

the design to morph over time producing a dynamic structure (as well as extenuate 

the need of support body(Rastogi et al., 2019). This marked the beginning of another 

research revolution which can respond according to environment giving an 4th 

dimension of time. This cost and time effective technique (which creates 

programmable object that transform over time) distinctive to 3D printing is called 

4D printing. 

However, as shown above, studies on the 3DP are still mostly focused on 

the technique itself and highly weighted on engineering-related fields. Researches 

that extensively cover 3DP in relation to fashion are hardly found as the area is quite 

new. Moreover, application of 3DP to the fashion industry is particularly difficult 

compared to other industrial sectors, as the flexibility, wearability, and durability 

required in this field can hardly be achieved with these drawbacks (Kim, 2015),(Lee 
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and Hong., 2017). Nonetheless, fashion industry has a fast trend cycle and high 

demand for user-customized product compared to other market and due to this 

phenomenon, textile-industrialization researches are being accelerated and its 

importance is being highlighted (Weller et al., 2015).  

 

1.2. Purpose of Research 

Thus, the purpose of this research is to present an extensive study attempting 

to develop a method that can both be a solution to the conventional drawbacks of 3D 

printing method as well as a step forward to a garment making industry. Specifically, 

the study aims to introduce a new 3D printing method for garment panels using 

textile hybrid structure, a structure attainable through the mixture of 3D printing 

technique and textile material. Moreover, the study expects to increase users’ 

approachability and usability on relatively new field of research on additive 

manufacturing by developing an integrated program. The paper first explains the 

concepts necessary to understand the studies and covers the related studies based on 

the preceding researches. Then, preliminary studies will be made to figure out 

experimental specifications appropriate to be used in the main experiment. The first 

preliminary study will determine size of the garment panels to be 3D printed while 

the second will be comprised of making of textile fixing device. The main 

experiments will test the feasibility of the designed method, the degree of change 

according to its number and dimension variation and program implementation and 

application. 
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2. Literature Review 
 

Truly, strength of three-dimensional printed structure lies in its ability to 

satisfy varying strength and intensity specification according to its applications and 

sizes. However, as the technology constantly developed and the demand to meet the 

current development trend of smart and active materials grew larger, more 

advancements were expected in the additive manufacturing technology. Skyler 

Tibbit’s inauguration of four-dimensional printing at 2012 TED conference marked 

the next step marked this next step in the additive manufacturing technology 

(TED,2020). In its initial definition, four-dimensional (4D) printing was a new term 

for an innovative and invasive process which adds another dimension to the 

conventional three-dimensional (3D) printing technology (Ali et al., 2019). 

Although it shows a similar name as 3D printing, 4D printing adds the fourth 

dimension of time, giving the printed structure the capability to change its form over 

time (Figure 1). The essence of the technology lies in the fact that the object printed 

is no longer static but can be reshaped into a pre-programmed and active manner 

over time (Wu et al., 2018). While there exists no standard definition by so far 

beyond this general and vague definition, the fundamental building blocks of 4D 

printing are composed of 3D printing facility, stimulus, stimulus-responsive material, 

interaction mechanism, and mathematical modeling. Figure 2 demonstrates main 

differences between 3D printing and 4D printing. 
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Figure 1. A simple illustration of the concept of 4D printing 

 

Figure 2. The difference between 3D printing and 4D printing, 

Momeni et al., A review of 4D printing, 2017 
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The launching of 4D printing has again revolutionized research domains 

much the same as to 3D printing discovery in the 1980s (Wu et al., 2018). 4D 

printing has manifested its tremendous potential in many engineering applications, 

such as robotics, origami-based actuators, adaptive metamaterials, drug delivery and 

fashion wear thanks to rapid growth and interdisciplinary research of 3D printing 

and stimuli-responsive materials (Liu et al., 2019). More than anything, the most 

valuable findings have been made from the extended studies that incorporation of 

smart materials enables the printed structure to morph over time resulting in a 

dynamic structure. Then this provided the drawback of dimensional variation in 3D 

printing feature a stairway to 4D printing, and even extenuated the need of support 

structure (Rastogi et al., 2019).  

At present, 4D printing is a highly specific technique, in which different 

printing machines and methods require specific optimization of material properties 

(Zhang et al.,2019). For instance, in relation to fashion, the technology has also been 

extended to concept of four-dimensional(4D) textile. The combination of 3D 

printing and textile materials which offers “4D Textiles” is a relatively new and 

growing research area (Brinks, 2013). Textile can be integrated into 3D printing with 

various forms and functions as illustrated schematically in Figure 3. There is a need 

to develop a deeper understanding of the textile-polymer interface in this process.  
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Figure 3. Schematic illustration of uses of textile(pink) and 3D printing(blue). 

(a) a composite print material, fibers in the polymer filament,  

(b) layered reinforcement, (c) polymer partially printed on textile, and  

(d). polymer partially printed on the textile.   

   Textile used as a spring to store or transmitted energy.  

 

2.1 4D Textile/ Textile Hybrid Structure 

Additive manufacturing incorporating highly elastic, extensible textile 

materials provides the opportunity to delve into a new range of materials: 4D textiles 

(Simonis et al., 2017). Whereas 4D printing is currently limited to very small 

deformations and very slow changes in time, 4D textiles offer the opportunity to 

increase deformation and response time (Schmelzeisen et al., 2018). 

4D textile is defined as 3D printed textile structure with an ability to change 

its structural form over time (Pei et al., 2015). As the name suggests, the concept is 

driven from “4D Printing” and there also exists various approaches to attain the 
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textile structure just like the technique itself does. The first approach induces shape 

change by the incorporation of shape memory materials (SMM). In this context, 

innovative properties and interactions arouses for dynamic textiles in consequence 

of external stimulus (Cabral et al., 2015). Textile material are integrated into 

composite print materials that can achieve shape memory effects as functional fibers. 

They can either be utilized as a composite textile surface with fibers in the polymer 

filament or reinforcement for a thin layer of plastic (Figure 3a), (Figure 3b) (Truby 

& Lewis, 2016). This method has been increasingly popular in recent years, but the 

focus of the study lies on the next approach.  

The next approach activates form and function change via 3D printing onto 

pre-strained textile and this type of 4D textiles are called in another term ‘hybrid 

textile structure’ (Schmelzeisen et al., 2018). In this case, the terminology ‘4D textile’ 

signifies that the combination of 3D printing and a time change element provides the 

fourth dimension, where the fourth dimension here refers to the structure’s ability to 

change shape over time by changing the residual stress in the textile (Schmelzeisen 

et al., 2018). The concept is extended from the fact that ability of the 4D printed 

objects can be maximized by utilizing pre-stretched hyperelastic textile as an energy 

storage. Hybrid textile structure consists of textile and 3D printed polymer structure. 

The core concept behind the idea of hybrid textile structure is to store energy in the 

fiber material and release that energy to affect the form and functions of the structure 

in the hybrid system. Fabric as a functional textile material stores or transmits energy 

to the printed polymers (Schmelzeisen et al., 2018). Under the premise that the 

textile is pre - stretched before the printing process, introduction of residual stress 

leads to the deformation of printed structure and creation of curvature (Sabantina et 



 

 10 

al., 2015). To be specific, textile is stretched for pre-strain, polymer is printed on the 

textile substrate, and release of the strain on the textile afterwards create curvature 

on the assembly. The residual stress here again is introduced through the pre-

stretched textile substrate prior to printing. (Schmelzeisen et al., 2018). In this 

approach, structures can be expanded in the layer than fully printed plastic surface 

(Figure 3c), (Figure 3d). The material properties of the components, the direction 

and amount of residual stress, the anisotropy of the textile substrate, the shape of the 

printed polymer, and the pattern of the printed grid can all be modified to design a 

component that serves a particular application (Stapleton et al., 2018). Both the time 

response and textile material play crucial role in 4D textile, especially in responding 

to external stimuli (Schmelzeisen et al., 2019).  

Considering the fact that the combination of smart and functional material 

with 3D printing technology, which now we know are building blocks of hybrid 

textile structure, has been suggested as one of the possible solutions to compensates 

for problems of conventional additive manufacturing method, the study have applied 

the above mechanisms to achieve aim of the study in developing the 3D printing 

method for garment panels that are free of conventional deficiency. 
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2.2 Self-folding 

In hybrid textile structure, shape change of planar textile to 3D structure 

occurs over time in the form of folding, shrinking or curling without external support 

or control. This intrinsically actuated shape change causes buckling of printed grid 

and out of plane movement in hybrid textile material; a key element to the concept 

driven from the property of textile is called self-folding. 

Self-folding is an intrinsic mechanism in which physical change occurs 

without external support or control. Shape changes that are exhibited along with the 

time expand 3D objects into 4th dimension. Self-folding as a technique is considered 

to be an effective method of influencing the behavior of complex shapes on the 

mesoscale (Lee et al., 2015). Use of self-folding has been around for some time but 

due to the new functions of manufacturing and design, complicated self-folding 

structure is currently rising as a new area of research.  

Often, combination of self-folding and additive manufacturing is called 4D 

printing. In the plane 4D printing, stiff materials are usually printed on the flat and 

flexible printing substrate. The printed structure is curved and out of plane 

movement is activated when the residual stress is released (Stapleton et al., 2019). 

Textiles are relatively low in price, stable and easily manufactured while its filament 

material and textile structure can be modified in countless ways to produce the 

desired degree of anisotropy, porosity, elasticity, and even actuation (Yuen, et al., 

2014). This eventually allows textile to become one for the best substrate for 4D 

printing. Self -folding typically involves non-uniform internal stress generated 
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through contrasted material under swelling or healing. A typical mechanism for 

accomplishing self-folding involves non-uniform internal stress, generated through 

contrasted materials under swelling or heating (Wu et al., 2013). Reversible 

unfolding deformation is possible for structures formed from this mechanism 

compared to traditional technique by controlling local recovery of shape memory 

polymers (Liu, 2012). 

When the characteristics of self-folding is well managed and designed, 3D 

printing of curved structure that instantly fits body forms upon printing without 

setting of extra support can be made feasible. Structures with pre-designed self-

folding characteristics will also have room for movements which can be utilized as 

protectors, suits or accessories. Thus, in consideration of its importance and 

expectation for varying applications, self-folding was achieved in equally simple 

manner by utilizing the residual stress stored in the stretched textiles. 
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3. Research Method 

The aim of this study was to develop and validate 3D printing method 

producing garment panels by utilizing textile hybrid structure and implement the 

system into program. In this section, materials involved for the experiment process 

is outlined and descriptions of experimental methods and processes are provided 

along with the manufacturing method for necessary device. Two pilot experiments 

were made to pre-determine the experiment specifications appropriate to be used in 

the main study. Then, three major tests were conducted in the main experiments for 

the method’s feasibility, affecting factors, and program development. The overall 

process of the research method is illustrated in the Figure 4. 

 

 

 

 

 

Figure 4. Overall process of the research method. 
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3.1 Materials 

 

Table 1. Materials used in the experiment 

 

Materials were chosen carefully to produce 3D printed textile specimens 

(Table.1). The textile had to show both sufficient elasticity and stiffness to bend. On 

the other hand, the stiffeners needed to adhere to the textile without burning or 

tearing it. Based on the adhesion experiment conducted by (Sanatgar et al., 2017) 

and smart textile study by (Steven et al., 2017), white synthetic knit fabric made up 

of 77 % nylon and 23% spandex was prepared for the textile and black Sindoh 

flexible-PLA filament composed 99% of thermoplastic polyurethane was purchased 

as the stiffeners. The filament had a diameter of 1.75mm. length of 169 m/roll. 

Adhesion of the PLA to the fabric was proven at the previous study as well (Narula 

et al., 2018).  

3D modelling program Rhino 6 of Rhinoceros was used for the design and 

modelling and slicing program of Sindoh 3DWOX for the slicing and encoding of 

Pilot Experiment 

Substrate White synthetic knit fabric 
(77 % nylon 23% spandex) 

Stiffner Sindoh 1.75mm flexible - PLA filament 
(99% thermoplastic polyurethane) 

Main Experiment 
3D modelling Rhino 6 

Slicing 3DWOX desktop (Sindoh) 
3D Printer 3DWOX 2X FDM Printer (Sindoh) 

Program Implementation Embarcadero RAD Studio 
Programming Language C++ 
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the file into G-code file. All textiles were printed using FDM printer 3DWOX 2X 

from the same company. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 16 

3.2 Pilot Experiment 

3.2.1 Panel shape design 

The study first designed simple shape of a panel that is appropriate to be 

used in the main experiment through the pilot experiment. Smallest unit to observe 

curvature was taken into account when forming a curve thus both shape for the single 

panel and the smallest experiment unit had to be determined, tested and designed. 

Commercial 3D program Rhino 6 was utilized for the modelling process and Figure 

5 and Figure 6 illustrates the modelling and the printed sample of the initial shape 

design of the panel.  

 

3.2.2 Panel size determination  

As a next step, dimensions of the panels adequate for the curvature test were 

predetermined. In every trial, adjustments in dimensions were made in consideration 

of printing efficiency as well as joined panels’ ability to bend. Panels were connected 

side by side with slanted faces facing one another, and this created certain angle. On 

this process, the study determined amount of the degree that two slanted faces form 

and how much of these two faces should be connected so to give stiffener the most 

flexible yet non-destructive connection.  

 The panel size determination started from 50.0mm x 50.0mm x8.0mm then 

decremented along with the test result (Figure 7). For the determination of the degree, 

<30' was set as a base angle (Figure 8). After testing the model with the base angle 

and observing its inadequacy, the study remodeled the design with angles in between 
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5 to 30 in an increment of 5 and conducted the tests again (Figure 9). Conjoined parts 

were also modeled along with the size and tested from .00 mm to .05mm in an 

increment of .01mm (Figure7). Using FDM printer Sindoh 3DWOX 2X, PLA was 

printed at a temperature of 240°C and on the 60°C bed at a speed of 30 mm/s, with 

a nozzle. cross-section of .40mm and theoretical layer thickness of .20mm.  

 

3.2.3 Textile fixation method development 

Additional experiment to devise method to stretch textile for inserting pre-

strain was conducted. Strain was needed to be exerted as even as possible in four 

direction - left(x), right(y), up(a), down(b) - and as tense as possible to prevent any 

printing problems like dragging or jamming of textile by the extruder. Textile 

fixation mechanism that has been made in Schmelzeisen (2018) study was applied 

in doing achieving this goal. Grids with the size of 25.0mm were drawn the printing 

plate and corresponding points were drawn on the textile in preparation for the textile 

fixation. (Figure 10, 11). This was to let the lines of the grid to be seen through 

stretched and thinned textile when the substrate was fixed on the printing bed plate. 

Moreover, points on the textile could be compared with the lines which facilitated 

the even distribution of the strains in four directions (Figure 12). 
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Figure 5. Example shape of the initial panel design in modelling state 
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Figure 6. Example of the printed initial panel design 
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Figure 7. Initial panel design size variation (50.0mm x 50.0mm x 8.0mm) 
  



 

 21 

 

 

 

 

 

 

Figure 8. Initial panel modelling with angle 30° 
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Figure 9. Initial panel modelling with angle 5° (front) and 15° (behind) 
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Figure 10. 25.0mm x 25.0mm grids on printing bed 
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Figure 11. 25.0mm x 25.0mm points on the textile 
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Figure 12. Textile fixed on the printing bed 
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3.3 Main experiment 

3.3.1 Feasibility Test 

If the pilot test was designed to determine optimized dimensions for garment 

panel given with the test textile, feasibility test was designed to see whether 3D 

printed structure on the pre-strained textile self-folds and creates curvature or not. 

First, model of the garment panel pair predesigned in the pilot experiment was 

converted into G-code file via 3DWOX slicing program and 3D printed on the 

stretched fabric to check feasibility of the suggested 3D printing method in forming 

a curvature (Figure 13). If and only if the curvature is generated in this smallest test 

unit, whether the same effect is achieved in the extended number of units or not was 

tested. Using the Rhino 6 program, the single unit was remodeled into a row of 

panels in which they are connected side by side with the same conjoining specimen 

predetermined in the pilot experiment. If there exists no curvature in the first place, 

the test was to repeat the modelling process from the very first stage of pilot 

experiment.  

 

3.3.2 Variation Test 

In case where curvature from both single and multiple connections of 

garment panels are observed, the study was planned to continue the second part 

which is the variation test. The aim of the test was to see whether the dimensions 

determined during the modelling works as an affecting factor that influences the 

degree of curves formed in garment panels. The test was carried out for two factors, 
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length and the height of a garment panel, while fixing the degree formed by the pair 

of panel height of its hinged part. In the first case, the study remodeled the previously 

tested row of panels by increasing the length of the alternating panels by 1.25mm, 

which was one half of the original width. On this process, number of panels in the 

row had to be decreased from the original panel row due to the bed size limit (Figure 

14a). The remodeled design with five panels was processed in the same direction as 

the first test then 3D printed on the pre-strained fabric (Figure 14b). For the second 

variation, height of each panel in the original row of the panel was increased by 

2.0mm, which again was the one half of the original height (Figure 15a).  

The design was processed and 3D printed as described above afterwards 

(Figure 15b). Additionally, textile around all the 3D printed multiple panels were cut 

to the edges to further observe any factors affecting their degree of curvatures. 
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Figure 13. Converting predesigned models into G-code in 3DWOX Desktop 
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(a) Modelling 

 

(b) Printing 

 

Figure 14. Variation test (length) 
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(a) Modelling 

 

(b) Printing 

 

Figure 15. Variation test (height) 
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3.3.3 Program Implementation 

Assigning appropriate angle to each panel in a garment pattern according to 

the curvature it forms in its 3D state was hypothesized to fold the flat garment pattern 

and eventually form 3D shape. From this hypothesis, additional experiments were 

planned to implement the suggested 3D printing method into a program. If the 

suggested 3D printing method being tested with certain angle were to successfully 

forms curvature, it implies that that assigning appropriate angles according to the 

curvature of the 3D shape of the different garment patterns is also workable. 

Considering the case, the program specifically aimed to provide a function of 

calculating these angles by automatically applying the new 3D printing method and 

generate compatible 3D models that can create hybrid textile structure. The program 

was implemented in Embarcadero RAD studio environment using C++ language.  

The actual applicability and usability of the implemented program was 

tested by creating actual piece of garment panels. User-made 3D bodice pattern was 

used as an input to GDP program. In consideration of test printer’s bed size, the 

bodice pattern was segmented into 16 pieces of individual element and exported into 

OBJ files to be scaled to 80 percent. Rhino 6 was used for scaling and file was 

exported to STL files again to be processed into G-code in 3DWOX slicing program. 

The final G-code file was then printed on the stretched textile. 
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4. Results and Discussion 

In this section, experiment results are illustrated, discussed and further 

analyzed for the meaningful outcomes. Final specification of the modelled garment 

panel and textile fixation method are shown as well as the results of the feasibility 

and variation tests of the suggested 3D printing method. Moreover, program and 3D 

bodice panel model produced by it are illustrated as the results of program 

implementation and application test. 

 

4.1 Pilot Experiment 

 4.1.1 Panel shape design 

Considering the visibility and observability of the curvature on the eye-level 

(horizontal level), simplest form that can simulate x and y directional curve had to 

be chosen, thus, a simple square shape was designed. The final dimensions of single 

garment panel were 250.0mm x 250.0mm x 4.0mm (width x length x height) based 

on the balance between printing time and thickness of the panel. 

 

 4.1.2 Panel size determination 

Pair was chosen as the smallest test unit and each panel in it was aligned 

side by side with slanted face facing one another. These faces formed 20degree angle 

and were partially joined at the top so to meet and create a curve when pre-strain in 

the textile substrate is released. The thickness of 2.0mm was assigned to the joined 
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faces because .00mm to .10mm thickness showed the separation of two panels while 

numbers bigger than the suggested thickness did not exhibited enough flexibility for 

the panels to bend. All specifications determined for the design based its legitimacy 

on flexibility in bending and balance in relation to tension of the textile. Figure 16 

shows the modelling of the garment panel pair that was chosen to be used in the main 

test. 

 

 4.1.3 Textile fixation method development 

The textile fixation mechanism devised through the pilot experiment was 

repeated in every printing session with the conditions described in research method. 

Figure 17 illustrates the step by step process of textile fixation method, from 

preparation of textile to the loading of textile-wrapped printing bed on the 3DWOX 

printer. When textile substrate was loaded on the printer, pre- strain was on the textile 

as it was stretched, and the bed temperature increased in preparation for the printing. 

The method was processed as follows. All the textiles were cut into size of 220.0mm 

x 200.0mm to fit the size of the Sindoh printing bed (240.0mm x 220.0mm) (Figure 

17-1). If the textile size exceeded the size of the printing bed, collision problem 

occurred, and textile was pushed and dragged by the nozzle regardless of stretched 

fabric’s intensity. Textiles were laid and taped onto the printing bed in the x-

direction with no pre strain (Figure 17-2), (Figure 17-3). Next, the textile was 

stretched in the opposite direction y to produce a pre-strain and taped (Figure 17-4). 

After the y-directional stretching, the textile was also stretched in both a and b 

directions to provide even strain (Figure 17-5). The study made sure that points make 
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horizontal and vertical alignment with the grid on the plate. When the textile was 

securely fixed on the printing bed, the plate was loaded on the 3DWOX EX printer 

for the next printing steps (Figure 17-6). The cycle repeated in every printing session 

in the experiments. 
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Figure 16. Example panel used in main experiment 
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Figure 17. Textile fixation process 
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4.2 Main Research 

For the first part of the feasibility experiment, the entire printing process for 

a garment pair took 27min. For the next experiment conducted on the row of multiple 

panels, printing time took 1hr 20 min. Finally, dimensions of panels in the row were 

changed to see the factors affecting the degree of the curvature. Variation test for the 

length took 1hr 25min. For next variation test which altered the height of the garment 

panel, the whole printing process took 1hr 39 min.  

 

 4.2.1 Feasibility test  

Based on the model built on the pilot experiment, feasibility experiments 

were held to see if the pre-designed panels actually form curvature when printed on 

the stretched fabric. Results of the main experiments are as follows. Both pair of 

panel and row of multiple panels 3D printed on the pre-stretched textile crooked and 

exhibited curvature once they were removed from printing bed. However, the 

curvature formed by the structure from the second experiment was more arched than 

that of the second experiment as can be compared through Figure 18 and Figure 19. 

Feasibility of the suggested method was proven by the formation of the 

curve by a panel pair and a row of multiple panels. From the result, it could be 

inferred that residual stress induced during the process helped creating the curvature. 

There also was an interesting fact noticed in the experiments, and it was a difference 

in the degree of curvature formed between two results. Multiple garment panels 

created more arched curve the single garment panel unit. This shows that the number 

of garment panels have affected the curvedness of the printed structure. More than 
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that, the result implies that the density or the positions of the stiffener might have 

worked as the factors affecting the curvature. 
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 4.2.2 Variation test  

 The variation tests on panel length and height produced rows of panels with 

lower and higher curvature (Figure 20), (Figure 21). Thus, both dimensions were 

found to be the factors affecting the degree of curvature being created through the 

method. This again supported the earlier implication. Lengthened alternating panels 

in the first variation test denoted that position or area of the printed material have 

influenced the result. In case of height variation, increased density or weight should 

have created stronger residual stress in the process. Though to which extent should 

be researched through more extensive studies, suggested 3D printing method was 

proven to be a working solution that is affected by dimensions of the garment panels 

as well as the factors affecting intensities of residual stresses on the textile substrate.  

For all 3D printed multiple garment panels which their textile around them 

were cut to the edges, the structures still maintained the curvatures but their degree 

of incurvation was mitigated (Figure 22). 
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Figure 18. Feasibility test (two-piece panel) 

 

 

Figure 19. Feasibility test (multiple piece panel) 
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Figure 20. Variation test (length) 

 

 

Figure 21. Variation test (height) 
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Figure 22. Various trimmed panels 

(out of Feasibility test 2, Variation test 1, and 2 from the top) 
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 4.2.3 Program Implementation 

Integrated program that incorporated the new 3D printing method was 

developed. The program was made for window desktop environment and named 

Garment Pattern Printer (GPP). Figure 23 illustrates the overall composition of the 

program.  

 

 

Figure 23. Composition of Garment Pattern Printer  
    with functional areas from 1 to 8 

 
 
 
The following is the detailed explanation of the composition of the GPP (Figure 23): 

The top section of the program is divided into two layers and they are in 

charge of Menu and Load functions. Area 1 is composed of basic menus used for the 

program such as loading of new or existing project and saving and exporting of files. 

When user loads any 3D model to work on, radio buttons in the Area 2 allows the 

users to change the view from perspective to parallel according to their choices 
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(Figure 24). Each button on the Area 3 also provides different views of the model 

according to their letters (F-front, B-back, R-right, L-left, U-up, D-down) (Figure 

23). All these views are displayed on the Area 7, while Area 8 shows the flat pattern 

of the 3D model once it is loaded. Numbers on the flat pattern signifies the element 

number of the model, which is into how many pieces the model is segmented. Area 

4 of the program allows the users to select which models to view on the Area 7, as 

well as whether to view the element name on the panel pattern on Area 8 it provides. 

Selecting 3D Panel check box provides view of 3D model loaded by the user before 

the conversion, while the selection of Flat Panel check box provides corresponding 

3D mesh model (Figure 25). Panel Name box can be checked and unchecked to 

display element numbers (Figure 26). Area 6 is composed of Edit menus where 3D 

modellings can be modified in accordance with substrate, 3D printing environment, 

as well as users’ aesthetics. By modifying the parameter value of the Panel text box, 

element numbers on the mesh of the models can be changed - the details will be 

illustrated in the following section (Figure 27). On the other hand, Hinge and Panel 

Thickness value are varied to change the dimensions of the model panel (Figure 28). 

Regarding the calculation of the angles in producing a corresponding 3D mesh 

model, the program does not dynamically calculate optimized angle in every 

occasion but calculate necessary angle to form given curvature. 
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Figure 24. 3D garment panel model displayed on the left screen 
 
 
 

 

Figure 25. Flat panel model displayed on the left screen 
 
 
 
 



 

 46 

 
 
 
 
 
 
 
 
 
 

 

Figure 26. Visualization of mesh structure without panel number 
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Figure 27. Panel subdivision 
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Figure 28. Panel modelling - modifying panel and hinge thickness 
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GPP’s prime function is an automation of modelling or conversion of any 

3D curved shape into a 3D model file for hybrid textile structure. Along using this 

function, users can enjoy other functions that aid them to modify the structure 

according to their aesthetic taste and substrate characteristics.  

The flat panel models were exported and scaled to be printed on the pre-

strained textile for the applicability and usability test. The results showed that the 

printed panel expresses high conformity with the predesigned model. More than that, 

the method proved itself to be sustainable as it reduced the time and material needed 

for the extra support setting. The printed panels pieces could be assembled into a 

whole bodice pattern with ease due to its characteristic of adhesion to textile. 

3D Garment Pattern Printer successfully incorporated the suggested method 

into computer software. The program did not only enable the users to easily convert 

any pre-designed 3D modellings into 3D Flat modellings, but also increased the 

manufacturing efficiency as a whole by automating the remodeling step of 3D shape 

into a hybrid textile structure ready data. Moreover, it allowed a chance for users to 

get familiar with the new concepts and be educated with how to use the method. It 

will eventually enable user to conveniently approach and explore the area of hybrid 

textile structure. 
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5. Conclusion and Future Research 

In case of 3D printing an overhanging object with curvature, setting of extra 

support structures to maintain the figure has been an unavoidable option. Making the 

situation worse, the following post processes to eliminate them have been mentioned 

as one of the main drawbacks that hinders the technology from becoming a feasible 

replacement for conventional manufacturing method. Especially in the area of 

fashion where beauty of human body is always reflected as a core element and 

exterior quality of the final product greatly affects the market’s aesthetic standards, 

use of curvature is inevitable and the solution to the problem is an indispensable task.  

Attempts to defy conventional drawback has been made in this extensive 

study with the process of developing new 3D printing method. Concept of hybrid 

textile structure was introduced and utilized in the method as a solution to generate 

curved surface without conventional setting of support structures.  Feasibility of the 

method proved the study’s underlying hypothesis that garment panels with curvature 

can be obtained through the release of residual stress on the pre strained textile. The 

subsequent implementation of the Garment Pattern Printer software (GPP) also have 

enhanced the users’ approachability to the new method. Program which calibrates 

user’s input garment pattern, calculate, and assign optimized angle according to its 

curvature in designated 3D shape, greatly reduced the modelling process in 

otherwise have to be done manually. Thus, the study will not only maximize the 

efficiencies in conventional additive manufacturing method but also expects to open 

opportunities of development in the field of hybrid textile structure.  
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 The study truly has taken one of the significant initiatives in the new field 

of hybrid textile structure, thus, should be used as a base or starting point to manifest 

its potentials as a new method and solution to additive manufacturing field. In other 

words, while the study has tested the feasibility and potential of the method and 

determined some of its affecting factors, more intensive explorations with controlled 

variables to verify their details are needed to extend the area.  

There are several focus points that the future studies in hybrid textile 

structure plans to delve into. First of all, experiments are expected to be made in 

relation to material variation, both in textile substrate and stiffener. Provided with 

the same garment pattern modelling, textiles with varying tensile strength, thickness, 

and component requires different pre-strain to achieve certain curvature. This works 

the same with the stiffener used in the experiment as components, printing 

temperature, machine specification affects the result. Thus, future studies will be 

carried with various textiles and stiffeners to see their relation to textile’s residual 

stress in forming curvature without setting of support structure, which will 

eventually be used as a database to analyze overall rules in utilizing the suggested 

method.  

Researches to devise better textile fixation method are expected to be carried 

out as a next research step as well. Distributing pre-strain throughout the textile 

needs to be carefully achieved and tracked to provide stable experimental 

environment and increase types, boundaries, and tension of textiles that can be 

covered by the experiment. Moreover, future studies will also analyze the factors 

affecting the degree of curvature created through the method. Height and the length 

of a printed model were found to be the factors influencing the formation of 
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curvature in the method, but the finding was on its elementary level of likelihood. 

Comprehensive researches on affecting factors and their details will be made in the 

future. Understanding the factors and their relation to the method is expected to 

provide means to predesign the modelling and control printed structure of hybrid 

textile structure in detail.  
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초    록 

3 차원 프린팅(3D 프린팅)은 크게 성장하는 영향력을 가진 

유망한 기술로 2024 년도에는 세계 시장에서 약 356 억 달러의 

시장가치를 가질 것으로 예측되고 있다 이러한 폭발적인 발전에도 

불구하고, 3 차원 프린팅은 몇 가지 단점들로 인하여 기존 제조 방식의 

완전한 대체제로 적합하지 못하다는 판단을 받고 있는 실정이다. (Lee et 

al., 2017). 이 문제점들은, 낮은 제조 스피드, 완성 표면 품질 그리고 

폴리싱, 샌딩, 추가 서포트 설치와 같은 후처리 기기 작업들의 필요성 

등을 포함한다(Wu et al., 2017), (Ali et al., 2019). 3 차원 프린팅 제조 방식의 

전반적인 품질을 향상시키기 위해 가능성 있는 해결책을 제안하려는 

시도들이 몇몇 연구에서 이루어 졌지만, 패션 산업에서 필요로 하는 

유연성, 착용성, 내구성 등이 이러한 단점들과는 달성되기 어렵다는 

점에서 삼차원 프린팅의 패션제조산업 도입은 특별히 다른 분야보다 더 

어려운 분야로 여겨지고 있다(Kim, 2015),(Lee and Hong., 2017). 따라서, 본 

연구는 기존 삼차원 프린팅 방법의 단점에 해결책을 제시함과 동시에 

의류 제작 산업 발전에 도움이 되는 포괄적인 연구를 제시하고자 한다. 

구체적으로, 본 연구는 삼차원 프린팅과 섬유를 기능 섬유 물질로 

사용함으로 얻을 수 있는 하이브리드 텍스타일 구조를 사용하여 의복 

패널을 생성하는 새로운 삼차원 프린팅 방법을 개발하였다. 또한 기능을 

통합된 프로그램으로 구현함으로 적층 제조 방식의 비교적 새로운 
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분야와 개발된 삼차원 출력 방식에 대한 사용자의 접근성과 사용성을 

높였다.  

주요어 :  하이브리드 텍스타일 구조, 4D 텍스타일, 3D 프린팅,  3 차원 

프린팅,   

          섬유 장력, 잔류 응력 

학   번:  2018-24221  
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