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A B S T R A C T   

A new weaving technology using a modified z-binder interlacement system was designed to 
demonstrate its potential for the effective, continuous, efficient, and rapid manufacturing of 
various three-dimensional (3D) woven structures. First, three representative 3D woven preforms 
were fabricated. Then, epoxy resin was transferred to a preform. The manufactured 3D woven 
textile-reinforced composites were investigated using micro-CT analysis, tensile tests, and 
bending tests to study the effect of the z-binder interlacing on the structure. Furthermore, a design 
rule was established that could seamlessly create complex 3D woven structures with non-uniform 
heights in the z-direction, such as boxes, bowls, and pyramids, demonstrating that the seamless 
3D woven preform of the complex shape can be fabricated with structural integrity.   

1. Introduction 

Carbon fiber-reinforced plastics (CFRPs) have a high strength and stiffness-to-weight ratio; therefore, these materials can substi-
tute, for example, metals, and they are widely used in various industries such as the automobile and aerospace industries [1–3]. 
Because two-dimensional (2D) fiber-reinforced plastics (FRP) have no reinforcing elements in the thickness direction, mechanical 
properties deteriorate in that direction. Delamination of 2D FRPs is one of the main causes of their poor mechanical properties [4,5]. 
Various methods, including z-pinning [6–8], stitching [9–11], tufting [6,12], resin toughening [13], and interface strengthening [14], 
have been employed to solve this problem; however, no complete solution has been provided. To overcome the limitations of 2D FRPs, 
several studies have been conducted on novel 3D preform weaving methods [15–20]. The three most representative three-dimensional 
(3D) woven structures are the orthogonal (ORT) structure, layer-to-layer (LTL) structure, and angle-interlock (AI) structure. Numerous 
studies have been carried out to evaluate and characterize the mechanical properties for these three structures [19,21–23]. In addition 
to these established weaving structures, research has been undertaken to explore new weaving techniques. An examination of flexural 
behavior was conducted through the design of a novel weaving technology, utilizing a modified heddle position system based on a 
self-built 3D loom, resulting in the production of four representative 3D weaving structures [18]. Subsequently, an experimental 
investigation was carried out to assess the low-velocity impact performance of six types of 3D woven structures [24]. Furthermore, 
studies have been dedicated to the development and multiscale characterization of 3D warp interlocked flax fabrics with different 
weave structures for composite applications [25]. Research efforts have also focused on enhancing delamination resistance and 
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out-of-plane mechanical properties through 3D fully interlaced preform weaving [26,27]. Additionally, new 3D woven ORT fabrics 
with improved auxeticity are currently under development for reinforced composites [28]. Various woven structures have been 
proposed, designed, and manufactured. The overall strength, delamination resistance [29–31], and impact performance [32–36] of the 
3D woven composites were found to be excellent owing to the effect of the thick reinforcing yarn (z-binder). 

CFRPs used in industries such as automobiles and aerospace must have a specific structural shape depending on the usage. Pres-
ently, 2D carbon fiber reinforcements in the form of fabrics are laminated for this purpose and then placed into a mold of a specific 
structure to make a composite material [31,37–44]. A limitation of these technologies is that, when molds are used, problems, such as 
wrinkling, occur in complex shapes [44,45]. Alternatively, after these reinforcing materials assume the shape of a structure, joints are 
added to create a shape. In the case of creating a joint, even if the problem of complexity is solved, there are weaknesses in the joint, 
such as a considerably long manufacturing time and difficulty in injecting resin. 

Therefore, 3D woven preforms offer the best solution for high-performance applications with complex geometries. These preforms 
are specially woven to fit the desired shape. It also exhibits a uniform and well-aligned fiber distribution. Previous studies have re-
ported on seamless 3D composite manufacturing technology, but only for manufacturing of fragmented specimen. Owing to the 
complexity of the manufacturing technology, reports on mass production technology are also lacking [46–53]. Textile reinforcement 
forming [46,47] held an advantage in terms of its process simplicity and speed. However, it suffered from drawbacks such as wrinkling, 

Fig. 1. Schematic representation of the new 3D weaving equipment: (a) overview, (b) individual parts in the xz-plane view, and (c) built-in machine 
in a laboratory [15]. 
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buckling, and network sliding. Surface 3D weaving [46,47] excelled in producing intricate structures with fewer defects but faced 
limitations for fiber plies with specific orientations, and its weaving process was time-consuming. The mathematical determination of 
shapes of reed wires [54] demonstrated an advantage in creating seamless and specific shapes, but it was constrained in the variety of 
shapes it could produce and required numerous corrections, rendering it time-intensive. Paper-folding approaches [50,52] offered the 
benefit of seamlessness, yet they had restrictions on the shapes achievable, resulting in uneven tension and irregular surfaces. Research 
has been conducted to facilitate the use of these 3D composite materials as parts; however, the complexity of the manufacturing 
process has not been resolved. Therefore, the development of simple, continuous, and rapid seamless 3D composite manufacturing 
technology has great academic and industrial significance. 

In this study, the equipment for 3D woven preform manufacturing has been introduced, and the weaving mechanism has been 
discussed. We present three representative 3D weaving structures: through-thickness orthogonal structure (TTO), through-thickness 
layer-to-layer structure (TTLL), and through-thickness all-layer-interlaced structure (TTAL). These differ according to the degree of 
z-binder interlacing using a novel weaving mechanism. The effect of the z-binder interlacing on the structure was also analyzed. Based 
on the 3D woven weaving mechanism, a manufacturing process for seamless 3D complex woven preforms was established. Our 
weaving method, exemplified by the TTAL structure, possesses a distinct advantage in that it enables the weaving of diverse structures 
through careful structural design. This approach allows for the realization of complex shapes. Through the concept of weft and warp 
slices [48], convex and concave shapes with non-uniform heights in the z-direction were produced. This was possible because of the 
continuity and diversity of the TTAL structure. Furthermore, box, box lid, bowl, pyramid, and bowl-type preforms with increased 
complexity were produced; post-manufacturing, the internal structure was analyzed to confirm continuity. Consequently, we advocate 
for our method as a ’new weaving technology’ with significant potential for the effective, continuous, efficient, and rapid 
manufacturing of various 3D woven structures. 

2. Experimental 

2.1. 3D weaving loom and basic weaving mechanism 

Fig. 1 shows a schematic representation of the 3D weaving equipment developed in this study. Fig. 1(a) shows an overview of the 
3D weaving equipment with key elements. The key elements include torque motors, heddle frames, reed, warp yarns, z-binder yarns, 
and weft yarns. Torque motors are used to supply warp and z-binder yarns. To ensure that all fiber yarns remain straightened during 
the weaving process, a torque motor provides a constant tension. The weft yarns are inserted at the corresponding positions according 
to the upward and downward movements of the heddle frame. Therefore, to insert the weft yarns at the desired position, the up and 
down movements of the heddle frame have to be set correctly. After the weft is inserted, a compact 3D woven structure is formed after 
the beating-up process of the reed. Fig. 1(b) shows the xz-plane view of the 3D weaving equipment in three parts: supplying, weaving, 
and taking-up. In the supplying part, the warp and z-binder yarns are only unwound to the length necessary for the next step of the 
weaving process. In the weaving part, the warp and z-binder yarns are arranged at the required positions to create the desired 3D 
structure. In this part, we determine whether the warp and z-binder yarns are situated above or below the weft yarn in the z-direction. 
The wefts are inserted between the warp and z-binder yarns, which are opened up and down using a heddle frame. The final 3D 
structure are determined by the relative positions of the warp, weft, and z-binder yarns along the z-direction. Finally, the preform is 
pulled in the x-direction in the take-up part, and the fiber volume fraction can be controlled through an appropriate pitch shift. Fig. 1(c) 

Fig. 2. An example of 3D weaving process based on the relative z-direction positioning of the warp, weft, and z-binder yarns. (a) Before weaving, 
(b)–(g) step by step process of inserting six weft yarns in three layers, and (h) beating-up process. 
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shows a built-in machine in a laboratory with key elements: torque motors, heddle frames, and reed. 
Fig. 2 illustrates the 3D weaving process in eight steps and explains the mechanism of the 3D weaving equipment. In Fig. 2(a), prior 

to weaving, both heddle frames of the warp yarns and z-binder yarns are in a lowered state without any positional distinction. As 
weaving commences, the position of the weft yarns along the z-axis is determined by the up-and-down movement of the heddle frame. 
Fig. 2(b) shows the process of inserting the first weft yarn into the top layer. The weft yarn is inserted in the space between the raised 
yellow z-binder heddle and the lowered red z-binder heddle, known as the weaving point. This weaving point is consistent in all the 
weaving processes and is marked by the intersection of the red dotted line. Fig. 2(c) shows the insertion of the weft yarn with only the 
red z-binder heddle raised. Note that the two z-binder heddles are alternately raised during the weaving process, causing the z-binder 
yarns to interlace with the inserted weft yarns. Fig. 2(d) shows the insertion of the weft yarn into the middle layer. Because the weaving 
point remains the same, one of the two warp heddles must be raised. Fig. 2(e) shows the insertion of the weft yarn into the bottom 
layer. At this stage, both warp heddles are lifted. Subsequently, one weft yarn is inserted into the bottom layer (Fig. 2(f)) and another 
weft yarn is inserted into the middle layer (Fig. 2(g)). Fig. 2(b)–(g) show one cycle in which six weft yarns are inserted. The dense 
structure is produced by beating-up after each weft yarn is inserted (Fig. 2(h)). 

Yarn to yarn friction is well known as the main influence on the degradation of carbon yarns [55–58]. In our study, yarn degra-
dation caused by friction was managed by preventing unnecessary contact between yarns, maintaining appropriate tension, setting the 
appropriate pitch shifting, controlling the temperature and humidity in the laboratory, and reducing unnecessary stress by minimizing 
process variables. 

2.2. Materials and 3D composites fabrication 

Carbon fiber yarns (A-38, A-42, DOWAKSA, Turkey) were used, and the tensile strength of each carbon fiber yarn was 3800 MPa 
and 4200 MPa. Three different 3D woven structures (TTO, TTLL, and TTAL) were fabricated using warp, weft, and z-binder yarns of 6K 
(A-38), 12K (A-42), and 3K (A-38) carbon fibers, respectively. For the example fabrication of the seamless 3D woven preforms with 
complex shapes, 24K (A-42) carbon fibers were used for the warp, weft, and z-binder yarns. 

The matrix consisted of epoxy resin and a hardener (Epofix; Struer, USA). The epoxy resin and hardener were mixed in a weight 
ratio of 25:3 at room temperature. Vacuum-assisted resin transfer molding was used to impregnate the 3D woven preforms with the 
epoxy resin system. After defoaming, the mixed resin was injected into a vacuum bag, and the composite was cured for 24 h at room 
temperature in a sealed bag. 

2.3. Characterization of 3D woven composites 

To analyze the fiber architecture of the 3D woven composites, micro-CT imaging (Skyscan 1275; Bruker, Belgium) was used. 
Datasets were reconstructed using standardized cone-beam reconstruction software (NRecon; Bruker, Belgium). For 3D visualization 
of the 3D woven composite, a volume rendering software (CTVox; Bruker, Belgium) was used. Through structural rendering using an 
analysis and visualization software (CTAn; Bruker, Belgium), the fiber volume fraction and porosity of the composite were measured. 

Fig. 3. Weaving process diagram of three representative 3D woven structures. 2D plane view model of (a) TTO, (b) TTLL, and (c) TTAL. The number 
in the model represents the weft yarns inserted in sequence. (d), (e), and (f) are the weaving process diagram of (a), (b), and (c). The number in the 
first column represents the weaving steps, and the ’B’ and ’W’ in the first row represent the z-binder and warp heddles. The numbers following the 
’B’ and ’W’ characters represent the z-binder and warp heddles and their identification, respectively. 
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The specimens for tensile testing were prepared according to the ASTM D3039 standard (100 × 15 × 2 mm3). End tabs, each with a 
length of 20 mm, were attached to both ends of the specimen using an epoxy adhesive (DP460; 3 M, USA), making a gauge length of 
600 mm. Tensile testing was performed using an Instron 5985 instrument (Instron, USA) at a loading speed of 2 mm/min with a 100 kN 
load cell. Bending testing was also performed with the specimens prepared according to ASTM D790 (55 × 12.7 × 2 mm). A universal 
tensile tester (Quasar 50, Galdabini, Italy) equipped with a three-point loading system was used for bending tests. The crosshead speed 
was 1.0 mm/min, and the sample span-to-depth ratio was 16:1. A minimum of five specimens were tested. 

3. Results and discussion 

3.1. Fabrication of 3D woven preforms and composites 

3.1.1. Various 3D woven structures by different z-binder interlacing 
To investigate the effect of different z-binder interlacings on the 3D woven structures, we fabricated three representative 3D woven 

preforms in a three-layer through-thickness structure (Fig. 3). All the three structures contained six wefts in a repeat cycle. As shown in 
Fig. 3 (a), the TTO structure contains z-binder yarns that wrap around three weft yarns covering the entire z-direction. The TTLL 
structure has z-binder yarns that wrap around one weft yarn and then two weft yarns (Fig. 3 (b)), whereas the TTAL structure has z- 
binder yarns that wrap each weft yarn, i.e., wrap three times, one at a time (Fig. 3(c)). These weaving structures were fabricated by 
adjusting the weaving process. To clarify explain this and in fact monitor the weaving process, a weaving process diagram is devised 
and given in Fig. 3(d)–(f). In the weaving process diagrams, the z-binder and warp heddles are represented by "B" and "W” and the 
numbers behind these denote different heddles that are used to achieve the desired weaving pattern. Note that the colors in the 

Fig. 4. Design and fabrication of three representative 3D woven structures. 3D solid model of (a) TTO, (b) TTLL, and (c) TTAL structures. 3D CT 
images of the fabricated 3D woven preforms with (d) TTO, (e) TTLL, and (f) TTAL structures. The xz-plane view of (g) TTO, (h) TTLL, and (i) TTAL in 
3D CT images sectionized at the warps. (j), (k), and (l) are also their xz-plane view sectionized at the z-binder. 
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diagram match the colors of warp, weft, and z-binder yarns in the 3D woven structures. The lifting and lowering of a specific heddle are 
indicated by the filled and blank sections of the diagram, respectively. The first weaving steps for all the three structures were identical. 
The initial weft was inserted and woven below the raised B1, W1, and W2 heddles and above the descended B2 heddle. As shown in 
Fig. 3(d), the second weft for the TTO structure was woven below the raised B1 and W1 heddles and above the descended B2 and W2 
heddles. In contrast, the second wefts of the TTLL and TTAL structures were woven below the raised B2 and W1 heddles and above the 
descended B1 and W2 heddles, as shown in Fig. 3(e) and (f). For the third weft, the B1 heddle was raised in the TTO and TTAL structure, 
whereas the B2 heddle was raised in the TTLL structure. Although W1 and W2 were the same configuration for all three structures, 
different motions of B1 and B2 heddles wrapped wefts by the z-binders simultaneously, fabricating the desired pattern and structure. 

Fig. 4 shows 3D geometrical solid models of the three representative 3D woven structures discussed above and real CT images of 
their fabricated 3D woven composites manufactured using our proposed weaving mechanism. After cutting the samples into di-
mensions of x = 30 mm and y = 5 mm, micro-CT scanning, reconstruction, and volume rendering were performed sequentially. The 
micro-CT results were in agreement with the designed structures, indicating that the weaving process was successful. Upon closer 
examination of each structure, as shown in Fig. 4(a) and (d) (and (g) and (j)), the TTO structure exhibited densely arranged wefts in the 
z-direction because of the z-binders surrounding the three wefts. Conversely, in the TTAL structure, as shown in Fig. 4(c) and (f) (and 
(i) and (l)), the z-binders were wrapped around each weft, resulting in regularly spaced wefts. As shown in Fig. 4(b) and (e) (and (h) 
and (k)), the TTLL structure was an intermediate form between the TTO and TTAL structures, i.e., the z-binder wrapped one and two 
wefts in subsequent cycle. As such, the weft yarns were not evenly arranged and were slightly twisted. 

3.1.2. Effect of z-binder interlacing on directional fiber volume fraction 
The three structures (TTO, TTLL, and TTAL) exhibit different z-binder waviness and patterns, which significantly influence the 

textile architecture of 3D woven composites [18,19,22]. The specification of textile architecture of the fabricated 3D woven composites 
are listed in Table 1. The warp, weft, and z-binder fibers had counts of 6K, 12K, and 3K, respectively. The numbers of yarns per unit 
length for the warp, weft, and z-binder are listed in the table as ends/cm, picks/cm, and binders/cm, respectively. The areal density of 
the dry 3D woven preform, measured in g/m2, and the thickness of the 3D woven composite (measured in mm) are also provided in the 
table. Because of the large curvature of the z-binder yarn of TTAL structure, which interlaces all wefts, a thinner yarn than the warp or 
weft was selected for the z-binder. The z-binder architecture significantly affects void content, directional fiber volume fraction, 
mechanical properties, failure mechanisms, and other factors [22]. All the warp densities were the same, whereas the weft density and 
thickness varied depending on the z-binder architecture. The weft and z-binder densities vary due to these structural differences. 
Notably, the warp density for all these structures remains constant at 4 ends/cm. However, the weft density increases progressively 
from 6, 6.92 to 7.66 picks/cm, respectively. Initially, the z-binder density is uniform at 4 binders/cm across all structures, but it 
subsequently increases to 5.37, 9.82, and 14.24 binders/cm, respectively, based on the specific structure. Consequently, the area 
density increases from TTO to TTAL. In the micro-CT image presented in Fig. 4, the weft yarn in the TTO structure is a long oval shape 
in the x-direction. Conversely, in the TTAL structure, the weft yarn closely approaches a circular shape due to the wrapping of all weft 
yarns by the z-binder. This z-binder influence leads to an increase in the thickness of the structure, particularly in the case of the TTAL 
structure. 

Table 2 lists the fiber, matrix, and void volume fractions of the 3D woven composites. The TTAL structure exhibited the highest 
fiber volume fraction (53.33 %), which is attributed to its high z-binder content. However, it also had the highest void content of 2.28 
% because the z-binders induced more voids in the 3D woven composites than in the 2D composites [59,60]. The z-binders reduced the 

Table 1 
Specification of textile architecture of 3D woven composites.  

Parameter 3D woven composite 

TTO TTLL TTAL 

Warp fiber count 6 K 6 K 6 K 
Weft fiber count 12 k 12 k 12 k 
z-binder fiber count 3 k 3 k 3 k 
Warp density (ends/cm) 4 4 4 
Weft density (picks/cm) 6 6.92 7.66 
z-binder density (binders/cm) 4 4 4 
Areal density (g/m2) 747.4 910.3 1057.9 
Composite thickness (mm) 1.71 1.98 2.19  

Table 2 
Volume fraction (%) of constituent (fiber, matrix, and void) in the 3D woven composites.  

Constituent 3D woven composite 

TTO TTLL TTAL 

Fiber 51.06 ± 0.44 52.13 ± 0.36 53.33 ± 0.57 
Matrix 47.00 ± 0.38 45.75 ± 0.33 44.39 ± 0.42 
Voids 1.94 ± 0.04 2.12 ± 0.20 2.28 ± 0.74  
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resin flow between the warp and weft yarns, thereby decreasing the amount of resin in the area. The TTLL structure had a smoother (i. 
e., small curvature of z-binder yarn) weaving pattern than the TTAL structure, whereas the TTO structure had the smoothest pattern. A 
smoother weaving pattern results in a better resin flow between the woven layers and resin infiltration into the woven fabric [22], 
which leads to a lower void content. Thus, the TTO structure had the lowest void content, and the TTAL structure had the highest void 
content with the most complex weaving pattern. 

The directional fiber volume fractions, which were obtained by the total fiber volume fraction with the warp, weft, and z-binder 
contents, are listed in Table 3. From TTO to TTAL structures, the wrapping region of the z-binder yarns around the weft yarns was 
increased. This alteration created more space between the warp layers in the composites, leading to larger dimension in the xz-plane. 
Despite having the same number of warp yarns, the increased dimensions resulted in a reduced fiber volume fraction. As a result, the 
TTAL structures exhibited the lowest fiber volume fraction in the warp direction. Conversely, the expansion of the wrapping region of 
the z-binder yarn led to a higher fiber volume fraction in the z-binder direction. This is evident from the TTAL structure, which showed 
the highest fiber volume fraction in the direction. It is important to note that while the majority of z-binder yarns in the TTO structure 
were aligned with the thickness direction, in the other two cases, some sections of the z-binder yarns were not aligned. Taking into 
account the influence of the z-binder on the x- and z-directions, we calculated the fiber volume fraction in the x-, y-, and z-directions. 
The values are listed in Table S1. The TTAL structure exhibited higher x- and z-direction fiber volume fractions compared to the other 
two structures, owing to the high z-binder fiber volume fraction. Considering the overall thin structure and the significant curvature of 
the z-binder in the TTAL structure, the fiber volume fraction in the z-direction was relatively low. However, this can be further 

Table 3 
Directional fiber volume fraction (%) of the 3D woven composites.  

Direction of yarn 3D woven composite 

TTO TTLL TTAL 

Warp 10.93 9.16 8.07 
Weft 32.79 31.72 30.91 
z-binder 7.34 11.25 14.35  

Fig. 5. (a) Tensile strength of the three 3D woven composites measured in x- and y-directions and (b) their flexural strength measured in xz- and 
yz-directions. 
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increased by adjusting the structure’s thickness and a different type of yarn, making it possible to fabricate full 3D woven preform. 
Subsequently, the mechanical properties of the three 3D woven composites were investigated as follows. 

3.1.3. Mechanical properties of 3D woven composites 
The mechanical properties of composite materials are mainly influenced by the fiber orientation and fiber volume fraction. Ac-

cording to previous studies, yarn waviness has a significant negative effect on the properties of 3D woven composites [19,61]. Because 
the TTO, TTLL, and TTAL structures are all based on the TT structure, the yarn waviness is generally large and similar; therefore, the 
mechanical properties were mainly affected by the total and directional fiber volume fractions. 

The tensile strengths in the x- and y-directions for all the samples are shown in Fig. 5(a). The reason why the tensile strength in the 
y-direction was greater than that in the x-direction was that weft was 12k, which had a higher fiber count than warp (6K), and the 
directional fiber volume fraction of the weft was high. The tensile strength of the used weft yarn was 4200 MPa. Therefore, for the three 
structures in which the volume fraction of weft was about 30 %, the y-direction tensile strength can be predicted to be approximately 
1260 MPa. The TTO structure exhibited the largest y-directional tensile strength (1146.6 MPa), which can be attributed to the low z- 
binder content and the resulting high directional fiber volume fraction of the weft. In contrast, the TTAL structure had a small y-di-
rection tensile strength (813.6 MPa) owing to the decrease in the weft directional fiber volume fraction caused by the z-binder 
interlacing all wefts at regular intervals, as well as the increased void content owing to the complex z-binder pattern and thicker 
structure. 

The reason why the tensile strength in the x-direction was smaller than that in the y-direction was because the warp was set at 6k 
and a fiber count lower than that of the weft (12K) was used, and the directional fiber volume fraction of the warp is low. The tensile 
strength of the used warp yarn is 3800 MPa. Therefore, for the three structures in which the volume fraction of weft is about 10 %, the 
x-direction tensile strength can be predicted to be approximately 380 MPa. However, the z-binder was continuously supplied and 
arranged in the xz-plane, which had the effect of increasing the directional fiber volume fraction in the x-direction and the z-direction. 
The z-binder directional fiber volume fractions of TTO, TTLL, and TTAL structures were 7.34 %, 11.25 %, and 14.35 %, respectively 
(Table 3). Considering the z-binder’s influence on the x-direction, each structure augmented the fiber volume fraction in this direction 
by 5.47 %, 9.16 %, and 12.10 %. Despite TTAL having the lowest fiber volume fraction in the warp direction, the substantial z-binder 
content (i.e., higher fiber volume in the x-direction) led to the largest tensile strength (467.9 MPa) in the x-direction for the TTAL 
structure. On the other hand, the fiber volume fraction in the warp direction was the highest in the TTO structure, but such a low z- 
binder content (i.e., lower fiber volume in the x-direction) resulted in a smaller tensile strength (423.2 MPa) of the TTO structure in the 
x-direction. The TTLL structure was considered an intermediate form between the TTO and TTAL structures, with the number of z- 
binder interlacing wefts repeating one and two. Owing to this non-uniform structure, the TTLL structure tended to be slightly twisted 
and had a smaller tensile strength in both the x-direction (365.5 MPa) and y-direction (823.7 MPa). 

The flexural strengths in the xz- and yz-directions for all samples are shown in Fig. 5(b). Similar to the previous tensile strength 
results, the flexural strength in the yz-direction was greater than that in the xz-direction owing to the high directional fiber volume 
fraction of the weft direction. The most influential factor affecting flexural strength in this direction is the directional fiber volume 
fraction of the weft. Specifically, the weft’s directional fiber volume fractions for the TTO, TTLL, and TTAL structures were 32.79 %, 
31.72 %, and 30.91 %, respectively (refer to Table 3). Similar to the tensile strength results, the TTO structure had the largest yz- 
direction flexural strength (788.7 MPa), whereas the TTAL structure had the smallest flexural strength (587.1 MPa). 

Conversely, the TTAL structure demonstrated the highest flexural strength in the xz-direction. In this case, the primary influencing 
factor is the fiber volume fraction in both the x- and z-directions. The TTAL structure’s x-direction and z-direction fiber volume 
fractions were 20.17 % and 2.25 %, respectively, which surpass those of the TTO and TTLL structures (see Table S1). As a result, in the 
xz-direction, the TTAL structure exhibited the highest flexural strength (325.5 MPa). On the contrary, the TTO structure, which 
possesses the lowest directional fiber volume fraction in the x- and z-directions, displayed the lowest flexural strength (250.6 MPa). 

Considering the thickness direction of the z-binder, the TTO, TTLL, and TTAL structures have the effect of increasing the fiber 
volume fraction in the thickness direction by 1.87 %, 2.09 %, and 2.25 %, respectively. An increase in the z-binder content improved 
both the x-direction tensile strength and the xz-direction flexural strength. The high z-binder content (i.e., higher fiber volume in the 
thickness direction) resulted in the largest flexural strength (325.5 MPa) of the TTAL structure in the xz-direction. On the other hand, 
the low z-binder content (i.e. lower fiber volume in the thickness direction) resulted in the smallest flexural strength (250.6 MPa) of the 
TTO structure in the xz-direction. 

The advantage of the structures we presented is that we observed differences in the mechanical properties of the structures based on 
the degree of interlacing of the z-binder. The TTAL structure exhibits a very high z-binder fiber volume fraction of 14.35 %, ensuring 
continuity in the xz-direction throughout the structure and thereby enhancing mechanical properties in both the x- and z-directions. 
Previous studies consistently reported larger mechanical properties in the y-direction [21,22]. Therefore, the significant improvement 
in mechanical properties in the x- and z-directions, which initially had relatively smaller values, is noteworthy. 

3.2. Fabrication of seamless 3D woven preforms with complex shape 

Utilizing the aforementioned weaving processes in section 3.1.1, various 3D woven preforms with variable heights in the thickness 
can be fabricated by devising a new weaving process. The TTAL structure encompasses all the weft yarns, thereby allowing for the 
production of a wider range of structures with modifications. We can control the amount of yarns used during the weaving process and 
ensure consistent length movement throughout by employing tension control and pitch shift. Through precise control of the weaving 
process, we can successfully weave TTAL structures even with significant waviness (see Fig. 2). As depicted in Fig. 4, the TTAL 
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structure boasts geometric consistency, as all wefts maintain a uniform circular shape due to the z-binder yarns surrounding them. This 
represents a distinct structural advantage, particularly when creating complex shapes with increasing layers. 

As illustrated in Fig. 6(a), weft and warp slices [48] can be incorporated into a 3D woven preform. Here, a ’slice’ denotes a 
cross-section in a specified direction, while a ’weft slice’ refers to a fiber arrangement on a cross-section along the weft direction (or a 
cross-section perpendicular to the warp direction). By consistently considering the desired cross-sectional shape of the woven preform 

Fig. 6. (a) Manufacturing of 3D complex woven preforms using the concept of weft and warp slices, (b) concave 3D woven structures manufactured 
through weaving process setting and post-processing. (c) 2D plane view model of a concave structure with different heights fabricated by selective 
wrapping of z-binder yarns: B1, B6 (3-layer part), B2, B5 (2-layer part), B3, B4 (1-layer part). (d) Weaving process diagram of concave 3D 
woven structures. 
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and thereby designing the weaving process, various non-uniform structures can be achieved during the preform stage. The three 3D 
woven structures (TTO, TTLL, and TTAL) produced in this study have a cuboid shape with uniform height in the z-direction. At this 
configuration, both the weft slice (yz-plane cross-section) and warp slice (xz-plane cross-section) are rectangular. However, as the 
structure evolves into a more complex shape, there may be instances where the weft and warp slices are not rectangular. Fig. 6(b) 
provides an example of a specific 3D shape with an introduced weft slice. Subsequently, a new 3D weaving method is elucidated to 
fabricate this particular 3D shape. By continuously considering the desired cross-sectional shape of the woven preform and thus 
designing a weaving process, the target structure can be obtained during the preform stage. Taking a weft slice as an example, this new 
3D weaving concept will be explained as follows. 

3.2.1. Weaving of 3D woven preform with a concave cross-section 
The fundamental and original concept behind creating a 3D woven preform with a concave shape at its center involves the uti-

lization of z-binder yarns. This is achieved by intentionally omitting the wrapping of z-binder yarns around the weft yarns in a selective 
manner. During the weaving process, both the warp and weft yarns intervene through all parts of the preform, whereas the z-binder 
involves only with the necessary parts, preventing unnecessary parts from being woven. The warp and weft in areas without the z- 
binder is cut out in post-processing. Using this method, continuous and seamless 3D complex woven preforms can be manufactured 
(see Fig. 6(b) for a schematic illustration of concave 3D woven preform that can be fabricated as an example). 

The TTAL structure is used as a basis for weaving concave-shaped 3D woven preform. Fig. 6(c) shows the 2D plane view model of a 
concave structure with different heights. 6 z-binder yarns are used; B1, B6 (3-layer part), B2, B5 (2-layer part), and B3, B4 (1-layer 
part) created a concave structure with a layer number of 3-2-1-2-3 in x and z plane (we denote this structure by “concave 
<3− 2− 1− 2− 3>”). For the 3-layer, B1 and B6 are not omitted in the weaving process, while two weaving processes are omitted in B2 
and B5, forming the 2-layer. Lastly four weaving processes are omitted in B3 and B4 for the 1-layer. A weaving process diagram of this 
structure is presented in Fig. 6(d). The omission of the z-binder in the weaving process is denoted by ‘X’ mark because the concave 
structure exhibits a partial deficiency compared to the TTAL structure. In the aspect of the descent of the heddle, the unmarked and X- 
marked sections represent the identical movement; however, the X-marked sections highlight the omission of the corresponding 
processes, making it easier to identify areas where the z-direction height difference occurs, and more intuitive to understand the height 
difference in the z-direction. Then, a concave <3− 2− 1− 2− 3> 3D woven preform was manufactured using this weaving setup. The 
unnecessary warp and weft of the inner part without the z-binder were removed through a step-by-step post-processing procedure after 
weaving. Subsequently, a concave 3D woven preform was obtained, as shown in Fig. S1, with a 3-layer (red) section on the outside, a 2- 
layer (orange) sections on the sides, and a 1-layer (yellow) section in the center. 

Similarly, a convex 3D woven structures with a layer number of 1-2-3-2-1 in x and z plane (i.e., convex <1− 2− 3− 2− 1>) can be 

Fig. 7. Seamless and further complex 3D woven structures: (a) box-, (b) box lid-, (c) bowl-, and (d) pyramid-shaped 3D woven structures.  
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fabricated using the same manner as that for the concave 3D woven structure (see Fig. S2). A convex <1− 2− 3− 2− 1> 3D woven 
preform was manufactured using the weaving process setup. The unnecessary warp and weft of the outer part without the z-binder 
were removed through a step-by-step post-processing procedure after weaving. Subsequently, a convex 3D woven preform was ob-
tained, as shown in Fig. S3, with a 3-layer (red) section at the center, a 2-layer (orange) sections on the sides, and a 1-layer (yellow) 
section on the outside. 

3.2.2. Manufacturing of seamless and complex 3D woven preforms and their composites 
A weaving process was established for both concave and convex 3D woven structures using only weft slices. Moreover, by 

incorporating both weft and warp slices, 3D woven preforms with even greater complexities can be manufactured. By following the 
established weaving mechanism in section 3.2.1, it is possible to seamlessly create complex structures such as boxes (Fig. 7(a)), box lids 
(Fig. 7(b)), bowls (Fig. 7(c)), and pyramids (Fig. 7(d)), all of which have non-uniform heights along the z-axis. Each structure can be 
denoted as a combination of weft and warp slices, e.g., box type of seamless 3D woven preform can be manufactured by a combination 
of concave <5− 2− 5> for weft slice and concave <5− 2− 5> for warp slice. Similarly, other three structure in Fig. 7 can be fabricated 
by a combination of these slices; box lid (convex <2− 5− 2> + convex <2− 5− 2>), bowl (concave <3− 2− 1− 2− 3> + concave 
<3− 2− 1− 2− 3>), and pyramid (convex <1− 2− 3− 2− 1> + convex <1− 2− 3− 2− 1>). 

When producing complex 3D woven structures, a weaving process should be considered depending on both the weft and warp 
slices. Although using only the weft slice allows the entire structure to be manufactured with one weaving process setting, incorpo-
rating the warp slice requires changing the weaving process setting whenever there is a change in the height in the x-direction. This 
means that, to manufacture more complex shapes, multiple weaving processes must be set up and subsequently carried out. To 
demonstrate the capability of the current weaving method to manufacture complex-shaped 3D woven structures, a weaving process 
was set up for a 3D box structure using both weft slice (concave <5− 2− 5>) and warp slice (concave <5− 2− 5>). As the number of 
layers increased to 5, there were two more warp heddles than in the 3-layer structure. The weaving process for the two parts had 10 
steps per cycle; however, as shown in Fig. 8, the degree of omission in the weaving process was different. As shown in Fig. 8(a), the 
outer 5-layer has the same weaving process pattern as the previous TTAL structure but with an increased number of z-binder heddles 
and warp heddles. As shown in Fig. 8(b), in the central 2-layer part, six weaving processes were omitted in the z-binder heddles B2 and 
B3. Compared with the box lid weaving process, only the order of the z-binder heddles changed. In the subsequent weaving process, it 

Fig. 8. Weaving process diagram of a 3D box-shaped woven preform using weft slice (concave <5− 2− 5>) and warp slice (concave <5− 2− 5>): (a) 
5-layer part, (b) 2-layer part. (c) 2D plane view model of a 3D box structure with different heights fabricated by selective wrapping of z-binder yarns: 
B1, B4 (5-layer part), B2, B3 (2-layer part). 
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can be predicted that only the center of the structure will have a lower height, as indicated by the X mark. Fig. 8(c) shows the 2D plane 
view model of a 3D box structure with different heights fabricated by selective wrapping of z-binder yarns: B1, B4 (5-layer part), B2, B3 
(2-layer part) created a 3D box structure. 

A 3D box-shaped woven preform was manufactured using the weaving process setup above. After weaving, as shown in Fig. 9(a), 
the unnecessary warp and weft of the inner part without the z-binder were cut from above using a step-by-step post-processing process. 
A 3D box-shaped woven preform was obtained, as shown in Fig. 9(b), with a low height only in the center of the structure, a 5-layer 
(red) section on the outside and a 2-layer (yellow) section in the center. Next, 3D composites were manufactured using resin transfer 
molding. Fig. 10(a) shows the manufactured seamless 3D box-shaped woven composite. A micro-CT scan analysis was performed to 
observe the fiber structure of the composites. It can be confirmed that the 3D woven composite (Fig. 10(c)) was manufactured 
consistently with the designed structure (Fig. 10(b)), indicating that the weaving process was successful. In addition, the micro-CT scan 
revealed that the z-binders continuously wrapped the weft at the boundary, where the height difference occurred in the xz-plane cross- 
section. The structure was seamless with continuity in the xz-direction. This confirmed the continuity of the complex-shaped seamless 
3D woven structure. 

The weaving structure depicted in Fig. 7 presents an economic disadvantage due to the necessity of cutting unnecessary warp and 
weft yarns in the post-processing stage. However, considering the final shape, the presence of continuity of z-binder yarns throughout 
the structure is evident, which constitute a substance advantage in terms of mechanical integrity. Although mechanical testing was not 
conducted for the complex shape, the continuity within the structure was confirmed through micro-CT results (Fig. 10). As the 
structure becomes more complex, the gap in continuity will likely increase. Therefore, our method holds significant advantages for 
more complex structures at larger scales. 

3.2.3. Further examples of seamless 3D complex woven preforms 
By utilizing both weft and warp slices, we set up a weaving process for the box lid structures (Figs. S4 and S5), which had a large 

height difference between the components, and successfully manufactured 3D woven preforms. Owing to the continuous weaving and 
post-processing processes, the z-binder maintained its continuity even when the height difference was significant. Bowl and pyramid 
structures may also be designed and manufactured with three gradual height differences, as shown subsequently. As the degree of 
complexity increased, a succession of three weaving processes was necessary to create the desired structure (Figs. S6 and S7 for bowl 
structure and Figs. S8 and S9 for pyramid structure). More discussion on these preform design and weaving can be found in sup-
plementary information. Then, resin was transferred to manufacture the composite from these 3D woven preform (Fig. S10). We 

Fig. 9. A 3D box-shaped woven preform fabricated using weft slice (concave <5− 2− 5>) and warp slice (concave <5− 2− 5>): (a) 5-layer part for 
box wall and (b) 2-layer part for box bottom. 

H.J. Yang et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e24121

13

successfully developed a mechanism that enables the manufacturing of 3D woven structures for any combination of weft and warp 
slices in various complex shapes. The possibilities are endless, as long as the equipment can handle the increased complexity of the 
weaving process. Seamless 3D boxes, box lids, bowls, and pyramid-shaped woven preforms have numerous potential applications in 
various industries. The weaving method discussed in the manuscript can be applied to manufacture 3D box shapes of increasing 
complexity, including cylinder-shaped 3D woven structures and box-in-box 3D woven structures (Fig. S11). These structures have 
potential applications in various fields, such as battery packs, containers, or continuously repeated lattice structures. Consequently, 
our weaving method offers significant advantages in terms of structural design, seamlessness, continuity, structural integrity, and 
mechanical properties. 

4. Conclusion 

Three representative 3D woven structures were manufactured according to the degree of z-binder interlacing using a new weaving 
mechanism with a 3D weaving equipment. The directional fiber volume fraction, tensile strengths, and flexural strengths of each 
structure were characterized. The TTAL structure had a higher z-binder fiber volume fraction, resulting in greater tensile strength and 
flexural strength in the x- and xz-direction, respectively, owing to the increased complex directional fiber volume fraction. Using this 
weaving mechanism, a process for manufacturing seamless 3D complex woven preforms with concave and convex shapes of 
nonuniform heights in the z-direction was developed. As demonstrated, this process enables the manufacture of complex shapes such 
as boxes, box lids, bowls, and pyramid-shaped preforms. The micro-CT analysis confirmed the continuity of the complex shapes of the 
resulting 3D woven composites. This weaving mechanism has great potential for the development of even more complex and diverse 
structures, which can overcome the various disadvantages of composite materials and find applications in various industrial fields. 
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