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Abstract. Fused Deposition Modeling method (FDM) is widely used in various fields of 
science for prototyping and manufacturing of final functional parts. The actual problem of the 
FDM method is the low bond strength between the layers of printed parts. Proposed 3D-
printing method is based on the formation of double-layer weave between polymer threads. 
An unfilled polylactide (PLA) was used for fabrication of samples to demonstrate the 
proposed method. PLA samples with double-layer weave obtained by fused deposition 
modeling method are studied. Characteristics of samples obtained by static tension test are 
compared. Their structure and fracture mode are investigated. It is found that double-layer 
weave affects bond strength between layers of 3D-printed samples. The obtained results show 
that the proposed method in combination with other methods can be implemented for other 
polymer materials and composites for local reinforcement of printed parts. 
Keywords: adhesion, mechanical properties, tensile strength, reinforcement, double-layer 
weave, fused deposition modeling, polylactide 
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1. Introduction 
Currently, Fused Deposition Modeling (FDM) invented by S. Crump in 1989 is one of the 
most widespread technologies of additive manufacturing in the world. Thanks to low 
equipment cost and availability of consumables, FDM finds wide application in various fields 
of science and technology for the purpose of prototyping and manufacturing final functional 
parts [1]. 

The method consists in slicing a 3D computer model of the part into separate layers, 
each of which is successively printed on a build platform using a print head. The print head 
moves on a programmed trajectory represented in the form of the set of commands in the  
G-code language. 3D printing uses a thread-like polymer material (filament) as the main build 
consumable, which is extruded into the print head, heated to the melting temperature, and 
pressed through a nozzle of set diameter [2]. 

The FDM method can be applied in aircraft engineering to design aircraft, bulk 
elements, and other small-batch parts [3-5]. The costs of molding equipment production for 
the FDM fabrication of wing covering parts can be reduced by 6–7 times [4], while the time 
of the equipment production can be reduced by 2–4 times [4,5].  
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In rocket and space structures, the FDM method can be employed to fabricate parts 
from engineering thermoplastics capable of long-term operation in high load and temperature 
conditions [6]. Polyetherimide (PEI), polyether ether ketone (PEEK) [9], and their composites 
are an example of such materials. Despite the need for further tuning of the technology, 
certain publications note that the FDM method can be used to produce parts during a space 
flight to solve the task of on-site repair of malfunctioning devices [10,11-12]. 

Low bond strength between the layers of the printed parts remains one of the most 
critical shortcomings of the FDM method [13-14,15]. This issue causes delamination of the 
fabricated parts in the process of cooling and loss of resistance to various gasses and liquids, 
including organic solvents [16]. Weak adhesion between the layers of the material requires 
making the part design stronger and more complex, which increases its weight and fabrication 
time [17]. 

The performed analysis of the literature showed that the solutions to this issue can be 
conditionally divided into three groups. 

The first group relates to the optimization of the main technological parameters of 3D 
printing and includes methods aimed at increasing the bond between the layers of FDM 
products, mainly by reducing the interval between the threads [18-20], shifting the layers 
relative to the direction of laying the melt threads [21-22], reducing the layer height [23], and 
increasing the extrusion temperature during 3D printing [21,24]. 

The second group refers to the provision of external thermal effects on the product 
during 3D printing and includes methods based on the use of laser, infrared or ultrasonic 
sources. Thus, in the process of 3D printing, the required area of the part is locally heated to 
increase the bond between the layers [25]. 

The third group of methods is based on improving the properties by adding binders and 
polymer additives, as well as discrete reinforcing fibers to the composition of the building 
material [26]. 

An analysis of publications [13-26] showed that none of the known methods is able to 
significantly increase the strength of the bond between the layers of printed products. 

One of the possible reasons could be the use of standard slicing algorithms that cut the 
digital model of the part into separate flat (2D) layers. 

In this regard, it seems interesting to study the case in which 3D printing is carried out 
not in a plane, but in space, that is alternately in several layers, with the polymer threads 
interweaving. The simplest example would be a double-layer weave formed between two 
adjacent layers of the material. 

The aim of this work was to study the effect of double-layer weaving on the strength of 
the bond between the layers of samples obtained by 3D printing. 

 
2. Experimental Part 
Samples were obtained from unfilled white polylactide (PLA) with a density of 1.25 g/cm3 
and a filament diameter of 1.75 mm manufactured by REC, Russian Federation. The choice of 
PLA for the study was because it is the most widely used material for FDM 3D printing 
[15,25], and a desktop FDM 3D printer can be used to make samples from PLA [15,17,23]. 

For the purpose of this work, it was extremely important to comply with the specified 
geometric dimensions of the samples. The equipment had to have a rigid metal body and 
kinematics that ensured the movement of the print head in the horizontal plane and the 
vertical movement of the heated build platform. 

Therefore, a widely available desktop 3D printer "Flying Bear Ghost 5" (Jinhua 
Flyingbear Intelligent Technology Co., Ltd, People's Republic of China) with a print area of 
255x210x200 mm (length, width, and height) was used to obtain the samples. 3D printing was 
carried out in the Cartesian coordinate system. 
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It is common knowledge that the current mechanical test standards of the GOST, ISO or 
ASTM series were developed for samples obtained by casting, pressing, or machining 
[17,23]. Due to the lack of a single standard suitable for testing samples with a complex 
structure obtained by 3D printing, in this research, all samples were made in the form of a 
rectangular strip 121 mm long, 20.7 mm wide, and 2.8 mm thick. Each sample consisted of 
14 layers of material 0.2 mm thick and was printed at a printing speed of 11.7 mm/s on a 
substrate that ensured reliable contact with the build platform. The same PLA material was 
used to print the samples and the substrate. The substrate had a thickness of 0.05 mm and was 
printed at a speed of 33.3 mm/s. Test samples were printed in the amount of 5 pcs in each 
series and then marked (series A without thread weave, series B with double-layer thread 
weave). In both cases, the polymer filaments were oriented perpendicular to the tensile load 
axis (i.e. at an angle of 90° to the OX axis). For better contact between the surface of the 
samples and the grips of the testing equipment, in the first and last layers of the samples of 
both series, the polymer filaments were also oriented at an angle of 90°. 

The method for obtaining the double-layer weave in the designed samples of the B 
series consisted of the alternate laying of polymer filaments in two adjacent layers with the 
formation of a gap necessary for laying polymer filaments during the reverse movement of the 
print head (Fig. 1). The dotted lines show the movement of the print head along the 
corresponding axes of the Cartesian coordinate system. Commands 1.10 and 2.10 are 
responsible for shifting the print head before repeating path sections 1.1–1.9 and 2.1–2.9. 

 

  
Fig. 1. Method of alternate laying of polymer threads from left to right (a) and right to left (b) 

 
The symbols in the Figure show typical sequential commands in the G-Code language, 

which controlled the movement of the print head along a three-dimensional trajectory. The 
pseudocode of the algorithm for creating a double-layer weave is shown in Table 1 and 
contains the specified G-Code commands for 3D printing a sample from left to right and right 
to left. Symbols 1.1–1.10 and 2.1–2.10 in the Table mark the corresponding sections of the 
trajectory of the print head. 

After executing a series of commands 1.1–1.10 in the amount necessary to make a 
sample from left to right, the print head moved to the height of the second layer. Then the 
next series of commands 2.1–2.10 was performed to print the sample in the right-to-left 
direction so that the polymer threads were laid in the resulting gaps. After that, the print head 
moved to the height of the next layer, and the above process was repeated until the pattern 
was printed in-depth. The result of the formation of a double-layer weave is shown in Fig. 2. 
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Table 1. Pseudocode of the 3D printing algorithm for double-layer weave 

No. G-Code commands for 3D 
printing from left to right  No. G-Code commands for 3D printing from 

right to right left 
1.1 G1 X0 Y+Y11 EE11 FF11 2.1 G1 X0 Y+Y21 EE21 FF21 
1.2 G0 Z+ΔZ 2.2 G1 X-X22 Y+Y22 Z-ΔZ EE22 FF22 
1.3 G1 X0 Y-Y13 EE13 FF13 2.3 G1 X0 Y+Y23 EE23 FF23 
1.4 G1 X+X14 Y-Y14 Z-ΔZ EE14 FF14 2.4 G1 X+X24 Y+Y24 Z+ΔZ EE24 FF24 
1.5 G1 X0 Y-Y15 EE15 FF15 2.5 G1 X0 Y+Y25 EE25 FF25 
1.6 G1 X-X16 Y-Y16 Z+ΔZ EE16 FF16 2.6 G1 X-X26 Y+X26 Z-ΔZ EE26 FF26 
1.7 G1 X0 Y-Y17 EE17 FF17 2.7 G1 X0 Y+Y27 EE27 FF27 
1.8 G1 X+X18 Y-Y18 Z-ΔZ EE18 FF18 2.8 G1 Z+ΔZ EE28 FF28 
1.9 G1 X0 Y-Y19 EE19 FF19 2.9 G1 X0 Y-Y29 EE29 FF29 
1.10 G1 X+ΔX 2.10 G1 X-ΔX 
 

 
Fig. 2. Example of the two-layer weave of polymer threads in the right-to-left direction 

 
The main technological parameters of 3D printing of PLA samples are shown in Table 

2. The extrusion temperature during printing was chosen close to the melting temperature of 
PLA plastic. This mode was chosen in order to ensure faster cooling of the material before 
applying the next layer, as well as to reduce the effect of high melting temperature on the 
strength properties of the resulting samples. 

 
Table 2. Main technological parameters of FDM 3D printing of PLA plastic samples 
No. Parameter name Value 
1 Print head nozzle diameter 0.4 mm 
2 Layer height 0.2 mm 
3 Extrusion temperature 185°C 
4 Heated platform temperature 60°C 
5 Infill 100% 
6 Orientation of polymer filaments on the build platform 90° (along OY axis) 
7 Orientation of the sample on the platform 0° (along OX axis) 
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3. Research Methods 
In order to confirm the feasibility of 3D printing with alternate laying of a polymer thread in 
two adjacent layers, the internal structure of the obtained samples was studied. Visual analysis 
was carried out on Dino-Lite Premier AM7013MZT digital microscope (AnMo Electronics 
Corporation, Taiwan) with a resolution of 5 MP at 30x magnification. 

To assess the effect of the internal structure on the strength of the interlayer bond of the 
material, the method of static tensile tests was used on Instron 3369 electromechanical tensile 
testing machine, UK. The essence of the method was to apply a tensile load to the sample 
until its destruction at a constant temperature and a constant speed of movement of the active 
grip of the testing equipment equal to 2 mm per minute. Strength tests were carried out at a 
temperature of 20°C. 

The geometrical parameters (width and thickness) of the test samples were measured 
using an electronic caliper of the ShTsTs-I-125-GOST 166-89 type (ZAO PO Chelyabinsk 
Instrumental Plant, Russian Federation). 

 
4. Results of the study of strength properties and structure of samples and their 
discussion 
We tested the samples with and without interweaving for tension in the direction across the 
threads. According to the results of static tests (Table 3), the minimum tensile strength for 
samples of series A turned out to be 32.64 MPa (with an average value of 37.71 MPa). 

The digital microscope photograph (Fig. 3) shows that the destruction of the series A 
samples occurred strictly along the line of contact between the melt threads. This type of 
destruction has already been noted in [13, 23] and is due to the weak bond between the 
polymer threads. 

 
Table 3. Comparison of static tensile test characteristics for samples with and without 
weaving 

Sample 
Ref. 
No. 

Sample 
width 
𝑏𝑏𝑖𝑖, mm 

Sample 
thickness 
ℎ𝑖𝑖, mm 

Maximum load 
before failure 
𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, N 

Ultimate tensile 
strength 

𝜎𝜎𝑏𝑏𝑏𝑏 = 𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑏𝑏𝑖𝑖∙ℎ𝑖𝑖

10−3, 
MPa 

Average 
tensile 

strength 
𝜎𝜎𝑏𝑏, MPa 

Standard 
deviation, 

S 

A1 20.72 2.85 2029.98 34.38 

37.71 3.95 
A2 20.69 2.85 2336.60 39.63 
A3 20.68 2.87 1937.53 32.64 
A4 20.73 2.86 2464.86 41.57 
A5 20.77 2.89 2422.29 40.35 
B1 20.86 2.85 2465.03 41.46 

40.63 0.81 
B2 20.79 2.87 2386.50 39.99 
B3 20.90 2.85 2356.21 39.56 
B4 20.89 2.85 2447.88 41.12 
B5 20.89 2.85 2442.62 41.03 
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Fig. 3. Fracture surface of A3 sample made of PLA without weave (side view) 

 
The minimum tensile strength for series B samples was 39.56 MPa (with an average 

value of 40.63 MPa). Weave samples have a characteristic transverse fracture pattern 
 (Fig. 4–7). 
 

 
Fig. 4. Fracture surface of B1 sample made of PLA with double-weave (top view)  
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Fig. 5. Fracture surface of B1 sample made of PLA with double-weave (side view) 

 

 
Fig. 6. Fracture surface of B5 sample made of PLA with double-weave (top view) 
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Fig. 7. Fracture surface of B5 sample made of PLA with double-weave (side view) 
 

The results presented above can be supplemented with diagrams of the nominal stress 
dependence on the strain for samples with and without weaving (Fig. 8). The nominal stress 
values were calculated as the ratio of the acting load to the cross-sectional area of the samples. 
 

 
Fig. 8. Diagrams of nominal stress versus strain (extension) for samples with and 

without weaving 
 
Presented in Table 3 and Fig. 8, the characteristics obtained during static tension of the 

samples and the typical transverse fracture pattern allow us to draw the following conclusions. 
First, the double-layer weave affects the bond strength between the layers of printed 

PLA samples. Compared to series A samples, series B samples show an increase in strength 
from 8% (when comparing average tensile strength values) to 21% (when comparing 
minimum tensile strength values). The proposed mechanism of influence may be that the 
double-layer weave prevents a crack from forming along any one line at the polymer 
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filaments interface. As a result, the direction of propagation of a crack formed in one of the 
layers of the sample changes when it interacts with the melt threads of the adjacent layer. 

Secondly, with a relatively small difference in strength, the value of the standard 
deviation for samples with the weave turned out to be significantly less than for samples 
without it. A double-layer weave allows for a smaller variation in tensile strength values 
relative to the average and, therefore, provides better repeatability and predictability of 
strength properties. 

Thirdly, the double-layer weaving of polymer threads makes it possible to achieve an 
increase in strength comparable to other methods. A similar result was obtained using the 
layer height control method. For comparison, when the layer height is halved (from 0.2 to 
0.1 mm at a constant nozzle diameter of 0.4 mm), the ultimate strength of the samples 
increases by 18% [23]. Therefore, the use of double-layer weaves turns out to be the preferred 
method, as it does not entail an increase in the number of layers and 3D printing time. 

Fourthly, the results obtained made it possible to confirm the possibility of 3D printing 
of samples with a more complex internal structure than in samples with an orientation of 0°, 
45°/-45°, 90°, and other directions for laying threads. In a similar way, various variants of 
multilayer weaves can be implemented. 

In addition, we should note an increase in shear resistance of the B series samples. 
When twisted around the longitudinal axis, the two-layered samples of the A series broke at 
angles up to 30°, while the double-layer weave samples could be twisted at an angle 
exceeding 90°. The degree of influence of the features of the internal structure on the strength 
properties of FDM products under various types of loading and complexity of weaving is to 
be determined in subsequent works. 

 
5. Conclusions 
The implemented scheme of double-layer weaving of polymer threads influenced the strength 
of the bond between the layers and the nature of the fracture of the samples obtained by the 
FDM method. 

It is shown that the tensile strength of PLA samples obtained by the FDM method 
increases from 8% to 21% with a double-layer weave of threads due to strengthening of the 
bond between the layers of the polymer material. With a relatively small difference in strength 
values, samples with interweaving have better repeatability of strength properties compared to 
samples without it. This effect is important in predicting the properties of materials obtained 
by 3D printing, as well as in designing parts with specified strength properties. 

The results obtained indicate that the proposed method, in combination with other 
methods, can be implemented for polymeric materials and composites based on them and 
used for local hardening of printed parts, allowing for the requirements of minimum weight, 
cost, and resistance to environmental factors. 
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