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Abstract. This study focuses on the process validation and performance evaluation of 3D-printed continuous fiber-reinforced
thermoplastic composite corrugated sandwich structures. It explores their mechanical behavior under different structural designs
and manufacturing process characteristics. Through real-time impregnation technology, continuous fibers were combined with
thermoplastic resin to print both arc-shaped and trapezoidal corrugated sandwich structures, and their compressive strength was
tested and analyzed through experimental testing. The results show that the trapezoidal sandwich structure exhibits higher
compressive strength under compression loads, with a peak compressive strength value of 9.11 MPa. In contrast, the arc-shaped
sandwich structure has a value of 4.76 MPa. Under the same conditions, the trapezoidal structure demonstrates superior load
distribution capability and higher stiffness with lower deformation. The experiment investigated the impact of process parameters
and fiber-resin bonding quality on structural performance in real-time impregnation technology, indicating that this process can
effectively optimize material properties and offer good manufacturing flexibility.
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1. Introduction

Continuous carbon fiber reinforced composites are advanced materials with unique benefits that make them stand out in
applications where high performance and lightweight are required. Not only does it provide high strength and rigidity so that items
are less likely to be deformed or damaged, but it is also abrasion- and temperature-resistant and able to maintain stable
performance under extreme conditions. In addition, the lightweight properties of continuous carbon fiber reinforced composites
make them ideal for aerospace, automotive, and other fields where mass reduction is required [1-3]. Additive manufacturing
technology, also known as 3D printing technology, is a layer-by-layer printing technology based on digital files of a
three-dimensional model using an adhesively bondable joining material such as metals or plastics [4, 5]. The use of 3D printing
technology has revolutionized the preparation of continuous carbon fiber reinforced composites. This technology dramatically
improves preparation efficiency, reduces production costs, achieves high material utilization, and reduces waste [4]. Through 3D
printing technology, continuous carbon fiber reinforced composites of various shapes and sizes can be flexibly produced to meet
the needs of different applications. The application potential of this technology is enormous and opens a new path for developing
continuous carbon fiber-reinforced composites. Fused Deposition Molding (FDM) is currently the most widely used process for
preparing continuous fiber-reinforced composites, and the method is characterized by low cost, fast printing speed, and a wide
range of wire options [6]. The printing process is mainly for the matrix resin wire, and continuous fibers are introduced into the
print head The resin is melted in the heated cavity inside the head to impregnate the continuous fibers, and then the resin and
continuous fibers are extruded from the nozzle to achieve layer-by-layer printing, and then the continuous fiber reinforced parts are
obtained after cooling [7].

The base resin materials commonly used for 3D printing of continuous carbon fiber reinforced composites are thermoplastic
resins. However, not all thermoplastic resins meet the printing requirements. Widely used thermoplastic resins include Polylactic
Acid (PLA), nylon (PA), and Polyether Ether Ketone (PEEK). Moreover, continuous carbon fiber reinforced composites exhibit
excellent mechanical properties, significantly improving over pure resin materials.

In thermoplastic technology and 3D printing, there have been many related research and applications at home and abroad. For
example, Markforged in the United States launched a Mark Two printer [8]; the device can combine carbon fiber, glass fiber, and
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other continuous fibers during 3D printing. This technology is widely used in aerospace, automotive manufacturing, medical
equipment, and other fields, as well as in the composite application of thermoplastic resin and continuous fiber. Impossible Objects
developed the Composite-Based Additive Manufacturing (CBAM) technology [9], which combines continuous fibers with
thermoplastic materials for the large-scale production of high-performance composites, especially for lightweight and
high-strength industrial components. Stratasys offers Fused Deposition Modeling (FDM) and FDM Carbon Fiber technology [10],
which are mainly used in the aerospace and automobile industries. In China, Zhejiang University has conducted thorough research
on 3D printing technology of continuous fiber reinforced composite, a specially developed 3D printing method with high
performance by combining thermoplastic materials, carbon fiber, and glass fiber. The research team of Huazhong University of
Science and Technology has carried out a lot of experimental work in this field, mainly studying the mechanical properties, heat
treatment process, and printing quality control of continuous fiber-reinforced composites. Changchun University of Science and
Technology focuses on the application research of 3D printing technology for carbon fiber composites. It has made significant
progress in the components' strength, stiffness, and weight control. Markforged, the technologies developed by Impossible Objects
and other commercial companies have been well used in 3D printing of composite materials, but. However, the printed composite
materials have low fiber content and high resin content, and there is little research on 3D printed continuous fiber reinforced
thermoplastic composites with high fiber content. To fill this gap, this paper studies the printing process and performance of
continuous fiber 3D printing composite corrugated sandwich structures, aiming to understand their behavior and manufacturing
optimization deeply.

Lightweight sandwich structure is currently the most widely used energy-absorbing protective structure in engineering
protection, which is usually composed of two high-strength panels above and below and a lightweight core layer in the middle, the
composition of which gives the structure high specific strength, high specific stiffness, and excellent energy-absorbing properties
[11, 12], which make the lightweight sandwich structure effectively reduce the deformation and deflection when it is subjected to
an impact load [13]. In addition, compared to solid panels of the same mass, lightweight sandwich structures exhibit superior blast
and impact resistance [14]. Therefore, lightweight sandwich structures are widely used in naval ships [15, 16], transportation [17,
18], aerospace and structural engineering protection [19].

Corrugated sandwich structures can be designed in various geometrical shapes such as triangular, trapezoidal, sinusoidal, and
hexagonal honeycomb shapes. Among them, carbon fiber trapezoidal corrugated sandwich structures excel in static performance
with high specific strength, lightweight, fatigue resistance, vibration and noise reduction, and corrosion resistance [20], and their
fatigue resistance accounts for about 80% of their static tensile strength, whereas the fatigue resistance of general metallic
materials only accounts for about 50% of their static tensile strength. At the same time, these corrugated sandwich structures have
superior vibration-damping capabilities and bending resistance and are used in integrated protection systems for aerospace and
ocean engineering. For example, the sandwich structures involved in aerospace use corrugated laminated core sandwich panel
structures, which are mainly used to make spacecraft hulls, but also in areas such as high-speed train floors.

The main objective of this study is to design and fabricate 3D-printed continuous fiber-reinforced corrugated sandwich
structures and to study their performance in complex mechanical environments in depth, especially optimizing the printing process.
Specifically, the research will focus on the optimal 3D printing process applicable to continuous carbon fiber-reinforced
thermoplastic composite corrugated sandwich structures and investigate their compressive mechanical properties through
theoretical analysis and experimental testing. The research results are expected to provide theoretical support and technical
guidance for the optimization of these structures in the aerospace sector.

2. 3D printing continuous fiber reinforced thermoplastic composites corrugated sandwich structure
principles and experimental designs

2.1. Experimental materials

In this thesis, a composite material combining continuous dry fibers and thermoplastic resin is selected as the experimental
material. This high-performance material shows apparent advantages in being lightweight, strong, and durable.

The main difference between continuous fiber-reinforced thermoplastic composites and traditional thermoplastic composites is
that the fibers in the former are constant in the whole material system. In contrast, the fibers in the latter are discontinuous, so the
mechanical properties of continuous fiber-reinforced thermoplastic composites are superior to those of non-continuous
fiber-reinforced thermoplastic composites. The tensile strength and modulus are excellent, and the rigidity of the composites
improved, while the thermoplastic resin, as the matrix material, not only possesses exceptional toughness and processability but
also strengthens the interfacial bonding between the fibers and the resin, which comprehensively optimizes the mechanical
properties of the materials [21]. In addition, this composite material has good fatigue resistance and impact resistance. It can
maintain long-term stability in complex mechanical environments, adapting to high-intensity working conditions and repetitive
load demand. Compared to traditional short fiber or particle-reinforced composites, the monolithic nature of the continuous fibers
makes this material more reliable and durable under high loading conditions, which meets the more demanding application
requirements [22].
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2.2. Experimental principles

The real-time impregnation process is an innovative manufacturing method that combines continuous dry fibers (the full name is
"continuous carbon fiber reinforced nylon composite prepreg") with thermoplastic resins precisely controlled for efficient
composite production, as shown in Figure 1. There are three common types of impregnation of continuous fiber-reinforced
thermoplastic composites including melt impregnation, solution impregnation, and powder impregnation. Among them, melt
impregnation is a method of impregnating fiber bundles or fabrics into molten thermoplastic resins. In this process, the molten
resin penetrates the voids of the fiber tows. The advantages of melt impregnation include the simplicity of the process, high
productivity, and the ability to maintain fiber integrity and continuity.

This experiment uses the 3D printing in-nozzle impregnation method, which means that the carbon fiber filaments complete the
impregnation in the nozzle during the printing process. In this process, continuous carbon fibers are converted through a specific
conduit to the 3D printing head, where they are impregnated in real-time with a thermoplastic resin heated to a molten state. The
resin fully encapsulates the fibers under thrust. It is extruded through the nozzle to form composite filaments, which are deposited
layer by layer to ultimately form a three-dimensional structure with high strength and lightweight characteristics.

The bond between the resin and the fibers in this process is very important to the final formed structure. When the resin
penetrates the carbon fiber through real-time impregnation, ensuring material homogeneity and strength is critical, which
significantly improving the composite's mechanical properties. The process reduces the multiple steps required in traditional
composite production, such as impregnation, curing, and lamination, and reduces manual intervention, further enhancing
productivity.

There are several crucial technological control factors in the 3D printing process. In addition to high-performance composites
mentioned above, controlling the correct temperature is a key factor in ensuring successful 3D printing. Materials that are too hot
or too cold can lead to print failures. In addition, the temperature must remain stable throughout the 3D printing process to avoid
distortion or warpage caused by uneven temperature. The third is the layer thickness factor. If the layer thickness of the print is too
large, it will decrease precision, while a thin layer thickness will lead to slower printing speed or printing failure. To solve this
problem, you can use the automatic layer thickness adjustment function to control layer thickness. Fourth, the ambient temperature
and humidity factors, the temperature and humidity can affect the quality of the print object. If the temperature and humidity in the
air are too high, then the 3D-printed object will be prone to defects, such as splitting or distortion. To avoid this, you can place your
3D printer in a relatively constant environment and try to avoid areas of high humidity by using heaters and humidity-absorbing
devices.

In summary, this process in 3D printing uses advanced materials technology and complicated control techniques to create
composites with superior performance and a high level of customization, providing a great deal of flexibility in manufacturing
structures with complex geometries, enabling the realization of design requirements that are difficult to accomplish with traditional
manufacturing methods. Due to its high efficiency and repeatability, the real-time impregnation process has been widely used in
many high-end fields such as aerospace, automotive, sporting goods, etc. It has become one of the most critical technologies that
drive the development of the modern manufacturing industry.
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Figure 1. 3D schematic diagram of the printing equipment [23]
2.3. Experimental steps

The 2D drawing software Computer-Aided Design (CAD) was used to draw a continuous fiber thermoplastic resin composite arc
sandwich structure with dimensions of 70 mm * 20.5 mm * 12 mm (see Figure 2). The core radius of the middle sandwich
structure is 9.25 mm, and the fiber spacing is 1 mm. The graphic fibers are printed twice to ensure stability. When painting the
circular arc, it should be approximated as multiple line segments.

The CAD drew a trapezoidal sandwich structure with continuous dimensions of 70 mm * 20.5 mm * 12 mm (see Figure 3). The
spacing of the interlayer structures was 18.5 mm, the fiber spacing was 1 mm, and the graphic fibers were printed twice to ensure
their stability. When painting the circular arc, it should be approximated as multiple line segments to draw.
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Figure 3. The trapezoidal sandwich structures of continuous fiber thermoplastic resin composite materials

After the drawing was finished, the endpoint coordinates of the different segments were recorded in a document format. The
file was imported to the 3D printing platform for printing (see Figure 4). Before printing, the temperature was set to around 270
degrees Celsius to ensure proper resin melting. The filaments are impregnated with resin at the nozzle to form continuous fiber
thermoplastic structures on the platform at the bottom of the 3D printer (see Figure 5&6).

Figure 4. 3D printer with impregnated filaments and resin as printing material
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Figure 5. A curved sandwich physical piece

Figure 6. Trapezoid sandwich physical parts

3. Results and the analysis

Quasi-static axial compression tests were conducted using a WDM-100E universal test machine with a maximum load capacity of
100 kN (see Figure 7). The 2 mm/min loading speed is designed to ensure the consistent strain rate of the corrugated sandwich
structures, avoiding the influence of the strain rate difference on mechanical properties. The collected load-displacement data were
used to analyze the compressive mechanical properties of two corrugated sandwich structures (see Figure 8).

Figure 7. The WDM-100E equipment
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Figure 8. The sandwich's physical piece after the compression test
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Figure 9. Load-displacement data statistics chart

From the force-displacement data graph (see Figure 9), it can be seen that when the moving indenter starts to contact with the
test piece, the axial compressive load starts from zero and increases approximately linearly with the axial compressive
displacement, during which there is a drop (about 1.6 mm), but the overall rise. When the displacement reaches about 1.8 mm, the
peak compressive test force data for the continuous fiber thermoplastic resin composite arc sandwich structure is 3,998 N, and the
peak compressive test force data for the continuous fiber thermoplastic resin composite trapezoidal core structure is 7,650 N. The
load reaches the peak compressive load, and then there is a sudden drop in the load, which fluctuates up and down in a range (0 to
8,000 N) with a large amplitude of fluctuations. The load then increases again very slowly and fluctuates up and down within a
certain range (approximately 1,000-2,000 N). The experiment found that under the same displacement amount, the test force of the
trapezoidal sandwich structure demonstrated a higher load-bearing capacity than that of the arc structure.

The compressive strength represents the critical strength of the corrugated sandwich structure under compression loading. The
specific formula is expressed as follows:

_Fip
o= (M

Where Fyy, is the limit load of the elastic section of the load-displacement curve, S is the cross-sectional area of the outer

direction of the loading corrugated sandwich structure panel, and the value is the product of length and thickness.

Table 1. Evaluation parameters for the compressive mechanical Performance of corrugated sandwich structures (peak data)

Experimental force /N Compressive strength /MPa

Arc 3,998 4.76
Trapezoidal 7,650 9.11
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According to the calculation (see Table 1), the peak compressive strength of the trapezoidal sandwich structure is 9.11 MPa,
compared to 4.76 MPa for the arc sandwich structure. The compressive strength of the trapezoidal sandwich structure is greater
than that of the arc sandwich structure. It can be concluded that the compression resistance of the continuous fiber thermoplastic
resin with composite trapezoidal sandwich structure is stronger than that of the arc structure in constant conditions.

4. Conclusion and outlook

The test results show that the trapezoidal sandwich structures of continuous fiber thermoplastic resin composites have significant
advantages over the arc sandwich structures. These provide valuable insights for the structure design and material selection of
high-pressure resistance in engineering and are relevant to related research. From the perspective of mechanical properties, the
shape of the trapezoidal sandwich structure is more likely to disperse when the stress is compressed, the stiffness is greater, the
material deformation is more minor under the action of external force, and the stability and reliability are better. On the other hand,
although the arc sandwich structure can be easily used for some purposes, it may affect its performance due to excessive stress
points or bending in the face of a sizeable compressive load.

In addition, in terms of the manufacturing process and application adaptability, the geometric design of trapezoidal sandwich
structures, with more substantial carrying capacity, may be easier to adapt to other engineering structures so that the structure has
more significant application potential and practical value in aerospace, automobile manufacturing, construction engineering, and
other fields.

The limitations of this study are as follows. Firstly, corrugated sandwich structures can be classified into various types based on
the shape of the core layer, such as rectangular, triangular, trapezoidal, circular, and sinusoidal cores. This paper only compares
trapezoidal and arc shapes. Secondly, the sandwich structures studied in this experiment were subjected to quasi-static and
low-speed impact loads for mechanical performance analysis. Experimental studies under high-speed impact and explosion loads
have not been conducted. Thirdly, this paper focuses solely on single-layer sandwich structures and does not investigate
trapezoidal corrugated sandwich structures' energy absorption performance and efficiency under impact loads when additional
layers are added, panel thickness is increased, core wall angles are reduced, or core height is increased.

In the future, we can further study other geometric sandwich structures to explore more possible structure forms and
performance characteristics, increase the long-term durability and fatigue performance of material tests, evaluate reliability and
stability in practical engineering applications, and explore the application of the technology in other fields, such as medical devices
and sporting equipment.
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