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 A B S T R A C T

Continuous fiber 3D printing (CF3DP) has emerged as a promising technique that deposits continuous fiber 
alongside resin, offering numerous functional and intelligent applications. CF3DP involves rapid heating and 
cooling of materials, characterized by multiscale and multiphase nature, which complicates the understanding 
of the underlying process mechanisms. This difficulty hinders the prediction and control of the manufacturing 
defects and may lead to the compromise of mechanical properties. Although significant efforts have been made 
in process modeling to establish the relationship between process parameters and manufacturing performance, 
a systematic review of these studies remains absent. In this work, we attempted to provide an overview of 
the modeling strategies in understanding the process mechanism of CF3DP. The various physical phenomena 
involved in the CF3DP process are systematically analyzed and the corresponding modeling studies are 
summarized. Then, special attention is devoted to exploring how multiscale modeling approaches can establish 
a relational framework between the CF3DP process and the prediction of mechanical properties. This article 
also discusses the modeling strategies of failure behaviors considering the manufacturing defects. Finally, this 
paper discusses emerging applications of CF3DP and highlights the critical role of process modeling in driving 
future advancements. With the discussion of the process modeling strategies in CF3DP, researchers can identify 
appropriate methods tailored to their specific interests while gaining deeper insights into the underlying process 
mechanism.
1. Introduction

Continuous fiber-reinforced thermoplastic composites (CFRTPCs) 
are attractive for various applications, ranging from aerospace to 
ground transportation, due to their distinct advantages of high fracture 
toughness, high impact resistance, and recyclability [1–4]. Due to these 
superior advantages, the rapid automated manufacturing of CFRTPC 
components has attracted considerable interest in various industries. 
Automated manufacturing processes such as filament winding [5] 
and automated fiber placement [6] have been widely adopted in 
different sectors. However, due to the inherent process limitations, 
these conventional manufacturing processes face challenges in the 
automated manufacturing of load-bearing structural parts with small 
dimensions and complex geometries [7]. Consequently, to fill the 
market gaps in composites with intricate structures and functional 
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requirements, the continuous fiber 3D printing (CF3DP) technique 
has emerged as a promising technique, with advantages such as high 
production efficiency, minimal material waste, and the capacity to 
fabricate components with complex geometries [8–20].

CF3DP builds upon the fused deposition modeling (FDM), which 
relies on the rapid heating of CFRTPCs above their melting temper-
ature, followed by fusing the adjacent material surfaces during the 
subsequent layer-by-layer deposition process [21,22], as shown in Fig. 
1. This schematic diagram provides two typical approaches used in 
CF3DP: towpreg pultrusion (Fig.  1a) and in-situ impregnation (Fig. 
1b). In both approaches, raw materials are transported to the molten 
cavity and then heated to the molten state [9,22]. With movement of 
the print head, the thermoplastic resin envelops the continuous fiber, 
and both are pulled out of the nozzle. Once the material leaves the 
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Fig. 1. Illustration for two types of approaches used for CFRTPC printing: (a) towpreg pultrusion approach; (b) in-situ impregnation approach.
print head, it cools and solidifies to form a structure. The significant 
difference between these two approaches lies in the raw materials 
used in manufacturing. The towpreg pultrusion approach utilizes the 
prepreg [23,24], while the in-situ impregnation approach utilizes the 
dry fiber (unimpregnated fiber) and thermoplastic resin, with impreg-
nation occurring within the print head [25–28]. Particularly, the in-situ 
impregnation approach enables the printing of composites with various 
fiber volume percentages by controlling the printing speed and resin 
feeding rate [28].

The manufacturing performance of the CF3DP is heavily influenced 
by its manufacturing process [15,29,30]. This process governs the flow, 
bonding, solidification, and crystallization of materials during printing, 
all of which are closely linked to the internal defects and material 
properties of the final printed structures [16,23,29,31–36]. Currently, 
one of the primary obstacles that hinders the broad application of 
CF3DP in industry is the unstable processing quality, which arises 
from the lack of clarity in the underlying process mechanisms [37–
40]. Numerous experimental studies have shown that optimizing pro-
cess parameters such as printing temperature [25,29,36,40], printing 
speed [36,41], and layer thickness [25,29,42,43] can reduce defects 
and significantly improve manufacturing performance. The aforemen-
tioned studies adopted manufacturing trials on representative structural 
components to optimize process parameters [4]. However, given the 
multitude of commercially available thermoplastic composite mate-
rials, along with specific structural designs and equipment facilities, 
it becomes impractical to conduct trials for every combination of 
processing conditions. It is also challenging to understand the pro-
cess mechanism comprehensively and to determine suitable values 
for the process parameters solely through experiments [38,39]. These 
challenges arise because of difficulties in accurately measuring the 
micro properties of the CF3DP process encompassing multiscale and 
multifield characteristics [38]. Therefore, process modeling of CF3DP 
is essential for understanding the process mechanism and capturing 
the relationship between the processing conditions and manufacturing 
performance.

Process modeling entails analyzing the physical phenomena inher-
ent in the CF3DP process and predicting the mechanical properties as 
well as the failure behaviors of the printed parts [13,38,39,44–47]. 
It has the unique capability to capture the dynamic evolution of the 
CF3DP process, which presents considerable challenges for experi-
mental observations [38,45,47]. In recent years, many studies con-
centrating on process modeling have been performed to explore the 
underlying process mechanism from different aspects, such as melt 
flow [38], fluid–structure interaction [48], impregnation [39,49], and 
warpage [36]. Given the complexity of the physical phenomena in-
volved and the diverse modeling techniques adopted, there is an urgent 
need for a systematic review to help researchers identify the critical 
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factors and suitable methods relevant to their specific interests, thereby 
facilitating subsequent process modeling research.

This paper offers a comprehensive review of the process modeling 
methodologies applied to the CF3DP process. Section 2 discusses how 
the dominant process parameters affect the printing performance by 
influencing the physical phenomena. Section 3 provides a comprehen-
sive summary and discussion of the physical phenomena inherent in 
CF3DP, along with process modeling that establishes the relationship 
between the process parameters and the physical phenomena. Section 4 
highlights recent advances in the multiscale modeling within the pro-
cess modeling, providing an intuitive understanding of how processing 
conditions affect the printing performance. Section 5 discusses the fail-
ure modes and mechanisms caused by different manufacturing defects, 
coupled with modeling approaches. Finally, the emerging applications 
and challenges of CF3DP are presented and discussed.

2. Dominant process parameters

Process parameters refer to controllable factors that directly affect 
the CF3DP process, and subsequently the precision and properties of 
the printed parts [9,25,26]. Through extensive experimental research, 
researchers have gained initial insight into the effects of process pa-
rameters on part performance [9,22,25]. The observed performance 
variations related to the process parameters in these experiments have 
prompted the exploration of forming mechanism through process mod-
eling. In this section, we summarize several key process parameters that 
influence the CF3DP process and discuss their effects on the properties 
of the printed parts.

2.1. Printing speed

The printing speed refers to the velocity at which the print head 
moves (as shown in Fig.  1) [9]. It has a significant effect on the 
printing accuracy, part quality, and manufacturing efficiency. High 
printing speeds lead to insufficient solidification time, which can cause 
fiber displacement within the molten resin, especially at the corners 
of the path [50], as shown in Fig.  2a. This displacement may cause 
the fiber to deviate from the predefined fiber path, thereby reducing 
the printing precision. At elevated printing speeds, the time avail-
able for inter-filament bonding is curtailed, leading to compromised 
adhesion and increased porosity [51]. A faster printing speed also 
shortens the duration of fiber/matrix impregnation, diminishing the 
interaction between fiber and resin, which is critical to the mechanical 
properties of composites [27,52]. Consequently, printing at low speeds 
is generally associated with enhanced mechanical properties. However, 
it is crucial to acknowledge that an exceedingly slow printing speed 
substantially increases the production time, which is a drawback for 
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Fig. 2. (a) Schematic diagram of fiber dragging (adapted from [50]); (b) heating sources of CF3DP; (c) images of specimens with different laser power (reproduced from [64]). 
Adapted/reproduced with permission.
efficiency [9]. Therefore, it is necessary to balance the relationship be-
tween the printing quality and efficiency to determine the appropriate 
printing speed. Based on a summary of previous studies, an appropriate 
range for the printing speed to achieve better product performance is 
60–240 mm/min [14,25–27,50,53–61].

Specifically, for the in-situ impregnation approach, the feeding rate 
(Fig.  1b) — which represents the velocity at which the resin filament 
is delivered to the nozzle — is another crucial factor that demands 
careful consideration in determining the appropriate printing speed 
value. The feeding rate directly determines the inner pressure within 
the nozzle [25]. A high feeding rate delivers a large amount of resin to 
the nozzle, leading to increased inner pressure, which in turn minimizes 
the appearance of bubbles within the composite [25,27,51,62,63]. 
However, in a practical printing process, the feeding rate cannot be 
blindly increased. Geng et al. [63] observed that excessive inner pres-
sure caused the melt to flow upward along the throat pipe, obstructing 
the channel of resin feeding.

In engineering applications, the printing speed and the feeding 
rate should be synchronized to avoid poor performance of printed 
parts [25,26,51,63]. In the towpreg pultrusion approach, the feeding 
rate should be equal to the printing speed [51]. In the in-situ impregna-
tion approach, the relationship between the feeding rate and printing 
speed is determined by considering equal material volumes for both 
feeding and extrusion within the nozzle [58]: 
𝐹𝐸 ∝ 𝐹𝐷

(

𝐻𝐿 − 𝑆𝑓
)

∕
(

𝜋𝑅2
𝑚
)

(1)

where, 𝐹𝐸 is the feeding rate of resin filament; 𝐹𝐷 is the printing speed; 
𝐻 is the hatch spacing; 𝐿 is the layer thickness; 𝑆𝑓  is the cross-sectional 
area of the fiber bundle; and 𝑅𝑚 is the radius of the resin filament. This 
formula establishes an approximate correlation between the printing 
speed and feeding rate, providing valuable insight when working with 
new materials or new structural designs. Using this formula, one can 
calculate a reference speed and then fine-tune the speed based on the 
printing results.

2.2. Forming temperature

The forming temperature refers to the temperature required during 
the CF3DP process. The printing process of CFRTPCs involves the 
heating and cooling of the resin, and the forming temperature signifi-
cantly affects the printing quality [25,53,54]. The forming temperature 
is primarily composed of the printing temperature, the heated bed 
temperature, and the auxiliary heat temperature, as shown in Fig.  2b.

As the material enters the print head, it undergoes heating by 
a heater (typically a resistive heating block) and transforms into a 
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molten state (Fig.  1). The heater is the primary heat source dur-
ing the CF3DP process; thus, its temperature is termed the printing 
temperature [25,53,54]. According to diffusion theory, high printing 
temperature improves the thermal motion of polymer chains, pro-
moting adhesion between the printed filaments [65]. High printing 
temperature also facilitates improved fiber/matrix impregnation due to 
the increased fluidity of the molten resin, which leads to a well-bonded 
interface [22,66]. However, an overly elevated printing temperature 
can result in excessive fluidity of the molten resin, causing it to flow 
out from the nozzle due to gravity, thereby compromising the printing 
precision [25,66]. The thermal decomposition of the resin also occurs at 
an excessively elevated temperature [66]. Hence, the optimal printing 
temperature should allow the molten resin to flow and bond effec-
tively without causing excessive liquefaction [51]. The specific printing 
temperature varies depending on the resin adopted. In summary, the 
appropriate printing temperatures for common thermoplastic resins are 
listed in Table  1 based on previous research.

When the molten material leaves the print head, it is deposited on 
the heated bed and undergoes rapid cooling and solidification, which 
results in accumulation of residual stress [101]. The residual stress can 
cause warpage deformation in the structure, which seriously affects the 
dimensional precision of the printed parts [35,36,101]. It is common to 
utilize a heated bed (Fig.  2b) to reduce the temperature gradient during 
the cooling process, thereby mitigating the warpage deformation [35,
36,102,103]. The heated bed temperature should be slightly above the 
glass transition temperature of the resin [102]. A significantly higher 
heated bed temperature may lead to excessive softening of the printing 
material, thus seriously affecting the continuous printing [104]. Table 
1 summarizes the recommended heated bed temperatures.

Moreover, an auxiliary heat source, often a laser (Fig.  2b), is com-
monly utilized to enhance the interlayer bonding strength [80,105–
107]. By preheating the area along the filament deposition path with 
a laser, the localized surface temperature (laser point temperature) 
rises above the resin’s glass transition temperature. This elevation in 
temperature increases the flexibility of the molecular chain, thereby 
improving the interlayer adhesion [80]. The quality of the printed part 
is quite sensitive to the laser point temperature, since the excessive 
heat may lead to resin evaporation, which forms the void defect (Fig. 
2c) [64,69,80]. The laser point temperature is primarily determined by 
the printing speed and laser power [108]. Based on previous research, 
reducing the printing speed or increasing the laser power would bring 
the laser point temperature above the resin’s decomposition temper-
ature, which would yield the resin evaporation [109]. Researchers 
utilized the infrared thermal imager to identify the optimal laser point 
temperature [69,80]. Besides, theoretical model [108] and numerical 
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Table 1
Recommended forming temperatures for different thermoplastic resins (unit is ◦C).
 Materials Melting 

points
Glass transition 
temperatures

Printing 
temperatures

Heated bed 
temperatures

Laser point 
temperatures

 

 PLAa [25,55,56,67–69] 174 62 200–230 60–80 145  
 ABSb [27,70–73] – 105 230–250 90–110 –  
 PAc [57,74–79] 220 48 260–290 50–80 –  
 PEEKd [61,63,80–82] 343 143 360–420 136–150 400  
 PCe [83–86] – 121 255–270 80–120 –  
 PETf [87,88] 240 80 250–260 65–85 –  
 PETGg [30,89–92] – 77 230–250 65–90 –  
 ASAh [93–96] – 103 240–260 90–110 –  
 PPi [97–100] 165 −15 220–250 60–80 –  
a Polylactic acid.
b Acrylonitrile butadiene styrene.
c Polyamide.
d Polyether ether ketone.
e Polycarbonate.
f Polyethylene terephthalate.
g Polyethylene terephthalate glycol.
h Acrylonitrile styrene acrylate.
i Polypropylene.
simulation [39,109–111] were reported to study the effects of print-
ing speed and laser power on the laser point temperature. Table  1 
summarizes the recommended laser point temperatures.

2.3. Forming pressure

The forming pressure refers to the force exerted on the printed ma-
terial during the layer-by-layer printing process [39], which is closely 
associated with the interlayer bonding strength [34,39]. In the context 
of CF3DP, the forming pressure is primarily regulated by the layer 
thickness [52,112]. The layer thickness is defined as the vertical dis-
tance between the nozzle and the printing surface (Fig.  1) [25]. As 
reported in previous research, the forming pressure decreases with 
the increased layer thickness [43], which results in enhanced poros-
ity and reduced interfacial bonding in the printed parts [22,25,113]. 
Hence, the layer thickness should be sufficiently thin to ensure the 
forming pressure needed for high-quality printing. However, if the 
layer thickness is excessively small, the molten resin may overflow 
and re-enter the feeding tube, leading to a blockage [52]. The overly 
thin layer also exerts an excessive compaction force on the printed 
filament, resulting in the fiber scratch and breakage [114]. Based on the 
summary of previous studies, the recommended range of layer thickness 
falls between 0.15 mm and 0.4 mm [14,26,27,53,53–58,115,116].

Sometimes, the forming pressure provided by adjusting the layer 
thickness is below the requirement to form a reasonable interfacial 
bond, which results in high porosity and weak interface in the printed 
parts [16,23,33,34]. To increase the forming pressure, some researchers 
introduced a roller to the printer, which could notably decrease the 
porosity of printed parts to approximately 3% [33]. However, it is 
important to note that the involvement of roller, which is quite similar 
to the automated fiber placement,1 increases the complexity of the 
equipment and reduces the flexibility of the system in manufacturing 
intricate structural components.

1 We remark that with the involvement of roller, it actually makes the 
CF3DP into automated fiber placement, except using different heating strate-
gies. For automated fiber placement, the dominant heating strategy is laser 
or other radiative heat approaches, whereas for CF3DP, the resin is usually 
heated with a resistive heater located near the nozzle.
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2.4. Discussion

To facilitate rapid reference and understanding of the information, 
we have compiled a summary of how the aforementioned process 
parameters affect printing performance. Additionally, we list suggested 
parameter values for common thermoplastics. For detailed information, 
please refer to Table  2. However, it is important to note that these 
parameter values are provided solely as a reference. Readers should 
adjust them according to their particular printing circumstances.

Section 2 provides a qualitative overview of the relationships be-
tween various process parameters and printing performance, high-
lighting the key factors that should be considered when designing 
appropriate values for these process parameters. These factors reflect 
the physical phenomena associated with the CF3DP process. The over-
arching goal is to establish a clear link between process parameters and 
printing performance, a challenge that researchers have been striving to 
address for years. In the following sections, we will explore how phys-
ical phenomena can serve as a bridge between process parameters and 
printing performance. By constructing a framework that connects the 
process parameters, physical phenomena, and printing performance, 
we aim to identify the optimal process parameters needed to achieve 
the desired printing outcomes based on a solid understanding of the 
underlying printing mechanisms.

3. Process modeling of continuous fiber 3D printing

As described in the introduction, the CF3DP process is a variant 
of the FDM technology, and the integration of continuous fiber adds 
additional complexity. The entire CF3DP process involves various phase 
transitions and physical interactions. Specifically, the CF3DP process 
can be divided into two stages: the intra-nozzle process and the de-
position process, as illustrated in Fig.  3. We would like to highlight 
that the process mechanisms of the two types of CF3DP exhibit slight 
differences. These distinctions will be addressed in detail during the 
discussion of the two stages of the CF3DP process.

During the intra-nozzle stage, the material is delivered to a high-
temperature nozzle by the drive gear, where it melts and transitions 
from a solid to a liquid state. In the towpreg pultrusion approach (Fig. 
1a), the drive gear feeds the prepreg filament into the nozzle at a rate 
equal to the printing speed. The impregnated resin within the prepreg 
melts upon entering the nozzle and is pulled out along with the fiber, 
without forming a resin flow field inside the nozzle [117]. Whereas, 
for the in-situ impregnation approach (Fig.  1b), the drive gear feeds 
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Table 2
Effect summary of the process parameters.
 Process 
parameters

Effects at low value Effects at high value Recommended values  

 Printing speed 
[9,27,50–52]

Well-bonded interface; 
Low porosity; 
Low efficiency

Insufficient solidification time; 
Poor interface

60–240 mm/min  

 Feeding rate 
[25–27,58,62,
63]

Increased bubbles Increased nozzle’s inner pressure; 
Reduced bubbles 
Excessive high value: 
Resin backflow and feed channel 
obstruction

synchronized with printing 
speed (refer to Section 2.1)

 

 Printing 
temperature 
[22,25,65,66]

Poor interface Well-bonded interface; 
Elevated impregnation 
Excessive high value: 
Resin thermal decomposition

(refer to Table  1)  

 Heated bed 
temperature 
[35,36,102,103]

Warpage Mitigated warpage 
Excessive high value: 
Excessive softening of part

(refer to Table  1)  

 Laser point 
temperature [39,
64,80,108,109]

Poor interface Well-bonded interface 
Excessive high value: 
Resin evaporation

(refer to Table  1)  

 Layer thickness 
[22,25,43,52,
113,114]

Well-bonded interface; 
Low porosity 
Excessive low value: 
Fiber scratch

Enhanced porosity; 
Poor interface

0.15-0.4 mm  
the thermoplastic resin filament into the nozzle at a rate determined 
by the printing speed and the resin extrusion volume [58] (as described 
in Eq. (1)). The molten resin forms a flow field inside the nozzle and 
envelops the dry fiber bundle [25]. Subsequently, both the fiber bundle 
and its coated resin are pulled out of the nozzle. Therefore, the intra-
nozzle process of the in-situ impregnation approach is more complex, 
and research on process modeling primarily focuses on this approach. 
A detailed discussion of the process mechanisms and modeling methods 
involved in the intra-nozzle stage is provided in Section 3.1.

During the deposition stage, the fiber and resin are pulled from 
the nozzle and deposited onto the heated bed. Particularly, for the in-
situ impregnation approach, the resin can be additionally extruded by 
the drive gear, which enables the printing of complex curved struc-
tures [118]. Following deposition, the resin rapidly cools and solidifies 
through heat exchange with the surrounding environment and contact 
surfaces. A detailed discussion of the process mechanisms and modeling 
methods involved in the deposition stage is provided in Section 3.2.

Overall, the deposition process phenomena of towpreg pultrusion 
and in-situ impregnation share some similarity, allowing related pro-
cess modeling studies to be applicable to both. However, since the 
in-situ impregnation approach involves the resin flow field within the 
nozzle and the fiber/matrix impregnation happening during the deposi-
tion process, the intra-nozzle modeling and fiber/matrix impregnation 
modeling are primarily relevant to the in-situ impregnation approach, 
which will be discussed in Sections 3.1 and 3.2.4, respectively.

3.1. Intra-nozzle process

In the intra-nozzle process, the thermoplastic resin is heated to 
a molten state and flows under the propulsion of the feeding resin. 
Meanwhile, the continuous fiber within the molten resin deforms under 
the viscous forces exerted by the surrounding resin, while this defor-
mation, in turn, influences the flow of the resin [119]. Hence, the 
intra-nozzle process is a fluid–structure interaction (FSI) problem [48], 
which encompasses three dominant physical phenomena: melt flow, 
fiber deformation, and FSI (as illustrated in Fig.  3). In this section, 
we will delve into the relevant modeling studies concerning the intra-
nozzle process from the aforementioned three perspectives. The melt 
flow part focuses on elucidating the flow behavior of the molten resin. 
The fiber deformation part focuses on the structural behavior of the 
flexible fiber, and the FSI part delves into the interaction between the 
fiber and the molten resin.
50 
Fig. 3. Physical phenomena involved in the continuous fiber 3D printing process.

3.1.1. Melt flow
The schematic diagram of the hot end assembly is illustrated in Fig. 

4a. The nozzle maintains a high temperature throughout the printing 
process. When the resin enters the liquefier zone within the nozzle, it is 
gradually heated to a molten state and then flows through the nozzle, 
propelled by the feeding resin. Driven by the feeding resin, the molten 
resin flows into the funnel-shaped conical transition zone, where it 
is constricted to a suitable printing diameter and extruded from the 
capillary.

Notably, in this scenario, the contribution of fiber is not taken into 
account. Considering the similarities between this simplified scenario 
and FDM, the approaches employed in FDM can be adapted and applied 
in this context [120–124]. Based on the fundamental fluid governing 
equations, the analytical model by Bellini [125] was developed to 
calculate the force required to push the filament through the nozzle. 
As shown in Fig.  4b, the Bellini’s model assumes that once the thermo-
plastic resin enters the nozzle, it transitions into a molten state. Hence, 
the Bellini’s model is primarily suited for lower filament feeding rates, 
below 0.25 mm/s, which allows sufficient time for resin melting [126]. 
However, in practical applications, higher filament feeding rates (above 
1 mm/s) are commonly employed to increase efficiency [127]. In this 
situation, Osswald’s model [126] was developed, which assumes the 
melt region is compressed into a melt film within the conical transition 
region due to the insufficient heating time, as illustrated in Fig.  4b.
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Fig. 4. (a) Schematic diagram of the hot end assembly; (b) schematic diagrams of Bellini’s assumption and Osswald’s assumption.
These analytical models focus on the evaluation of pressure drop 
and flow rate [128] without providing a complete scenario of the 
fluid field. This can be resolved using advanced numerical approaches, 
such as the finite volume method (FVM) [38,129,130] and smoothed 
particle hydrodynamics (SPH) [48]. These numerical approaches start 
with a geometric model based on the nozzle structure and adopt the 
appropriate flow mode according to the actual printing situation. Typ-
ically, the flow mode during FDM is laminar [38,128,131]. After that, 
process parameters, such as forming temperature and printing speed, 
are inputted into the numerical system as boundary conditions. Before 
the fluid equations are numerically solved through the aforementioned 
approaches, the rheological behavior of the resin should be carefully 
considered. The resin commonly used in the CF3DP process exhibits 
shear-thinning behavior, and its viscosity is primarily influenced by 
temperature and shear rate [132]. For the temperature effect, the 
Arrhenius [131] and Williams-Landel-Ferry [38,120,121] models are 
frequently employed to characterize the temperature dependence of 
viscosity. The shear rate dependent behavior of viscosity is typically 
described using the generalized newtonian fluid models, such as power-
law [120,131], Cross [121], and Carreau [122,123,123]. Moreover, 
considering the viscoelastic effect of molten resin, some studies in-
troduced viscoelastic models to more accurately characterize the flow 
behavior of the molten resin [120,123,133]. In addition, for CFRTPCs, 
the presence of continuous fiber also influences the viscosity of the 
molten resin [134]. Due to the high anisotropy of the continuous fiber, 
the composite exhibits diverse viscosity along the longitudinal and 
transverse directions [134]. The viscosity is also influenced by the fiber 
volume fraction and the fiber arrangement [134]. For more detailed 
information, please refer to these reviews [134,135].

3.1.2. Fiber deformation
Besides the flow of the molten resin, the structural behavior of the 

continuous fiber within the molten resin is also an important factor. The 
fiber undergoes deformation due to the viscous forces exerted by the 
surrounding resin [119]. Unlike the modeling of chopped fibers, which 
usually relies on the assumptions of rigid body behavior [136] or orien-
tation homogenization [137,138], modeling of continuous fiber meets 
the challenges of considering the anisotropic nature and flexibility [48]. 
To accurately describe the structural behavior of the continuous fiber, 
several modeling approaches have been employed, which can be di-
vided into two categories: mesh-based approaches (such as the finite el-
ement method (FEM) [129,139]) and mesh-free approaches (such as the 
discrete element method (DEM) [48]). The mesh-based approaches op-
erate under the continuous medium hypothesis [140] and partition the 
computational domain into meshes. These approaches calculate fiber 
deformation and stress by tracking the motion of mesh nodes. Despite 
their computational efficiency, the mesh-based approaches struggle to 
capture the flexible movement (bending and twisting) of continuous 
fiber due to the mesh distortion [48,141]. Conversely, the mesh-free 
approaches can solve this problem by representing continuous fiber us-
ing discrete particles, which notably increases the freedom of the fiber 
model [48]. However, this increased freedom also leads to excessive 
computational costs.
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3.1.3. Fluid–structure interaction
Based on the modeling strategies of the molten resin and the de-

formed fiber, the FSI problem can be divided into three cases.
When the flow behavior of the molten resin is characterized by 

mesh-based approaches (typically FVM) [38,129,130] and the struc-
tural behavior of the continuous fiber is represented by mesh-based 
approaches (typically FEM) [129,139], the challenge in this case is the 
information transfer on the boundary between the fluid and structural 
domains. There are two common methods for handling this problem: 
the Arbitrary Lagrangian–Eulerian (ALE) and the Immersed Boundary 
Method (IBM) [142–144]. The ALE employs a unified mesh in both the 
fluid and structural domains, which can accurately exchange informa-
tion through the shared mesh on the boundary [141,145]. However, 
because of the constraints imposed by the Eulerian mesh of the fluid, 
the Lagrangian mesh of the structure cannot experience large deforma-
tion. Hence, this method fails to capture the large deformation of the 
fiber [143,145]. To address this issue, the IBM offers an alternative by 
adopting separate meshes for the fluid and the structural domains. This 
enables information exchange by interpolating the interaction force 
into the governing equations of fluid and structural models within the 
boundary region [146].

For the structural model considering the flexible movement, the 
continuous fiber can be represented as a series of discrete particles, 
utilizing mesh-free approaches like DEM. In this case, it is imperative 
to describe the interaction between the flow behavior of the resin 
characterized by FVM and the structural behavior of the particle-based 
fiber [147]. The influence of the molten resin on the continuous fiber 
can be considered by interpolating the interaction force into the govern-
ing equation of the DEM at the boundary. However, it is challenging to 
apply the influence of fiber on the molten resin, because the fiber force 
is non-continuous for the continuous entity of the fluid model [147].

To account for the influence of fiber deformation on the molten 
resin, the DEM-SPH coupling approach serves as a viable alterna-
tive [48]. In this case, the flow behavior of the molten resin is charac-
terized by mesh-free approaches like SPH, while the structural behavior 
of the continuous fiber is represented by DEM. Both the fluid and 
structural domains are described by discrete particles, facilitating con-
venient information exchange through the application of interaction 
forces to the corresponding particles of the molten resin and the contin-
uous fiber. For example, as depicted in Fig.  5, Yang et al. [48] utilized 
this DEM-SPH coupling approach to simulate the bending deformation 
and stress of the continuous fiber during the intra-nozzle process, thus 
aiding in the structural optimization of the nozzle.

3.2. Deposition process

When the printing material is pulled from the nozzle, it undergoes 
the deposition process and forms the composite structure. This process 
is crucial in determining the printing quality and has attracted tremen-
dous attention. In the deposition process, the molten resin is deposited 
onto the heated bed and undergoes a rapid temperature reduction with 
flow. Hence, it is a coupled process influenced by multiple fields, such 
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Fig. 5. The simulation of fiber movement and resin flow during the intra-nozzle process 
in CF3DP (with the cloud chart depicting the resin flow velocity) [48]. Reproduced with 
permission.

as thermal [36,66], fluid [38,48], and stress [49]. In order to under-
stand this complicated process as well as its underlying mechanism, the 
deposition process can be analyzed from two perspectives: the thermal 
process (rapid cooling) and the fluid flow process (flow of the molten 
resin).

During the rapid cooling process, the temperature of the deposited 
material rapidly decreases from the printing temperature to the am-
bient temperature [148,149]. As a result, the molten resin solidifies 
quickly to form the structure. Various forms of heat transfer are in-
volved in this process, including convection with the surrounding 
environment, conduction with the heated bed, and conduction between 
adjacent filaments [113,150,151], as illustrated in Fig.  6a. A series 
of studies have been carried out to capture the temperature evolu-
tion, utilizing both analytical [150,151] and numerical models [36,
39,152–155]. Particularly, because the presence of fiber introduces 
anisotropy in thermal properties, some researchers have employed 
effective medium approximation [156–159] and micromechanics [159–
161] approaches to estimate the thermal properties of composite ma-
terials. Effective medium approximation approaches model composites 
as homogeneous media by employing weighted averaging technique 
based on material properties, fiber volume fractions, and fiber geomet-
rical characteristics [156,162]. When fibers are uniformly distributed 
within the resin phase, the composite can be treated as a homo-
geneous medium [156,163]. In this situation, the effective medium 
approximation approaches provide a rapid and effective estimation of 
the thermal properties. However, their effectiveness is limited when 
applied to composites with heterogeneous fiber distributions [159,160,
164]. To address this limitation, micromechanics approaches describe 
the composite heterogeneity by resolving local thermal interactions at 
the microstructural level [160,161]. In this way, the micromechanics 
approaches allow for the incorporation of microstructural character-
istics into the prediction of thermal properties, resulting in greater 
accuracy. However, this comes at the cost of significantly increased 
computational complexity.

During the fluid flow process, the semi-molten resin flows under the 
force exerted by the print head, as presented in Fig.  6b. The resin flow 
promotes the bonding between the deposited filaments by filling the 
spaces between them [38]. Numerous studies have been performed to 
reproduce this process, investigating the effect of printing parameters 
on the shape and porosity of the deposited material using numerical 
methods [38,165,167,168]. Particularly, surface-tracking techniques 
like volume-of-fluid [165,168,169] have been utilized to capture the 
fluid surface, enabling dynamic visualization of the fluid flow. Further-
more, the viscoelastic effect of the resin is another important factor to 
consider in deposition simulations. This effect decreases the flowability 
of the resin and leads to swelling [166], as depicted in Fig.  6c.

Incorporating the various models of thermal and fluid flow, re-
searchers have obtained several valuable insights into how the printing 
52 
parameters (layer thickness, printing temperature, and printing speed) 
affect the quality of the deposited materials and overall structure [38,
165,167,168,170,171]. Specifically, the layer thickness determines the 
magnitude of the external forces driving the material flow [165]; the 
printing temperature affects the viscosity of the molten material [38]; 
and the printing speed is correlated with the material flow time [38,
165]. A low layer thickness and the corresponding high pressure pro-
mote the material flow (shown in Fig.  6b) [165], thus facilitating 
the void filling and increased interfacial bonding [38]. The increased 
viscosity as a result of a low temperature can impede the material flow. 
A slow printing speed allows more time for the material to flow under 
pressure, which helps reduce the porosity [38,165].

Furthermore, during the deposition process, there are multiple phys-
ical phenomena that are crucial in determining the printing quality, 
including interfacial sintering [113,148,172], crystallization [149,173,
174], warpage [36], and impregnation [39,49]. These physical phe-
nomena are closely related to the temperature distribution and flow 
morphology during the CF3DP process, which can be obtained from 
the thermal and flow analyses mentioned above.

3.2.1. Interfacial sintering
Interfacial sintering is a phenomenon involving the coalescence of 

particles [113,148], which is driven by the heat energy of the molten 
material [113,172]. When the molten material is pulled out of the 
nozzle and deposited onto the previously deposited material, heat is 
transferred from the hot area to the cold area [149]. This heat transfer 
partially melts the solidified structure adjacent to the newly deposited 
material, thus causing the interfacial bonding (Fig.  7a) [149,172]. 
Hence, interfacial sintering plays a crucial role in determining the 
interfacial bonding strength and porosity of the printed parts [66].

Typically, the analysis of interfacial sintering has been performed 
utilizing the Frenkel model and its modified models, which have been 
derived by assuming that the work of surface tension is equal to the 
work of viscous dissipation, while other external forces, such as gravity, 
are neglected [66,113,175]. For the CF3DP process, the addition of 
continuous fiber alters the physical parameters during heat transfer, 
influencing the size of the bonding neck between the printed filaments 
(Fig.  7a) [66]. With this in mind, Fan et al. [66] proposed an ana-
lytical model to investigate the forming mechanism of the interfacial 
bonding neck during the CF3DP process. Their findings revealed that 
an elevated printing temperature increased the size of the bonding 
neck, thus reducing porosity and improving mechanical properties. 
They also indicated that the estimated neck size was smaller than that 
observed in experiments, which could be attributed to the neglect of 
the gravitational effect and the erroneous assumption of a circular 
cross-section, whereas in reality, it was observed to be elliptical [49]. 
The aforementioned research assumed a uniform temperature distribu-
tion during the interfacial sintering process; however, in reality, the 
temperature distribution is non-uniform [152], as depicted in Fig.  7b. 
Therefore, combining the temperature distribution with the interfacial 
sintering models can improve the predictive accuracy.

3.2.2. Crystallization
Crystallization is a phenomenon in which polymer chains partially 

fold to form ordered lamellae [173]. When the temperature of the 
printed material cools between its melting point and its glass transition 
temperature, crystallization occurs in semi-crystalline thermoplastic 
resins [149,173]. Based on experimental observations [149,173,177,
178], an increase in the degree of crystallinity has a positive effect on 
the mechanical properties. Thus, increasing the degree of crystallinity 
is a well-adopted strategy to improve the mechanical properties of the 
printed parts. This can be achieved by slowing the cooling process [149,
177,178]. It is important to note that semi-crystalline thermoplastic 
resins are prone to significant shrinkage after cooling, due to the dense 
packing of polymer chains that occurs during crystallization [173]. 
Therefore, the degree of crystallinity should be carefully controlled to 
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Fig. 6. (a) Heat transfer modes for 3D printing; (b) cross-sections of the deposited material with different layer thickness (adapted from [165]); (c) flow simulation of the deposition 
process with viscoelastic and without viscoelastic effect (reproduced from [166]). Adapted/reproduced with permission.
Fig. 7. (a) Formation process of the bonding neck during the CF3DP process (𝑎 represents the diameter of the printed filament and 𝑦 represents the diameter of the bonding 
neck) [66]; (b) temperature distribution of filament cross-section during the CF3DP process (filaments 1–3 are active (deposited), while filament 4 is still inactive) [152,176]. 
Reproduced with permission.
ensure that the shrinkage of the printed parts aligns with the required 
dimensional precision [179].

Numerous models have been proposed for the study of crystalliza-
tion kinetics, such as the Avrami model [38,130,180] under isother-
mal conditions and the Nakamura model under non-isothermal condi-
tions [181]. These crystallization kinetic models provide predictions of 
the degree of crystallinity but fail to offer information on the evolution 
of crystallization morphology [182], which is notably correlated with 
the mechanical properties of the printed parts [183]. Moreover, in 
the CF3DP process, the presence of fiber leads to the formation of 
resin’s transcrystallization on the fiber surface [184,185], which can 
effectively enhance the interfacial properties [174,186,187].

In order to elucidate the dynamic evolution of crystallization, sev-
eral approaches — including molecular dynamics (MD) [45,188,189], 
pixel coloring [190,191], and phase field [192,193] — have been
adopted to predict the crystallization kinetics and the morphology 
of semi-crystalline polymers [182]. Among them, the MD method 
can study the effects of micro-structure [189], temperature [47], and 
stretch [194] on the crystal nucleation from an atomic perspective. 
However, due to limitations in length [195] and time scales [196–
198], the MD method cannot capture the entire formation process of 
crystalline structure [182]. The pixel coloring method is an alternative 
method to predict the crystallization morphology in resin. In this 
method, the simulation domain is divided into spatial pixels and differ-
ent colors are assigned to these pixels to describe the crystal growth. 
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This growth initiates from a random nucleation center and expands 
along the radial direction, with the growth rate being determined 
by the crystallization kinetic models [190]. Besides, the phase field 
method is similar to the pixel coloring method but adopts the phase 
field equations to calculate the crystal growth rate based on the energy 
minimization principle [192,193].

3.2.3. Warpage
Warpage is a structural deformation caused by the accumulation of 

residual stress during the rapid heating and cooling cycles in the CF3DP 
process [35,36,101]. The residual stress is mainly induced by the non-
uniform deformation due to the temperature gradient and crystalliza-
tion morphology [35]. During the cooling process, there is a significant 
and non-uniform temperature gradient within the parts, which causes 
the inhomogeneous material contraction and the generation of residual 
stress. Furthermore, crystallization causes local volume shrinkage in the 
crystalline region, and this unbalanced structural deformation between 
the crystalline and non-crystalline regions can also generate residual 
stress [35,173]. Considering the effect of the temperature gradient, 
residual stress can be reduced by slowing down the cooling process 
and reducing the temperature gradient [36]. Auxiliary heating sources 
are usually used to slow the cooling process [102,199]. However, 
reducing the temperature gradient can promote crystallization, which 
in turn increases the accumulation of residual stress [35]. Therefore, 
balancing the temperature gradient and crystallization morphology is 
key to controlling warpage deformation.
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Fig. 8. The schematic diagram of birth–death element technique for 3D printing.

To control the cooling process and mitigate warpage deformation, 
it is imperative to optimize process parameters, such as the forming 
temperature and the printing speed, using numerical modeling. The 
most common approach is the so-called birth–death element tech-
nique [153–155]. This approach tracks the fiber path by assigning the 
corresponding elements to a birth state, which are then considered 
in the heat transfer calculation, as illustrated in Fig.  8. In this way, 
the evolution of temperature field during deposition is obtained, and 
the warpage deformation can be predicted through thermal-mechanical 
coupling [36]. It should be noted that for the CF3DP process, the 
fiber alters the thermal properties of the resin, which requires ex-
tra attention during modeling. Considering the material’s anisotropy 
introduced by continuous fiber, Ghnatios et al. [36] simulated the 
deposition process of CF3DP and discovered that increasing the printing 
temperature and heated bed temperature led to a reduction in both the 
maximum deformation and residual stresses. It is worth noting that, 
as each deposited layer requires at least one element and given the 
small layer thickness relative to the part size, the simulation using 
the birth–death element technique requires a considerable number of 
elements, leading to a prohibitive computation time [36]. To increase 
computational efficiency, some researchers have employed the proper 
generalized decomposition technique, which uses independent meshes 
in the in-plane and out-of-plane directions [36,200].

3.2.4. Impregnation
Impregnation refers to the phenomenon in which molten resin 

infiltrates the continuous fiber bundle (Fig.  9). The impregnation phe-
nomenon primarily occurs in the in-situ impregnation approach, as the 
prepreg used in the towpreg pultrusion approach has already been pre-
impregnated. The continuous fiber bundle is composed of thousands 
of monofilaments, and its impregnation process can be considered as 
a problem of porous medium infiltration [49]. Effective impregnation 
can minimize the void content within the fiber bundle, thus greatly im-
proving the mechanical properties of the composite [57]. Based on pre-
vious studies [52,55,57,82,201,202], impregnation within the nozzle 
is limited due to the high viscosity of thermoplastic resin, insufficient 
pressure, incomplete spread of the fiber bundle, and limited residence 
time of printing at the typical printing speeds. The main impregnation 
process occurs during the deposition process, where the nozzle provides 
an external compressive force to facilitate impregnation [43,49,52].

As the dry fiber bundle enters the nozzle, the molten resin coats 
its surface and impregnates its interior [82]. The fiber bundle is then 
pulled from the nozzle, completing the impregnation process under 
the pressure exerted by the nozzle [43,49]. The degree of impreg-
nation is influenced by three key factors: the residence time in the 
nozzle, the forming pressure during deposition, and the resin viscosity. 
The residence time, which is related to the printing speed, should 
be long enough to ensure that the resin effectively coats the fiber 
bundle’s surface and impregnates its interior [49,52,57,82,203,204]. 
The forming pressure, which is affected by the layer thickness, provides 
an external force that drives the resin into the fiber bundle [43,49]. 
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Fig. 9. Schematic diagram of fiber/matrix impregnation behavior during the CF3DP 
process.

The resin viscosity, which is determined by the printing temperature, 
should be low enough to reduce resistance during the impregnation 
process [43,49].

The impregnation process is commonly analyzed through Darcy’s 
law [49,205,206], which characterizes the flow of molten resin through 
a porous medium. Because the fiber is coated by the molten resin, 
the resin flow along the axial direction of the fiber bundle is typically 
ignored and the model based on Darcy’s law focuses on the resin flow 
along the radial direction [49]: 
𝑉𝑟 =

(

𝐾𝑟𝑑𝑝
)

∕ (𝜇𝑑𝑟) (2)

where, 𝑉𝑟 is the impregnation velocity of the molten resin along the 
radial direction of the fiber bundle; 𝜇 is the viscosity coefficient of the 
molten resin, which is closely related to the printing temperature and 
printing speed [49], and resin with lower viscosity is more accessible 
to impregnate into the fiber bundle; 𝑑𝑝𝑑𝑟  is the pressure drop, which is 
associated with the forming pressure, and a higher value facilitates the 
resin impregnation into the fiber bundle; and 𝐾𝑟 is the permeability, 
which is related to the distribution and volume fraction of monofila-
ments within the fiber bundle. Recent impregnation studies [39,49] of 
the CF3DP process have adopted the Gebart formula [207] to predict 
the permeability. However, due to its oversimplified consideration of 
the monofilament distribution, the Gebart formula cannot provide an 
accurate prediction of permeability [208]. Building upon this, many re-
searchers have proposed more precise predictive models [209–211]. A 
detailed introduction to these models can be found in this review [208]. 
However, we would like to emphasize that the real impregnation pro-
cess is influenced by complex phenomena [208], such as the capillary 
action and the fiber deformation induced by the CF3DP process. There-
fore, it is best to determine the permeability value through experiments. 
The fundamental concept of permeability experiments involves mea-
suring the pressure drop and the flow velocity variations as fluid flows 
through the porous medium, followed by calculating the permeability 
based on Darcy’s law [212]. For the CF3DP process, we recommend 
two suitable experimental methods as references. Schell et al. [213] 
fixed a tensioned fiber bundle in a chamber with a flow channel 
and measured the transverse or longitudinal permeability by injecting 
liquid into one side of the fiber bundle. In the other method, Merhi 
et al. [214] employed a similar measurement approach, but designed a 
device that could compress the fiber bundle, allowing the measurement 
of permeability under compression.

The impregnation velocity can be calculated using Darcy’s law 
and process parameters. By incorporating the printing time, the im-
pregnation percentage can be estimated. Here, printing time generally 
refers to the ratio of the squeezing distance of nozzle (Fig.  9) to the 
printing speed. For example, with the combinations of printing speed, 
printing temperature, and layer thickness, Wang et al. [49] predicted 
the impregnation percentage and found that it increased with the 
elevated printing temperature, reduced printing speed, and decreased 
layer thickness. In addition, they found that when the impregnation 
percentage increased from 8% to 33%, the tensile strength improved 
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Fig. 10. Improved setups to enhance in-situ impregnation quality: (a) micro-screw in-situ impregnation CF3DP [57]; (b) pin-assisted in-situ impregnation CF3DP [202]; (c) 
laser-assisted in-situ impregnation CF3DP [82]; (d) two-stage in-situ impregnation CF3DP [216]. Reproduced with permission.
from 153.13 MPa to 221.78 MPa. Building upon this, Zhang et al. [39] 
introduced the temperature variation during the impregnation process 
into the model based on Darcy’s law by accounting for changes in 
viscosity, and uncovered that a secondary impregnation during printing 
could be achieved by adopting the auxiliary laser heating. Furthermore, 
it is crucial to explore the dynamic evolution of the impregnation pro-
cess, which can provide insight into the effects of micro attributes, such 
as surface tension and monofilament distribution [208,215]. This can 
be realized through the infiltration simulation of a porous medium, as 
reported in Ref. [215]. In the infiltration simulation of porous medium, 
the surface tension is introduced as an additional source term into the 
fluid momentum equation. Moreover, the distribution and content of 
monofilaments can be considered in a representative volume element 
(RVE) model, using the predictive models of permeability discussed 
above.

In addition to optimizing the process parameters through process 
modeling [39,49], several researchers have also improved the CF3DP 
equipment to tackle the issue of insufficient fiber/matrix impregnation. 
For instance, Liu et al. [57] combined a micro-screw extruder with the 
in-situ impregnation CF3DP (Fig.  10a). In this approach, the dry fiber 
bundle is first impregnated in an impregnation mold and then deposited 
onto the platform through a nozzle. In the impregnation mold, the 
fiber bundle spreads as it passes through the pins, and the micro-screw 
extruder provides sufficient pressure for impregnation. Combining both 
the effect of the pin and the micro-screw extruder, the impregnation 
can be significantly enhanced. Building upon this, An et al. [202] 
simplified the above equipment due to the complexity of the micro-
screw extruder and proposed a pin-assisted printing method (Fig.  10b). 
This method directly embeds the pins from the impregnation mold into 
the molten cavity, utilizing the pins to spread the fiber bundle and 
improve the impregnation percentage. Furthermore, Luo et al. [82] and 
Zhang et al. [39] took a different approach by using the laser-assisted 
heating to increase the resin’s flowability during the deposition process 
(Fig.  10c), thus promoting the fiber/matrix impregnation. Additionally, 
Wang et al. [216] developed a two-stage in-situ impregnation approach 
(Fig.  10d), in which one nozzle is used for initial impregnation and 
the impregnated fiber is transferred to another nozzle for printing. This 
approach provides additional printing pressure, further improving the 
impregnation percentage.

3.3. Discussion

This section offers a comprehensive review of research on the 
CF3DP process modeling, covering both the intra-nozzle and deposition 
processes. The CF3DP process is inherently complex, marked by a 
synergistic interplay among numerous process parameters and physical 
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phenomena that distinctly influence the quality of the printed parts. 
To facilitate reader understanding and reference, we have organized 
and summarized the main physical phenomena involved in the CF3DP 
process in Tables  3 and 4, along with the corresponding modeling 
methods and studies.

In summary, the studies mentioned above have independently mod-
eled either the intra-nozzle process or the deposition process, without 
considering both simultaneously. As a result, deposition modeling typi-
cally assumes an idealized input material, neglecting the presence of 
bubbles within the molten resin and assuming a uniform flow rate 
and temperature. However, the accurate reproduction of the deposition 
process is heavily dependent on these input material properties, which 
are determined by the intra-nozzle process. Therefore, it is important to 
establish the connection between the modeling of the intra-nozzle and 
the deposition processes, and addressing the challenge of information 
exchange between the modeling of the two processes is crucial.

These process modeling methods reviewed in this section focus on 
the fundamental process mechanisms influenced by the process param-
eters; however, further effort is required to establish the relationship 
between the process mechanism and the mechanical properties as well 
as the failure behavior of the printed parts. We remark that during 
the analyses of mechanical properties and failure behavior, considering 
the effect of the manufacturing process is crucial, since the resultant 
defects and micro-structure significantly affect the service behavior 
of the printed products. In the following sections, we will discuss 
the modeling strategy, which analyzes the mechanical properties and 
failure behavior based on the outcomes of the process modeling.

4. Multiscale modeling and property evaluation

For CFRTPCs, the presence of multiple micro-structures results in a 
multiscale system, necessitating the consideration of multiscale prop-
erties in the structural design. Additionally, the manufacturing process 
involves a series of complex physical phenomena, requiring careful 
attention to the underlying micro-mechanisms, such as micro defect 
formation, phase transition, and impregnation (Fig.  11). Therefore, to 
achieve an optimized structural design and process parameter set, a 
modeling approach that includes multiscale properties and mechanisms 
is essential. In this section, we will discuss the different modeling 
techniques at both the macroscale and microscale, along with their 
coupling strategies. The focus and modeling methods are summarized 
at the end of this section, as presented in Table  5.
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Table 3
Physical phenomena and corresponding modeling methods involved in the intra-nozzle process.
 Phenomena Focus Methods References  
 Melt flowb Flow behavior of molten resin Bellini model [125]  
 Osswald model [126]  
 FVM [38,129,130] 
 SPH [48]  
 Fiber deformationb Structural behavior of flexible fiber FEM [129,139]  
 DEM [48]  
 FSIb Interaction between resin and fiber Resin (FVM) + Fiber (FEM) [129,139]  
 Resin (FVM) + Fiber (DEM) [147]  
 Resin (SPH) + Fiber (DEM) [48]  
a Suitable for towpreg pultrusion approach.
b Suitable for in-situ impregnation approach.
Table 4
Physical phenomena and corresponding modeling methods involved in the deposition process.
 Phenomena Focus Methods References  
 Interfacial sinteringa,b Interfacial strength Frenkel-based model [66,113,175] 
 Crystallizationa,b Degree of crystallinity Avrami and Nakamura models [38,180,181] 
 Crystallization morphology MD [47,189,194] 
 Pixel coloring [190]  
 Phase field [192,193]  
 Warpagea,b Residual stresses Birth-death element [36,154]  
 Impregnationb Impregnation percentage Darcy’s law [39,49]  
a Suitable for towpreg pultrusion approach.
b Suitable for in-situ impregnation approach.
Fig. 11. The multiscale modeling schematic diagram of the CF3DP process.
4.1. Macroscale modeling

Macroscale modeling concentrates on how the process parameters, 
such as forming temperature, printing speed, layer thickness, and fiber 
path, affect the final printed parts from a global perspective. In this 
case, the combined effect of the process parameters on the overall me-
chanical properties of the entire part can be analyzed through dynamic 
simulation of the temperature field variation [36,38]. With this varied 
temperature information, the residual stress can be evaluated, as it 
closely depends on the local volume shrinkage in the crystalline region 
and the mismatch of thermal expansion during the manufacturing 
process, as discussed in Section 3.2.3. Then, the residual stress, as a 
predefined field, can be used in the mechanical property evaluation 
of the printed parts [36]. In addition, the temperature variation also 
affects the flow behavior of the molten resin by altering its viscosity and 
phase state [38]. This results in changing size and proportion of macro 
voids between the printed filaments (Fig.  11), and a structural mechan-
ics model can be established based on this morphology information to 
analyze the process effect on the mechanical properties [38].

These studies mainly analyze the mechanical properties by intro-
ducing process-related information from process modeling to structural 
mechanics evaluation. However, they usually ignore the effect of the 
fiber path, which plays a crucial role in the mechanical properties of the 
printed parts due to the anisotropic nature of continuous fiber [217]. 
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By optimizing the fiber path based on the stress distribution, im-
proved strength efficiency can be achieved [217–221]. Specifically, 
for lightweight CFRTPC applications, researchers have developed novel 
topology optimization methods to achieve structural design and fiber 
paths with improved performance while adhering to manufacturing 
constraints [222–224]. In these advanced structures, the fiber paths are 
more complex, and it is imperative to be considered in macroscale mod-
eling. The commonly employed approaches to include the fiber path 
into the structural mechanics model are embedded elements (EE) [225,
226] and voxel modeling [227]. In the EE approach, the meshes of 
the resin and fiber components are generated independently, and the 
fiber mesh is embedded into the resin mesh by connecting their nodes 
through a weight function (Fig.  12a) [226]. However, there is an 
additional stiffness in the calculation due to the redundant resin volume 
at the fiber locations, which affects the computation accuracy [225]. 
This volume redundancy cannot be neglected in the case of a high fiber 
volume fraction, and in such instances, the voxel modeling method 
presents a viable alternative. As shown in Fig.  12b, the voxel modeling 
method includes the local orientation and volume fraction of fiber — 
extracted from each pixel in the pre-generated pixelated fiber path 
image — into the FEM element (voxel) by defining the anisotropic 
material properties [227].
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Fig. 12. (a) Schematic diagram of the EE technique [225]; (b) flow chart of the voxel modeling technique [227]. Reproduced with permission.
Fig. 13. Atomistic modeling of the continuous fiber 3D printing [45]. Reproduced with permission.
4.2. Microscale modeling

Due to the limitations of the simulation system scale, the macroscale 
modeling cannot cover the process-related micro-structures and micro-
mechanisms. CF3DP is a complicated process involving multiple physi-
cal mechanisms related to the formation of a series of micro-structures, 
such as the micro interface between fiber and resin, crystals within the 
resin, and impregnated structures within the fiber bundle. These micro-
structures significantly affect the mechanical properties of the printed 
parts, and thus, it is imperative to include microscale modeling in the 
exploration of the process mechanism.

For the micro interface between fiber and resin, the MD method is 
typically used to mimic its dynamic formation process [45,228]. For 
example, Wang et al. [45] analyzed the effect of the printing temper-
ature on the micro interface from an atomistic perspective (Fig.  13), 
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and highlighted that the elevated temperature promoted the bonding 
between the fiber and resin due to the intensified molecular thermal 
motion. The manufacturing process also affects the crystal growth, and 
in process modeling, this is evaluated through the degree of crystallinity 
and crystalline morphology, as discussed in Section 3.2.2. Based on 
the predicted degree of crystallinity, the resin properties can be cal-
culated through the Voigt rule of mixtures, considering the properties 
of crystalline and amorphous phases [229]. Moreover, the effect of 
the crystalline morphology can be considered in an RVE model, which 
modifies the anisotropic properties of the corresponding elements based 
on the crystal orientation [230]. Similarly, the mechanical property 
evaluation of the impregnated structure can also be carried out based 
on the degree and morphology of impregnation (Fig.  11).
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Fig. 14. The schematic diagram of multiscale fluid–structure interaction simulation of the CF3DP process [38]. Adapted with permission.
Fig. 15. Schematic diagram of parameter transfer in the multiscale approach for interfacial interaction [44]. Reproduced with permission.
4.3. Multiscale coupling

Although microscale modeling can provide insight into the effect 
of the CF3DP process on the micro-structures within the printed parts, 
it cannot directly guide the process optimization due to limitations in 
size and time scale. Therefore, multiscale coupling between macroscale 
and microscale modeling is crucial. In this way, microscale modeling 
can modify the material properties and constitute relations, which 
serve as inputs for macroscale modeling. The combination of modeling 
approaches on these two scales has the potential to provide detailed 
analysis of the mechanical properties. For instance, Fu et al. [38] 
combined the calculated material properties from an RVE model — 
containing monofilaments and resin — with the predicted macro void 
morphology from a flow simulation, to evaluate the mechanical prop-
erties of the printed composites (Fig.  14). The process parameters were 
considered in the flow simulation [38].

Furthermore, as illustrated in Fig.  15, Liu et al. [44] utilized the MD 
method to predict the composite properties from the microscale, which 
were then introduced into a macro finite element model to capture the 
stress information, considering factors such as printing temperature, 
printing speed, and layer thickness. Then, this stress information was 
applied as the boundary condition for an MD model through the 
homogenization hypothesis, enabling the calculation of the interfacial 
bonding strength. Their results revealed that increasing the printing 
temperature and pressure was conducive to enhancing the interfacial 
bonding strength.

5. Analysis of failure behavior

In engineering, the mechanical properties of products degrade upon 
failure, which significantly affects their continued serviceability. Fail-
ure is a localized phenomenon that typically initiates from defects 
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induced by the manufacturing process [231,232]. Therefore, the failure 
mode and location are closely related to the manufacturing process. 
It is imperative to take the manufacturing defects into account when 
performing a failure analysis. The following discussion will illustrate 
how these defects arise during the manufacturing process and their 
connection to the failure modes (as shown in Table  6).

CF3DP manufacturing defects consist of three types: fiber defects, 
matrix defects, and interfacial defects [233]. Regarding fiber defects, 
during the CF3DP process, the nozzle applies pressure to the filaments 
and spreads them in a transverse direction [234]. Since the CF3DP 
process cannot provide uniform tension and pressure control for contin-
uous fiber [13], partial monofilaments in the fiber bundle may deviate 
from the intended printing trajectory, resulting in the fiber misalign-
ment (Fig.  16a). The printed part tends to experience buckling failure in 
the misaligned regions under longitudinal compressive loads, due to the 
high shear stress concentrated in these regions [235]. Furthermore, the 
fiber is prone to misalignment, wrinkling, and folding (Fig.  16a) when 
printing with a large turning angle, due to the excessive drag force 
exerted by the nozzle, combined with the weak interfacial adhesion 
caused by the rapid cooling of the resin [13]. These defects damage 
the continuous fiber, potentially leading to fiber breakage and product 
failure [13]. To explore the relationship between the CF3DP process 
and fiber defects, Zhang et al. [13,236] studied the stress distribution 
of the fiber bundles at corners using the FE model, revealing that 
the fiber bundles were prone to defects at corners due to the noz-
zle dragging and weak interfacial bonding (Fig.  16b). This research 
primarily investigated how fiber defects relate to the printing trajec-
tory and equipment. However, based on the model they developed, 
future research could explore how printing speed, printing temperature, 
and layer thickness affect the nozzle dragging force and interfacial 
adhesion. To incorporate fiber defects into failure analysis, some re-
searchers [234,237–239] have believed that defects contribute to the 
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Table 5
Modeling summary of the various scales.
 Scales Focus Methods References  
 Macroscale Residual stress & 

Macro void
Combine simulated temperature 
variation with the material’s thermal 
and flow behaviors

[36,38]  

 Fiber path EE [225,226]  
 Voxel modeling [227]  
 Microscale Micro interface MD [45,228]  
 Crystallization & Impregnation Degree of crystallinity and impregnation 

with Voigt rule of mixtures & Crystalline 
and impregnation morphology with RVE

[229,230]  

 Multiscale Take modified material 
properties from microscale as 
inputs for macroscale

RVE (material property) + flow 
simulation (macro void morphology)

[38]  

 MD (micro interface) + FE (stress 
information under process)

[44]  
Fig. 16. (a) Micrographs of fiber misalignment, wrinkling, and folding defects [13]; (b) fiber misalignment simulation under the CF3DP process [13]. Adapted with permission.
degradation of material performance, ultimately leading to failure. 
Based on the concept of homogenization, researchers have integrated 
fiber defects — extracted from the corresponding micrographs — with 
micro-mechanical models to predict the constitutive behavior of the 
printed composites [234,237–239]. The predicted constitutive behavior 
is then applied in macroscopic FE simulations, combined with the 
experimentally derived failure criteria, to investigate the structural 
failure behavior [239].

Regarding matrix defects, void is the primary manufacturing defect, 
which can be classified into intra-bead and inter-bead voids (Fig. 
17a) [233,240]. The intra-bead void is formed by the incomplete im-
pregnation within the fiber bundle due to the limited printing time and 
pressure [39,49]. This void typically occurs in the in-situ impregnation 
approach, where impregnation occurs during printing [49]. The inter-
bead void (macro void) results from the incomplete filling of the bead 
gaps by the resin, due to the rapid cooling of the resin and the limited 
nozzle pressure [38,241]. When the printed part is subjected to load, 
cracks initiate from the void defects and cause the matrix cracking, as il-
lustrated in Fig.  17b. As the crack propagates, it overloads the adjacent 
fibers and ultimately leads to fiber breakage [23,75,240,242,243]. Void 
defects can be controlled by adjusting the process parameters [25,38] 
and stacking methods [38,75]. To explore the relationship between the 
process parameters and void defects, several researchers have studied 
the impregnation process in CF3DP based on Darcy’s law [39,49]. Their 
findings suggested that the increased printing temperature and the re-
duced layer thickness positively affected the reduction of the intra-bead 
void (please refer to Section 3.2.4 for detailed content). Additionally, 
some scholars have employed the computational fluid dynamics to 
simulate the resin flow behavior during the CF3DP process [38]. They 
suggested that adopting a low printing speed and a staggered stacking 
method helped reduce the inter-bead voids. The above research focused 
on the flow behavior during the deposition process. However, as dis-
cussed in Section 3.1, the state of the melt as it exits the nozzle plays 
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a crucial role in the subsequent void filling. Therefore, establishing 
a simulation model that couples the flow behavior inside the nozzle 
and during the deposition process is of great significance for more 
accurate research on the void defect formation. Based on the calculated 
void defect information, the failure analyses have also been conducted. 
Some researchers have incorporated the void content as a correction 
parameter in the micro-mechanical models to predict the constitutive 
behavior of the printed composites [234,244–246], and subsequently 
investigated the failure behavior in conjunction with the failure cri-
teria [237]. Moreover, some researchers have directly mapped the 
void morphology into the FE model to visually characterize the failure 
behavior caused by void defects (Fig.  14) [38].

Interfacial defects are generally classified into two types: fiber/
matrix interface and inter-bead interface defects (Fig.  17a) [233]. When 
the printed part is being loaded, the interface acts as a bridge for load 
transfer between fibers [233]. A weak fiber/matrix interface may lead 
to fiber debonding from the resin, which is known as the fiber pull-
out failure (Fig.  17c) [25]. Similarly, a weak inter-bead interface can 
cause delamination between the printed layers, resulting in the delami-
nation failure (Fig.  17c) [25]. The primary causes of interfacial defects 
are uneven fiber wetting [233] and insufficient bonding between the 
printed beads [75], both of which result from the rapid cooling of the 
resin [75]. Recent studies have demonstrated that optimizing process 
parameters can effectively reduce the interfacial defects [25,44,45,66]. 
Many researchers have investigated the relationship between process 
parameters and inter-bead interface defects based on sintering mod-
els [66,113,152] (please refer to Section 3.2.1 for detailed content). 
However, due to the micron-scale diameter of the monofilament [249], 
research on the fiber/matrix interface defects remains limited. Wang 
et al. [45] utilized the MD method to simulate the formation process 
of the fiber/matrix interface and found that the interfacial proper-
ties improved with increasing printing temperature, leading to a shift 
in failure behavior from the interfacial failure to the resin cohesive 
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Fig. 17. (a) Matrix and interfacial defects manufactured by the CF3DP process [75,
247]; (b) schematic diagram of the void propagation [242]; (c) micrographs of the 
fiber pull-out and delamination failures [25,248]. Adapted with permission.

failure. Moreover, Wang et al. [250] employed the MD method to 
study the interfacial delamination at the microscale and used the 
calculated constitutive relation as the input of cohesive zone modeling 
(a failure model of delamination) to analyze the interfacial failure 
at the macroscale. The aforementioned work provides a theoretical 
explanation for the fiber/matrix interfacial behavior, but it is limited 
by the computational scale and efficiency of the MD method [197,
251], which prevents accurate quantitative prediction of the interfacial 
performance. Recently, the development of coarse-grained MD meth-
ods [252] to expand the computational scale and enhanced sampling 
techniques [197,251] to accelerate calculations may offer a solution to 
this challenge. Furthermore, to incorporate interfacial defects into the 
failure analysis, researchers have integrated the interfacial mechanical 
models into the FE model to simulate the interfacial failure [253,254]. 
This interfacial mechanical model is typically configured based on the 
relationship between the interfacial separation force and the separation 
distance [253,254], which can be modified based on the results of the 
process modeling.

The CF3DP process gives rise to a variety of manufacturing de-
fects, resulting in a wide range of failure modes (as summarized in 
Table  6). Exploring the defect formation and the corresponding fail-
ure mechanisms is crucial for enhancing the service performance of 
the printed CFRTPCs and promoting their industrial application. In 
the field of traditional composite manufacturing processes, extensive 
research on defect formation and failure analysis has been conducted, 
offering well-established analytical theories and modeling methods. 
These approaches share similarities with the CF3DP process and may 
serve as valuable references, as detailed in these studies [231,232,255–
260]. In the realm of the CF3DP process, although studies on defect 
formation mechanisms remain limited due to the novelty and com-
plexity of the process, researchers have accumulated and summarized 
abundant experimental data on defect phenomena (as detailed in re-
views [233,261]). This growing body of knowledge is gradually shifting 
attention toward process modeling studies aimed at understanding and 
mitigating defect formation.
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6. Emerging applications and challenges

With the advancement of the CF3DP process, increasing demands 
and challenges have emerged, including industrial, intelligent, and 
other novel applications. Addressing these critical issues is closely re-
lated to the development of high-precision and high-efficiency process 
modeling techniques. This section highlights these urgent challenges 
and discusses the essential role of process modeling in driving progress 
across these domains.

6.1. Industrial application

CF3DP technique enables the rapid fabrication of high-performance, 
lightweight, and complex structural components using the customized 
material selections. This unique capability makes it possible to fill the 
composite market gap between manual layup and large-scale manu-
facturing equipment. It is foreseeable that the industrial application 
of CF3DP will reduce the cost of composite products and accelerate 
their widespread adoption. Driven by this vision, efforts are being 
made to transition CF3DP from laboratory research to industrial ap-
plication, although several critical challenges remain to be overcome, 
such as high-speed printing, large-scale printing, and arbitrary material 
printing.

The goal of high-speed printing is to improve the manufacturing 
efficiency, and achieving this requires the material extrusion rate to 
match the printing speed [262]. However, the traditional resistance 
heating method results in a low melting efficiency of the thermoplastic 
resin, which in turn limits the throughput of the printed material 
and restricts the printing speed [46,263]. To increase the melting 
efficiency, advanced heating techniques have been introduced, such as 
screw extrusion [262], laser heating [46], and volumetric microwave 
heating [263]. These equipment modifications have introduced new 
process principles to the CF3DP process, necessitating an exploration of 
their process mechanisms. In this context, process modeling can provide 
preliminary guidance to help us quickly understand the new pro-
cess mechanisms and determine the appropriate processing conditions, 
thereby accelerating the industrialization of the CF3DP technique.

The need for large-scale product manufacturing is increasing in in-
dustrial production. Previous research on CF3DP has primarily focused 
on small-scale structures, but there remains uncertainty regarding the 
successful expansion of this process to large-scale production. Recent 
research indicated that increasing the manufacturing size led to a 
significant decline in mechanical properties [264]. This decline may 
be attributed to the magnification of CF3DP-induced defects with the 
increased size, as a higher defect count markedly boosts the risk of 
structural failure. The insufficient forming pressure and rapid cooling 
in CF3DP result in weak interfaces and voids. To achieve large-scale 
printing, a pressing challenge is to reduce the number of manufac-
turing defects. A viable solution is to upgrade the CF3DP equipment 
by adding a pressure roller to increase the forming pressure and in-
corporating laser-assisted heating to enhance the interfacial bonding 
strength. Equipment upgrades require multiple iterative designs, and 
these modifications also introduce new process principles. Process mod-
eling plays a vital role in exploring these novel process mechanisms and 
accelerating the iterative design of equipment.

In industrial production, the selection of suitable raw materials 
is typically guided by the requirements of product usage. Given that 
the range of materials available in industry is significantly broader 
than those typically studied in laboratories, there is a possibility of 
encountering raw materials that have not yet been researched. For such 
unexplored materials, we lack information on their process parameter 
values. However, in the context of efficient industrial production, it 
is impractical to start from scratch in exploring the forming process. 
Therefore, the challenge of arbitrary material printing lies in the rapid 
design of suitable process parameters. We remark that adopting a mul-
tiscale modeling approach to establish a mature and accurate CF3DP 
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Table 6
Failure modes and mechanisms caused by different manufacturing defects.
 Manufacturing defects Failure modes Failure mechanisms References  
 Fiber defects 
(misalignment, wrinkling, and 
folding)

Fiber bulking; 
Fiber breakage

The shear stress concentrated at the 
defect region damages the fiber and 
causes the fiber bulking and breakage.

[13,13,234–239]  

 Matrix defects 
(inter- and intra-bead voids)

Matrix cracking; 
Fiber breakage

The crack initiates from the void and 
causes the matrix cracking. As the crack 
propagates, the overloading of adjacent 
fibers leads to the fiber breakage.

[38,39,49,234,
242,244–246]

 

 Interfacial defects 
(weak fiber/matrix and 
inter-bead interfaces)

Fiber pull-out; 
Delamination

The crack initiates at the weak interface 
and propagates until it leads to the fiber 
pull-out and delamination.

[45,66,113,152,
250]

 

process model is a viable solution. A well-developed process model can 
rapidly predict the mechanical properties under different combinations 
of process parameters. Moreover, combining multiscale models with 
data-driven techniques can expedite the determination of the nonlinear 
relationship between process parameters and mechanical properties, 
thereby directly providing predictions of the recommended process 
parameter values based on actual performance requirements.

6.2. Intelligent application

Recent advancements in intelligent technologies have led to a sig-
nificant revolution in the manufacturing field. Smart factories, driven 
by big data collection and analysis, are poised to replace the tradi-
tional factory model. The smart factory will intelligently determine 
the optimal manufacturing solutions and enable 24/7 automated pro-
duction, thus greatly boosting the productivity of composite products. 
To achieve intelligent production in CF3DP, three major challenges 
need to be addressed: data collection through self-monitoring technol-
ogy [265–267], data processing through data-driven technology [268–
275], and intelligent production through digital twin technology [276,
277]. There are increasing requirements for the accuracy and efficiency 
of process modeling to promote the development of these intelligent 
technologies.

Self-monitoring is a technology that monitors the structural health 
of composite structures by utilizing their specific self-sensing fea-
tures [265–267]. Self-monitoring can be realized through 3D printing 
due to its flexibility. For instance, the structural deformation can 
be measured based on the piezoresistive behavior of carbon fiber 
embedded in the printed parts [266]. The sensitivity, detection range, 
and cyclic stability of the self-monitoring structure are highly relevant 
to the material formulation and the precision of structural fabrica-
tion [267], which can be improved by revealing the underlying process 
mechanisms.

Data-driven technology employs intelligent algorithms to identify 
intricate nonlinear relationships [270–272]. Due to the complex na-
ture of composite materials and manufacturing process, CF3DP entails 
handling extensive datasets throughout both the fabrication and service 
phases. These datasets encompass diverse material properties, control-
lable process parameters, and abundant structural health-monitoring 
information, which are collected through experiments and process 
modeling. To identify the relationships among these factors and benefit 
the process optimization, the data-driven techniques have been inte-
grated into the CF3DP process [270–272]. In addition, by establishing 
a database comprising these collected data, the data-driven technique 
can also facilitate the real-time prediction of mechanical properties and 
failure behavior of the printed parts [273–275].

Furthermore, due to the remarkable diversity in structural designs 
and material properties as well as the susceptibility to defects, numer-
ous trials are required when fabricating a new customized product, 
which hinders the widespread industrial application of CF3DP. The 
digital twin technology has emerged with the potential to reduce 
the trial tests, enhance the production efficiency, and improve the 
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mechanical property, thereby accelerating the industrial application 
of CF3DP. Digital twin enables the highly informative and scaleable 
interaction between the physical objects and their virtual twins, which 
provides optimal process parameters during the fabrication phase and 
full life cycle monitoring of the printed products [276,277]. However, 
the digital twin relies on the high-fidelity virtual representation of the 
physical objects as well as the real-time updates between the physical 
objects and their virtual twins [276]. Both aspects are closely related to 
the process modeling and data-driven techniques, respectively. There-
fore, to develop the digital twin of CF3DP and realize its widespread 
industrial application, more efforts should be devoted to improving 
process modeling and data-driven techniques.

6.3. Other novel application

In addition to the practical industrial application and forward-
looking intelligent application, some scholars are exploring the utiliza-
tion of CF3DP in special areas. For example, leveraging the flexibility 
advantage of CF3DP to fabricate three-dimensional spatial structures 
with unique mechanical properties, known as three-dimensional spa-
tial printing [118,118,278–283]; incorporating a time dimension into 
CF3DP to print structures with specific functions, referred to 4D print-
ing [284–288]; and exploring the manufacturing process of novel eco-
friendly materials, known as eco-friendly 3D printing [201,289,290]. 
In this context, process modeling plays a crucial role in advancing the 
investigation of these pioneering applications.

Three-dimensional spatial printing refers to the complex part pro-
duction of layers with three-dimensional characteristics. To meet the 
requirements of printing specific structures or to enhance performance 
in the thickness direction, it is sometimes necessary to print 3D layers. 
In recent years, many scholars have attempted to address this challenge 
from two aspects: equipment modification [118,278,279] and struc-
tural design [118,280–283]. Regarding equipment modification, given 
that the limited degrees of freedom in the equipment pose a major 
challenge to the three-dimensional spatial printing, some scholars have 
designed a two-nozzle printer [278]. One nozzle is designated for 
printing curved support structures of resin, while the other is used for 
printing curved layers of continuous fiber. Additionally, our team has 
conducted related work, developing six-axis desktop (Fig.  18a) [279] 
and robotic arm (Fig.  18b) [118] 3D printers. The enhanced degrees of 
freedom provide a foundation for achieving the spatial printing.

Regarding structural design, our team has designed a bidirectional 
sinusoidal curved structure suitable for CF3DP (Fig.  18c), which was 
inspired by the biological sinusoidal structure of Odontodactylus scyl-
larus [118,283]. During the printing process, we precisely controlled 
the resin feeding rate and continuously adjusted the nozzle orienta-
tion to ensure that the nozzle tip remained normal to the tangent 
plane of the fiber path, thereby achieving the printing of this three-
dimensional curved structure. This structure can effectively enhance 
the load-bearing capacity along the thickness direction, with its impact 
strength showing an 80% improvement compared to the flat-layered 
structures. Furthermore, some scholars have developed a free-hanging 
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Fig. 18. (a) Six-axis desktop 3D printer [279]; (b) six-axis robotic arm 3D printer [118]; (c) the printing schematic diagram of the bidirectional sinusoidal curved structure [118]; 
(d) the schematic diagram of the free-hanging 3D printing [280]. Reproduced with permission.
3D printing technique capable of printing lattice truss core struc-
tures (Fig.  18d) [280–282]. They moved the nozzle in the three-
dimensional space based on the lattice structure characteristics and ac-
celerated the cooling process to solidify the thermoplastic resin, thereby 
preventing the printed structure from collapsing. This structure pos-
sesses superior specific compressive strength, potentially meeting the 
lightweight design demands. To achieve the printing of the aforemen-
tioned complex three-dimensional structures, precise process control 
is indispensable. Therefore, the process modeling methods discussed 
herein play a significant supportive role in advancing the development 
of three-dimensional spatial printing.

With the development of printing techniques and intelligent mate-
rials, 3D printing has evolved into 4D printing, which focuses on the 
manufacturing of intelligent composite parts. These parts can transform 
into a targeted morphology under external stimuli, such as heat, light, 
electricity, and magnetism [284–288]. The deformation behavior un-
der external stimuli is typically predicted and programmed through 
the finite element model [291]. The controllable shape deformation 
is determined by the local material properties and the local geo-
metric structures, both of which are closely related to the printing 
process [288,291]. For example, the accurate program of shape de-
formation can be realized by considering the influence of residual 
stress induced by the printing process on the deformation prediction 
model [291]. Moreover, the fiber path within the smart composite 
structure also affects its deformation behavior [292]. These studies 
emphasize the crucial role of process modeling, with its powerful 
capability to offer the process-related information critical for predicting 
the deformation behavior.

Eco-friendly 3D printing refers to the fabrication using novel eco-
friendly materials. With the growing emphasis on sustainable develop-
ment, the composite industry is gradually shifting toward utilizing re-
cyclable thermoplastic resins and renewable biological materials [290,
293]. Due to its capabilities of cost-effectiveness and rapid manufactur-
ing, CF3DP is typically employed to explore the mechanical behavior 
and processing knowledge of these new eco-friendly materials [201,
289,294]. For example, CF3DP was utilized to investigate the effec-
tiveness of composite bone scaffolds composed of the biodegradable 
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continuous polyglycolic acid fiber and the poly (𝜖-caprolactone) ma-
trix [295,296]. However, unlike synthetic materials such as carbon 
fiber, biological materials are sensitive to temperature and moisture, 
making the printed parts more susceptible to processing conditions 
due to the high-temperature heating characteristic of CF3DP. For in-
stance, due to the thermal degradation of the wood fiber, its strength 
decreases at elevated printing temperatures [297]. Additionally, high 
temperature can cause moisture loss in flax fiber, which results in 
reduced strength [298] and fiber shrinkage [294]. Consequently, the 
application of these green materials presents significant challenges for 
the process design of CF3DP, necessitating process modeling research 
to understand the fundamental mechanisms.

7. Conclusion

CF3DP represents huge potential to meet the growing demand for 
the rapid manufacture of CFRTPC products with complicated struc-
tures. To control manufacturing defects and improve the performance 
of the printed parts, process modeling is a powerful tool for opti-
mizing the process parameters. Process modeling serves as a way 
to investigate the physical phenomena associated with the CF3DP 
process, establishing a connection between process parameters and 
printing performance. This paper summarizes the relevant literature 
on process modeling considering the intra-nozzle and deposition phys-
ical phenomena involved in the CF3DP process, including melt flow, 
fiber deformation, interfacial sintering, crystallization, warpage defor-
mation, and impregnation. We also discuss how to integrate process 
modeling with property evaluation and failure analysis to identify the 
optimal processing window. Process modeling can also benefit the 
development of CF3DP in some innovative fields, such as industrial 
application, intelligent production, three-dimensional spatial printing, 
4D printing, and eco-friendly 3D printing. However, with the involve-
ment of new materials and new functional applications in CF3DP, a 
series of new challenges appear in process modeling. In our opinion, 
the multiscale modeling strategy, which can combine the advantages 
of models at various scales, will make a tremendous contribution to 
exploring the mechanisms underlying these challenges. Furthermore, 
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the combination of physics-based multiscale modeling with data-driven 
techniques is expected to be a key development trend in the future. This 
integration cannot only improve the prediction accuracy and efficiency, 
but also offer unique insights through intelligent algorithms. Given the 
promising prospects of process modeling, it is worth collective efforts 
in further research to unlock its full potential. With collective efforts, 
the maturation and broad application of CF3DP in various aspects of 
life could be realized.
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