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This study proposes an efficient preprocessing method and parametric modeling technique for the path planning
of corrugated curved surface sandwich structures. Focusing on the characteristics of Fused Deposition Modeling
(FDM), the model undergoes preprocessing for two types of path planning, segmenting the sandwich structure for
Eulerian Path Printing (EPP) and Eulerian Circuit Printing (ECP). Algorithms were developed using the Solid-
Works API for secondary development, resulting in a standalone plugin module. This plugin streamlines adaptive

modeling of corrugated sandwich structures on curved surfaces, showcasing strong versatility. Additionally, a
comparison of the printing time between preprocessed models and standard models reveals a significant
reduction in nozzle idle time. Moreover, as the infill density increases, the reduction in printing time becomes
more pronounced. Finally, compression tests confirmed that printed parts obtained using the EPP and ECP
methods maintained comparable mechanical properties to those printed using conventional methods.

1. Introduction

The lightweight sandwich structure comprises upper and lower layer
plates sandwiching an intermediate core, typically fabricated from
metal, plastic, or composite materials [1,2]. As shown in Fig. 1, this
structure can be categorized into random and periodic classes. Random
types commonly employ foam or composite materials as fillers, serving
purposes such as sound insulation and noise reduction [3]. The periodic
class encompasses two-dimensional lattice [4-6] (The main focus of this
article is the study of corrugated sandwich structures),
three-dimensional lattice, and honeycomb structures [7,8] corrugated
sandwich structures typically exhibit lower load-carrying capacities
compared to honeycomb and three-dimensional lattice structures.
However, when the upper and lower layers of a lightweight sandwich
structure are curved, honeycomb structures are more susceptible to
non-linear behavior. In such scenarios, corrugated sandwich structures
offer distinct advantages [9,10]. Corrugated sandwich structures are
widely utilized to enhance structural support and durability, notably in
diverse applications ranging from civil engineering and bridge con-
struction to aerospace, particularly for aircraft fuselage assemblies
[11-13]. Common manufacturing techniques for corrugated sandwich
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structures encompass extrusion [14], stamping, and rolling processes
[15]. The common feature among these methodologies is extrusion
forming, particularly conducive to fabricating sandwich structures
characterized by flat upper and lower surfaces. Nonetheless, due to the
fixed-cycle nature of extrusion shaping, conventional sandwich
manufacturing methods are unsuitable for curved sandwich configura-
tions. Consequently, variations in sandwich height arise with the cur-
vature of the surface, posing a challenge to traditional manufacturing
processes.

Additive manufacturing, colloquially referred as 3D printing, rep-
resents a departure from conventional manufacturing paradigms, con-
verting digital 3D models into tangible objects through the sequential
deposition of materials layer by layer [16]. Common additive
manufacturing techniques encompass Selective Laser Melting (SLM)
[17], Selective Laser Sintering (SLS), and Fused Deposition Modeling
(FDM).

Currently, FDM stands out as the predominant process due to its
versatility in utilizing diverse materials and its capacity to consistently
and reliably fabricate functional objects and components [18,19].Ad-
ditive manufacturing offers significant advantages in its capacity to
fabricate intricate models, yet its layer-by-layer approach often results
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Fig. 1. Classification of sandwich structures.
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Fig. 2. Direct printing of corrugated sandwich structures: (a) Ultimaker Cura
slicing preview visualization, (b) The printed parts exhibiting string-
ing phenomena.

Fig. 3. Three types of infill patterns: triangular, trapezoidal, and cap-shaped.

in slower production than anticipated. Researchers, such as Han et al.
[20], underscored the importance of reducing additive manufacturing
time through deposition planning methods employing grouping and
mapping algorithms. In FDM printing, inherent nozzle start-stop actions
during idle travel are inevitable, making strategic path planning crucial
for enhancing both efficiency and quality [21]. Yamamoto et al. [22]
have developed a single-trip path visualization Euler diagram for
continuous printing based on the constrained Hierholzer algorithm. TU
and collaborators [23] have introduced a shearing method and corre-
sponding device to facilitate multiple cuts at intersection points, thereby
enabling continuous printing paths. However, current research mainly
focuses on path planning for the filling of solid models, with little related
research on the corrugated sandwich structure itself. This study does not
require complex path planning algorithms for computation. Instead, it

achieves printing using ECP and EPP path methods through model
slicing and preprocessing, thereby improving the printing efficiency and
quality of curved corrugated sandwich structures. This approach enables
direct G-code generation via slicing software, thereby streamlining the
printing process.

Bates et al. [24] showcased the considerable potential of FDM 3D
printing for fabricating sandwich structures, emphasizing their energy
absorption capabilities. Concurrently, Chen et al. [25] conducted ex-
periments on FDM-printed honeycomb layered structures to assess their
compressive strength. Rajpa et al. [26] investigated the physical prop-
erties of various filling shapes positioned at different angles, employing
3D printing techniques with varied parameters. Additionally, Sabah
Pirouzfar and colleagues [27] used FDM printing technology to study
the impact of different geometric parameters on the bending perfor-
mance of 3D printed honeycomb structures. While previous studies
predominantly focused on planar upper and lower layers in lightweight
sandwich structures, real-world applications often involve curved sur-
faces. In the aforementioned study, the research focuses on planar upper
and lower panels of lightweight sandwich structures [28]. In practical
engineering applications, however, these panels are predominantly
curved, such as those used in wind turbine blades [29] and various
architectural fields [30,31]. Modeling lightweight sandwich structures
with curved panels presents greater complexity, requiring
time-consuming and less efficient preprocessing for modeling.

Parametric modeling encompasses the swift generation of 3D models
and the execution of parametric simulation analyses utilizing CAD/CAE
software. Through the precise definition and management of parameter
variables, this methodology enables efficient construction and modifi-
cation of model designs. Manipulating these parameters facilitates ad-
justments in dimensions, geometric configurations, or analytical
parameters, thereby accommodating diverse requirements in design and
analysis tasks. This research centers on parametric modeling within
SolidWorks, specifically targeting the efficient development of a curved
corrugated sandwich structure optimized for direct application in 3D
printing processes. Researchers such as Danjou et al. [32] have lever-
aged the SolidWorks API to develop CAD systems for specialized tasks
based on Knowledge-Based Engineering (KBE). Shaqura et al. [33] have
devised an automated CAD modeling software system for multi-rotor
micro Unmanned Aerial Vehicles (UAVs) using the SolidWorks API.
Meanwhile, Yang et al. [34] have implemented 3D fracture geometric
visualization of directional wells by undertaking secondary develop-
ment of SolidWorks. Such initiatives contribute to understanding frac-
ture orientation and distortion characteristics during fracturing
operations, crucial for optimizing fracturing design. Zhang et al. [6]
utilized ABAQUS/Explicit with custom-developed user parameterized
modeling scripts to analyze the impact of varying corrugation angles and
operating conditions on the mechanical performance of corrugated
sandwich structures. However, there exists a gap in research concerning
automated parametric modeling of lightweight sandwich structures,
particularly curved ones. These structures exhibit high modeling
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Fig. 4. Three types of infill patterns and their vertex degrees: (a) Triangular (b) Trapezoidal,(c) Cap-shaped.

complexity, often necessitating laborious modeling processes. This
paper addresses this gap by developing a plugin interface system based
on SolidWorks for adaptive parametric automatic modeling of various
curved surfaces. In this paper’s automatic modeling process, the light-
weight sandwich structure model undergoes preprocessing with slits to
aid subsequent 3D printing path planning. This approach aims to
minimize nozzle idle travel during printing, thereby reducing printing
time and enhancing printing efficiency and quality.

This study developed an automated modeling plugin based on Sol-
idWorks to efficiently and with high quality perform parametric
modeling of lightweight sandwich structures with curved surfaces. The
design includes Euler path and Euler circuit planning for three types of
fill configurations: triangular, corrugated, and cap-shaped. The model
undergoes preprocessing for seam cutting prior to 3D printing, facili-
tating direct application in the printing process to reduce printing time
and enhance overall efficiency and quality. This study fills the research
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Fig. 5. Three types of infill structures after altering the path planning: (a) Triangular (b) Trapezoidal,(c) Cap-shaped.
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Fig. 6. Six schematic diagrams of printing paths: (a) Triangular EPP infill (b) Triangular ECP infill (c) Trapezoidal EPP infill (d) Trapezoidal ECP infill (¢) Cap-shaped

EPP infill (f) Cap-shaped ECP infill.

gap in path planning for additive manufacturing of curved corrugated
sandwich structures. Without relying on complex path planning algo-
rithms, it directly preprocesses the model to achieve efficient and
rational printing paths. Additionally, it offers adaptability to various
irregular surfaces and addresses the challenges of curved surface
modeling through parametric modeling. The subsequent sections of this
paper are structured as follows: Section 2 explores the design of the path
planning method for curved sandwich structures; Section 3 outlines the
parametric modeling approach for curved sandwich structures using
SolidWorks; Section 4 analyzes the printing time and conducts me-
chanical performance testing of the corrugated sandwich structure;
Section 5 concludes the paper.

2. Euler path and Euler circuit method
2.1. D printing path methods

FDM is a prevalent 3D printing technology that constructs three-
dimensional objects by extruding material through a nozzle and layer-
ing it sequentially. The printer’s operations are typically governed by G-
code files, which are programming language instructions specifying
nozzle control, heating parameters, speed, and retraction settings. Due
to the modifiable properties of G-code files, many researchers have used
algorithms to modify G-code files for printhead path planning. For
example, Yuan Jin [35,36] developed several applications for FDM
filling path planning using the CGAL C++ library, including planning
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Fig. 7. Illustration of seam cutting paths.

Fig. 8. Model slicing in SolidWorks.

corrugated paths for thin-walled structures. While previous studies
primarily focus on modifying G-code using complex path planning al-
gorithms, research on path planning for inherently corrugated sandwich
structures remains scarce. In contrast, this study utilizes adaptive
parametric geometric modeling to achieve 3D printing path planning,
significantly enhancing the modeling and printing efficiency of curved
corrugated sandwich structures. Building on the concept of corrugated
sandwich structures, this paper directly generates a printable corrugated
sandwich model tailored to user requirements from a given surface CAD
model.

In traditional workflows, 3D printing slicing software such as Ulti-
maker Cura, PrusaSlicer, and Simplify3D is used for path planning and
generating G-code files. These paths often include significant idle travel,
as depicted in Fig. 2(a), a preview from Ultimaker Cura showing light
purple lines indicating nozzle idle travel in simulating a curved corru-
gated sandwich structure. Such idle travel can result in inefficient
printing times and impact print success rates. Improper adjustment of
filament retraction speed, distance, and nozzle temperature before
printing can lead to stringing issues, as illustrated in Fig. 2(b). This
phenomenon is evident in the fine strings left on parts of the conven-
tional curved corrugated sandwich structure due to inadequate retrac-
tion control. These strings severely compromise the strength and surface
quality of the printed components.

Therefore, effective path planning is a critical aspect of the FDM
printing method. It involves optimizing the nozzle’s movement path

Graphical Models 139 (2025) 101263

during printing to enhance both efficiency and quality. Euler graphs are
frequently employed in path planning, encompassing Euler pathsG(V, E)
and Euler circuitsG,(V, E;).

An Euler pathG(V, E) is a trail in a graph that visits every edge exactly
once and has exactly two vertices of odd degree d(v;), serving as the start
and end points. This path allows traversal through each edge without
repetition, utilizing the two odd-degree vertices as endpoints. An Euler
circuitG,(V, E.), on the other hand, is a type of Euler pathG(V,E) that
starts and concludes at the same vertex, thus forming a closed loop. In an
Euler circuitG,(V,E,), all vertices exhibit an even degree. To transform
an Euler pathG(V,E) into an Euler circuitG,(V, E,), additional edges W
are added to eliminate the odd-degree vertices[37].

2.2. The path design of corrugated sandwich structures

Common types of corrugated sandwich structures include triangular,
trapezoidal, and cap-shaped designs[38], as shown in the Fig. 3. To
reduce stress concentration at the four vertices of the trapezoidal fill
pattern, the corners are filleted, which does not affect the printing paths.

To find a reasonable Euler path and Euler circuit in the three types of
fillings, the vertices in the simplified diagram are numbered as shown in
the Fig. 4. In the triangular filling, there are two vertices with odd de-
grees, and in the trapezoidal and cap-shaped fillings, there are eight and
six vertices with odd degrees respectively. Therefore, the corrugated
sandwich structured core of the triangular filling is exactly an Euler
path, but not an Euler circuit, while the corrugated sandwich structured
cores of the trapezoidal and cap-shaped fillings are neither Euler paths
nor Euler circuits.

Drawing inspiration from Hierholzer’s Algorithm [39], an Euler
circuit is formed when all vertices in a path graph possess even degrees.
Among the three types of infill patterns, a set of edges W is introduced to
ensure all vertex degrees become even, as illustrated in the Fig. 5.

For triangular infill, depicted in the Fig. 5(a), a path is added be-
tween t; and t, and between t and t3 to resolve the odd-degree vertices
t; and t3.In the case of trapezoidal infill, as shown in the Fig. 5(b), paths
are added between p; and p», p3 and p4, pe and p7, ps and pg, and two
paths are added between p5 and p3 to address the odd-degree vertices p;
and p4.For cap-shaped infill, shown in the Fig. 5(c), paths are simply
added between each pair of adjacent vertices to ensure all vertices
achieve even degrees.

Based on the schematic diagrams of the paths described above, six
printing paths can be derived as shown in the Fig. 6. Under the Euler
path printing (EPP) mode, the print head initiates extrusion at the origin
and traverses uniformly towards the terminus in accordance with the
directional arrows, as shown in Fig. 4(a), (c), and (e). Conversely, in the
Euler circuit printing (ECP) mode, the initial position of the print head is
arbitrary, returning to the original starting point after each layer
without necessitating adjustments to filament retraction parameters.
This optimization minimizes the duration spent on the print head’s idle
traversal. However, as illustrated in Fig. 4(b), (d), and (f), conforming to
the requirements of ECP entails an additional layer of printing path
compared to the EPP, resulting in increased material consumption and
prolonged printing times. Hence, for distinct practical scenarios, a
judicious selection of printing method is warranted.

3. Parametric modeling

In practical engineering applications, modeling curved corrugated
sandwich structures involves a complex and meticulous process. Tradi-
tional methods struggle with the varying heights of each layer in the
corrugated structure, requiring separate construction of each support
cycle, thus intensifying modeling challenges. Furthermore, addressing
diverse engineering requirements necessitates managing numerous
variable parameters.

To address these challenges, this study undertakes GUI-based sec-
ondary development using SolidWorks to develop a plugin for
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Table 1
Sketch construction and Lofting.
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Algorithm 1
1: Input: FillType, SliceNum

// The filling types include triangular, trapezoidal, and cap-shaped.
boolstatus = swmodel.Extension.SelectByID2(SliceRefPlaneArray(i), "PLANE", 0, 0, 0,

2

3: True, 0, Nothing, 0)

4 swmodel.SketchManager.InsertSketch True
5

Set swsketch11 = swmodel.SketchManager.ActiveSketch

// Drawing Closed Polygons Using Clipping Method.

: For each edge=GetEdges(FillType) do

6
7: status = long_line(swapp, swmodel, point2, point3, mull, mul2, False, point_3,point_4,
8

line_name2)

9: If EdgeNum=GetEdgesNum(FillType) Then
10: For i = 0 To EdgeNum
11: boolstatus = swmodel.SketchManager.SketchTrim(0, off_point(0), off_point(1), 0)
12: Next i
13: End if
14: Next

// Loft Cut.

15: Do While (Loft is not nothing)
16: For k = 0 To Slicenum - 1

17: boolstatus = swmodel.Extension.SelectByID2(sketchname1(k), "SKETCH",
18: rec_loft(k)(0), rec_loft (k)(1), rec_loft (k)(2), True, 1, Nothing, 0)
19: Next k

20: Set Loft = swmodel.FeatureManager.InsertCutBlend(False, True, False, 1, 0, 0, False, 0, 0, 0, True, True)

21: Wend

Fig. 11. Clipping method diagram.

parametric modeling of 3D models of curved corrugated sandwich
structures. Detailed program steps and model construction have been
outlined, and parameters for adaptive construction have been defined.
In SolidWorks, most modeling operations can be facilitated through
macro recording, aligning with API commands provided by SolidWorks
encompassing properties, objects, and functions. Macro recording
streamlines the exploration of SolidWorks’ API interfaces, reducing
development complexity and enhancing efficiency.

Current research in additive manufacturing path planning focuses on
algorithm development integrated within slicing software, which con-
trols nozzle trajectories through exported G-code files. This study in-
novates by planning printing paths directly from the 3D model design
stage, facilitating STL model output for subsequent path planning in
slicing software. This approach ensures compliance with EPP or ECP
requirements.

During the modeling process, seams are strategically cut in the
model, creating narrow gaps between paths in different directions.
Slicing software utilizes these gaps to determine optimal printing di-
rections, illustrated in the Fig.7. where path "c" is selected by the nozzle.
The narrow gaps typically measure within 0.1 mm in the three-
dimensional model, ensuring during FDM printing that material
melting characteristics promote bonding without separation between
core fill and upper/lower layers.

In slicing software, the slicing operation entails the systematic
decomposition of a three-dimensional model into a succession of planar
layers, commonly referred to as slices, facilitating the incremental
construction of the object by the 3D printer. This process involves the
conversion of the three-dimensional model into a sequence of two-
dimensional images, each corresponding to a horizontal cross-section
to be printed. Subsequently, these slices are sequentially transmitted

to the 3D printer and incrementally assembled layer by layer to realize
the ultimate three-dimensional object. However, the slicing mentioned
in this section is different; the slicing referred to here is the slicing
function in SolidWorks. The slicing function in SolidWorks is typically
used to create or divide planes within a 3D model. This can be used to
create planar geometric bodies, or reference planes can be used to split
the model into parts for specific operations or analyses. In this adaptive
modeling method, the reference planes are several larger base planes
generated on the side, as illustrated in the Fig. 8. Within this framework,
the 3D model is partitioned into distinct slices, with the blue segments
representing the resultant 2D sketch profiles. Greater precision in sub-
sequent lofting outcomes and closer conformance of resulting holes to
the curved surface shape are achieved with a higher number of slices.
However, increasing the number of slices means generating more
sketches, which extends the program’s runtime and reduces computa-
tional efficiency. Typically, selecting a range of 5-10 slices is deemed
suitable for practical applications.

The development process commences with importing an editable
curved surface model. Subsequently, the direction of extrusion surface
and infill generation are selected. Parameters such as sandwich height
H, print line width t, seam cutting width S, and number of slices m are
inputted into the model. For trapezoidal infill, the chamfer radius r can
be specified. The comprehensive algorithm flowchart is depicted in the
Fig. 9.

The Fig.10. illustrates the automated modeling process for both the
EPP and ECP of the triangular sandwich structure. Operation 1 involves
importing an irregular curved surface. In Operation 2, the surface is
projected onto a normal reference plane prior to extrusion, with the
height H defined as the distance from the surface to the reference plane.
Extrusion is then executed using the "offset from surface" command in
SolidWorks. Operation 3 comprises loft cutting, which automatically
generates the parameterized corrugated sandwich structure. Operation
4 involves seam cutting, where the model’s paths are planned based on
either the EPP path or ECP.

The pseudocode for some of the core algorithms is shown in the
Table 1. During sketch construction, it is common to encounter issues
with non-closed polygons such as triangles, trapezoids, and rectangles
due to calculation precision problems. To address this, the clipping
method is employed in this work. Initially, the long line function is used
to draw the extended lines of each edge in both directions. Subsequently,
each extraneous edge is clipped to form a closed polygon as shown in the
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Fig. 12. Visualization interface for sandwich structure generation.

Fig. 13. The corrugated sandwich structure with stress grooves.

Fig. 11. Finally, the closed shapes on each slice sketch are selected and
loft cuts are performed along 3D guide curves to generate the desired
layers.

GUI development primarily involves three key components: regis-
tration files, user parameter input interface files, and core algorithm
execution files. The registration file initiates the plug-in program, the
user parameter input interface file defines parameters for the curved
corrugated sandwich structure, and the core algorithm execution file
executes automated modeling.

The GUI plug-in, depicted in the Fig. 12, outlines the following steps:
Step 1 determines the direction of infill generation, typically chosen
from two lateral directions. Step 2 allows users to input the filling height
H based on specific requirements. Step 3 facilitates input for five pa-
rameters: the number of sandwich cycles m, print line width t, print seam
width s, stress slot lengths;, and stress slot widths,,.The optional printing
module on the right side of the Fig. 12 categorizes methods into EPP and
ECP. Each module includes triangular, trapezoid, and cap-shaped filling
modes, each with distinct advantages and suitability for various prac-
tical engineering conditions.

When printing large-scale corrugated sandwich structures, the bot-
tom plate of the printed part often deforms due to significant stress,
resulting in an uneven bottom surface. Therefore, this paper proposes
reducing the deformation of the bottom part of the sandwich structure
by creating two large stress-relief grooves on the ground, as shown in the
Fig. 13. Due to the stress relief grooves at the bottom, the height of the
corrugated filling varies with the changes in the stress relief grooves of
the bottom plate.

Different curved corrugated sandwich structures, due to the differ-
ences in the structure of the core material, have different modeling
parameters for different problem structures, hence the relative density
of the fill also varies. The relative density p of different corrugated core
materials is shown in the Table 2, where m is the number of sandwich
cycles, t is the line width, w is the width of the corrugated sandwich
structure, h; is the height of the curved panel, and [ is the length of each
cycle, which can be derived through Eq. (1):

== (@]

m

L represents the total length of the curved corrugated sandwich
structure. It can be observed from the Table 2 that the relative density of
the ECP, due to the presence of an additional path, is greater than the
relative density of the EPP.

To ascertain the universality of adaptive automatic modeling, a
diverse array of surfaces shall be employed. As shown in Fig. 14,
encompassing planes, undulating surfaces, and intricate spatial surfaces.
Different surfaces can be applied to different engineering applications.

Initially, a sandwich height of 200 mm was employed for the plane,
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Table 2
The relative density of six types of corrugated sandwich structures.
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the number of support layer cycles is 6, featuring an 8 mm printing line
width, 5 slicing iterations, and a 0.05 mm cut seam width to facilitate
the modeling of six distinct models. Owing to the plane’s notable reg-
ularity, extensive slicing for lofting and removal was deemed unnec-
essary. The resulting models derived from the six automated modeling
methodologies are depicted in the accompanying Fig. 15.

Secondly, for the undulating surface, a sandwich height of 150 mm
was selected, the number of support layer cycles is 6, with a printing line
width of 4 mm, 7 slicing iterations, and a 0.05 mm cut seam width for
the adaptive modeling of six models. As depicted in the Fig. 16, the
sandwich height varies proportionally with the distance from the un-
dulating surface to the base, ranging from 185 mm at its peak to 115 mm
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at its nadir.

Finally, concerning the intricate spatial surface, a sandwich height of
100 mm was stipulated, comprising 8 sandwich cycles, with a printing
line width of 4 mm, 9 slicing iterations, and a 0.05 mm cut seam width
for the automated modeling of six variants. As depicted in the Fig. 17,
due to the variable nature of the sandwich height across different spatial
positions within the complex surface, the height of the infill structure
must also adjust correspondingly to the sandwich height.

Integrating the three types of automatic modeling corrugated sand-
wich structures mentioned earlier, based on the characteristics of ECP,
the ECP model printing has an additional panel compared to the EPP
model. The triangular filling and trapezoidal filling are mostly on the
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Fig. 14. Three surfaces for automated modeling: (a) Plane (b) Undulating
surfaces (c) Intricate spatial surfaces.
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Fig. 15. Six types of adaptively generated plane models: (a) Triangular EPP
infill (b) Triangular ECP infill (c¢) Trapezoidal EPP infill (d) Trapezoidal ECP
infill (e) Cap-shaped EPP infill (f) Cap-shaped ECP infill.

Fig. 16. Six types of adaptively generated undulating surfaces models: (a)
Triangular EPP infill (b) Triangular ECP infill (c) Trapezoidal EPP infill (d)
Trapezoidal ECP infill (e) Cap-shaped EPP infill (f) Cap-shaped ECP infill.

upper curved panel, while the cap-shaped filling is mostly on the lower
flat panel. It is precisely because of this additional panel that the
strength of the corrugated sandwich structure is enhanced. Different
sandwich filling heights and different numbers of sandwich support
cycles will lead to different support angles for the triangular and trap-
ezoidal shapes.

11
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Fig. 17. Six types of adaptively generated intricate spatial surface models: (a)
Triangular EPP infill (b) Triangular ECP infill (c) Trapezoidal EPP infill (d)
Trapezoidal ECP infill (e) Cap-shaped EPP infill (f) Cap-shaped ECP infill.

4. Experimental methods and analysis
4.1. Print time analysis

In practical 3D printing applications, the duration of printing ses-
sions holds significant relevance, particularly when fabricating large-
scale objects, as it necessitates increased time and material resources.
Consequently, the establishment of an optimal printing trajectory
emerges as a crucial deliberation. Within the context of lightweight
sandwich structures, the adoption of a judicious printing path can
notably mitigate print duration while concurrently enhancing output
quality.

To validate the feasibility of this study, a 3D printing process preview
will be conducted using Ultimaker Cura for six types of pathway struc-
tures, implemented on both planar and undulating surfaces. The analysis
will focus on evaluating printing time and material consumption. The
Ultimaker S7 printer will be utilized, employing PLA material at 100 %
infill density for simulation and emulation purposes.

In order to demonstrate the benefits of model path planning pre-
processing, six models without path planning will also be developed.
Specifically, these models will not undergo the preprocessing seam
cutting operations of EPP and ECP, and the paths will be directly
generated by the slicing software for printing.

In a selected flat corrugated sandwich structure with a 4-cycle filling
configuration, the printing times for EPP and ECP are depicted in the
Fig. 18, where the blue box represents the core relative density. The
results illustrate that both EPP and ECP significantly reduce printing
time compared to structures without seam cutting preprocessing.

During EPP method, a 1-minute idle travel occurs after each layer is
printed, where the nozzle moves from the endpoint back to the starting
point. Notably, no idle travel takes place during the layer printing pro-
cess. The relative filling densities for the three types of EPP configura-
tions are 4.3 %, 5.3 %, and 5.8 % respectively. Higher filling densities
correlate with increased printing times and longer idle travel durations,
with cap-shaped filling exhibiting the longest idle travel time of 4 min
under normal printing conditions.

Notably, ECP method eliminates idle travel entirely, effectively
preventing stringing phenomena during printing. The relative densities
for the three ECP configurations are 6.2 %, 7.1 %, and 7.7 % respec-
tively. Although the triangular ECP configuration demonstrates higher
relative density compared to EPP configurations that without seam
cutting preprocessing, it achieves a shorter printing time of 23 min,
which is less than the time required for cap-shaped filling at 5.8 %
relative density. Therefore, structures with higher filling densities
benefit from reduced printing times when utilizing ECP configurations.

To facilitate a more comprehensive comparison of printing times,
different filling cycles will be employed for modeling corrugated sand-
wich structures on undulating surfaces. Specifically, triangular filling
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Fig. 18. The printing total time, idle travel time, and relative filling density of a corrugated sandwich structure with 4 filling cycles:
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Fig. 19. The printing total time, idle travel time, and relative filling density of corrugated sandwich structures with different filling cycles: (a) EPP (b) ECP.

Fig. 20. CoLiDo 3D printer.

will utilize a 6-cycle, trapezoidal filling a 7-cycle, and cap-shaped filling
an 11-cycle approach. The relative filling densities for EPP configura-
tions are 5.6 %, 7.8 %, and 10.9 % respectively, while for ECP they are
7.6 %, 9.2 %, and 12.7 %. The corresponding printing times are illus-
trated in the Fig. 19.
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Notably, even with a 12.7 % filling density, the corrugated sandwich
structure printed using the ECP under cap-shaped filling requires less
time than EPP configurations that without seam cutting preprocessing at
10.9 % filling density. This efficiency is attributed to the ECP model’s
elimination of idle time and travel. Conversely, EPP configurations
consistently incur a 1-minute idle travel time, which can adversely affect
print quality due to material flow issues during nozzle heating and
molten state.

Stringing issues, a common concern during prolonged idle travel,
typically necessitate retraction as a mitigation strategy. However,
managing retraction distance and speed is often labor-intensive and
time-consuming. Therefore, preliminary path planning of the 3D model
helps prevent stringing issues, optimizing material usage and enhancing
overall printing efficiency.

4.2. Experimental sample printing and testing methods

This paper investigates the efficiency of a path planning method for
printing curved sandwich structures compared to traditional ap-
proaches, emphasizing the need to assess its impact on mechanical
properties. A corrugated curved model was utilized to explore six
adaptive path planning schemes for 3D printing. The sandwich struc-
ture’s height was fixed at 15 mm, incorporating triangular and trape-
zoidal fillings with a support cycle of 6. Additionally, a cap-shaped
filling was tested with 11 cycles to evaluate mechanical properties under
higher support loads. Parameters included a printing line width of 0.4
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Table 3
Printed objects for six types of paths.
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Printing Path routes

Printed Objects

Triangle EPP

Triangle ECP

Trapezoid EPP

Trapezoid ECP

Cap-shaped EPP

Cap-shaped ECP

Euiil Sxoots
STy

v
a7t TUIRN

Fig. 21. On the left are the printed object images without path planning, and
on the right are the printed object images with path planning.

mm and a seam cutting width of 0.05 mm. The corrugated surface
ranged from 12 mm to 18 mm in height, measured from the bottom layer
of the sandwich.

Export the G-code file using Ultimaker Cura and proceed with
printing on a CoLiDo 3D printer, as illustrated in the accompanying
Fig. 20. Common FDM printing materials include PLA, ABS, and PETG,
among which PLA is widely used in various studies and experiments due
to its ease of printing, biodegradability, and environmental friendliness.

13

Fig. 22. Hegewald & Peschke testing apparatus.

In this study, PLA was selected as the test printing material. Its recom-
mended print bed temperature ranges from 50 to 60 °C, while the nozzle
temperature ranges from 180 to 220 °C. Considering the bonding
characteristics of PLA, the material needs to be heated to a proper
molten state to achieve suitable flowability, thereby enhancing inter-
material contact and bonding. Consequently, the print bed tempera-
ture was set to 60 °C, and the nozzle temperature was set to 220 °C.The
models involved in the experiment include six automatically generated
objects, with their corresponding path schematic diagrams presented in
Table 3.

To mitigate experimental variability, each model was printed in
triplicate, resulting in a total of 18 pieces for the self-adaptive modeling
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Table 4
The quality of specimen of various structural types.

Printing method Specimen mass (g)

Triangle Euler path 4.12
Regular path 4.29
Euler circuit 5.03
Regular path 5.23
Trapezoid Euler path 4.72
Regular path 4.92
Euler circuit 5.49
Regular path 5.85
Cap-shaped Euler path 6.25
Regular path 6.59
Euler circuit 7.14
Regular path 7.59
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Fig. 23. Core shear failures of the Curved sandwich structure specimens.

models. The control group underwent no path planning during
modeling; thus, G-code models were directly generated using Ultimaker
Cura for 3D printing, also with three pieces printed for each type,
totaling 18 pieces. Both sets of printed objects are depicted in the Fig. 21:
the 6 objects on the left were printed under traditional conditions, while
the 6 objects on the right underwent model path planning. Visual in-
spection reveals no significant macroscopic differences between the
printed objects with varying printing paths.

The compression experiment of the curved wavy sandwich structure
was conducted utilizing a Hegewald & Peschke testing apparatus. Given
the undulating curvature of its upper surface, a bespoke compression
mold conforming to this morphology is indispensable to ensure precise
and replicable experimentation, as delineated in the Fig. 22. The
compression procedure employs a controlled descent rate of 2 mm/min
for the compression head. Each distinct compression sample variant will
undergo a triad of trials to procure dependable data and fortify the ve-
racity of the outcomes.

4.3. Experimental results and discussion

During experimental testing, it was noted that the utilization of EPP
and ECP for modeling 3D printed curved sandwich structures exhibited
no statistically significant deviation in their physical properties in
contrast to those directly modeled for 3D printing. Nevertheless, a
noteworthy reduction in printing time and a more efficient material
consumption were achieved. The qualitative assessment of various 3D
printed specimens, as depicted in the Table 4. Printed specimens that
have undergone EPP and ECC exhibit a reduction in material usage by 3
% to 7 % compared to those printed without model preprocessing.
Therefore, in practical engineering applications, preprocessing the
model can save more printing time. Due to significant differences in the
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mass of the specimens, this variable is considered to have an impact on
the overall mechanical performance.

Following the compression test, deformation manifested within the
core material of the structure, as depicted in the Fig. 23, signaling
localized failure in these sandwich structures. Subsequent analysis re-
veals that the primary mechanism underlying structural failure is
attributed to the shearing of the sandwich core material. Given that the
principal load-bearing forces acting upon the sandwich structure are
predominantly vertical in nature, the integrity of the surface structure
remains largely intact, with localized failures primarily concentrated
within the core material of the sandwich.

In experimental investigations, sandwich structures are frequently
delineated through load-displacement diagrams, offering a lucid
portrayal of their mechanical attributes. During compression testing,
samples exhibiting anomalous data were omitted, and the remaining
samples underwent mean processing to derive the load-displacement
curve specific to the curved sandwich structure under compression, as
depicted in the Fig. 24. Notably, examination of the load-displacement
curves derived from the 12 distinct sample types (comprising six sub-
jected to path planning and six without) reveals uniform trends: pre-
ceding shear failure, the load-displacement relationship exhibits a
predominantly linear trajectory, however, upon the onset of shear fail-
ure, there is an abrupt decline in structural load-bearing capacity. It is
commonly observed that shear failure tends to manifest proximate to the
region where the compression head descends by approximately 1 mm.

The curved sandwich structures featuring triangular core, fabricated
through the utilization of EPP and ECP, demonstrate enhanced me-
chanical efficacy compared to their conventionally directly printed
counterparts. The average maximum load-bearing capacity of each
specimen, as delineated in the Table 5. Specifically, the triangular infill
structures exhibit a notable augmentation in maximum load-bearing
capacity, with the EPP and ECP specimens manifesting increments of
6.8 % and 10.5 %, respectively, over traditional printing methodologies.

Conversely, the wavy infill structures exhibit a marginal decrement
in maximum load-bearing capacity when compared to traditional
printing techniques. The EPP and ECP specimens reflect reductions of
5.8 % and 6.6 %, respectively, as detailed in the Table 6. Notably, within
the cap-shaped infill structures, the EPP specimens exhibit a slight
inferiority in performance relative to traditional printing approaches.
However, in the cap-shaped filling structure, the specimens printed with
the EPP showed a 5.0 % increase in maximum load-bearing capacity
compared to traditional printing, while the ECP experienced a 2.0 %
reduction, as indicated in the Table 7.

In summary, while the specimens fabricated utilizing EPP and ECP
methodologies experience slight reductions in maximum load-bearing
capacity in certain scenarios, such differences remain within a 10 %
margin. Overall, these approaches do not significantly compromise the
mechanical efficacy of the curved sandwich structures.

Upon comparison of the aforementioned data, it becomes evident
that the specimens fabricated using EPP and ECP exhibit comparable
mechanical properties to those printed via traditional methods. How-
ever, when considering printing duration and material utilization, the
implementation of EPP and ECP methodologies entails preemptive path
planning during the model’s preprocessing phase, leading to a signifi-
cant reduction in idle traversal time during the printing process.
Consequently, this approach yields substantial time savings in printing
while concurrently enhancing the fidelity of the resultant printed ob-
jects. Notably, for voluminous printed structures, the efficiency gains are
particularly pronounced. It is noteworthy that the ECP method can even
obviate the necessity for idle traversal altogether during the printing
process, thereby further optimizing both printing efficiency and output
quality.

From an alternative perspective concerning filling geometry, the
curved sandwich structure incorporating cap-shaped infill materializes
as superior in its mechanical response to compression load-bearing.
Conversely, while the wavy filling marginally surpasses triangular
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Fig. 24. Displacement-Load curve from the compression test of curved sandwich structures.

Table 5

Triangle fill different types of printing methods maximum

support load.

Triangle Maximum load (N)
EPP 232.75
Regular path 217.87
ECP 349.91
Regular path 316.41

Table 6

Trapezoid fill different types of printing methods maximum

support load.

Trapezoid

Maximum load (N)

EPP
Regular path
ECP
Regular path

339.10
359.96
510.72
546.89

15



T. Gui et al.

Table 7
Hat-shaped fill different types of
maximum support load.

printing methods

Cap-shaped Maximum load (N)
EPP 2614.77
Regular path 2668.45
ECP 3067.15
Regular path 2921.83

filling in compression load-bearing performance, it significantly lags
behind the efficacy of the cap-shaped configuration, delineating a
disparity of approximately tenfold. This discrepancy stems from the
predominant mechanical orientation observed in compression testing,
primarily directed vertically. Notably, the structural alignment of the
cap-shaped infill correlates with the force direction, thereby optimizing
its capacity to endure compressive forces effectively.

5. Conclusion

This study is grounded in the secondary development of SolidWorks
and presents an innovative automatic adaptive modeling interface plug-
in tailored for curved corrugated sandwich structures. Through auto-
mated parameterization and swift modeling of planes, undulating sur-
faces, and intricate spatial surfaces, it alleviates the burden of laborious
modeling tasks while enhancing modeling efficiency. Moreover,
empirical validation demonstrates the plug-in interface’s compatibility
with diverse complex and irregular surface conditions. Additionally, two
novel model preprocessing techniques, namely EPP and ECP, are
introduced to mitigate idle travel during printing. Particularly, the ECP
printing method, characterized by zero idle travel, mitigates the risk of
filament dragging on printed parts, thus elevating print quality. The
automatic modeling of path planning for corrugated sandwich structures
in 3D printing has been evaluated in comparison to traditional printing
methods in terms of printing time and material consumption. The results
demonstrate significant improvements in printing efficiency and cost
savings, offering broad application prospects in aerospace, construction,
and related fields. However, when applied to these highly regulated
industries, challenges inherent to 3D printing, such as printing accuracy,
process integration, and structural strength consistency, still need to be
addressed through further research and advancements. Furthermore,
mechanical properties of the printed method are validated through
compression experiments. The observed maximum load-bearing differ-
ence between 3D printed parts utilizing the proposed path planning
method and traditional 3D printing falls within 10 %, suggesting that the
mechanical properties of curved corrugated sandwich structures are
predominantly governed by their intrinsic structure rather than the
printing path.

Presently, the developed automatic modeling plug-in caters to a
singular type of corrugated sandwich structure. Future endeavors will
leverage this research foundation to further refine automatic adaptive
modeling methodologies for diverse filling techniques such as honey-
comb, diamond, and auxetic structures. Additionally, expansion towards
accommodating various model surfaces, including cylindrical and
spherical surfaces, will facilitate the automatic generation of corre-
sponding sandwich structures.
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