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Design and Rapid Prototyping of Packaging Liner for
Rosewood Craft based on Gyroid Infill Structure

Chen Wang,*** Jingyao Li, Tianyi Wang,? Qin Chu,®and Shugin Wen ®

A gyroid structure is a commonly used energy-absorbing infill structure for
packaging that can be prepared by fused deposition modeling (FDM) 3D
printing. In this paper, square specimens based on gyroid infill structure
were designed, and the energy-absorbing performances of the square
specimens were analysed by quasi-static compression testing under
different printing parameters (layer height, extrusion rate, and extrusion
temperature). A gourd ornament carved from rosewood was selected as
the design object, and a packaging liner that highly fits the curved shape
of the gourd ornament was designed through the process of reverse
scanning and forward modelling. The prototype of the packaging liner was
fabricated by using FDM 3D printing technology and thermoplastic
polyurethane (TPU) filament. With decreased layer height, the energy
absorption (Ea) value of the gyroid infill structure increased, while the
specific energy absorption (Sea) value first increased and then decreased.
With the increased extrusion rate, the Ea value of the gyroid infill structure
increased, and the Sea value increased. With increased extrusion
temperature, the Ea and Sea values of the gyroid infill structure increased.
The packaging liner developed based on the gyroid infill structure and the
optimised printing parameters exhibited strong energy-absorbing
performance.
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INTRODUCTION

Rosewood is a traditional Chinese valuable furniture material, mostly produced in
tropical areas, due to slow growth, hard material, belonging to the scarce and high-quality
biological resources (Huang et al. 2022). Rosewood craft is the creation of wood carving
with rosewood as the carrier. It is also the most valuable category of wood carving craft.
Its fine workmanship and novel design have inherited the essence of traditional Chinese
culture (Ding et al. 2022). It has a strong cultural heritage and high artistic value. It is
widely used as decoration in the home environment.

Because the rosewood material is expensive, and the rosewood craft has a certain
artistic value, so its packaging needs to have a strong protective performance in order to
reduce the damage to the rosewood craft in the logistics transport process by external force
(Deng et al. 2023). Usually the outer packaging of the goods in the logistics transport
process will be subjected to warehouse stacking, so in the design of rosewood craft
packaging, it is necessary to consider the packaging structure of the energy-absorbing
effect under compression conditions (Feng et al. 2022). The gyroid structure absorbs
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energy. It is commonly prepared as an infill structure by means of fused deposition
modeling (FDM) 3D printing. The application of gyroid infill structure to 3D-printed
packaging liner for rosewood craft is a new attempt, which can provide effective protection
for rosewood craft (Han et al. 2022).

In this work, a square specimen based on the gyroid infill structure was designed.
The energy-absorbing performance of the square specimen was analysed by quasi-static
compression testing with different printing parameters (layer height, extrusion rate and
extrusion temperature). The optimised printing parameters of the gyroid infill structure
were summarised. The gourd ornament carved from rosewood was selected as the design
object, and the packaging liner that highly fits the curved shape of the gourd ornament was
designed through the process of reverse scanning and forward modelling. Finally, a
prototype of the packaging liner was fabricated by FDM 3D printing using thermoplastic
polyurethane (TPU) filament. The 3D-printed packaging liner developed based on the
gyroid infill structure and optimised printing parameters has strong energy-absorbing
performance, which provides guidance for the customised development of energy-
absorbing packaging liners for other rosewood crafts.

EXPERIMENTAL

Materials

Thermoplastic polyurethane (TPU) filament with a diameter of 1.75 mm and a
Shore hardness of 90 (white, Anycubic, Shenzhen, China) was used for rapid prototyping
by the fused deposition modeling method.

The TPU filament used in this study was a polyether-based thermoplastic with
polytetrahydrofuran ether (PTMO) in the soft segment part, 4,4-dibenzoyl diisocyanate
(4,4-MDI) in the hard segment part, and 1,4-butanediol (1,4-BDO) as the chain extender,
with a glass transition temperature of about 80 °C (Chen et al. 2022).

Gyroid Infill Structure

The gyroid structure is a triply periodic minimal surface (TPMS). It consists of
wavy curves in the plane, and in three dimensions it superimposes wavy curves into
surfaces in the form of spirals, which gives the gyroid structure a triple rotational symmetry
(shown in Fig. 1). The unique minimal surface configuration of the gyroid structure results
in a large porosity, which absorbs a large amount of energy during deformation under
pressure (Li et al. 2020).

Fig. 1. Gyroid infill structure

Wang et al. (2025). “3D-printed gyroid packaging,” BioResources 20(1), 842-851. 843



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Gyroid structure is also a commonly used infill structure for FDM 3D printing, and
the print quality of the gyroid infill structure is mainly affected by the infill density (Li et
al. 2022). With the increase of infill density, the extrusion head has more rapid deflection
and consequent increase of vibration during the actual printing process, which leads to the
increase of pores on the adhesive interface of adjacent layers in the gyroid structure (shown
in Fig. 1). Therefore, a low density infill mode (10 to 20%) is required to print the gyroid
structure, which reduces the pores in the structure and improves the print quality (Liu et al.
2021).

Quasi-static Compression Testing

To investigate the quasi-static compression performance of gyroid infill structure,
a square specimen (size:50 mmX50 mmX50 mm) based on gyroid infill structure was
designed using Solidworks software (Dassault Systemes, Education Version 2016, Paris,
France). Using Cura software (Ultimaker, Cura 4.2.0, Utrecht, Netherlands) for slicing, the
layer height of the square specimen was set to 0.1 mm, the extrusion rate was set to 110%,
the extrusion temperature was set to 230 °C, the printing speed was set to 50 mm/s, and the
infill density was set to 10% (the gyroid structure with this infill density has a lower
porosity, and at the same time it can also meet the requirements of lightweighting, which
saves the printing material). Finally, the TPU filament was applied and the square specimen
was fabricated by FDM 3D printer (X-Y-Z printing, 0.4 mm nozzle diameter, Anycubic,
Shenzhen, China). In order to improve the adhesion of the specimen to the heated bed plate,
the temperature of the heated bed plate was set to 70 °C.

The quasi-static compression pre-test of the energy-absorbing performance of the
square specimen was carried out using a universal mechanical testing machine (AG-X,
20kN, Shimadzu, Kyoto, Japan). The test was conducted at room temperature of 20 °C, the
compression loading rate was 2 mm/min, and the quasi-static compression curves obtained
from the pre-test are shown in Fig. 2. The compressive stress-strain curve of the square
specimen can be divided into three zones, including the elastic deformation zone, the
platform zone and the densification zone (Liu et al. 2020). In the elastic deformation zone,
with the increase of strain, the stress shows a linear increase; in the platform zone, with the
increase of strain, the change of stress is relatively smooth; in the densification zone, with
the increase of strain, the stress shows a rapid increase in characteristics (Mo et al. 2022).
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Fig. 2. Effect of triangular mesh processing
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To clarify the effects of printing parameters (layer height, extrusion rate, and
extrusion temperature) on the energy absorption performance of gyroid infill structure, the
square specimens corresponding to each set of parameters were printed separately by FDM
3D printer. Two indicators, energy absorption (Ea) and specific energy absorption (Sea),
were introduced. The energy absorption (Ea) is mainly used to evaluate the sum of energy

absorbed by the gyroid infill structure during plastic compression, E5 = fosa(e)ds, in the

formula, Ea is the energy absorption (J), o is the compressive stress (MPa), and ¢ is the
compressive strain; the specific energy absorption (Sea) indicates the absorption of energy

per unit mass, Sga = % in the formula, where M is the mass of the specimen (g).

RESULTS AND DISCUSSION

Effect of Layer Height on the Energy Absorption Performance of Gyroid Infill
Structure

The compression energy absorption performance of three groups of gyroid infill
specimens (three of each group) at 0.1, 0.2, and 0.3 mm layer heights is shown in Fig. 3.
With the decrease of layer height, the Ea value of the specimens increased, while the Sea
value first increased and then decreased. As the layer height decreased, the extrusion
pressure from the extrusion head of the adjacent layer filaments increased, and the
squeezing effect increased the bonding area of the adjacent layer filaments, which
contributes to the increase of the interlayer bonding strength of the adjacent layer filaments
(Yu et al. 2023). In the compression process, the relative slip of adjacent layer filaments
due to shear force is the main cause of damage to the specimen (Qi et al. 2023). As the
reduction of layer height leads to the increase of the interlayer bonding strength of the
specimen, its overall structure is less prone to be damaged when compressed, and therefore
the Ea value is larger. However, the reduction of layer height also led to an increase in the
mass of the specimen, which affected the Sea value (Zhu et al. 2020). Although the Ea
value of 0.2 mm layer height was not the largest, it had a relatively small mass increase
and the largest Sea value compared to the 0.1 mm layer height. So 0.2 mm was the
optimised layer height to improve the energy absorption performance of gyroid infill
structure.
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Fig. 3. Effect of layer height on the energy absorption performance of gyroid infill structure
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Effect of Extrusion Rate on the Energy Absorption Performance of Gyroid
Infill Structure

The compression energy absorption performance of three groups of gyroid infill
specimens (three of each group) at 90, 100, and 110% extrusion rates is shown in Fig. 4.
With the increase of extrusion rate, the Ea value of the specimens increased, and the Sea
value increased. As the extrusion rate increased, the flow rate of the molten filament
extruded from the extrusion head increased slightly, and the molten filament produced flow
under surface tension, filling the pores between adjacent layers (Wang et al. 2022). These
pores are the weak points of the overall structure when the specimen is compressed. These
conditions easily can result in stress concentration and lead to the destruction of the
specimen (Yu et al. 2024). As the extrusion rate increases, the specimen porosity becomes
smaller, there are fewer weak points in the structure, and the Ea value increases. The
increase in extrusion rate had a small effect on the overall mass of the specimen. As the Ea
value of the specimen increased, its Sea value increased as well, so 110% was found to be
the optimised extrusion rate to improve the energy absorption performance of the gyroid
infill structure.

400 - Energy absorption (E,) 74.00

Specific energy absorption (Sg,)

30.0 - 4 3.00
26.5
24.2 25:3

% 1.99 7 L{ 7 X 100

Energy absorption (J)
S
o

=
o
o
T
1

1.00

Specific energy absorption (J/g)

0.0 0.00
90% 100% 110%

Extrusion rate

Fig. 4. Effect of extrusion rate on the energy absorption performance of gyroid infill structure

Effect of Extrusion Temperature on the Energy Absorption Performance of
Gyroid Infill Structure

The compression energy absorption performance of three groups of gyroid infill
specimens (three of each group) at 190, 210, and 230 °C extrusion temperatures is shown
in Fig. 5. With increased extrusion temperature, the Ea value of the specimens increased,
and the Sea value increased. As the extrusion temperature increased, the temperature of the
molten filament extruded from the extrusion head increased. More heat energy was emitted
by the molten filament as it cooled from the viscous state to the glassy state, which
promoted mutual diffusion and entanglement between adjacent layer filaments, resulting
in an increase in the strength of the interlayer bonding of the adjacent layer filaments
(Wang et al. 2023). Therefore, in the process of specimen compression, its overall structure
is less prone to be damaged, so the Ea value is larger (Zhu et al. 2024). Because the change
in extrusion temperature did not affect the mass of the specimen, the Sea value of the
specimen increased as the Ea value of the specimen increased. Thus, 230 °C was the
optimised extrusion temperature to improve the energy absorption performance of the
gyroid infill structure.
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Fig. 5. Effect of extrusion temperature on the energy absorption performance of gyroid infill
structure

Design and Rapid Prototyping
Reverse scanning

A classic representative of rosewood crafts (gourd ornament) was chosen as the
design object. The gourd ornament, which means “fortune” and “wealth” in traditional
Chinese culture, is hand-carved from rosewood and can be decorated in the home space or
private car (Hu et al. 2024). The gourd ornament was scanned using a non-contact blue
light 3D scanner (VTOP-300T, Visentech, Tianjin, China). Before scanning, the scanner
was calibrated using a black and white grid calibration plate. Afterwards, a layer of
developer was sprayed on the surface of the gourd ornament and marker dots were pasted
to ensure that the blue light reflected on the surface of the gourd ornament is fully received
by the CMOS camera, thereby ensuring the integrity of the point cloud model acquisition
(Li and Hu 2023). When scanning, the gourd ornament was placed flat in the centre of the
scanning platform, and the scanning angle was changed by rotating the scanning platform
to obtain the point cloud model of the gourd ornament in any direction (Xia et al. 2024).
At the same time, with the help of the positioning of the marking points, the point cloud
model in different directions was spliced together, so as to obtain a complete point cloud
model of the gourd ornament, and the reverse scanning live view of the gourd ornament is
shown in Fig. 6.

3D scanner

Rosewood craft Reverse scanning
(Gourd ornament) live view

Fig. 6. Reverse scanning live view
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Forward modelling

The scanned point cloud model (Fig. 7a) was imported into Geomagic software
(Geomagic studio 12.0, NC, USA), and the point cloud model was encapsulated into a
triangular sided model (Fig. 7b) by deleting the isolated and stray points outside the surface
of the gourd ornament. Import the triangular sided model into Solidworks software and
convert the triangular sided model into a surface model by using the feature recognition
function (Fig. 7c). After that, a rectangular block was created as the base of the packaging
liner, and the surface model of the gourd ornament was applied to cut the rectangular block,
which was divided into two halves to obtain a solid model of the packaging liner that highly
fits the surface of the gourd ornament (Fig. 7d). Finally, two sets of matching posts and
holes were created on the packaging liner solid model for positioning and installation
during packaging.

(a) (b) ~(e)

Point cloud Triangular sided
model model Surface model Solid model

Fig. 7. Forward modelling process

Rapid prototyping

The STL model of the packaging liner was imported into Cura software for slicing,
and the slicing parameters were set up with reference to the results of the compression test
of the gyroid infill structure above, with the main parameters as follows: layer height of
0.2 mm, extrusion rate of 110%, and extrusion temperature of 230 °C. The sliced G-code
file was imported into an FDM 3D printer to complete the 3D printing of the packaging
liner rapid prototyping. The total printing time of the packaging liner was 50 min, and the
total material consumption was 60 g. The printed packaging liner is shown in Fig. 8, and
the assembled packaging liner is shown in Fig. 8.

Fig. 8. 3D-printed packaging liner and assembled packaging liner
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The 3D-printed packaging liner has a smooth outer surface with no printing defects,

and its inner surface is highly adapted to the curved shape of the gourd ornament, making
the overall structure easy to disassemble and assemble. Due to the strong resilience of the
TPU filament and the strong energy-absorbing performance of the gyroid infill structure,
the packaging liner can provide effective protection for the gourd ornament and provide
guidance for the customized development of energy-absorbing packaging liners for other
rosewood crafts.

CONCLUSIONS

1.

With the decrease of layer height, the energy absorption (Ea) value of the gyroid infill
structure increased, while the absorption of energy per unit mass (Sea) value first
increased and then decreased. With the increase of extrusion rate, the Ea value of the
gyroid infill structure increased, and the Sea value also increased. With the increase of
extrusion temperature, the Ea value of the gyroid infill structure increased, and the Sea
value increased. The optimised printing parameters were as follows: layer height of 0.2
mm, extrusion rate of 110%, extrusion temperature of 230 °C.

The gourd ornament carved from rosewood was selected as the design object, and a
packaging liner that highly fit the curved shape of the gourd ornament was designed
through the process of reverse scanning and forward modelling. TPU filament was
applied as the printing material to fabricate the packaging liner prototype by FDM 3D
printing technology. The 3D-printed packaging liner developed based on gyroid infill
structure and optimised printing parameters has strong energy-absorbing performance
and can provide effective protection for the gourd ornament. In addition, further
improving the design efficiency of the packaging liner and reducing the printing cost
are the aspects that need to be improved in this study, and they are also the direction of
our future research.
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