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3D printing has become widely-applied for manufacturing sacrificial moulds. However, conventional mould 
designs often involve simple geometries like cube, leading to excessive material usage and high production 
costs. The moulds will need to be removed after casting, resulting in wasted mould material. Currently, with 
the development of additive manufacturing technologies, complex and light-weight mould structures can be 
fabricated easily with a low cost. Therefore, this study proposes a stress-guided lightweight design methodology 
for 3D printing sacrificial moulds. The approach begins by applying an outward offset to the target model, 
generating a uniform-thickness shell with the inner surface aligning with the target model’s geometry. The shell 
thickness is then optimised based on stress distribution to ensure that the mould can withstand fluid pressure 
during injection moulding, forming a non-uniform thickness shell model. The potential leakage problem due to 
3D printing interlayer gaps is also considered and optimised in our proposed method. Experimental validation 
demonstrates that the optimised shell model achieves accurate casting of the target geometry. Compared to 
traditional cube-shaped sacrificial moulds, it achieves up to 94.7% reduction in volume, 95.01% material saving, 
and 83% improvement in fabrication time, all while maintaining structural stability. This method offers a practical 
solution for cost-effective and efficient 3D printing sacrificial mould design.

1. Introduction

Lightweighting has become an important strategy across various 
industries for enhancing material efficiency and minimising safety-

related risks [1,2]. This study builds on this principle, focusing on the 
lightweighting in the sacrificial mould industry. Sacrificial moulds are 
temporary tools used in manufacturing processes, which are removed or 
dissolved after forming or manufacturing is complete to obtain the final 
product [3]. Historically, sacrificial moulds have been widely employed 
since ancient times for producing complex metal castings in jewelry 
and sculpture [4,5]. In modern manufacturing, sacrificial moulds play 
a pivotal role across diverse sectors including medical [6–10], elec-

tronics [11,12], automotive [13], and aerospace sectors [14]. Unlike 
reusable moulds, sacrificial moulds offer unique advantages for fabricat-

ing complex models. They eliminate the need for splitting the model to 
enable demoulding and do not require consideration of mould durabil-

ity. Moreover, the flexibility to use various materials—including plastics 
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[15–18], metals [19–27], and composites [28–34]—enhances their ver-

satility [35]. Sacrificial moulds also support rapid forming with isotropic 
properties that ensure quality and performance in the final product [36]. 
Therefore, they are widely adopted in applications requiring complex 
shapes or high customisation, especially for one-time or small-batch pro-

duction.

Despite their advantages, traditional methods of manufacturing sac-

rificial moulds, such as machining and handcrafting, face some chal-

lenges. These methods are often costly and time-intensive compared to 
reusable moulds, and they are unsuitable for highly complex geometries 
or innovative designs [1]. These limitations have driven the need to ex-

plore advanced technologies to improve efficiency and reduce the cost 
of sacrificial mould production.

3D printing provides a transformative solution to these challenges 
faced by sacrificial mould production. This additive manufacturing (AM) 
technology constructs objects layer by layer, using materials like plas-

tics that can bond together [37–44]. This technique not only effectively 
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Fig. 1. Overview of the proposed algorithm. (a) Input 3D model. (b) Uniform-thickness shell model generated based on the minimum printable thickness, with a 
magnified view highlighting the consistent shell thickness. (c) Finite element analysis results, showing the applied boundary conditions for liquid pressure, where 
arrow length indicates the magnitude of the load. (d) Non-uniform thickness shell model after stress-guided optimisation, with a magnified view illustrating variations 
in shell thickness. (e) Contour optimisation for improved manufacturability, with a magnified view showing the increased number of printing paths. (f) Final printed 
mold model (external supports removed for visualisation).

reduces mould weight but also provides advantages like easy customi-

sation, suitability for complex shapes, and rapid prototyping, which 
strongly promotes the development of personalised product design and 
manufacturing [45], mechanical structure design [37,46–48], and 3D 
reconstruction [49]. In mould manufacturing [50–58], especially in 
sacrificial mould production, 3D printing shows significant potential. 
Relevant research on 3D printing materials and processes has also laid 
the groundwork for the fabrication of sacrificial moulds [59–62]. In re-

cent years, the application of 3D printing in sacrificial mould design has 
made substantial progress. For example, Montero et al. [63] introduced 
a method for creating dissolvable AM customised sacrificial moulds us-

ing polyvinyl alcohol (PVA) filament. After resin injection and curing, 
the mould is dissolved in the water, leaving behind a solid resin part. 
Wick-Joliat et al. [64] used 3D printing to create water-soluble sacri-

ficial moulds for ceramic injection moulding, achieving the first suc-

cessful production of sacrificial moulds on a fused deposition modelling 
(FDM) printer using PVA for high-quality model manufacturing. Jiang 
et al. [65] reported a novel strategy for fabricating the complex and 
multifunctional components of low-melting-point alloy (LMPA) by ex-

trusion AM with two nozzles. One nozzle is used for printing the mould, 
and the other is for injecting LMPA. Although these studies success-

fully manufactured complex products, most sacrificial moulds remain 
cubic in shape, with limited consideration for lightweight designs that 
could reduce material usage and print time. This not only results in ma-

terial waste and low printing efficiency but also exacerbates resource 
consumption and waste generation, placing greater pressure on the en-

vironment. Thus, this study introduces, for the first time, a lightweight 
design approach for 3D printed sacrificial moulds, aiming to reduce ma-

terial usage while ensuring mould strength.

Therefore, this study proposes a stress-guided lightweight design 
method for 3D printing sacrificial moulds. This method first generates a 
uniform-thickness shell by processing the target model to produce an in-

ner surface that matches the outer surface of the target model. Next, to 
ensure that the mould can withstand the liquid pressure during injection 
moulding, the shell thickness is adjusted based on stress distribution, re-

sulting in a stress-guided shell model. Moreover, the method addresses 
the issue of liquid leakage that can arise from interlayer gaps inherent 
to 3D printing structures during the pouring process. Following these 
optimisations, the shell model is fabricated using 3D printing, and the 
manufacturing process is validated through experimental testing of the 
proposed approach. This is a straightforward and practical method for 
3D printing sacrificial moulds design.

The main contributions are summarised as follows:

∙ A stress-guided lightweight design method for 3D printing sacrifi-

cial moulds is proposed, which incorporates variable wall thickness 
based on stress distribution to effectively mitigate stress concentra-

tions caused by structural issues of the model or liquid pressure. 
This approach minimises material waste in the mould manufactur-

ing process while ensuring structural integrity.

∙ A mould fabrication method using a dual-extruder FDM 3D printer 
was developed, in which dual-material printing was employed to 
produce both the mould shell and the removable support structures. 
The sacrificial moulds fabricated through this process enabled suc-

cessful casting of models with LMPA, thereby demonstrating the 
effectiveness and adaptability of the proposed method.

2. Methodology

2.1. Algorithm overview

A stress-guided lightweight optimisation method for sacrificial 
mould design is presented, with the overall process illustrated in Fig. 1. 
First, starting from a given 3D solid model 𝑀 in Fig. 1(a), a shell model 
𝑀 ′

0 with a uniform thickness is built to satisfy the minimum printable 
thickness 𝑡𝑚𝑖𝑛 of the 3D printer, and the inner surface matches the sur-

face of 𝑀 (in Fig. 1(b)). To account for the liquid pressure exerted on 
the mould during the casting process, finite element analysis (FEA) is 
conducted on the shell model 𝑀 ′

0, with boundary conditions and simu-

lation results illustrated in Fig. 1(c). Stress data 𝝈 = {𝜎1, 𝜎2,… , 𝜎𝑛} are 
extracted from the nodes 𝐞 = {𝑒1, 𝑒2,… , 𝑒𝑛} on the outer surface of 𝑀 ′

0. 
Each node’s stress 𝜎𝑖 is evaluated against the yield strength constraint 
(𝜎𝑖 ≤ 𝜎𝑦). If there are nodes that fail to satisfy this constraint, the posi-

tions of certain outer surface nodes will be translated along the surface 
normal direction to increase the shell thickness at those locations to cre-

ate an updated model 𝑀 ′
1. This process is iteratively repeated until all 

nodes satisfy the yield strength constraint. After 𝑘 iterations, the shell 
model 𝑀 ′

𝑘
is obtained. The final non-uniform thickness shell model 𝑀 ′ , 

meeting the stress constraints, is shown in Fig. 1(d).

For the shell model, interlayer gaps created during 3D printing slic-

ing will compromise the integrity of the mould, leading to potential 
leakage or structural failure during casting. To solve this problem, this 
study continues to optimise the thickness of the shell model from the 
view of the 3D-printed sliced layer by means of point offsets, the result 
after slicing is shown in Fig. 1(e), resulting in a manufacturable mould 
with minimal volume and satisfying all constraints. The final printed 
mould is shown in Fig. 1(f). Note that the external supports are easily 
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removed. Therefore, the shell model in the figure is displayed without 
external support.

2.2. Stress-guided lightweight mould optimisation

2.2.1. Stress analysis

The lightweight mould design method in this study employs stress 
analysis to guide the iterative adjustment of mould thickness, utilising 
stress distribution data to evaluate the optimisation results and deter-

mine the feasibility of further improvements. We use plastic materials, 
the von Mises yield criterion is used to determine whether the mate-

rial enters a state of plastic deformation. According to this criterion, 
yielding occurs when the von Mises equivalent stress at a point within 
the material exceeds a critical threshold, indicating the onset of plas-

tic deformation. This stress 𝝈, derived from the shear strain energy, is 
calculated using the principal stresses [𝝈𝑝1

, 𝝈𝑝2
, 𝝈𝑝3

] of the node 𝐞 as 
follows:

𝝈 =

√
1
2

[(
𝝈𝑝1

− 𝝈𝑝2

)2
+
(
𝝈𝑝2

− 𝝈𝑝3

)2
+
(
𝝈𝑝3

− 𝝈𝑝1

)2
]
. (1)

To evaluate the stress distribution within the model, the von Mises 
stress is computed for all regions of the model and compared against the 
material’s yield strength 𝜎𝑦. To ensure structural safety, the material’s 
yield strength is divided by a safety factor 𝑁 greater than 1, establishing 
an allowable stress level that serves as a design constraint to guarantee 
structural integrity. For plastic materials, the allowable stress is defined 
as:

𝜎max ≤
𝜎𝑦

𝑁
. (2)

Similarly, in this study, a safety factor 𝑆 not greater than 1 is adopted 
as the coefficient of the yield strength. Accordingly, the yield strength 
constraint incorporating the safety factor is formulated as:

𝜎max ≤ 𝑆 ⋅ 𝜎𝑦, (3)

where 𝜎𝑚𝑎𝑥 is the maximum stress in all nodes. The safety factor 𝑆 ac-

counts for uncertainties and ensures that 𝑆 ≤ 1. If the working stress 
exceeds this limit, the component is deemed unsafe.

In this study, a FEA is performed on the mould during the static 
phase after liquid injection in the casting process. The specific steps 
include tetrahedral meshing of the model, configuring the physical en-

vironment, applying a load perpendicular to the inner surface of the 
model, and fixing the bottom for static analysis, as shown in Fig. 1(c). 
Finally, the derived stress distribution results are used as input for sub-

sequent modelling processes.

2.2.2. Stress-guided generation of non-uniform thickness shells

Thin shell structures are widely recognised for their material effi-

ciency. However, thin shells often lack the structural strength necessary 
to withstand operational loads. To address this limitation and ensure 
sufficient strength under liquid pressure during injection moulding, a 
shell design with non-uniform thickness is proposed. This method op-

timises material usage while maintaining the structural integrity of the 
mould.

First, the given model undergoes surface offset processing to gener-

ate a uniformly thick shell model. This model consists of inner and outer 
surfaces, with the inner surface matching the original model, while the 
outer surface is generated through a rapid surface offset algorithm [66], 
where the offset distance corresponds to the shell thickness. However, 
the uniformly thick shell model cannot guarantee that the von Mises 
stress at all nodes remains within the material’s allowable stress range, 
which may lead to mould damage during the injection moulding pro-

cess.

Therefore, this study introduces a stress-based thickness optimisa-

tion method. Since the inner surface must remain consistent with the 
original model, the thickness optimisation is achieved by adjusting the 

Fig. 2. Vertex stress-based offset map. (a) Initial shape. (b) Shape after out-

ward displacement along the normal direction.

shape of the outer surface. Specifically, based on the stress distribution 
calculated through FEA, the outer surface nodes are shifted along their 
normal directions: nodes with higher stress have larger offsets, while 
nodes with lower stress have smaller offsets. Fig. 2 demonstrates this 
outward offset process. For example, in Fig. 2(a), nodes 𝑒1 and 𝑒5 do 
not satisfy the offset criteria and remain stationary, where as nodes 𝑒2 , 
𝑒3, and 𝑒4 are adjusted. Node 𝑒3, experiencing the highest stress, un-

dergoes the largest displacement, whereas nodes 𝑒2 and 𝑒4 experience 
smaller displacements. The resultant shell configuration following these 
adjustments is depicted in Fig. 2(b). This iterative process continues un-

til the stress at all nodes fall below the yield strength of the material. 
The specific details of this method are described below.

The outward offset of nodes requires accurate computation of the 
normal vector �⃗�𝑒𝑖

at each vertex. The normal is calculated as the 
weighted average of the normal vectors of all faces connected to the 
vertex, with the weights determined by the area of the respective faces. 
This approach ensures that larger faces contribute more significantly to 
the vertex normal. If a vertex is connected to 𝑛 faces, each with a normal 
vector �⃗�𝑗 and an area 𝐴𝑗 , the vertex normal is computed as follows:

�⃗�𝑒𝑖
=

∑𝑛
𝑗=1𝐴𝑗�⃗�𝑗∑𝑛
𝑗=1𝐴𝑗

. (4)

The movement distance 𝑑𝑖 for each outer surface vertex along its 
normal direction during each iteration is calculated using the following 
formula:

𝑑𝑖 =
(
𝜎𝑖

𝜎𝑎
− 1

)
⋅ 𝛼, (5)

where 𝜎𝑎 denotes the average stress of all nodes in the model for the 
current iteration. Deviations from the global average stress are utilised 
to guide localised shell thickness adjustments, thereby promoting struc-

tural balance, avoiding excessive material buildup, and enhancing over-

all performance. The inclusion of 𝜎𝑎 ensures smoother results by normal-

ising the stress distribution across the model. The parameter 𝛼 deter-

mines the step precision for updating node coordinates. Smaller values 
of 𝛼 improve accuracy at the cost of increased iterations, whereas larger 
values reduce iteration counts but may compromise the precision of the 
final model.

The updated position 𝑒′
𝑖

of an external point 𝑒𝑖, after being displaced 
by distance 𝑑𝑖, is given by:

𝑒′𝑖 = 𝑒𝑖 +
�⃗�𝑒𝑖‖�⃗�𝑒𝑖

‖ ⋅ 𝑑𝑖. (6)

Based on the above, this study proposes an algorithm for generating a 
shell with non-uniform thickness based on stress distribution, as shown 
in Algorithm 1.

Despite the small and adjustable displacement distances in each iter-

ation, the normal-direction offsetting of outer surface nodes may result 
in self-intersections within the model. To mitigate this issue, a self-

intersection removal algorithm [67], originally developed for triangular 
mesh offsetting, is employed after each iteration. This self-intersection 
removal algorithm operates by starting from valid triangles and em-
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Algorithm 1: Generation of Non-Uniform Thickness Shell Based 
on Stress.

Input: Given model 𝑀 .

Output: Non-uniform thickness shell 𝑀 ′.

Apply the rapid surface offset algorithm to the given model 𝑀 to 
generate an initial uniform thickness shell 𝑀 ′

0; 
FEA(𝑀 ′

0); 
while maximum stress 𝜎max > 𝑆 ⋅ 𝜎𝑦 do

Calculate the normals of the outer surface nodes of model 𝑀 ′
𝑘
; 

// 𝑀 ′
𝑘
is the non-uniform thickness shell of the 

𝑘-th iteration
for each outer node 𝑒𝑖 of 𝑀 ′

𝑘
do

if the stress value at the node 𝜎𝑖 > 𝜎𝑎 then

Calculate the normal vector �⃗�𝑒𝑖
and the movement distance 

𝑑𝑖 using Equation (4) and (5); 
Update the moved point to 𝑒′

𝑖
using Equation (6); 

end 
end 
FEA(𝑀 ′

𝑘
); 

Update 𝜎max; 
𝑘++; 

end 

Fig. 3. Demonstration of interlayer gaps within a thin-shell structure. 

ploying a region-growing technique. It traverses only valid and partially 
valid regions, bypassing invalid or self-intersecting areas. By iteratively 
addressing self-intersecting regions, the algorithm generates a consis-

tent, non-self-intersecting mesh, ensuring the structural integrity and 
geometric fidelity of the final shell model.

2.3. Interlayer gap treatment

The fundamental principle of 3D printing involves fabricating three-

dimensional objects by sequentially stacking material layers, with each 
layer requiring a stable foundation on the preceding one. However, 
during the slicing process, interlayer gaps may emerge when the sur-

face inclination angle (defined as the angle between the tangent to the 
surface and the 𝑋-𝑌 plane) is too small. These gaps are particularly 
problematic in planar slicing Fig. 3 illustrates this issue using a simu-

lated thin-shell printing path, accompanied by an enlarged view of a 
section where gaps are clearly visible. It can be observed that, due to 
the steep curvature at the top of the model during layer-by-layer print-

ing, the deposition paths between adjacent layers cannot fully overlap, 
resulting in the formation of interlayer gaps.

In general 3D printed models, especially those with internal filling 
structure, such interlayer gaps are often inconsequential and overlooked 
because they have minimal impact on printing quality. Nonetheless, 
some studies have sought to address this issue through non-planar print-

ing or adaptive layer thickness techniques [68–70]. However, this gap 
is very detrimental to thin shell moulds. These defects can compromise 
not only the structural integrity and print quality but also the functional-

ity of the mould, potentially causing leakage during the casting process 
and severely degrading the quality of the final product.

Fig. 4. Schematic diagram of the cross-section of the printing path. 

To address this issue, manufacturability constraints must be inte-

grated into the design phase. This ensures that the model’s manufactura-

bility and structural integrity are maintained, preventing the formation 
of gaps. Therefore, this section proposes an improved design optimi-

sation strategy. By selectively adjusting the thickness of the model in 
regions prone to gaps, the proposed method effectively prevents gap 
formation, avoids leakage, and enhances the performance and reliabil-

ity of thin-shell moulds during both printing and casting.

The cross-section of the printing path is simplified into a rectangular 
representation, as shown in Fig. 4. Here, 𝑖 and 𝑗 denote layers 𝑖 and 𝑗, 
respectively, from the bottom to the top, 𝜃 represents the inclination 
angle, ℎ is the layer height, 𝑡 represents the wall thickness of the shell, 
and 𝑤 is the width of the printer nozzle’s extrusion path (the width of 
the fill path).

The occurrence of gaps can be described as follows: when the wall 
thickness 𝑡 remains constant, gaps form if the inclination angle 𝜃 is less 
than a critical value. For example, in Fig. 5(a), when 𝜃 is sufficiently 
large, the wall thickness 𝑡 ensures tight connections between printing 
paths. In contrast, as 𝜃 decreases to a threshold value (Fig. 5(b)), the 
wall thickness 𝑡 is in a critical state, just unable to meet the connec-

tion requirements between printing paths. Gaps easily appear between 
printing layers and do not meet mould manufacturing requirements. As 
𝜃 further decreases to the scenario in Fig. 5(c), the wall thickness 𝑡 no 
longer meets the printing requirement, leading to gaps between paths.

To address the above issue, a thickness adjustment strategy has been 
developed. This strategy dynamically modifies the wall thickness in 
regions with low inclination angles, establishing a direct correlation be-

tween the inclination angle 𝜃 and the required thickness 𝑡, where 𝑡 is 
given by the following equations:

𝑡 = 𝑛 ⋅𝑤 sin𝜃 + 𝛿, (7)

where 𝑛 is the number of printing paths needed and 𝑤 is the width of 
the printing paths. The path width 𝑤 is a fixed value, and the value of 
𝑛 can be derived from the critical condition, as illustrated in Fig. 5(d). 
Under this condition, 𝑡 = 𝑛𝑤 sin𝜃 (in the figure, 𝑛 = 2) and 𝑡 = ℎ cos𝜃. 
However, as 𝑛 must be an integer in practical applications, the derived 
value of 𝑛 shall be rounded up to the nearest integer to ensure complete 
and adequate coverage. By equating these expressions, Equation (8) is 
obtained.

𝑛 = ⌈ ℎ 
𝑤 tan𝜃

⌉. (8)

At the same time, the printing path cross-section is not rectangular 
but elliptical or another shape [71]. Therefore, we introduce a small 
deviation term 𝛿 to represent this discrepancy, which is neglected in the 
calculation due to its minimal impact. From Equations (7) and (8), it can 
be concluded that smaller angles 𝜃 require more number of paths 𝑛, i.e., 
thicker shell model thickness 𝑡. Fig. 5 shows a comparison schematic 
before and after treatment by the above method. Fig. 5(d) demonstrates 
the local thickness of the optimised shell model and the number of paths 
after slicing. It can be clearly seen that the number of paths after slicing 
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Fig. 5. The effect of printing angle and the wall thickness on thin shell printing. (a) When the printing angle is 𝜃, the wall thickness 𝑡 meets the printing 
requirements. (b) The angle 𝜃 decreases to the point where the wall thickness 𝑡 is in a critical state, which just does not meet the connection requirements between 
the print paths. (c) Further reduction of 𝜃 results in the appearance of gaps. Blue indicates regions that are successfully printable, while red denotes areas where 
printing fails. (d) Schematic diagram of the interlayer gap treatment for Fig. 5(c).

Fig. 6. Moulds and FEA results under unpressurized conditions. (a) Lattice model. (b) Kitten model. (c) Wawa model. (d) Tooth model. 

increases due to the increased thickness of the shell model, which leads 
to the disappearance of interlayer gaps.

The method of thickening the shell model is similar to Section 2.2. 
The difference is that the reference is not the stresses at the nodes after 
FEA, but the angle 𝜃 between the vectors of the inner surface nodes 
and the horizontal plane. Once the angle of each inner surface node’s 
vector is determined, the nearest outer surface node along the opposite 
direction of its normal is found, and then the thickness of the shell model 
in the current localised region is increased by offsetting the position of 
the outer surface node. Where the distance 𝑑 by which the outer surface 
node is offset is the localised thickness calculated through Equation (7) 
minus the current localised thickness of the shell model.

3. Results and discussion

This section details the calculation results of the lightweight mould 
of solid models of varying geometric complexity, the results of man-

ufacturing, and comparison with the traditional method. The method 
was evaluated using Polylactic acid (PLA) as the printing shell mate-

rial, PVA as the printing support material, and LMPA as the casting 
material, respectively. The proposed method is highly generalisable and 
adaptable. The materials and 3D printing process employed in this study 
were selected for experimental validation purposes; however, they can 
be flexibly substituted with alternative printing materials and manufac-

turing techniques as needed, to accommodate different casting scenarios 
and application requirements.

3.1. Calculation results

The algorithm was implemented using Python on a PC equipped with 
an Intel Core i7-11700 CPU operating at 2.5 GHz and 16 GB of memory. 
PLA was selected as the shell printing material, with a density of 1.24 
g∕cm3, an elastic modulus of 2750 MPa, a Poisson’s ratio of 0.36, and 
a yield strength of 70 MPa. The relevant coefficients for the analysis 
were set as the safety factor 𝑆 = 0.7 and the step precision 𝛼 = 0.2. To 
ensure printing feasibility and structural integrity, the initial uniform 
shell thickness was set to 0.8 mm, although the theoretical minimum 
thickness achievable in FDM 3D printing could be thinner.

Our method was validated on a large number of 3D models–four of 
them were selected to demonstrate the effectiveness of the proposed 
method, as demonstrated in Fig. 6 and 9. The dimensions and key in-

formation for these models are summarised in Table 1. To evaluate the 
generalizability of the proposed method, experiments were conducted 
under two distinct scenarios: unpressurized and pressurized conditions.

3.1.1. Unpressurized experimental conditions

In the first scenario, the unpressurized condition represents grav-

ity casting. Here, the pressure at the base of the model depends on the 
model height and the density of the LMPA, calculated using the hydro-

static pressure formula:
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Fig. 7. FEA results for specialised models and scaled models under unpressurized conditions. (a) Stress analysis of the Hanging-Ball model and Flamingo 
model. (b) Stress variations in Kitten models of increasing size.

Table 1
The information statistics of the models tested under pressurized 
experimental conditions.

Model Size [mm] No. of Nodes No. of Iterations 
Kitten 67.2 × 61.2 × 101.6 20568 7 
Lattice 70.0 × 70.0 × 50.0 5639 4 
Wawa 66.3 × 33.1 × 55.0 9399 5 
Tooth 21.5 × 22.3 × 29.2 2772 0 

𝑝 = 𝜌𝑔ℎ, (9)

where 𝑝 represents pressure, 𝜌 is the material density, 𝑔 is the acceler-

ation due to gravity, and ℎ is the vertical distance from the node to the 
liquid surface’s highest point. The density of the LMPA is 9.2 g∕cm3 .

The calculation results of the unpressurized experimental conditions 
are shown in Fig. 6, which includes four shell cross-sections, the finite 
element analysis results, and the maximum stress values. As illustrated 
in the figure, all maximum stress values remain below the material’s 
yield strength. The analysis showed that the initial shell thickness of 0.8 
mm was sufficient to withstand the liquid pressure during manual pour-

ing. The maximum stress is well below the material’s yield strength (i.e., 
𝑆 ⋅ 𝜎𝑦 = 49 MPa). Therefore, no additional iterations were required for 
shell thickness adjustment in this condition, resulting in zero iterations.

For static injection moulding or small-scale moulds, generating a 
uniformly thick shell at the initial stage is often sufficient to meet the de-

sign requirements. This outcome represents a specific application of the 
proposed algorithm and serves as a simplified case within its broader 
framework. However, for more complex or larger models, stress distri-

bution must still be carefully evaluated. For example, in the Hanging 
Ball model shown in Fig. 7(a) (with dimensions annotated in the fig-

ure), the suspended nature of the geometry leads to significant stress 
concentration in the support area. As a result, even under static casting 
conditions, the initial shell thickness is insufficient to satisfy structural 
requirements, and iterative optimisation is still necessary. Similarly, the 
Flamingo model in Fig. 7(a) also fails to meet casting requirements un-

der static pressure. Its slender supporting legs are primary regions of 
stress concentration. Although the overall size of the model is com-

parable to other cases, local stress near the connection areas exceeds 
the yield strength of PLA, thus requiring further thickness optimisation. 
Moreover, the geometric scale of the model directly affects the mag-

nitude of maximum stress. As illustrated in Fig. 7(b), the maximum 
stress in identical models (e.g., the Kitten model) increases progres-

sively with model size. These findings underscore the critical role of 
stress analysis in the lightweight design of sacrificial moulds with com-

plex geometries. By continuing with the subsequent algorithmic steps, 
effective lightweight mould designs can still be achieved through the 
generation of non-uniform shell thickness.

To further validate the effectiveness of the proposed method, a sac-

rificial mould for the Hanging Ball model was designed under static 
pressure using the approach described in this study, as shown in the 
Fig. 8.

3.1.2. Pressurized experimental conditions

The second scenario involves high-pressure casting, a widely utilised 
process for LMPA, particularly in the automotive industry, accounting 
for approximately 60% of all castings [72]. This method minimises im-

purity deposition and flow marks, prevents air bubble formation, and 
enhances the consistency and surface quality of castings.

To meet the demands of high-pressure casting, pressure simulations 
were conducted using conditions representing 150 times standard hy-
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Fig. 8. Design results of the sacrificial mould for the Hanging Ball model under static pressure. 

Fig. 9. Models and FEA results under pressurized conditions. From left to right, the images represent the input model (𝑀), the uniform-thickness shell (𝑀 ′
0), 

intermediate iterations (𝑀 ′
𝑘
), and the final optimised shell model (𝑀 ′).

draulic pressure. The computational results under pressurized experi-

mental conditions are illustrated in Fig. 9. From left to right, this figure 
displays the input model (𝑀), the uniform-thickness shell (𝑀 ′

0), inter-

mediate iterative adjustments (𝑀 ′
𝑘
), and the final optimised result (𝑀 ′). 

The stress evolution throughout the optimisation process is depicted in 
Fig. 10, which shows the variations in both maximum and average stress 
across iterations.

A combined analysis of Figs. 9 and 10 demonstrates that the aver-

age stress consistently decreased with each iteration, and the maximum 
stress was successfully reduced below the yield strength threshold af-

ter a maximum of seven iterations. Notably, the tooth model, due to its 
exceptionally small dimensions, achieved structural stability with the 
minimum printable thickness, even under pressurized conditions.

The runtime of the proposed algorithm is primarily constrained by 
the stress analysis performed during each iteration, which typically re-

quires 5 to 10 minutes per cycle. The algorithm’s performance is influ-

enced not by the physical size of the model but by the number of nodes 
in the mesh; models with a higher node count generally demand longer 
computation times. Across all experiments presented in this paper that 
involved iterative optimisation, the maximum recorded runtime was 70 
minutes, with an average of approximately 30 minutes.

3.2. Physical evaluation

The physical evaluation begins with a solid 3D mesh model des-

ignated for casting and develops a sacrificial mould specifically for 
injection moulding. The design process involves reinforcing the shell 
thickness based on stress distribution analysis, followed by optimisation 
to ensure the manufacturability of the 3D printing process. The final out-

put is a shell model tailored for casting applications. For the location of 
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Fig. 10. Line chart of stress variations under pressurized conditions. (a) Line chart of the Kitten model. (b) Line chart of the Wawa model. (c) Line chart of the 
Lattice model. Note that the yield strength is 𝑆 ⋅ 𝜎𝑦 = 49 MPa.

injection holes and air holes in the mould, this experiment employs the 
method of Jiang et al. [65]. To validate the effectiveness of the proposed 
design methodology, a strategy utilising 3D printing technology for the 
manufacturing of castings is introduced.

In this experiment, the four moulds were manufactured using the 
Snapmaker J1s printer with FDM technology. The process involved 
printing the shell model using PLA and the support using PVA (a water-

soluble material), followed by dissolving the support material to pro-

duce a mould suitable for casting. LMPA was utilised as the pouring 
material. Liquid material was injected into the mould and allowed to 
solidify, after which the sacrificial shell mould was mechanically re-

moved, resulting in the final casting. The overall manufacturing process 
is illustrated in Fig. 11. It is worth noting that there are various meth-

ods for removing sacrificial shell moulds. For example, dichloromethane 

can be used as a solvent to dissolve the shell, making it suitable for more 
intricate models [65].

We fabricated moulds for the four target models under both pres-

surized and unpressurized conditions, as illustrated in Fig. 12. Due to 
equipment constraints, we printed moulds for both pressurized and un-

pressurized conditions, but the final casting was only performed under 
unpressurized conditions. The final pouring results, conducted under 
unpressurized conditions, are presented in the last column of Fig. 12. In 
addition, we also performed unpressurized casting of the Hanging Ball 
model, as shown in Fig. 13. The findings indicate that shell optimisation 
is necessary for complex geometries like the Hanging Ball model, even 
under static casting conditions. In its initial uniform-thickness form, the 
printed mould exhibited localised stress concentration in the suspension 
region, leading to structural instability and failure. After applying the 
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Fig. 11. The manufacturing process of the target casting. 

Fig. 12. Results of model fabrication. From left to right: Target model, pressurized mould, cross-section view of pressurized mould, unpressured mould, and final 
LMPA part.

proposed stress-guided optimisation, the shell was thickened in critical 
areas, enabling the mould to maintain integrity during unpressurized 
casting. These results validate that the proposed lightweight moulds are 
viable for practical manufacturing applications. Since the accuracy of 
the final products is intrinsically tied to the precision of the 3D printing 
process, optimising printer parameters—such as layer thickness, infill 
rate, and print speed—can significantly enhance the quality of the fab-

ricated moulds. Moreover, utilising high-precision equipment or imple-

menting post-processing techniques, such as heat treatment or surface 

polishing, can further improve the surface finish and dimensional accu-

racy of the final manufactured parts.

3.3. Comparisons

To evaluate the applicability of lightweight design in 3D printed 
moulds, several classic models were optimised and analysed. Based on 
the scenarios outlined in Section 3.1, moulds were designed to suit vary-

ing manufacturing requirements and equipment types. The experimental 
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Fig. 13. Unpressurized casting of the Hanging Ball model. 

Table 2
Comparison of material volume, weight, and fabrication time under unpressurized scenario.

Model Volume [cm3] Weight [g] Fabrication time [h] 
Cube Ours Reduction [%] Cube Ours Reduction [%] Cube Ours Reduction [%] 

Kitten 281.76 14.18 94.97 350.37 17.50 95.01 20.33 3.45 83.0 
Lattice 116.60 12.26 89.49 143.73 13.40 90.67 9.20 3.47 62.3 
Wawa 88.71 6.49 92.7 111.00 7.99 92.8 6.95 1.60 77.0 
Tooth 8.90 1.92 78.4 10.70 2.26 78.9 1.12 0.72 35.7 

Table 3
Comparison of material volume, weight, and fabrication time under pressurized scenario.

Model Volume [cm3] Weight [g] Fabrication time [h] 
Cube Ours Reduction [%] Cube Ours Reduction [%] Cube Ours Reduction [%] 

Kitten 281.76 17.79 93.69 350.37 22.01 93.72 20.33 4.05 80.1 
Lattice 116.60 16.83 85.57 143.73 20.90 85.46 9.20 3.72 59.6 
Wawa 88.71 6.97 92.1 111.00 8.31 92.5 6.95 1.73 75.1 
Tooth 8.90 1.92 78.4 10.70 2.26 78.9 1.12 0.72 35.7 

results for moulds used in manual pouring are summarised in Table 2, 
while Table 3 presents the results for moulds used with pressure equip-

ment. Under these two experimental conditions, the proposed method 
achieves maximum reductions of 94.97%, 95.01%, and 83.0% in ma-

terial consumption volume, weight, and fabrication time, respectively, 
when compared to a conventional cubic mould design [65].

The findings indicate that all selected models achieved substan-

tial volume reductions compared to traditional cubic moulds. The 
lightweight designs demonstrated clear advantages, including signifi-

cantly decreased material volume, reduced weight, and shortened fab-

rication time. Furthermore, the optimisation effect became increasingly 
pronounced with larger model sizes, highlighting the scalability and 
efficiency of the proposed method.

Overall, the proposed stress distribution-driven shell optimisation 
approach effectively accommodates diverse application scenarios. The 
optimised models not only reduce material consumption and fabrica-

tion time but also maintain sufficient strength and stability, even under 
high-pressure conditions, making them suitable for practical use.

3.4. Discussion

This study presents a stress-guided lightweight sacrificial mould de-

sign method that optimises shell thickness distribution to minimise 
material usage while maintaining structural integrity. The proposed ap-

proach is applicable to both gravity casting moulds and high-pressure 
casting moulds. For static injection or small-scale moulds, the design re-

quirements can often be satisfied during the initial stage by generating a 
uniformly thick shell. This outcome represents a specific application of 
our algorithm, serving as a simplified case within its broader framework. 
For more complex or larger models, stress distribution requires careful 
consideration. For instance, the Hanging-Ball model and the Flamingo 
model shown in Fig. 7(a) exhibit structural characteristics that result 
in stress concentrations. Despite their overall dimensions being compa-
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Fig. 14. Comparison of optimisation criteria using yield stress and average 
stress. (a) Optimisation using yield stress as the reference criterion. (b) Opti-

misation using average stress as the reference criterion.

rable to other models, the stress at the middle connection exceeds the 
yield strength due to their unique geometries. Additionally, as illustrated 
in Fig. 7(b), the maximum stress for the same model (e.g., the Kitten 
model) increases progressively with size. These findings highlight the 
importance of stress analysis in optimising lightweight moulds for com-

plex geometries. In high-pressure casting scenarios, lightweight mould 
designs can still be effectively achieved through iterative optimisation 
processes.

To facilitate rapid optimisation, certain simplifications were intro-

duced. For example, this study assumed uniform material properties, a 
reasonable assumption for commonly used 3D printing materials such 
as PLA. However, in practical applications, the layered nature of the 
3D printing process often results in anisotropic mechanical properties, 
which are not fully accounted for in the current stress analysis. Address-

ing this limitation will require further research to enhance the accuracy 
of stress modelling in the future.

The iterative optimisation method adjusts shell thickness by apply-

ing normal offsets to local nodes. To achieve an enhanced optimisation 
effect, the average stress is employed as a reference criterion during 
the optimisation process, guiding incremental adjustments to the shell 
thickness. This design choice is based on the observation that directly 
referencing the yield strength can result in an overemphasis on high-

stress regions, leading to abrupt thickness variations in localised areas, 
as illustrated in Fig. 14(a). Such abrupt changes can adversely affect the 
visual appearance of the model and cause uneven stress distribution.

By contrast, utilising average stress as the guiding metric ensures 
balanced thickness adjustments across different nodes, resulting in 
smoother transitions in shell thickness, as depicted in Fig. 14(b). This 
approach not only produces a more uniform and optimised thickness 
distribution but also mitigates the risk of structural failure due to lo-

calised stress concentrations. Consequently, this method enhances the 
overall structural performance and reliability of the mould, making it a 
robust solution for lightweight sacrificial mould design under varying 
application conditions.

4. Conclusions and future work

This paper proposes a stress-guided lightweight design method for 
3D printing sacrificial moulds, addressing the challenge of material sav-

ings in sacrificial mould manufacturing. The proposed method generates 
a non-uniform thickness volume-level shell model based on stress distri-

bution for mould manufacturing, while incorporating manufacturability 
constraints and optimising the thickness of the mould shell during the 
design process. Compared to traditional cube-shaped sacrificial moulds, 
the method achieves up to 94.7% reduction in volume, 95.01% material 
savings, and 83% improvement in fabrication time, all while main-

taining structural stability. Additionally, a strategy for casting manu-

facturing using 3D printed moulds is introduced. In this strategy, PLA 
is employed as the primary mould material, with PVA serving as the 
support material. After the mould is manufactured, the water-soluble 
support structure is dissolved, followed by the injection of LMPA. Once 

the alloy solidifies, the outer shell is removed to obtain the target model. 
The successful demonstration of this process validates the feasibility and 
effectiveness of the lightweight mould design, offering a practical and 
efficient technical solution for 3D printed mould users.

This method is particularly well-suited for the manufacturing of 
customised, small-batch, high-complexity, low-cost, and environmen-

tally conscious components, demonstrating broad applicability across 
various industries. Typical application scenarios include the casting of 
customised automotive parts, medical devices, jewellery, artworks, and 
industrial components. Specifically, the proposed approach can be di-

rectly applied to eggshell casting, where stress-optimised designs enable 
the fabrication of ultra-thin yet structurally stable sacrificial moulds, sig-

nificantly enhancing material efficiency and reducing casting defects. In 
the manufacturing of precision medical devices, such as joint implants 
and patient-specific orthotic supports, this method facilitates the pro-

duction of complex-structured, mechanically robust moulds through lo-

cal reinforcement and overall lightweight design, meeting the stringent 
requirements for accuracy and stability. Moreover, the method is also 
well-suited for the casting of intricate jewellery and artworks, particu-

larly where high surface quality and detail retention are critical. Overall, 
the process presented in this study offers strong adaptability, allowing 
flexible adjustment to different material properties and specific appli-

cation needs, thus exhibiting promising prospects for broader adoption. 
The lightweight sacrificial moulds fabricated via 3D printing provide 
small and medium-sized enterprises, as well as customised product man-

ufacturers, with an economical and efficient mould-making solution to 
meet diverse and flexible production needs. Moreover, through signif-

icant reduction in material usage and the selection of environmentally 
friendly materials, the proposed method offers a sustainable alterna-

tive for resource-constrained or environmentally sensitive manufactur-

ing environments. However, due to the limitations of the 3D printing 
process, the sacrificial moulds developed in this study are only suit-

able for casting low-melting-point materials and are not applicable to 
high-temperature metal casting, such as aluminium or copper, which 
typically exceed 600 ◦C. In addition, the pointwise stress-based shell 
thickness optimisation involves multiple rounds of FEA iterations. Al-

though effective, this process can become computationally expensive 
for larger or more complex models, potentially limiting its applicability 
in rapid design scenarios.

Despite these contributions, several aspects need further improve-

ment. First, although the PLA mould was successfully fabricated and 
the LMPA was cast into the model, the solidification process of the 
alloy results in volumetric shrinkage, which causes dimensional devi-

ations in the final product geometry. To address this issue, shrinkage ef-

fects should be incorporated into the design process through compensa-

tion strategies [73]. Currently, shell thickness optimisation is primarily 
based on stress distribution, which has proven effective. However, real-

world applications often involve more complex scenarios. To improve 
the precision and robustness of the design, advanced numerical and mul-

tiphysics simulation techniques could be employed. These simulations 
would enable more accurate predictions of the effects of solidification 
shrinkage and thermal stress on product geometry, allowing for proac-

tive adjustments during the design phase to enhance the final product’s 
accuracy. Secondly, the current mould printing process necessitates the 
use of internal supports, which require manual removal. Additionally, 
material injection for the experimental model is manually performed, re-

sulting in inefficiencies in both manpower and time. Future work should 
focus on optimising the design to eliminate or minimise the need for in-

ternal supports and developing an integrated workflow that automates 
the processes of 3D printing and casting. By addressing these challenges, 
this research aims to further advance the efficiency and applicability of 
lightweight sacrificial mould design in industrial manufacturing con-

texts.
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