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Abstract

Molding refers to a set of manufacturing techniques in which a mold, usually a cavity or a solid frame, is used to shape a liquid
or pliable material into an object of the desired shape. The popularity of molding comes from its effectiveness, scalability, and
versatility in terms of employed materials. Its relevance as a fabrication process is demonstrated by the extensive literature
covering different aspects related to mold design, from material flow simulation to the automation of mold geometry design.
In this state-of-the-art report, we provide an extensive review of the automatic methods for the design of molds, focusing on
contributions from a geometric perspective. We classify existing mold design methods based on their computational approach
and the nature of their target molding process. We summarize the relationships between computational approaches and molding
techniques, highlighting their strengths and limitations. Finally, we discuss potential future research directions.

CCS Concepts
• Computing methodologies → Mesh geometry models; Shape analysis;

1. Introduction

Molding refers to a set of industrial and “traditional” manufacturing
processes in which a cavity, called a mold, is filled with liquefied or
expanding material. The hardening of the material will materialize
it into the desired solid shape. A solid copy of the object, called
a cast, can be safely extracted from the mold once the material is
completely hardened. This simple yet effective fabrication method
has a millenary tradition in art and industry (see Figure 1 [Dal09]).
The origins of molding can be traced back to the dawn of civi-
lization some 5000 years ago, with the earliest known casting dat-
ing back to 3200 BC [KSAS17]. In the last centuries, molding has
become the standard for industrial mass production. Moreover, it
is still a popular technique employed for small and medium-scale
productions across various contexts. Artists use molding to man-
ufacture resin miniatures [BOP10], or to design jewelry [Wan11].
In the food industry, molds are employed to manufacture chocolate
sculptures [Wor16] or candies.

Despite the recent diffusion of additive manufacturing devices,
industrial production still relies heavily on molding and casting
techniques. 3D printing allows the accurate fabrication of arbitrar-
ily complex shapes. However, even though these technologies are
becoming faster and more precise, they are still limited in scalabil-
ity because of the required time (cost) per replica. In addition, addi-
tive manufacturing devices can operate only with a limited range of
materials. Consumer-level 3D printers are mainly limited to FDM

Figure 1: Ancient Greek (5th/4th century BC) molds, used to mass
produce clay figurines. Picture by Giovanni Dall’Orto, November
9, 2009.

(generally targeting plastic materials like PLA, PCA, and ABS) and
SLA (targeting photopolymers like UV-curing resins). By contrast,
molding can employ a broader range of materials and enables high
volume production.

Unfortunately, such power, in terms of scalability and material
availability, comes at a price. Unlike additive manufacturing, mold-
ing imposes severe limitations on the class of fabricable shapes.
These limitations are mainly related to the cast extraction process
or the physical properties of the casting material [Cam95]. Hence,
molding usually requires extensive planning involving highly spe-
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cialized engineers whose expertise spans many knowledge do-
mains. Indeed, mold design is very often an iterative process in
which designers must manually re-adjust the shape of a manufac-
tured part to comply with the constraints involved in its fabrica-
tion [Ree02].

Given its relevance as an industrial manufacturing process,
molding has been the object of extensive studies and research cov-
ering several engineering areas and involving different aspects of
mold design [FFN04, Wan11, Kaz16, Cam15]. Most research fo-
cuses on developing algorithms to automatize and optimize the
design process, and many heterogeneous elements concur in de-
signing a proper mold. First, a suitable mold must be fabricable,
and additive technologies might fit the purpose. However, metallic
molds often need to be manufactured using subtractive techniques
imposing restrictions on the complexity of the mold itself. Second,
a suitable mold must guarantee the extraction of the cast. Also, the
reproduction quality is dependent on the material flow within the
mold, as a proper flow diminishes the impact of common casting
artifacts such as material flashing and seams. Finally, in large-scale
production, it is also worth considering other minor aspects of the
mold design that have a massive impact on the production cost,
such as the casting times or the material used.

Because of the different aspects involved, automatic mold de-
sign and optimization are challenging tasks requiring the model-
ing and analysis of complex problems, such as motion planning,
non-linear physical simulation, multiple body contact, and combi-
natorial optimization. Traditionally, the development of computer-
aided solutions for molds design, like Moldex3D [CSC21] or Mold-
flow [Aut21], has focused more on providing tools for evaluating
and then optimizing the engineering aspects, such as material flow
simulation [TSJ∗18, ILW19]. However, these tools still require the
user-in-the-loop to provide limited support for generating the final
mold geometry. Recent advancements in shape optimization, ge-
ometry processing, and physical simulation in graphics have traced
a new path for creating automatic mold design tools.

This survey provides an overview of the automatic tools and al-
gorithms that would allow the non-expert user to generate effec-
tive molds for complex, arbitrary shapes created without explicitly
accounting for the actual fabrication processes. These techniques
bridge the gap between rapid prototyping and production for in-
dustrial and artisanal applications. In the future, the automation
of complex mold design can impact the industry, where mass cus-
tomization calls for efficient limited volume production processes.
Moreover, assembling an industrial pipeline for molding often re-
quires multiple iterations in an engineer-design-fabricate loop, in-
cluding prototyping, fabrication, and final testing of the mold to be
used. In this scenario, the complete automation of the mold design
becomes fundamental to avoid bottlenecks.

We classified different molding techniques (including casting
and injection molding) by considering how the mold is assembled
and how the cast is extracted. One crucial distinction is whether
the mold is sacrificial, like the ones used in break-away molds or
reusable, often called permanent molds.

1.1. Sacrificial molds

Sacrificial molds, in the form of lost wax or investment casting,
have been extensively used since ancient times to produce intricate
metal casts for jewelry and sculptures [Sia05, Hun80]. Nowadays,
the two main fabrication processes exploiting sacrificial molds are
investment casting [SDBP12] (the industrial process for lost-wax
casting) and sand casting [SSS14]. In the first case, a disposable
replica of the desired part, called the (wax) pattern, is coated with
refractory materials to obtain the sacrificial mold. The pattern is
then melted or vaporized, leaving the mold cavity, also called the
investment, empty. The casting material is finally poured into the
mold and released after its solidification by breaking or dissolving
the mold itself, a process called divesting. Similarly, in sand cast-
ing, an investment is assembled from multiple mold parts made of
compacted sand. Each sand mold part is obtained by compacting
the sand over special reusable molds, called patterns, that embed
the object details and all the additional geometry required for ma-
terial flow. Again, after the casting operations, the sand mold is
destroyed to release the shape, but is efficiently rebuilt using the
reusable patterns.

One of the main advantages of these methods is their ability to
handle high melting point metal alloys. Moreover, investment cast-
ing does not pose substantial constraints on the class of fabricable
shapes. Concurrently, it provides dimensional accuracy and an ex-
cellent surface finish. However, in terms of production scaling, both
sacrificial molds performance is inferior to reusable ones due to the
high per-part costs involved. In the case of investment casting, scal-
ing up to high-volume production would require an efficient way to
replicate the wax pattern, such as designing reusable molds for the
pattern itself. The integration of 3D printing technologies for the
direct fabrication of the (wax) patterns [CCL∗05, RMRD21] or the
refractory mold itself could make the techniques more scalable for
small to medium volume productions.

Recently, Shakeri et al. [SEB∗21], proposed a novel take on sac-
rificial molds for the efficient rapid prototyping of developable sur-
face objects. In their work, they propose a method to design wax-
stiffened paper molds computationally, by unfolding the object 3D
geometry into a 2D pattern. This pattern can then be easily printed
on paper and cut to assemble the single-use mold efficiently.

1.2. Reusable molds

While the design of break-away molds can pose interesting manu-
facturing problems, the fact that the mold is sacrificial makes it a
less attractive problem from a geometry processing and computa-
tional fabrication standpoint. In contrast, designing effective per-
manent molds poses a set of challenging open research problems
that can be effectively modeled and tackled from a computational
geometry perspective. Moreover, automating the design of reusable
molds would also indirectly benefit fabrication processes relying on
sacrificial molds by making it easier to replicate the patterns used
in the process. For these reasons, the research presented in this sur-
vey will focus on automating the design of permanent molds for
complex objects for different molding techniques, each offering its
own challenges.

A necessary condition for a mold to be reusable (hence allowing
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multiple casting iterations) is the existence of an extraction process
of the cast object from the mold that damages neither of the two.
Providing such a guarantee is a challenging task whose complex-
ity is directly related to the geometry of the manufactured object.
These problems open up a series of interesting questions from a
computational geometry perspective: what does it mean for an ob-
ject to be extractable? How can we guarantee that the mold can
be assembled and disassembled? How can we define an optimality
criterion for mold design? How can we automate the generation of
such molds blending these metrics and constraints?

2. Automatic mold design, a research survey

In the last two decades, mold design automation has been an active
and exciting research topic for the CAD and mechanical engineer-
ing community. More recently, digital and advanced fabrication
topics are gaining more and more relevance also in the computer
graphics research community. In this survey, we focus on re-usable
molds, that is, the ones that can be re-utilized to cast a shape mul-
tiple times. While this strategy allows amortizing the time used for
mold production, manufacturing requires a complex design effort.

We can classify the techniques for re-usable mold design in three
high-level classes, based on the target fabrication technique and the
physical constraints involved:

Rigid molds design The use of permanent rigid molds is a de-
facto standard in the mass production of plastic and resin arti-
facts. For example, industrial injection molding uses rigid molds.
While these methods allow large-scale automatized production,
they also impose severe limitations in the class of fabricable
shapes. As the mold is rigid, the extraction of the cast object can
be seriously limited by the presence of overhangs or handles.
Hence, these methods usually split the mold into multiple pieces
or, more often, change the target shape to lower its geometric
complexity. In Section 4, we will present a comprehensive dis-
cussion of the variety of methodologies and design choices that
characterize the state-of-the-art for rigid molds design.

Flexible molds design Another class of methods focuses on gen-
erating molds composed of flexible materials, like silicone or
elastic polymers. The elasticity of the mold material allows for
the relaxation of several fabrication constraints imposed by rigid
molding. Because of this increase in expressive power, flexible
molds expand the class of fabricable shapes. Therefore, they are
often used to fabricate objects with rich surface details or com-
plex geometry, especially in the props and decorative industry.
Unfortunately, the extraction process is usually much more com-
plicated as it requires imposing complex deformation onto the
mold to detach each piece from the cast shape. Consequently,
this method is not particularly suitable for automation as it usu-
ally requires manual labor. We will provide an overview of tech-
niques based on flexible molds in Section 5.

Alternative molds design This class collects a variety of works
that are not strictly related to classical casting. We can extend
the definition of mold to other fabrication techniques in which
a cover is used to fabricate an object. This class includes, for
example, industrial fabrication processes like thermoforming or
the use of formworks for architectural and decorative applica-

tions. We will provide an overview of techniques for alternative
molds design in Section 6.

3. Problem statement and terminology

This section introduces the main concepts and terminology needed
to understand the different techniques. As previously noted, molds
are composed of several components that, once assembled, form
an inner cavity that is filled with some liquid casting material. The
casting material then solidifies as a result of some chemical or phys-
ical process, taking the shape of the cavity. Finally, the (perma-
nent) mold can be opened and the cast part ejected so that the mold
can be reassembled to repeat the casting process. Finally, the cast
parts may require some post-processing operations. These opera-
tions vary from simple polishing (to remove excess material along
the mold seams and material inlets) to the assembly of different
parts (Figure 2). While most of these operative steps can be largely
automated, depending on the molding technology used, the most
time and expertise-demanding step is the definition of the mold de-
sign. Typically, this process is executed by expert designers with the
help of CAD and CAM solutions, or manually by artisans. Methods
for the automatic design of molds could thus significantly reduce
the cost of setting up a molding fabrication process.

The primary requirement of a mold is to ensure the existence of
an extraction sequence so we can remove the mold pieces without
damaging the cast object or the mold. The task of designing a valid
extraction sequence strictly depends on the type of technology used
(rigid or flexible molds). Rigid molds require the mold pieces to be
rotated or translated. In contrast, flexible molds allow extra degrees
of freedom due to the possibility of deforming the mold during the
extraction process. Since finding an optimal extraction sequence
requires exploring a very complex space of solutions, the methods
for automatic mold design consider the extraction process as com-
posed of a sequence of linear extraction paths (translation). This
requirement further constrains the problem but, at the same time,
makes it easier to solve.

Figure 3 shows the entities involved in a casting operation:

Mold piece a single component of the mold assembly; a mold
assembly can include one (for very simple cases) to multiple
pieces;

Parting direction the direction used to detach a mold piece from
the cast object;

Parting surface the contact surface separating two adjacent mold
pieces;

Parting lines closed curves that separate the cast surface among
the different mold pieces. These lines are the boundary of the
parting surface touching the cast object.

When considering only linear rigid translation for the mold ex-
traction process, the problem of designing a valid mold can be re-
duced to associating a valid parting direction to every portion of the
object surface. This approach is equivalent to finding a partitioning
of the object, such that each part is associated with one or more
valid extraction directions. On the object surface, the partitioning
boundaries define the parting lines of the mold assembly.

A parting direction d is valid for a surface part Si if Si is globally
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Figure 2: In general, a molding process pipeline based on reusable molds would take the following steps: first, the desired model geometry
is analyzed and an adequate mold is designed, depending on the application requirements. The mold is then fabricated; for industrial
applications, the mold is typically milled, while for prototypes or smaller productions, 3D printing is often used. Once the mold is ready,
the actual molding cycle can be repeated many times to obtain multiple copies of the desired shape. Finally, the post-processing can involve
different operations, from assembly of multiple parts to polishing the cast surface.

Figure 3: A simple example illustrating the main concepts and
terms that describe a casting mold.

accessible from the direction d. Global accessibility implies that
the surface part Si can translate along the direction d towards the
exterior without intersecting any other part of the object. Assuming
that no further obstruction exists between mold pieces, this means
that we can disassemble a mold piece covering Si along the direc-
tion d. Testing Si for accessibility along a direction d is equivalent
to checking whether, for any point in Si, casting a ray along d, there
is no intersection with any other part of Si (local accessibility) or
the rest of the object (global accessibility). In other words, for Si to
be moldable, it is a necessary condition that Si can be represented
as a height field with respect to direction d. There are two cases in
which the accessibility test fails: overhangs and overlaps.

Overhangs (Figure 4 red) are parts of Si that violate the local
accessibility constraint and thus cannot be locally represented as a
height field. Overhang violations can be easily checked by testing
the following necessary condition. The outwards normal n f of any

face f ∈ Si must satisfy

n f ·d ≥ 0, ∀ f ∈ Si.

Overlaps (Figure 4 blue) can be formally defined as pairs of faces
fi, f j ∈ Si such that, applying the projection Pd = I − ddT , the in-
tersection is not empty. This implies that parts of Si overlap along
its prescribed extraction direction d, making the extraction impos-
sible. We can verify the overlap condition by checking

Pd fi ∩Pd f j = ∅, ∀ fi, f j ∈ Si.

In general, testing for global (ray-) accessibility ensures that both
of these problems, generally referred to as undercuts, are detected.
When casting a ray along the direction d, any front-face intersec-
tion defines a part in an overhang, while any back-face intersection
detects the presence of an overlap. This is the main reason why

Figure 4: A schema showing the undercut constraints that need to
be addressed when designing a mold. The overhang constraint (in
red) is a local constraint requiring that the normals of all faces
extracted along direction d must lie in the same hemisphere as d.
The overlap constraint (in blue) is a global constraint that requires
that the projections along direction d of any pair of faces will have
no intersections.
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many state-of-the-art methods [KBM06,LQ14,AMG∗18] use GPU
rendering or ray-casting to evaluate parting directions, as they ex-
ploit the massively parallel nature of the problem.

Figure 5: Vertical walls can create excessive friction during the
mold extraction phase. Ensuring a small slope angle θ between the
extraction direction and the vertical surfaces of the cast part makes
the ejection easier.

In practice, during part and mold design, we can also impose a
further constraint to avoid vertical walls aligned with the parting di-
rection. Mold design best practices suggest ensuring a small slope
angle, called draft angle, to reduce the friction that develops dur-
ing the sliding action of the mold pieces along vertical parts of the
object (Figure 5).

In the case of flexible molds, the elasticity of the mold material
allows for more degrees of freedom in the extraction path sequence,
as the mold pieces can stretch and deform during extraction. As
a consequence, the concepts of global accessibility and undercuts
presented above do not pose such an hard constraint as in the case
of rigid molds design. This widens the search space for valid flex-
ible mold decompositions. To cope with this less constrained de-
sign space, approaches targeting the automatic design of flexible
molds rely either on physical simulations of the extraction pro-
cess [MPBC16] or on geometric heuristics [AMG∗18, AMG∗19]
to enforce the extractability of the mold from the cast object (Sec-
tion 5 provides a detailed discussion of such approaches).

4. Rigid mold design

Generating rigid molds is a complex design problem characterized
by hard geometric constraints that must be satisfied to ensure the
feasibility of the casting process. In general, given an input shape,
the following properties define the minimum necessary conditions
for a valid mold design:

(C1) Surface partitioning: each portion of the cast object surface
must correspond to one mold piece;

(C2) Mold (dis)assemblability: each mold component must ad-
mit an assembly and disassembly path. This property considers
both the geometry of the cast surface and the configuration of the
mold pieces participating in the assembly.

These two properties, while very general, already characterize
the main challenges and solution methodologies for the state-of-
the-art in rigid molds generation.

The first condition (C1) refers to the fact that generating a rigid
mold assembly requires the definition of a surface partitioning such
that each part is associated with its relative mold piece. This con-
cept of surface decomposition is shared (to the best of our knowl-
edge) by all the previous works from the state-of-the-art and offers

a link between rigid molds design and the long-standing literature
about surface segmentation and object decomposition.

The second condition (C2) encompasses a whole new set of
problems peculiar to molding: each mold component must be de-
tachable from the cast object, and the mold must globally admit
an assembly and disassembly sequence. In general, enforcing the
existence of a (dis)assembly sequence, as well as a cast detach-
ment path, is not trivial. In particular, the study of rigid parts as-
semblies and their design is currently an active and open research
topic, as demonstrated by the rich analysis and discussion provided
in the survey from Wang et al. [WSP21]. Moreover, the verifica-
tion or planning of a valid mold detachment path is a very complex
geometric problem when considered in its general form. In fact,
complex molds may require the use of non-linear and articulated
extraction paths that are difficult to model and optimize, especially
when the search space is limited by other constraints (Figure 6).
An example of a design that would re-
quire defining non-linear extraction paths
is given by objects with inner threaded cav-
ities.

In general, as mentioned in Section 3,
methods for rigid mold generation often
use a less general definition of the con-
straint in (C2), restricting the space of ex-
traction paths to simple linear paths. When
considering the generation of rigid molds in which only linear ex-
traction processes are admitted, the constraint (C2) can be made
stronger and split into two:

(C2.1) Height-fieldness: The portion of surface cast by a mold
component must satisfy the height field constraint for a given
direction d. This implies that each mold component can be de-
tached from the cast following a linear translation along the di-
rection d.

(C2.2) Linear (dis)assembly: Each mold component must admit
a linear assembly sequence along its assigned direction d, with-
out intersecting either the cast or other mold components.

'

Figure 6: While the red highlighted area (left) would locally be a
height-field with respect to d′ (C2.1), there is no global mold de-
composition that would admit a linear assembly (C2.2). Allowing
for a piece-wise linear assembly sequence would make such de-
composition valid; at the cost of a greater computational and fab-
rication machinery complexity.

These two strengthened constraints, along with constraint (C1),
reduce the problem of generating a rigid mold for an input object to
finding an association between parts of the object and extraction di-
rections, satisfying at the same time the height field and assembla-

submitted to COMPUTER GRAPHICS Forum.



6 T. Alderighi et al. / State of the art in computational mould design

bility constraints. Moreover, reducing the space of extraction paths
to linear paths favors the use of the resulting molds in actual in-
dustrial applications. Indeed, designing a casting system for molds
with only linear assembly sequences requires much simpler ma-
chinery and thus reduces lead times and production costs.

In the following, we will provide a comprehensive overview of
the leading research contributions that address rigid mold design
problems. In particular, we will first discuss some of the early
works that introduced the foundational concepts and methodolo-
gies that established the base for all subsequent research on mold
generation. Then, the discussion will proceed by categorizing the
main contributions based on their target rigid mold technologies.
Finally, within each of these categories, we will detail the various
contributions and methodologies described in the state-of-the-art
to provide the reader with a complete view of the available tools
and techniques to tackle existing and novel design challenges in
the field.

The first important step towards developing a scientific and
systematic approach to mold design is to define the criteria that
should drive the decision-making behind the design process. Ravi
and Srinivasan [RS90] proposed a list of nine decision criteria
for optimizing mold design, including the minimization of under-
cut areas, parting line flatness, parts draft, mold draw, and so on.
The decision criteria are formalized to be implemented in algo-
rithms to automate the optimization and assessment of mold de-
sign. Early works by Hui et al. [HT92, Hui97] posed the basis for
the definition of automatic algorithms for mold design. In their
works, the authors formalize the concept of local and global ac-
cessibility of a surface with regard to a direction and describe
heuristic search strategies to determine a set of extraction direc-
tions and parting surfaces for relatively simple objects. Early ap-
proaches [CCW93, NFF∗97, FFN99, ZZL10] relied on algorithms
for the detection of potential undercut features on the target shape
to guide the search for the optimal mold parting directions. Unfor-
tunately, such algorithms were mainly tailored to simple shapes and
representations such as NURBS and B-Reps and do not perform
well with free-form geometries. Later, Khardekar et al. [KBM06]
proposed a GPU-based algorithm to display and analyze undercuts
by rendering the model from a wide set of potential casting direc-
tions. The efficiency of the proposed algorithm allows real-time un-
dercut and draft analysis for simple shapes. However, the running
times reported by the authors for the detection of undercut-free di-
rections can get in the order of minutes for shapes of medium com-
plexity.

Another important aspect of mold generation is optimizing
the parting line that separates the different mold regions. Li et
al. [LML09] proposed an approach for the optimization of parting
lines, given an input parting direction, for two-piece molds (Fig-
ure 7). The proposed algorithm defines a triangle band within which
the parting line must lie, analyzing the surface accessibility for the
input parting direction. The triangle band is then used to derive a
skeleton that drives the topological optimization of the parting line.
Afterward, the parting line is further refined to ensure its smooth-
ness. Finally, the authors propose a surface deformation strategy to
remove small undercuts (red area in Figure 7, left) resulting from
the parting direction choice. The algorithm iteratively updates the

Figure 7: The parting line optimization method proposed by Li
et al. [LML09]. Given a parting direction (and its opposite), the
method starts by identifying the set of triangles accessible from
both directions (yellow band). The initial parting line topology is
defined from the skeleton of the accessible triangles band (red poly-
line). Finally, the parting line is smoothed and its topology simpli-
fied to partition the object in two parts (green polyline).

positions of the vertices of undercut triangles to force them to as-
sume feasible normals.

4.1. Two-piece molds

The generation of two-piece rigid molds is a very challenging and
interesting problem, both from the computational geometry and the
industrial point of view. Two-piece rigid molds are a standard ap-
proach for mass production facilities, in which fabrication machin-
ery such as plastic injection molding machines are designed to sup-
port mainly this kind of operation. The problem of defining a two-
piece rigid mold for an arbitrarily complex object can be seen as a
decomposition problem in which the output parts must satisfy the
double-height field constraint. A shape is called a double-height
field when it is possible to partition it into two connected parts,
such that both are height fields, one with respect to a direction d
and the other to its opposite −d.

Chakraborty et al. [CR09] proposed one of the first com-
pletely automatic approaches for the generation of two-piece rigid
molds. The method builds on previous works on parting direc-
tion analysis [CCW93,FFN99,NFF∗97] and parting line optimiza-
tion [FNF02]. The proposed algorithm starts by sampling a set of
candidate parting directions, driven by the non-convex features of
the shape. Then, for each direction, it evaluates the induced parting
lines and selects the one that maximizes the parting line flatness
and minimizes the presence of undercuts as the best parting direc-
tion. If some undercut persists after selecting the optimal parting
direction, the method allows the definition of side cores. Side cores
are special moving parts within a mold piece that can be indepen-
dently extracted along a dedicated direction. However, the authors
do not detail the generation of side cores and their implication for
global mold assemblability. Finally, the method is not suited for
complex free-form shapes, for which it is often impossible to define
a double-height field partitioning without decomposing the object
into multiple parts.

Babaei et al. proposed FabSquare [BRL∗17], an interactive tool
for designing two-piece molds for injection molding of UV curing
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Figure 8: Nakashima et al. [NAI∗18] propose an interactive
method for the generation of two-piece molds for thin-shell objects.
The decomposition shown on the left is generated by the solver, in-
tegrating user defined constraints (left). The method then generates
a two-piece mold for each part (middle). Finally, the parts can be
assembled together to form the target shape (right).

resins. In their work the authors analyze and evaluate the fabrica-
tion pipeline, testing different kinds of materials. They propose a
CAD-like editor for mold design, which allows the user to automat-
ically orient the target shape with respect to the parting direction,
maximizing the accessible surface area. However, when undercuts
are still present on the model after this optimization, the editor only
alerts the user that the mold is not valid, making the method suit-
able only for shapes of limited complexity or specifically designed
with the accessibility constraints in mind.

In CoreCavity [NAI∗18], the authors propose an interactive tool
for the decomposition of thin-shell objects into parts that can be
independently created using a two-piece mold (Figure 8). The tool
consists of an automatic algorithm for the decomposition of the ob-
ject into a small number of parts that can be cast using two-piece
rigid molds and an interface for user interaction that allows the de-
signer to guide the decomposition solver towards better solutions
with respect to aesthetics and number of parts. The decomposition
produced by CoreCavity is based on a modified version of vari-
ational shape approximation (VSA) [CSAD04], which takes into
account a moldability criterion. The output of this algorithm is a
set of as moldable as possible regions that partition the entire ob-
ject. The next step of the algorithm is the computation of parting
lines for each of the object parts. The authors propose an approach
based on graph cut [BVZ01, DOIB12], inspired by the method of
Herholz et al. [HMA15] for approximated height field decomposi-
tion. One important thing to note here is that these methods allow
violations of the height field constraints in their decompositions to
accommodate the geometric complexity of free-form shapes. These
violations will be later repaired by modifying the object shape to re-
move existing undercuts using an ARAP [SA07] morphing scheme.

Stein et al. [SJG19] proposed another interactive tool for the cre-
ation of shapes that can be created using a two-piece mold with
a single planar cut. Given the very restrictive constraints of rigid
molding coupled with the requirement of having a single planar
cut, arbitrary shapes are commonly unfeasible under these assump-
tions. The authors focus then on shape design, providing the user
with a tool to deform and adapt a shape to the constraints imposed
by fabrication. In their method, the authors propose a ‘castability’
energy that quantifies how far the shape is from being castable us-
ing a two-piece mold, coupled with a gradient-based deformation

Figure 9: Pyramidality implies the double height field property
by definition. This makes pyramidal decompositions [HLZCO14]
valid as height field decompositions for the generation of two piece
molds.

scheme based on ARAP [SA07] that, similarly to previous works,
allows for mesh deformation [HMA15,NAI∗18,MLS∗18]. Further-
more, the authors present a tool that allows the user to control the
output design by specifying the cutting plane parameters and even-
tually constraining the gradient-based optimization. The authors
demonstrate the efficacy of their design tool on relatively simple
shapes. However, the method suffers from severe limitations. It can
fail on shapes that feature very high violations of the moldability
conditions. Since the method relies on a single planar cut for the
generated mold, it cannot handle shapes with complex topologies,
such as knots.

While practical advantages and immediate application to most
industrial contexts are obvious, two-piece molds cannot be applied
directly to fabricating complex shapes. In general, two-piece rigid
molding is a highly constrained process, and usually the target
shape is designed to comply with the constraint of the manufac-
turing process. An alternative approach consists of decomposing
the target shape into several parts and arranging them in two-piece
molds. The final object is reassembled once each piece has been
cast. Similar to the work in Nakashima et al. [NAI∗18], Alderighi
et al. [AMB∗21] have recently explored this idea to assemble an
automatic pipeline to split a target shape into multiple parts that
are cast individually using two-piece rigid molds and then arranged
to form the target shape. Following this idea, to successfully cast
the different components, each part should be represented as a dou-
ble height field for a specified casting direction (and its opposite).
The authors propose an algorithm that uses a graph cut approach
to derive a volumetric decomposition guaranteeing that each part
is castable using a two-piece mold, and the whole object can be
assembled afterward.

4.2. Other height field decompositions

Given the importance of height field decomposition as a tool for
many computational and fabrication applications, several works
that do not explicitly address molding can be considered part of
this state-of-the-art.

Among these, the works from Hu et al. [HLZCO14] on ap-
proximate pyramidal shape decomposition and from Muntoni et
al. [MLS∗18] on axis-aligned height field decomposition for sub-
tractive manufacturing could be directly applied to the design
of single-piece and two-piece rigid molds, respectively. The first
method proposes an algorithm for the decomposition of an object
in parts that are pyramidal. A shape is defined as pyramidal if it
has a flat base, and the rest of its surface can be represented as
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a height field with respect to a direction orthogonal to the base
(Figure 9). It is straightforward to see how pyramidality implies
the double-height field property and thus the fabricability of parts
using two-piece molds. Furthermore, the existence of a flat base
enables the manufacturing using a single-piece rigid mold. How-
ever, optimizing for exact pyramidal decomposition is proved to be
NP-Hard [FM01]. The solution proposed by the authors outputs ap-
proximated pyramidal parts, in which the height field constraint can
admit limited violations. Muntoni et al. [MLS∗18] later proposed a
method for the decomposition of a shape in parts that are also pyra-
midal but can control the number of constraint violations tolerated
in the solution. Their method searches for a decomposition of the
volume using non-overlapping axis-aligned pyramidal blocks. The
method optimizes for a minimal covering of the surface starting
from a dense set of height field blocks. It solves an integer linear
problem and finally fixes possible overlaps between blocks.

While these methods can be directly applied to the generation of
two-piece rigid molds, the problem they solve is over-constrained
with respect to the problem of finding a valid double-height field
decomposition. This results in solutions with a high number of
parts, making them less amenable for practical use in molding.

Despite solving a different practical problem, the approach of Ja-
cobson [Jac17] tackles a similar class of problem. This paper gen-
eralizes the nesting of solid objects in the style of Matryoshka dolls.
The method optimizes the placement of nested objects, ensuring the
extractability of each internal copy without colliding with the exter-
nal copy. Similar to other methods, the computational Matryoshka
uses a GPU-accelerated evaluation of height field visibility.

4.3. Multi-piece molds

Multi-piece molding refers to the use of complex molds for casting
where the mold enclosure is composed of multiple (namely more
than two) pieces, each one having an associated extraction direc-
tion. The use of multiple mold pieces, and their respective part-
ing directions, makes it possible to generate valid molds for com-
plex shapes that would otherwise require decomposition in multi-
ple two-piece moldable parts. However, designing such molds is a
complex and time-consuming task that requires highly specialized
expertise. While most works in the mold design literature focus
on two-piece molding, a few contributions study the automation of
multi-piece mold design.

Priyadarshi et al. [PG04] proposed the first complete approach
for the automatic design of multi-piece permanent molds. The
method they describe builds on a global accessibility test to define
facet accessibility with respect to a direction d. Once the accessibil-
ity information is computed, the algorithm collects the connected
feasible regions for each direction. These will define the candidate
mold pieces. The search for (near-)optimal mold decompositions is
driven by an algorithm that mixes a greedy incremental approach
and a branch-and-bound exhaustive search to look for better results.
The greedy approach is used to obtain a baseline solution. At each
step, the mold piece with the biggest uncovered area is chosen un-
til a surface covering is reached. The algorithm then explores the
solution tree looking for better results, reverting to the greedy so-
lution if the branch-and-bound search does not converge within a

Figure 10: An example demonstrating the multi-piece molds gen-
eration algorithm from Herholz et al. [HMA15]. From left to right:
the output of the method when no undercut constraint violations are
allowed, the regularized output with surface deformation, the resin
cast, and the mold pieces.

user-selected time budget. Finally, the authors describe the auto-
matic generation of the parting surfaces and mold. Similarly, Lin
et al. [LQ14] proposed an algorithm for the automatic design of
multi-piece permanent molds. The algorithm heuristically selects a
small set of candidate directions driven by surface normals and ob-
ject features (available from the CAD design). The method defines
a global ray accessibility test for mold pieces evaluation. For under-
cuts that are not accessible from any of these directions, they pro-
pose a local accessibility estimation based on V-Maps [GWT94].
The authors then present a set of heuristic criteria for extracting a
minimal number of mold pieces to cover the surface, optimizing
the number of mold pieces and fabricability metrics.

While the methods cited above presented valuable advancements
in permanent mold design, they still suffer from some significant
limitations, especially when considering their application to free-
form shapes that were not explicitly designed for being manufac-
tured using molding techniques. Both methods rely on the assump-
tion that parts are relatively simple or characterized by well-defined
features for which it is easy to derive valid parting directions. More-
over, both methods were designed and tested only on small faceted
models, with support for NURBS free-form surfaces, but not for
complex free-form meshes with large triangle counts and complex
topological and geometrical features.

In general, the combinatorial nature of the problem makes it dif-
ficult to design effective and efficient algorithms based on simple
geometric reasoning and heuristics. Therefore modern approaches
targeting complex shapes mainly rely on energy minimization or
combinatorial optimization approaches that allow for an efficient
exploration of the solution space.

An example of this is the work by Herholz et al. [HMA15],
which presents a novel approach for the approximation of free-form
shapes with height fields applied to the automation of multi-piece
mold design. The authors propose a method to automatically se-
lect the optimal parting directions and parting lines layout solv-
ing an energy minimization problem. The problem is expressed as
a multi-labeling problem using the graph cut optimization frame-
work, in which labels represent parting directions and the graph
nodes represent the mesh faces. The optimized energy function pe-
nalizes solutions over the parting lines length and number of la-
bels being used, while enforcing moldability constraints in a hard
way. To keep the resulting mold complexity low, the method allows
some violations in the height field constraint during the accessibil-
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Figure 11: StackMold [VLAR19] describes an interactive system
for the design of multi-stage sacrificial molds based on the concept
of shape deposition manufacturing.

ity evaluation for each direction. Finally, possible height field con-
straint violations are fixed following an ARAP [SA07] deformation
scheme. While the approach can handle free-form shapes which
would fail with previous methods, it might produce highly frag-
mented molds that are not usable in practice. Moreover, due to the
limits imposed by the height field constraints, the method could re-
quire significant shape deformations. Figure 10 shows an example
of the method output on a complex shape. The effects of undercut
constraints violations and of shape deformation are shown by the
two segmentations on the left. The first image from the left reports
the output of the method when no violations are tolerated, while
the second image shows the regularized solution whose surface has
been deformed to account for the undercuts violations.

4.4. Multi-stage molds

We use the term multi-stage molds to refer to a special kind of
multi-piece molds in which, additionally, a concept of the stage
is introduced. A stage refers to a single casting operation and mold
configuration. As the term implies, multi-stage molds feature multi-
ple casting operations performed at different times. The fabrication
process is then performed by either changing parts of the mold be-
tween one stage and the next, or by extracting the partial casting
and positioning it in a completely different mold [GL02].

This concept has been investigated in the preliminary work on
rotary-platen multi-shot molds by Li et al. [LG04]. In their paper,
the authors provide an algorithm for the automatic design of multi-
shot molds for two-materials objects, with limited support for un-
dercuts generation using side cores. While their proposed method is
only able to handle two-materials parts and has been demonstrated
only on simple mechanical shapes, the formulation proposed by the
authors and its algorithmic framework could pose a valuable start-
ing point for the development of a fully automatic pipeline gen-
eralizing to free-form and multi-materials objects. This fabrica-
tion technique is particularly interesting since, by design, it enables
the reproduction of objects utilizing multiple materials, varying in
color and mechanical properties. In addition, multi-stage molding
enables direct fabrication of complex articulated objects, avoiding
costly and error-prone manual assembly of parts by performing the
assembly implicitly, using distinct casting operations performed at
different stages of the mold [KKG02, PGG∗07, BLFG07, PG09].

More recently Valkeneers et al. [VLAR19] proposed StackMold,
an interactive system for designing multi-stage molds targeting

the fabrication of multi-material objects with embedded electron-
ics. The solution proposed by the authors is inspired by the con-
cepts of multi-stage molding and shape deposition manufacturing
(SDM) [MPR∗94]. SDM is a layered manufacturing process in
which the target shape and the geometry of its (usually sacrificial)
mold are partitioned into layers. The process enables building up
the object and its mold part by part. This allows the generation
of multi-material objects and also the embedding of parts, such as
electronics, in their final shape. In StackMold, the authors propose
an interactive solution for the design of multi-stage shape depo-
sition molds for which the sacrificial mold layers are fabricated
by laser cutting uniform thickness cardboard (Figure 11). Given
an input shape, the user can specify different material components
and parts embedding and, most importantly, must manually select
a casting orientation. The algorithm will subsequently decompose
the object and mold shape into uniform layers (orthogonal to the
casting direction) and optimize a mold stacking and material de-
position sequence to minimize the number of casting steps. This
optimization step is performed as a search defined on a tree data
structure that holds information about the ordering dependencies
between the slices of the shape and the mold layers. Having a fixed
casting direction, combined with the fact that the ordering depen-
dencies are induced by the material specifications and shape layer-
ing, allows the algorithm to efficiently explore the dependency tree
and find a feasible plan.

The automatic design of multi-stage molds for arbitrary shapes
remains a challenging open problem. All the contributions pre-
sented above exploit specific assumptions to strongly limit the so-
lution space and render the problem more ‘tractable’ from an opti-
mization point of view. The high complexity behind multi-stage
mold design comes from the need to simultaneously tackle the
problems of finding an optimal molding decomposition of an ob-
ject and optimizing the assembly sequence of the object and multi-
stage mold parts. These problems are still considered open research
topics and are commonly being investigated separately. Wang et
al. [WSP21] presented an in-depth analysis of the computational
design of assemblies with rigid parts; however combining the as-
semblability and moldability problems in a single optimization
framework still needs further investigation.

The potentialities of multi-stage molding, coupled with the in-
herent research challenges that it raises, make it a promising topic
for future research in the generation of complex molds.

5. Flexible molds design

Flexible molds are a fabrication technology commonly used in non-
industrial contexts, such as cinema prop-making, culinary art, cus-
tom jewelry, and sculpting. The use of flexible molds is particularly
effective for reproducing shapes with complex geometric features,
such as high-frequency surface details that are difficult to capture
using height field segmentation (the main requirement for rigid
mold design). However, the advantages of using a flexible mold
come with increased complexity associated with the handling of
the mold during the extraction and assembly processes. This makes
flexible molds less suited for mass production manufacturing pro-
cesses, in which adapting automated manufacturing machinery to
handle soft, deformable molds would be unpractical. For these rea-
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Figure 12: FlexMolds [MPBC16] presents an automatic method
for the generation of flexible molds defined as a thin layer of elas-
tic material. The method automatically optimizes the cut layout re-
quired to open the mold and release the cast, based on a physically-
based simulation of the extraction process.

sons, flexible molds are commonly used for artisanal and small vol-
ume manufacturing. Arguably, these details made flexible molding
a less developed research field for the engineering research com-
munity, leading to scarcity of scientific literature on the topic. It is
only recently that flexible molds design has gained some interest
from the computational manufacturing research community.

The most important advantage of using flexible molds is the fact
that the elastic behavior of the mold allows the relaxation of the
height field constraint (Section 4 C2.1). This makes the technique
robust for input shapes with very complex geometry, but also makes
the solution space larger with respect to rigid molds. Consequently,
there is a need for novel computational approaches that can effi-
ciently and effectively ‘navigate’ this large design space.

The first contribution that advanced an original solution to
the automatic computational design of flexible molds is Flex-
Molds [MPBC16]. In this work, the authors proposed an algorithm
for the automatic design of single-piece, thin, flexible molds whose
cut design is driven by a physically-based simulation of the ex-
traction process. The novelty of the method comes both from the
manufacturing process and the mold design algorithm. From the
manufacturing standpoint, the key idea is to use a single-piece mold
made of a thin layer of flexible material that has the shape of the
desired cast. This mold can be opened using a set of cuts in the ma-
terial whose geometry is automatically optimized by the proposed
algorithm. The cut layout optimization algorithm works in a greedy
bottom-up manner. It starts from a dense cut layout defined as a
quadrilateral patching of the object surface (Figure 12, left). The
assumption is that such a dense cut layout defines an extractable
mold. Each patch represents a separate mold piece that can be ex-
tracted individually, leveraging the thin-shell nature of the mold.
The rationale is then to close one cut at a time from this layout
iteratively. The choice of the cut to close is guided by a physically-
based simulation of the extraction process that applies a set of out-
ward forces to the elements of the thin-shell geometry and verifies
that for the given cut layout, there exists an extraction path in a
finite time. Such simulation is also used to approximate the strain
imposed on the mold geometry by the detaching process. The final
optimized cut layout (Figure 12, middle) defines the set of cuts in
the mold (Figure 12, right).

Figure 13: Alderighi et al. [AMG∗19] propose an algorithm for the
automatic generation of flexible, composite molds, in which the soft
silicone part is supported by a hard plastic shell. The approach is
based on a volumetric analysis of the mold surrounding the object
to automatically generate the set of cuts needed to safely extract
the cast object. On the left, the cut layout is composed of a set of
internal cuts (red surfaces) and a parting surface (blue surface)
separating the mold in the two pieces. On the right, the generated
mold with one of the pieces opened to highlight the cut layout.

Although this method can handle complex shapes, it also has
some drawbacks, mainly related to its manufacturing process. First,
the cuts in the thin-shell need to be manually sealed using silicone
or similar means, making the molds prone to cast material leakage.
Moreover, due to the thin-shell nature of the molds, large defor-
mations can occur when casting large objects, for which the effect
of the pressure of the casting material would not be negligible. Fi-
nally, the physical simulation that drives the optimization algorithm
relies heavily on the thin-shell nature of the mold to avoid having to
handle complex contact behavior and friction between mold pieces.
These limitations would make it hard to adapt such a solution to the
general case of molds made of a thick layer of material.

More recently, to overcome such limitations, Alderighi et
al. [AMG∗18] proposed a novel algorithm for the automatic gen-
eration of multi-piece silicone molds. Silicone molds mitigate the
leakage and deformation problems from FlexMolds thanks to the
use of thick mold parts that are sealed by the adhesion of large
parting surfaces. The algorithm proposed by the authors enables the
fabrication of multi-piece molds by casting silicone into 3D printed
containers called Metamolds. The number of mold pieces, the ge-
ometry of the metamolds, and thus the parting surfaces needed to
open the mold, are automatically defined. Metamolds work by solv-
ing a surface segmentation problem, similar to the one proposed
for rigid mold design [HMA15, NAI∗18]. The algorithm is based
on surface visibility and a novel moldability score that reflects how
difficult it would be to detach a flexible mold piece along a direc-
tion from the object’s surface. The output surface decomposition
associates a mold piece and an extraction direction to every surface
element. An interesting novelty of the method is the introduction of
the concept of cut membranes to handle topological features. Cut
membranes are thin membranes in the 3D printed metamold geom-
etry that will then become cuts in the silicone mold, allowing the
extraction of parts that feature topological handles.

The concept of adding cut membranes in the metamold ge-
ometry, to define the cuts necessary to open the silicone mold
and release the cast object, was further developed by Alderighi et
al. [AMG∗19] who proposed an algorithm for the automatic design

submitted to COMPUTER GRAPHICS Forum.



T. Alderighi et al. / State of the art in computational mould design 11

of two-piece flexible molds (Figure 13). In this work, the authors
propose a method for the volumetric analysis of the mold surround-
ing the cast object. The volumetric analysis is based on the concept
of escape paths: a geometric approximation of the shortest path that
a volume element would follow when pulled away from the cast ob-
ject during mold extraction. The algorithm computes escape paths
as shortest paths computed on the graph of the edges of a volu-
metric tessellation of the mold volume, connecting interior vertices
of the tessellation to its external boundary. Given the set of escape
paths, the proposed volumetric analysis then automatically deter-
mines the geometry of the cut membrane layout needed to open
the mold (Figure 13, left). For each pair of adjacent vertices of the
volumetric tessellation, a cut membrane should separate these ver-
tices if their escape paths reach the external boundary passing on
different sides of a portion of the cast object.

The simple geometric formulation provided by Alderighi et
al. [AMG∗19] allows to robustly generate a valid mold internal cut
layout. This method is effective for objects with complex topolog-
ical and geometrical features on which the previous state of the art
would fail.

Figure 14: Zhang et al. [ZFS∗19] propose a method for the au-
tomatic generation of fabric formworks for free-form shapes. The
method optimizes the fabric patterns that, once sewn together, will
form the flexible formwork for the target shape.

6. Alternative Molds

This section presents a brief outline of recent works on the com-
putational design of concrete formworks and thermoforming pro-
cesses. While not directly related to the previously discussed tech-
niques, these are two common and industrially relevant fabrication
techniques that leverage the use of molds.

6.1. Formworks

Formworks are a particular kind of mold used in architectural fab-
rication for casting concrete to create medium and large-sized el-
ements such as slabs, pillars, and thin concrete shells. Given the
impact of formworks on the design and resources cost in construc-
tion (representing up to 80% of the total costs of complex concrete
elements), considerable research has been devoted to the applica-
tion of digital fabrication processes and computational design in
this context [JD21]. Some research contributions investigate the
use of 3D printing of reduced impact materials, such as PVA and
PLA, to generate (sub)millimeter thickness formworks for complex
free-form elements [JBR∗17, BLFS∗20]. In Mesh-Mould [HL14],
the authors propose a lattice-like, robotically generated structure
that acts both as a formwork on which a viscous concrete mix is
sprayed or poured and, after curing, as a reinforcement structure for
the concrete panel. The industry further demonstrates the relevance
of these research efforts, in which digital fabrication is integrated

in complex formworks productions. Adapa [ada] industrializes the
flexible mold approach [Sch15], providing ‘easily’ reconfigurable
formworks for the fabrication of large doubly-curved concrete pan-
els. FreeFAB [fre] uses instead a digital fabrication pipeline, ex-
ploiting large-scale 3D printing and CNC milling, to fabricate large
formworks with complex designs out of reusable wax. These indus-
trial applications of recent developments in the digital fabrication
of formworks drastically reduce resource waste and lead times in
the fabrication of large concrete panels. This report focuses on the
computational design aspects involved in this process. In the case
of fabric formworks, the mold is composed of a set of fabric pan-
els that are sewn together and then filled with casting material. The
weight of the material under gravity and the sewn patterns in the
panels will take the formwork in the desired shape. In their work,
Zhang et al. [ZFS∗19] propose the first computational method to
automate the design of fabric formworks for casting 3D free-form
shapes (Figure 14). In particular, they propose a formulation to find
the optimal fabric panel design and casting directions as an inverse
design problem. The inverse problem is defined as an energy func-
tion minimization problem, in which the energy is computed as a
combination of a set of metrics penalizing the final shape deviation
and favoring formwork stability under suspension, and smoothness
of the fabric seams. The problem variables are the fabric panels’
shape, the casting direction, and the deformed target shape. The
minimization is subject to a set of constraints that model the phys-
ical process of casting in the resulting fabric formwork. In particu-
lar, the constraint requires the system (the fabric panels filled with
material under a given casting direction) to be in equilibrium. Equi-
librium is computed by simulating the effects of fluid pressure on
the fabric formwork. The method also accounts for the automatic
placement of external supports, such as rods and strings, to help the
fabric take the target shape. While the proposed process takes a first
step towards automating fabric formworks design, it also has sev-
eral limitations. Finding optimal solutions to the proposed inverse
problem is computationally expensive. Thus the authors targeted
only low-resolution meshes. The resolution not only affects the vi-
sual quality of the shape but, as reported by the authors, also hides
the occurrence of artifacts due to the fabric wrinkling under com-
pression (visible on the concrete reproduction in Figure 14, right).
Moreover, the model ignores the rigidity induced by seams in the
fabric leading to eventual discrepancies between the physical object
and the simulation.

6.2. Thermoforming

Thermoforming is a fabrication method in which a sheet of mate-
rial is heated to transition to a plastic state and then deformed to a
target shape using a mold. This method has extensive use in indus-
try for the production of low-cost everyday objects [Kle09]. While
significantly different, this method shares notable similarities with
geometric constraints in molding. As for rigid molding, this process
requires the modeled shape to be a height field. As the produced ob-
ject is composed of a thin layer of material, this production method
tolerates small deformations during the extraction process.

The correct transfer of color properties on the produced shape is
one of the major problems of this technique. Indeed, as the material
deforms from a flat sheet, the printed image is distorted by the man-
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ufacturing process. To alleviate this effect, methods proposed by
Zhang [ZTZ17], and by Schueller [SPG∗16] use physically-based
simulations to anticipate the introduced distortion in the flat image
and correct it so that each pixel will fall in the correct position once
deformed to the final 3D shape.

7. Industrial perspective

Molding has developed into the dominant industrial manufactur-
ing method for a wide variety of materials and products such as
metal die casting or plastics injection molding, to name prominent
examples. At the same time, an ever-increasing specialization has
taken place that adapted this process to new materials, new product
shapes, or increased production speeds and volumes. This makes it
impractical to give an exhaustive overview of all methods in current
use; we will focus on the most industrially relevant examples. For
a comprehensive listing, refer to the handbook by Bralla [Bra99].

A fundamental trade-off in molding exists between production
efficiency (e.g., the rate at which parts can be fabricated with a
given mold) and other criteria, such as the geometric or material
complexity of the part. On one end of the spectrum, where geomet-
ric freedom and large part sizes are deciding factors, we find sacrifi-
cial molds, which are destroyed after a single use, (see Section 1.1)
or formworks, which require elaborate assembly and disassembly
after each use (see Section 6).

On the other end of the spectrum, where high production rates
are paramount, we find permanent reusable molds used for the
creation of metal parts with die casting and plastic parts in injec-
tion molding. While these techniques operate in repetitive cycles of
mold closing, mold filling, mold opening, and part ejection, simple
shapes with a uniform cross-sectional profile can be produced con-
tinuously using extrusion molding, where the material is pressed
through suitably shaped holes.

Apart from these core molding methodologies, a wide variety
of specialized variants exist. In the context of multi-stage molding
(see Section 4.4), we name n-k molding (e.g., 2k, 4k, ...), where
successive cavities are used to add n different material components
to the same part, and blow molding, where a molded part is in-
flated through gas injection to achieve thin-walled products, such
as containers and bottles. Sheet materials can be shaped by forcing
them to conform to a mold, which is the case of thermoforming (see
Section 6.2) and vacuum forming in the case of plastics and deep
drawing and hydroforming for metals.

In its current form, industrial mold design relies heavily on per-
sonal experience and expertise to navigate the challenges and com-
plexities of these methods. While cavity design is a central ele-
ment in any of the aforementioned production methods, a variety
of other design aspects need to be taken into account—and might
become dominant—especially for large series production: (i) de-
sign for manufacturability of the product; (ii) material selection
based on material characterization and rheology simulation; (iii) fill
channel, heating and cooling system design based on flow and ther-
mal simulations; (iv) ejection design and integration with molding
and automation machinery; and (v) machine parameter setup based
on the previous steps. Further mold design aspects, that might be

taken into account are durability under long-term use, ease of main-
tenance and repair, ease of monitoring, and purely practical con-
straints, such as the capabilities of existing molding machines or
the available space during transit or installation.

7.1. Showcasing injection molding

While injection molding constitutes one of the most important man-
ufacturing methods for plastic products—with its corresponding
market size on the order of 300 billion euros [FBI20]—it can also
be used for the production of metal parts by injecting metal powder
with binder material and subsequent debinding and sintering. The
value chain for injection molding can be divided into three ma-
jor stages—product design, mold making, and production—which
are generally performed by different actors and companies. Prod-
uct design is usually the domain of the eventual provider of the fi-
nal product, who is aware of its design constraints and performance
requirements [Mal10]. Mold makers are responsible for designing
and fabricating suitable molds and molding tools, which are then
used by contract manufacturers in conjunction with injection mold-
ing machines for series production. Important secondary players in
this process are the providers of CAD, CAE, and CAM software
tools for the creation and validation of product and mold designs,
CNC machine manufacturers for the mold making, injection mold-
ing machine manufacturers for series production, and suppliers of
raw materials (e.g., metal powders, polymers, etc.). It should be
noted that the three stages are seldom executed in a sequential fash-
ion and, depending on part complexity, multiple iterations might
be necessary [KB18]: initial product designs that are inadequately
tailored to mold-based manufacturing might require costly side ac-
tions or multi-stage production.

Looking at the mold making phase in detail—itself a market with
an annual global production value of 30 billion euros [BSK∗18]—
the usual process is: (i) fill simulation, which determines the pa-
rameters for the injection process, gate locations for the material
injection into the cavities, as well as cooling and heating require-
ments, (ii) mold design, which defines the shape and requirements
for all parts of the molding tool, (iii) mold fabrication design, which
converts the mold designs into machine instructions for the ma-
chinery used in mold making (e.g., CNC mills, electrical discharge
machines, metal 3D printers) and post-processing (e.g., polishing,
etching), (iv) mold fabrication, (v) tool assembly, (vi) inspection
and production tests [Kaz16].

Computational mold design, as discussed in this report, mainly
addresses challenges in process step (ii), namely the creation of
cavity geometry. In industry, such mold design tasks are part of
the larger tool design, which is generally performed by experts us-
ing CAD tools, ranging from general purpose CAD solutions (e.g.,
Dassault Systèmes Solidwork) to specialized mold-specific tools
(e.g., 3D Systems Cimatron: Mold, Hexagon VISI Mold) to full-
fledged product lifecycle management systems (e.g. Siemens NX,
Dassault Systèmes CATIA) and their mold design extensions (e.g.,
NX Mold Wizard, CATIA Mold and Tooling). Depending on the
tool complexity, such design tasks can range from several person
hours—for simple two-piece molding tools, whose mold making
costs start at 2k euros—to several person weeks—for high-end
tools that can cost several 100k euros.
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Table 1: Overview of the methods described in this state-of-the-art report.
*: The method allows for the addition of side cores to handle simple undercuts.

Paper Shape
Deformation
✦ Yes ✧ No

✦ Automatic
✧ Supervised

Object
Parts
(#)

Mold
Pieces

(#)

Mold
Handling

Shape
Complexity

R
ig

id

Tw
o-

Pi
ec

e

[CR09] ✧ ✦ 1 2* easy ★

[BRL∗17] ✧ ✦ 1 2 easy ★

[NAI∗18] ✦ ✧ ≥ 1 2 easy ★★

[SJG19] ✦ ✧ 1 2 easy ★

[AMB∗21] ✧ ✦ ≥ 1 2 easy ★★★

M
ul

ti-
Pi

ec
e [PG04] ✧ ✦ 1 ≥ 2 medium ★

[LQ14] ✧ ✦ 1 ≥ 2 medium ★

[HMA15] ✦ ✦ 1 ≥ 2 medium ★★

M
ul

ti-
St

ag
e

[KKG02] ✧ ✦ ≥ 1 ≥ 2 complex ★★

[PGG∗07] ✧ ✦ ≥ 1 ≥ 2 complex ★★

[PG09] ✧ ✦ ≥ 1 ≥ 2 complex ★★★

[VLAR19] ✧ ✦ ≥ 1 ≥ 2 complex ★★

Fl
ex

ib
le

[MPBC16] ✧ ✦ 1 1 complex ★★★

[AMG∗18] ✧ ✦ 1 ≥ 2 medium ★★★

[ZFS∗19] ✦ ✦ 1 ≥ 2 complex ★★

[AMG∗19] ✧ ✦ 1 2 medium ★★★★

Such manual effort would benefit from automated mold design
tools, and recent research efforts provided preliminary results for a
variety of challenges: parting direction identification [YM18], part-
ing line generation [HHZL21], and side-action design [HPH∗21].
Comprehensive automated tool design is still an open problem of-
fering a wide variety of research avenues, such as parting surface
design, interlock design to prevent lateral movement, channel and
gate design, selection of standard parts, cooling system design, and
many more. Treating these design aspects jointly to achieve optimal
cavity layout would constitute the subsequent major step.

Apart from these research questions focused on mold design it-
self, a tight integration with the preceding flow simulation methods
and succeeding CAM design [SMGMFL18] presents research op-
portunities that allow designing according to optimality criteria that
take production process parameters and mold fabrication effort into
account.

Taking more advanced molding processes into account, such as

the aforementioned blow molding or multi-component injection
molding, add novel simulation and geometric challenges.

8. Conclusions

Molding as a manufacturing technique has been extremely popu-
lar because of its effectiveness, scalability, and versatility in em-
ployed materials. Despite advancements described in this survey,
designing high-quality molds is still highly challenging due to the
many criteria to take into account. These include the geometry of
the cast object, the choice of parting lines and directions, the layout
of gates, runners, and sprues, the employed casting material, and
other manufacturing parameters that influence the performance of
a mold.

In this report, we focused on automatic methods for mold de-
sign, with contributions from a geometric perspective. Table 1 pro-
vides an overview of the described methods, classified according
to the molding technique they address (two-piece, multi-piece rigid
molds, multi-stage molds, and flexible molds). Each row shows a
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single research paper, and the columns summarize the main char-
acteristics of the proposed mold design technique. The last two
columns of the table report two qualitative measures describing the
complexity of the generated molds, their handling, and the com-
plexity of the manufactured shapes. Shape complexity, in particular,
measures the complexity of the topological and geometric details of
the results shown in the respective research papers. We expressed
it as a relative measure to highlight a ranking between the cited
approaches.

The last two columns show a correlation between the complexity
of the designed molds and the complexity of the manufacturable
shapes using the respective mold design approach. However, the
methods proposed by Nakashima et al. [NAI∗18], and Alderighi
et al. [AMB∗21] appear as outliers in this trend. In fact, these two
methods exploit the decomposition of the input shapes into mul-
tiple parts for which it is possible to define valid two-piece rigid
molds. This approach allows the fabrication of complex shapes that
would otherwise be impossible to reproduce using two-piece or
multi-piece rigid molds. However, this design choice comes with
the disadvantage of requiring an assembly process of the object as
a post-processing step. This assembly step can be detrimental to
both manufacturing efficiency and final assembly robustness.

The table also reports works from the multi-stage category as
methods in which the object is composed of multiple parts. How-
ever, in these cases, the parts assembly phase is part of the molding
strategy in which different stages often correspond to different ma-
terials or different parts of the assembly. In this way, the actual as-
sembly process is implicitly handled by the molding process itself,
which, as a consequence, can become particularly complex.

Another interesting detail that is evident from Table 1 is the fo-
cus, for nearly every approach reported, on the automation of the
mold design process. While mold design automation is undoubt-
edly an exciting research challenge, we also believe that integrat-
ing user interaction in the computational mold design process could
have an even more significant impact. The complexity of the de-
sign process and the variety of quantitative and qualitative fac-
tors impacting the quality of a mold make interactive design tools
particularly interesting. Among the works listed in the table, only
two [NAI∗18, SJG19] allow direct user control over the aesthetics
and design choices of the mold generation process.

As an outlook, we believe the following directions will be both
highly relevant in practice and also pose interesting research chal-
lenges:

Automatize Most state-of-the-art methods for automatic mold de-
sign target hobbyists and limited scale production. However, we
believe that there are exciting opportunities for some of the pre-
sented technologies to evolve into tools for large-scale industrial
scenarios.

User-Interaction Current automatic mold design algorithms usu-
ally require long processing times, and they are still far from sup-
porting interactive optimization. However, computational design
contexts demand tools to explore the space of feasible molds in a
semi-interactive way to understand the implications of different
design decisions.

Bridging different representations While current tools for injec-
tion molding design are almost exclusively CAD-based, the

new generation of computational design tools should inte-
grate processing with alternative representations, such as those
coming from scanning-based reverse engineering or topology
optimization-based generative design methods. Integrating these
formats with existing and novel design methodologies poses fur-
ther research challenges.

Integrate A plethora of aspects might influence the performance
of a mold, such as cavity and parting line design, interlock de-
sign to prevent lateral movement, channel and gate design, selec-
tion of standard parts, cooling system design, and many more. A
modular, collaborative platform that allows integrating various
simulation tools and makes them ‘differentiable’ or otherwise
suited for more automatic design would be appealing.

Design for manufacturability As a long-term vision, we believe
that modern product design tools should integrate manufactura-
bility into the loop. This would allow the product designer to
make informed judgments regarding product features, tooling
feasibility, and cost. Alternatively, tool design considerations can
be used in automated product design [WXM∗20].

A public dataset Mold design is a significantly expensive phase
of product design. Hence, most industries do not distribute the
geometry and design of the molds used. However, this would
represent an invaluable dataset that can be used to assess algo-
rithms or to train algorithms.
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