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Interlocking assemblies are assemblies where all the parts, except a key part, are immobilized relative to
one another, preventing the whole assembly from falling apart under external forces. Starting from the
key part, interlocking assemblies can be repeatedly disassembled and re-assembled, facilitating reuse
of the parts. Due to advantages in structural stability and disassemblability, interlocking assemblies have
been used in a variety of applications, including puzzles, 3D printing, furniture, and architecture.
However, designing interlocking assemblies is a highly challenging task because of the global nature of
the interlocking property. To address this challenge, a number of computational methods and tools have
been developed in the last decade, mainly by the computer graphics community, for designing and fab-
ricating personalized interlocking assemblies with various geometric forms. The design problem is typ-
ically formulated as a shape decomposition, joint planning, or 3D tiling problem, according to the user
provided input. In this paper, we review these problem formulations, classify the state-of-the-art compu-
tational design methods, and propose possible directions for future research.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of The International Confer-
ence on Additive Manufacturing for a Better World.
1. Introduction

3D assemblies refer to objects that combine multiple compo-
nent parts into a structure with a specific form and/or functional-
ity. Connection mechanisms are usually required to prevent the
parts from moving relative to one another and make the assembly
structurally stable for practical use. However, these connection
mechanisms can be irreversible (e.g., glue), impair the structural
integrity of parts (e.g., nails), or degrade the external appearance
of the assembly (e.g., clamps).

Rather than relying on additional explicit connectors, compo-
nent parts in an interlocking assembly are connected into a struc-
turally stable assembly purely based on the geometric
arrangement of the parts. This intriguing property facilitates
repeated assembly and disassembly, and significantly simplifies
the correct alignment of parts during construction. Consequently,
interlocking assemblies have been used in a variety of applications,
including puzzles [1], 3D printing [2], furniture [3], and architec-
ture [4].

In an interlocking assembly, parts need to follow certain orders
to be assembled into the target shape. Once assembled, there is
only one movable part, called the key, while all other parts as well
as any subset of parts are immobilized relative to one another [5];
see Fig. 1(a). According to the static-kinematic duality, an inter-
locking assembly is in equilibrium under arbitrary external forces
when the key is held by other means [6]. Compared with non-
interlocking assemblies, interlocking assemblies are structurally
stable under unpredictable external forces yet enforce higher com-
plexity on the parts geometry and their joining.

The main challenge of designing interlocking assemblies is to
ensure two conflicting properties simultaneously: structural sta-
bility and disassemblability. This is because structural stability
requires strict joining to restrict relative movement among parts
yet disassemblability demands at least one collision-free plan to
separate the parts; see Figure (b-d) for three non-interlocking
examples. To address the challenge, a number of computational
methods and tools have been developed in the last decade, mainly
by the computer graphics community, for designing and fabricat-
ing personalized interlocking assemblies with various geometric
forms [7]. The design problem is typically formulated as a shape
decomposition, joint planning, or 3D tiling problem, according to
the user provided input.

In this paper, we review applications and computational design
methods of interlocking assemblies. In Section 2, we enumerate
and introduce a variety of applications in which interlocking
assemblies have demonstrated their unique strengths in structural
stability and disassemblability. In Section 3, we review formula-
tions of interlocking assembly design problem and then classify
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Fig. 1. (a) A 2D interlocking assembly where the green part is the key and the black arrow is the key’s moving direction. (b-c) Three non-interlocking examples: an assembly
with multiple movable parts, an assembly that is deadlocking (i.e., non-disassemblable), an assembly with a deadlocking subassembly (see the red rectangle). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the state-of-the-art computational methods to address the prob-
lem. We conclude with a discussion of limitations of existing
approaches and some thoughts on future research directions.

2. Applications of interlocking assemblies

Interlocking is a general methodology to connect parts purely
based on the parts’ geometric arrangement, without relying on
any external connectors such as nails and screws. Whenever exter-
nal connectors cannot be used or are not preferred to be used,
interlocking is an alternative to connect parts for making an
assembly that is structurally stable and disassemblable. Here we
enumerate and introduce several applications of interlocking
assemblies:

Puzzles. Geometric puzzles are challenging games that require
one to assemble the puzzle pieces into a target 3D shape [1].
Among the various families of geometric puzzles, interlocking puz-
zles are particularly intriguing and elegant since they become
structurally stable once all puzzle pieces are put together; see
Fig. 2(a). A few interesting subclasses of interlocking puzzles have
been studied and designed in the literature:

� A burr puzzle is an interlocking puzzle consisting of notched
sticks [8]. The interlocking mechanism of burr puzzles are cen-
tralized in a small region in the middle of the puzzle.

� A recursive interlocking puzzle is a puzzle that remains interlock-
ing after the sequential removal of the puzzle pieces [5]. One
feature of these puzzles is that they have a unique sequence
to (dis)assemble the puzzle pieces.

� A high-level interlocking puzzle is a puzzle with a high-level-of-
difficulty in terms of disassembly [9]. The level of difficulty is
generally assessed by the number of moves required to remove
the first subassembly from the puzzle.
Fig. 2. Applications of interlocking assemblies: (a) puzzle, (b) multi-way joint, (c) 3D pri
assembly is shown on the top and the component parts are shown at the bottom.
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� A dissection puzzle requires assembling a common set of pieces
into multiple (usually-two) distinct forms. A dissection puzzle
can be made steady by designing the puzzle pieces in a way that
they are interlocking in each geometric form [10].

Multi-way joints. A woodworking joint is typically used for con-
necting a pair of parts to restrict their relative movement. A wood-
working joint can be extended to connect more than two parts,
called a multi-way joint [11]. The interlocking concept can be
applied to a multi-way joint to enhance their ability of connecting
parts. Fig. 2(b) shows an example multi-way joint used in a chair
frame structure [12], where the three elongated parts are inter-
locking based on the joint integrated at one end of each part.

3D printing. 3D printing can easily manufacture shapes with
geometric complexity that is unattainable by traditional tech-
niques. However, it still has limitations such as limited printing
volume and long printing time. Assembly-based 3D printing is a
strategy to address these limitations by representing a target shape
with a set of simpler and/or smaller parts. To ensure that the 3D
printed parts can be assembled and form a structurally stable
assembly, integral joints can be planed and constructed on the
parts to make them interlocking. Fig. 2(c) shows an example,
where a 6-part shell assembly is interlocking based on the joints
constructed at the boundary of each part [2].

Laser cutting. Compared with 3D printers, laser cutters can only
cut 2D polygonal shapes out of a flat plank. Despite this limitation,
laser cutting has many advantages in terms of fabrication like high
precision, high speed, fewer constraints on the fabrication space.
To fabricate a 3D shape, assembly-based laser cutting aims to
approximate the 3D shape with a set of 2D planar parts made by
laser cutting. Integral joints (e.g., mortise and tenon joints, halved
joints) can be planned and constructed on the laser-cut parts to
make the resulting assembly interlocking. Fig. 2(d) shows an inter-
locking laser-cut assembly used as a supporting base for cost-
effective fabrication of a large statue [13].
nting a statue, (d) laser-cut support structure, (e) furniture, and (f) architecture. The
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Furniture. Furniture typically consists of elongated and planar
parts that are connected together by glue, nails, hinges, screws,
or other means that do not encourage disassembly and re-
assembly. An alternative approach is to use an interlocking mech-
anism and design interlocking furniture [3], where the component
parts tightly interlock with one another by a network of joints; see
Fig. 2(e) for an example.

Architecture. Discrete architecture is an architectural paradigm
that utilizes the combinatorial organization logic of a discrete set
of architectural parts to accelerate the physical assembly of archi-
tecture and to reduce the cost and material wastage [14]. By mak-
ing the architectural parts interlocking, the physical assembly
process is possible to be significantly simplified as a set of pick-
and-place operations, by avoiding the complex procedure of instal-
ling fasteners like screws and minimizing the usage of scaffold that
makes the incomplete assembly in equilibrium [15,16]. Hence,
interlocking architecture has great potential to be automatically
constructed with robots [17]. Fig. 2(f) shows an interlocking free-
form architecture composed of a set of rigid blocks and a large
boundary part [6].

3. Design of interlocking assemblies

Designing an interlocking assembly is extremely hard for
humans, even for skilled professional. For example, as mentioned
in [1], designing an interlocking puzzle requires hours, or even
days, of mental work. Only in the late 1970 s, Cutler [18] proposed
to use computers to exhaustively try and discover new possible
configurations, thus introducing a large number of six-piece inter-
locking structures. Nevertheless, due to the combinatorial com-
plexity, his computer program took almost three years to loop
over the tens of billions of possible configurations for a variable
cubical volume of less than 43 voxels.

The recent advances in digital fabrication motivates the need of
designing personalized interlocking assemblies, e.g., with user-
specified 3D geometric form and number of parts. To this end, a
number of computational methods and tools have been developed
in the last decade, mainly by the computer graphics community, to
enable general users to design interlocking assemblies conve-
niently and efficiently. We review different ways to formulate
the interlocking assembly design problem in Section 3.1 and clas-
sify the state-of-the-art computational design methods in
Section 3.2.

3.1. Problem formulation

Computational design of interlocking assemblies is typically
formulated as shape decomposition, joint planning, or 3D tiling
problem, according to the user provided input; see Fig. 3. In partic-
ular, the first two formulations are a top-down problem, meaning
that the assembly’s whole shape is given and the goal is to generate
the parts or joints. The last formulation is a bottom-up problem,
meaning that parts with known geometry are provided and the
Fig. 3. Formulating the interlocking assembly design problem in three different ways:
formulation, the user input is shown on the left while the design output is shown on th
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goal is to generate a layout of the parts (or their instances) to make
the resulting assembly interlocking.

Shape decomposition. When the user-specified input is a target
shape, computational design of interlocking assemblies can be for-
mulated as a shape decomposition problem; see Fig. 3(a). The user
can also specify the desired number of parts in the assembly. The
goal of the shape decomposition is that all the decomposed parts
interlock with one another. In addition, the geometry of each
decomposed part should be connected to ensure fabricablility. This
formulation has been used for designing interlocking puzzles
[5,8,9,10] and solid structures for 3D printing [19].

Joint planning. When the user-specified input is a set of pre-
segmented parts without joints, designing interlocking assemblies
can be formulated as a joint planning problem; see Fig. 3(b). The
goal is to plan and construct a set of predefined joints (e.g., mortise
and tenon joint) or variable joints with optimized geometry (e.g.,
multi-way joint) among the initial parts to make them interlock-
ing. This formulation has been used for designing interlocking
frame structures such as furniture [3,12,20] or interlocking shell
structures for 3D printing [2].

3D Tiling. When the user-specified input is a set of parts with
known geometry, designing interlocking assemblies can be formu-
lated as a 3D tiling problem; see Fig. 3(c). The goal is to find a lay-
out of the parts (or their instances) to make the resulting assembly
interlocking, similar to building Lego assemblies. One good exam-
ple is a set of voxel-like interlocking blocks proposed by Zhang and
Balkcom [21,22]. They connect instances of these blocks layer-by-
layer into various interlocking voxelized shapes. Another example
is the SL block proposed by Shih [23], which is an octocube consist-
ing of an S-shaped and an L-shaped tetracubes attaching to each
other along sides. Reinforcement learning can be utilized to find
a layout of the SL blocks to approximate a given shape [24].
3.2. Computational methods

A number of computational methods have been proposed for
addressing the above formulated interlocking assembly design
problem, in particular, shape decomposition and joint planning.
We classify these methods into the following categories:

Retargeting. This method creates interlocking assemblies by
retargeting an existing interlocking configuration within a user-
specified target shape. This method has been used for addressing
the above shape decomposition problem. Xin et al. [8] developed
a retargeting approach to create burr puzzles by replicating and
connecting multiple instances of an existing six-piece interlocking
burr structure within a given target shape. The retargeting method
is also possible to address the joint planning problem. One limita-
tion of this method is that it has less flexibility to design interlock-
ing assemblies with complex shapes since it reuses an existing
interlocking configuration instead of creating a new one that can
better adapt to the given shape.

Randomized search. When the design space is not that large, a
randomized search can be used to find an interlocking configura-
(a) shape decomposition [5], (b) joint planning [3], and (c) 3D tiling [21]. For each
e right.
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tion. This method has been used to address the joint planning
problem. Yao et al. [2] designed interlocking shell assemblies for
3D printing by using a randomized search with pruning to generate
candidate joint configurations and verifying their global interlock-
ing by using physically based simulation. The randomized search
can be inefficient to address the shape decomposition problem
due to the large and possibly continuous design space.

Divide-and-conquer. A more efficient method to address the
interlocking assembly design problem is based on divide-and-
conquer. The key idea is to construct Local Interlocking Groups
(LIGs), which are a subset of connected parts that are locked by a
specific key in the group, and then enforce dependency among
these LIGs. The advantage of this method is that the resulting
assemblies are guaranteed to be interlocking. Yet, the limitation
is that the explored search space is restricted to a small subset of
all possible interlocking configurations. Song et al. [5] first pro-
posed this method to address the shape decomposition problem
for designing recursive interlocking puzzles. Given a voxelized
3D shape, their method iteratively extracts pieces while enforcing
a local interlocking condition among every-three consecutive
pieces. This method was later extended to handle smooth non-
voxelized shapes for 3D printing solid shapes [19]. This method
also can be used to address the joint planning problem. Fu et al.
[3] focused on plate structures such as furniture that have been ini-
tially partitioned into parts, and computed an interlocking joint
configuration following the LIG-based approach, where each LIG
has only 3 or 4 parts and thus the joint configuration in each LIG
can be searched exhaustively. This method has been extended to
interlock 2D laser-cut parts into a convex polyhedron [13] and to
design reconfigurable furniture with multi-key interlocking [20].

DBG-based method. To address the limitation of the divide-and-
conquer method, Wang et al. [12] represented parts blocking rela-
tions with a family of base Directional Blocking Graphs (DBGs) and
leveraged efficient graph analysis tools to test and compute an
interlocking arrangement of the parts. Compared with the divide-
and-conquer method, the strength of this DBG-based method is
twofold: 1) allowing exploring the full search space of interlocking
configurations; and 2) supporting a wide range of geometric forms
of resulting assemblies. Gilibert et al. [25] extended the DBG-based
method with a Markov process and turtle graphics to design 2D
interlocking assemblies that can be assembled for any prescribed
combination of translations and rotations.

Shape optimization. Shape optimization method makes a given
assembly with pre-segmented parts interlocking by optimizing
the continuous shape of each part or joint. Given an initial assem-
bly with planar contacts, Wang et al. [26] made the assembly inter-
locking by transforming each planar contact into a curved-contact
joint using shape optimization, during which a motion-based equi-
librium method is proposed to ensure interlocking.
4. Discussion and future work

The state of the art in computational design of interlocking
assemblies has evolved rapidly over the last decade. A number of
computational methods and tools have been developed for design-
ing various kinds of interlocking assemblies for different usage sce-
narios. To simplify the design problem, these methods have made
several assumptions. First, they assume the fabrication material is
rigid. By this, design of interlocking assemblies can be formulated
as a geometric modeling and optimization problem, with minimal
consideration of material behavior (e.g., friction). Very few
research works study interlocking assemblies with deformable
parts [27,28]. Second, existing methods generally assume mono-
tone and linear (dis)assembly plans [29] to simplify the problem
of checking (dis)assemblability. Supporting more complex disas-
4

sembly plans such as non-monotone [30] or non-coherent [31]
plans would be an interesting future work. Third, existing methods
ignore tolerance as well as its impact on the resulting assembly at
the design stage, leading to a discrepancy between the virtual
design and fabricated assembly in terms of structural stability.
Future research effort can be devoted to tolerance analysis
[32,33] of interlocking assemblies as well as designing interlocking
assemblies whole structural stability is minimally affected by the
tolerance. By investigating interlocking assemblies with some of
these assumptions relaxed or removed, we will not only expand
the scope of interlocking assemblies, but also be able to design
interlocking assemblies with more predictable behavior, making
these assemblies more ready to be used in real applications.
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