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Figure 1: The proposed method creates reconfigurable joints by selecting a re-orientation plane and angle (left) and then
constructing a geometry that fulfills symmetrical conditions (middle). Based on this method, we designed and fabricated
reconfigurable joints with stable voxel- and non-voxel-based geometries (right).
ABSTRACT
We propose a method to create reconfigurable joints, where recon-
figurability entails that a set of components can be connected in
multiple ways. The advantage of this type of joint is the possibility
of efficiently reusing limited components for multiple purposes.
In established carpentry practices, a popular reconfigurable joint
geometry called Kawai Tsugite has two components that can be
reconfigured in different orthogonal angles. However, the general
geometric requirements for the design of reconfigurable joints have
not been defined previously. We clarify the conditions for recon-
figurable joints from the perspective of symmetry-based geometry
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repetition and provide guidelines for constructingmulti-component
joints and for ensuring stability. Moreover, we present a system
that assists in the design of voxel-based reconfigurable joints and
use it to fabricate several stable reconfigurable joints.
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1 INTRODUCTION
Joints represent an established technique to connect components
without nails or screws. There are sub-categories of joints with
distinctive properties, such as interlocking and reconfigurable, the
latter of which entails that the same set of components can be
combined in multiple ways, such as in different angles. A well-
known example of a reconfigurable joint is the Kawai-Tsugite joint
(Fig. 2) [Kawai 2019], which consists of two geometrically identical
components that can be connected in three different orthogonal
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directions: an I-configuration (i.e., in a straight line like the letter
“I”) and two L-configurations (i.e., at a right angle like the letter
“L”). However, the geometric condition for reconfigurability has not
been formulated before. Although some previous studies examined
the reconfigurability of structures, few works have focused on local
joint geometries. Song et al. proposed a system for reconfigurable
structures such as tables that can be reassembled into chairs [Song
et al. 2017]. Liy et al. focused on local joints, examining replaceable
rather than reconfigurable components, which do not require all
parts to be reused during reassembly [Liu et al. 2015]. In contrast,
the present study focuses on the reconfigurability of individual
joints. We defined geometric conditions for reconfigurability, and
applied those guidelines to create novel reconfigurable joint geome-
tries.

I L 1 L 2

Figure 2: Kawai-Tsugite is a popular reconfigurable joint.

Our guidelines for designing a reconfigurable joint comprise of
three steps: 1) determine the number of intersecting components
and pair of joint shapes to be reconfigured; 2) determine how to
change the orientation of a component; 3) construct the geome-
try with symmetry-based repetition. Based on these guidelines,
we made three findings. First, the problem of two-component re-
configuration in orthogonal joints can only be defined between I-
and L-configurations. Second, the reconfigurability of a joint with
three or more components can be attributed to the problem of two-
component reconfigurations. Third, there is a specific coordinate
system to consider for guaranteeing stability. Moreover, we demon-
strated that the proposed method can be used to effectively through
experiments in computer programs and 3D printer fabrication. We
designed a program that assists in creating reconfigurable joints
in voxel space, enumerating reconfigurable voxel-based joints. We
further designed and 3D-printed voxel- and non-voxel based ge-
ometries, demonstrating that reconfigurable and stable joints can
be created by applying our guidelines.

In summary, our contributions are:
• Design guidelines for creating reconfigurable joints
• A method for ensuring that reconfigurable joints are stable

2 RELATEDWORK
Joint Design and Fabrication. Jochen Gross introduced a database
joint geometries compatible with 3-axis computer-numerical con-
trol (CNC) milling [Gros 2020]. Kanasaki et al. adapted traditional
joints for CNC milling fabrication [Kanasaki and Tanaka 2013],
whereas other studies proposed design interfaces for joint model-
ing [Larsson et al. 2020; Magrisso et al. 2018]. Several studies have
been conducted on interlocking joints and structures, wherein the
parts are fixed into place once the last component is added [Fu
et al. 2015; Song et al. 2012; Xin et al. 2011]. Although the afore-
mentioned works consider several properties of joints, including

fabricability and interlocking, they do not consider reconfigurability
of individual joints.

Reconfigurable Structures. Several previous studies have been con-
ducted on the replacement of components [Kalojanov et al. 2012,
2016; Liu et al. 2015]. Kalojanov et al. [Kalojanov et al. 2012] pro-
posed a system called Microtiles based upon the partial symmetries
or self-correspondences of substructures. Liu et al. [Liu et al. 2015]
tackled this problem from the perspective of matching the sub-
graph of the assembly. However, these techniques do not require
all parts to be reused during reassembly. Other studies focused on
the recombination of substructures during assembly [Guan et al.
2022; Jain et al. 2012; Xu et al. 2023]. Moreover, Song et al. [Song
et al. 2017] showed the computational design of reconfigurable
assemblies. They proposed a method to assist the design of recon-
figurable furniture by maximizing the reuse of the components
and making compatible joint connections. However, their method
focuses on the reconfigurability of entire assemblies, whereas our
study focused specifically on joint geometries.

3 METHOD
3.1 Two-component configurations
The first step for creating reconfigurable joints is to determine the
number of components and their configurations. For two-component
orthogonal joints, there are four combinations: I-, L-, T-, and X-
configurations (Fig. 3). The T- and X-configurations involve joints
that are positioned in the middle of a component, as opposed to on
the edge. Consequently, these components cannot be re-configured
into other compositions if both parts are to be reused. We therefore
conclude that the reconfigurability of two-component orthogonal
joints can be achieved only between I- and L-configurations.

Configuration I L T X

Figure 3: Four configurations of two-component orthogonal
joints.

3.2 Multi-component configurations
We extended the above logic of judging the possible reconfigura-
bility of two-component orthogonal joints to joints with three or
more components. There are six joint configurations with three-
component orthogonal joints and four configurations with four-
component orthogonal joints (Fig. 4). For two-component joints,
we verified the reusability of components based on the positions
where they connect to other components, and found that there are
two possible reconfigurations for three-component joints (Fig. 4,
3C-A to/from 3C-B and 3C-C to/from 3C-D). For joints with four
components, there is one possible reconfiguration (Fig. 4, 4C-A
to/from 4C-B).

When considering the reconfigurability of joints within these
patterns, only one component, denoted in green in Fig. 5, changes
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3-Component

Configuration 3C-A 3C-B 3C-C 3C-D 3C-E 3C-F

4-Component

Configuration 4C-A 4C-B 4C-C 4C-D

Figure 4: Joint configurations three and four components.

its orientation to a different axis while all other components remain
fixed. Therefore, when considering the structure without the other
components, the problem of reconfigurability can be reduced to
that between the I- and L configurations of two components (Fig. 5).
It is therefore relevant to investigate the conditions for reconfig-
urability between the I- and the L-configurations not only for the
two-component case, but also for multi-component reconfigura-
tions.

3C-A 3C-B 3C-C 3C-D

Figure 5: Decomposition of three-component joints to two-
component joints.

3.3 Changing the orientations of components
There are three possible rotations that can change a joint from an I-
to an L-configuration (Fig. 6b-d). A rectangular box has 24 possible
positions: 6 choices for the front face, and 4 orientations for the
front face, giving 6 × 4 = 24. The relationship between two parts
can also be defined in 24 ways. Each position can be represented by
applying one of three types of rotations from the top-left in Fig. 6a.
The three rotations can be understood intuitively by using cross-
sections. With a square cross-section (Fig. 6b), the shape changes
from I to L through a 90-degree rotation, referred to as 𝛼-rot. With
a rectangular cross-section (Fig. 6c), the shape changes through a
180-degree rotation, referred to as 𝛽-rot. With a hexagonal cross-
section (Fig. 6d), the shape changes through a 120-degree rotation,
referred to as 𝛾-rot. The Kawai Tsugite joint belongs to this last type.
These cross-sections define the plane and rotation that represent
our base units for constructing reconfigurable joints.

3.4 Geometric rotational symmetry
We define the symmetry condition of the joint geometry by con-
sidering the geometric correspondence between the states before
and after rotation. As an example illustrating this condition, the
voxel-based joint in Fig. 7a is reconfigurable by 𝛼-rot. In the I-
configuration, parts A and B interlock, whereas in the L-configuration,
parts A and C interlock. Therefore, parts B and C should both con-
nect to part A. In other words, part B and C should have the same
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Figure 6: Three possible rotations to change from an I- to an
L-configuration. See also supplement material.

geometry but different orientations. For each of the three rotations
(refer to Section 3.3), the conditions for reconfigurability are de-
fined by geometric repetitions. In the case of 𝛼-rot (Fig. 7b), the
geometry is divided into four substructures, each identical in shape
and repeated uniformly. For 𝛽-rot (Fig. 7c), the geometry splits into
two substructures, which are mirrored and replicated. Lastly, for
𝛾-rot (Fig. 7d), the geometry is divided into three substructures.
These symmetric substructures ensure that the overall structure
maintains its integrity and coherence after reconfiguration.

A
BC

(a) Example of

correspondence (b) α-rot (c) β-rot (d) γ-rot 

Figure 7: a) Example of correspondence. b-d) Geometric sym-
metry for each of the three rotations.

3.5 Joint stability
One challenge in designing reconfigurable joints is to ensure that
the joints are stable in all configurations. An existing method to
guarantee stability of voxel-based joints is to verify that each com-
ponent slides in only one of six orthogonal directions, considering
the positive and negative directions of the X, Y, and Z axes [Larsson
et al. 2020]. This method can be used for arbitrary geometries if
the axes along which slidability is checked are determined appro-
priately. Using the cross-sections described in 3.3, the following
proposition can be made:
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Proposition 3.1. For I-to-L reconfiguration, if, when one compo-
nent is fixed, the other component can slide in only one direction ( ®𝑑)
while all other directions are blocked, then ®𝑑 is equal to the normal
direction (®𝑛) of the cross-section plane of the base unit.

Two conditions prove this proposition: 1) the symmetry de-
scribed in Section 3.4, and 2) any direction ®𝑑′ other than ®𝑛 will
change orientation in the global coordinate system forming the I-
or L-configuration even if ®𝑑′ is not changed in the local coordinate
system of the moving component. Therefore, joint stability can
be evaluated in terms of the slidability of components by defining
a coordinate system where ®𝑛 corresponds to the z-axis of the or-
thogonal coordinate system and considering geometry such that
extrusion occurs in the positive or negative direction with respect
to the z-axis.

4 EXPERIMENTS
First, we implemented a system that assists in the design of recon-
figurable joints in voxel space, demonstrating the effectiveness of
the proposed guidelines (Section 4.1). Subsequently, we designed
and fabricated reconfigurable joints via 3D printing (Section 4.2).

4.1 Generation of reconfigurable joints
Based on our guidelines, we implemented a program that converts
non-reconfigurable voxel-based joints into reconfigurable joints.
The input is a set of components, a desired reconfiguration, and an
initial joint geometry that might be reconfigurable. The output is a
reconfigurable joint geometry that preserves the input geometry
as much as possible, i.e., the total number of added and removed
voxels is minimized. We tested the program by inputting all joint
patterns with a voxel resolution of 3×3×3, and found that, without
considering stability, more reconfigurable joints satisfied the 𝛽-rot
condition than the other conditions. Specifically, we found 1,004
unique reconfigurable 𝛽-rot joints, and 56 each for 𝛼-rot and 𝛾-rot
joints.

4.2 Fabrication
We fabricated reconfigurable joints using AnkerMake M5 fused
deposition modeling (FDM) 3D printer and polylactic acid (PLA)
material. First, we fabricated examples of reconfigurable joints in
voxel geometry for all three rotation conditions (Fig. 1a, b, and d).
These joints were designed based only on conditions relating to sym-
metry (refer to Section 3.4). In both the I- and the L-configurations,
the structures of the two components were matched, but only the
joints based on 𝛼-rot (Fig. 1a) were stable. Next, we manually de-
signed and fabricated non-voxel joint geometries following our
guidelines (Fig. 1c and e). These joints were designed to ensure
both reconfigurability and stability (refer to Section 3.5), and all
pairs of components were stable in both configurations.

5 CONCLUSION
In this paper, we proposed a method to design reconfigurable joints
and found that rotational symmetry is essential for reconfigurability.
We also proposed a way to guarantee the stability of reconfigurable
joints. The fabricated results show that the proposed method is
instrumental in the design of reconfigurable joints. However, a

current limitation of our system is the lack of support for auto-
matic design in non-voxel space. Moreover, the angle at which
components intersect is limited to the orthogonal directions. As
a future direction of research, we aim to explore reconfigurable
joints with three or more components, as well as the expressive
potential of these joint structures and their applications in furniture
and building construction.
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