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Abstract. This work addresses the challenge of analyzing interlocking
structures composed of discrete elements for applications such as man-
ufacturing tolerances. While traditional computational methods assume
perfect geometry and tight contact, real-world assemblies exhibit small
gaps due to fabrication tolerances, leading to flexibility. Such kinematic
freedom can compromise interlocking integrity not captured in idealized
models. We develop a scalable pairwise formulation for approximating
relative configuration spaces between elements. This formulation is inte-
grated into a non-linear optimization framework to efficiently evaluate
structural flexibility in large-scale interlocking assemblies.
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Fig. 1: Our method analyzes the flexibility of systems of interlocking rigid struc-
tures. In our approach we consider tolerances (gaps) in the joint design (a),
and generate the configuration space to assess possible motion in the assembled
structure (b). Here we show an application of a modular space divider (c), where
our approach can predict flexibility for different arrangements of blocks (b). See
Section 6.3 for discussion.
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1 Introduction

The design of structures composed of discrete elements, such as blocks or poly-
gons, is highly relevant across various fields, including architecture, mechanical
engineering, robotics, and computational design. A core principle in such de-
signs is interlocking, where the geometric arrangement of components prevents
disassembly and ensures structural integrity.

Most computational methods for analyzing interlocking structures assume
perfect geometry and tight contact [29,32,15]. This idealization often neglects
the unavoidable presence of manufacturing tolerances and necessary clearances
designed to accommodate fabrication errors and facilitate ease of assembly.

In practice, however, tolerances are common and introduce small gaps, al-
lowing local motion through slight translations and rotations. Aggregated, such
small movements can lead to global flexibility. Structures that appear rigid under
idealized assumptions may fall apart when tolerances are considered [23,16]. This
is particularly critical in mechanical design, where interlocking ensures bounded
motion and doesn’t rely on strength through attachments like screws or glue.
Verifying robustness under these real-world conditions is essential but computa-
tionally heavy.

The core of our approach is a convex approximation of the configuration space
for interlocking joints that is, connections whose geometry prevents two parts
from being separated under any relative motion, constructed by stacking convex
θ-slices. This representation allows block interactions to be encoded directly as
constraints in an optimization framework to estimate overall structural displace-
ment, while avoiding the repeated geometric computations required by signed
distance field–based methods [20]. One important application of this work is
to identify critical regions where precision has the greatest impact, helping de-
signers balance fabrication cost and structural robustness. Our method scales
efficiently while maintaining high precision, making it well-suited for analyzing
large-scale assemblies of interlocking structures.

2 Related Work

Self-Locking Assemblies Structures composed of rigid components connected
through joints constrained by geometry and gravity have been studied across
various domains. Prior work has explored fabrication-aware assembly generation,
tolerance analysis, and optimization for manufacturable structures [11,5,34]. In-
terlocking components have a long history of application in architecture, such as
topological interlocking shell structures [29] and jointed timber networks [26,15,34].
Previous research has explored the design and generation of interlocking joints
from 3D meshes, particularly for furniture or shapes created through interac-
tive user input [32,15,13,1]. Additionally, some studies have extended the use of
interlocking joints to plate-based structures [30,7,22].

Song et al. [25] introduced a more strict structure, where the last few pieces
serve as the key for the whole interlocking assembly and all pieces stay in posi-
tion with no relative movement between their neighbors without the help from
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gravity. This idea was further developed using directed blocking graphs to repre-
sent interlocking puzzles, facilitating both disassembly planning and automated
puzzle generation [30,6]. An infinitesimal motion-based analysis was introduced
for interlock checking by Wang et al. [29].

Undesired gapping between parts can cause flexibility or failure in interlock-
ing. This problem becomes particularly challenging for large-scale assemblies.
The Puzzleflex system by Lensgraf et al. [16] proposed a half-plane method to
linearize tolerances and formulated the problem as a linear program to handle
large-scale systems. This approach enables flexibility analysis under interlocking
conditions. However, because the method relies on a first-order approximation
of rotation, it has higher approximation errors when global rotations are large.

However, tolerances are not always harmful. Some works [27,21] intentionally
leverage them to create chainmail structures with nonlinear mechanical proper-
ties that are flexible under normal use, but rigid under extreme deformation.

Dynamics and Simulation Prior work has explored rigid-body simulation with
collision handling [2,12,4,19] and penetration-free dynamics using incremental
potential methods [17,10,14]. However, these approaches do not directly address
interlocking structures, where disassembly paths and separation forces are often
unknown, and simulation can be computationally expensive. Tian et al. [28]
proposed a physics-based planner that partially addresses this problem.

Configuration Space and Minkowski Sum Free configuration space (c-space) rep-
resents all feasible states of a system. Lozano-Pérez [18] laid the foundational
work for using c-space in motion planning by representing obstacles in a trans-
formed space. Davis et al. [9] later explored the impact of kinematic tolerances
on the topology of configuration space. Zhang et al. [33] applied machine learn-
ing techniques to identify connections in c-space for solving complex rigid-body
disentanglement puzzles.

To compute free configuration space (c-space), the Minkowski sum is com-
monly used to identify and exclude invalid regions. Minarcik et al. [20] intro-
duced a signed distance field representation based on the Minkowski sum of two
polygons, which was applied to complex shape layout problems. This approach
inspired our use of the Minkowski sum in the present work. Extending to 3D,
Cui et al. [8] used a voxelized convolution-based approximation of the Minkowski
sum for translational packing analysis. However, the method depends on voxel
resolution and degrades for closely spaced parts, whereas our method accurately
captures narrow gaps.

3 Background

3.1 Configuration Space

Free configuration space (c-space) is a core concept in robotics and motion plan-
ning, representing all possible system configurations. Each point in free c-space
corresponds to a valid, collision-free state of the entire system. The dimension
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of the c-space is determined by degrees of freedom, such as the number of inde-
pendently controlled joint angles in a robotic arm.

In our investigation, we are considering a system of interlocked 2D polygonal
rigid bodies. Each part can move freely in the plane except for a fixed base
part, and valid configurations are states where no parts intersect. The c-space
of a minimal two part system in our scenario has three degrees of freedom for
translation and rotation (x, y, θ), which can be visualized as a 3D volume (see
Fig. 2). For larger systems, such as the grid of blocks in Fig. 8a, the c-space will
have dimension 3n where n is the number of freely moving blocks.

Fig. 2: Configuration space of block B relative to fixed block A. The 3D volume
represents all valid intersection-free states for translations in (x, y) and rotations
θ. Three sample configurations shown: i) origin: (x, y, θ) = (0, 0, 0). ii) Boundary
of configuration space: maximum translation in −x,−y direction before collision
(for θ = 0). iii) Boundary point involving rotation (θ ̸= 0).

3.2 Minkowski Sum

The Minkowski sum of two polygons A and B, denoted A ⊕ B, is the set of all
points a + b, where a ∈ A and b ∈ B. Geometrically, it can be visualized by
sweeping one shape around the boundary of the other (dashed polygons inside
the gray area in Fig. 3).

In motion planning, the Minkowski sum A⊕(−B), where −B is the reflection
of B through the origin, defines the configuration space obstacle (C-obstacle)
for B relative to a fixed object A, assuming translational motion only. The
complement of this set is the free c-space of B. If B starts in a valid, non-
overlapping configuration, the origin must lie within this free c-space. This space
may include multiple disconnected regions, as shown in Fig. 3. No path from the
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origin to the outside region means that B cannot be separated from A with pure
translation motion.

Fig. 3: The Minkowski sum between A and -B (dark grey) forms the space of
invalid configurations for block B, where collision will occur. Note this considers
only translations of B (no rotation). The complement (A⊕ (−B))c (light yellow)
gives the free c-space for valid translations of B. The closed region containing
the origin indicates the blocks are interlocked, B cannot escape.

4 Constraints and Optimization

We show that the free c-space of interlocking joints with small tolerances can
be approximated as convex, despite non-convex features in their geometry. We
analyze convexity at fixed rotation angles, referred to as θ-slices, which are of-
ten individually convex under small tolerances. By stacking these slices, we ap-
proximate the free c-space and derive constraints for block interactions in opti-
mization. A convex approximation of the free c-space allows us to encode block
interactions as constraints, eliminating the need to compute Minkowski sums
and query signed distance fields during each optimization iteration. Compared
to signed distance field methods [20], our approach avoids repeated geometric
computations, resulting in significantly higher efficiency.

4.1 C-space Slice Convexity

We begin with a simple two-block setup as shown in Fig. 4. Block A is fixed and
block B translates in x, y (no rotation). We define the set (A ⊕ (−B))c, which
contains valid configurations where A and B don’t overlap.

This set covers more space than is needed to analyze the interlock. In (A ⊕
(−B))c, we are primarily concerned about the region near the origin, which
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(a) (b)

Fig. 4: (a) T-Joint Blocks (b) Minkowski sum of A and −B, A⊕(−B) (grey), full
free c-space (yellow & purple) and the shape that will be used to approximate
the free c-space (purple) at this rotation slice.

reflects the configurations that can be reached from the current configuration of
A and B.

For two polygons in close proximity, we first use a pair of line segments to
establish a local supporting half-plane for the free C-space, then extend it to the
polygonal setting to show that the configuration space of a polygon is convex
under a bounded motion radius ϵ∗, derived below.

Fig. 5: Left: Two segments M and N, where M is fixed. Right: Configuration
space Q(N) and Minkowski difference between M and N.

Lemma 1 (Local convexity of configuration space for a pair of line seg-
ments). Consider two non-intersecting closed line segments, M and N , which
can translate relative to one another. Without loss of generality, assume M is
fixed in place, and let Q(N) denote the configuration space of N with respect to
M . In Q(N), let E1E2 be the edge of the Minkowski sum boundary closest to the
origin, with ∥OE1∥ and ∥OE2∥ denoting their respective distances to the origin
O. Define

ϵMN = min(∥OE1∥, ∥OE2∥) .
Then M and N do not intersect for any translation t of N satisfying both:

1. ∥t∥ < ϵMN , and
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2. t lies in the open half-plane defined by the infinite line through E1E2 that
contains the origin.

Proof. The forbidden region in Q(N) is the Minkowski sum M ⊕ (−N); a trans-
lation t is collision-free if and only if t /∈ M ⊕ (−N). The origin lies in the free
region by assumption (since M and N are initially non-intersecting). The infi-
nite line through E1E2 defines two open half-planes; the origin belongs to the
free one. Any translation t remaining in this half-plane cannot cross E1E2 and
therefore cannot enter the forbidden region through E1E2.

It remains to ensure that t does not reach the endpoints E1 or E2 and
thereby enter the forbidden region through an adjacent boundary edge. Since
∥OE1∥ and ∥OE2∥ are the distances from the origin to these endpoints, any t
with ∥t∥ < ϵMN = min(∥OE1∥, ∥OE2∥) cannot reach either endpoint. Together,
the two conditions guarantee that t stays within the free half-plane and never
reaches E1E2 or its adjacent boundary, so M and N remain non-intersecting.

Next, we extend this result to the case of two polygons. Consider two non-
overlapping polygons A and B and edge pairs (Pi, Qj) where Pi is an edge of
A and Qj is an edge of B. Each such pair (Pi, Qj) contributes one edge to the
Minkowski sum boundary in the configuration space, and Lemma 1 applies to
each pair independently, yielding a local ϵi.

The overall safe motion limit for the polygon pair is then ϵ∗ = mini=1,...,k ϵi.
As long as the motion of B stays within an ϵ∗-ball around its initial configuration
and within the intersection of the half-planes contributed by each edge pair, no
edge pair can produce a collision, and the two polygons remain non-intersecting.
Since both the ϵ∗-ball and the half-plane intersection are convex, their intersec-
tion is also convex. We then denote such an approximated space as our θ-slice,
where θ is the current fixed rotation of B.

Fig. 6: (Left) When the distance between two polygons is small, the configura-
tion space (the pink area that contains the origin) of the joint remains convex.
(Right) If the distance between polygons is large, the configuration space is not
necessarily convex.

With the θ-slice defined, we consider two cases that arise in practice. In the
first case, the θ-slice near the origin forms a closed shape (as in Fig. 3 and
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Fig. 4b), and the closed region indicates that A and B are interlocked under
translational motion, and it is sufficient to serve as our convex approximation.
In the second case, the region connects to open space (Fig. 7), meaning the two
polygons can be fully separated by translation. In this case, we extend the nearby
edges of the θ-slice boundary to close the region and form a bounded convex
approximation, as shown in Fig. 7. However, if such an extension includes any
forbidden C-space, the extension is discarded, and the motion of B is instead
bounded by ϵ∗, ensuring the approximation remains collision-free. For example,
Fig. 6(Right), the extension of edges will include invalid space in its convex hull,
so this is not suitable for extension.

4.2 Free C-Space Convex Hull

We now incorporate rotation into the analysis. For blocks A and B with config-
urations CA = [TT

A θA] and CB = [TT
B θB ], the motion of block B is modeled as

an incremental configuration change ∆CB = [∆TT
B ∆θB ]. To approximate the

local free c-space, we collect θ-slices and stack them around the current config-
uration. With A fixed, B is positioned so that its joint edges are approximately
equal distance from the concavity of A, then rotated in place. The first positive
and negative contact angles are recorded as pc and nc (Fig. 7). We stack the free
c-space at (nc, 0, pc) and take their convex hull as a polyhedral approximation of
the free c-space. Although the true stacking of θ-slices is nonlinear, this convex
hull provides a good local approximation for small rotations. The faces of the
resulting polyhedron impose linear constraints on feasible motions,

N∆CB +D ≤ 0 (1)

where each row of N is the normal of a convex hull plane and D is the corre-
sponding offset. These constraints bound the admissible infinitesimal motions
∆CB of block B while avoiding interpenetration with block A.

4.3 Free C-space Reference Frame

In previous sections, we approximated the free c-space of block B with block A
fixed. We now extend this to the general case where both A and B are free to
move by expressing CB in the reference frame of A.

Because translations and rotations are coupled, the relative motion cannot
be computed by directly subtracting configurations. Instead, we rotate the trans-
lational difference TB − TA by the inverse rotation of A plus its rotation change
∆θA to align it with A’s local frame, thereby compensating for A’s rotation.

Combining these terms, we define the relative configuration change between
A and B as ∆GAB :

∆GAB = ∆CB −∆CA −
[
(R−1(θA +∆θA)(TB − TA))

T 0
]

(2)

This transformation effectively reduces the original 6D configuration space (c-
space) constraint problem to a simplified 3D problem.

N ·∆GAB +D ≤ 0 (3)
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Fig. 7: Stacking θ-slices to approximate the free c-space. (Left) Blocks at different
θ, where pc, nc are the first positive/negative θ where B collides with A. (Middle)
The Minkowski sum of A and −B. The origin (dot) represents the configuration
on the left, the purple area around the origin approximates the free c-space at
this θ-slice. (Right) We use slices to approximate the free c-space (green area).

4.4 Optimization Formulation

We formulate flexibility analysis as a constrained optimization problem, where
the goal is to find a configuration change ∆C that best satisfies a task-specific
objective. A common choice is to maximize motion along a preferred direction W ,
i.e., max ∆CTW , which measures how freely parts can move in that direction.
Other objectives can be used as needed, such as maximizing translational motion
∆TT∆T or minimizing inter-part distances

∑
|(Ti + ∆Ti) − (Tj + ∆Tj)|2 to

encourage parts to move closer together.
To adapt to general scenarios, we impose several types of constraints on the

motion of the blocks:

– Fixed blocks: Let F be the set of blocks that should be grounded. For each
k ∈ F , we constrain the motion to zero.

– Collision constraints: Let P be the set of block pairs whose convex hull
overlap. For each overlapping pair (i, j) ∈ P , we apply relative free c-space
constraints to prevent interpenetration.

– Glue constraints: Let G be the set of block pairs that are assigned to
move together rigidly. For each (i, j) ∈ G, we enforce zero relative motion
and rotation.

This gives us the optimization formulation as follows:

max obj(∆C)

s.t. ∆Ck = 0, ∀k ∈ F

N ·∆Gij +D ≤ 0, ∀(i, j) ∈ P

∆Gij = 0, ∀(i, j) ∈ G

(4)
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In section 6 we show how this framework can be applied to problems in validating
interlock, finding disassembly trajectories, and analyzing flexibility of interlocked
systems of blocks.

5 Evaluation

We evaluate our method in terms of computational performance and physical
accuracy by comparing against ground-truth free c-space, measuring runtime,
and validating results with physically fabricated interlocking blocks.

5.1 Approximation Accuracy

We evaluate the accuracy of our Minkowski free c-space approximation, , re-
stricted to the pairwise configuration space between two blocks, against Monte
Carlo ground truth (106 samples) for several block shapes (Table 1), classifying
configurations as valid or colliding. Accuracy is measured by true positives and
true negatives.

While individual free c-space slices are convex, rotational nonlinearity can in-
troduce concavities in the full free c-space. These effects are negligible for small
rotations but may exclude valid configurations under large rotations, leading to
false negatives (e.g., the fourth example). Additional errors arise from approx-
imations in computing (pc, nc), which may omit extreme rotations or include
invalid configurations. Such errors can be reduced by refining the free c-space
approximation near its boundary.

Bounds in Table 1 correspond to the maximum reachable translation and ro-
tation from the current configuration. For non-interlocking cases, this allows full
separation, while for arc-shaped joints, the offset rotation center limits rotation,
requiring multiple iterations to separate the blocks.

5.2 Performance

Minkowski sum computation is the main bottleneck in our free c-space anal-
ysis, particularly for complex geometries. We use a convolution-based reduced
Minkowski method [3,31] and reuse computed free c-spaces across identical part
pairs in repeating structures.

Performance results are summarized in Table 2. We compare our method to
PuzzleFlex’s half-plane approach [16] (Julia), run iteratively until convergence.
Our implementation uses Python with IPOPT. Experiments use grids of re-
peated blocks (Figs. 4a, 8a) ranging from 30 (5 × 6) to 4096 (64 × 64) parts.
With constant-time preprocessing under repeated joints, our approach scales ef-
ficiently and significantly outperforms PuzzleFlex on large systems. Unlike Puz-
zleFlex, our solutions are directly collision-free without stepwise motion. We
further demonstrate scalability on large complex structured assemblies, includ-
ing a Jotaro avatar that consists of 1669-block and a 532-block Pikachu model
(Fig. 8b), showing algorithm robustness to irregular, non-grid arrangements.



Mind the Gap: Flexibility Analysis of Interlocking Rigid Structures 11

Table 1: Accuracy analysis of four test cases with comparison to PuzzleFlex [16].
Confusion matrices compare ground truth (GT) configurations to approximated
results from our Minkowski sum approach. True positives: Valid GT & Valid
Approx; true negatives: Invalid GT & Invalid Approx. Our method shows high
accuracy as the sum of true positive and true negative configurations detected.

Blocks Confusion Matrix
Our

Accuracy
PuzzleFlex
Accuracy

GT
Approx.

Invalid Valid

Invalid 55.89% 0.44%

Valid 4.9% 38.77%

94.66% 69.11%

Invalid Valid

Invalid 42.03% 0.38%

Valid 2.29% 55.23%

97.32% 61.25%

Invalid Valid

Invalid 31.89% 0.48%

Valid 0.49% 67.14%

99.02% 49.56%

Invalid Valid

Invalid 46.94% 1.35%

Valid 14.41% 37.30%

84.24% 75.61%

(a) (b)

Fig. 8: Large-scale examples. Red blocks are fixed, and arrows indicate objective
directions. (a) Example of a dense grid of interlocking blocks. Showing tolerance
importance analysis for flexibility. Importance is heavily dominated by blocks in
the lower left corner. Performance results for grid assemblies are given in Table 2.
(b) Jotaro avatar with 1,669 T-joint blocks (takes 17.76 s) with bottom left-most
and right-most blocks fixed, motion maximized in +y. Pikachu with 532 T-joint
blocks (takes 6.27s) with a central block fixed and pulled from both sides.
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Table 2: Comparison of runtimes between our method and PuzzleFlex [16]. For
our method, we report detailed preprocessing (free c-space approximation), con-
straint solving, and total runtime.

# of Parts
(grid size)

Joint Type
(number of edges) Our method (s) Puzzleflex (s)

Preprocess Solve Total Total
30 (6× 5) T-Joint(36) 1.20 0.01 1.21 0.38

182 (14× 13) T-Joint(36) 1.20 0.04 1.24 1.65
675 (25× 27) T-Joint(36) 1.20 0.16 1.36 6.03
1890 (45× 42) T-Joint(36) 1.20 20.1 21.3 381.0
4096 (64× 64) T-Joint(36) 1.20 127.0 128.2 1130.0
4096 (64× 64) Dovetail(14) 0.64 44.3 44.94 462.2
4096 (64× 64) Swallowtail(35) 1.40 64.7 66.1 1342.1
4096 (64× 64) Revolute-joint(74) 0.66 91.2 91.82 2356.4

5.3 Physical Evaluation

We applied our method to two interlocking block designs: one with a T-shaped
joint and the other with a swallowtail-shaped joint. These designs were primar-
ily evaluated in a linear arrangement, and the results were compared to those
produced by the half-plane method, PuzzleFlex [16]. We chose the line structure
because tolerance accumulation becomes more obvious in such a simple setup.

The results show that our method consistently outperforms the half-plane
method and aligns more closely with observed physical behavior. However, be-
cause our free c-space approximation uses a limited set of rotational slices, it may
miss some extreme configurations that occur under large rotations. This limi-
tation accounts for the small gap between our results and the physical ground
truth.

6 Results and Applications

This section details potential applications of our Minkowski configuration space
algorithm, building upon the concepts and evaluations presented earlier.

6.1 Structure Interlocking Checking

Prior work on interlocking detection includes Directional Blocking Graph (DBG)
methods [30] and infinitesimal motion–based approaches [29], which struggle to
handle gaps between parts (Table 3). In contrast, our method robustly verifies
interlocking in the presence of gaps.

Figure 10a shows an assembly that requires simultaneous motion of two
blocks for disassembly, which DBG-based methods fail to capture due to their
sequential assumption. Figure 10b shows a globally interlocking assembly from
Drop Assembly [24], where our method correctly identifies full interlocking after
the final two blocks are bonded.
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Fig. 9: Flexibility analysis of block chains with T-shaped (top) and swallow-
tail (bottom) joints. Plots compare physical experiments (blue), PuzzleFlex [16]
(green), and our method (red). The left block is fixed. The plotted distance is the
maximum vertical displacement of the rightmost block across tolerance values.

Our approach also detects interlocking failures caused by increased toler-
ances: while DBG-based methods may still report interlocking, our algorithm
accounts for gaps and identifies cases where locking breaks down (Fig. 10c).

Table 3: Comparison with other interlock analysis algorithms

DBG-Based
Infinitesimal
Motion-Based

PuzzleFlex
& Ours

Handles convex/concave shapes Ë Ë Ë
Direction independent complexity é Ë Ë
Supports simultaneous separation é Ë Ë
Supports tolerance é é Ë
Problem dimension 2D/3D 2D/3D 2D

6.2 Tolerance Analysis

A key application of this method is in detailed tolerance analysis, offering in-
sights beyond traditional statistical approaches. Instead of just assessing overall



14 Z. Sun et al.

(a) (b) (c)

Fig. 10: Validating interlock in multi-block systems. Green blocks are fixed. (a) A
three-block system that cannot be sequentially disassembled; our method finds
a simultaneous disassembly motion (arrows). (b) Although pairwise joints allow
translational disassembly, gluing the purple blocks (acting as a key) creates in-
terlock, which our algorithm correctly verifies. The maximum displacement of
the purple blocks is shown. (c) The structure remains interlocked under small
tolerances but fails as tolerance increases. When the joint-tip distance is smaller
than the wedge width, pure translation is impossible; our method still identifies
a valid disassembly motion using rotation.

accumulation, this algorithm allows for identifying which specific part-to-part
clearances or dimensional tolerances are most critical to the overall assembly’s
stability, interlocking integrity, or potential range of motion.

We apply our algorithm with a forward finite difference method to assess
each block’s influence by offsetting its boundary and measuring the resulting
structural displacement. As shown in Fig. 11, some blocks have higher impact
than others. Identifying these allows designers to focus on blocks where it matters
most. High-impact blocks can be fabricated with tighter tolerances to reduce
flexibility or instability, while lower-impact parts can use looser tolerances to
cut costs. For instance, in Fig. 11(right), replacing 11 high-impact blocks (out
of 56 total) lowered Block A’s displacement by 53.8%, versus only 12.4% when
the same number of blocks were randomly chosen.

6.3 Tolerance-Aided Design Applications

The computational efficiency of our algorithm enables interactive design ex-
ploration. Designers can rapidly evaluate maximum displacement or flexibility
induced by manufacturing tolerances, supporting iterative refinement toward ei-
ther controlled motion or increased rigidity.

3D Printed Space Divider We demonstrate this capability with an interlocking
modular space divider (Fig. 1), where flexibility is functional. The design uses
0.9mm joint tolerance; each unit is 25 cm tall with a 5.6 cm cross-section. Our
simulation predicts maximal flexibility across configurations: a single-row arc re-
mains flexible, while a two-row grid restricts motion. Both closely match exper-
imental behavior. Unlike compliant designs, rigid components preserve strength
and durability.
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Fig. 11: Tolerance importance analysis. Frame of interlocking blocks with
bottom-left corner block fixed. (Left) Displacement evaluated at extreme configu-
ration when block A is moved vertically (blue arrow). Blocks colored by tolerance
importance: impact on total displacement. (Right) High-impact blocks (purple
ones in blue frame) are replaced with lower tolerances. This reduces overall defor-
mation under the extreme configuration. The original deformed shape is shown
in light orange for reference. The grey frame is a control case: an equal number
of blocks were randomly selected (purple) and replaced with lower tolerances.
Red arrow indicates change of Block A.

Lasercut Shelf Fig. 12 shows a shelf assembled from lasercut acrylic panels
(2.8mm thick). Slots have a minimum base width of 3.0mm to allow assem-
bly. Side slots include 0.6mm tolerance, while shelf slots vary between 0.0mm,
0.5mm, and 1.5mm. We analyze a 2D cross-section and apply glue constraints to
group disconnected parts into single blocks. Higher tolerances increase flexibility,
though predicted rotations are smaller than those observed physically.

7 Limitations and Conclusion

A key limitation of our approach is the free c-space approximation. While using
the approximated convex hull collected from rotation slices is efficient, it can-
not fully capture non-convexities when large relative rotations exist. This can
lead to inaccuracies in predicting kinematic freedom or disassembly paths when
significant rotation is involved, potentially requiring iterative re-approximation.
Another limitation arises from the ϵ∗ bound in our convexity analysis. Lemma
1 is not intended as a guarantee of convexity in general, but rather to pro-
vide intuition for when and why the convex approximation is reasonable with a
conservative ϵ∗ motion bound. A real weakness is that the lemma requires the
relative motion to be bounded, and ϵ∗ may be small, since the bound considers
the worst case over all edge pairs, specifically the distances to the two endpoints
of the nearest Minkowski boundary edge. For interlocked parts with a convex
free c-space, or parts that can be separated by pure translational motion, this
motion limit can be ignored. However, when the free c-space around the origin
is non-convex, such as when parts can separate via a bent path, our convex hull
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Fig. 12: Shelf design fabricated with lasercut acrylic sheets. Our analysis captures
the increased flexibility for larger tolerances, although absolute rotation is higher
in physical experiment.

approximation of the free c-space becomes inaccurate. Furthermore, our cur-
rent slice collecting strategy is relatively naive and may miss valid rotations at
extreme configurations.

In conclusion, we introduced a novel algorithm for tolerance analysis and
interlocking checking that accounts for gaps between parts. Our method im-
proves both performance and computational efficiency. Future work could fo-
cus on improving the approximation of configuration space to better handle
non-convexities caused by rotation, possibly through adaptive sampling or more
advanced geometric representations. Extending the approach to handle arbi-
trary 3D freeform shapes would also be a natural next step. Finally, there are
promising applications to explore, such as optimizing dense packing or enabling
tolerance-aware planning for robotic assembly.
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