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Figure 1: Flaticulation is a method to laser cut joints that clutch two cut-in-place pieces at designated articulated angles. The
key is the special T-patterns on the shared edge of the two pieces. This method allows unfolded 3D polygonal models to be cut
and assembled easily as the joints hold pieces together and provide users haptic cues at the right angle. We use Flaticulation
to produce not only static objects such as polyhedrons with different numbers of faces and a low-poly bunny but also objects
with detent mechanisms such as a reconfigurable headphone and a mouse with detent buttons.

ABSTRACT

We present Flaticulation, a method to laser cut joints that clutch
two cut-in-place flat boards at designated articulated angles. We
discover special T-patterns added on the shared edge of two pieces
allowing them to be clutched at a bending angle. We analyze the
structure and propose a parametric model regarding the T-pattern
under laser cutting to predict the joint articulated angle. We validate
our proposed model by measuring real prototypes and conduct-
ing stress-strain analysis to understand their structural strength.
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Finally, we provide a user interface for our example applications, in-
cluding fast assembling unfolded 3D polygonal models and adding
detent mechanisms for functional objects such as a mouse and
reconfigurable objects such as a headphone.

CCS CONCEPTS

+ Hardware — Emerging technologies; - Human-centered com-
puting — Interactive systems and tools.
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1 INTRODUCTION

Laser cutting is one of the most popular fabrication methods for
personal fabrication and rapid prototyping. It fabricates faster than
3D printing while being more precise and with less yield loss than
milling. Users iterate their designs on 2D drawings and send them
to a laser cutter to cut readily prepared materials (medium-density
berboard (MDF), acrylic, ABS, etc.) into real pieces. Since laser
cutters only cut in 2D, forming complex 3D models requires extra
e ort in designing mounting joints and hands-on assembling.

To facilitate fabrication of 3D objects using laser cutters, previous
works have provided interfaces to embed joints into desigad for
direct conversion from 3D models into various laser-cuttable plans
such as cubes3[ 4], mesh joinery B, 21, 33, lamination [19 34,
and kirigami/origami patterns §] for easy hands-on assembling.
Various laser-cutting patterns have been introduced to ensure that
cut pieces can be properly assembled using the same laser-cut les
on di erent laser cutters regardless of their variant in the laser
cutting kerf, i.e., the burned-away materia2§ 29. Researchers
also have looked into nesting laser-cut pieces to facilitate fast hands-
on assembly?], or using defocused laser to fold or weld materials
automatically without hands-on assembling [22, 36].

Among these techniques, joints such as nger joints, T-joints,
cross joints, and mesh joinery has been commonly incorporated
in many laser-cut designsy| 29 41]. However, these joints require
two pieces to be connected perpendicularly to be clutched tightly.
Otherwise, users have to use clamps or adhesives to temporarily
hold pieces at an angle before assembling their supporting parts.
In the meantime, these joints cannot be cut in place, i.e., the two
connecting pieces have to be laid out separately to prevent the laser
cutting kerf from losing the t.

In this paper, we discover new joint patterns that enable two cut-
in-place pieces to be clutched together by just folding them to an
articulated angle, providing an easier way to assemble unfolded 3D
polygonal models and detent mechanisms to be added into laser-cut
objects.

1.1 Flaticulation

Flaticulationis a method to laser cut joints that clutch two cut-in-
place at boards at designated articulated angles. The key to the
method is 2 types of special T-patterns as shown in Figure 2: (a)
< -T-pattern which limits the boards from being folded more than
an angle . (b)> -T-pattern which on the contrary, prevents the
boards from being folded back at at an angle

An articulated jointis formed by putting these 2 types of T-
patterns on a shared edge, as shown in Figure 3. With the constraints
from these 2 types, the two cut-in-place pieces can be clutched at
the articulated angle when simply folding them inward along the
edge. In addition, combining the >T-pattern with the lattice hinge
results in adetent hingewhich has a detent right at the articulated
angle .

Flaticulation uses both articulated joints and detent hinges to
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(@)< -T-paern .

(b)> -T-paern .

Figure 2: The 2 special T-patterns of Flaticulation.

Figure 3: Combining both < and > T-patterns results in an
articulated joint . Combining > -T-patterns with the lattice
hinge results in a detent hinge.

1.2 Using Flaticulation

Figure 4 shows the complete ow of making a mouse out of a
laser cutter using Flaticulation. The user starts by making a low-
poly mouse model in 3D modeling software. The user then loads
the model into our Flaticulation Rhino plugin (Figure 4a). Our

ease the assembling process of unfolded 3D polygonal models and plugin automatically unfolds the model into a 2D laser-cuttable

provide a new laser-cut detent mechanism. We provide a user in-
terface for Flaticulation and introduce it by walking through the
process of making a polygonal mouse that has click buttons out of
a laser cutter in the following section.

plane while recording all articulated angles between all polygons
before unfolding. According to the recorded articulated angles,
customized laser cutter setting, and attening settings, our plugin
adds corresponding articulated joints into the 2D plan. The user
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Figure 4: (a) Our Flaticulation Rhino plugin automatically unfolds a user-loaded 3D model and adds corresponding articulated
joints on a 2D plan. (b) The user can manually select to use articulated joints or detent hinges and adjust the T-pattern param-
eters on new or existing edges. (c) The user laser cuts the nal 2D plan and (d) assembles the model by folding and clutching
all pieces at the right angles. (e) The user clicks the button on the mouse to test the laser-cut detent.

examines the 2D planand nds the button parts to add detent hinges.
After selecting one of the button edges, the user manually changes
the articulated joint to the detent hinge. The user further adjusts
the T-pattern parameters to tune the detent strength, starting and
stopping angles (Figure 4b). Finally, the user cuts the 2D plan on
an MDF using a laser cutter (Figure 4c) and nishes assembling
the clickable mouse by simply folding pieces to clutch at the right
angles (Figure 4d and e).

1.3 Contribution

The core contribution of this work is the 2 types of T-patterns
that allow 2 cut-in-place pieces to be clutched at an articulated
angle. Using these patterns, we derive laser-cuttable articulated
joints and detent hinges and wrap them as Flaticulation, a method
for fabricating pieces with articulated angles using laser cutting.
We further provide a user interface for Flaticulation that allows

users to produce easy-to-assemble laser-cut plans for 3D polygonal

objects with detent mechanisms. To support our core contribu-
tion, we conducted geometry analysis and sorted out a parametric
model regarding the laser cutting kerf for the laser-cut T-patterns
to clutch at the correct articulated angle. In addition, we evaluated
the angular error and the strength of articulated joints produced
by Flaticulation under di erent angles, stress directions, materials,

and thickness. Finally, we built example objects using Flaticula-
tion to showcase its use cases and gain insights into its potential
issues. Our contribution as a whole spans from the fundamental
understanding of our original method to its pragmatic use.

2 RELATED WORK

Carpentry joinery, a part that joins two or more separated wood-
work pieces, has a long history in wooden constructiorig]as
well as art and crafts33. It is an ancient divide-and-conquer tech-
nique that allows people to build large and complex objects that
are di cult to produce in one piece by assembling small and sim-
ple pieces. Terrie Noll reviews joint techniques and provides a
detailed guide to carpentry joineryd3. More knowledge of car-
pentry joinery has been compiled in recent years through more
building guides [LQ, 25. Along with modern electrical tools such as
Dremel, less e ort is required for people to make carpentry joinery
to build objects without glue or screws.

Researchers have also worked on the topological optimization
of joints in interlocking assemblies. DESIR&T], for example, is a
framework for designing interlocking assemblies that allow graph
analysis to be performed to optimize parts arrangement. MOCG4 [
is another framework that optimizes cone joints for assemblies with
a variety of geometric forms. Researchers also have proposed a
way to decompose 3D models into small joining polygons while
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maintaining the model's recognizable shape to ease the assem-

bling processT]. These works bring in computational models into

carpentry joinery, making the computer a new tool that enables
people to design more e cient, more con gurable, or more durable
interlocking objects with less trials and error.

With rocket-rising computation power and commercialization
of computer numeric control (CNC) machines such as 3D printers
and laser cutters, recent research has looked into providing user
interfaces that integrate with computational models for interactive
design. More factors in the interaction process such as fabrication
constraints from fabrication machines have been brought into con-
sideration, which has been called fabrication-aware design. We se-
lectively introduce works that are related to joint design as follows.
Yao et al. 40 propose an interactive joint design tool speci cally
for 3D printed free-form decorative joints [21]. Digital joinery for
hybrid carpentry RQ proposes a user interface for carpenters to
create woodwork furniture combining 3D printed joints to support
oblique angles that are hard to achieve by traditional carpentry
joints. Tsugite L is a modeling interface designed for a 3-axis
CNC milling machine to create custom joints.

Fabrication-aware design not only appears in 3D printing, but
researchers also have looked into laser cutting as well. Due to the
2D nature of most laser cutting technology, it inherently requires
joinery to form 3D objects. Joinery[l] summarizes recent laser-
cut joints and proposes user interfaces to facilitate the fabrication
of 6 types of joints. Finger joint is one joinery that is commonly
used in laser-cutting. Since nger joints do not have articulated

angles, researchers have proposed using cubes as basic units to

form objects B] More work has been put into overcoming the laser
cutting kerf that a ects the t of joinery [ 26 29, and taking fast
and auto assembling into consideration in the process of converting
3D models to 2D laser-cut plans [2, 27, 28].

Another common joinery is to use planar cross-sections to in-
terlock laser-cut pieces. FlatFitFabl] is an interactive interface
for creating a planar section model to be laser-cut and fabricated.
SketchChair 8( generates planar-cross-section chairs from a 2D
sketch. crdbrd 13 generates planar section laser-cut les from 3d
models. Mesh Joineng] proposes a technique to produce angular
planar cross-sections for 3D constructions. Schwartzburg et al. take
the geometric constraints imposed by fabrication and assembly and
the rigidity of the resulting structure into consideration to generate
planar-cross-section 2D plans from a 3D model.

Researchers also have proposed special processes such as fold-

ing [22 and stacking B for laser cutting assemblies. LamiFoltd
presents a work ow to fabricate various mechanisms by stacking

and gluing laser-cut sheets. Special patterns have also been pro-

posed to form meta-materials to approximate volumetric shays.[
Kirigami Haptic Swatchesf] create di erent button-press sensa-
tions using cut-and-fold techniques such as kirigami and origami.
Several technigues such as strained joint that uses surrogate fafs [
have been proposed to make rigidly foldable origami using non-
compliant materials that have thicknes4 . Many approaches
such as using wood stripe2f], ribbon fabrics B1], thin spirals [39
and auxetics [15, 16] have been used to compose 3D surfaces.
To summarize, in contrast to the aforementioned works, our
work discovers laser-cut joinery and formulates a fabrication-aware
method with a computational model for creating 3D objects by
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directly unfolding the 3D model to a 2D plan and folding the cut-
in-place pieces back to articulated angles on one sheet of material.
Speci cally, our method (1) has no extra computational model to
convert 3D models to 2D cutting plans, (2) requires only one sheet of
material without stacking and heating, and (3) largely simpli es the
post-fabrication and assembling process by making pieces folding
in place in almost arbitrary angle compared to previous laser cutting
methods.

3 T-PATTERN GEOMETRY

Our method rests on the key contribution of 2 T-pattern geometries
that enable 2 cut-in-place pieces to be constrained at an angle when
folding inward (< -T-pattern) and outward (>-T-pattern) as shown
in Figure 2. In this section, we derive their parametric models from
the illustration of the T-pattern geometries as shown in Figure 5
respectively to predict the articulated angle and describe how they
accommodate articulated joints and detent hinges as shown in
Figure 3.

In short, the T-pattern creates a rotary latch at an articulated
angle. The key factors in determining the articulated anglare
the thicknessT of the board, the neck length of the pattern, and
the base displacemeit relative to the shared pivot edge.

Figure 5a,b depict the geometries of I-pattern in the cases of
an acute and an obtuse angle respectively, which gives the following
equation:

Xcos +Tsin =L (1)

Figure 5c¢,d depict the geometries of ¥-pattern in the cases of
an acute and an obtuse angle respectively, which gives the following
equation:

for
for

L= J,T cse J andX =T cot + Xext

L=jTcsc |

(@)

We should note thal andL are positive values, while the value
of X can be either positive or negative, meaning the direction of
the base displacemerXeyt is the key factor that in uences the
holding force of detent hinges and can be ne-tuned in our user
interface.

Moreover, the laser cutting kerf3g, i.e., the uneven burned
materials at the top and the bottom in the laser-cutting process as
shown in Figure 6, causes a position o stand an angular o set
. To compensate for the angular o set, equation 1 is further
odi ed into:

90
Xext tan > 90

Xcos + °+Tsint 3)
while in equation 2 is substituted by + . Finally, we add extra
corrections to compensate for the position o s&t and the folding
direction (mountain or valley) to obtain the nal valué; andXc.
The correction detail is shown in Table A.1 of appendix A.

+ °=Lcos +Tsin

3.1 Determining Parameters

In practice, we designate the thickne$sand the articulated angle

. We also assume that the kerf position o sktand the angular
oset remain constant anywhere on the cutting board. That is, the
neck lengthL and the base displacemeXtare the two parameters
that have to be determined.
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Figure 5: The cross-sectional geometries of the 2 types of T-pattern in 2 folding ranges. For <  -T-patterns in (a) and (b), we
assume that the two boards are folded perfectly along the shared edge and thus set the pivot point as the origin O of the
coordinate system with the x axis pointing away horizontally and the y axis pointing away vertically. At the moment when
the two boards are at the articulated angle , the head segment of the left board contacts the base segment of the right board,
i.e., AB intersects the point 1X;T°, and thus prevents folding more. Since the length of the perpendicular from the origin @)
to AB is exactly L and the angle the perpendicular makes to the positive direction of the x-axis is , AB can be described in
the normal form as equation 1. For < -T-patterns in (c) and (d), they incorporate a cantilever beam to form a ratchet at the
head segment. The head segment deforms as the folding angle of the two boards approaches  and then snaps at the angle
which then prevents them from being folded back to the at position. The contact point of the head segment forms a right
triangle ( 40CDor 40F B with the pivot. This gives the equations Lo = jT csc jand Xo =T cot . However, the head segment only
touches at a point (C or F) without snapping. To make the head segment collide and snap, we extend the base segmentby Xext
for angles 0° 90°in (c) and shorten the base segment by Xext for angles 90° 180°in (d). Equation 2 includes this adjustment

and describes X and L that we use to provide proper contact and achieve the desired holding force.

Figure 6: The laser cutting kerf a ects the geometry in
Flaticulation. (a) We de ne the positiono set K and the an-
gle oset  to describing the kerf. (b) The cross-sectional
view of the o set e ect. Speci cally, the kerf causes the con-
tact points of the boards to shift on the actual cut and in-
duces additional rotation. In the meantime, since the width

of the kerf at the top and the bottom di ers, mountain folds
(convex) and valley folds (concave) cause dierent errors
that need to be considered separately.

Itis trivial for > -T-pattern to get the exact pair df andX by
solving equation 2. More speci cally, we s&iext to be0:3T sin ,
which worked the worked the best for MDF and acrylic sheets from
our empirical testing.

However, for < -T-pattern there are multiple solutions when

space of equation 3 with regard 1g X and . As shown in the plot,
there are multiple combinations df andX that achieve the same
angle (with the same color code on the curved surface).

In our implementation, we focus on reducing the size of the
pattern and nd that the additional relation betweebhandX shown
in equation 4 works out the best to determine their values.

X = T L for 90 )
L for > 90

From this parametric model, we nd that large angles ¥ 150)
require a very long neck. In addition, the kerf makes small folding
angles ( < 79 unachievable with our laser cutter. Figure A.1b
of appendix A shows our achieved anglegelative toL under
equation 3 and 4 witill = 3mm,K = 0:12mmand = 2:1°for
< -T-pattern.

3.2 Articulated Joints

We achieve articulated joints that interlock at desired angles by
lining < -T-pattern and >-T-pattern on a single edge. The -
patterns stops the boards from further folding and the-¥-patterns
prevent it from going back to the atten position, achieving torque
equilibrium.

For joints with in the range 0 9C, the 2 types of T-patterns
combined interlock the two pieces together, achieving force equi-
librium, as shown in Figure A.1c of appendix A. All 6 degrees of
freedom are consequently constrained, forming joints at the articu-
lated angle.

Joints with in the range of 90 180, however, lack the holding
force from downward, thus requiring an extra lattice hinge to be

solving equation 3. Figure A.la of appendix A plots the solution added along the edge to form the joint. The lattice hinge provides the
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force needed to hold the two pieces together while the T-patterns
clutches at the articulated angle to achieve torque equilibrium.

3.3 Detent Hinges

We achieve detent hinges by combining s¥-patterns and lattice
hinges. The detent is achieved with the cantilever beam working as
aratchet. Figure A.1d of appendix A shows the torque-angle plot of
our example detent hinge, where is the di erence from the initial
position. The bump from 3°to 1@ is the detent created

by the > -T-pattern. That is, the user feels the apparent change in
resistance when bending the pieces more than the articulated angle.
The force of the detent can be adjusted by changing the length of
Xext mentioned in section 3.

4 FLATICULATION USER INTERFACE

We provide a software interface for Flaticulation. Our software (1)
unfolds 2-manifold models, (2) adds the articulated joints between
connecting pieces using the articulated angles in the model, and (3)
allows adjusting joint types and parameters for each connection.
We implemented the software as a Rhinoceros plugin using Python
and Grasshopper. We used Trimedj [ibrary for mesh attening,
HumanUl for the interface, and GH_CPythod][for integrating
Python functions into Grasshopper. Our software is open source
and can be found online at http:// aticulation.com/.

4.1 Unfold 2-Manifold Models

Our software unfolds a 3D model onto a 2D plan to be laser-cut us-
ing the strategy proposed by Haenselmann et 4l[ This method
calculates the weights to determine the minimum spanning tree
of the mesh's associated graph and thus only supports 2-manifold
models, which ts for one of the Flaticulation limitations. In addi-
tion, our software records polygons' articulated angles and their
folding directions on their connecting edges while executing the
unfolding procedure for generating the right articulated joints by
default. The user interface for unfolding models, as shown in Fig-
ure 4a, provides the options for scaling the original model and
designating material thicknesE, kerf o set K, and kerf angle

for generation. Our software calculates the correspondingnd

X based on section 3.1 and repetitively lIs the length of the edge
with the T-patterns by default.

4.2 Add Joints and Hinges

Our software also allows users to manually add joints or hinges
with desired settings onto each edge. That s, users can ne-tune the
unfolded 2D plan or create their custom 2D plans without building
3D models and apply Flaticulation. The user interface for adding
joints, as shown in Figure 7, appears when selecting an edge on
the 2D plan and provides the options for changing its joint types
(joint or detent hinge), articulated angle, and folding directions.
We also include advanced options such as the percentage of length
used for adding patterns, the width of small “tal39 that prevents
fabricated objects from falling out while easy to break by folding,
and the sti ness of the hinge.

For detent hinges, there are more options for creating a normal
hinge and detent mechanism with and without a stopping angle.
As described in section 3.3, modifying the length of the parameter
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Xext results in changes in the detent resistance. We, therefore, use
a multiplier of Xext (from O to 1, 0.5 by default) to specify the
sti ness of the detent. The higher the sti ness the more rigid the
detent becomes. Additionally, users can set the stopping angle to
the detent hinge, where an <T-pattern is added to limit the range
the hinge can work at.

Figure 7: The Flaticulation user interface allows users to add
individual (a) articulated joints or (b) detent hinges besides
generating joints from 3D models automatically. (c) Users
can select a line segment at the desired location, (d) then the
corresponding pattern will be generated on the edge accord-
ing to the settings menu.

5 TECHNICAL EVALUATIONS

We conducted technical evaluations to gain deeper insight for prac-
tical use of Flaticulation. In particular, we evaluated the error of
the articulated angle and the strength of the articulated joints in
the following section.

5.1 Angular Error

To validate our parametric model of the articulated angles achieved
by the T-patterns in section 3, we cut 20 samples of a joint that was
designed to clutch at an angle and measured its actual clutched
angle. We photographed the joint horizontally using a telephoto
lens (35mm-Equivalent 216 mm) from their side and then measured
the angles digitally by putting the image in AutoCAD. We tested

5 di erent angles (39 60, 90, 120, 150) with total 100 samples.
Figure 8 shows more details of the joint samples in the 5 articulated
angles. The fabricated 100 samples have an average error of.-3.21

Figure 8: The joint samples in 30 °, 60°, 90° 12C° and 150°.
The respective min-max pairs are [26.1 °, 29.9], [49.4°, 65.5],
[84.7°,91.8], [111.7°, 114.9] and [144.6°, 149.0]. The respec-
tive mean errors are  1.56°, 4.17, 1.28, 6.42and 2.64
(SD=1.12,4.83, 2.14, 0.73, 1.36).
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