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Figure 1: We propose a novel material design that can be laser cut with user-de�ned compliance. We show how such fast to pro-
duce materials allow users to create custom materials, such as (a) stu�ng for toys with custom softness, (b) lamp shades with
variable transparency, (c) damping materials for packaging, or (d) be used for static support (e.g., formwork for architecture).

ABSTRACT
We propose a novel design of engineered, structured materials
that leverages fast fabrication technologies, pushing them towards
mass-fabrication. Speci�cally, our metamaterial is designed to be
laser cut, to approximate thevolumetricshape and allow for locally
varying compliance.Traditional mechanical metamaterials consist
of intricate cells arranged on a 3-dimensional grid, limiting them
to 3D printing�which is slow. Our metamaterial is designed for
laser cutting, which is drastically faster. Our structures are best de-
scribed asru�ed strips of thin sheet material, such as paper, plastics,
metals, etc. Users can interactively de�ne the ru�es' anisotropic
sti�ness directions and local density. Our computational design tool
assists users by automatically optimizing the ru�e to �ll the shape's
volume, and exporting the �at ru�e design ready for cutting. We
demonstrate how such ru�ed metamaterials can be utilized for, e.g.,
custom toys with locally varying compliance, custom packaging
material, or lightweight formwork for architectural shells.
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1�� INTRODUCTION
The��availability��of��digital��fabrication��machines,��such��as��3D��printers��
or��laser��cutters,��allows��users��to��create��custom��physical��objects��
of��arbitrary��shape.��This��freedom��has��inspired��many��applications,��
including��decorative��objects,��interfaces��for��accessibility��[7,��40],��
sturdy��yet��lightweight��objects��[8,��26],��or��large��scale��structures��[23],��
just��to��name��a��few.

Beyond��designing��objects��with��custom��shape,��digital��fabrication��
expands��the��design��space��to��novel��and��custom��materials�known ��
as��mechanical��metamaterials.��Metamaterials��typically��consist��of��
microstructures,��i.e.,��intricate��cells��arranged��on��a��3-dimensional��
grid,��and��exhibit��functionalities��di�ering��from��those��of��the��material��
that��they��are��made��of��[2].��Such��metamaterials��demonstrate��ad-
vanced��engineered��properties,��such��as��being��ultra-lightweight��[43],��
volume-changing��[42],��damping��[10,��48],��shape-morphing��[36,��54]��
or��enabling��locally��varying��elasticity��[28,��37,��46].

Three-dimensional��metamaterials��are��typically��limited��to��manu-
facturing��by��3D��printing��due��to��the��complexity��of��their��microstruc-
ture��[28,��46].��However,��3D��printing��is��slow.��Faster��fabrication��meth-
ods��include��cutting��or��molding,��but��these��have��only��been��shown��to��
produce��2-dimensional��sheet��metamaterials��[22,��38].
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In this paper, we presentvolumetricmetamaterials that are de-
signed forlaser cutting. They are fast to produce yet allow for
custom local elasticity. With this work we push metamaterials
towards mass-fabrication, with the goal of increased real-world
impact. To create volumetric 3D metamaterials from laser-cut 2D
sheets, we rethink how (1) unit cells, (2) their arrangement and
(3) their connections look like, which we outline in the following
section.

1.1 Developable metamaterial: elasticity
through ru�les

We design our metamaterials to be laser cuttable, hence we are
bound to use sheet materials. Thin sheets, such as paper, have a
very low bending sti�ness and therefore can barely resist any loads,
i.e., they are very compliant. We show in Fig. 2b how folding the
same paper strip into a smooth ru�e decreases its compliance. This
ru�e is theunit cell in our metamaterial design.

We can further control the compliance of our material by con-
trolling the arrangementof our ru�es within the paper strip. The
example in Fig. 2c shows how using the same paper strip, but folding
it into multiple dense ru�es, decreases its compliance drastically.
These basic concepts of our material design allow us to create volu-
metric approximations of 3D shapes with controllable compliance
using laser cut strips.

Figure 2: (a) Thin sheets, such as paper, cannot resist sig-
ni�cant load, as they have low bending sti�ness. (b) Fold-
ing the paper of the same length into a ru�le decreases its
compliance, such that it deforms less under the same load.
These ru�les are our unit cells. We can further control the
compliance by changing the arrangement of the paper strip.
(c) Using the same piece of paper, but folding it into multiple
ru�les decreases its compliance signi�cantly. (Paper strip
width = 5 cm, length = 24 cm, load = 50 g)

The reason behind the change in compliance it that we introduce
curvature [50]. The curvature introduces bending energy (thereby
elastic energy), which is proportional to the mean curvature squared.

The compliance of the ru�es is not uniform. Since their connection
is tangential, their curvature changes. We illustrate this anisotropy
in Fig. 3. We create the ru�e shape as a curve on the plane and
then extrude it in the orthogonal direction. As such, the ru�e
can withstand the highest load along the extrusion axisI . The
compliance along theGand~ axes are de�ned by the ru�e shape.
Since our ru�es are connected such that they meet tangentially,
the ru�e curve (on the plane) tends to be wider inGdirection than
in ~ direction. This aspect ratio makes~ the softest direction.

Figure 3: Such a ru�le is has di�erent compliance directions.
We can control the softer x and y directions. The I direction
is the ru�le's extrusion width which is de�ned by the target
mesh.

These di�erent compliance directions are modeled in our com-
putational design tool. Users place and orient the ru�e plane to
de�ne the extrusion directions. They can locally change the ru�e
density to de�ne the compliance inGand~ directions. Our algo-
rithm optimizes the ru�e according to these user speci�cations
to �ll the object's volume. The target shape is what de�nes the
ru�e extrusion widths and thereby the local sti�ness along theI
axis. For more �ne-grained control, users can split their object into
multiple, individually controllable ru�es. We detail the interactions
in Section 3 and the implementation in Section 4.

Our design tool exports the �at ru�e as an SVG �le, ready for
cutting. We design the fabrication with ease of assembly in mind,
as we demonstrate in Fig. 4. To fold the strip into the �nal 3D shape,
users only connect the interlocking tabs that are cut into the strip.

We derive the namedevelopable metamaterialsfrom the concept
of developability, where materials are not stretched or compressed
but only bent. Since the 3D shape of the ru�es is created by parallel
extrusion of the planar ru�e curves, our structures are inherently
developable, i.e., they can be �attened without distortion, facilitat-
ing our simple fabrication process.

1.2 Contributions
The main contribution of this work is the concept oflaser-cuttable
volumetric metamaterials. Speci�cally, we contribute a holistic sys-
tem that consists of the following parts.
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Figure 4: (a) Our design tool outputs a �at ru�le with all con-
nector tabs, ready for laser cutting. (b) Assembling the ru�le
only requires users to insert the labeled tabs into their cor-
responding slit.

(1) Novel metamaterial design:We contribute the conceptual
metamaterials design, which consists of the ru�es (analo-
gous to unit cells in traditional metamaterial designs) and the
arrangement on the paper strip (analogous to the tiling on a
grid). This design space includes the variable density of ruf-
�es, such that users can de�ne 3D shapes with user-speci�ed
local compliance represented by volumetric ru�es.

(2) Computational design tool:Our computational design tool
allows users to interactively design their material's compli-
ance, optimizes the ru�e shapes to �ll the target volume,
and exports the optimized ru�e as a �at design ready for
cutting.

(3) Simple fabrication process:We devise the design of the in-
terlocking �ap joint that enables a simple assembly process
without the need for external fasteners or glue, since it is cut
into the �at ru�e design.

This work is part of a higher-level goal to createmass-fabricable
metamaterialsto increase their real-world and industrial relevance.
It is the �rst step towards this goal and focuses speci�cally on
(laser) cutting as the fabrication technology and compliance as
the adaptable material property. There is plenty of space in this
area for investigating novel metamaterials targeted to other fabrica-
tion technologies, such as (injection) molding, or di�erent material
properties.

2 RELATED WORK
The work presented in this paper builds on previous work in in-
teractive fabrication focussing on laser cutting, on shape-changing
interfaces and metamaterials. We also build on existing methods in
computational design and simulation of thin shells and developable
surfaces.

Fabrication by laser cutting.Laser cutting is a fast fabrication
technique compared to 3D printing. With the speed bene�t, a re-
striction in dimensionality arises, which is why the approximation
of 3D objects by assembly of �at parts is an active research �eld. To
take advantage of the speed bene�t of cutting, previous works have
proposed methods and software systems that help users design
objects that can be assembled e. g., by using slotting joints [17, 30]
or �nger joints [ 1], by extracting plates from 3D shapes [3], bend-
ing acrylic sheets [33], or welding layers of acrylic [52]. These
works investigated assembling rigid plates. Laser cutting can also
be used to create objects with some �exibility such as embedding
bendable parts [25, 34], integrating springs to �rmly hold external

components [41], or directly cutting planar patterns for stretchable
sheets [12] and compressible honeycomb structures with integrated
sensing [55]. While reducing the need for assembly was a focus
on many aforementioned works, they do require some level of
assembly.

To eliminate the need for assembly, researchers investigated self-
assembling objects, i. e., objects that can be fabricated �at and be
activated to fold into the target shape after fabrication. To encode
the folding locations, researchers have proposed di�erent methods,
e. g., layering di�erent materials [16, 51], changing the direction
of the 3D print path [13, 54], or combining pre-stretched materials
with rigid structures [15].

Engineered materials & Mechanical metamaterials.Going beyond
creating objects with custom shape, researchers investigated laser
cut sheets that de�ne novel material properties. The working prin-
ciple behind such materials is their decomposition into cells and
arrangement on a grid, known asmetamaterials. The unit cells play
together to enable the engineered material properties. Often, such
2D metamaterials are based on origami, i. e., sharp creases on a
sheet of paper that govern the deformation. A famous example is
the Miura fold [32]; it is auxetic and unfolds in two dimensions
upon 1-dimensional actuation.

To eliminate the necessity for folding, engineers build custom
material properties intokirigami sheets. Kirigami is a variation
of origami that includes cutting the paper, which facilitates easy
fabrication. Such kirigami sheets have been shown to exhibit area-
changing (auxetic) properties as well [39], or to increase the stability
of the sheet material after extension [38]. Beyond uniform defor-
mation, researchers in graphics showed how such planar auxetic
sheets can model 3D surfaces [22] by locally de�ning the amount
of stretch in the cells.

Since the many cells play together to exhibit a desired property,
their design is di�cult. Inverse design tools for structured sheets of
materials [27, 47] help users design such materials, by optimizing
the parameters (e. g., edge lengths) of a structure family as to �nd
the best-�tting material for users de�nition.

The utility of engineered materials is versatile and ranges from
emulating the sti�ness of traditional materials to make them fab-
ricable from one type of material [4], over varying their compli-
ance [28, 29, 37, 46], to damping materials [10, 48] and mechani-
cally cloaking inset objects [5]. Moving towardsdevices, instead of
material properties, made from metamaterials, the integration of
mechanisms [18, 20], computation [18] and shape-change [19] into
metamaterial structures have been shown. Note that all materials
in this paragraph were3D printed.

In our work, we contribute a novel metamaterial design that can
be laser cut and encodes localized compliancevolumetricallyin 2.5D.
Our fabrication process is fast and pushes laser-cut metamaterials
beyond sheets.

Thin shells & Developable surfaces.In order to provide a design
tool for our developable metamaterials, we need to simulate the
ru�es. Since traditional �nite element methods are too slow to be
used in an iterative optimizing algorithm, we build on thin shell
theory. There exists a large body of work in this area. We will
only discuss the closest related work and refer readers to the work
of Destuynder et al. [9] for in-depth discussions. Thin shells are



CHI '21, May 8�13, 2021, Yokohama, Japan Signer, Ion, Sorkine-Hornung

�exible structures, sometimes reduced to plates, that have a very
small thickness compared to their width. Thin shells are curved
in their resting position, while their simpli�ed derivation of thin
platesare �at. This applies to our problem de�nition and thus is the
starting point for our ru�e simulation. The closest related work
is discrete shells[11], which we directly build on. We detail our
adaptation in Section 4.

For ease of fabrication, we de�ned that our metamaterial shall be
developable. Developability constraints de�ne that a 3D shape may
have at any point only a cylindrical deformation, i. e., the Gaussian
curvature is zero. That means that the material is only bent, not
stretched or compressed, which simpli�es the assembly process
drastically. Developable surfaces are an active research area with a
long history [24] and many recent advances. Approximating arbi-
trary shapes with typically multiple developable surfaces is often
based on iteratively deforming the shape until they achieve vanish-
ing Gaussian curvature [49, 53]. Alternatively, e�ective methods
decomposed the shape into developable strips [31]. The joint design
for connecting the strips is left for end users to design. Zippables
[45] introduced a complete system that not only optimizes devel-
opable ribbons for a given shape, but also introduces a fabrication
process to add zippers for connecting the ribbons.

Our metamaterials are also developable ribbons, but they �ll the
volume and the connectors are embedded in the strips. Since we only
consider cylindrically curved strips, we do not need to optimize for
developability, as those are developable by construction. However,
we see interesting opportunities to adding ru�es along 3D curves,
which will require enforcing developability constraints.

3 DESIGN TOOL
To allow users to create developable metamaterials and specify the
localized compliance of their objects, we contribute a computational
design tool targeted at makers. In this section, we show how users
specify the material properties on their target shape. We detail how
our algorithm approximates the shape with optimized ru�es based
on the user input in the next section.

3.1 Shape approximation with one ru�le
Users load the target shape as a common triangle mesh into our
design tool. In the following, we start with a simple cuboid. Upon
loading the model, our system automatically creates a default ru�e
that serves as a preview. As Fig. 5 shows, this ru�e approximates
the entire shape and can readily be exported.

Figure 5: (a) Our editor automatically creates a (b) optimized
ru�le, which serves as a preview.

Fig. 6 illustrates this process, which runs in the background. To
create a ru�e, our algorithm requires acutting planeto obtain the
outline of the 3D mesh intersection. This outline is the2D target
shapeof our ru�e optimization. Our system initializes a default
ru�e �stack� curve in 2D and optimizes the curve to �ll the 2D
target shape (detailed in Section 4). Our system then extrudes the
optimized ru�e curve and intersects it with the3D meshto obtain
the 3-dimensional ru�e.

Figure 6: To create optimized volume-�lling ru�les, our sys-
tems (a) places a default cutting plane and uses the outline
as the target shape. (b) It initializes an approximate ru�le
curve and (c) optimizes the 2D ru�le to �ll the shape. All
these steps are performed automatically in the background.

Our algorithm assigns a default number of ru�es in the stack,
based on ru�e lengths that we determined empirically. Since the
ru�e stack is uniform, the compliance of the object is uniform as
well. This simple default ru�e is a good preview but might not be
appropriate for users' application. Therefore, users can selectively
change the density locally, as we show in Fig. 7. Increasing and de-
creasing the ru�e density can be done recursively on user-selected
ru�es.

Changing the ru�e's density results in a new topology, i.e., in-
troduces new connection points and changes the order of existing
ones. With this new topology, we optimize the ru�e again to �ll
the target shape. When users are satis�ed with their design, they
can export the �at ru�e ready for the laser cutter. To export the �at
ru�e, our system simply lays each segment �at, adds the interlock-
ing tabs at the connection points and writes the result as an SVG
�le. Thanks to the cylindrical nature of the ru�e, the �attening is
guaranteed to be free of self-intersections, i.e., it is always possible
without any further processing or segmentation. The �at ru�e is
only constrained by the cutter's bed and the material sheet size.
Note that we circumvent this size restriction by manually subdivid-
ing the �attened ru�es and arranging them onto multiple sheets.
The connections are planar �nger joints to minimize the change in
sti�ness. This is visible in Fig. 7 at the top right ru�e.

3.2 Multiple ru�les for additional control
While changing the ru�e density alters the compliance in theG~-
plane, it does not a�ect the sti�ness orthogonal to the cutting plane.
Since this direction is the sti�est dimension of the ru�e, users might
want to edit the ru�e orientation for additional control over the
object's local compliance. To achieve that, users can partition the
mesh, which allows them to freely de�ne one ru�e per partition.
They can orient the individual cutting planes to de�ne the sti�ness
directions as they wish. We illustrate in Fig. 8 how users partition
the teddy into 6 parts. They orient the cutting plane for each part.
Our system then creates default ru�es for each part.
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Figure 7: Users decide that their object, which is a stool,
should have two di�erent comfort zones. (a) They increase
the density of the ru�les on the left side to get a more rigid
sitting area. (b) Upon export, our algorithm intersects with
the input 3D mesh and exports the �at ru�le. (c) A miniature
version of the comfy stool.

Figure 8: To control the extrusion direction individually,
(a) users can create multiple cutting planes; here it's 6. (b) De-
fault ru�les are created for each plane, we highlight the
right arm in this example.

Users now have the opportunity to change the density of the
individual ru�es. Fig. 9 shows how users create an elbow for the
teddy. To increase the motion range of the elbow, they move the
outer connection point inwards to allow for a hinging motion.
Again, our algorithm automatically optimizes the ru�e to keep the
volume �lled. Upon exporting multi-ru�e objects, our algorithm
creates additional strips that connect two model parts.

Figure 9: User can �ne-tune the ru�les. (a) They move on
connection point inward such that the ru�le can extend to
act like an elbow, (b) which we demonstrate in the fabricated
version.

4 IMPLEMENTATION
The core of our design tool is the automatic shape approximation
with ru�es. We use an iterative optimization loop to compute the
�lling ru�e shape. In summary, our algorithm receives the outline
from the user-de�ned plane cut, which is the 2D target shape to
�ll. After initializing a ru�e topology, our algorithm simulates the
2D ru�e curve to �nd the physically approximate shape. Then,
our algorithm changes ru�e parameters while aiming to �ll the
target shape and simulates the altered ru�e. At every iteration,
we compute the residual area, i.e., how much area is un�lled by
the ru�e and how much does it protrude. When the target shape
is �lled, our optimization returns the 2D ru�e shape, which is
extruded and intersected with the 3D mesh. We expand on the
details of our algorithm in the following.

Notation.In this technical exposition, we use the following nota-
tion, which we illustrate in Fig. 10. We view the ru�e in two levels
of detail. At the higher level, a ru�e consists of a set ofconnection
points� and an ordered list ofsectionsbetween them, each having
a starting and an ending point, and a �xed length. The sections
are laid out in the sequence in which they will appear in the �nal
unfolded paper strip; as such, every section's ending point must
be the starting point of its successor. The length of the strip is con-
sequently the sum of the section lengths. Every connection point
has at least three connecting sections, otherwise it can be collapsed.
This level de�nes the topology of the ru�e, but not its shape.

At the lower level, every section is subdivided intosegmentsof
length approximately� (the resolution), with new interiorverticesin
addition to those stemming from the connection points. This results
in a list of # vertices, each with a 2D positionx8 and a widthF8.
We can also view all the positions together asx = x # R2#» 8¼ 28=1 .
Each segment8is a straight line segment betweenx8 andx8̧ 1 and
has the (undeformed) length�8.

Figure 10: The ru�le notation and terminology. A ru�le has
connection points, sections between them, which consist of
segments. The extrusion width F8 at a vertex x8 is deter-
mined by intersecting with the input shape in 3D.

4.1 Ru�le simulation
A key component of our algorithm is a fast simulation of a thin-
sheet, paper-like deformation. The simulation is performed itera-
tively to evaluate the current ru�e's �t to the user-de�ned target
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shape. General �nite element analysis methods (e.g., on a tetra-
hedral mesh) are known for their accuracy, but are too slow to
be utilized in iterative optimization methods. Especially on thin
structures such as paper, FEA would require a very large number
of isotropic elements, or the use of anisotropic elements, which
potentially give a low-quality result.

Instead, we make use of domain-speci�c information to achieve
fast simulation results. Consequently, we build on thin shell theory.
Speci�cally, we adapt thediscrete shellsmodel introduced in [11],
which has been shown to be e�ective for similar problem de�nitions.
This model simpli�es the problem by applying the assumption of
thinness(i.e., width � thickness). Additionally, it operates on a
mesh and separates membrane and �exure modes, which makes it
easy to implement, computationally e�cient and accurate even on
coarse meshes.

In our speci�c application domain of creating smooth, thin ru�es,
we build our simulation such that the following properties hold:

(1) The ru�e deforms smoothlyat any given point.
(2) The ru�e connectionsmeet in a smooth manner.
(3) The ru�e does not haveself-intersections.

We detail the energies that we use in our simulation to �nd the
vertex positions of our ru�e curve such that the aforementioned
properties hold and all energies are in equilibrium.

4.1.1 Smooth ru�le deformation.We adapt thediscrete shellsmodel
to �t a 2D line mesh, i.e., a polyline. It consists of two energies:
(1) the �exure energy, which models how much the material resists
bending and (2) the membrane energy, that models the stretch in
the material due to the deformation.

In our implementation, the �exure energy applies at interior
vertices where two segments meet. Our adapted �exure energy is
described as the sum over interior vertices:

� � ¹xº =
# �1Õ

8=2

¹\ 8 � c º2F8• ��8•

where\ 8 = \ ¹x8�1 •x8•x8̧ 1 º is the interior angle,F8 is the strip
width at x8, and��8 = ¹�8�1 ¸ �8º•2 is the average of the adjacent
segments' resting lengths.

The membrane energy applies within each ru�e segment. In our
model, we only consider a single mode of intrinsic deformation,
namely stretching along the strip. We omit modeling the shear
stress on the tangent plane, in contrast to the original method,
which is justi�ed since our ru�es are only bent cylindrically. We
simplify the membrane energy accordingly to

� " ¹xº =
# �1Õ

8=1

¹kx8̧ 1 � x8k � �8º2”

Note that while this term is originally used to model stretching
materials, we weigh it with a large factor: " . In our setting, the
term more closely acts as a quadratic penalty term for the constraint
kx8̧ 1 � x8k = �8.

4.1.2 Connections along the ru�le.We model a connection point
¹8• 9º 2 C (i.e. the ru�e should connect to itself at vertices8and
9) by two constraints: (1) a positional constraintx8 = x9, which
we enforce by substitutingx8 andx9 by a single variable, and (2) a
tangential constraintC8 = � C9, whereC8 is the tangent direction at

vertexx8, pointing in direction of increasing indices. The tangential
constraints are pointing in di�erent directions, since the sections
run in opposite directions. We describe the tangential constraint
with two additional �exural energy components, giving us the
constraint energy

� � ¹xº =
¹8•9º 2C

¹\ ¸
8 9� c º2F8• �� ¸

8 9¸ ¹\ �
8 9� c º2F8• �� �

8 9•
Õ

where the connecting angles are given by\ � =8 9 \ ¹x8�1 •x8•x9�1 º
and the lengths���8 9are computed correspondingly.

4.1.3 Preventing self-intersections.The ru�e may not interpen-
etrate itself. Instead, forces should be transferred across contact
points. We base our collision system onair meshes[35], which are a
triangulation of the empty space between objects. Air meshes pre-
vent intersections by enforcing that triangle the areas stay positive,
i.e., the triangles may not �ip. Since rotations of objectswithout
collisionscan cause a twist in the air mesh, leading to very skinny
triangles with a small area, the original method tests whether edge
�ips improve the overall triangle area. They model this as a quality
score for each triangle.

While the original air mesh algorithm uses a bounding box for
their triangulation, we need anunbounded simulation area. We
achieve this by modifying the air mesh algorithm and adding a
vertex at in�nity, which is used for triangulation instead of the
bounding box. These in�nite triangles are assigned a constant qual-
ity score of@1 (a value of0”05worked well in our case) and e�ec-
tively disregarded as constraints, but enable a valid triangulation
of an unbounded area. We use our air mesh adaption in an energy
minimization scheme for �nding the resting con�guration of the
ru�e. Speci�cally, we use the following penalty method:

� � " ¹xº =
4���

maxf 0•� � 4��� ¹xºg•
Õ

where� 4 ¹��� xº are the areas of the triangles created between the
ru�e vertices.

4.1.4 Numerical optimization.To optimize the physically-based
ru�e deformation, we combine the aforementioned energies and
minimize the following �nal energy

� ¹xº = : " � " ¹xº ¸ : � ¹� � ¹xº ¸ � � ¹xºº ¸ : �" � �" ¹xº”

This deformation energy is invariant to translations and rotations
of the ru�e in the plane. To obtain a unique result for the static
con�guration x� = arg minx � ¹xº and make it physically correct,
we add gravity, as well as boundary conditions. These boundary
conditions include adding a �oor at height~ = 0 to makex� unique
up to translation in theGdirection, and constraining the bottom-left
vertex to a �xed position, e�ectively anchoring our ru�e.

To solve forx� , we use L-BFGS-B [6], a simple and e�cient quasi-
Newton method (i.e., it approximates the second derivative from
instances of the gradient) that supports simple box constraints of
the form l � x � u (where;8 andD8 can also be in�nite to have
open box constraints onG8). We use these box constraints for the
�oor, e�ectively setting every second element ofl to zero.

Note that while the above energy� ¹xº is physically-based and
solving the ordinary di�erential equation of motion 1x �¥ = �M r� ¹xº
(as in [11]) gives a realistic evolution of the ru�e (when paired
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with a damping term to dissipate energy), we are primarily inter-
ested in the resultingstaticresting con�gurationx� . Since in that
con�guration, all forces cancel out, i.e.,r � ¹x� º = 0, or similarly,
x� = arg minx � ¹xº, we reduce our simulation to a simple energy
minimization.

4.2 Shape approximation
We informally view the task of shape approximation as a con-
strained optimization problem, where we maximize the total area
within the ru�e, with the constraint of the ru�e being contained
within the 2D target shape, i.e.

b� = arg max
b:' b � )

� ¹' bº•

where' b is the set of points contained within the ru�e given the
parametersb (i.e., the section lengths) and) is the target shape.
As we don't have a closed-form expression for the derivatives of
the constraint function� ¹' nb ) º = 0 or the objective function
� ¹' ºb with respect to the parametersb , conventional derivative-
based optimization techniques are not applicable. Instead, we use a
simple heuristic that exploits the geometric nature of the problem
and gives good results in practice.

Figure 11: Overview of the notation and terminology of
our heuristic shape approximation algorithm, showing in-
stances of inner and outer sections.

We classify the sections into two classes, based on which we
heuristically update the section's length:

(1) Sections that are part of the outline.We want these sections to
touch the target shape boundary, as otherwise they can be length-
ened, increasing the ru�e area. We de�ne the signed distance �eld
3 to the target shape to be positive inside and negative outside, il-
lustrated in Figure 11. The update rule for the length� of an outline
section is

� 0
outer = �outer ¸ [ outer · min

x82section
3¹x8º”

This can be considered as a step of the Newton-Raphson root-
�nding algorithm for the function 5 = minx ¹82section3 x8º with the
assumption50 = 1•[ outer. Because lengthening a section by some
� � can change its furthest horizontal position by at most� �

2 , we
get the bound50 Ÿ 0”5. Consequently, values of[ outer below 2 are
a good choice.

(2) Horizontal sections.We neither want these sections to be
too long (which would place the connection points outside the
target shape, making optimization of the outline sections' lengths
impossible) nor too short (which would create more stress around
the connection points) . Instead, we want the horizontal sections
to span a fractionUof the target shape, which we approximate by
using the signed distance at the section's endpointsx0 andx1:

� 0
inner = U· ¹3¹x0º ¸ � inner ¸ 3¹x1ºº

Other sections (e.g. those created from a densify operation) are
not considered by the algorithm, but their length still be manually
controlled.

This iterative process usually converges after just a few steps.

4.3 Force-propagation of multiple ru�les.
For multi-part ru�es, the interactions between the di�erent parts
must be taken into account. In our system, only gravity forces can
be transferred between ru�es, i.e., the forces that push up against
each ground plane. To identify the correct locations to apply the
transferred forces, we construct theconnectivity graphover the
components of the segmented target mesh. We then construct a
forest, using components that rest on the ground as root nodes.
Within each tree, forces are transferred from children to parents,
starting from the leaves. The forces are applied to the closest vertex
of the parent's ru�e to the separation line to the child.

4.4 System implementation.
We implemented our system in C++, using libigl [21] for geometry
processing and the visual interface. Our system also utilizes Eigen
[14] for general linear algebra, and CGAL [56] for the constrained
Delaunay triangulations needed for the air meshes. For both pack-
ages, we use the versions delivered with libigl. We make our C++
reference implementation available at https://github.com/mad-s/
ru�es-editor/. The time taken to solve the static con�guration is
dependent on the dissimilarity between the solutionx� and the
initial value (being the state before the editing operation). Most
operations (changing lengths, heuristic step, densify) complete in
under 100 ms (measured on a 3.6 GHz AMD Ryzen 2500U Laptop
with 16 GB RAM, with a ru�e consisting of around 300 vertices)

5 APPLICATIONS
We sample di�erent application areas, where our ru�ed metamate-
rials could have potential use. Here, we showcase example applica-
tions to illustrate the properties enabled by our structures.

Teddy toy with custom sti�ness.Our ru�ed, developable meta-
material allows users to create their own toys with their desired
compliance features. We have previously shown the teddy bear
example. For more freedom in compliance directions, users create
the teddy from 6 ru�es. Additionally, we believe that such easy
to fabricate metamaterials might be of interest to product design-
ers of soft and compliant products. Such tactile qualities need to
be felt early and often [19, 44], which our metamaterials support
by enabling rapid prototyping. Should designers wish to create a
product-version of our example teddy, we recommend a ru�ed
skeleton made of plastics, which can be covered with a plush hull
where details such as eyes can be attached.

https://github.com/mad-s/ruffles-editor/
https://github.com/mad-s/ruffles-editor/
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Figure 12: Our metamaterials are applicable for custom toy
design, such as (a) a teddy bear. (b) For more control, it can
be decomposed into multiple ru�les.

Damping material for packaging.Our metamaterials can also
be of use when creating custom packaging which, in contrast to
traditional wrinkled paper packaging materials, can be computa-
tionally tailored to the shape and mass distribution of the objects
to protect, making it particularly suited to protect, e.g., art pieces.
We demonstrate the potential at a simple glass drop test in Fig. 13.
The glass is protected by our ru�ed material, while it breaks when
falling on the table. The falling height is the same.

Figure 13: Our materials can be used for custom protective
materials. We show their e�ectiveness by dropping a glass.

Formwork for architectural shells.Our ru�es might also be of
interest to architects. Developable surfaces are well known in ar-
chitecture due to them being more e�cient to form compared to
doubly curved surfaces. Fig. 14 demonstrates at a miniature exam-
ple how our ru�ed metamaterial can be used asformworkfor shell
structures. For maximum stability, we use the extrusion direction
of our ru�es to take the most load. We cover it with a plastic sheet,
which could be tarp or similar in the large-scale case, and apply
plaster. After hardening, we can safely remove the supporting ruf-
�es. Note that our ru�es are most suitable for large-scale, smooth
structures, rather than for sharp details. While the ru�e density
can be locally increased to capture �ner details, we believe that
such features (e.g., stairs) would be better captured by traditional
methods.

Figure 14: Our ru�les could be used as formwork for archi-
tectural shells. We show a miniature version of the (a) sup-
porting ru�les, (b) on which we apply plaster, and (c) after
removing the ru�les, we (d) obtain the original 3D shell.

Lamp shade.
terials can be used for aesthetics. We show the example of a lamp
shade in Fig. 15. The density of the ru�es locally changes the per-
meability of the lamp.

6 TECHNICAL EVALUATION
To assess the variable compliance of our ru�e design, we sample
the deformation of our ru�ed material across di�erent load cases.

Lastly,we want to showcase how such ru�ed ma-



Developable Metamaterials CHI '21, May 8�13, 2021, Yokohama, Japan

Figure 15: We create a ru�led lamp shade, with the ru�les
controlling its local permeability.

We also veri�ed the in�uence of the cut connector tabs on the
compliance of the ru�e, detailed in the following.

6.1 Load tests
The ru�e design (i. e., the topology and section lengths) changes the
compliance of the resulting materials. To assess the e�ect of ru�e
design on material, we design our experiment using the following
independent variables:

� Ru�e design: defaultru�e stack, a wide, and adensestack.
The extrusion width of all ru�es is 40 mm.

� Material: at 2 2�ipchart paper 80 g•m , o�ce paperat 160 g•m ,
and thinplasticsheets (i.e., overhead projector transparen-
cies).

� Load direction: we measure two sti�ness directions, i. e.,
along theX andY axis. We omit measuring the extrusion axis
Z, since the compliance in that direction is governed entirely
by the base material's strength. The max. load would be
similar to e. g., a honeycomb structure with similar density.

� Load: we apply up to7 loads, ranging between 10 g and 200 g.
For reproducibility and better interpretability of the results, we

provide the dimensions and masses of all our load test samples in
Table 1.

Shape W� H [mm] Paper (160g) Plastic Paper (80g)

default 80� 486 6g 5g 3g
wide 80� 749 10g 9g 5g
dense 80� 797 10g 9g 5g

Table 1: Speci�cations of all the load test samples.

We measure the vertical deformation, as shown in Fig. 16a, by
measuring the rest length of the ru�es and its compressed height
for each load condition. For each condition, we �rst measure the
ru�e's rest height in mm, as illustrate in Fig. 16b. Since we wish to
distribute load across the ru�e, we place an acrylic plate (4 mm,
114 g) on it. This acrylic plate adds a load to each ru�e, introducing
a constant load o�set which, for simplicity, we mark as the "0 grams"
load case for each condition. We then place each load and mark the
resulting ru�e height. All loads are placed subsequently without

removing the acrylic plate. Lastly, we mark the ru�e height after
removing the last load and the acrylic plate, which indicates plastic
deformation that occurred during our experiment. We perform
the same procedure for the remainingmaterialandload direction
conditions.

Figure 16: We use (a) three di�erent types of ru�le stacks in
our experiment. (b) The rest height of a stack is de�ned by
its natural dimensions. (c) The height a 0 g is de�ned by the
compression that is introduced by the acrylic plate which
we place on the ru�le stack for even load distribution.

Results.We show the raw results in Fig. 17 to serve as a reference.
We intend to provide these data as a reference for reproducibility.
Since these measurements were not performed on an industrial-
grade measurement setup, inaccuracies might occur.

We �rst compare theY load direction across materials. For the
160 g•m2 paper, thedefault Yandwide Yru�e yield roughly sim-
ilar compression at 200 g (� 70% compression). Between the two
types of ru�e stacks, the absolute compression is comparable across
the di�erent weights. Thedense Yru�e stack, on the other hand,
yields only roughly 25% compression at 200 g, with a lower com-
pression ratio. The plastic yields comparable results: at 200 g, the
default Yandwide Yru�e stacks yield large compression ratios
of 65% and 52%, respectively; thedense Yru�e stack yields only
35% compression. We furthermore observe a similar behavior for
80 g/ 2< paper fordense Y, which can also be seen in Figure 18,
displaying the compression rate per gram of weight, split by the
individual weights. We calculate this value by taking the current
compression ratio (for each weight and material), and normalize
it to the 0 g weight and the weight currently applied. This similar
behavior across the three materials indicates that the density of
the ru�es is the main governing factor for the compliance of the
ru�es.

We observed similar, but less pronounced compression e�ects
for our tests along theX axis. We believe this is due to the di�erent
connection placement, resulting in a more limited motion range of
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Figure 17: The raw result of our load tests. The Y axis shows
the absolute height of the ru�les in their corresponding load
conditions.

Figure 18: Compression ratio per gram weight, normalized
to the 0 g compression ratio. These relative ratios are similar
across di�erent materials and ru�les, although the overall
compression di�ers. This shows that the ru�le density is the
main governing factor for compression.

the ru�es. Furthermore, due to the di�erent load distribution, other
e�ects such as buckling come into play. This can be seen in Fig. 19,
as well as the data of 2default Xru�e from 160 g•m paper. Here we
see a sudden increase in compression (i. e., drop in height) between
50 g and 100 g, which can be attributed to this e�ect. Taking such
properties into account in simulation is highly challenging and will
be subject of our future work. Lastly, the data shows that for the
default and wide ru�es created with the80 g m2• paper, any weight
larger than 10g makes the ru�e compress completely, which can

be seen in Fig. 17. This emphasizes the need for careful choice of
material when creating developable metamaterials.

Figure 19: We show the conditions 160 g•m2 paper, default
ru�le, loading in X direction, with loads 50 g and 100 g. The
data shows a large non-linear drop in this condition, which
is likely due to the buckling of the long ru�les that suddenly
collapse.

While we report absolute loads and sizes, note that viewing the
loads relative to the ru�e samples' own weights informs about
their properties more generally. As the loads range up to 314 g
(200 g load including the plate), our results demonstrate how the
evaluated ru�e stacks withstand up to� 60� their own mass (5 g
plastic, cf. Table 1). This indicates a very good relative strength of
our ru�es. Besides resistance to compression, shape retention is
also an important measure for many applications. Here, the choice
of the material is important, with the plastic sheet performing much
better than the paper (97% vs 83% average shape retention ratio
across the samples). Considering the small linear elastic region of
paper (i. e., paper quickly goes into plastic deformation), we believe
the respectable shape retention even with paper speaks for the
usefulness of our ru�ed metamaterial in this regard.

6.2 In�uence of the interlocking tabs
Cutting the interlocking tabs directly into the ru�e simpli�es the
assembly process, yet they also reduce the sti�ness of the sheet
material locally. To estimate their in�uence on the ru�e sti�ness,
we compared them to a ru�e assembled with double-sided tape.
We use thedefaultru�e design from our previous experiment, yet
we only mark the tab locations on the strip for the tape. We use
only the 160 g•m2 paper, and perform allloadconditions as in our
aforementioned procedure.

The results of this experiment are plotted in Fig. 20, which shows
that the in�uence of the laser cut connector is small. It seems to be
a constant o�set (here� 5 mm). The results also show how the tape
adds mass to the ru�e as it is shorter in its rest position compared
to the ru�e with the cut connectors.

6.3 Simulation
We qualitatively compare the results from our load test with the
simulation. Figure 21 shows one example. The simulation achieves
visually similar behavior, which we believe is su�cient for our
current system. Further quanti�cation, however, is needed in or-
der to verify the simulation, as well as understand the impact of
simulation accuracy on user behavior.

7 DISCUSSION & FUTURE WORK
Our ru�es are easy to fabricate and assemble, which is key to our
goal towards mass-fabricable metamaterials. In this spirit, we made
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Figure 20: The laser cut connector tabs slightly weaken the
ru�le, as it deforms more under load compared to a ru�le
assembled with tape. The tape also adds mass, as is evident
from the di�erence in rest height.

Figure 21: Qualitative comparison between the load test and
our simulation, in this case with the 160 g•m2 paper.

some design decisions with future extensions in mind, which we
brie�y outline in the following.

Large-scale fabrication.We kept the connections of our ru�es
intentionally simple by embedding the connector in the strip. This
should enable their industrial fabrication on plotters. While in our
prototyping setup, our strip lengths were constrained by the laser
cutter bed size, industrial plotters can cut long materials from a roll.
The assembly could be achieved by two robotic arms that slide the
connectors into their corresponding slit in one process. This would
also enable processing materials such as metals.

Impact of material selection.While we used paper for most proto-
types due to its availability and familiarity, our ru�ed metamaterial
structure and design tool are intended for a wide range of sheet
material. Besides paper and plastic sheets, rubber sheets, felt and
sheet metal are also suitable for ru�es. In general, the materials
used should be elastic and not brittle, to have good shape retention.
The sti�ness of the material in�uences the size of the objects, their
density and the permissible load, with softer materials allowing for
higher density and more detail, whereas sti�er materials enable big-
ger objects and larger loads. While the simulation algorithm for thin
shells is designed aroundthin materials (i. e., thickness < width/100),
we expect our tool to also work for materials such as felt based on
our experience (though we do acknowledge we did not perform a
formal evaluation). The connectors would be modi�ed to better �t
the material, such as adjusting the embedded interlocking connec-
tor tabs to accommodate for extra thickness, or using completely
di�erent fabrication techniques, such as spot-welding for sheet
metal.

Inverse design of ru�e layout.In this paper, we leave it up to
the user to decide the density of their ru�e design, i.e., the ru�e
topology. In the future, we plan to extend our optimization routine,
such that user can specify load cases and our algorithm computes
the topology that withstand the load distribution subject to the
user-speci�ed material. This would be part of a wider e�ort to
make our software more accessible to novice users, by creating
tools to manipulate the ru�es on a higher level. Furthermore, we
plan investigating and simulating dynamic properties of our ru�es,
such as plasticity, damping, etc.

Ru�es along 3D curves.This is the most motivating opportunity
for future work. We plan to extend our system to create ru�es
along spatial curves in 3D. This will allow for more control over
the isotropy and enable making complex shapes (e.g., the teddy)
from one strip. To achieve this, we need to enforce developability
of our strips in more at every iteration. This is a non-trivial task.
The design space of such spatially ru�ed metamaterials require
more investigation, yet are an exciting avenue.

8 CONCLUSIONS
We presented a novel metamaterial design that leverages laser cut-
ting for fast fabrication. Our metamaterials allow users to de�ne
custom compliance across a 3D shape. We contribute a design tool
that optimizes the ru�es to �ll a user-de�ned shape and exports
them �at, labeled, with embedded interlocking connector tabs ready
for fabrication. The resulting ribbons do not require external ma-
terials and are thus easy to assemble. This work is part of a larger
goal to make metamaterials faster, thus mass-fabricable, to increase
their real world impact.
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