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Figure 1: We propose a reconfigurable metamaterial that can be easily and repeatedly reconfigured by end users. We envision
(a) that the generic material sheet can be purchased as larger sheets, and be cut and configured to opportunistically augment
the elastic properties of objects. We show how this material can be applied to realize applications, such as (b) passive haptic

props for VR, (c) custom shoe soles or (d) piano keys.
ABSTRACT

We present a novel design for materials that are reconfigurable by
end-users. Conceptually, we propose decomposing such reconfig-
urable materials into (1) a generic, complex material consisting of
engineered microstructures (known as metamaterials) designed to
be purchased and (2) a simple configuration geometry that can be
fabricated by end-users to fit their individual use cases. Specifically,
in this paper we investigate reconfiguring our material’s elastic-
ity, such that it can cover existing objects and thereby augment
their material properties. Users can configure their materials by
generating the configuration geometry using our interactive edi-
tor, 3D printing it using commonly available filaments (e. g., PLA),
and pressing it onto the generic material for local coupling. We
characterize the mechanical properties of our reconfigurable elas-
tic metamaterial and showcase the material’s applicability as, e.g.,
augmentation for haptic props in virtual reality, a reconfigurable
shoe sole for different activities, or a battleship-like ball game.
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1 INTRODUCTION

Additive manufacturing, such as 3D printing, offers the freedom to
freely arrange material in space, enabling custom objects of higher
complexity. Taking advantage of the capability to fabricate complex
geometry, researchers started designing microscale structures that
together form unique material properties, i. e., they started engineer-
ing the material rather than the object. Such artificial structures,
often arranged on a grid, are known as mechanical metamaterials.
Metamaterials enable engineering unique material properties
and researchers demonstrated those by creating materials that can
change their volume [45], absorb shocks [13, 47], provide local stiff-
ness control [46, 48], or mechanically cloak objects [6]. To enable
these properties, the materials consist of a lattice with many care-
fully designed unit cells with tuned parameters, i. e., their geometry
is customized to achieve their bulk properties. Customization often
results in one-off designs that are defined before fabrication.
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Striving to go beyond pre-defined objects and materials, re-
searchers investigate metamaterials that can be configured af-
ter fabrication. Structures allowing manual, cell-wise reconfigu-
ration [16, 52], automatic shape change in rigid structures [2, 51],
or robotic reconfiguration of material properties [10] have been
demonstrated. However, these approaches require a stationary ma-
chine for reconfiguration and prevent in-situ adaptation or are not
easily repeatable because of their manual configuration process.

In this work, we propose reconfigurable metamaterials for end-
users. Our metamaterial can be repeatedly configured after fab-
rication in-situ and extends prior work in that the configuration
interaction is designed to be simple, quick, and accessible to mak-
ers, yet enabling well-defined, locally tunable, dynamic material
properties.

Conceptually, the main idea behind our user-definable reconfig-
urable metamaterials is that the complex micro-structured material
is generic and can be produced by industry, while the specific con-
figuration mechanism is simple and trivial to fabricate by users
at home. As illustrated in Fig. 1a, we envision that users would
purchase this generic material in stores as a stock material in the
future. A software tool would allow them to specify its local mate-
rial properties and export the simple geometry, which users print
and snap onto the generic material to configure larger areas at
once. While this concept can potentially be applied to a variety of
materials, in this paper we specifically investigate a reconfigurable
metamaterial with locally tunable elasticity.

Specifically, we design a generic elastic metamaterial that con-
tains two types of unit cells: (1) a spring cell which returns kinetic
energy and (2) a damper cell that absorbs it. Those cells are ar-
ranged in a checkerboard pattern throughout the material, making
a generic material with evenly distributed cells, as illustrated in
Fig. 2a-b. This yields a locally tunable elastic material after fabrica-
tion.

The material can be configured by printing configuration layers.
We designed the geometry of the configuration layer to be simple to
enable users to 3D print it at home using readily available materials,
such as PLA. Fig. 2c shows 3 different configuration layers as ex-
amples. These layers have hooks at selected positions. As shown in
Fig. 2d, when users press the lid onto the material, the hooks engage
with the cells at selected locations to activate a subset of cells that
contribute to the elastic response of the material locally. Note that
the material can be covered by multiple, different configuration
layers to employ locally varying user-defined elasticity. An area
can be configured to return most of the kinetic energy introduced
by the impact of a ball, resulting in a high bounce back. Another
area on the same material can be configured to absorb most of the
energy of the falling ball, which exhibits only a low bounce back.

We support users in reconfiguring the material with our con-
figuration tool that we will discuss later in this paper. This tool
generates the configuration layer based on users’ high-level spec-
ifications, including area, target bounce back, and approximate
mass.

1.1 Contributions

The main contribution of this work is a generic elastic material that
can be configured repeatedly by end-users. This enables users to
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Figure 2: (a) We designed our metamaterial to be generic
such that it can be mass-fabricated in the future. (b) It con-
sists of two unit cells: spring and damper cells, arranged in
a checkerboard pattern. Users can configure the material’s
elasticity by (c) coupling combinations of spring and damper
cells. (d) The hooks on the coupling layers selectively engage
with the unit cells to activate a subset which is effective in
defining the elasticity of its connected area.

reapply the material to different objects and thereby reuse it for
different purposes. The specific contributions of this paper are the
following:

(1) Interaction design for end-users. Our reconfigurable metama-
terial is explicitly designed with consumers as end-users
in mind. We deliberately distinguish the complex generic
material intended to be industrially manufactured from the
simple specific configuration geometry that end-users print.

(2) Mechanical design. We contribute the mechanical design of

such reconfigurable elastic metamaterials, including their

technical evaluation and a Rhino-based! tool to support their
configuration.

Exploration of applicability. We demonstrate the utility of our

elastic materials in several application examples to clarify

their capabilities.

—
w
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2 RELATED WORK

Our work builds on prior findings in personal fabrication using soft
and dynamic elements and mechanical metamaterials.

2.1 Personal fabrication with compliant
elements

While 3D printing allows for realizing objects with arbitrary geom-
etry, the available materials are rather limited to plastics, the vast
majority of which are rigid. To explore a broader range of mate-
rials for personal fabrication, researchers investigated techniques,

!https://www.rhino3d.com/
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machines and design tools to create soft objects. These include ma-2.3  (Re-)Con gurable materials

chines that use soft base materials such as fahtj@[, 37, 41, 42,
or techniques for printing thin fabric-like structures from rigid
laments [12 5Q. Insights from these techniques for printing soft
structures from rigid materials were integrated with locally rigid
parts to enable objects with locally varying compliance [26].

While the geometry and therefore the function and properties of
the majority of metamaterials are de ned before fabrication, re-
searchers very recently started investigating materials that can be
con gured later. One example is a cut kirigami pattern that is con-
gured by being pulled apart, causing the sheet to buckle and the

Beyond fabricating soft objects, researchers also set out to help gpikes to pop out, making for a snake robot skin with increased fric-

users embedlynamicparts. He et al[19] proposed a modeling
system that embeds custom parametric coil springs into e.g., g-
urines for enhanced dynamic behaviour. Lamel®f adds can-
tilever springs into common widgets, such as sliders or rotary knobs.
They primarily use the sound produced by the cantilever springs
for tracking the widget's value, but it also creates haptic feedback
by construction. Chen et a[8] proposed a computational design
algorithm that generate the geometry for dynamic, e. g., jumping,
structures automatically. Furthermore, systems that incorporate
pneumatic actuation are inherently dynamic and have been shown
in combination with 3D printing to enable large-scale kinetic struc-
tures [29, enable shape-chang&4, or embed sensing capabilities
[18, 49].

Most of these works de ne the functionality of the object before
it is fabricated. We present a material, the dynamic properties of
which can be repeatedly con gured by users.

2.2 Mechanical metamaterials

Metamaterials are complex geometries, often designed as many

unit cells arranged periodically, that surpass the material properties
of their constituent parts §]. In other words, the concept of meta-

materials allows us to engineer novel materials rather than objects,
by carefully designing their microstructure. Such metamaterials

tion [3§. The con guration is not reversible. Metamaterials with
actuated bulk properties have been demonstrated using pneumatic
[35 53 and magnetic actuation]5. Some metamaterials have
been proposed that can change their shape after fabrication by lo-
cally and manually switching bistable spring&1 16, or sculpting
the heated, pliable structure into shapbg. The manual recon-
guration process limits the precise repeatability. Preprogrammed
shape-changing objects have been demonstrated as rigid objects
[2,5]]. The most closely related work are reprogrammable elastic
materials that are con gured using a custom machine that actuates
embedded magnets within the cells to change elasticity localk).[

In our work, we extend this area and contribute structures that
can be con gured repeatedly with the same precision by end-users.

3 MECHANICAL DESIGN OF
RECONFIGURABLE CELLS

As we illustrated in Fig. 2, our generic elastic metamaterial consists
of two types of cells arranged in a checkerboard pattern. The cells
can be coupled locally and selectively to con gure the material's

elasticity. In this section, we will describe the mechanical design of
the cells and the con guration layer for our basic metamaterial.

3.1 Spring Cell

enable engineering unique material properties, such as materials The spring cells within our metamaterial are designed to store

that are ultra-lightweight 33, change their volume 30, 45, ab-
sorb shocks13 47, change their sti ness §16 48, or mechanically
cloak objects [6].

The majority of prior work on metamaterials is concerned with
creating new materials, i. e., engineering the bulk properties of a
material. Only recently, researchers started investigating materials
with engineeredocal properties that have been shown to assume
mechanisms and robotic movemertg 24, employ computation
[29, allow sensing capabilitiesl4, 43, change their outside and
internal structures post-fabricatiord3 2§, or deploy to pre-de ned
shapes [7, 32].

The recon gurable metamaterial that we propose in this work
is elastic, therefore the works most closely related employ varying
sti ness and shock absorption. Locally variable sti ness materials
have been shown as simple geometries, such as h&e$dam-
like structures B1], or more complex geometrie®] 36 4€. Shock
absorbing structures were shown using bistable elements that trap
energy after they snap throughlf3 47. While we considered using
bistable structures, they e ectively introduce a threshold of force
after which they trap energy, while for smaller forces they would act
as springs. Additionally, all our cells are designed to be printed in
an un-coupled state such that they can be coupled after fabrication
selectively based on users' needs.

and return energy. Traditional springs are typically made from
hardened steel, the high rigidity and elastic range of their base
material is a main contributor to their elastic behavior. The goal of
our metamaterial is to embed springsd dampers made from the
same, easy-to-manufacture material, which we prototype using the
rubber-like lament Ninja ex. We engineered the geometry of the
spring to achieve the desired sti ness. In the following exposition,
we use cell size with a square base of 22.5 mm. We refer to di erent
scales in Section 6.

As illustrated in Fig. 3, the design of our spring cell is a double-
layered, stacked oval. We landed on the stacked oval design after
experimenting with di erent geometries including zigzags, pan-
tographs, ovals, etc. In order for the spring to store more elastic
energy, we empirically engineered the ovals to feature thicker edges.
We found that when the spring deforms and attens, the thicker
edges can store more elastic energy and spring back more easily.
For the depicted cell in Fig. 3, the thickness ratio is 2:1, compared to
the thickness of the base oval. This resulted in a measured spring
sti ness of approx. 1800 N/m, which we measured using a 50 N
force gauge with 0.2% accuracy. Although our spring is made from
a hyperelastic materiald9, our measurements support that it can
be approximated as a linear, Hookean spring. We elaborate on this
in our technical evaluation in Section 5.
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Figure 3: Our spring cell geometry consists of two stacked
ovals with varying thickness for elastic energy storage.
From its (a) rest state, it can be (b) compressed by 9 mm.

3.2 Damper Cell

The purpose of our damper cells is to absorb shock by reducing the
energy returned to a colliding object. Our damper design imple-
ments Coulomb dampingd4Q where energy is absorbed through
dry friction. We chose dry friction as it provides room for us to tune
the energy dissipation to damp impacts of di erent sized masses
linearly, including very small masses (32g). When a mass impacts a
damper cell, as we show in Fig. 4, it will compress causing its top to
slide against the frame. The frame wall is intentionally corrugated
to increase friction, which dissipates kinetic energy by converting it
to thermal energy. When the load is removed, the elastic zigzag legs
push the top back out to allow repeated damping. We ne-tuned
the thickness of the legs such that they are just elastic enough to
return the top to its original height when the load is removed.

Figure 4: Our damper cell implements Coulomb damping,
i.e., it uses sliding friction for energy dissipation. From
(a) the rest state, it can be (b) compressed by 9 mm while
dissipating energy through friction. The cell core (c) springs
back to its original position after the force is removed.
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Damper cells have lower and upper boundaries between which
they can be the most e ective. For very small impacts, the damper
cell will resist compression and therefore sliding friction, resulting
in no energy dissipation. For large masses, the distance that the
cell top can travel might not be su cient to dissipate most of the
energy, resulting in smaller damping e ects.

To increase the range of masses for which our damper cells are
e ective, we ne-tuned the overlapping distance between the cell
top and the friction wall such that it is e ective for masses larger
than 32 g for our 22.5 mm cell con guration. For the upper boundary,
the damping capacity of the material sheet can be increased by
increasing the total number of damper cells to accommodate for
larger masses, detailed in Section 5.

3.3 Con guration Layer

In our material, we de ne that a cell can have two statexctive

or inactive and the con guration layer can activate cells or keep
cells inactive. A layer consists of coupling lids which users can
print at home using PLA. As illustrated in Fig. 5a, each unit area
on a coupling lid can hold a hook to engage with a cell or omit it,
rendering the cell inactive. The hook can be snapped onto the top
of a cell to activate a cell. The design of the hook allows it to attach
easily. Once shapped on, the lid will move with the cells.

Fig. 5¢c shows the con gured material in its rest state. When a
force is acting on the lid, the area with a hook will press down on the
cell below it while a at lid can keep the cell below it inactive. The
length of the hook is equal to the maximum possible travel distance
(9 mm) of a cell so that the inactive cells are not a ected by the
lid movement, while active cells can reach maximum compression.
We illustrate this in Fig. 5d, showing that the two active cells have
reached their maximum compression while the inactive cell in the
middle remains in its rest position.

Selectively activating damper and spring cells using the con gu-
ration layer enables custom local elastic properties. To assist users
in de ning the necessary con guration for their desired elasticity,
we implemented an online editor which generates the geometry
upon high-level input, as we describe in Section 5.4

3.4 Note on Prototyping, Fabrication and
Materials

Note that the geometry of the generic metamaterial in yellow is
designed to be fabricated in one piece. For prototyping purposes,
we 3D printed the cells and frames separately. Our prototypes were
3D printed using the o -the-shelf lamentNinja ex2, which is a
rubber-like thermoplastic polyurethane. Some frames were printed
using yellow PLA to speed up fabrication time. We did not nd
that the material choice for the frames had a signi cant impact
on the con gured elastic response. All prototypes are fabricated
using consumer-grade printers, i.e., Ender 3, Ultimaker 2+, and
Anycubic Mega S. All parts printed iblack PLA lament are
intended to be fabricated by users, all parts in yellow are generic
and intended to be mass-fabricated. Note that ussEsprint the
yellow parts at home, however since our generic metamaterial sheet
has complex exible internal structures, it prints very slowly at

2https://ninjatek.com/shop/ninja ex/
Shttps://www.hatchbox3d.com/collections/pla-1-75mm
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a remote control for the user to interact with during a 3D movie.
Instead of using embedded circuitri{], we use Oculus' built-in
hand tracking to illustrate the applicability of our novel materials.

Figure 5: The coupling lid consists of (a) hooks for active
cells and at areas for inactive cells. (b) Users can simply
press and snap the hook onto the cells for con guration.
Cells will be (c) at rest when there is no force applied. When
there is a force, (d) cells with a hook will travel up or down
while cells without a hook remain inactive.

Figure 6: (a) The user is watching a VR movie with tactile

about 20mm/s. This takes approx. 63 hours for a 6 sheet a props made from our material, including (b) a simulated

burden to end-users. Therefore, our main contribl_Jtion is to create sofa, (c) a pump to adjust the screen size, and (d) a remote
a generic stock material that can be purchased in the future and ,trol to adjust volume and playback speed. We use Ocu-
con gured by end-users. lus' built-in hand tracking to track the hand motions when

. . ith th . .
4 APPLICATION EXAMPLES interacting with the passive props

We present four application examples to showcase di erent fea-
tures of our material and application areas. Our material enables
hands-on, in-situ prototyping of custom materials and objects. In
the following, we outline applications that bene t from these prop-
erties, including in-situ creation of passive haptic props for VR
applications, or enabling users to explore dynamic properties for
shoes or instruments.

4.1 Augmenting Passive Props for Virtual
Reality

Our recon gurable elastic metamaterials can be applied to passive
props in virtual reality scenarios to enhance tactile interaction.
Complementary to dynamic VR haptic feedback devices, such as
hand-held controllers that contain actuators and control circuits,
passivehaptic props are a well-established research area with the
bene t that they reduce complexity by omitting actuators and their
control (e.g., [3, 20]).

Passivénaptic props often focus on matching only the shape
of the real-world object (e.g., a cylinder) to the virtual object (e.g.,
a bottle). We demonstrate how users can utilize our material to
enhance tactile interaction for hands-on, in-situ con guration of
elastic material propertidsr passive props. To that end, we show a
scenario in Fig. 6a where a user watches a movie in VR. We utilize
our material to mimic 3 di erent objects, i.e., a sofa, a pump, and

Figure 7: General con guration possibilities for our material
include (a) varying the softness of a material by using indi-
vidual con guration lids and omit coupling them, (b) snap-
ping a thin deformation lock onto the initially exible mate-
rial, and (c) obtaining the generic material in di erent scales
to span ranges of loads from ne-grained to human-scale.
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