
Dissertation zur Erlangung des Doktorgrades der
Technischen Fakultät der

Albert-Ludwigs-Universität Freiburg im Breisgau

Mechanical Metamaterials with
Engineered Responses

vorgelegt von

David Niels Schwarz

19.11.2025

Albert-Ludwigs-Universität Freiburg
Institut für Mikrosystemtechnik IMTEK



Dekan
Prof. Dr.-Ing. Frank Balle

Referenten
Dr. Viacheslav Slesarenko
Prof. Dr.-Ing. Bastian E. Rapp

Datum der Promotion
03.02.2026

Bearbeitungszeitraum
November 2022 - November 2025



Contents

Abstract 1

Zusammenfassung 3

1 Introduction 5
1.1 Engineered Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3 Structure of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Theoretical Background 9
2.1 Mechanical Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Stress and Strain . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.2 Hooke’s Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Mechanical Metamaterials . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.1 Auxetic Metamaterials . . . . . . . . . . . . . . . . . . . . . . 12
2.2.2 Metamaterials with Other Mechanical Responses . . . . . . . 15

2.3 Fabrication of Advanced Materials and Metamaterials . . . . . . . . . 16
2.3.1 Molding Based Manufacturing . . . . . . . . . . . . . . . . . . 17
2.3.2 Additive Manufacturing: Fused Filament Fabrication . . . . . 19
2.3.3 Post-Processing and Functionalization . . . . . . . . . . . . . 21

3 Mechanical Metamaterials with Engineered Responses 23
3.1 Exploiting Self-Contact in Mechanical Metamaterials for New Dis-

crete Functionalities . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Correlating Fluorescence and Residual Stiffness in Self-Reporting Mi-

crocapsule Composites with an Intact Soft Matrix . . . . . . . . . . . 36
3.3 Light Induced Training Enabled by Crosslinking in 3D Printed Me-

chanical Metamaterials . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4 Conclusion 59
4.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

i



Contents

4.2 Limitations and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . 60

5 Publications 63
5.1 Publications as First Author . . . . . . . . . . . . . . . . . . . . . . . 63
5.2 Publication as Co-Author . . . . . . . . . . . . . . . . . . . . . . . . 63
5.3 Presentations at Conferences . . . . . . . . . . . . . . . . . . . . . . . 63

6 Scientific Curriculum Vitae 65

Bibliography 71

ii



Abstract

This thesis develops approaches to engineer responses in mechanical metamaterials
that enable new behaviors at the material level. Unlike traditional materials, me-
chanical metamaterials derive their unique responses to deformation from the geom-
etry of their unit cell, rather than their composition. Furthermore, these geometry-
driven responses can be enriched by additionally embedding functionality into the
base material. This thesis makes three consecutive contributions utilizing geometry,
composition, and their combination to engineer advanced responses in mechanical
metamaterials.

The first contribution establishes the relationship between the unit cell’s geometry
and the resulting switch of Poisson’s ratio during compression in a curved beam
metamaterial. By means of experiments and simulations, the auxeticity switch is
found to be accompanied by an expansion beyond the metamaterial’s initial width.
This switching response, which can be fine-tuned by geometric parameters, was har-
nessed in a discrete scales demonstrator, and also has the potential to be used in
adaptive soft-robotic components. The second contribution deals with the modifi-
cation of the base material by introduction of microcapsules in a soft matrix that
can break when subjected to loading. Initially, the microcapsules contribute to the
composite’s stiffness. However, when overloaded, the microcapsules rupture, result-
ing in a significantly reduced stiffness of the composite. Subsequently, the capsules’
released liquid content enables fluorescent self-reporting of the overloading event.
The relationship between self-reporting and the drop in stiffness was found to be
linearly correlated, but transient over time. The clear connection between the visual
signal and the mechanical properties facilitates future mechanical metamaterial de-
signs that can exploit local stress concentrations to release the capsule’s contents in
specific patterns upon deformation. The third contribution combines the geomet-
rical design of a mechanical metamaterial with a responsive, UV-crosslinkable base
material. Under UV irradiation, the 3D printable base material exhibits increased
stiffness and accumulated shape changes, which were subsequently utilized in me-
chanical metamaterials. In a closed-loop setup with UV irradiation, a 3D printed
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material system is achieved: the metamaterial’s expansion upon compression trig-
gers a UV light, resulting in stiffness and shape changes. Repeated stimuli can
then be used to accumulate the property changes and demonstrate training of the
material system.

Together, these contributions enable novel mechanical metamaterials that respond
to their environment. By integrating "if-then" behavior, material softening, and
adaptive stiffening, this work establishes a foundation for materials capable of re-
sponding and adapting to external stimuli.
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Zusammenfassung

In dieser Dissertation werden Ansätze entwickelt, um auf Materialebene neue Funk-
tionsweisen in mechanische Metamaterialien zu integrieren. Im Gegensatz zu konven-
tionellen Werkstoffen erhalten mechanische Metamaterialien ihr außergewöhnliches
Verhalten bei Verformung nicht durch ihre chemische Zusammensetzung, sondern
durch die Geometrie ihrer Einheitszelle. Dieses geometriebasierte Verhalten lässt
sich zudem erweitern, indem Grundwerkstoffe eingesetzt werden, die auf einen ex-
ternen Reiz reagieren können. Die Arbeit besteht aus drei aufeinander aufbauenden
Beiträgen, die die Geometrie, die Materialzusammensetzung sowie deren Kombina-
tion nutzen, um fortschrittliches Materialverhalten zu realisieren.

Der erste Beitrag untersucht den Zusammenhang zwischen der Geometrie einer Ein-
heitszelle und dem Umschlag der Querkontraktionszahl bei Kompression eines Me-
tamaterials aus geschwungenen Balkenelementen. Experimente und Simulationen
zeigen, dass der Umschlag von auxetischer zu regulärer Querkontraktion mit einer
lateralen Ausdehnung über die ursprüngliche Breite hinaus einhergeht. Diese Um-
schaltreaktion, die sich über geometrische Parameter gezielt einstellen lässt, wurde
in einer diskreten Waage demonstriert und hat das Potenzial, adaptive Kompo-
nenten in der Softrobotik zu ermöglichen. Der zweite Beitrag befasst sich mit der
Modifikation des Grundwerkstoffs, bei der Mikrokapseln in eine weiche Polymer-
matrix eingebettet werden. Zunächst erhöhen die Mikrokapseln die Steifigkeit des
Komposits. Bei Überbelastung brechen die Kapseln jedoch und die Steifigkeit sinkt
deutlich. Gleichzeitig ermöglicht die aus den Kapseln austretende Flüssigkeit eine
Schadensanzeige mittels Fluoreszenz infolge der Überbelastung. Es zeigt sich, dass
die visuelle Schadensanzeige und der Abfall der Steifigkeit linear korrelieren, sich
dieser Zusammenhang jedoch mit der Zeit ändert. Diese direkte Kopplung zwischen
optischem Signal und mechanischer Antwort eröffnet neue Gestaltungsmöglichkei-
ten für mechanische Metamaterialien. Diese könnten lokale Spannungsspitzen gezielt
nutzen, um bei Verformung die Kapselinhalte in definierten Mustern freizusetzen.
Der dritte Beitrag kombiniert die Geometrie eines Metamaterials mit einem reak-
tionsfähigen, UV-vernetzbaren Grundwerkstoff. Das 3D-druckbare Material passt
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sich unter UV-Bestrahlung in seiner Form an und erhöht gleichzeitig seine Steifig-
keit. Diese Eigenschaften können anschließend gezielt in einem Metamaterial genutzt
werden. In einem geschlossenen Regelkreis entsteht so ein 3D-gedrucktes Material-
system: Die laterale Ausdehnung des Metamaterials bei Kompression aktiviert eine
UV-Lichtquelle, die eine Steifigkeits- und Formänderung auslöst. Durch wiederholte
Stimuli werden diese Veränderungen akkumuliert, das Materialsystem kann „trai-
niert“ werden.

Gemeinsam ermöglichen diese Beiträge neuartige mechanische Metamaterialien, die
aktiv auf ihre Umgebung reagieren können. Durch die Integration von „Wenn-dann“-
Verhalten, Steifigkeitsabfall auf Materialebene und adaptiver Steifigkeitserhöhung
legt diese Arbeit die Grundlage für Materialien, die sich anpassen und auf externe
Reize reagieren können.
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1 Introduction

Thanks to advancements in additive manufacturing techniques, we can process a
wide range of materials and fabricate highly complex geometries. One such geom-
etry is the gyroid lattice, which occurs naturally in the scales that cover butterfly
wings and give them their striking colors [1]. The gyroid lattice additionally exhibits
high stiffness while maintaining low relative density, which stems from the shape of
its smallest repeated building block, the unit cell [2]. By designing the unit cell
of an artificial material, it is possible to achieve mechanical responses that are dic-
tated by geometrical features rather than composition. These so-called mechanical
metamaterials can exhibit rather exotic responses to deformation, such as negative
Poisson’s ratio, rotation, and logic [3–5]. Additionally, changing the composition
of a mechanical metamaterial’s base material can enrich the response to external
stimuli.

The rational design of mechanical metamaterials can be used to achieve new re-
sponses to external stimuli. Nonlinearities that occur upon deformation, such as
self-contacts or instabilities, are intriguing because they enable mechanical meta-
materials to switch stiffness or shape [5]. Inspired by nature, another response to
mechanical loading is self-reporting. Similar to bleeding from a wound, materials
can be designed to indicate damage by release of a liquid dye. This response can
be achieved by a composite material with embedded microcapsules [6]. When the
material is deformed, the capsules break and release their encapsulated dye, provid-
ing a visual indication of overload. However, the broken capsules result in reduced
stiffness of the composite material. Consequently, establishing a connection between
visually reported damage and the remaining mechanical properties is a challenge for
applications. Mechanical metamaterials fabricated from a microcapsule composite
can harness local stress concentrations upon deformation to deliberately rupture
capsules. This can reveal predefined, self-reporting patterns or enable local stiff-
ness changes. Finally, combining the unit cell’s response with the base material’s
composition-driven response allows for novel, adaptive behavior. The geometry-
driven response to deformation can be used to trigger a stiffness change in a respon-
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Chapter 1 Introduction

sive base material. When connected in a closed-loop system, this approach has the
potential to accumulate changes and enable trainable behavior.

This thesis focuses on three core approaches to engineered responses in mechanical
metamaterials: structural design to harness a nonlinear mechanical response, com-
position to facilitate self-reporting, and the combination of structural design and
composition to enable trainable behavior.

1.1 Engineered Materials

Traditionally, materials are used as rather passive structural building blocks in de-
signs. Concrete is typically used to withstand compression in building foundations,
while steel is often used to bear bending or tensile loads in trusses and beams [7].
These materials often have nearly constant properties in their operating conditions,
and consequently, their functionality is often limited to providing structural in-
tegrity. However, by shaping the material deliberately, we can significantly extend
its functionality and tailor its response to deformation: metal is already linear elas-
tic, but by shaping it into a spring, we can make it more compliant and store energy,
enabling applications in measurement devices or as vibration isolators.

When this concept of structural modification is applied at the micro- or macroscale,
we can change a material’s mechanical behavior significantly compared to its homo-
geneous counterpart. A polymer foam exhibiting unusual behavior when compared
with the base material was reported by Lakes [8]. Upon compression, the foam con-
tracted laterally, exhibiting a negative Poisson’s ratio. The foam’s microstructure
can be described by its reentrant unit cell. By controlling the design of the unit
cell, different responses upon mechanical loading can be engineered, like switching
between stiffnesses [5] or expansion-contraction behaviors [9].

Besides structuring, responses to external triggers can also be engineered through
the base material’s intrinsic chemistry. These responsive materials can change their
properties in response to external triggers. For example, such a material can change
its stiffness in response to heat, magnetic fields, or light, thus enabling applications
like shape morphing structures [10, 11]. This opens up new possibilities for engineer-
ing responses into materials, especially when combined with the deformation-driven
responses of mechanical metamaterials.
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1.2 Motivation

1.2 Motivation

Mechanical metamaterials’ responses to deformation have gained wide interest, from
fundamental scientific research [12] to engineering applications [13]. Their rational
design allows loading-dependent responses, which can yield improved properties in
specific applications or even introduce novel functionalities. By functional integra-
tion of geometric design, material composition, and a combination of both, novel
mechanical metamaterials can achieve more complex, adaptive responses. Such
responses can range from nonlinear mechanical behavior to stiffness changes and
loading history dependent adaptations. Mechanical metamaterials exhibiting such
responses can contribute to more life-like material systems, capable of performing
autonomously in their environment. However, realizing such responsive materials
remains challenging. Prior to this thesis, Pishvar and Harne [14] identified several
technical challenges in the field of autonomous engineered matter. These challenges
included optimization and design, creating graded mechanical properties, integrating
actuation, and manufacturing. The following three parts outline different strategies
for overcoming these challenges.

The first part focuses on the shape of a metamaterial’s unit cell and how its design
can be tailored to achieve a nonlinear response at a predefined level of deforma-
tion. Mechanical metamaterials typically have a constant, predefined response to
loading, such as rotation [4] or contraction [3] upon compression. Beyond these
fixed responses, it has been shown that also discontinuous behaviors during loading
can be designed [5, 15]. Here, the curvy beam metamaterial is intriguing, because
because it exhibits self-contact during compression, that results in a switch from
auxetic contraction to regular expansion. However, the explicit connection between
the auxeticity switch and the geometry of the unit cell remains unclear. Establishing
this geometry-driven response is essential to enable the application-specific design
of such mechanical metamaterials.

The second part shifts to an engineered response based on the material’s compo-
sition. Embedding stiff, liquid-filled microcapsules in a soft polymer matrix can
significantly contribute to the composite’s mechanical properties [16]. However,
when the material is overloaded, the capsules rupture and no longer contribute to
the material’s mechanical properties, resulting in decreased stiffness. At the same
time, the released liquid enables a fluorescent color change, self-reporting the local
overloading [6, 17]. Consequently, when the matrix stays intact during the loading
event, the fluorescence signal is intrinsically connected to a change in mechanical
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Chapter 1 Introduction

properties. Therefore, to use these materials for mechanical metamaterial applica-
tions, it is crucial to understand the relationship between the self-reporting signal
and the change in mechanical properties.

The third part covers the combination of the unit cell’s geometry-driven response and
the base material’s composition-based response. A thermoplastic polymer modified
for UV-crosslinking, as described by Liotier et al. [18], enables 3D printed specimens
that can undergo stiffness changes upon irradiation. Hence, a mechanical metama-
terial printed from this polymer can respond to UV irradiation. When compressed,
the metamaterial’s geometry-driven expansion can be utilized to close an electrical
circuit and activate a UV light. Consequently, the mechanical metamaterial stiffens
by UV irradiation in response to external loading. Thus, establishing this connec-
tion between the two responses has the potential to enhance soft robotics and other
applications that benefit from adaptive, stimuli-responsive behavior.

1.3 Structure of the Thesis

The thesis is based on three consecutive peer reviewed journal articles that con-
tribute to the field of mechanical metamaterials in terms of unit cell design, material
composition, and a combination of both.

Chapter 2 lays the theoretical foundation in solid mechanics, mechanical metama-
terials, and manufacturing techniques.

Chapter 3 includes the publications, each introduced by a personal assessment of
the field and the contributions made to it.

Chapter 4 summarizes the work and gives an outlook.

Chapter 5 lists all scientific publications contributed to the field during the work
on the thesis.
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2 Theoretical Background

2.1 Mechanical Fundamentals

The engineered responses of mechanical metamaterials depend on how their unit cells
deform under mechanical loading. The following section introduces the mechanical
fundamentals of stress, strain, and their constitutive laws. Together, these concepts
form the basis for the working principles of mechanical metamaterials.

2.1.1 Stress and Strain

When a body is subjected to external loading, internal stresses arise. At a given
point on a cross-section of the body, these stresses are described by a normal stress σ,
and shear stress τ (Figure 2.1A). The normal stress is perpendicular and shear stress
is tangential to the cross-section. Independent of the cross-section’s orientation, each
point in the body is characterized by three normal stresses and six shear stresses,
which together form the three-dimensional stress state (Figure 2.1B) [19].

A B

P

σ
τ 

x1 x2

x3

σ11
σ12

σ13

σ21
σ22

σ23
σ31
σ32

σ33

Figure 2.1: Stress state in a solid. A: Stress in point P in a cross-section of a solid,
with normal stress σ and shear stress τ B: Stress tensor. Adapted from [19].
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Chapter 2 Theoretical Background

These stress components form the stress-tensor σ, with the normal stresses on the
diagonal and the shear stresses off-diagonal:

σ =


σxx τxy τxz

τyx σyy τyz

τzx τzy σzz

 =


σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

 (2.1)

The stress tensor σ is symmetric σij = σji, meaning it contains six independent
components. During deformation, a displacement field describes the movement of
the body’s points. For small displacements, the strain tensor is approximated from
the gradient of displacement ui, as given in the following equation:

εij = 1
2(ui,j + uj,i) (2.2)

Analogous to stresses, strains are consolidated in a tensor ε:

ε =


ε11 ε12 ε13

ε21 ε22 ε23

ε31 ε32 ε33

 =


εx

1
2γxy

1
2γxz

1
2γyx εy

1
2γyz

1
2γzx

1
2γzy εz

 (2.3)

Here, the diagonal elements represent the normal strains along the coordinate axes,
and off-diagonal elements represent shear strains [19]. Constitutive laws then com-
bine stress and strain to describe a material’s response to mechanical loading.

2.1.2 Hooke’s Law

In materials, stress and strain are connected properties, hence they need to be related
by constitutive laws. For linear elastic materials, this relationship is provided by
Hooke’s law [20]:

σij = Cijklεkl (2.4)

Here, stress σij and strain εkl are combined with the elasticity tensor Cijkl, which
contains the elastic constants. For isotropic materials, Hooke’s law is written as [20]:



ε11

ε22

ε33

2ε12

2ε23

2ε31


=



1
E

− ν
E

− ν
E

0 0 0
1
E

− ν
E

0 0 0
1
E

0 0 0
1
G

0 0
1
G

0
sym. 1

G





σ11

σ22

σ33

σ12

σ23

σ31


(2.5)
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2.1 Mechanical Fundamentals

Here, E is Young’s modulus, and G is the shear modulus, which is defined by [20]:

G = E

2(1 + ν) (2.6)

with Poisson’s ratio ν, given by [21]:

ν = −εx

εy

(2.7)

with transverse strain εx, orthogonal to the applied longitudinal strain εy, both are
nominal strains in ε (Equation 2.3). Hooke’s law is valid only in the linear elastic
regime, which, for tensile loading of brittle materials, is until failure. While lin-
ear elastic deformation is reversible when the load is removed, ductile materials,
such as metals and some polymers, exhibit plasticity above yield stress σy, which
is permanent after unloading. In this nonlinear regime of the stress-strain curve,
necking occurs in the specimen, which means that two types of stress can be deter-
mined: true stress σtrue references the specimen’s current (necked) cross-section, or
engineering stress σeng, which references the initial cross-section (Figure 2.2) [22].

brittle

unloading

E

ductile

σengσy

σu

σtrue

st
re

ss
 σ

strain ε

Figure 2.2: Schematic stress-strain curves of brittle and ductile materials up to
failure (star). Brittle materials (blue curve) exhibit linear elastic behavior until
failure. Ductile materials (orange curve) exhibit initially linear elastic stress-strain
behavior, from which Young’s modulus E can be determined. Above the yield
stress σy, plastic deformation occurs, and the stress-strain relation becomes non-
linear, its maximum is ultimate strength σu. Plastic deformation is permanent,
leaving the material deformed upon unloading (black arrow). Engineering stress
σeng is calculated with respect to the initial cross-section, true stress σtrue is cal-
culated with respect to the current (necked) cross-section. Adapted from [7, 22].
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Chapter 2 Theoretical Background

2.2 Mechanical Metamaterials

Materials play a central role in everyday life, from the concrete that supports the
roofs above our heads, to the sheet metal that forms the aerodynamic exterior of
cars. Material selection for a given application is primarily determined by intrinsic
mechanical properties: concrete cast into the shape of a pillar yields a structure
with high compressive strength, making it well suited for its intended use [7].

Mechanical metamaterials, comprised of the Greek word meta, meaning "beyond",
and mater, the Latin word for "matter", exceed common associations we have with
materials: their mechanical properties and embedded functionalities are defined by
the material’s periodic microstructure, rather than by chemical composition. The
material’s response to mechanical loading is governed by its smallest building block,
the unit cell [23–25]. This geometry-driven behavior is in stark contrast to classical
materials used in engineering, such as the aforementioned concrete or sheet metal.
The following chapter gives an overview of achievable responses found in mechanical
metamaterials.

2.2.1 Auxetic Metamaterials

Almgren [3] proposed a unit cell of rods connected by elastic hinges, periodically
repeated to form a material with Poisson’s ratio of -1 (Figure 2.3). This implies
that Almgren’s structure contracts laterally upon axial compression, a rather exotic
behavior rarely found in engineering or biological materials. A three-dimensional
version of Almgren’s unit cell occurs in polymer foams and became known as the
reentrant unit cell [8]. Metamaterials with negative Poisson’s ratio, also called aux-
etics, show intriguing benefits in multiple applications. Auxetic materials have favor-
able acoustic [26, 27], bio-compatibility [28], and energy absorption [29] properties.

Auxetic behavior is not limited to reentrant unit cells. Auxetic characteristics can
be found in various other unit cells, distinguished by their internal connectivity
and deformation mechanisms. Similar to reentrant unit cells, double arrowhead
structures employ straight beams connected by deformable hinges. By optimizing
the hinge angles, Larsen et al. [30] tuned Poisson’s ratio and implemented the
structure in micromechanisms. Alderson et al. [31] modified the reentrant unit cell
by replacing the elastic hinges with cylinders in their so-called cylinder-ligament
honeycombs. This allowed for an angle-dependent Poisson’s ratio, with additional
flexion of the connecting filaments. Körner and Liebold-Ribeiro [32] showed that
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2.2 Mechanical Metamaterials

x

y

A B

a

b

θ

Figure 2.3: Working principle of the reentrant auxetic, as described by Almgren [3].
A: The unit cell (black) consists of beams (length a and b, with angle θ) and elastic
hinges (green), which are periodically patterned (grey). B: Negative Poisson’s
ratio: Upon vertical compression (orange arrows), the reentrant contracts laterally
(green arrows), facilitated by rotation about the nodes (bent green arrow).

eigenfrequency analysis of a quadratic lattice also leads to new auxetic unit cell
designs. This method can also be extended to other 2D base structures, such as
hexagonal or triangular lattices.

However, not all auxetic unit cells rely on deformable beam connections. Rotating
squares achieve auxeticity by rigid body rotation at connecting nodes, eliminating
deformation of the elements [33, 34]. Similarly, sheets with alternating vertical and
horizontal cuts can show analogous auxetic characteristics, closely resembling the
geometry of rotating squares [35]. In a similar approach, Grima et al. [36] have
shown varying auxetic responses for randomized cuts in sheets. Auxeticity can also
emerge from elastic instabilities, as shown by Bertoldi et al. [9]. Here, an intriguing
characteristic of a block with a grid pattern of holes appears upon compression: the
holes collapse into horizontal and vertical elliptical shapes. The resulting structure
closely resembles that of the rotating squares, exhibiting significant lateral contrac-
tion. A representative selection of auxetic unit cells is summarized in Table 2.1.
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Chapter 2 Theoretical Background

Table 2.1: Overview of selected auxetic metamaterials with their mechanical re-
sponse (green arrows) when subjected to vertical loading (orange arrows).

Unit cell
Mechanical

response
Geometric
features

Citation

Reentrant
Beams + elastic

hinges
[3]

Double
arrowhead

Beams + elastic
hinges

[30]

Reentrant
chiral

Beams + circle
connections

[31]

Sinusoidal
Curved beams

+ elastic hinges
[32]

Rotating
squares

Rigid squares +
elastic hinges

[33, 34]

Cuts Slit perforations [35, 37]

Instability
Circular voids

collapse
[9]
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2.2 Mechanical Metamaterials

2.2.2 Metamaterials with Other Mechanical Responses

Beyond negative Poisson’s ratio, rational unit cell design enables a broad spectrum
of achievable characteristics. By assembling a metamaterial from unit cells of dif-
ferent Poisson’s ratios, more complex shape changes are possible: expanding and
contracting parts can be combined, leading to a different shape under load. De-
pending on the unit cell’s design, the overall shape change during loading can be
smooth [38] or discrete at predefined deformation thresholds [5]. Such discrete re-
sponses effectively embed mechanical logic because the shape change of the unit
cells is tied to an "if-condition" of applied deformation.

Bistable unit cell designs further extend this concept. Che et al. [39] utilized bistable
beams in a metamaterial’s unit cell by specifically tuning the snapping sequence of
a unit cell series. This yields a multistable metamaterial: specific regions of the
metamaterial collapse upon predefined levels of loading. Due to the bistable char-
acteristic, the deformed shape of the metamaterial is conserved upon unloading.
Moreover, during loading, the bistable snap of the unit cell is accompanied by neg-
ative stiffness. Designing unit cells with a three-dimensional response opens new
possibilities: Frenzel et al. [4] designed a chiral unit cell capable of a twist degree
of freedom. Upon compression, rings on the sides of the unit cell start rotating,
eventually twisting the unit cell about its central axis.

Origami-based metamaterials build on the concept of rational unit cell design. Their
mechanical behavior is tuned by deliberate folding of planar sheets. Depending on
the folding angle, Poisson’s ratio can be deliberately tuned to fulfill desired mechan-
ical characteristics [40, 41]. Origami metamaterials and the previously discussed
unit cells rely on bending or elastic hinges, which leads to a comparatively low bulk
modulus.

Contrasting the low bulk modulus of origami metamaterials, pentamode metama-
terials exhibit an extremely low shear modulus while maintaining high compressive
stiffness [42]. In pentamodes, the rods forming the unit cell only have minimal points
of contact, rather than elastic hinges (as in the reentrant auxetic). These point-like
connections can withstand compression; however, they shear off easily, giving the
resulting metamaterial its low shear modulus [43–45]. Representative non-auxetic
metamaterials are summarized in Table 2.2.
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Chapter 2 Theoretical Background

Table 2.2: Overview of selected metamaterials with their mechanical response
(green arrows) when subjected to vertical loading (orange arrows).

Unit cell Mechanical response Citation

Logic
Preprogrammed

shape change
[5]

Bistable
beams

Negative
stiffness

[39]

Chiral Rotation [4]

Origami
Contraction,

rotation
[40, 41]

Pentamode
Minimal shear

modulus
[42, 43]

2.3 Fabrication of Advanced Materials and
Metamaterials

The reentrant metamaterial (Figure 2.3) can be easily assembled from rods and
flexible connectors. In contrast, more complex geometries, like the 3D chiral unit
cell designed by Frenzel et al. [4] (Table 2.2) demand more advanced manufactur-
ing approaches to translate theoretical design into working physical representations.
While 2D unit cells can be manufactured by molding or subtractive methods, such
as milling or laser cutting, the fabrication of complex 3D unit cells typically requires
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additive manufacturing techniques. The following chapter elaborates on manufac-
turing techniques applicable to advanced materials and mechanical metamaterials.

2.3.1 Molding Based Manufacturing

Polymers offer a broad spectrum of manufacturing techniques. For thermoplastics,
their malleability above glass transition temperature makes thermoforming possible,
while, at higher temperatures, they become liquid and can therefore be extruded or
injection molded into complex shapes [46]. In contrast, thermosetting elastomers like
Poly(dimethylsiloxane) (PDMS) do not show a temperature dependent phase change
and can only be molded before they are cured. PDMS is typically prepared by mixing
a silicone elastomer with an initiator. The mixture’s relatively slow crosslinking
reaction provides sufficient working time for degassing and pouring it into molds
of desired shape [47] (Figure 2.4). This molding process is capable of achieving
the high accuracy required to even resolve microstructures [48] and is particularly
suitable for fabricating 2D mechanical metamaterials. Their functionality can even
be enriched by combining two phases with different stiffnesses of PDMS, as shown
by Li et al. [49].

Figure 2.4: Acrylic two-piece mold, lid opened and the central specimen cavity
filled with silicone. Post-processed specimen to the right of the pouring form.

Mechanical metamaterials get their properties from their unit cell’s geometry, as
described in Section 2.2. However, properties also arise from composition, like high
tensile strength of a carbon fiber and large deformation before failure of an elas-
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tomer. To further enhance properties, composites have been established, such as
carbon fiber reinforced plastics (CFRP). By embedding high-strength carbon fibers
in a polymer matrix, CFRPs exhibit improved stiffness at low weight [7]. Beyond
fibrous reinforcements, spherical inclusions can also improve a composite’s mechan-
ical properties [50, 51], typically by a homogeneous dispersion of the filler within
the matrix material. Going beyond the sole mechanical benefits of spherical inclu-
sions, filled microcapsules introduce new functionalities. Capsule composites utilize
liquid filled inclusions to enable, for example, self-healing [52, 53] or self-reporting
[6]. Their fabrication introduces unique challenges: producing stable capsules that
enclose the liquids, homogeneously dispersing them in the matrix, and subsequently
shaping the composite into its final form.

The first step in capsule composite manufacturing is capsule synthesis. Robb et
al. [6] established a process for producing self-reporting microcapsule compos-
ites containing 1,1,2,2-tetraphenylethylene (TPE) as a luminogen. TPE exhibits
aggregation-induced emission (AIE): it is non-emissive when dissolved in hexyl ac-
etate but fluoresces bright blue under UV irradiation once the solvent evaporates
and TPE aggregates. The encapsulation process is described by Caruso et al. [54]
for poly(urea formaldehyde) (PUF). In this process, a prepolymer is introduced in
the core-liquid and stirred into an emulsion. Under constant agitation, polymeriza-
tion forms a shell, which encloses the solvent-luminogen mixture. The capsule size is
primarily determined by the stir rate [54], and the capsules are subsequently recov-
ered by filtration, drying, and sieving. While emulsion-based techniques are scalable
and well established, they often result in broad size distributions. To achieve tighter
control of capsule parameters, alternative fabrication methods employ microfluidic
devices, which allow precise tuning of capsule radius and shell thickness [55].

Once fabricated, the microcapsules can be incorporated into a matrix material.
Robb et al. [6] demonstrated their successful incorporation into the polymer ma-
trix of CFRPs, while other studies have included them into adhesives to enable
debonding-on-demand through a triggered release of solvents [56]. In all cases, the
capsules must be distributed throughout the matrix material before it solidifies.
As described above, crosslinked polymers like PDMS offer a processing window for
pouring before the silicone-initiator mix sets. Poured into two-piece molds, often
machined from acrylic, a wide range of geometries can be manufactured. How-
ever, molding is inherently restricted to parts without complex internal structures,
especially when compared to additive manufacturing methods.
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2.3.2 Additive Manufacturing: Fused Filament Fabrication

In 1981, Kodama introduced a process of manufacturing three-dimensional poly-
mer objects by using a layer-by-layer approach, in which a photosensitive polymer
is selectively hardened by a light source [57]. This enabled the manufacturing of
previously unattainable geometries, such as enclosed internal structures. The pro-
cess later became known as stereolithography (SLA), developed and commercialized
by Charles Hull [58]. SLA marked the beginning of additive manufacturing (AM)
and sparked the development of numerous other processes. Today, one of the most
common processes is fused filament fabrication (FFF).

Originally developed and patented by Stratasys under the trademark fused deposi-
tion modeling (FDM), FFF is based on the extrusion of a thermoplastic polymer in
successive layers [59, 60]. The workflow begins by modeling a 3D part in computer
aided design (CAD) software, which is then exported in a tessellated stereolithog-
raphy (STL) format. A slicing program cuts the STL file into a sequence of 2D
cross-sections (slices) and generates the machine instructions in g-code format. Dur-
ing printing, a polymer filament is pushed into a heated extrusion head (hotend)
by a gear-driven feed mechanism. Inside the hotend, the polymer is melted and
forced through the nozzle, which deposits the material onto the build plate along
the instructed toolpath. The extruded polymer solidifies upon deposition, forming
each layer. By repeating the process, the 3D part is built in a layer-by-layer fashion
[58, 60] (Figure 2.5). The fidelity and mechanical properties of a printed part result
from the interplay of multiple process parameters [61]. Among those parameters, we
see line width, layer thickness, and print speed [62]. Additional parameters include
air gap, build orientation, and extrusion temperature [61].

In addition to appropriately chosen process parameters, effective design for additive
manufacturing is important for achieving high-quality results. Medellin-Castillo and
Zaragoza-Siqueiros [63] outline key strategies for FFF, one of which is the consid-
eration of geometric constraints. The layered process does not allow for printing
large overhangs. Because each new layer must be attached to the previous one,
support structures are necessary to bridge the gaps introduced by overhangs. Fur-
thermore, the smallest resolvable features are limited by layer thickness and nozzle
diameter. Build orientation should be optimized during the design process to ensure
high accuracy, good surface finish, and sufficient mechanical properties. Path plan-
ning, both for external and internal extrusion trajectories, significantly influences
the part’s final properties, such as bending stiffness and mass distribution. Finally,
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part dimensions are restricted by the machine’s build volume [63]. In addition to
these design guidelines, standards have been established to support both the design
[64] and qualification [65] of additively manufactured parts.

FFF manufacturing is predominantly used with thermoplastic polymers that exhibit
suitable melt viscosities for extrusion while still maintaining structural integrity after
deposition. Typical polymers include polycarbonate (PC), acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA), and Nylon [66]. Water-soluble polymers like
polyvinyl alcohol (PVA) are used to create (internal) support structures, which can
be dissolved post printing [67]. To overcome the limitations of homogeneous poly-
mers, composite filaments have been developed to enhance functionalities and physi-
cal properties. These can include copper or aluminium oxide particles to improve the
thermal conductivity or frictional coefficient [66]. To improve part stiffness, carbon
fibers can be introduced [58, 68]. Particularly relevant for mechanical metamaterial
manufacturing, thermoplastic polyurethane (TPU) enables the fabrication of flexible
architectures [69]. Additionally, functionalization is also possible through conduc-
tive parts and fillers, enabling mechanical metamaterials with integrated sensing
capabilities and embedded logic [70, 71].

While the aforementioned material palette for FFF enables a wide range of struc-
tures, the process remains restricted to mostly thermoplastic polymers. Other in-
herent drawbacks include visible layer lines, which affect the surface finish [58],
and orthotropic mechanical properties [63]. The mechanical properties are further
impaired by potentially suboptimal process parameters [61], leading to significant
warping or distortion [63]. Even under ideal conditions, FFF is generally slower
than traditional manufacturing techniques, such as injection molding, employed for
thermoplastic polymers.

Nevertheless, the aforementioned restrictions can be acceptable or even advanta-
geous, depending on the intended application. Certain geometries, such as the chiral
mechanical metamaterial designed by Frenzel et al. [4], could not be manufactured
using traditional manufacturing techniques due to complex, enclosed voids. Also,
exploring these complex designs is possible because FFF allows for rapid iterations,
since no additional tooling is required. FFF’s high degree of flexibility supports
the production of highly customized products [63] and on-demand manufacturing
of spare parts, reducing storage costs and down time [58]. These advantages have
driven the widespread adoption of FFF, not only for prototyping, but extending
into engineering applications and scientific research.
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Figure 2.5: Working principle of fused filament fabrication (FFF), highlighting
considerations for material choice, process parameters and part design. Com-
ponents are indicated in grey.

2.3.3 Post-Processing and Functionalization

Post-processing requirements depend on the chosen manufacturing technique and
directly influence the final geometry, surface quality, and mechanical performance of
the part. For FFF manufactured parts, mechanical post-processing is often necessary
to achieve the desired surface finish or dimensional accuracy. Typical steps include
the removal of support structures and sanding [72]. Similarly, injection molded parts
require removal of the sprue and runner geometries used to fill the mold. Additional
operations, such as deburring [73], polishing [74], or machining [75] are deployed
to refine accuracy or finish. These mechanical methods can be supplemented by
chemical treatments, such as polymer coatings or acetone vapor smoothing, which
can further enhance surface quality [72].
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In addition to mechanical and chemical treatments, physical processes are commonly
used for post-processing. Annealing semi-crystalline polymers such as PLA increases
crystallinity, resulting in improved tensile strength [76], and can positively impact
shrinkage or warping [77]. For composite filaments used in FFF containing high
fractions of metal powder, post-processing involves multiple steps: after printing,
the polymer binder is removed, and the part is then sintered at temperatures above
1300 ◦C to achieve a metal part with a density exceeding 90% [78]. Additive pro-
cesses involving photopolymers also require post-processing. After support removal,
parts must be washed, and finally UV cured [72]. UV curing increases the crosslink
density on the part’s surface, thereby increasing the mechanical properties, while el-
evated curing temperatures improve surface smoothness. However, the sequence of
operations is important: subtractive machining should be performed prior to curing,
as machinability is reduced once the part is fully crosslinked [79].

Beyond mechanical and surface improvements, post-processing can also involve func-
tionalization of parts. By exploiting distinct material properties in multimaterial
parts, final functionality might only be achieved after a final processing step. Chi et
al. [80] combined thermosets and thermoplastics in a multimaterial print. Only after
melting the transparent thermoplastic in the thermoset frame, an array of lenses was
formed as a result of the thermoplastic’s viscous flow at elevated temperatures. In a
different approach of adding functionality post manufacturing, thermoplastic poly-
mers and post-processing by UV curing can be combined. C,H insertion chemistry
allows functionalization of thermoplastic polymers, facilitating controlled crosslink-
ing upon UV exposure [18]. This strategy allows tailoring of mechanical properties
even after the part has been additively manufactured.
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Engineered Responses

Engineering responses into devices on a material level has great potential: functional
integration can enable embedded logic [5], but also structural health monitoring [81],
or life-like adaptive behavior [10]. Such functionalities can be integrated into me-
chanical metamaterials, which is why they have attracted attention in fundamental
[82] and applied research, such as for biomedical devices [83]. Because they derive
their behavior from geometric design, they are capable of responding directly to
deformation, hence their application can involve mechanical triggering, such as the
deployment of auxetic stents [28]. This geometry-driven behavior holds the poten-
tial of being enriched by a responsive base material. Such base materials can be
composites, which achieve property improvements or embedded functionality by the
combination of at least two components [84, 85]. However, engineering mechanical
metamaterials beyond a single, predefined response poses multiple challenges, from
designing the unit cell to integrating a material response and the combination of
both.

The first work (Section 3.1) focused on the systematic assessment of a sinusoidal
mechanical metamaterial (see Table 2.1) that exhibits a nonlinear response to com-
pression. While the switch between negative and positive Poisson’s ratio during
compression is known [86], the explicit connection between the switching behavior
and the unit cell’s design parameters had not been established. Consequently, a
parametrized unit cell model was developed, and its mechanical response was ana-
lyzed by simulations and experimental validation. The resulting framework can be
used to obtain a unit cell geometry tailored to a specific response. Finally, a discrete
scales device showed the applicability of the approach.

The second work (Section 3.2) shifted from a homogeneous material to a micro-
capsule composite capable of self-reporting mechanical damage. Although UV flu-
orescence due to aggregation-induced emission (AIE) upon capsule rupture is well

23



Chapter 3 Mechanical Metamaterials with Engineered Responses

described, previous works lacked the quantitative link between self-reporting and
mechanical properties [6, 17]. This work closed this gap for a soft silicone matrix
with embedded, liquid-filled microcapsules. During tensile testing, the composite
was able to self-report while the matrix material stayed intact. Tracking over time
revealed the linear correlation between applied load, stiffness reduction, and flu-
orescence intensity for any point in time. Knowing the transient changes of this
relation over time allows one to accurately connect the material’s remaining stiff-
ness and visual signal after loading. The results provide a foundation for employing
microcapsule composites as responsive base materials for mechanical metamaterials.

The third work (Section 3.3) combined the approaches of engineered responses on a
geometrical (metamaterial) and composition (base material) level to realize a train-
able material system. Although combinations of metamaterial geometries with re-
sponsive base materials have been demonstrated [87], they lack a closed-loop cou-
pling of both responses. To overcome this, we combined the response to deformation
of a mechanical metamaterial with C,H insertion chemistry, enabling UV induced
stiffness changes in a single system. After characterizing the modified, 3D printable
TPU under UV irradiation, several demonstrations were realized. Local stiffening in
an instability driven mechanical metamaterial was followed by a closed-loop train-
able system. Here, the metamaterial’s expansion under compression triggered a
UV light, which led to permanent shape and stiffness changes. Finally, threshold
training was demonstrated, in which the system was trained to resist a force after
repeated, planned loading cycles.

Together, the following sections form the core of this dissertation, highlighting the
contributions made to mechanical metamaterials with engineered responses from ge-
ometric design, to base material functionality, to coupling of both design principles.
This aims to advance the field towards stimuli-responsive material systems capable
of exhibiting life-like behavior.
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Chapter 3 Mechanical Metamaterials with Engineered Responses

Context and Personal Assessment

We typically expect responses upon interaction from devices, like door handles or
push buttons, rather than from homogeneous blocks of material. However, mechan-
ical metamaterials exhibit responsiveness intrinsically by the design of their unit
cell [23]. As described in Section 2.2, various unit cells have demonstrated auxetic
behavior [8, 9], rotation [4], or bistability [39]. Their mechanical response can be
tuned by the unit cell’s geometry. For example, different Poisson’s ratios can be
realized by systematic alterations of geometric features [88].

Altering geometric features can enable a switch of auxeticity, as shown in thermo-
responsive hydrogels [87]. In contrast to this swelling-driven response, an instant,
purely geometric switch of properties during mechanical loading can be achieved by
metastable [89] or self-contacting [5, 90] features of the unit cell. Such geometric re-
sponses have enabled metamaterial-based devices capable of mechanical computing
[91] or triggering preprogrammed shape changes upon mechanical loading [5, 92].

The ability to harness self-contact to switch a metamaterial’s behavior is attractive
because it enables discrete functionalities, like "if-then" responses, while also allowing
for the careful design of the switching behavior. Sinusoidal lattice designs [32, 88]
are especially well-suited because their curvy beam connections allow fine tuning
of the onset of self-contact. While it is known that excessive compression of some
auxetics can lead to lateral expansion [86], the unit cell’s nonlinear response to
deformation is more complex. Especially, the onset of expansion and its exploitation
for a device remain largely unexplored. This forms a core motivation behind this
work, also because such an approach can potentially be applied to other mechanical
metamaterials, hence facilitating a more widespread application of them.

In the presented work, I exploit the self-contacting metamaterial based on a sinu-
soidal unit cell regarding its contraction-expansion behavior during compression,
indicated by a change of Poisson’s ratio. Because Poisson’s ratio originates from
the unit cell’s geometry, it can not only take a wide range of initial values, but can
also change during deformation. Engineering and instantaneous Poisson’s ratio νeng

and νinst capture the unit cell’s nonlinear behavior: νinst switches from negative
to positive at the onset of self-contact and νeng switches at expansion past initial
width. By means of FEM simulations, I show that these switching points depend on
the unit cell’s geometry parameters, hence they can be finely tuned. This is further
backed by good agreement with experiments (R2 > 0.9), which indicates that the
geometry robustly dictates the switch of auxeticity.
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The metamaterial’s unit cell can be designed to undergo lateral contraction first,
switch auxeticity, and, finally, expand past its initial width during compression. By
simultaneously deforming specimens of different switching points, their expansion
occurs in a predefined sequence, which I exploit to close electrical circuits in the
presented work. This sequence can be adjusted by the unit cell’s geometry param-
eters and highlights a potential use case of the metamaterial: a discrete sensing
element. This is especially interesting because the switching behavior is embedded
into the unit cell’s load-bearing core, which means reduced complexity due to func-
tional integration. Furthermore, the presented approach of parametrically mapping
and exploiting self-contact offers a versatile pathway that can be applied to other
classes of mechanical metamaterials.

The presented approach is not only easily replicable, but also discloses an important
aspect of metamaterial design: within a continuous parameter space, the resulting
unit cell properties can vary drastically. During compression, most unit cells exhibit
an auxetic contraction, followed by expansion after self-contact, while others do
not switch their auxeticity beyond self-contact. This contrasts previous studies,
which often introduced their unit cells only within the narrow parameter space
where the expected behavior occurs [4, 31]. The presented systematic exploration
shows that subtle geometric changes can either fine-tune or fundamentally alter the
metamaterial’s mechanical response. Furthermore, the direct implementation of the
metamaterial as discrete sensing elements underscores its practical relevance. Since
its publication, the characteristics of the presented unit cell have gained further
interest in the field of mechanical metamaterials [93] and soft robotics [94]. In
essence, this work establishes a replicable approach for designing self-contact-based
nonlinearities into the response to deformation of mechanical metamaterials.
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The rational geometric and topological organization of mechanical metamaterials allows for unconventional 
responses to external loads. These materials exhibit a coupling between deformation in orthogonal directions 
governed by Poisson’s ratio, which, in turn, can be precisely adjusted through the deliberate selection of specific 
geometrical parameters within the metamaterial’s structure. Although certain structural motifs may even enable 
a negative Poisson’s ratio, it is conventionally assumed to remain constant or near-constant during deformation. 
In this study, we introduce a novel design concept that enables metamaterials to switch the sign of Poisson’s 
ratio during loading, specifically at predetermined compressive strain levels, by harnessing self-contact between 
individual elements of the metamaterial. Through the integration of finite element simulations and experimental 
testing, we establish a direct correlation between the geometrical parameters of the unit cell and the mechanical 
response of the metamaterial. This correlation enables us to engineer samples with desired functionality and we 
present a discrete scales demonstrator that exploits this switchable behavior.

1. Introduction

The rational internal organization of mechanical metamaterials en-
ables them to exhibit unconventional responses when subjected to me-
chanical loading. One of the most well-known manifestations of such 
unusual behavior can be observed in so-called auxetic materials [1]. 
Unlike conventional materials, which undergo lateral expansion when 
subjected to uniaxial compression, auxetic metamaterials exhibit simul-
taneous contraction in all directions, effectively exhibiting a negative 
Poisson’s ratio [2]. Auxetic materials have garnered considerable atten-
tion as novel solutions for impact [3,4] or blast protection [5], sports 
equipment such as helmets [6] or shoes [7] and wearable electronics 
[8]. In biomedical applications, auxetic materials find utility in vari-
ous areas [9], including coronary stents [10–12], bio-compatible porous 
implants [13–15], and scaffolds for tissue engineering [16–18]. The un-
derlying internal organization responsible for the auxetic behavior has 
been replicated across multiple length scales, ranging from materials 
with nanoscale features [19,20], to materials with microscale dimen-
sions [21], millimeter-sized features [22], and even structures spanning 
meters in one or two dimensions [23].

* Corresponding author.
E-mail address: viacheslav.slesarenko@livmats.uni-freiburg.de (V. Slesarenko).

The global mechanical response of mechanical metamaterials is in-
trinsically linked to their internal periodic structure. Consequently, re-
searchers primarily focus their attention on the design of the smallest 
building block - the unit cell [24]. Among auxetic metamaterials, one 
might distinguish several most common design motifs [1], such as hon-
eycomb/reentrant cells [25,26], chiral patterns [27,28], and rotating 
rigid structures [29,30]. The reentrant unit cell, for example, consists 
of interconnected straight beams that fold inward upon compression, 
resulting in a negative Poisson’s ratio. In this case, the Poisson’s ra-
tio value directly correlates with the geometrical characteristics of the 
unit cell, such as the length of the struts and the angle between them. 
The enduring popularity of the classical reentrant design stems from 
the clear deformation mechanism behind its negative Poisson’s ratio 
[31]. Alternatively, for “intuitive” design, more direct methods can be 
employed in the search for new unit cells. For instance, Körner et al. 
[32] used eigenmode analysis to describe a family of lattices containing 
non-straight elements with auxetic behavior. Notably, a chiral lattice 
with sinusoidal curvy beam connections, as depicted in Fig. 1A, can ex-
hibit auxetic behavior depending on the unit cell’s geometry. Taking 
this concept further, Clausen et al. [33] utilized topology optimization 
to tune the Poisson’s ratio of the lattice under tensile load, achieving 
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Fig. 1. Design of the unit cell and the resulting metamaterial. A: Base design is derived from a quadratic lattice (light grey), which is distorted to a sinusoidal lattice 
(dark grey) as described in [32]. B: Geometrical parameters 𝑔, and 𝑐 defining the geometry of the unit cell.

values ranging from -0.8 to 0.8. It is worth noting that curved geome-
tries have recently gained prominence for enriching the design space 
and expanding the range of admissible properties in mechanical meta-
materials [34–36].

It has been observed that contact between the elements of metama-
terials can occur under sufficiently large compressive strain [37]. Con-
sequently, the response of the metamaterial suddenly becomes much 
stiffer as compared with the initial stage of compression [38]. There-
fore, depending on the applied deformation, such a lattice may exhibit 
two distinctly different behaviors, effectively switching between them. 
In general, the ability to control the behavior of metamaterials by 
manipulating their internal architecture after fabrication is highly de-
sirable. To achieve this, both mechanical and non-mechanical external 
stimuli can be harnessed. For instance, non-mechanical control through 
temperature changes has shown the potential to alter the Poisson’s 
ratio of metamaterials containing active materials such as hydrogels 
[39], shape memory polymers [40], or liquid crystal elastomers [41]. 
The employment of magnetic interaction between the metamaterial’s 
components enables another avenue for tuning their behavior [42–44]. 
Additionally, more exotic next-generation smart materials, capable of 
adapting and learning [45–47], might enable the attainment of more 
intelligent control over architectural changes in metamaterials, thus ex-
panding their application scope. For already reported metamaterials, 
control via mechanical stimuli relies on intricate coupling between var-
ious loading sequences [48], instability-driven transformations [49,50], 
or self-contact between elements [51]. The latter approach relies solely 
on the internal geometry and, due to its relative simplicity, can open 
new avenues for introducing novel functionalities in metamaterials that 
emerge from changes in behavior during deformation. For example, the 
implementation of contact between unit cells has enabled the realiza-
tion of ‘if-then-else’ functionality [52]. Similarly, alternating Poisson’s 
ratios under load have been achieved through sequentially activated 
self-contacts [53] or sliding and locking mechanisms [54]. Helou et al. 
[55] utilized self-contact in a classical rotating-square design to embed 
electrical circuits that can close upon self-contact, demonstrating basic 
computational capabilities stemming from the rational architecture of 
metamaterials. These mechanisms for smart property switching are part 
of the emerging field of mechanical computing [56].

Self-contact presents a unique opportunity to facilitate functionali-
ties based on discrete states and to achieve transitions resulting from 
abrupt changes in mechanical responses. In this context, the previously 
mentioned sinusoidal lattice [33,34,37] exhibits intriguing properties: 
when subjected to compression, we observe alterations in lattice con-
nectivity due to self-contact, which can be harnessed to influence the 
resulting Poisson’s ratio. In this study, we systematically evaluate the 
contact-induced changes in mechanical response concerning the unit 
cell’s geometry. Furthermore, we apply these metamaterials in the de-
sign of scales-like devices, capitalizing on the anticipated auxeticity 
switches.

2. Unit cell and design space

2.1. Shape definition

Fig. 1 presents the mechanical metamaterial based on curvy con-
nections. For parameterized scripting of the unit cell, we utilized the 
Grasshopper module of Rhino 7 (Robert McNeel & Associates, Seattle, 
USA). The unit cell of the metamaterial under consideration is uniquely 
defined by the shape of a single beam. By employing circular patterning 
around its bent end, followed by horizontal and vertical mirroring, we 
derived the unit cell depicted in Fig. 1B. We achieved a diverse range 
of unit cell geometries by manipulating two key geometric parameters: 
gap size (𝑔) and contact length (𝑐). It is worth noting that the angle 
𝛼, as shown in Fig. 1B, is exclusively determined by 𝑔 and 𝑐, both ex-
pressed as percentages of the unit cell’s width/height. Additionally, we 
maintained a consistent beam cross-section by setting the curvy beams’ 
widths to 5% of the unit cell’s size.

2.2. Shape changes

We demonstrate the parameter space of the considered designs 
(Fig. 2), alongside two examples of the “most extreme” unit cells. This 
two-dimensional design space was probed in 15 equidistant steps per 
parameter. The range of values for contact length (𝑐) spanned from 1% 
to 50% of the unit cell size, while gap sizes (𝑔) ranged from 1% to 
15%. The boundaries for the gap size were established to prevent ini-
tial contact at minimum value and ensure gap closure at a reasonable 
compression level when set to 𝑔 = 15%. This approach effectively cap-
tures the influence of gap size 𝑔 and contact length 𝑐 on the angle 𝛼
and ensures the overall continuity of the parameter space, as depicted 
in Fig. 2.

3. Simulations for characterization

3.1. Simulation setup

With sufficient coverage of the parameter space, we conducted a 
detailed investigation into the mechanical behavior of selected meta-
materials under compression using finite element (FE) analysis. This 
analysis was performed using COMSOL Multiphysics 6.0 (Comsol AB, 
Stockholm, Sweden), with a specific focus on studying the changes in 
properties induced by self-contact. Prior to importing the 2D represen-
tations of the unit cells, we applied a 25% shift in both the vertical 
and horizontal directions. This adjustment was made to ensure more 
reliable meshing and simplify the imposition of periodic boundary con-
ditions. Additionally, we filleted sharp corners to prevent singularities 
during simulations. Each geometry was meshed with a minimum of 
five second-order quad elements spanning the width of the curvy beam 
structures.
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Fig. 2. Parameter space (𝑔 and 𝑐) coverage with angle 𝛼 shown in color. Two extreme examples of the unit cells are shown in the corners.

We selected an incompressible neo-Hookean material model, with a 
Lamé parameter (𝜇) set to 2.93 MPa, to closely match the properties of 
the 3D-printable NinjaFlex thermoplastic polyurethane (TPU) filament, 
as reported in [57]. Furthermore, in Section 4, we employed experimen-
tal testing to assess the adequacy of this material model. To accurately 
capture the mechanical response of the unit cell, including self-contact, 
we incorporated geometric non-linearity and allowed contact between 
all boundaries. The application of strain and periodicity to the lattice 
was facilitated by a set of periodic boundary conditions.

𝑣(𝑇 ) − 𝑣(𝐵) = −𝜀𝑦 ⋅ 𝑙0 (1)

𝑢(𝑇 ) − 𝑢(𝐵) = 0 (2)

𝑣(𝐿) − 𝑣(𝑅) = 0 (3)

𝑢(𝐿) − 𝑢(𝑅) = 𝑢(𝑝1) − 𝑢(𝑝2), (4)

with 𝑇 , 𝐵, 𝐿 and 𝑅 being the top, bottom, left and right boundaries, re-
spectively, and 𝑙0 being the initial height of the unit cell. Here 𝑣 and 
𝑢 are displacements in 𝑥 and 𝑦 direction. Note that further we assume 
that the height and width of the unit cell to be equal to 1 initially. 
In the boundary condition (1), we apply a compression strain 𝜀𝑦. The 
maximum applied strain was set to 3.5𝑔 or 25% of the initial height, 
whichever was lower (see Fig. 3). This limit was chosen to ensure the 
convergence of the simulation by preventing extremely large deforma-
tions after self-contact was reached. By analyzing the evolution of the 
coordinates of two corner points, we obtained the engineering and in-
stantaneous Poisson’s ratios 𝜈𝑒𝑛𝑔 and 𝜈𝑖𝑛𝑠𝑡 of the lattice, as defined by 
[58]:

𝜈𝑒𝑛𝑔 = −
𝜀𝑥
𝜀𝑦

(5)

𝜈𝑖𝑛𝑠𝑡 = −
𝜀𝑖𝑛𝑠𝑡,𝑥
𝜀𝑖𝑛𝑠𝑡,𝑦

(6)

Here, 𝜈𝑒𝑛𝑔 reflects the deformation of the metamaterial in relation to 
the initial undeformed configuration. For instance, if 𝜈𝑒𝑛𝑔 < 0, then it is 
guaranteed that the current width of the metamaterial under compres-
sion is smaller than the original one. In contrast, 𝜈𝑖𝑛𝑠𝑡 compares current 
strains to strains at the previous moment in time. Therefore, it might oc-
cur that 𝜈𝑒𝑛𝑔 is still negative while the metamaterial is in the process of 
expansion characterized by 𝜈𝑖𝑛𝑠𝑡 > 0. To be precise, each Poisson’s def-
inition relies on a differently defined strain 𝜀𝑒𝑛𝑔 and 𝜀𝑖𝑛𝑠𝑡. Strains 𝜀𝑒𝑛𝑔,𝑗
were calculated from the point coordinates, as depicted in Fig. 3. Specif-
ically, they were calculated with respect to initial dimension values 𝑙0,𝑗 , 
with 𝑗 = 𝑥, 𝑦:

𝜀𝑒𝑛𝑔,𝑗 =
𝑙𝑖,𝑗 − 𝑙0,𝑗

𝑙0,𝑗
(7)

Fig. 3. Meshed lattice with evaluation points and contact definition boundaries 
shown in green.

For 𝜀𝑖𝑛𝑠𝑡, we used previous dimension values 𝑙𝑖−1,𝑗 :

𝜀𝑖𝑛𝑠𝑡,𝑗 =
𝑙𝑖,𝑗 − 𝑙𝑖−1,𝑗

𝑙𝑖−1,𝑗
(8)

𝑙𝑖,𝑗 being the current distance between the corner points 𝑝1 and 𝑝2
in x- and y-directions for 𝜀𝑖𝑛𝑠𝑡,𝑥 and 𝜀𝑖𝑛𝑠𝑡,𝑦, respectively.

3.2. Results and discussion

In Fig. 4, we present a typical response of the unit cell, which can 
be divided into three distinctive zones or regimes (I-III) with two tran-
sition points (𝑃𝑆 and 𝑃𝐸 ) that can be evaluated for each unit cell. In 
the initial phase of compressive loading, we observe auxetic behavior 
(regime I), characterized by a negative Poisson’s ratio (both 𝜈𝑖𝑛𝑠𝑡 and 
𝜈𝑒𝑛𝑔). Subsequently, self-contact occurs at point 𝑃𝑆 (𝜀 = 𝜀𝑐𝑜𝑛𝑡), leading 
to a change in topology. This change results in a significant jump in the 
instantaneous Poisson’s ratio (𝜈𝑖𝑛𝑠𝑡), followed by a gradual increase in 
the value of the engineering Poisson’s ratio (𝜈𝑒𝑛𝑔) in regime II. As com-
pression continues, the lattice may reach its initial width at point 𝑃𝐸 , 
coinciding with 𝜈𝑒𝑛𝑔 = 0. Finally, the lattice continues to expand beyond 
its initial width, maintaining positive values for both 𝜈𝑒𝑛𝑔 and 𝜈𝑖𝑛𝑠𝑡 in 
regime III.

A similar observation can be made regarding the evolution of 
the metamaterial’s stiffness during compression. Upon self-contact, the 
metamaterial undergoes a noticeable stiffening, which is visible on the 
stress-strain curve (Fig. 4B). In a similar fashion to 𝜈𝑖𝑛𝑠𝑡, the instanta-
neous Young’s modulus 𝐸𝑖𝑛𝑠𝑡, defined as the slope of the stress-strain 
curve at each specific point, exhibits a step-like jump upon contact 
(Fig. 4B). The difference in stiffness (𝐸𝑖𝑛𝑠𝑡) before and after self-contact 
can be attributed to the underlying deformation mechanisms. Prior to 
contact, deformation is mostly facilitated via the rotation in the lattice’s 
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Fig. 4. Typical response of the metamaterial during compression. A: Poisson’s ratio I: Auxetic behavior is seen (𝜈𝑖𝑛𝑠𝑡 < 0 and 𝜈𝑒𝑛𝑔 < 0). II: After self-contact at strain 
𝜀𝑐𝑜𝑛𝑡 (point 𝑃𝑆 ), switching of instantaneous Poisson’s ratio sign can be observed (𝜈𝑖𝑛𝑠𝑡 > 0 and 𝜈𝑒𝑛𝑔 < 0). III: Expansion beyond initial width after reaching 𝜀𝑒𝑥𝑝 (point 
𝑃𝐸 ) corresponding to the case of 𝜈𝑖𝑛𝑠𝑡 > 0 and 𝜈𝑒𝑛𝑔 > 0. B: Stress 𝜎 and 𝐸𝑖𝑛𝑠𝑡 during compression.

nodes. However, this rotational motion becomes constrained upon self-
contact, resulting in a deformation dominated by bending of the beams 
in regimes II and III (Fig. 4 and supplementary video 1). It is worth 
noting that stiffening of the metamaterial also leads to an increase in 
the level of internal stresses. The maximal stresses are usually observed 
in the lattice nodes and in contact zones; however, due to the length 
of such zones, there is no pronounced stress concentration after self-
contact that might lead to crack initiation.

The strain at which self-contact occurs (𝜀𝑐𝑜𝑛𝑡) is depicted for each 
geometry from the considered parameter space in Fig. 5A. Here we can 
observe the anticipated relation between 𝜀𝑐𝑜𝑛𝑡 and 𝑔. Indeed, specimens 
with larger initial gap 𝑔 require larger strain before self-contact takes 
place. Specifically, 𝜀𝑐𝑜𝑛𝑡 spans from 1% to 21% for the minimum and 
maximum gap sizes 𝑔, respectively. In contrast, we observe a minimal 
influence of the contact length (𝑐) on the strain 𝜀𝑐𝑜𝑛𝑡 required for self-
contact. This indifference can be attributed to the fact that during the 
initial stages of compression, deformation primarily occurs due to bend-
ing and rotation near the intersection nodes, while straight elements 
do not significantly contribute to 𝜈𝑖𝑛𝑠𝑡 in stage I. However, the contact 
length (𝑐) plays a crucial role in determining the height of the jump in 
the value of 𝜈𝑖𝑛𝑠𝑡 upon reaching 𝜀𝑐𝑜𝑛𝑡.

While for all considered geometries 𝜈𝑖𝑛𝑠𝑡 increases after self-contact, 
in some cases it does not reach 0 and continues to be negative. This 
behavior is typical for lattices with large contact lengths (𝑐 > 40%), as 
indicated by the points marked with a cross in Fig. 5A. Consequently, 
these metamaterials do not undergo a switch in the sign of the instan-
taneous Poisson’s ratio (𝜈𝑖𝑛𝑠𝑡) and maintain their auxetic behavior after 
self-contact. The consequence of this behavior is an inability to return 
to the original width, as the lattice continues to shrink laterally during 
subsequent compression.

The distinction between designs that switch or don’t switch their 
auxeticity due to self-contact visible in Fig. 5A can assist in selecting 
unit cells tailored for a specific use-case. For instance, if maintaining 
the auxeticity after self-contact is favorable for impact engineering, 
the lattices with large enough 𝑐 are well-suited according to this cri-
terion. These designs offer the dual benefit of maintaining auxeticity 

and the ability to significantly stiffen the material upon reaching a pre-
programmed deformation level [38]. At the same time, the switch in 
the sign of instantaneous Poisson’s ratio can be harnessed for novel 
use-cases, such as mechanical if-then switches activated upon achiev-
ing specific compressive strains. Since self-contact in such lattices only 
facilitates a change in the sign of 𝜈𝑖𝑛𝑠𝑡 rather than 𝜈𝑒𝑛𝑔 , it becomes es-
sential to determine the strain value 𝜀𝑒𝑥𝑝 at which the metamaterial 
expands beyond its initial width. Fig. 5B utilizes color coding to indi-
cate the values of 𝜀𝑒𝑥𝑝. For points in the parameter space marked by a 
cross, no expansion occurs because the corresponding unit cells do not 
undergo a switch in auxeticity. For points marked by empty circles, ex-
pansion occurs; however, after reaching 25% compressive strain, the 
lattice’s width is still smaller than the initial width. From a practical 
standpoint, we limit our focus to lattices that expand beyond their ini-
tial width at compressive strains less than 25%. This mapping of 𝜀𝑒𝑥𝑝
onto the geometrical parameters defining unit cell design allows for 
the deliberate selection of geometries with specific sequences of lateral 
shrinking and expansion during compression. Since expansion occurs at 
larger values of strain than self-contact, we additionally utilize experi-
mental testing to ensure accuracy of our model.

4. Experimental testing

4.1. Experimental setup

To confirm the observed non-trivial behavior and validate the ob-
tained dependencies, we conducted compressive experiments on 3D-
printed specimens. We carefully selected 10 different unit cell designs 
to ensure maximum representation of the parameter space, as illus-
trated in Fig. 6. These lattice specimens were fabricated using fused 
filament fabrication (FFF) with NinjaFlex TPU (NinjaTek, Lititz, USA). 
The specimens were composed of 20 mm unit cells arranged in a 3 × 3 
pattern. We performed compression testing on a uniaxial testing ma-
chine (ZwickRoell, Ulm, Germany) equipped with a 10 kN loadcell. The 
load cycle was comprised of 15 mm vertical compression with subse-
quent unloading at a constant testing speed of 15 mmmin−1 . Note that 
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Fig. 5. A: Value of the self-contact strain 𝜀𝑐𝑜𝑛𝑡 for different unit cells in the design space. Combinations marked by cross do not exhibit switch in the sign of the 
Poisson’s ratio. B: Strain at the onset of expansion beyond the initial width 𝜀𝑒𝑥𝑝 for different geometrical parameters 𝑐 and 𝑔. Empty circles mark combinations 
of geometrical parameters for which the expansion happens for strains exceeding 25%. Cross sign marks geometrical parameters for which 𝜈𝑖𝑛𝑠𝑡 < 0 even after 
self-contact.

Fig. 6. Experimentally tested specimens are depicted as filled circles in the parameter space. The evolution of specimen shape throughout compression. I: uncom-
pressed state (𝜀 = 0), II: self-contact (𝜀 = 𝜀𝑐𝑜𝑛𝑡), III: start of the expansion beyond initial width (𝜀 = 𝜀𝑒𝑥𝑝), IV: maximum compression (𝜀 = 25%). Vertical lines indicate 
the initial width of 60 mm, tracked points are shown as filled circles in I.

15 mm vertical displacement on the considered specimens corresponds 
precisely to 25% strain. We used video recordings for characterization 
of the lattice’s deformation under load. The positions of two points on 
the lattice (indicated by circles in Fig. 6) were automatically tracked to 
retrieve two values of interest: the strain of self-contact (𝜀𝑐𝑜𝑛𝑡) and, if 
observable, the strain of expansion beyond initial width 𝜀𝑒𝑥𝑝.

Fig. 6I-IV provides a visual representation of the status of the tested 
specimen at various compression levels. The act of compressing the 
specimen results in the closure of the initial gap, introducing self-
contact in predefined areas, as shown in Fig. 6II. Additionally, we 
observe lateral shrinkage of the specimen concerning the lines that in-
dicate the initial width. This observation is indicative of the specimen’s 
auxetic behavior before self-contact occurs. Upon self-contact that hap-
pens nearly simultaneously between all contact zones, the shrinking 
process halts, and the specimen begins to undergo lateral expansion. 
This expansion is evident as the specimen touches the white lines 

representing the initial width in Fig. 6III. Furthermore, it expands be-
yond these lines with an increase in applied compressive strain, as 
demonstrated in Fig. 6IV (for specimen compression, see supplemen-
tary video 1).

4.2. Validation and characterization

Qualitatively, we have confirmed the behavior previously observed 
in simulations, and we have identified the distinct phases of mechan-
ical response, as depicted in Fig. 4. The validation of self-contact and 
expansion values for all tested specimens empowers us to harness these 
mechanical response phases for practical applications. For all 10 tested 
specimens, we extracted values of 𝜀𝑐𝑜𝑛𝑡 and 𝜀𝑒𝑥𝑝 where possible. When 
comparing experimentally obtained self-contact strain 𝜀𝑐𝑜𝑛𝑡 with nu-
merically predicted values, we find a substantial agreement with an 
𝑅2 value of 0.9401 (Fig. 7A). As applied strain increases, lattices with 
shorter contact lengths (𝑐) undergo an auxeticity-switch. Consequently, 
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Fig. 7. Simulations vs experiments. A: Strain at observed self-contact 𝜀𝑐𝑜𝑛𝑡. B: Onset of expansion beyond the initial width 𝜀𝑒𝑥𝑝 .

we compared numerically predicted and experimentally obtained ex-
pansion strains (𝜀𝑒𝑥𝑝) for such lattices, as shown in Fig. 7B. Despite the 
need to exclude lattices that either do not expand at all or don’t exhibit 
expansion beyond the initial width for applied strains less than 25%, 
we observe a strong agreement between experiments and simulations, 
with an 𝑅2 value of 0.9083. It is worth noting that numerical simula-
tions generally slightly overestimate strains associated with self-contact 
and expansion beyond the initial width as compared with experiments. 
This minor discrepancy may be attributed to geometric imperfections 
introduced by the 3D printing process. Specifically, the gap size in the 
printed samples might be smaller than designed due to finite value 
of extrusion width that cannot be arbitrary low, resulting in slightly 
thicker printed beams.

In summary, our performed numerical simulations not only cap-
ture the real auxeticity switch induced by self-contact in the considered 
metamaterials but also provide us with reliable estimates of the specific 
strain levels at which contact or expansion beyond the original bound-
aries occurs.

5. Scales demonstrator

To demonstrate the applicability of the introduced design frame-
work, we developed a discrete scales demonstrator that relies on the 
switches in Poisson’s ratio caused by self-contact in the metamate-
rial. We created four specimens with identical outer dimensions (as 
used in Section 4) but with different geometrical parameters (𝑐 and 
𝑔). These specimens were 3D-printed using conductive Filaflex TPU fil-
ament (Recreus, Elda, Spain). Utilizing the information from Fig. 5B, 
we selected specimens with varying expansion strains (𝜀𝑒𝑥𝑝𝑖 ), where 
𝑖 = 1... 4. These strains amounted to 5.2%, 13%, 20.9% and >25% respec-
tively. The 3D-printed specimens were placed within an enclosure, as 
illustrated in Fig. 8A. In their undeformed state, each specimen made 
contact with corresponding electrodes integrated into the enclosure, 
which were connected to pairs of LEDs, as depicted in Fig. 8B. These 
LEDs were placed behind their corresponding specimens to illuminate 
them upon reaching pre-programmed strains that results in closure of 
the electric circuit. To ensure even load distribution during compres-
sion, we covered the assembled system with a lid. Subsequently, the 
system was positioned in a universal testing machine, with two perpen-
dicular mirrors placed behind it to facilitate video capturing of three 
sides of the scale demonstrator.

In the initial uncompressed state, all metamaterials are illuminated 
from inside the scales, as shown in Fig. 8C. Almost immediately after 
the compression begins, the lattices lose contact with the electrodes due 
to their auxetic behavior, which facilitates lateral shrinking, resulting 
in all LEDs switching off. As compression continues, the LEDs gradu-
ally light up the connected lattices one by one. The side of the cube 
containing the metamaterial with the lowest expansion strain (𝜀𝑒𝑥𝑝1 ) 

is the first to illuminate. In a cascading manner, the specimens light 
up as their specified expansion strains (𝜀𝑒𝑥𝑝𝑖 ) are reached. During un-
loading, the illumination on the sides of the specimens switches off in 
the opposite sequence until all LEDs are off when the applied strain 
drops below 𝜀𝑒𝑥𝑝1 . In addition, at the latest stage of unloading, when the 
metamaterials return to their initial undeformed state, all sides of the 
scales demonstrator are illuminated again, indicating that the scales are 
“self-calibrated” and ready for the next measurement. This behavior is 
proven to be repeatable during multiple consecutive loading-unloading 
cycles for applied strains less than 25% (for a scales demonstration, see 
supplementary video 2).

Since values of 𝜀𝑒𝑥𝑝𝑖 are known and, moreover, purposefully selected, 
LED states enable us to deduct the applied strain, or at the least, place 
it within a specific range. If all LEDs are off, it indicates that the applied 
strain is lower than 𝜀𝑒𝑥𝑝1 . If only two LEDs are on, it suggests that the 
applied strain falls within the range between 𝜀𝑒𝑥𝑝2 and 𝜀𝑒𝑥𝑝3 . Moreover, 
this concept can be repurposed for measuring force instead of strain. 
Within the proposed design, the reaction force monotonically increases 
with an increase in applied compressive strain, as observed in load-
cell data. This is because there are no snap-through transitions within 
the metamaterial. Consequently, a correspondence between force and 
strain, and thus between force and LED states, can be established. Ad-
ditionally, within this concept, we can even detect faults in the electric 
circuitry. For example, if one of the LEDs fails to illuminate after com-
plete unloading, it may indicate a faulty contact.

This approach can therefore be implemented for targeted applica-
tions of the presented lattice. Here, not only the expansion but also the 
sudden change of the sign of Poisson’s ratio upon self-contact can be 
considered as a feature, with results from Fig. 5 serving as a lookup 
table to further enhance the utility of metamaterial.

6. Conclusion

In this study, we explored the concept of mechanical metamaterials 
capable of switching their Poisson’s ratio at a pre-programmed strain 
level (𝜀𝑐𝑜𝑛𝑡) by harnessing self-contact between metamaterial elements. 
For a selected design inspired by metamaterials with curvy beams, we 
assessed the relationship between the geometrical characteristics of unit 
cells and the resulting mechanical response through simulations and ex-
perimental testing. In the continuous design space, we identified geom-
etry parameters that result in different shrinking-expansion sequences. 
We demonstrated, that for specific unit cells, self-contact immediately 
changes the instantaneous Poisson’s ratio, but the metamaterial contin-
ues to shrink laterally upon subsequent compression. Meanwhile, for 
another class of unit cells, self-contact facilitates a change in the effec-
tive Poisson’s ratio sign, leading to the expansion of the metamaterial 
and eventual expansion beyond its initial dimensions for larger com-
pressive strain (𝜀𝑒𝑥𝑝). We showed how these critical strains (𝜀𝑐𝑜𝑛𝑡 and 
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Fig. 8. Discrete scales demonstrator. A: Components of the demonstrator. B: Circuitry of the demonstrator containing two LEDs per lattice with pre-programmed 
expansion strain 𝜀𝑒𝑥𝑝1−4 . C: Scales during compression testing, mirrors allow observation of three sides at once. Initially all circuits are closed at 𝜀0 = 0. Subsequently, 
all LEDs switch off until the lattices close their circuits at individual expansion strains 𝜀𝑒𝑥𝑝𝑖 .

𝜀𝑒𝑥𝑝) can be tuned via the geometry of the unit cell to enable novel 
functionalities in the corresponding metamaterials. Utilizing numerical 
and experimental results, we created a demonstrator model of a discrete 
scales-like device capable of indicating the applied strain through the 
statuses of multiple LEDs. During compression, the sides of the demon-
strator light up one by one upon reaching the selected critical strains, 
triggered by switches in the Poisson’s ratio caused by self-contact. It is 
important to note that in this proposed concept the self-contact func-
tionality is integral part of the metamaterial’s load-bearing core, which 
significantly simplifies the design. The findings presented here can be 
applied to implement the lattice’s switching capabilities in complex ap-
plications, such as soft robotics or lifelike stimuli-responsive material 
systems.
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3.2 Correlating Fluorescence and Residual Stiffness in Self-Reporting
Microcapsule Composites with an Intact Soft Matrix

Context and Personal Assessment

By elegantly engineering a response into a structured material, mechanical metama-
terials go beyond common associations we have with conventional bulk materials.
Their achievable responses span a wide range, from purely auxetic [3] to nonlinear
responses, like the auxeticity switching geometry discussed in Section 3.1. Since
their behavior is primarily geometry-driven, mechanical metamaterials are widely
applicable [95, 96]. Moreover, their mechanical responses can be enhanced by alter-
ing their base material. Composite materials, which combine multiple components
to achieve their superior mechanical properties [97], can also exhibit responses to ex-
ternal triggers when incorporating liquid-filled structures. Building on this concept,
self-healing [16, 52, 98] and self-reporting [17, 99] composites respond autonomously
to local damage. By engineering stress concentrations into a mechanical metama-
terial, the deliberate release of the liquid content can trigger a secondary response,
making solid-liquid composites attractive base materials.

Solid-liquid composites can be realized by embedding vascular networks or liquid-
filled microcapsules within a solid matrix material [81]. When subjected to high
stresses, these incorporated structures rupture, releasing their liquid content. De-
pending on the system, the liquid either polymerizes to enable self-healing [52] or
visually reports damage [17]. While self-reporting is attractive for maintenance ap-
plications [81], it also allows for more advanced concepts utilizing local self-reporting
to embed information. For instance, a mechanical metamaterial incorporating mi-
crocapsules could localize stresses in specific regions. Upon mechanical loading,
the microcapsules in these locations would rupture and release their liquid content,
revealing a predefined pattern.

However, realizing such a responsive mechanical metamaterial requires a thorough
understanding of the composite’s mechanical properties, both in the intact state
and after capsule rupture. Moreover, a well established self-reporting mechanism,
aggregation induced emission (AIE), relies on solvent evaporation to induce fluores-
cence under UV light [6]. The transient nature of visual self-reporting necessitates
correlating fluorescence intensity to the extent of damage and the residual mechan-
ical properties of the composite. This relationship is especially relevant when the
capsules rupture during loading, but the surrounding matrix stays intact.

In the presented work, I establish the transient relation between the self-reporting
fluorescence intensity and the change in mechanical properties in a microcapsule
composite. The composite employs a flexible PDMS matrix with embedded, rigid
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poly-(urea-formaldehyde) (PUF) microcapsules containing the dissolved AIE lu-
minogen. Unlike previous works that have focused on local capsule breakage through
incision [6, 17], I apply global tensile loading to probe the composite’s properties.
This approach reveals a unique response: as the microcapsules start to break and re-
lease their content, the matrix material remains intact, but Young’s modulus drops.
This reduction is immediate, yet it continues to change and only stabilizes after sev-
eral hours. Similarly, the fluorescence signal immediately responds, but continues to
rise, reaching its maximum after 15 h. Notably, at any given time, the brightness is
linearly correlated to Young’s modulus (R2 > 0.88), but evolves over time and stabi-
lizes only after many hours. Hence, if the time since loading is known, the recorded
brightness provides a measure of residual stiffness of the microcapsule composite.

Previous studies have either demonstrated self-reporting in response to local dam-
age [6, 17], or microcapsules have been introduced into fiber composites to enable
more global structural health monitoring [81]. While the latter has been commer-
cialized for self-healing purposes [85], the presented work introduces a new concept:
microcapsules not only enable self-reporting, but also influence the composite’s me-
chanical properties depending on their state. For the soft polymer matrix, the intact
capsules initially increase stiffness, whereas their rupture leads to a significant stiff-
ness reduction. These results can be used for several improvements in microcapsule
composites. First, the composite’s response can be fine-tuned to occur at a specific
deformation level by ensuring consistent capsule size, for instance, through microflu-
idic fabrication [55]. Second, strategically placing capsules within regions of higher
stress concentration, as those dictated by a metamaterial’s design, enables a local-
ized response. Finally, materials with a graded stiffness upon mechanical loading
might be conceived: the drop in stiffness due to broken capsules can be harnessed
to soften the composite progressively under load. As a result, the presented work
lays the foundation for mechanical metamaterials that utilize a composite with mi-
crocapsules as base material to harness the transient, self-reporting stiffness drop
behavior.
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 A B S T R A C T

Self-reporting microcapsule-based systems are highly valuable for providing information about a composite’s 
health, whether by indicating the location of damage or, in more advanced cases, reflecting the extent 
of damage through intensity of fluorescence. However, measuring such intensity alone is insufficient for 
evaluating the deterioration of a composite’s mechanical properties. Using self-reporting stiff capsules con-
taining tetraphenylethylene (TPE) and hexyl acetate embedded in a soft polymeric matrix, we observe that 
accurately assessing mechanical properties after damage in evaporation-based self-reporting systems requires 
not only measuring fluorescence brightness but also accounting for the time elapsed since the rupture of the 
capsules. While the fluorescence–stiffness correlation can be approximated by a linear fit at any given time, the 
proportionality coefficient gradually evolves, stabilizing only hours after capsule rupture. This study highlights 
the importance of considering the transient nature of fluorescence–stiffness relationships when leveraging 
self-reporting composites for advanced damage evaluation.

1. Introduction

Combining multiple materials into a single composite often pursues 
the aim of enhancing overall mechanical properties, such as stiffness 
or toughness [1]. However, it is also possible to introduce additional 
functionalities via the composite structure. One such functionality is 
self-healing — the material’s ability to repair itself — which is often 
achieved by incorporating vascular networks [2,3] or filled capsules 
within the matrix material [4–6]. In the latter approach, a propagating 
crack in the composite ruptures the capsules along its path, releasing a 
healing agent that reacts with catalysts embedded in the matrix [7,8]. 
This reaction leads to in-situ polymerization, effectively repairing the 
mechanically induced damage [9,10]. Extensive research has investi-
gated various matrix and capsule combinations, demonstrating a wide 
range of mechanical properties and chemical mechanisms that enable 
self-healing functionality [11–15].

Any degree of damage, including regions that have been allegedly 
healed, often results in inferior mechanical properties compared to 
the composite’s original, intact state [9,10,16]. Therefore, identifying 
such damaged regions, whether healed or not, is crucial. Similar to 
self-healing, self-reporting can be achieved by embedding dye-filled 
capsules within the matrix material [17–19]. Upon rupture, the release 
of the capsule’s contents can activate chemical processes that visually 
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distinguish damaged areas from undamaged ones [20–22]. Of partic-
ular interest are self-reporting capsules that indicate damage through 
color changes or fluorescence [17,21,23,24]. Depending on the design 
and the loading conditions, two main scenarios might take place. In the 
case when capsule rupture happens simultaneously with the occurrence 
of damage in the matrix, as in incisions [17], self-reporting informs 
directly about the damage in the matrix. However, the capsules can be 
ruptured even when the matrix is still intact due to achieving locally 
the critical stress level [25]. Here, the visual self-reporting just high-
lights the reaching of some specific strain or stress level and partially 
resembles self-sensing when the overall strain state is acquired [26]. 
For the design of composites containing capsules, special attention 
should be directed to the assessment of the capsule’s contribution to 
the composite’s mechanical properties. The shape [27] and size [28] of 
capsules play a significant role in the overall mechanical behavior of 
the composite before and after their rupture. Depending on the goals, 
capsules can be deliberately designed before incorporation, since the 
existing fabrication processes allow them to be manufactured down 
to the nanometer range [29,30]. If the matrix is not getting damaged 
while some capsules break, one might tune the contrast between the 
stiffness of intact and damaged composites.

The partial recovery of mechanical properties in self-healing mi-
crocapsule composites is relatively slow due to the time required for 
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Fig. 1. (A, B): Micrograph of a single intact and ruptured microcapsule, respectively. (C, D): Fluorescence signal of a single intact and ruptured microcapsule, respectively. (E, F): 
Fluorescence of PDMS specimen with embedded microcapsules before (E) and after (F) rupture.

the chemical reactions involved in the healing process [10,31]. To 
prevent the use of materials after partial damage but before heal-
ing is complete, self-reporting systems are expected to respond more 
rapidly [32]. However, depending on the chemical mechanism un-
derlying the reporting system, a delay between capsule rupture and 
damage detection may still occur, and this delay is particularly pro-
nounced in evaporation-based fluorescent reporting systems [21,33,
34]. Among the various mechanisms that rely on evaporation to trigger 
fluorescence, aggregation-induced emission (AIE) is one of the most 
commonly used for damage reporting. Initially, an AIE luminogen, such 
as tetraphenylethylene (TPE), is dispersed in a solvent and remains 
non-fluorescent. Upon rupture of the microcapsule containing the so-
lution, the solvent evaporates, causing the luminogen to aggregate and 
fluoresce under UV light, thereby facilitating damage detection [21,35].

Notably, the intensity of the visual signal can be correlated to 
the extent of the damage or the number of ruptured capsules in the 
composite, as demonstrated in studies of localized impacts and in-
cisions [21,34]. Given that fluorescence saturation may take hours, 
whereas the mechanical consequences of the capsules breaking are 
instantaneous [20], it raises the question of how reliably the extent of 
damage can be correlated with the fluorescence brightness at any given 
moment.

In this study, we address this using poly(dimethylsiloxane) (PDMS) 
with embedded poly(urea formaldehyde) (PUF) capsules. The widely 
used silicone-based elastomer PDMS, selected as a matrix material, 
exhibits excellent mechanical properties, including high elasticity and 
durability, while its relatively low viscosity facilitates easy molding and 
precise replication of fine structures [36]. Complementing other studies 
that focus on locally induced damage [10,12,17,25], here we subject 
the specimens to non-local tensile loading, causing capsule rupture 
throughout the entire volume of the specimen. This approach allows 
us to monitor the overall fluorescence brightness as well as mechanical 
properties over several hours following capsule rupture and correlate 
them to each other.

2. Materials and methods

Polyurethane/poly(urea-formaldehyde) (PU/UF)-based core–shell
microcapsules containing a 1 wt% (8.7 mgmL−1, 26 mM) solution of 
TPE in hexyl acetate were prepared using a well-established single-
batch in situ emulsification–condensation method, similar to that de-
scribed in [21,33,37,38]. The capsules had a diameter of 41 ± 17 μm, 
similar to those used in the recently published work by Stamp et al. [39]. 
These microcapsules, containing the TPE/hexyl acetate solution, are 
colorless under visible light (Fig.  1A) and non-emissive under UV-
A irradiation (𝜆 = 365 nm) (Fig.  1C). When the microcapsule shells 

are ruptured by mechanical stress, the solution is released, leading 
to evaporation of the hexyl acetate (Fig.  1B). This evaporation causes 
the TPE to aggregate, emitting blue light under UV-A irradiation (Fig. 
1D). After successfully fabricating the microcapsules, tensile spec-
imens were prepared via molding. The specimens were produced 
by incorporating 10 wt% microcapsules into commercially available 
poly(dimethylsiloxane) (PDMS), Sylgard 184 (Dow, Midland, USA). The 
mixture was degassed, then poured into two-piece molds machined 
from poly(methyl methacrylate) (PMMA), and cured in an oven at 
100 ◦C for 30 min. Each fabrication batch produced at least five 
specimens with dimensions closely resembling ISO 37 type 2, along 
with a reference disk-shaped specimen of 20 mm in diameter.

The PDMS-microcapsule composite with intact capsules initially 
exhibits negligible emission in the blue region of the visible spectrum 
(𝜆𝑚𝑎𝑥 = 455 nm) under UV-A irradiation (𝜆 = 365 nm) (Fig.  1E). When 
the shells of the microcapsules in the composite were ruptured by me-
chanical stress (e.g., stretching), fluorescence (𝜆𝑚𝑎𝑥 = 455 nm) became 
observable (Fig.  1F). The intact specimens were then mechanically 
tested using a uniaxial testing machine (ZwickRoell, Ulm, Germany) 
equipped with a 500 N load cell (Fig.  2). To monitor changes in fluores-
cence, the specimens were continuously illuminated with UV-ring light 
(𝜆 = 365–375 nm), and a video was recorded using a CMOS camera 
(IDS UI-3880CP, IDS Imaging Development Systems GmbH, Obersulm, 
Germany) synchronized with the testing machine. A reference disk 
(non-damaged) was included within the video frame, while the entire 
test setup was covered with light-tight fabric to minimize the influence 
of ambient light.

The mechanical testing procedure included two different types of 
loading, both conducted in displacement-controlled settings. During 
the so-called load cycle, the specimen was stretched to a predefined 
displacement, triggering the partial breaking of the embedded capsules, 
and then unloaded to zero force. While it is almost impossible to 
accurately count the number of broken capsules, their number posi-
tively correlates with the magnitude of the applied deformation. As 
will be shown later, larger applied deformation is associated with more 
pronounced changes in the composite’s behavior. To evaluate Young’s 
modulus, so-called probing cycles were used before (20 cycles) and 
after (880 cycles) the load cycle (Fig.  2B). Each probing cycle consisted 
of stretching up to 2 mm at a rate of 8 mmmin−1, followed by unloading 
to zero force at the same rate and a subsequent hold time of 30 s. Pre-
liminary tests indicated that such a small stretch does not cause capsule 
rupture but allows the assessment of Young’s modulus from force–
displacement data. Stress was calculated from the force by dividing it 
by the initial cross-section in the center of the specimen, while strain 
was obtained by referencing the initial length of the specimen (i.e., the 
distance between fixtures). A correction factor of 0.52, determined by 
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Fig. 2. (A): Test setup. I: Video camera, II: UV ring light (𝜆 = 365–375 nm), III: Cylindrical reference specimen from the same batch as the tensile specimen, IV: Tensile specimen, 
scale bar = 10 mm. (B): Schematic of the testing procedure. Probing cycles are shown with light and dark gray backgrounds, while the load cycle is shown with a blue background. 
Each probing cycle includes a displacement-controlled load up to 2 mm, followed by unloading to zero force and a 30 s hold time. The force output in the load cycle is displayed 
for 30 mm, 20 mm, and 10 mm. Note that this cycle has different 𝑥-axis scaling for the three specimens. (C): Stress–strain curve of a single probing cycle, with the depiction of 
Young’s modulus evaluation as the slope of the loading section. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)

finite element simulations in COMSOL Multiphysics 6.0 (Comsol AB, 
Stockholm, Sweden), was applied to recalculate the strain occurring in 
the central gauge section, following the methodology described in [36]. 
Young’s modulus was subsequently calculated as the slope of the linear 
section of the curve, as shown in Fig.  2C, and was approximately 30% 
higher for intact specimens as compared to pure PDMS.

To evaluate the fluorescent response due to broken microcapsules 
at each moment in time, the recorded video was analyzed. Pixel values 
were averaged over the central region of the specimen, referenced 
to the brightness of the non-damaged disk captured in each frame, 
and normalized to the initial value. This method demonstrated good 
correlation with spectrographic measurements (see Appendix) while 
offering the advantage of capturing a larger area. Similarly, Diek-
mann et al. demonstrated that CMOS-equipped cameras are suitable 
for fluorescence detection [40]. For each strain level during the loading 
cycle, at least three specimens were tested to ensure statistically robust 
conclusions.

3. Results and discussion

As-fabricated specimens exhibit a certain level of fluorescence, pos-
sibly due to initially broken capsules or damage introduced during 
de-molding. However, the first probing cycles confirm that no fur-
ther capsule rupture occurs during testing (Fig.  3, left). Immediately 
after the loading cycle, the central section of the specimen begins 
to fluoresce, indicating the rupture of some microcapsules within the 
matrix and the subsequent release of their contents (Fig.  3, middle). 

Over time, the fluorescence intensity increases, and after 15 h, the 
specimen appears visibly brighter (Fig.  3, right) compared to its state 
immediately after the loading cycle. This observation highlights the 
transient nature of the self-reporting mechanism.

Fig.  4 illustrates the evolution of Young’s modulus and fluorescence 
response following the loading cycle for specimens subjected to dif-
ferent strain levels. A noticeable increase in fluorescence response is 
observed immediately after the loading cycle, attributed to the release 
of contents from ruptured capsules. This increase is minimal for an 
applied displacement of 5 mm but becomes evident starting at 10 mm, 
with the magnitude of the increase growing as the displacement rises. 
The most pronounced fluorescence response is observed at a displace-
ment of 30 mm (Fig.  4A). Since all other conditions were kept constant, 
we conclude that the increased brightness immediately after the load-
ing cycle at higher strain levels is due to a larger number of broken 
capsules. While a single capsule can provide limited information about 
its state, the presence of multiple capsules significantly enhances the 
reporting capabilities. Under global deformation, such as uniaxial ten-
sion, capsules embedded in a soft matrix do not rupture simultaneously. 
Since directly counting the number of broken capsules is nearly impos-
sible, indirect measures, such as changes in fluorescence or stiffness, 
can serve as proxies. In this case, larger changes correspond to a higher 
number of ruptured capsules, indicating greater achieved stresses and 
more significant damage. A similar approach has been shown to be 
effective even for relatively localized loading in microcapsule-based 
composites [21,34]. Simultaneously, our experiments show that for all 
specimens, the brightness does not remain constant but continues to 
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Fig. 3. Fluorescence of the tensile specimen before start of the test, immediately after loading cycle, and after 15 h (left to right). Reference cylindrical sample is shown as well. 
The brightness has been uniformly enhanced for visualization purposes.

Fig. 4. Normalized brightness (A) and normalized Young’s modulus (B) over time after loading to different displacements, with solid lines representing the mean and shaded areas 
indicating the standard deviation.

increase over the 15-hour period following the loading cycle (Fig.  4A). 
This effect is particularly evident for the 30 mm loading, which exhibits 
a 1.5-fold increase in brightness immediately after capsule rupture, 
with the final brightness recorded after 15 h reaching 2.2 times the 
initial value. The final brightness (after 15 h) follows a trend similar 
to the immediate post-load brightness, being higher for specimens 
subjected to larger displacements. Transient brightness changes after 
the loading cycle and capsule rupture make it difficult to correlate 
absolute brightness with the amount of damage unless sufficient time 
has passed.

As depicted in Fig.  4B, the rupture of microcapsules during loading 
significantly affects the composite’s Young’s modulus. Upon capsule 
breaking, we observe an immediate drop in Young’s modulus of over 
30% for larger displacements, such as 25 or 30 mm. At the same time, 
similar to the absence of immediate changes in brightness, there is no 
change in Young’s modulus for specimens loaded only up to 2 mm, 
confirming that no capsules are ruptured in this case. With increasing 
applied displacement, the drop in Young’s modulus becomes more pro-
nounced immediately after the loading cycle. Simultaneously, a slight 
but gradual increase in Young’s modulus is observed for specimens sub-
jected to higher loads. This effect, though much less pronounced than 
the brightness changes, is primarily associated with the evaporation of 
solvent from the ruptured capsules and possible interaction between 
solvent and PDMS matrix. By combining observations of brightness 
and mechanical performance, we can conclude that relying solely on 
increase in brightness to assess damage, without considering time, 
can be misleading. For instance, a 30% increase in brightness might 
correspond to a drop in Young’s modulus to 75% of its initial value 
if measured immediately after loading (Fig.  4, arrow I). However, if 

measurements are taken 15 h later, the same brightness increase may 
correspond to a smaller drop, down to 90% of the initial modulus (Fig. 
4, arrow II).

Since both mechanical properties and fluorescence depend on the 
degree of damage — determined by the applied displacement during 
the loading cycle — it seems possible to establish a correlation by 
factoring in time. When the time after the loading cycle is fixed, 
specimens subjected to higher strains are expected to show greater 
changes in elastic modulus and brighter fluorescence due to the rupture 
of more capsules. To investigate this relationship, we plotted brightness 
against Young’s modulus for individual specimens at three different 
points in time: immediately after loading (Fig.  5A), 5  hours after the 
start (Fig.  5B), and at the end of the observation period (Fig.  5C). 
Simplifying, we took the data from Fig.  4 and sliced for each selected 
time point.

Figs.  5A-C display a linear fit with the corresponding 𝑅2 values, 
while the color represents the applied displacement during the loading 
cycle. Previous studies have suggested that the relationship between 
fluorescence and damage is generally linear, with saturation occurring 
when most capsules have ruptured [34]. This saturation is evident, for 
example, in Fig.  4B, where the properties of samples stretched to 25 mm
and 30 mm are nearly identical. Our experiments further revealed that 
for displacements exceeding 30 mm, the PDMS matrix itself begins to 
fail. For the three selected times shown in Figs.  5A-C, the linear fit 
provides a good approximation of the dependency of Young’s modulus 
on brightness, with 𝑅2 values ranging from 0.9 at 𝑡 = 0 h to 0.88 at 
𝑡 = 15 h. The data clearly shows that larger displacements result in 
brighter specimens and lower relative Young’s modulus after capsule 
rupture. However, our findings also highlight an intrinsic feature of 
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Fig. 5. Normalized brightness and normalized Young’s modulus immediately after loading cycle (A), after 5 h (B), after 15 h (C). (D): Slope of the linear fit (black circles), 
exponential decay fit (blue line) and correlation coefficient 𝑅2 (orange squares) over time.

self-reporting microcapsule composites: while the relationship between 
brightness and Young’s modulus is close to linear, it evolves over time.

By performing a similar analysis and linear fitting for all available 
times up to 15 h, we observe that the assumption of a near-linear 
dependency between changes in Young’s modulus and fluorescence 
holds true. The orange curve in Fig.  5D shows that the 𝑅2 value for 
the linear fit (orange squares) remains consistently around 0.9 over 
time. The coefficient of proportionality 𝑚 (black circles) increases over 
the course of the experiment, and eventually stabilizes (Fig.  5D). The 
coefficient 𝑚 for brightness–stiffness correlation can be approximated 
as exponential decay function 𝑚 = 𝑚∞ + (𝑚0 − 𝑚∞)𝑒−𝑡∕𝜏 (blue dashed 
line), where 𝑚0, 𝑚∞ and 𝜏 are fitting parameters, well-aligned with the 
kinetics of the evaporation process. Over time, the relationship between 
brightness and Young’s modulus becomes more consistent as transient 
effects diminish and the system reaches equilibrium. This observed 
time-dependent evolution of the fluorescence-mechanics relationship 
may extend to other self-reporting composite systems, emphasizing 
the importance of considering temporal dynamics when interpreting 
damage indications.

4. Conclusions

By tracking and analyzing changes in Young’s modulus and fluores-
cence over 15 h following the rupture of microcapsules embedded in 
PDMS matrix, we observed a clear correlation between fluorescence in-
tensity and residual mechanical properties. However, the transient na-
ture of this relationship must be considered. Fluorescence self-reporting 
occurs immediately after loading in the central section of the specimen, 
provided the applied load is sufficiently high. In this study, stretching 
up to 2 mm did not cause capsule rupture, while already a 5 mm
displacement triggered fluorescence and a drop in Young’s modulus. 
Both the fluorescence intensity and the decrease in Young’s modulus 
were more pronounced for specimens subjected to higher loading, 
reflecting the extent of damage and the amount of ruptured capsules. 
While this behavior is somehow expected [13,34], the visible brightness 
continues to increase long after capsule rupture due to the gradual 

solvent evaporation process required for fluorescence. This highlights 
the importance of accounting for the time elapsed since the damaging 
event when correlating fluorescence with mechanical properties, as 
the transient nature of this relationship affects its accuracy. While the 
qualitative rule of ‘‘more damage — brighter fluorescence — lower 
stiffness’’ holds true, the exact relationship is time-dependent.

Our results demonstrate that the property–brightness relationship 
in the studied PDMS-microcapsule composite can be approximated as 
linear at any given moment, though the slope of this linear fit evolves 
over time and stabilizes several hours after capsule rupture. This aspect 
may not be critical when self-reporting is primarily used to locate 
damage within the matrix. In such cases, both the capsules and the 
load-bearing matrix material are often damaged simultaneously [14,17,
21], particularly when cracks propagate through the material [9,12,13,
31]. However, self-reporting can also be valuable in scenarios where 
capsule rupture occurs before significant matrix damage, as observed 
in the present study. Here, even after capsule rupture, the specimen 
retains its structural integrity and can withstand a slightly reduced load. 
Potentially, this mechanism enables the release of a self-healing agent 
while the matrix remains intact. Depending on the system’s design, 
fluorescence-based self-reporting can complement self-healing in differ-
ent ways. If the same capsules contain both the reporting and healing 
agents, fluorescence serves not only as a direct indicator of healing 
agent release but also as a measure of damage severity. Additionally, in 
the considered composites, where the elastic matrix remains intact, it 
becomes possible to preemptively release specific functional additives 
before the composite reaches total failure. In this case, fluorescence 
highlights the locations where specific criteria, such as reaching a crit-
ical stress level, have been met, facilitating localized changes through 
an additional chemical process. In general, the fluorescence of a self-
reporting composite can indicate not only the extent of a specimen’s 
property deterioration but also how close it has come to failure during 
previous loading. However, to achieve accurate assessments, we have 
shown that it is important to consider the time-dependent nature of the 
brightness–property relationship.
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Appendix. Comparison of CMOS camera and spectrometer

To validate the use of the camera for fluorescence evaluation, we 
measured the specimens before and after the tests using a blue-wave 
spectrometer (StellarNet Inc., Tampa, FL, USA) and a 365 nm light 
source (Ocean Optics, Orlando, FL, USA). The measurements showed 
strong agreement, with 𝑅2 = 0.97 (Fig.  A.6), confirming the camera’s 
suitability for our purposes.

Fig. A.6. Relative change in brightness between intact specimen and after testing com-
pletion. Comparison between camera-based evaluation and spectrometer measurements, 
with solid points representing the mean and shaded areas indicating the standard 
deviation.

Data availability

Data will be made available on request.
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3.3 Light Induced Training Enabled by Crosslinking in 3D Printed Mechanical
Metamaterials

Context and Personal Assessment

The unconventional responses of mechanical metamaterials to deformation arise
from their geometric features. Hence, they can be precisely tuned, as demonstrated
in Section 3.1. Another strategy for designing a response into a material involves
composites. One example is the self-reporting material in Section 3.2, which com-
bines a matrix and microcapsules. To create an adaptive, trainable material that
goes beyond these approaches, it is possible to establish a connection between the
response of the geometry and the base material.

A variety of artificial materials have achieved stimuli-responsiveness. Hydrogels swell
in response to humidity [100], liquid crystal elastomers are responsive to light or
temperature [101], and shape memory alloys exhibit programmable shape-morphing
[102]. Yet, such materials lack the ability to accumulate changes in response to
repeated stimuli, unlike biological systems such as muscles that grow under repeated
loading [103] or leafs that adapt their morphology to environmental conditions [104].
To expand the achievable shapes and responses in artificial systems, recent efforts
have focused on using stimuli-responsive materials in additive manufacturing [11].
This enabled an artificial flower that opens and closes with changing temperatures
[105]. However, in these examples, there is no accumulated change of the response.
Hence, to obtain life-like material systems resembling natural adaptation, coupling
and retention between stimulus and response must be established.

In the presented work, we set out to combine two types of responses: the geome-
try’s ability to respond to deformation (Section 3.1) and the base material’s ability
to change its stiffness (Section 3.2). The resulting closed-loop system allows for a
response that changes with repeated stimuli, thereby enabling trainable mechanical
behavior. A commercially available TPU filament for FFF 3D printing is function-
alized by C,H-insertion chemistry, as described by Liotier et al. [18]. The molecule,
covalently attached to the polymer chains, enables UV-induced crosslinking, which
in turn impacts the material’s mechanical properties. Subsequently, I successfully
print and test tensile specimens, which reveal four crucial properties of the novel
material. First, upon irradiation in a UV chamber, the stiffness can be increased to
300%. However, prolonged exposure causes material degradation, limiting further
stiffening. Second, an immediate onset of the stiffening occurs when irradiated dur-
ing stiffness-probing, though it is less pronounced due to the reduced intensity of
the UV lights attached to the test setup. Third, intermittent irradiation shows that
stiffening is instant and persistent after the lights are turned off. Finally, specimens
irradiated under larger deformations exhibit a permanent elongation. When the
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specimen is irradiated while stretched, its length increases compared with irradia-
tion during smaller deformations.

Building on the material’s properties, I subsequently apply it to responsive me-
chanical structures. The structure with circular cutouts (Table 2.1), adapted from
Bertoldi et al. [9], serves to visualize local stiffening. Under sufficient compression,
the circular holes collapse into elliptical shapes, driven by instabilities. Selective
irradiation of one half of the specimen leads to an asymmetry during loading: the
non-irradiated side collapses, whereas the irradiated side remains stiff, showcasing
the localized stiffness-tunability. To close the loop between mechanical deforma-
tion and irradiation, I integrate the mechanical metamaterial from Section 3.1 in
a setup with an optical switch to control UV lights. When compressed beyond its
designed expansion strain, the metamaterial triggers the UV irradiation, causing its
base material to stiffen. Repeated loading cycles lead to saturation of the response,
effectively adapting the system to the loading condition. Finally, by introducing
two types of forces, I demonstrate threshold training. Utilizing the metamaterial’s
expansion under compression, the larger force triggers an irradiation event during
a subsequent unloaded hold, while the smaller force is not sufficient to trigger the
event. When the forces are applied in a training schedule, the metamaterial is stiff-
ened when the larger force occurs. After several training cycles, the metamaterial
stiffens enough so that the larger force no longer induces irradiation, and the system
is successfully trained to resist the stimulus.

The presented work highlights that responses can be engineered on two intercon-
nected levels: the structural (metamaterial) level and the base material (polymer)
level. This coupling enables local stiffening, as shown by the tilted block with
holes. Previous works achieved local or graded mechanical properties in mechani-
cal metamaterials by varying the geometry of the unit cell at the design stage [38].
Our approach achieves local stiffness changes dynamically, post-fabrication, through
controlled crosslinking. The demonstration of a trainable, closed-loop system shows
how metamaterial structures might become capable of adapting to their environ-
ment. Finally, the concept of threshold training provides a foundation for more
intelligent material systems, in which scheduled stiffening acts as a form of memory,
reminiscent of learning concepts proposed by Zhang et al. [106].
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Stimuli-responsive materials often react to changes in environmental
conditions by altering their shape. Here, it is shown that even changes
in materials that are not directly observable, such as local stiffening, can be
exploited to introduce the concept of trainable materials. A fully 3D-printable
filament based on thermoplastic polyurethane (TPU) functionalized with a
bivalent crosslinker capable of undergoing a C,H insertion reaction under UV
irradiation was developed. Specimens printed from this filament demonstrate a
gradual increase in stiffness, reaching almost 300% of their initial stiffness after
50 hours of irradiation. To exploit this tunability, mechanical metamaterials
incorporating the developed material are engineered. By utilizing an instability-
driven transformation under compression, it is demonstrated how local
stiffening can be amplified through rational design. Moreover, by exploiting
the unusual mechanical behavior of metamaterials arising from their internal
architecture, a closed-loop system is presented in which, under compressive
load, the metamaterial closes an electric circuit that activates UV light, which
in turn modifies the properties of the base material. Through this approach,
two trainable systems are realized: one that progressively conforms its shape
to mechanical compression, and another that gradually increases its resistance
to an applied force, mimicking the physical training of biological tissues.

1. Introduction

Nature offers a wide variety of examples of adaptation: upon
repeated stimuli, muscles grow,[1] bones become stronger,[2,3]
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and leaf petioles change shape.[4] In
engineering practice, we still often rely
on materials with persistent properties,
which is reasonable for many applica-
tions. At the same time, materials such
as shapememory alloys,[5,6] polymers,[7,8]

liquid crystal elastomers,[9,10] and
hydrogels[11,12] alter their shape and
behavior in response to temperature,[13]

humidity,[14] or pH.[15] This allows their
use as components of larger systems,
usually as actuators. Materials may
also undergo changes that do not di-
rectly manifest as a change in shape,
for example, through color variation in
self-reporting systems[16–18] or through
stiffening.[19–21] The ability to store or
even accumulate such changes is associ-
ated with the phenomenon of memory,
which has been conceptually realized
and observed on both the material[22]

and structural level.[23] If changes in
mechanical properties (e.g., stiffen-
ing) are not accompanied by a shape
change, they can still be revealed under
specific conditions, for example, when an

external load is applied. Noticeably, even small variations can be
amplified if the structure is rationally designed, as in the case of
mechanical metamaterials.
Mechanical metamaterials are often defined as materials

with rationally and purposefully designed internal architec-
tures that give rise to a desired set of unorthodox mechani-
cal properties.[24] Such architectures enable the realization of
metamaterials that exhibit negative effective stiffness,[25] close-
to-zero shear modulus,[26] or coupling between different de-
formation modes.[27,28] Among the most common manifesta-
tions of these unusual properties is a negative Poisson’s ratio
in so-called auxetic metamaterials.[29] Auxetic behavior can be
found in some biological materials,[30] but more often it is en-
gineered in artificial metamaterials via the rational design of the
elementary building block, the unit cell, which periodically re-
peats throughout the metamaterial.[31] Within the unit cell, in-
tricate connections of beams allow the engineering of the ma-
terial’s overall response to mechanical load. Elegantly, this de-
sign is geometric and therefore less sensitive to the unit cell’s
dimensions and base material. Hence, their functionality can be
achieved over multiple length scales and base materials, ranging
from nano- andmicrometers[27,32,33] for micro-electromechanical
systems (MEMS) to meters[34] for seismic shields. By further
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modifying the internal connections within the unit cell, more
advanced functionalities such as logic gates or memory[23,35] are
achievable. By carefully designing the elements to allow for self-
contact, switching the sign of Poisson’s ratio during deforma-
tion seems possible. For instance, initially auxetic metamateri-
als can, upon sufficient compression, expand beyond their ini-
tial width.[36] At the same time, even such complex mechanical
responses are fixed at the design stage and normally cannot be
changed after fabrication. To add new functionalities and enable
changes in the mechanical behavior of already fabricated meta-
materials, stimuli-responsivematerials can be integrated into the
metamaterial architecture.[37]

There are several possible approaches that can add stimuli
sensitivity to existing polymers. Among them, C,H insertion
crosslinking (CHic) is a chemical strategy to achieve a crosslinked
polymer network. With this method, it is possible to crosslink
polymers without catalysis in the solid state using only heat or
UV-irradiation.[38–42] Upon triggering, reactive moieties are acti-
vated and react with neighboring C–H bonds to create crosslink
points. The resulting covalent C–C bonds create a strongly
bonded network. In addition, the reaction is non-specific, allow-
ing to be used regardless of the polymer backbones and even
to link additives in the network such as fluorescent dyes or bi-
ological molecules.[43] After crosslinking, the properties of the
material changes drastically, notably regarding mechanical prop-
erties, solvent resistance and heat resistance.[44,45] These moi-
eties are usually incorporated into the desired precursor poly-
mer by copolymerization with the desired comonomer, thus lim-
iting polymer usage. To avoid that, we recently developed a biva-
lent crosslinker able to be inserted into the polymer chain post
polymerization.[46] This methodology is interesting as it does not
require to know the exact structure of the polymer, only C–H
bondsmust be present, a requirement fulfilled for practically any
polymer. This method allows the use of commercial polymers
and to an extent also commercial 3D printable materials.
Being able to treat commercially available 3D printable ma-

terials opens new possibilities. Treating a commercial filament
allows to easily obtain large amounts of polymer, omitting elab-
orate synthesis. Indeed, the necessary amount of crosslinker
needed to obtain a then crosslinkable material is comparatively
low, thus reducing the synthetic effort needed.[46] Here we set
out to introduce CHic chemistry into a 3D printed structure to
achieve a novel, trainable material system. The main goal is to
exploit the ability of a CHic-treated polymer to change its stiff-
ness upon UV irradiation and to transform such changes into
unconventional, trainable behavior through the rational architec-
ture of a mechanical metamaterial (Figure 1). The realization of a
metamaterial capable of accumulating information about previ-
ousmechanical and non-mechanical stimuli and changing its be-
havior accordingly can open new approaches in emerging fields
such as soft robotics.

2. Results and Discussion

2.1. Material Design

In order to obtain a UV-crosslinkable and printable TPU, it is
required to add a UV-reactive unit to the material. This might
raise the idea to use an additive mixed into the material. How-

Figure 1. Schematic of the trainable material system utilizing the proper-
ties of the mechanical metamaterial and UV crosslinking. A) The metama-
terial does not pass the threshold during loading, therefore no changes
in mechanical properties happen. B) The metamaterial is loaded above
threshold, therefore a UV light is triggered and crosslinking of the base-
material is induced. The metamaterial itself becomes stiffer.

ever, this additive could be lost during the printing process due
to high shear and elevated temperatures. To avoid that, the UV-
reactive unit should be covalently linked to the polymer chain.
This idea is derived from our previously published work where
we developed a small molecule bearing a diazo compound and
a benzophenone unit that can be easily mixed into a polymer.[46]

Upon elevated temperature, the diazo compound is converted to
a carbene that inserts in the closest neighboring C,H bond, co-
valently attaching the small molecule to the polymer chain. The
second benzophenone part is then untouched and ready to be
used to crosslink the polymer using UV-light. This strategy was
proven successful with many polymers regardless of their struc-
ture and even with polyurethane of unknown chemical structure.
The use of benzophenone is good on thin film because of its high
reactivity under irradiation at 254 nm. However, while still reac-
tive at 365 nm, its reactivity is slowed significantly. This would
make its use on larger objects more difficult as the penetration
depth of light at 254 nm is much lower than at 365 nm and
typically only some hundred nanometers to a few microns. To
avoid that, we decided to develop a new crosslinker, combining
a 2-(2-diazo-2-phenylacetoxy) ethyl methacrylate (PEDAz) and an
anthraquinone moiety noted PA, using the same concept while
substituting the benzophenone unit by an anthraquinone unit.
Anthraquinone units exhibit a higher absorption at 365 nm than
benzophenone while still being able to undergo C,H insertion
crosslinking.[47] The new molecule is obtained in a three-step
synthesis (Figure 2A). The first step, leading to compound 1, is
a Steglich esterification between phenylacetic acid and ethylene
glycol. Compound 1 is then coupled to 2-hydroxyanthraquinone
through a Mitsunobu reaction yielding compound 2. Finally, PA
is obtained by adding a diazo compound through Regitz transfer.
The global yield of this 3 step synthesis is 66%, allowing us to
easily obtain several grams of the crosslinker.
Thematerial production is described in Figure 2B,C. The TPU

filament is insoluble in most solvents, which makes the C,H
insertion of the filament more difficult. However, this filament
swells strongly in solvents such as dichloromethane (DCM).
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Figure 2. A) Schematic of the synthesis of PA. B) Molecular reaction of PA crosslinker with the polymer chains during the modification of the polymer
and the crosslinking. C) Process-schematic of modification and printing of the filament.

Using this property, it is possible to make the PAmolecule pene-
trate the filament.We used a solution of PA inDCMusing 10wt%
of the crosslinker compared to the polymer. This low crosslinker
content was selected to conserve most of the properties of the
base-material. Then annealing at 100 ◦C for 18 h is performed
to activate the diazo compound and link the crosslinker to the
polymer chain. Using UV-vis measurements of the modified and
unmodified filaments, the final crosslinker content is found to
be 5 wt% (see experimental section). This base-material is then
printable using similar parameters compared to the unmodified
filament.

2.2. Property Change Induced by UV Irradiation

Crosslinkable PA mixed into TPU filament for fused filament
fabrication (FFF) 3D printing enables a UV induced change in
properties, which ultimately allows us to design a trainable ma-
terial system. To assess the base-material’s properties, we printed
tensile specimens from the newmaterial. These specimens were
then exposed to UV light (𝜆 = 365 nm) and we subsequently
probed their stiffness. The process was repeated multiple times
to reach an accumulated irradiation time of 55.4 h. After an ini-
tially steep (1.5×) increase in stiffness over 5 h of irradiation, we
subsequently observe a proportional increase in stiffness with ir-
radiation time (Figure 3A). Ultimately, a three-fold increase in
stiffness was achieved during this process. One might assume,
that more irradiation would eventually saturate the number of
crosslinks formed as we would activate more crosslinkers un-
til they are consumed completely.[48] Consequently the stiffness
will increase and asymptotically reach a maximum value. In con-

trast, after this irradiation time we rather observe some cracking
of the base TPU-material. UV degradation in the form of micro-
cracking in PU and TPU materials is a well-known process.[49,50]

However, the proportionality of irradiation andmechanical prop-
erties at times up to two days yields a well defined base-material
for our trainable material system.
With the prior testing procedure, we obtain the ideal poten-

tial crosslinking of the modified TPU. Additionally, we also want
to assess the properties with higher time-resolution and make
sure stiffening happens solely due to UV-irradiation. Therefore,
we tested a tensile-specimen continuously irradiatedwith custom
UV-lamps mounted to the tensile-testing setup. As a control, we
repeated the experiment with a not yet irradiated specimen and
UV-lights turned off during testing. We can observe the afore-
mentioned stiffening only if the UV-lamps are turned on, as de-
picted in Figure 3B. It should be noted, that when we use a lower
intensity light source and smaller part of the geometry irradiated,
we also see a reduced stiffening effect compared with Figure 3A.
Boubarki et al.[49] observe an initial drop of stiffness upon irra-
diation of pure TPU, which is not happening for the PA treated
TPU as depicted by the blue curve in Figure 3B. This indicates,
that only the conjunction of PA’s presence andUV exposure yield
significant stiffening.
Additionally, we examine thematerial’s response time toUV ir-

radiation and its stiffness retention after irradiation is turned off.
To accomplish this, we used UV-lights during stiffness probing
in the tensile testing machine. This enabled us to intermittently
turn the light source on or off during tensile-testing as depicted
in Figure 3C. Here, we observe an immediate onset of stiffen-
ing upon UV irradiation and retention of reached stiffness when
lights are off.
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Figure 3. UV induced property changes of TPU + PA. A) Intermittent stiffness probing of single-side irradiated specimens in UV chamber. Insert:
Assessment of Young’s modulus from the stress-strain curve. Black line: mean, shaded area: standard deviation (n = 4). B) Tensile testing during
irradiation with UV-lights turned on or off. C) Intermittent UV irradiation during tensile testing. UV on in shaded areas, red line as visual guidance. C:
Assessment of specimen’s length if irradiated at strains ɛ < 10%, ɛ > 10% or UV off during cyclic loading to 20% strain.

Finally, we find the specimen’s length to change according to
its irradiated state during loading.We tested this by switching the
UV-lights with respect to the applied strain. We loaded the ten-
sile specimens up to 20% strain and varied the light switching, so
we irradiate either during strains ɛ < 10% or ɛ > 10%. We then
compared it to a non-irradiated specimen for the same testing
procedure. In Figure 3D we see a change in length of all spec-
imens during testing. However, the specimen irradiated during
strains ɛ < 10% is shortest and the specimen irradiated during
strains ɛ > 10% is longest. From these results we can conclude,
that irradiation also induces a change in the shape of the speci-
men. When irradiated in the strained state, the specimens tend
to elongate compared with lights turned off. In turn, they tend to
resist deformation more when irradiated in the relaxed state.
The ability to shift our material’s properties bymeans of UV ir-

radiation while being easily manufacturable is especially intrigu-
ing, because we can employ 3D printing to create complex struc-
tures. This sets our material system apart from other crosslink-
able polymer systems, especially systems involving heat to trig-
ger property changes. Kim and Lee[51] introduced a crosslinkable
thermoplastic urethane which contains azide functional groups
on the side chain. This allows a wide span of achievable me-
chanical properties, triggered by temperatures 80–120 ◦C. How-
ever, this temperature range prohibits extrusion based 3D print-
ing, because the process involves printing temperatures exceed-

ing 200 ◦C, effectively surpassing the activation temperature pre-
maturely. Even lower activation temperatures of ca. 70 ◦C are
achieved by trainable hydrogel systems.[52,53] Their inherently
more complex manufacturing makes these systems harder to ap-
ply to metamaterial structures but are very intriguing because of
their wide span of mechanical properties, as Nonoyama et al.[52]

report a 1800× stiffness increase for their proposed material.
Our system yields a reduced but significant stiffening effect,

which is especially interesting for metamaterial applications be-
cause of the locally controllable stiffening by irradiation.Here, in-
stability driven mechanical metamaterials are especially intrigu-
ing. Bertoldi et al.[54] reported on such an instability-driven ma-
terial with holes collapsing upon compression. During loading,
as soon as a critical stress is reached, the holes collapse into an
elliptic shape, resulting in an overall negative Poisson’s ratio of
the metamaterial. We utilized the metamaterial’s sensitivity to its
base-material’s stiffness, to contrast the stiffness differences be-
fore and after irradiation (Figure 4A). We first tested the meta-
material under compression, where we displace its top with a
crossbeam allowed to tilt about its center (Figure 4B). The meta-
material homogeneously deformed upon compression, indicated
by the horizontal orientation of the crossbeam. Subsequently, we
placed the block in a UV chamber at 𝜆 = 365 nm but covered
the left half to prevent irradiation in this region. We retested the
specimen and found the crossbar tilted upon compression. This
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Figure 4. Metamaterial with instabilities. A) Unloaded, 3D printed specimen from TPU+ PA. B) 4.5 mm compression of the specimen before irradiation.
C) 4.5 mm compression of the specimen after 20 h irradiation of the right side: tilting indicates stiffness difference.

originates in the different stiffnesses in the left and right side,
which is amplified by the instability-driven mechanism. The
crossbar tilted toward the less stiff left side, as the metamate-
rial’s holes collapsed there first (Figure 4C). This showcases a
crucial benefit of the base-material: by targeted irradiation, local
stiffness changes are achievable even after manufacturing of the
structure. Especially intriguing is the fact, that we can control the
stiffness of the region by the irradiation dose, potentially even al-
lowing for graded material stiffness. This feature has the poten-
tial to become relevant for soft-robotics. Conrad and Teichmann
et al.[55] have successfully 3D printed soft pneumatic logic and
even a single input walking robot using the same TPU FilaFlex
70A base-material. Here, we would not only utilize 3D printing
for manufacturing of complex hollow structures, but also tailor
the stiffness locally afterwards. Locally stiffened structures can al-
low for increased load capacity or even change in behavior if the
logic gates are treated. Furthermore, by locally changing the stiff-
ness of the material, even switching of Poisson’s ratio might be
possible, dependent on a metamaterial’s structure. Zhao et al.[56]

report this ability for their multimaterial metamaterial, albeit for
a globally increased temperature. Both approaches would result
in 4D-printed systems, as Walker et al.[57] defined it, because an
external, non mechanical stimulus yields a change in mechani-
cal properties.

2.3. Harnessing Property Change for Training

The TPU+ PA base-material gives us the potential to harness UV
induced property changes in a trainablematerial system. For this,
we employed a mechanical metamaterial with a distinct feature:
switching lateral expansion upon vertical compression. As we de-
scribed in a previous work,[36] we can tune the metamaterial’s ex-
pansion behavior by its geometric features. Upon compression,
the metamaterial initially exhibits lateral contraction, but when a
critical deformation is reached, it starts expanding past its initial
width: it effectively switches Poisson’s ratio from negative to pos-
itive by closing internal gaps. By means of FFF 3D printing, we
successfully manufactured the metamaterial as the core of the
trainable material system. The metamaterial’s arms can subse-
quently switch an optical light barrier (Figure 5A) in the test setup
to trigger UV-irradiation upon compression (Figure 5B and 6A).
Over the course of multiple compression cycles we expect the
metamaterial’s properties to change. Hence the fraction of the
load-cycle with lights on alters due to the metamaterial’s arms in-
teracting with the optical light barrier. This is expected because of

to the aforementioned characteristics of the base-material: mod-
ified shape and stiffening.
In Figure 6B,C, we clearly observe this behavior, derived from

the material’s crosslinking abilities. Here, only the metamate-
rial which employed PA and was subjected to UV irradiation
showed an increased fraction of the load cycle with activated UV
lights. In contrast, if unmodified TPU is used, or the UV-lights
are turned off, we see a constant percentage of light-on time
(Figure 6B,C). Because the testing was conducted using displace-
ment controlled testing, we can assume that the change in light-
on time is due to a shape change of the specimen: the metama-
terial’s internal gaps close immediately upon compression hence
expansion (and therefore light-on time) happens during a larger
fraction of the load-cycle.
This is further emphasized by the height of the specimen.

While all specimens seem to conform to compression, only the
specimen utilizing PA and UV changes its height significantly
throughout the testing, as depicted in Figure 7A. This change
in height is accompanied by a change of the specimen’s stiff-
ness. We see a sharp stiffness-increase for the metamaterial with
PA and UV light, while the other specimens do not undergo a
comparable stiffness increase (Figure 7B). This change in stiff-
ness can be explained by two factors. First, the base-material be-
comes stiffer by UV activated crosslinking, similar to the results
in Figure 3B. Second, the specimen’s significant change in height
results in closed internal gaps even upon unloading of the spec-
imen. This results in an overall stiffer metamaterial compared

Figure 5. Test setup and working principle of the training process. A: The
metamaterial is placed next to a light switch (top). Upon compression, the
metamaterial expands and breaks the light switch, which triggers the UV
lights. B: UV lights are placed front and rear of the specimen. The speci-
men is placed between the compression plates of the testing machine.
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Figure 6. Displacement controlled training of the metamaterial system. A) The UV lights are activated by the metamaterial’s expansion upon a specific
displacement. This governs the percentage of light-on time during the testing cycle. B) Light-on percentage per test-cycle. PA with UV-lights activated
saturates during testing. C) Light switching duty cycles per specimen and test. For clarity, switching times shorter than 10 s are not plotted.

to its initial state, independent of the base-material’s property
changes. In this case, the material adapts its height in order to
keep the light on and gets a slightly deformed geometry.
Additionally, themetamaterial system allows for anothermode

of stimulus adaption. To independently assess the stiffening of
the base-material, we designed a testing procedure comprised
of two types of compression forces. The first compression force
(Fprobe = 1 N) was not sufficient to trigger the UV-lights by the
metamaterial’s lateral expansion (Figure 8A top). The compres-
sion was followed by 15 min uncompressed hold. After a repe-
tition of the cycle, the second compression force followed. This
force (Fmax = 1.7 N) was sufficient to trigger a 15 min UV irradia-
tion event (Figure 8A bottom). After 23 cycles we found the UV-
lights not being triggered by Fmax anymore. This originates form
the base-material being sufficiently stiffened by UV-irradiation,

resulting in a successfully trained metamaterial system, able to
resist the compression force (Figure 8B,C).
The observed stiffening upon compression resembles adapta-

tion or training mechanisms we find in nature. Muscles grow
due to repeated weight training, ultimately they are able to lift a
heavier weight.[1] Compared to that, our system becomes stiffer
upon repeated compression, ultimately it is able to resist a higher
force. Fitness enhancing properties of biological tissues have in-
spired works that similarly resemble training on a material level.
Matsuda et al.[58] have introduced a hydrogel capable of “self-
growing” upon a mechanical stimulus, resulting in a stretch-
ing induced stiffening. While the system elegantly trains upon
the single mechanical stimulus, it relies on a hydrogel system,
which limits its applicability and deployable environment. Pavlo-
vian materials further elaborate on the aspect of training, were

Figure 7. Mechanical evaluation of the metamaterial during testing. A) Height of the specimen (no mechanical load applied). B) Stiffness per metama-
terial during cycled compression.
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Figure 8. Threshold training. A) Top: Fprobe is not sufficient to trigger the light by lateral expansion. Bottom: Fmax triggers UV-lights by activating the
light-switch. B) Testing procedure: Fprobe, t = 15 min wait, Fprobe, wait (t), Fmax, wait (t). After x-cycles, the metamaterial is sufficiently stiff to resist Fmax.
C) Results from the test show no UV activation after about x = 23 testing-cycles.

the conjunction of two stimuli allow for a seemingly more intel-
ligent system, capable of information processing, surpassing the
sole reaction to mechanical loading.[59,60]

Here, we combine both abilities in one system: stiffening as
reaction to a mechanical stimulus, facilitated by a secondary
UV-stimulus. Furthermore, we open up the possibility to man-
ufacture more complex geometries by means of 3D printing,
effectively overcoming the limitations of previously discussed
hydrogel-systems. This means that the metamaterial comprised
of TPU + PA can achieve two types of behavior: it can be directly
stiffened by an external UV-stimulus or its complex deformation
can be harnessed in a system with sensors to make it adaptable
or trainable toward mechanical loading.

3. Conclusion

Stimuli-responsive materials are crucial for the development of
trainable systems, exhibiting life-like behavior. Here we present
a 3D printable TPU at the core of a material system capable
of adapting to a mechanical stimulus. We successfully incorpo-
rated CHic-able groups into 3D printable TPU filament, fabri-
cated tensile specimens and mechanical metamaterials to assess
and showcase its capabilities. By testing tensile specimens, we
showed an up to 300% increase in stiffness upon irradiation. The
changes in stiffness are rapid and can be introduced in an in-
termittent manner, carefully tailoring the specimens stiffness by
accumulating stiffness. The change in stiffness is also accompa-
nied by a change in the specimen’s dimensions, if the specimen
is irradiated in a deformed state. Additionally, we show the local
effects of the irradiation driven crosslinking by harnessing an in-
stability driven metamaterial with holes. We clearly see, that irra-
diation of one half leads to a collapse of the structure’s other half
under compression. Tilting of the specimen’s top surface clearly
indicates locally higher base-material stiffness.

Finally, we utilized both change in dimensions and change in
stiffness to create a trainable material system, with a 3D printed
metamaterial at its core. Upon compression, the specimen ac-
tivates its own UV irradiation by means of a geometrically de-
signed point of expansion. After a sufficient number of load-
ing cycles the material becomes adapted to the compression
and shows an increased stiffness. Furthermore, we employed
the metamaterial’s tailored point of expansion to create a sys-
tem capable of threshold sensitive training. Only if the applied
force results in a minimum expansion, the UV irradiation is
turned on. We could successfully show that initially the applied
force was large enough to trigger the light source, but eventually
the metamaterial’s increased stiffness prohibited the triggering
event. This can be interpreted as the material system training to
resist the triggering force.
The metamaterial comprised of TPU + PA can achieve two

types of behavior. It can be directly stiffened by an external UV-
stimulus or its complex deformation can be harnessed in a sys-
temwith sensors tomake it trainable towardmechanical loading.
The observed stimulus stiffening of our complex 3D printed ob-
jects resembles adaptation or training mechanisms we find in
nature, like growing muscles due to repeated training. The de-
veloped fitness enhancing properties on a material level closely
resemble these biological tissues. The here described material
system has the potential to improve soft robotics by locally tun-
ing material properties after manufacturing, but it can also be
deployed in other trainable materials leading to life-like, stimuli-
responsive systems.

4. Experimental Section
Synthesis—Synthesis of Compound 1: In a dried three-neck-

round-bottom flask equipped with magnetic stirring bar, a so-
lution of Ethylene glycol (16.43 mL, 293.8 mmol, 4.00 eq) and
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4-dimethylaminopyridine (2.96 g, 24.24 mmol, 0.33 eq) in acetonitrile
(100 mL) was prepared under nitrogen and cooled to 0 °C. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (9.32 g, 48.62 mmol,
1.10 eq) was then added slowly. Phenyl acetic acid (15.49 g, 80.79 mmol,
1.00 eq) was dissolved in acetonitrile (100 mL) and added dropwise to
the above mentioned solution. The reaction mixture was stirred at 0 °C
for 1 h.

The reaction was then stoppedwith water (150mL). The aqueous phase
was then extracted thrice with ethyl acetate (3 times 100 mL). The organic
phases were then combined, dried over Na2SO4 and the solvent was re-
moved under reduced pressure. 12.75 g of Compound 1 was obtained as
a liquid (96%).

1H NMR (250 MHz, Chloroform-d) 𝛿 7.43 – 7.23 (m, 5H), 4.31 (s, 1H),
4.23 (t, J = 4.7 Hz, 2H), 3.80 (t, J = 5.6 Hz, 2H), 3.68 (d, J = 2.2 Hz, 2H).
13C NMR (63 MHz, CDCl3) 𝛿 172.05, 147.73, 127.24, 78.81, 77.24, 75.66,
41.25.

Synthesis—Synthesis of Compound 2: In a 500 mL three-necked flask
with septum, 2-hydroxyantraquinone (5.47 g, 24.42 mmol, 1.1 eq) was dis-
solved in tetrahydrofuran (200 mL) under nitrogen. Then triphenylphos-
phine (17.47 g, 66.59 mmol, 3 eq) and diethyl azodicarboxylate (11.26 mL,
66.59 mmol, 3.00 eq) were added and the reaction mixture was stirred for
1 h at room temperature. Compound 1 (4 g, 22.2 mmol, 1 eq) was then
added in tetrahydrofuran (50 mL) and the reaction solution was stirred
overnight at room temperature.

The reaction was then stoppedwith water (150mL). The aqueous phase
is then extracted thrice with ethyl acetate (3 times 100 mL). The organic
phases are then combined, dried over Na2SO4 and the solvent was re-
moved under reduced pressure.

The crude product was then purified by silica gel column chromatogra-
phy (eluant Hexane/Ethyl acetate: 60/40) to afford 7.16 g of Compound 2
as a yellow solid was obtained (83%).

1H NMR (250 MHz, Chloroform-d) 𝛿 8.47 – 8.16 (m, 4H), 8.01 – 7.61
(m, 3H), 7.46 – 7.05 (m, 5H), 4.57 (t, J = 3.1, 2.5 Hz, 2H), 4.42 (t, J = 3.1,
2.5 Hz, 2H), 3.73 (s, 2H). 13C NMR (63 MHz, CDCl3) 𝛿 150.29, 140.34,
134.27, 133.80, 133.65, 129.87, 129.28, 128.67, 127.23, 124.53, 123.81,
121.60, 110.57, 66.50, 62.76, 41.22

Synthesis—Synthesis of PA: In a brown, dried three-neck-round-
bottom flask equipped with magnetic stirring bar, a solution of com-
pound 2 (2 g, 5.18 mmol, 1.00 eq) in acetonitrile (20 mL) was prepared
under nitrogen and cooled to 0 °C. 4-Acetamidobenzenesulfonyl azide
(1.52 g, 6.31 mmol, 1.22 eq) was added and the reaction mixture was de-
gassed under argon bubbling for 15 min. 1,8-Diazabicyclo[5.4.0]undec-7-
ene (1.55 mL, 10.35 mmol, 2.00 eq) was added at 0 °C and the solution
was allowed to warm up to room temperature. The reaction mixture was
stirred overnight.

The reaction was then stoppedwith water (150mL). The aqueous phase
is then extracted thrice with ethyl acetate (3 times 100 mL). The organic
phases are then combined, dried over Na2SO4 and the solvent was re-
moved under reduced pressure.

The crude product was then purified by silica gel column chromatog-
raphy (eluant Hexane/Ethyl acetate: 80/20) to afford 4.16 g of PA were
obtained as a yellow solid (78% yield).

1H NMR (250 MHz, Chloroform-d) 𝛿 8.34 (td, J = 6.5, 6.1, 3.3 Hz, 3H),
7.89 – 7.76 (m, 3H), 7.52 (d, J = 7.8 Hz, 2H), 7.48 – 7.28 (m, 3H), 7.23
(t, J = 7.1 Hz, 1H), 4.74 (t, J = 4.4 Hz, 2H), 4.50 (t, J = 4.4 Hz, 2H). 13C
NMR (63 MHz, CDCl3) 𝛿 163.21, 142.18, 134.29, 133.80, 133.55, 129.87,
128.93, 127.14, 124.06, 121.51, 119.46, 110.62, 78.69, 77.11, 75.52, 50.35.
UV-Vis (DCM, 2.10−5 mol L−1): ɛ265 nm = 31,000 L mol−1 cm−1; ɛ330 nm =
2,500 L mol−1 cm−1; ɛ365 nm = 1,900 L mol−1 cm−1; ɛ400 nm = 587 L mol−1

cm−1.
Synthesis—Filament modification: 9.86 g of filament was immersed

in 197 mL of a 5 mg mL−1 solution of PA in dichloromethane (DCM)
(986 mg of PA in 197 mL of DCM). The solution was then agitated un-
til the filament absorbed the whole solution by swelling. The filament was
then dried at room temperature for 1 h before being heated at 100 °C for
18 h.

To quantify the inserted crosslinker, the modified filament was melted
and spread on a glass slide until the layer is 0.07 mm thick. The layer was
then analysed with a UV-Vis spectrometer (Agilent, Cary 60) and compared

Figure 9. UV-Vis spectrum of FilaFlex TPU, FilaFlex + PA and FilaFlex +
PA after irradiation at 365 nm for 1 h (solid state, 0.07 mm thickness).

to a similar layer of Filaflex 70A (Figure 9). The absorbtion of Filaflex was
null at 400 nm while the modified filament exhibit an absorption of 0.513.
Using the Beer-Lambert law, 5 wt% of the crosslinker was obtained in the
final filament.

To demonstrate the crosslinking spectroscopically, a layer of PA-
containing filament was irradiated for 1 h at 365 nm. After this time, the
absorption band around 365 nm disappears. The absorption around 300
nm was also reduced but remains higher than that of the pure filament,
thus providing UV protection.

Printing: The filament was subsequently used to print the specimens
for testing. We printed with standard and PA modified transparent Filaflex
70A TPU (Recreus, Alicante, Spain) with 0.4 mm nozzle on a standard
Prusa MK4 3D printer (Prusa, Prague, Czech Republic). The chosen print-
ing settings were as follows: print temperature = 220 ◦C, bed temperature
= 60 ◦C, layer height = 0.1 mm (initial layer height = 0.2 mm), print speed
= 10mms−1, infill= 100%and “avoid crossing perimeters” activated. Ten-
sile specimens were printed in a single layer with following dimensions:
0.2 × 4 × 40 mm (Figure 10A). The metamaterial specimens consist of
2 × 2 unit cells with 5 mm arms (Figure 10B), internal dimensions are
specified in Figure 10C.

Tensile Testing: The tensile test results depicted in Figure 3 were
conducted on a universial testing machine (ZwickRoell, Ulm, Germany)
equipped with a 500 N load cell. For all testing depicted in Figure 3A,
4 specimens were each tested 10 times to a displacement of 2 mm at a
testing speed of 4 mm min−1. The obtained force-displacement data was
converted to stress-strain and Young’s modulus was evaluated in the re-
gion of 80-100% of the load cycle. The average of 4 central cycles was used
per specimen,mean± standard deviation was calculated across the tested
specimens. Subsequently, the specimens were placed on electrical tape (to
ensure one-sided irradiation) and irradiated in the UV-chamber Bio-Link
365 (Vilber, Marne La Vallée, France). Irradiation time was determined by
Renard R5 series, meaning the irradiation cycles lasted: 1 h, 1.6 h, 2.5 h,
4 h, 6.3 h and 4 × 10 h.

Tensile tests shown in Figure 3B employed a tensile specimen with Fi-
laFlex 70A + PA per curve. However, here two UV lamps were used during
tensile testing, one placed in front and one behind the specimen. We used
custom lamps, which were comprised of 3 × 3 arrays of LEDs (𝜆 = 365–
375 nm) (Figure 5B). The same setup was used for intermittent irradiation
in Figure 3C, with the lamps only switched on for 20 min after 20 cycles
and for 40 min after 60 cycles.

To test the specimen’s length dependent on the irradiated state, the
aforementioned setup was modified. Here, it was tested 150 times to a
displacement of 5mm (20% strain) at a testing speed of 10mmmin−1. We
tested three specimens, one with UV lights off, one with UV activated for
displacements < 2.5 mm and another one with UV activated for displace-
ments > 2.5 mm. To accomplish this in a repeatable way, we tracked the
testing machine’s cross-head with a laser distance sensor (Baumer OADK
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Figure 10. A) Tensile specimens with dimensions 0.2 × 4 × 40 mm. Left: transparent FilaFlex 70A, right: Filaflex 70A + PA. B) Printed metamaterials,
with a thickness of 10 mm. I: Filaflex 70A + PA, II: Unmodified, transparent FilaFlex 70A. C) Size of unit cell u = 10 mm, gap size g = 0.5 mm, contact
length c = 0.45 mm, beam width w = 0.4 mm.

25I7480/S14C, Frauenfeld, Switzerland) and switched the UV-lamps au-
tomatically with a relay and a microcontroller (sparkfun Artemis, Niwot,
USA). The specimen’s length was determined at the end of each load cy-
cle, when returned to the preload force of 0.05 N. This made sure, the
specimen was flat and not buckled out of plane.

Compression Testing of Metamaterial with Holes: The metamaterial
with holes resembled the shape proposed by Bertoldi et al.[54] The holes
had a diameter of 4.6 mm and a wall thickness of 0.6 mm between them,
forming the metamaterial block with a thickness of 1.5 mm in a 4 × 14
array (Figure 4A). They were printed on the aforementioned Prusa 3D
printer from FilaFlex 70A+ PA. Subsequently, themetamaterial was placed
in the test-setup. The test-setup was comprised of two clear plexiglas-
windows, preventing out of plane buckling, a crossbar for even load ap-
plication and a compression-pin (Figure 4B). The compression pin was
pushed in 6 mm at 18 mm min−1 by the ZwickRoell universal testing
machine. After this initial testing, the left half of the specimen was cov-
ered in aluminum foil and then placed in the Bio-Link 365 UV cham-
ber for 10 h for irradiation from the top. The specimen was then flipped
and irradiated for another 10 h from the bottom. Finally, the specimen
is retested in the compression setup, were the notched crossbar allowed
for rotation and therefore visualization of the different stiffnesses across
the specimen.

Compression Testing of Metamaterial with Arms: For compression test-
ing of the metamaterial with arms, the setup displayed in Figure 5 was
used. Four metamaterials were tested with arms, as depicted in Figure 10.
They were placed on a 3D printed fixture with central needles to mitigate
lateral movement and an optical end-switch. The end-switch was triggered
by the specimen’s arm, reaching into its optical pathway upon sufficient
compression due to lateral expansion. The light-switch was connected to
an Arduino uno microcontroller (Monza, Italy). The microcontroller sub-
sequently switched on the UV lights by a relay upon detected expansion.
It was tested with the same universal testing machine, equipped with the
aforementioned 500 N load cell up to a compression of 5 mm at a test-
ing speed of 5 mm min−1. The testing was recorded with a synchronized
CMOS camera (IDS UI-3880CP, Imaging Development Systems, Ober-
sulm, Germany) and the end-switch data was logged. The testing was done
with UV lights connected or disconnected from power per tested material,
as described in Table 1.

For force controlled threshold testing, a single metamaterial printed
from FilaFlex 70A + PA was used. The setup remained similar to the afore-

Table 1.Metamaterials with their material composition and testing condi-
tion.

Material Testing condition

FilaFlex 70A no UV

FilaFlex 70A UV

FilaFlex 70A + PA no UV

FilaFlex 70A + PA UV

mentioned, with a difference in the testing procedure, comprised of three
steps: First, the metamaterial was compressed to Fprobe = 1 N at a testing
speed of 3 mm min−1 followed by a t = 15 min pause, this was repeated
a second time. Third, the metamaterial was compressed to Fmax = 1.7 N,
followed by another pause of duration t (Figure 8). The third loading had
the aim of triggering the optical end-switch, after which the UV lights were
turned on for 15 min, facilitated by the Arduino microcontroller. The test-
ing was repeated 30 times with the goal of reaching sufficient resistance
of the metamaterial against the applied force, so the lights would not be
turned on.
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4 Conclusion

To conclude the findings of this thesis, the following chapter progresses in two steps.
First, it summarizes the main findings of the thesis, focusing on the three works
that contribute to the field of mechanical metamaterials. Second, it outlines fu-
ture directions and continuations to overcome current limitations and advance the
development of stimuli-responsive material systems.

4.1 Summary

This thesis advances the field of mechanical metamaterials through three consecu-
tive contributions toward engineered material responses. The used methodologies,
which include mechanical fundamentals, mechanical metamaterial design motifs,
and manufacturing techniques, were introduced first. Building on this foundation,
the three contributions followed on geometry, composition, and combined geometry-
composition based responses in mechanical metamaterials.

The first work on a self-contacting mechanical metamaterial revealed the relation-
ship between the geometric features of its unit cell and its nonlinear response under
compression. The material exhibits a contact-driven switch of auxeticity upon suf-
ficient compression, which ultimately leads to expansion past initial width. This
"if-then" mechanical behavior, indicated by a changing Poisson’s ratio, was quan-
titatively analyzed, experimentally validated, and functionally demonstrated in a
discrete scales device. These results highlight how self-contact can be harnessed and
controlled by geometric design for practical applications in soft robotics or other life-
like structures. This is especially enabled by the replicable framework established
in this work, which provides a versatile approach to designing nonlinear mechanical
responses.

The second work approached an engineered response on the material’s composition
level. Specifically, it examined the relationship between the fluorescence response
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and the accompanying change in stiffness in a soft matrix microcapsule composite.
While the intact microcapsules contribute to the composite’s stiffness, their rupture
and subsequent release of their self-reporting liquid leads to a significant stiffness
reduction. Consequently, larger deformations lead to more broken capsules and a
brighter self-reporting signal, accompanied by a greater decrease in Young’s modu-
lus. This relationship was shown to be linearly correlated but transient over time,
which connects the self-reported degree of loading to the actual mechanical prop-
erties. These insights provide a foundation to apply this composite in mechanical
metamaterials that locally break embedded capsules due to geometric features that
deliberately concentrate stresses.

Finally, by combining a metamaterial’s mechanical response with a responsive base
material, a trainable material system was realized. By fabricating the mechanical
metamaterial from a novel, UV-crosslinkable TPU and coupling its expansion be-
havior to a UV light source, a closed-loop, trainable system was created, capable of
adapting to repeated mechanical stimuli through conforming or threshold-resisting
behavior. This is especially intriguing because it enables the material system to
change its response based on its loading history, going beyond previous works in
which the response to mechanical deformation is fixed after manufacturing. While
the system already exhibits life-like trainable properties, it also establishes a founda-
tion for more intelligent material systems and can enhance the field of soft-robotics.

Together, these works present three interconnected levels for engineering responses
into materials. The first response is purely geometric and can be achieved by fabri-
cating the metamaterial from a wide variety of base materials. The second response
is based on composition and can be applied to more complex geometries, triggering
the response locally. The final response connects both geometry and base material
in a closed-loop system that enables training. Collectively, these responses lay a
conceptual basis for future developments toward stimuli-responsive materials that
exhibit life-like behavior through interaction of structure and composition.

4.2 Limitations and Outlook

Mechanical metamaterials hold great potential beyond traditional structural ap-
plications, as responses can be engineered directly into their structure. This work
accomplished such engineered responses in three consecutive approaches, collectively
providing a foundation for functional integration using mechanical metamaterials.
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While the responses in Section 3.1 - Section 3.3 worked well in isolation, they also
show potential for implementation in more complex systems. Realizing this po-
tential, however, requires overcoming limitations of each engineered response and
addressing application-specific challenges.

The first work, highlighted in Section 3.1, exploited the self-contacting properties
of the unit cell to accomplish a switch in Poisson’s ratio. However, this self-contact
could also be utilized to close electric circuits. In the presented scales demonstrator,
a circuit was closed by expansion of the metamaterial, contacting two electrodes.
While this served as a proof of concept, future works could attach electrodes directly
to the self-contacting features of the unit cell. This would increase accuracy and
sensitivity, because self-contact occurs at lower levels of compression than expan-
sion. Another approach could exploit a drop in resistivity upon self-contact, if the
metamaterial is made from a conductive base material, as in the works of Utzeri et
al. [107]. A further direction lies in harnessing the instantaneous increase in Young’s
modulus upon self-contact. While this phenomenon was described in Section 3.1,
its possible applications can range from adaptive load-bearing structures to impact
protection systems.

The second work provided a clear understanding of the relation between self-reporting
and mechanical properties in the PDMS-microcapsule composite (Section 3.2). This
establishes a foundation for applications, in which the composite’s behavior can be
harnessed for new functionalities. In future works, this material could be integrated
into mechanical metamaterials, where microcapsules would rupture in specific lo-
cations of high stress. This could yield preprogrammed self-reporting patterns,
or a different response enabled by an alternative encapsulated liquid. The latter
would open up the possibility to change the metamaterial’s subsequent mechani-
cal response. This could be achieved either by chemical abscission of certain unit
cell features or adhesion of self-contacting elements, which would allow the lattice
described in Section 3.1 to permanently change its Poisson’s ratio.

The third work, introduced in Section 3.3, accomplished trainability in a closed-loop
metamaterial system by coupling the expansion response of the metamaterial to a
stiffness change in the UV-crosslinkable base material. However, the metamaterial
does not only exhibit expansion, but also the "if-then" behavior described in the
first work (Section 3.1). In future works, self-contact and expansion might each be
used as separate triggers for UV irradiation. This would allow for a more nuanced
control of the training behavior, distinguishing two different levels of compression or
stimuli. Furthermore, embedding the UV light into enclosed cavities of the metama-
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terial would allow for a UV protective coating on the outside, while maintaining its
training capabilities internally for outdoor use. Beyond this, the system can be used
as a sensing element in soft robotics. Similar to the work of Auth et al. [108], the
material could respond to deformation by on-board irradiation, changing behavior
of the robot or increasing its load-bearing capacity. Also, UV-triggered stiffening
holds great potential beyond the trainable system presented in Section 3.3. Spatial
control of UV exposure, through masking or projection of a UV pattern, could lead
to three-dimensional geometries emerging from initially flat pieces. UV patterning
can introduce locally stiffened features, which can act like a frame. By subsequent
stretching or inflation, these features would restrict a uniform deformation, resulting
in a 3D-folded geometry. Such approaches enable mechanical metamaterials with
adaptive stiffness, embedded sensing, and complex shapes after manufacturing, ex-
ceeding the possibilities of current additive manufacturing or molding techniques.

Looking forward, material systems of the future are set out to enable autonomous
behavior and, therefore, exhibit life-like responses to operate safely and robustly [14,
109]. Mechanical metamaterials exhibit such responses upon deformation, which is
further enhanced by combining them with responsive base materials. The presented
works overcome crucial challenges posed by Pishvar and Harne [14]: the first ad-
vances optimization and design for the self-contacting metamaterial, the second
exploits the change in material properties, and the third harnesses stiffness changes
by a 3D printable, UV-responsive base material applied in a metamaterial structure.
Together, these contributions set a basis for future developments that enable safe
autonomous systems.
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