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Light Induced Training of 3D Printed Mechanical
Metamaterials

David Schwarz, Johan Liotier,* Viacheslav Slesarenko,* and Jürgen Rühe

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]

D. Schwarz, J. Liotier, V. Slesarenko, J. Rühe
Cluster of Excellence livMatS@FIT - Freiburg Center for Interactive
Materials and Bioinspired Technologies
University of Freiburg
79110 Freiburg, Germany
E-mail: johan.liotier@livmats.uni-freiburg.de;
viacheslav.slesarenko@livmats.uni-freiburg.de
J. Liotier, J. Rühe
Department ofMicrosystemsEngineering (IMTEK)
Laboratory for Chemistry andPhysics of Interfaces
Albert-Ludwigs-Universität Freiburg
79110Freiburg,Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admt.202501416

© 2025 The Author(s). Advanced Materials Technologies published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/admt.202501416

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.

Adv. Mater. Technol. 2025, 10, e01416 e01416 (3 of 10) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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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

Adv. Mater. Technol. 2025, 10, e01416 e01416 (4 of 10) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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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.

Adv. Mater. Technol. 2025, 10, e01416 e01416 (5 of 10) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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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.

Adv. Mater. Technol. 2025, 10, e01416 e01416 (6 of 10) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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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

Adv. Mater. Technol. 2025, 10, e01416 e01416 (7 of 10) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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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

Adv. Mater. Technol. 2025, 10, e01416 e01416 (8 of 10) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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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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