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In recent years, additive manufacturing, and vat
photopolymerization in particular, has emerged
as a powerful approach for the fabrication of
complex, high-resolution structures [1]. This
technique enables precise geometrical control
while reducing material waste and eliminating the
need for molds or subtractive machining pro-
cesses [2]. Despite these advantages, growing
concerns regarding the environmental sustain-
ability of conventional vat photopolymerization
resins have highlighted the importance of incor-
porating sustainable material alternatives into
these processes. Lignin, the second most abun-
dant biopolymer and a major industrial byprod-
uct, has gained significant interest as a resin
component due to its renewability, reinforcement
capability, and carbon-neutral nature. In a recent
study by our group, high-resolution digital light
processing (DLP) of lignin-rich composite resins
containing up to 40 wt.% lignin was demon-
strated for the first time, achieving feature resolu-
tions as fine as 250 ym [3]. The incorporation of
lignin as a reinforcing filler led to substantial en-
hancements in mechanical performance, with
stiffness and strength increasing by factors of ap-
proximately 15 and 2.3, respectively, at the high-
est lignin loading. This work establishes a viable
pathway for valorizing large volumes of lignin
waste into tough, high-resolution additively man-
ufactured materials.

In parallel, soybean oil has emerged as another
promising renewable feedstock for photopolymer
resins owing to its abundance, inherent biocom-
patibility, cost-effectiveness, and the presence of
readily functionalizable unsaturated bonds. We
developed a resin based on acrylated epoxidized
soybean oil (AESO) and processed it via DLP to
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fabricate an origami-inspired, vacuum-actuated
contracting actuator. This work targets origami-
inspired soft robotics, a field that currently relies
predominantly on petrochemical-derived materi-
als and lacks scalable, monolithic fabrication
strategies for complex three-dimensional archi-
tectures. For successful vat photopolymerization,
precise control of resin viscosity is critical, as it
directly influences resin flow and recoating be-
havior within the vat. Due to the intrinsically high
viscosity of AESO, bio-based reactive diluents,
tetrahydrofurfuryl acrylate (THFA) and tetrahy-
drofurfuryl methacrylate (THFMA), derived from
hemicellulose, were incorporated to improve rhe-
ological performance. This formulation strategy
provided a resin viscosity from 4377 mPa's at
20 °C to 492 mPa-s at 50 °C. To quantify the re-
newable content and assess the suitability of the
material for sustainable soft robotic applications,
the bio-based carbon content (BCC) was mea-
sured, yielding a value of 73 %, indicative of a
high renewable fraction consistent with bio-
based material development goals.

Printing parameters were systematically opti-
mized based on resin reactivity, light penetration
depth, viscosity, and the geometric complexity of
the target structures. To assess printing resolu-
tion, a cubic lattice structure was fabricated using
DLP, and scanning electron microscopy (SEM)
revealed microscale features with dimensions as
small as approximately 90 um (Figure 1a). This
minimum feature size, corresponding to roughly
twice the printer’s pixel resolution, demonstrates
the resin’s strong potential for high-resolution ad-
ditive manufacturing. Notably, the monolithic
origami-inspired gripper was successfully fabri-
cated in a single high-resolution DLP step (Fig-
ure 1b), thereby eliminating the need for post-
print assembly, folding, or shape transformation.
Taken together, these results represent a signifi-
cant step toward the development of environ-
mentally sustainable, scalable, and high-perfor-
mance soft robotic systems.

Fig. 1. Vat photopolymerization—based additive
manufacturing of a bio-based resin derived from
acrylated epoxidized soybean oil (AESO). (a) Scan-
ning electron microscopy (SEM) image of a cubic
lattice test structure fabricated by digital light pro-
cessing (DLP), demonstrating successful printing of
well-defined microscale features with dimensions as
small as approximately 90 um. (b) Monolithic
origami-inspired gripper fabricated in a single high-
resolution DLP step, without the need for post-print
assembly or shape transformation.
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In Kooperation mit dem Unternehmen Lyondell-
Basell werden im FMF Prozesse und Methoden
fur die Analyse von Recyclingkunststoffen entwi-
ckelt, mit dem Ziel eine sichere Wiederverwer-
tung zu gewahrleisten sowie insbesondere die
meist unbekannte Nutzungshistorie von Rezykla-
ten anhand eines chemischen Fingerabdruckes
zu bestimmen. In der derzeit vorherrschenden Li-
nearwirtschaft werden Kunststoffe nach Ge-
brauch meist direkt entsorgt. In Verbindung mit
der stetig steigenden Produktion (siehe Abbil-
dung 1) von Kunststoffen bringt dies einige Her-
ausforderungen mit sich. Einerseits basieren glo-
bal ca. 90 % aller Kunststoffe auf fossilen Roh-
stoffen. Daraus folgt, dass die wichtige Ressour-
ce Kohlenstoff nicht im Kreislauf gefthrt wird. An-
dererseits fallen Unmengen an Kunststoffabfal-
len an, die in einer linearen Wirtschaftsweise ent-
weder verbrannt oder deponiert werden. Bei ei-
ner Verbrennung wird zumindest der energeti-
sche Wert eines Kunststoffs genutzt, wohinge-
gen bei einer Deponierung der rohstoffliche und
der energetische Wert verloren gehen. Zudem
kénnen deponierte Kunststoffe durch &ullere
Einflisse wie Wind und Regen in die Umwelt ge-
langen, weswegen u.A. die Deponierung von
Kunststoffabfallen in Deutschland nicht mehr er-
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laubt ist. Durch einen Ubergang in eine Kreislauf-
wirtschaft werden diese Herausforderungen an-
gegangen und die positiven Aspekte an Kunst-
stoffen hervorgehoben, wie ihre niedrigen Dich-
te, Langlebigkeit, effizienten Herstellung, einfa-
cher Formgebung und maflischneiderbaren Ei-
genschaftsprofil. Aufgrund ihrer Vielseitigkeit fin-
den sie in zahlreichen Anwendungen Verwen-
dung, beispielsweise bei Verpackungen zum
Schutz von Nahrungsmitteln, bei Rohren und Be-
haltnissen zur Versorgung mit sauberem Wasser,
bei Leichtbauteilen fur eine ressourcenschonen-
de Mobilitat sowie bei medizinischen Geraten
oder Implantaten. Insbesondere Polyolefine — die
mengenmallig wichtigste Kunststoffsorte —
zeichnet sich durch ihren geringen CO2-FuRab-
druck, ihrer hohen Okobilanz und ihre umfassen-
de Recyclingmdglichkeit aus. Trotz der unbe-
streitbaren Vorteile des Ubergangs zu einer
Kreislaufwirtschaft — wie dem niedrigeren CO2-
FuRabdruck eines Rezyklats im Vergleich zu ei-
nem nativen Kunststoff, der Vermeidung von
Kunststoffabfallen und der Schonung fossiler
Rohstoffe — ist dies jedoch mit verschiedenen
Herausforderungen verbunden. Kunststoffe kon-
nen aufgrund von verschiedenen Griinden wah-
rend ihrer Nutzungsphase oder wahrend Recy-
clingverfahrens unter Qualitatsverlust leiden.
Das Polymer kann abbauen, die meisten Poly-
mere lassen sich schlecht mischen, wahrend es
sich bei viele Abfallstrémen um gemischte Stro-
me handelt. AuBerdem kénnen wahrend des Le-
benszyklus Verunreinigungen in das Polymer ge-
langen, durch Polymerabbau und zugesetzte Ad-
ditiven sowie durch Migration von Fremdsub-
stanzen wie bspw. Stoffe des verpackten Pro-
duktes wie Essen oder Kosmetikartikeln. Diese
Verunreinigungen sind ein Fingerabdruck fir das
Material und seine vorherige Nutzung. Sie sind
Gegenstand analytischer Untersuchungen im
Bereich der Rezyklate.[1]
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Abb. 1: Globale Kunststoffproduktion 1950-2022.[3]
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Die EU mochte durch gesetzliche Vorgaben den
Wandel zu einer Kreislaufwirtschaft beschleuni-
gen, indem sie Recyclingquoten vorgibt. Bspw.
sollen ab 2030 25% der Verpackungen im non-
food-Bereich aus Rezyklaten bestehen sowie im
Laufe der 2030er Jahre 15-25% des Kunststoffes
in Neuwagen auf recycelten Materialien basie-
ren. [2] Um einerseits eine Umgehung solcher
Recyclingquoten zu verhindern und andererseits
Nutzer vor etwaigen Risiken durch mogliche Ver-
unreinigungen in Rezyklaten zu schitzen, wird
im FMF eine Methode zu Bestimmung eines Re-
cycling-Fingerabdrucks entwickelt. Durch quali-
tative Bestimmung und Korrelation von Spuren
an Fremdstoffen oder Verunreinigungen im Be-
reich von parts-per-million (ppm) lassen sich na-
tive sowie pre- und post-consumer Polyolefine
aus verschiedenen Anwendungssektoren, Abfall-
stromen und Recyclingprozessen differenzieren
und klar von Polymeren abgrenzen, die lediglich
eine kunstlich simulierte Nutzungsphase etwa
durch thermische Alterung erfahren haben.
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Die Methode basiert auf der schnellen und nach-
haltigen thermischen Extraktion der Fremdstoffe
aus der Polymermatrix and anschliel3ender Ana-
lyse mittels Gaschromatographie-Massenspek-
trometrie. Die so extrahierten Substanzen bilden
entsprechend ihrem Auftreten in selektiven Re-
cycling- und Abfallstrémen einen spezifischen
Fingerabdruck des Recyclingkunststoffs. In Ab-
bildung 2 sind die Eluenten (GC-MS) eines nati-
ven Polyethylens und eines post-consumer Poly-
ethylens aus dem Haushaltsmiills gezeigt. Das
Auftreten und Verhaltnis der Fremdstoffe, wie
etwa Duftstoffe, Detergenzien und Additive aus
der Lebensmittel- oder Kosmetikindustrie, ent-
sprechen einem charakteristischen Fingerab-
druck der Rezyklate bzw. nativen Polymere.

Diese Erkenntnisse sind zentral um Sortierungs-
und Recyclingschritte zu optimieren, Recycling-
ausbeuten zu maximieren und Recyclingquoten
nachzuweisen. Die Analytik spielt damit eine
wichtige Rolle fir den Ubergang in eine Kreis-
laufwirtschaft.
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Abb. 2: Vergleich des Fingerabdrucks zweier Materialien (GC-MS). Oben (schwarz): post-consumer Polyethylen
aus Haushaltsabfall-Sammlung; Unten (blau): nativen Polyethylen. Mit roten Pfeilen sind drei Substanzen im
post-consumer Polyethylen hervorgehoben, welche charakteristisch fiir das Material, den spezifischen Abfall-
strom und das Recyclingverfahren sind und damit einen Teil eines umfassenden Fingerabdrucks darstellen.
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In cooperation with LyondellBasell, the FMF is
developing processes and methods for analyzing
recycled plastics with the aim of ensuring safe re-
cycling and, in particular, determining the mostly
unknown usage history of recyclates using a
chemical fingerprint. In the currently prevailing
linear economy, plastics are usually disposed of
directly after use. In conjunction with the steadily
increasing production (see Figure 1) of plastics,
this poses a number of challenges. On the one
hand, approximately 90% of all plastics world-
wide are based on fossil raw materials. As a re-
sult, the important resource carbon is not recy-
cled. On the other hand, vast quantities of plastic
waste are generated, which in a linear economy
are either incinerated or landfilled. Incineration at
least utilizes the energy value of a plastic,
whereas landfilling results in the loss of both the
raw material and energy value. In addition, land-
filled plastics can enter the environment through
external influences such as wind and rain, which
is one of the reasons why the landfilling of plastic
waste is no longer permitted in Germany. The
transition to a circular economy addresses these
challenges and highlights the positive aspects of
plastics, such as their low density, durability,
efficient production, easy shaping, and customiz-
able properties. Due to their versatility, they are
used in numerous applications, such as packag-
ing for food protection, pipes and containers for
clean water supply, lightweight components for
resource-efficient mobility, and medical devices
or implants. Polyolefins in particular — the most
important type of plastic in terms of volume — are
characterized by their low carbon footprint, high
ecological balance, and comprehensive recycla-
bility. Despite the undeniable advantages of the
transition to a circular economy — such as the
lower carbon footprint of recycled material com-
pared to virgin plastic, the avoidance of plastic
waste, and the conservation of fossil raw materi-
als — this transition is associated with various
challenges. Plastics can suffer a loss of quality
during their using phase or during the recycling
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process for a variety of reasons. The polymer
can degrade, most polymers are difficult to mix,
while many waste streams are mixed streams. In
addition, contaminants can enter the polymer
during its life cycle through polymer degradation
and degradation of the additives, as well as
through the migration of foreign substances such
as substances from the packaged product, such
as food or cosmetics. These contaminants are a
fingerprint for the material and its previous use.
They are the subject of analytical investigations
in the field of recyclates.[1]

Fig. 1: Global plastic production 1950-2022.[3]

The EU wants to accelerate the transition to a cir-
cular economy by setting legal recycling targets.
For example, from 2030 onwards, 25% of pack-
aging in the non-food sector should consist of re-
cycled materials, and 15-25% of the plastic in
new cars should be based on recycled materials
during the 2030s.[2] In order to prevent such re-
cycling quotas from being circumvented on the
one hand and to protect users from any risks
posed by possible contamination in recycled ma-
terials on the other, a method for determining a
recycling fingerprint is being developed in the
FMF. Through qualitative determination and cor-
relation of traces of foreign substances or impuri-
ties in the parts-per-million range (ppm), native,
pre-consumer, and post-consumer polyolefins
from various application sectors, waste streams,
and recycling processes can be differentiated
and clearly distinguished from polymers that
have only undergone an artificially simulated us-
age phase, for example, through thermal aging.

The method is based on the rapid and sustain-
able thermal extraction of foreign substances
from the polymer matrix and subsequent analysis
using gas chromatography-mass spectrometry.
The substances extracted in this way form a spe-
cific fingerprint of the recycled plastic according
to their occurrence in selective recycling and
waste streams. Figure 2 shows the eluents (GC-
MS) of native polyethylene and post-consumer
polyethylene from household waste. The occur-
rence and ratio of foreign substances, such as
fragrances, detergents, and additives from the
food or cosmetics industry, correspond to a char-
acteristic fingerprint of the recyclates or native
polymers.

These findings are key to optimizing sorting and
recycling steps, maximizing recycling yields, and
verifying recycling rates. Analytics thus plays an
important role in the transition to a circular econ-
omy.

Fig. 2: Comparison of the fingerprints of two materials (GC-MS). Top (black): post-consumer polyethylene from
household waste collection; bottom (blue): virgin polyethylene. Red arrows highlight three substances in the
post-consumer polyethylene that are characteristic of the material, the specific waste stream, and the recycling
process, and thus form part of a comprehensive fingerprint.



