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and angle.[2] Structural components dif-
ferent from the extruded polymer are 
conventionally introduced directly as a 
mixture within the extruded polymer via 
the incorporation of particles, fibers, or 
nanoparticles to improve structural sta-
bility. In particular by use of photopo-
lymerization a large plethora of different 
and highly complex structures have been 
addressed such as the 3D printing of com-
positional gradients for microfluidics,[3] 
3D printing of ionogels for stretchable 
sensors,[4] shape-deformable hydrogels,[5] 
or specific methodological developments 
such as the removal of overhanging struc-
tures without the need for supportive 
materials.[6] There is also ample applica-
tion of 3D printing in the areas of energy 
materials (thin film solar cell technology, 
super capacitors, multilayered systems), 
where many different components (solids 

and liquids) are required to be printed into one and the same 
material.[7] Modern FDM printers offer further flexibility in 
material design when combined with additional printing or 
dispensing heads, enabling to generate multicomponent mate-
rials.[8] If the second printing head is designed as a liquid dis-
pensing unit, the dual printing head 3D printer can be used 
to create more sophisticated structures, of such a embedded 
liquids in solid samples or even capsule-like structures, in this 
way strongly facilitating the need for adjustment of ink-compo-
sition, as by separate use of the dispensing systems, only the 
rheological properties of the native inks need to be considered. 
Thus, 3D printing can generate liquid core–shell capsules by 
interrupting the printing of the shell, subsequently filling the 
core and then again finishing the printing process.[9] Other 
approaches of embedding liquid-filled capsules via FDM-
methods relied on the separate printing of two capsule halves, 
subsequently filled after printing and subsequent connection 
of both.[10] Large liquid-filled capsules (core sizes 4–7 mm) were 
3D printed using FDM for the capsule shell, simultaneously 
dispensing a solution of a drug into the capsule.[11] Further 
approaches towards 3D printed capsules (mm sized) have been 
published;[12] however, the printing of small (µm sized) capsules 
is far less known using FDM printing, as processing of very 
small structures in 3D printing with FDM and dispensing tech-
nologies are difficult.[13] Successful methods were published 
based on hydrogels selectively filled with inkjet printing,[14] 
presenting a method to 3D-print core–shell capsules within 
hydrogel matrices. These 3D-printing-based methods included 
capsule suspensions (200  µm), precise patterning of capsule 

3D printing of multicomponent materials as an advantageous method over 
traditional mold casting methods is demonstrated, developing small core–
shell capsule composites fabricated by a two-step 3D printing process. Using 
a two-print-head system (fused deposition modeling extruder and a liquid 
inkjet print head), micro-sized capsules are manufactured in sizes ranging 
from 100 to 800 µm. The thermoplastic polymer poly(ε-caprolactone) (PCL) 
is chosen as matrix/shell material due to its optimal interaction with the 
embedded hydrophobic liquids. First, the core–shell capsules are printed 
with model liquids and pure PCL to optimize the printing parameters and 
to ensure fully enclosed capsules inside the polymer. As a proof of concept, 
novel “click” reaction systems, used in self-healing and stress-detection appli-
cations, are manufactured in which PCL composites with nano- and micro-
fillers are combined with reactive, encapsulated liquids. The so generated 3D 
printed core–shell capsule composite can be used for post-printing reactions 
and damage sensing when combined with a fluorogenic dye.
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1. Introduction

Besides stereolithography or selective laser sintering, fused 
deposition modeling technology (FDM) is one of the most used 
3D printing techniques.[1] FDM is highly successful in printing 
pure polymer materials (like acrylonitrile/butadiene/styrene-
copolymer (ABS), polylactic acid (PLA), Nylon, polycaprolac-
tone (PCL)), extruding the thermoplastic polymers in a “never 
ending” strand, limited only by the polymers melt viscosity to 
ensure homogeneous extrusion and self-supporting strength 
after printing.[1b] The properties of the 3D printed objects can 
be well controlled by layer thickness, orientation, grid width, 
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arrays, and the ability to control the core volumes, composi-
tions, and shell thicknesses.[15] Recently, solid dosage tablets 
containing drug-loaded nanocapsules were printed by FDM 
using PCL filament, placing the freshly printed tablets into a 
nanocapsules suspension to attach the nanocapsules onto the 
surface of the printed structures.[16]

This paper reports on a novel method to 3D-print micro-sized 
capsules into a thermoplastic polymer matrix, by combining 
different 3D printing techniques and composite printing. The 
approach aims to generate highly functional composite mate-
rials based on multi-compartment structures, mixing a biode-
gradable polymer (PCL) with nanocapsules and micro scaled 
fillers, while creating micro-sized capsules during printing and 
filling them with hydrophobic liquids (Figure  1). Void spaces 
generated during the FDM-process were filled with liquids 
using a separate liquid dispenser, placed within the same 3D 
printing system. Based on this method, 3D printing of a known 
capsule-based self-healing composite, superior over the previous 
conventional mold casting method, could be realized.[17] The 
special challenge in using the 3D printing system was the use 
of two reactive components both embedded into a thermoplastic 
polymer containing a solid catalyst, which in turn can lead to an 
externally triggered crosslinking chemistry to enable the design 
of self-healing materials. In contrast to conventional encapsu-
lation methods, such as in-situ poly merization,[18] interfacial 

polymerization,[19] sol-gel methods,[20] or solvent-evaporation 
emulsion,[21] we here use the 3D printing directly to dispense the 
liquid within a solid matrix during the FDM-printing process.

2. Material Design and Components

3D printing was based on generating a square area of 5 × 5 mm, 
completely filled with polymer composite, subsequently placing 
the next layers as a grid structure to form micrometer sized voids 
with a width of ≈100 to 800  µm. These gaps were filled with a 
liquid component in a drop-on-demand manner, enclosing 
the top layer by the FDM-process (Figure  1 and Figure S1, Sup-
porting Information). The base and top structures were designed 
in a CAD program creating fully closed layers with tightly con-
nected polymer strands. The capsule structure between the base 
and top layers was programmed as an oil-filled grid system that 
contained both grid directions (90° rotated) in one layer level 
(see Figure  3c,d). In the FDM process, the base layer was first 
manufactured and the polymer grid was deposited on top. The 
still open microcapsule voids were filled with the liquid oil by a 
second printing head and finally closed by the top layer, processed 
with FDM again. These combined 3D printing processes cre-
ated the opportunity to manufacture drug-filled capsule systems 

Figure 1. Development of a core–shell capsule system by a two-step printing process. The structure was designed in a CAD program creating fully 
closed base and top layers with tightly connected polymer strands and an inner grid structure of voids with adjustable size. In the FDM process, the 
base layer was manufactured first and the polymer grid was deposited on top. Microcapsule-voids were filled with oil by a second printing head and 
finally closed by the top layer processed with FDM again. The process was adapted to reactive systems of components I and II, able to react in a 
CuI-catalyzed “click” reaction after 3D printing. If component III is included additionally, the material reports the “click” reactivity via a fluorogenic dye, 
generated by the “click” reaction.
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as well as reactive capsule composites in one single 3D printing 
cycle. As a final proof of principle, the reactive capsule composites 
were containing two different liquids for a fluorogenic CuAAC 
“click” reaction (copper(I)-catalyzed alkyne azide cycloaddition), 
catalyzed by a heterogeneous catalyst: thermally reduced graphene 
oxide containing Cu(I)-nanoparticles (later called TRGO).[17a–c]

3. Encapsulation of Hydrophobic Model Liquids

First, the printing of non-reactive liquids, such as farnesol, lin-
alool, limonene, and a reactive trivalent alkyne (II) into struc-
tures of pure polycaprolactone (PCL) was tested. The core–shell 
capsule composite was generated with the help of the regenHU 
BioCAD software with three different layer styles. Three dif-
ferent molecular weights (14, 45, and 80  kDa) were tested for 
their temperature depended viscosity to ensure the print-
ability with the regenHU 3DDiscovery (Figure 2a). As already 
demonstrated in a recent publication with this 3D printer, the 
viscosity range of the polymer extruder is situated in the range 
of 200–2000 Pa s.[22] Combined with a melting point of around 
60 °C for PCL, this allows the use of ≈ 45 kDa molecular weight 
at a printing temperature of 80–90 °C, whereas both the 80 kDa 
PCL and the low-molecular-weight PCL (14  kDa) required too 
high printing temperatures (above 100 °C), or were displaying 
too low a viscosity for stable printing. Thermal stabilities of all 
printed liquids were sufficient at around 80 °C (Figure 2b, TGA 
diagrams, details in Table 1).

All model-liquids could be used in this 3D printing process in 
a temperature range of 40–100 °C, as the contact with the freshly 
extruded, hot PCL did not lead to evaporation or decomposi-
tion of the embedded liquids. The interaction between the hot 
PCL surface directly after FDM-deposition and the hydrophobic 
liquid drops played an important role in the 3D printing process 
(Table S1, Supporting Information), as the liquids were depos-
ited as small droplets (1–5  µL) into the created gaps between 
the PCL strands and on top of the base-PCL layer. Therefore, 
wetting between the dispensed liquid and the PCL-polymer is 
important for proper filling of the voids with the liquids. After 
the 3D printing of PCL cuboids (5 × 30 × 0.9 mm) the contact 
angle of the dispensed liquids (limonoene, linaool, farnesol, and 
the alkyne (II)) were determined as γ ≈ 0° (Table S1, Supporting 
Information). This results that the processing under the chosen 
conditions yielding the final core–shell capsule composites using 
3D printing was possible. The liquid oil would fill up all the small 
irregularities and created capsule voids, thus generating void-
free embedded liquid capsules. In contrast, when dispensing 
pure water it formed a droplet on top of the PCL (Table S1,  
Supporting Information) and air filled gaps were left between 
them due to the largely different surface tension.[23] Thus, the 
dispensing of, for example, aqueous solution would require a 
different polymer displaying a different surface tension.

For simultaneous printing of two different materials with a 
large difference in viscosity, the dual head 3D printer regenHU 
3DDiscovery was used. The printer was equipped with a heat-
able polymer printing head that consisted of a storage tank and 

Figure 2. a) Temperature dependent rheology measurements for poly(caprolactone) (PCL) with different molecular weights (Mn = 14, 45, 80 kDa). The 
printing range of the 3D printer is marked in blue. b) Thermal decomposition measurements of the used hydrophobic oils under an atmosphere of 
nitrogen with a heating rate of 10 °C min−1. c) Melt-rheology of PCL composites at 80 °C with TRGO and d) the trivalent alkyne (II) to ensure printability 
with the regenHU 3DDiscovery printer (η = 200–2000 Pa s, γ = 10–30 s−1).
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a screw extruder as well as a drop-on-demand inkjet printing 
head for liquids (Figure S1, Supporting Information). The inkjet 
head could be used with liquids in the range of 1–10  mPas. 
The preheated PCL in the storage tank (90 °C) was moved 
with air pressure of p = 0.20 MPa into the screw extruder and 
then extruded through a steel nozzle, printing the objects on 
top of the double-sided adhesive tape. The hydrophobic liquids 
were then dispensed via a 3  mL syringe, attached onto the 
drop-on-demand printing head, applying an air pressure of 
0.01–0.04 MPa. After printing of the core–shell capsule compos-
ites, the sample surfaces were rinsed with ethanol to remove 
excess liquid and adhesive residues. The process is shown in 
Figure 3a–e, displaying the cleaned PCL-grids.

A critical point in this work was to generate completely closed 
capsule systems, which contain the hydrophobic oil or a dye for 
visualization. Tightness of the 3D printed composite was proven 
by light microscopy and via diffusion tests of fluorescein filled 
capsules (Figure  3a,b). As shown in Figure  3c, it was possible 
to 3D print completely closed layers with capsule sizes down to 
100 microns, with a maximum size of 800 microns. The single 
polymer strands were well connected and the turns over points 
at the end of the specimen were also filled with PCL. Gaps in 

the range of micrometer or millimeter were not visible. With 
good development of the design and optimal printing condi-
tions a core–shell capsule matrix could therefore be realized.

To further prove the encapsulation of liquids inside the 
core–shell capsule, matrix diffusion tests were conducted (see 
Figure  3g). A saturated solution of fluorescein in farnesol was 
prepared and used in the above-described printing process. The 
so prepared specimen was placed in a quartz cell filled with 3 mL 
ethanol, checking efflux of fluorescein with fluorescence measure-
ments at 519 nm for up to 100 h. The filled capsules started to con-
tinuously leach after 10 h into the surrounding ethanol, observing 
a linear increase of fluorescence intensity, stopping after ≈50 h. 
Based on the lag phase of ≈10 h and the subsequent slow release, 
we conclude the formation of very well enclosed capsules.

An advantage of our 3D printing technology is the ability to 
create capsule-based specimens with the opportunity to steplessly 
change the size of the capsules (see Figure 3c). The grid arrays 
defining the capsule size in the final material could be tuned in 
all 3D directions to gain capsule sizes from 100 to 800 µm. The 
reprintability of the core–shell capsule composites were analyzed 
with weight measurements being around 43 mg with a standard 
deviation below 1 mg (Table S2, Supporting Information).

4. Reactive Capsule Composites

The 3D printing approach was then adapted to a capsule 
based self-healing composite, consisting of a heterogeneous 
Cu(I)-catalyst (TRGO), the trivalent azide (I), and the trivalent 
alkyne (II).[17a–c] The desired composites are based on PCL, con-
taining 10–15  wt% azide(I)-nanocapsules (Figures S2 and S3,  
Supporting Information) and a corresponding amount of 

Table 1. Thermal stability and analysis of limonene, linalool, farnesol, 
and the trivalent alkyne (II).

Liquid ϑOnset [°C] ϑEnd [°C] Mass loss400 °C [%]

Limonene 102 177 99.9

Linalool 116 197 99.9

Farnesol 178 270 99.9

Triv. alkyne 109 225 97.2

Figure 3. a) Microscopic image of the printed top layer (5 mm × 5 mm) to enclose the core–shell capsule system, b) the inner grid structure forming 
the capsule system, and c) different grid sizes with gaps from 100 to 800 µm. SEM images of d) one capsule void, e) the top layer, and f) pictures of 
different layers of the composite 10 during printing as well as a compressed/damaged sample. g) Diffusion test of printed core–shell capsule systems 
with fluorescein saturated farnesol solution as capsule filling. The release of the solution in ethanol was analyzed by fluorescence measurements.
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TRGO,[17a] able to catalyze a chemical reaction triggered by an 
external stimulus, as azides and alkynes are known to react in 
a “CuAAC-click” reaction.[24] Two different trivalent monomers, 
one bearing azide groups (I), the other bearing alkyne groups 
(II), were separated by encapsulation methods and could then 
react after activation via a Cu(I)-catalyzed Huisgen-1,3-dipolar 
cycloaddition under a formation of 1,4-triazole crosslinked 
resin.[24,25] We aimed to transform the known mold based fab-
rication into a 3D-printed-based approach. Since the final com-
posite consisted of the PCL matrix, a graphene-based TRGO 
catalyst (containing catalytic CuO2-nanoparticles), the azide(I)-
filled nanocapsules (200  nm), and a trivalent, reactive alkyne 
(II), we first probed changes in melt-viscosity of the PCL melt 
at 80 °C upon addition of the catalyst in amounts of 1–5  wt% 
TRGO (Figure 2c). In the range of the shear rates applied during 
printing, the viscosity of the composite increases from 440 to 
4800 Pa s. Considerable shear-thinning behavior was observed, 
in line with known effects from graphene-sheets in molten 
polymers, where the carbon layers arrange parallel to the extru-
sion direction of the filament.[26] Admixing the liquid trivalent 
alkyne (II) with PCL at 80 °C (Figure 2d), lead to a decrease of 
the viscosity from 440 to 32 Pa s. There was no significant shear 
rate dependency due to the solvent like behavior of trivalent 
alkyne (II) within the PCL. Based on the printing range of the 
3D printer,[22] PCL with up to 5% TRGO content and a trivalent 
alkyne II content of up to 2% was identified as printable.

The prepared composites 10, 10C, and 15 containing PCL 
mixed with TRGO and PVF-azide nanocapsules (Table 2) were 
placed into the FDM printing head at a temperature of 85–90 °C.  
The use of poly(vinyl formal), PVF (Tg = 105 °C), as shell mate-
rial is crucial to maintain a stable capsule shell at the extrusion 
temperature. At the printing nozzle (ID = 330  µm) the com-
posites were extruded at 75–80 °C. The second reaction compo-
nent, the trivalent alkyne (II), was placed into the second liquid 
inkjet print head.

A composite structure with a square base shaped 5 × 5  mm 
and a grid with gaps of around 500  µm were designed in the 
BioCAD program. First, two layers of a completely filled base 
area were printed. Subsequently, 2–3 layers of the grid structure, 
forming the 3D printed capsules, were printed on top. In between 
the second printing head with the liquid drop on demand func-
tion dispensed the trivalent alkyne (II) into the created gaps, 
filling them with a volume of ≈6 nL to ≈380 nL per capsule void. 
As a final closing layer two completely filled composite layers 
were printed again on top. In Figure 3e,f, each step was stopped 
separately to obtain images and SEM images. A good closure of 
the 3D printed capsules could be achieved, also showing uniform 
extrusion in the SEM pictures and the formation of rectangular 

capsules, later filled with the trivalent alkyne (II). The SEM image 
(Figure  3d) clearly showed that both grid strands (90° rotated 
strands) were in one layer level forming separated microcapsules.

The thermal stability of the composites, the azide (I), and 
the catalyst were analyzed with thermogravimetric analysis 
(Figure  4) under nitrogen and a heating rate of 10 °C min−1. 
The reactive trivalent azide (I) was stable up to 200 °C and 
decomposed in a temperature range of 200–400 °C leading to 
a composite mixture stable in the temperature range of FDM 
printing (75–90 °C). In the range of 250–400 °C a small mass 
loss of 7.4% or 9.7% occurred, which could be related to the 
decomposition of the azide filling. The matrix polymer PCL and 
the capsule shell material PVF decomposed at temperatures of 
400–450 °C, indicating that no thermal induced decomposition 
reactions took place during printing of the composites.

We subsequently tested for the residual reactivity of the 
embedded components, both able to react via “click” reactions, 
catalyzed by the TRGO-catalyst via the embedded CuO2-nano-
particles. Reaction tests for the post-printing reactivity (possible 
self-healing application) were accomplished by calorimetry via 
DSC to check for the reaction enthalpy of the embedded healing 
components and the TRGO catalyst after printing, calibrated to 
the enthalpy of the “click” reaction for one triazole ring.[17b,c] We 
tested the reactivity of all components directly after printing 
(Table  3, entries 3 and 6 and second-run DSC entry 4 and 7) 
and after heating to a temperature of 40 °C for 3 days, where 
the “click” reaction has already taken place, but PCL remains 
structurally stable (entries 5 and 8).

Table 2. Overview on the core–shell capsule composite components. The composites include poly(ε-caprolactone), PVF-azide(I)-nanocapsules, and 
the heterogeneous CuI-catalyst TRGO. The alkyne component II was added with the liquid printing head in a drop-on-demand process. The compos-
ites were based on 500 × 500 × 400 micrometer capsule size created by FDM.

Sample PCL [g] Capsules [g] Azide I content in the 
capsules

TRGO [mg] Alkyne II [µL]

Composite 10 2 0.2 0.090 g 3 2.5

Composite 10C 2 0.2 0.090 g + 2.34 mg Coumarin 3 2.5

Composite 15 2 0.3 0.135 g 4.5 2.5

Figure 4. Thermal decomposition measurement of the composite mix-
tures (10, 15 wt%), TRGO catalyst, PCL, and the trivalent azide (I) under 
nitrogen atmosphere with a heating rate of 10 °C min−1.

Adv. Mater. Technol. 2020, 5, 2000509
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The ruptured nano- and microcapsules (after applying a 
compression force) released their liquid fillings (I, II), which 
then mix and react in the Cu(I)-catalyzed “click” reaction. One 
sample of each composite was analyzed directly after printing 
via DSC (Table 3, Figure 5). In the composites (entry 3 and 6 and  
second-run DSC in entry 4 and 7), the trivalent monomers 
reached conversions of 7% (composite 10) and 22% (com-
posite 15), concluding that the two “click” components (I) and 
(II) were still active after the printing process, concluding that 
the PVF-shells have been at least partially retained. The purely 
thermal, non-catalyzed reaction showed an overall conversion 
of around 47% (Table  3, entry 1 and Figure S6, Supporting 
Information), the reaction with the heterogeneous TRGO cata-
lyst lead to a conversion of 33% (Table 3, entry 2 and Figure S6, 
Supporting Information). As expected, the second DSC run for 

all samples (entry 7 and entry 7) did not show a “click” reac-
tion after the melting of PCL as both reaction components I 
and II have then already reacted. After treating the printed sam-
ples of the same composites at 40 °C for 3 days (after capsule 
rupturing)[17a–c] (Table  3, entries 5 and 8, Figure  5) indicating 
that under these conditions the “click” reaction has already 
taken place. The DSC measurements and reaction heat analysis 
proved our concept of reactive component encapsulation with a 
multi-material 3D printing, still being active after printing and 
able to react partially below the melting point of PCL.

The reactivity of the core–shell capsule composites could be 
quantified further with the inclusion of a fluorogenic dye for 
stress- or damage detection, where an embedded fluorogenic 
dye showed a strongly increased intensity after the “click” 
reaction.[27] PVF-azide(I)-filled nanocapsules were modified 

Table 3. DSC analysis of the reactive “click” mixture after printing and compression as well as of the samples after self-healing test for 3 days at 40 °C.

Entry Reaction ϑOnset [°C] ϑPeak [°C] ΔHR [J·mol−1] Conversion [%]

1 Thermal click reaction of pure I and II 86.5 140.8 −124.10 47

2 Click reaction of pure I and II with TRGO 58.1 72.1 −86.78 33

3 Composite 10 directly after printing 79.8 104.4 −0.82 7

4 Composite 10 (second run) – – – 0

5 Composite 10 (40 °C, 3 days) – – – 0

6 Composite 15 directly after printing 84.7 103.1 −3.91 22

7 Composite 15 (second run) – – – 0

8 Composite 15 (40 °C, 3 days) – – – 0

Figure 5. DSC analysis of the “click-based” reaction between trivalent azide (I) and the trivalent alkyne (II). The freshly printed and ruptured compos-
ites (—) show a reaction peak after the melting of point of PCL: a) composite 10 and b) composite 15. In the second run of these samples (—) no 
reaction is observed. When the samples are treated at 40 °C for 3 days (—) there is also no reaction peak, concluding the reaction already occurred. 
c) Fluorescence excitation and d) emission measurements of solid composite 10C samples after the different stages of the “click” reaction as well as 
images of the composite 10C in UV light (366 nm).
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with 1.5 wt% of 3-azido-hydroxycoumarin (III) leading to yield 
composite 10C. After calibration and evaluation of the dye con-
tent inside the capsules (Figure S7 and Table S5, Supporting 
Information), composite 10C was printed adding the fluoro-
genic dye (III) in the same way as in the composites 10, 15.  
After damaging the samples (applying compression force)  
the increase of fluorescence intensity of the dye, generated by 
the fluorogenic “click” reaction was measured. A significant 
change in fluorescence intensity could be measured by solid 
state fluorescence measurements in the reflection mode and 
visualized by a UV-lamp at 366  nm (Figure  5c,d). Pure PCL 
and the freshly printed composite 10C were showing only a 
neglectable fluorescence at 410  nm. Increased fluorescence 
intensity, compared to the virgin composite 10C, was observed 
for the samples stored for 3 days at room temperature and  
40 °C. Therefore, the “click” reaction between the trivalent 
alkyne (II), dispensed by the second printing head, and the 
3-azido-hydroxycoumarin (III) can be used for damage detec-
tion as well as reaction control. This proves the concept of suc-
cessful core–shell capsule printing. The possibility to perform a 
“click” reaction at temperature around 40 °C opens the field for 
self-healing capsule-based-composites without destroying the  
created and printed structures.

5. Conclusion

A novel 3D printing process is reported, where a dual-dis-
pensing system allows printing liquid-filled capsules into a 
solid, thermoplastic matrix. Our approach enables to generate 
functional composite materials based on multi-compartment 
structures, with a biodegradable polymer (PCL) filled with pre-
mixed nanocapsules and micro scaled liquid-filled capsules. 
Voids generated during the printing process are filled with 
various hydrophobic liquids, ranging from simple farnesol, 
limonene, to trivalent a azide, useful for a subsequent cap-
sule based, self-healing material. Capsules with sizes down to  
100 micron and up to 800 microns can be printed reliably. It 
was demonstrated that the two reactive components can be effi-
ciently separated via closed capsules, directly embedded into the 
PCL-polymer. Thermal stability of the printing process allows 
retaining sufficient reactivity for a subsequent “click” reaction, 
underscoring the possibility to embed two separate, highly reac-
tive components into one and the same thermoplastic mate-
rial. This approach was used for a proof-of-concept self-healing 
material, based on capsules and a triggered “click” reaction, 
visualized by a fluorogenic dye. With the here developed meth-
odology, a large variety of multicomponent materials can now 
be addressed, allowing to choose the components, their embed-
ding into multicomponent materials and the final morphology 
in a highly flexible manner. Based on this method, we can 
3D-print multicomponent materials as an advanced method 
over the conventional mold casting methods. There is a great 
chance to apply this type of printing in electrochemical devices 
(e.g., electrodes, ionogels), in the generation of complex micro-
fluidic systems, as well as in the generation of novel solar cell-
systems, where thin films are directly printed into multilayered 
structures. Additionally, pharmaceutically release-materials can 
now be printed, tuning the release of capsule-embedded drugs 

via the controllable thickness of the surrounding polymer. 
The comparable adjustment of many different components 
avoids the need for individual rheological adjustment for each 
ink-composition, thus hoping to open a bright range of applica-
tion in material science.

6. Experimental Section
For 3D printing, the pure poly(ε-caprolactone) granulate (Mn = 45 kDa, 
Sigma-Aldrich) was placed into the storage tank of the polymer 
extrusion head. In a same manner were the capsule-based composites 
10, 10C, and 15 used. They were prepared by mixing TRGO (3–5  mg, 
20  µm flakes) and PVF-azide(I) capsules (200–300  mg, 200  nm) 
into molten PCL (2  g) at 80 °C. The complex geometrical shapes 
were programmed with the help of the CAD program BioCAD. Each 
polymer strand was drawn inside the CAD-program and the liquid 
filling was programmed in a drop-on-demand manner. For the attached 
0.2/0.33 mm printing nozzle the strand thickness was set to 90% of the 
nozzle. The CAD-file was saved, transformed to an ISO file and sent 
to the 3D printer. The printer regenHU 3DDiscovery, equipped with a 
heatable polymer extrusion printing head with a metal nozzle, was used 
for printing of polymer composites. Each composite was filled into the 
heatable tank of the printing head (80–90 °C). The temperature of the 
printing nozzle was adjusted to 70–80 °C according to the rheology 
data. The temperature of the tank of the printing head was set 10 °C 
higher than the temperature of the printing nozzle. Pressured air 
of 0.20  MPa was used to transport the molten composite inside the 
printing head. The composites were printed on a standard glass slide 
equipped with masking tape for mechanical adhesion. The drop-on-
demand liquid printing head was set to one drop per grid hole at room 
temperature. The 3 mL cartridge was filled with oils and pressed with 
air of 0.01–0.04 MPa to move the liquid through the inkjet nozzle, for 
example, farnesol, trivalent alkyne (II).

For rheology measurements, the polymer and the composites 
samples were mixed in DCM and dried in vacuum at 60 °C for 
3 days. On an Anton Paar MCR-101 DSO rheometer the rheology 
measurements were accomplished using parallel plate-plate geometry 
with a diameter of 8  mm. The temperature was controlled with a 
thermoelectric cooler/heater in a chamber filled with dry air. For each 
measured temperature, the samples were preheated for 20 min reaching 
their equilibrium state. Temperature-dependent measurements of 
the viscosity versus shear rate (0.1–100 s−1) were performed to get 3D 
printing information. The measured data were analyzed by using the 
RheoPlus/32 software (V 3.40) and OriginPro8G.

Contact angle measurements were performed on an Optical Contact 
Angle Measuring System OCA 20. Three drops of each liquid were 
placed onto the surface of the printed PCL plates (1  drop 5  µL). The 
contact angle was determined on both sides of the drop using OCA 20 
instrument at a temperature of 20 °C.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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