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Optimization of the Rheological Properties of
Fumed-Silica-Based Supporting Baths for Embedded
Printing and Reduction of the Effect of Crevasse Formation

Grace Vera, Silvio Tisato, Niloofar Nekoonam, Ahmad Shakeel, Stephanie Garfias,

and Dorothea Helmer*

In embedded 3D printing, the supporting gel must provide the right
rheological properties to keep the ink in place. It has previously been shown
that a strong and stable 3D network can be formed by particle—particle
interactions of hydrophobic fumed silicas suspended in a polar solvent. Here,
the rheological properties of fumed silica gels in polyethylene glycol (PEG) are
investigated. The recovery properties like storage modulus, yield stress, and
recovery time of the gels made of fumed silica with alkyl-chains of different
lengths are studied. A very fast recovery time (0.2 s) is achieved by increasing
the length of the alkyl chains on the silica surface, leading to embedded
printing results with high shape accuracy. However, with the engineered
supporting gel, the formation of crevasses affects the shape of the filament.
Previous approaches to reduce crevasse formation include the introduction of
liquid fillers to avoid such distortions, which, however, prevents the reuse of
the gels and leads to increasing waste production in embedded printing.
Here, it is shown that by adjusting the rheology of the inks to fit the rheology
of the supporting gel, high-shape accuracy prints with ideally round-shaped
filaments can be achieved without the need for liquid fillers.

1. Introduction

In embedded 3D printing, a needle ex-
trudes a liquid ink into a supporting
bath layer by layer to build a 3D struc-
ture without the need for the printing
of additional material supports, which
saves material and printing time.[*) With
embedded printing, various materials
have been printed, including acrylates,*!
silicones,!* or ceramics.l’! The rheolog-
ical behavior of the inks plays a cru-
cial role in the success of the em-
bedded print. Inks must exhibit shear
thinning behavior to allow the extru-
sion through a thin needle, and the in-
terfacial tension between the ink and
supporting bath must be low to as-
sure continuous filaments and prevent
them to break up into droplets.[*] How-
ever, the rheological properties of the
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supporting bath are equally important

and more complex. The supporting bath

plays a crucial role in the printing,

as it ensures the precise deposition of
the ink. To achieve this, the supporting bath has to show several
unique properties. These are a) solid-like behavior to hold the
printed ink in place, b) shear thinning and yielding at a low shear
rate to guarantee immediate local fluidizing behavior around the
needle, thus allowing the deposition of the filament ink, c) a
fast recovery time to trap the filament and keep its shape with-
out deformation.['% Thus, in terms of rheological properties, the
bath must a) show soft gel-like behavior with a sufficiently high
storage modulus G’, which must be strong enough to hold the
printed 3D structure in place.l'!l As printing and curing times
vary, material properties must be stable over time, and G’ must
be dominant over G” and time-independent at rest, indicating
steady gel-like behavior. Several authors have reported storage
moduli for supporting baths in the range of 10!1-103 Pa,[®11-13]
in which 3D printed inks retained their shape for an extended
time (6 months).[!] To achieve b) the bath must be shear thin-
ning and yielding, i.e., be a yield stress fluid (YSF), which en-
ables the in situ deposition and support of the filament ink.l*15]
Earlier studies have reported a large range of values for the re-
quired yield stress. Supporting baths with low yield stress, such
as ~10 Pa can be sufficient for supporting properties.[*®1¢] An
important property to achieve c) is the quick transition from
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liquid to solid after removal of the shear rate applied by the move-
ment of the needle.['”! This rapid recovery time of the viscoelas-
tic properties of the supporting bath permits to trap the printed
filaments in place and keeps its shape without deformation.!'’!
Suitable recovery time for embedded 3D printing has been re-
ported to be in the range of <1 s.l”] Besides these fundamental
requirements, there are also other influences on the accuracy of
the prints. The crevasses (air pockets) forming behind the needle
can only collapse if the baths yield stress is lower than the hydro-
static pressure at the depth of the print.l!l If the crevasses do not
collapse, the deposited inks can flow into these pockets, causing
a deformation of the printed ink path. One approach to prevent
this is the use of Newtonian liquid fillers that are deposited on
top of the supporting batch and readily flow into the created air
pockets.[!l However, this approach can be challenging as it intro-
duces a third material into the process, which needs to be ad-
justed to fit the print requirements and prevents the re-use of the
supporting baths because of the effect of mixing the bath and the
Newtonian filler.

Several different supporting materials for embedded printing
have previously been reported. The materials consist of solid par-
ticles suspended in a suitable solvent and are classified into two
types by the particle/solvent interactions, which are either repul-
sive or attractive. Granular materials like Carbopol>*18] are ex-
amples of repulsion-dominated interaction, and particulate gels
like fumed silica in organic solvents belong to the attraction-
dominated materials.[>1%2%] The rheological properties of gels
made from fumed silica have been widely studied with different
particle sizes in different solvents.[?2*] The evidence suggests
the formation of a solvation layer when fumed silica is suspended
in a solvent with similar polarity — this induces the formation of
a stable sol instead of a gel.[?>**”! To achieve the formation of a
gel and to control the rheological properties of these gels, fumed
silica must be suspended in a suitable solvent in which the net-
work is governed primarily by particle/particle interactions. The
rheology of fumed silica based supporting baths can be readily
engineered. Moriana et al. investigated the effect of the size of
fumed silica particles on the shear thinning and shear thicken-
ing behavior in polyethylene glycol (PEG) and polypropylene gly-
col (PPG). They found that the optimal concentration of fumed
silica in the solvent depends on the particle size, and the shear
thickening effect increases with larger particle size.[?®] Alaee et
al. show similar findings, suggesting that a reduction of the par-
ticle size or increasing the hydrophobicity of silica in PEG causes
the formation of gels with higher elastic modulus.?°! In a study
conducted by Raghavan et al., the surface chemistry of fumed
silica with different nonpolar alkyl chains showed an effect on
the solid-like behavior and yield stresses:**! The authors reported
stronger storage modulus for fumed silica with longer tethered
chains due to the higher surface coverage, and the ready forma-
tion of gels in polar organic media. The careful choice of fumed
silica and solvent allows for the control of the rheological prop-
erties of the materials. With a carefully adjusted supporting bath
rheology, optimal embedded printing results can be achieved in
terms of structure fidelity and support.

Here, we show the rheological properties of supporting baths
created from different hydrophobic fumed silica in polyethylene
glycol. We provide an analysis focused on the recovery of the vis-
coelastic properties of fumed silica with alkyl chains of different
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lengths. To quantify the effect of the chain length on the rapid
deformation, recovery, and stability of the supporting bath, we in-
vestigated the rheological properties under dynamic and steady-
state shearing. We find that gels formed from fumed silica with
longer hydrophobic chains possess higher yield stress and also
require less time to recover the gel state. These properties en-
sure a high shape-accuracy in embedded printing. However, the
increased yield stress also fosters the formation of crevasses, thus
deforming the printed ink filaments due to the ink flowing into
the crevasses. We show that this effect can be mitigated by engi-
neering the printing ink to achieve high viscosity, shear-thinning
materials. The combination of the engineered supporting baths
and the engineered inks ensures high accuracy embedded print-
ing without the need for liquid fillers.

2. Experimental Section

2.1. Materials

Hydrophobic fumed silica Aerosil R974, R812, R805 for the sup-
porting bath preparation, and R816 for the ink modification
were supplied by A.+E. Fischer-Chemie GmbH & Co. KG. A
schematic representation of the surface chemical structures of
R974,R812, and R805 are shown in Figure 1a. Polyethylene glycol
200 (PEG) (60 mPa s) and 2,2-Dimethoxy-2-phenylacetophenone
were purchased from Sigma-Aldrich. Fluorolink MD 700 (a pet-
fluoropolyether (PFPE) dimethacrylate (MA)) was supplied by
Acota. All the chemicals were used as received without further
treatment.

2.2. Preparation of Supporting Baths and Modified Inks

Supporting baths were prepared as follows: Fumed silica R974,
R812, and R805 were homogenously dispersed at 10% (w/v)
in polyethylene glycol using a speed mixer (DAC 150.1 FVZ,
Hauschild) at 3500 rpm for 2.5 min. Modified inks were prepared
as follows: Fluorolink MD 700 was modified with 5%(w/v) and
10% (w/v) of fumed silica R816 to increase the viscosity. 0.5%
(wt.) of 2,2-Dimethoxy-2-phenylacetophenone was used to poly-
merize the ink.

2.3. UV-vis Transmittance of the Supporting Baths

The transmittance of UV-vis spectra of the supporting baths
was recorded using UV-vis spectrophotometer Evolution 201
(ThermoScientific, Germany) using polystyrene UV cuvettes.
The measured wavelength was recorded from 350 to 750 nm.
Polyethylene glycol (PEG) was used as blank.

2.4. Rheological Characterization

Rheological properties of the gels were tested using a Haake Mars
II rheometer (Thermo Fisher Scientific) using a titanium ser-
rated 35 mm parallel upper and lower plate with a gap of 0.5
mm. A serrated plate was used to avoid wall slip effect. To char-
acterize the soft solid-like behavior at rest, oscillatory frequency
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Figure 1. Gel-like properties of different types of hydrophobic fumed silicas R974, R812, and R805 in polyethylene glycol (PEG 200) at 10%w/v.

a) Hydrophobic fumed silicas with methylsilyl-, dimethylsilyl-, and octylsilyl-

sidechains for R974, R812, and R805 were used to create transparent gels

gR974, gR812 and gR805. Note that the containers are upside down to emphasize the gel-like character of the materials. b) UV-vis Spectra of the gels
showing high optical transparency between 350 nm and 750 nm. c) Proof of gel-like behavior with G’ dominating over G” at all frequencies between 0,05
Hz and 10 Hz for each transparent gel. d) Elastic modulus for each gel derived from (c). Elastic modulus in the silica/PEG gels increase from R974 to
R812 to R805. The storage modulus values are 311, 5483, and 10267 Pa for gR974, gR812, and gR805, respectively.

sweep test at low frequencies from 10 to 0.01 Hz and deforma-
tion within the linear viscoelastic behavior of 0.002% was per-
formed. Shear thinning behavior and yield stress were analyzed
in steady state shearing mode by control shear rate from 300 to
0.001 s~'. The recovery of storage modulus time was obtained by
oscillatory time sweep test by applying 1% strain during 120 s
and immediately dropped to 0.001% strain both values belong
to the non-linear and linear viscoelastic region, respectively. All
measurements were performed at a temperature of 23 °C.

2.5. Embedded 3D Printing

A commercial linear delta printer (Kossel Linear, Anycubic) was
modified by substituting the effector and hotend assembly with a
custom 3D printed syringe pump integrated into the effector. The
ink was loaded in 1 mL syringes (Injekt-F, B-Braun) equipped
with 0.4 mm internal diameter blunt-tip stainless steel needles
(Vieweg Gmbh). The print jobs were generated by slicing 3D
models created in AutoDesk Inventor with SuperSlicer. GCode
for complex freeform parts was generated via a custom Python
script inspired by FullControlGeode.*!l Printing speed was set to
15 mm s™', and extrusion width and height were set according
to the dimension of the needle to 0.4 and 0.4 mm, respectively,
for the filaments and adjusted to 0.3 and 0.3 mm, respectively,
for the 3D prints to ensure a better merging between the layers.
After the print job was completed, the vessel containing the sup-
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port matrix and printed ink was placed in a UV Curing Chamber
(XYZ Printing) and exposed to 365-405 nm UV light for 6 min
to cure.

2.6. Characterization of Embedded Filaments and Prints

Scanning electron microscopy (SEM) was used to analyze the
roundness of the filament. Photographs were taken with a color
camera (VCXU-15C, Baumer) and videos were recorded with a
monochrome camera (VCXU-15M, Baumer) at a frame rate of
225 fps.

3. Results and Discussion

For embedded printing, suitable supporting baths have to be de-
signed to ensure printing with high shape-accuracy. Fumed sil-
ica is a readily available rheological modifier and can be used to
design novel supporting baths by the right combination of par-
ticles and solvents. In this study, different rheological properties
for supporting bath were engineered using fumed silica parti-
cles Aerosil R974, Aerosil R812, and Aerosil R805. The physico-
chemical properties of the fumed silica are shown in Table 1: The
fumed silicas are functionalized with different alkyl chain length,
which correspond to dimethylsilyl, trimethylsilyl, and octylsilyl
(R974, R812, R805).32! Silica particle sizes vary between 7 nm
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Fumed silica Aerosil R974 Aerosil R812 Aerosil R805
Alkyl chain Dimethylsilyl trimethylsilyl octysilyl
Surface alkyl chain length R974 < R812 < R805

Particle size [nm] 12 7 12
Surface area [m? g~'] 170 + 20 260 + 30 150 + 25
Refractive index 1.460 1.460 1.460
Remaining silanol group density 1 nm=2 0.39 0.44 1.66

(R812) and 12 nm (R974 and R805). As expected, the smaller
sized particles of R812 lead to a higher surface area of 260 m? g!
than the surface area of the 12 nm samples, which are com-
parable at 150-170 m? g~!, respectively. To achieve the forma-
tion of a gel, the particles have to be incorporated into a solvent
that facilitates particle/particle interactions resulting in network
formation and a higher elastic modulus than gels that also show
particle/solvent interactions.?’] The particle size as well as the
particle functionalization regarding density, chain conformation
and length play a role for the rheological properties of gels.
Polyethylene glycol (PEG) was chosen as a solvent due to the mis-
match of its polar character to the non-polar surface chemistry of
the fumed silica and its matching refractive index of 1.46. For
embedded printing, a soft gel with sufficient storage modulus G’
is required to hold the extruded ink in place and to prevent the
sagging of the printed shape. To test the formation of gels, the
fumed silicas from Table 1, with different surface modifications
(see Figure 1a) were dispersed in PEG at 10% (w/v). The forma-
tion of transparent gels was observed, see Figure 1a,b. From here
on, the 10% gels are denoted as gR974, gR812, and gR805 by the
type of silica they contain.

Dynamic rheology experiments were performed to test the soft
gel-like behavior of the gels. Experiments were conducted to en-
sure a strain amplitude within the linear viscoelastic region (see
Figure S1, Supporting Information). The dynamic rheological
responses are presented in Figure lc. The data shows gel-like
behavior for the three samples, gR974, gR812, and gR805, as
the elastic modulus (G’) remains constant and dominates over
the viscous modulus (G'’) independently of the frequency.*®] A
significant increase of the elastic modulus (G’) is observed for
gR974, gR812, and gR805, respectively with 311, 5483, and 10267
Pa (at frequency 0.1 Hz) for gR974, gR812, and gR805, respec-
tively (Figure 1d). The strongest network formation is therefore
observed with the longest alkyl sidechains of R805. The long
sidechains can more easily get into contact and interact with an-
other to form a strong network.

In embedded printing, the movement of the needle through
the supporting bath is key for depositing the liquid ink. The
formed gels require a network structure that can be momentar-
ily destroyed by applied shear stress or strain to reach the liquid
behavior. This transition from solid to liquid behavior is possi-
ble when enough deformation is applied to overcome the yield
stress of the fluid. In embedded 3D printing, overcoming the
yield stress at the relatively low shear rate applied by the move-
ment of the needle, is necessary. The shear rate exerted by the
needle can be approximated by the printing speed divided by the
needle thickness.*®] For this work we used 15 mm s~! of print-
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ing speed and a needle of 700 um outer diameter, which cor-
responds to a shear rate of 21 s7'. Next to overcome the yield
stress, shear thinning behavior at these low shear rates allows
for the deposition of the liquid ink filament while the yield stress
holds the deposited filament in place. The prepared fumed silica
gels were tested for yield stress behavior (Figure 2a). Herschel—-
Buckley’s!!l model was used to fit the flow curves and determine
the yield stress. According to the Herschel-Buckley fitting, the
yield stress is 10 Pa, 37 Pa and 248 Pa for gR974, gR812, and
gR805, respectively. As also observed for the elastic modulus, the
highest yield stress is observed in gel R805, which is likely the
result of the interactions between the longer alky-chains of the
fumed silica, which provide more sites for van der Waals interac-
tions. Figure 2a also shows that the yield stress is overcome at rel-
atively low shear rates for all types of fumed silicas. The low shear
rates required to destroy the network indicates that the interac-
tions between the fumed silica correspond to physical bonding.
This weak interaction is expected, specially from purely alkyl-type
chains. For the shear thinning test, shear rates in the range of
the shear rates exerted by the needle (21 s7!) were chosen, as the
shearing by the needle needs to ensure the change from solid-like
to liquid-like behavior in the gel. A viscosity drop from 108 to 103
mPa s when increasing the shear rate from 1072 to 10? s~! was
observed (Figure 2b). The increase of the yield stress also causes
the persistence of crevasses in the wake of the needle (Figure 2d).
When the hydrostatic pressure at the bottom of the crevasse ex-
ceeds the yield stress, the crevasse collapses,'1°! otherwise, it re-
tains a final size in the range of

O—Y
b=t M

where h is crevasse height, o, is the yield stress, and p is density
and g gravity. With an estimated density of 1,2 g cm™ of the gels,
the final size of the crevasse would be in the range of 0.8 mm for
gR974, 3 mm for gR812 and 21 mm for gR805 (if the needle was
lowered below the point, the crevasses collapse). An experimen-
tal print was conducted to analyze the crevasse formation in the
gels. For the very low yield stress of gR974, all crevasses readily
collapse, and the remaining crevasses are too small to observe
(Figure 2d,i), while for increased yield stresses, the crevasses per-
sist with lower (gR812, Figure 2d,ii) and higher height (gR805,
Figure 2d,iii). Thus, the data confirms the formation and pre-
dicted size of the crevasses. When crevasses form, the deposited
ink may flow into the space of these air pockets, causing a de-
formation of the filament structure from the ideal round shape.
Fluorinated acrylate ink Fluorolink MD 700 was chosen due to its
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Figure 2. Influence of the yield stress of hydrophobic gels gR974, gR812, and gR805 (fumed silicas in polyethylene glycol (PEG) at 10%w/v) on crevasse
formation and on the cross-section of the embedded MD700 printed filaments. a) Analysis of the yield stresses of the supporting baths gels, which are
10 Pa, 37 Pa and 248 Pa for gR974, gR812, and gR805, respectively as determined by Herschel-Bulkley fit. b) Shear shining behavior of the supporting
gels: shear-thinning behavior in the range of shear rates exerted by the printing needle (21 s~') was observed. c) Fluorinated acrylate MD700 ink was
tested for its rheological behavior. MD700 ink shows low-viscosity Newtonian behavior. d) Images of the printing needle during printing of ink MD700
at a speed of 15 mm s~! at ~12 mm depth in supporting baths i) gR974, ii) gR812 and iii) gR805, showing the formation of crevasses of increasing
height with increasing yield stresses. Scale bars 5 mm. e) Scanning electron microscopy of the resulting cross-section of the single-filament prints in (d).
The filaments retain a rounded cross-section only when printed in the low yield stress supporting bath gR974 (i). With higher yield stresses supporting

baths, the formation of crevasses leads to drop-shaped (ii) or elongated line-shaped (iii) filaments. Scale bars 50 um.

hydrophobic character, immiscibility with PEG and low interfa-
cial tension 0.4 mN m~!. Due to its hydrophobic character the
interfacial tension with water is high that makes the material un-
suited for printing in classical matrices like, e.g. Carbopol (see
Figure S2, Supporting Information). The viscosity of the ink was
analyzed, and show Newtonian behavior and a viscosity of 0.45
Pa.s was observed (Figure 2c). The viscosity of the ink is thus
lower than the viscosity of the supporting gels at the printing
speed, which are 3, 10, and 33 000 Pa.s for gR974, gR812, and
gR805, respectively, as shown in Figure 2b. Due to the low viscos-
ity, itis likely that the ink can fill the crevasses, which leads to fila-
ment deformation. Single printed filaments were analyzed using
SEM (Figure 2e). In R974, with readily collapsing crevasses the
ink maintains a rounded cross-section due to the tubular shape
of the needle (Figure 2e,i). However, at higher yield stresses of

Adv. Mater. Technol. 2024, 2400533 2400533 (5 of 9)

the supporting bath, when static crevasses are present, a low-
viscosity ink fills the crevasses immediately leading to a distor-
tion of the ideal filament to a drop-shape for gR812 (Figure 2e,ii)
and an elongated line for gR805 (Figure 2e,iii). Thus, a low-yield
stress gel like gR974 would be the best choice to achieve uniform,
round-shaped filaments and high shape-accuracy prints.

3.1. Adjusting Rheology of Ink to Mitigate Effect of Crevasses

As low-viscosity ink readily flows into crevasses, the rheological
modification of the ink should lead to a reduction of this effect.
To analyze the effect of the ink rheology on the final shape of
the printed filaments, we engineered two inks based on MD700
by introducing fumed silica as a rheological modifier. MD700
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Figure 3. Reducing the effect of crevasses on filament shape by rheological adjustment of the printing ink. The rheology of fluorinated acrylate ink MD700
was adjusted using fumed silica R816 5% (w/v), and 10% (w/v). Resulting inks are denoted as 5R816MD700 and 10R816MD700. The modification leads
to a) increased shear viscosity and a shear thinning effect and b) yields stresses of 12 Pa and 56 Pa for 5R816MD700 and T0R816MD700, respectively.
) The shear viscosity of the modified ink with fumed silica R816 10% increase its viscosity faster than the modified ink with fumed silica R816 5% (w/v)
after the extrusion rate. Scanning electron microscopy of the cross-section of prints in gR805 from d) unmodified ink MD700, ) MD7000 modified with
R816 5% (w/v), and f) MD7000 modified with R816 10% (w/v). Despite the formation of crevasses in gR805, the filaments can be printed with a round
cross-section due to the rheological modification of the ink. Scale bar for d, e, f: 50 um.

was modified with fumed silica R816 by 5% w/v (referred to
as 5R816MD700) and 10% w/v (referred to as 10R816MD700).
The effect on the rheological properties of the ink was tested.
Figure 3a shows the shear viscosity of the created inks at the
extrusion shear rate, which is in the range of 100-1000 s1.1]
It can be observed that by the addition of the fumed silica, the
viscosity at the extrusion rate 100 s~! increased from 0.45 Pa s
without modification to 2 and 6.6 Pa s for 5R816MD700 and
10R816MD700. Additionally, the modification induced a yield
stress in the inks, of 12 and 56 Pa for 5R816MD700 and
10R816MD700 (see Figure 3b). The ink behavior upon the sud-
den change of shear rates was studied to ensure that the vis-
cosity mimics the situation of the extrusion where the ink is
sheared at ~#100 s71*] and then returns to an unsheared state.
Figure 3c indicates that the ink, increases its viscosity (~0.01
s71) immediately after the extrusion, leading to a stronger re-
sistance to flow behind the needle for 10R816MD700 than
5R816MD700. The engineered inks were tested for their printing
behavior in gR805, which is the supporting bath with the high-
est yield stress showing crevasse formation (see Figure 2d,iii).
In gR805, the filament shape for unmodified MD700 is shown
in Figure 3d, showing again the elongated square shape (com-
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pare also Figure 2e,iii). With increasing shear viscosity and shear
stress, the cross-section of the filament changes from a trian-
gular shape of 5R816MD700 (Figure 3e) to a completely round
cross-section for 1I0R816MD700 (Figure 3f). Thus, printing in a
supporting bath that shows crevasse formation is still possible
by correct adjustment of the printing ink (see Figure S3, Sup-
porting Information). The frequency sweep test of the modified
ink 10R816MD700 shows gel-like behavior at low frequency (see
Figure S4, Supporting Information) demonstrating that the ink
does not flow easily after being extruded in the supporting bath.

3.2. Combination of Ink and Matrix Rheology for High Accuracy
Prints

To achieve a high-accuracy print, besides the overall supporting
properties of the baths, the overall stability of the printed shapes
is of high importance. Immediately after the needle shears the
supporting bath, the bath must re-solidify quickly to trap the
printed filaments, keep the shape of the filaments, and allow to
print the successive layers of filament without distortion of the
previous ones. Thus, it is crucial to determine the recovery time
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Figure 4. Combination of ink and matrix rheology for high accuracy prints. Recovery time of gR974, gR812, and gR805 and their impact on the accuracy
of 3D printing. a) Oscillatory time sweep test to quantify the time needed to achieve 80% recovery of G’ with recovery times of 2.6, 0.6, and 0.2 s for
R974, R812, and R805, respectively. b) G-Code model and bridge structures printed into gR974, gR812, and gR805 with optimized ink T0R816MD700
showing the high accuracy prints only for supporting bath gR805 with a fast recovery time of 0.2 s. c) Close-up of the bridge-structures presented in (b),
showing the stability and accuracy of the 3D standing structure for optimized ink T0R8 16MD700 in supporting bath gR805 with fast recovery times.

of the supporting bath. An oscillatory time sweep test was per-
formed to quantify the time that the elastic modulus G’ needs
to recover the solid state after high deformation. According to
the amplitude sweep test in Figure S1 (Supporting Information),
a low strain of 0.001% within the linear viscoelastic region was
applied to mimic the rest behavior and a large strain of 10% of
the non-linear viscoelastic region was used to guarantee a com-
plete deformation of the network formed by the interactions of
the fumed silica particles. Figure 4a illustrates the recovery be-
havior of each gel. The network formed by the dimethylsilyl alkyl
chain (R974) interactions required 2.6 s to restor 80% of G, the
trimethylsilyl (R812) reduced this time to 0.66 s, and the highest
length of the chain (R805) required the shortest structure recov-
ery time of 0.2 s. To determine how the recovery time plays a
major role in the printing accuracy, we used the previously en-
gineered ink 10R816MD?700 for printing in the three supporting
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baths: gR974, gR812, and gR805. A geometrical figure of a bridge
was chosen as a test geometry. The results show that the support-
ing bath with the fastest recovery properties results in the highest
accuracy prints (see Figure 4b). In the close-up in Figure 4c, the
high accuracy is demonstrated on one of the upward printed fea-
tures of the bridge, showing that only in gR805 the features of the
bridge are correctly printed in a straight manner. The supporting
baths gR805 can be re-used as there is no significant change in
the supporting properties after shearing (see Figure S5, Support-
ing Information).

To reduce the recovery time of the supporting bath, the print-
ing speed can also be adjusted. To test whether this adjustment
of printing speed would be sufficient to allow for printing in a
low-yield stress bath, unmodified MD700 ink and modified ink
10R816MD700 in low-yield stress supporting bath gR974 were
printed. The results are shown in Figures S6 and S7 (Supporting
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Figure 5. Final 3D-prints after removing the supporting medium. The finished 3D-printed product using T0R816MD700 as ink was removed from the
supporting bath gR805. a) The 3D model with three embossments on the top, b) the top view of the final 3D print with the embossments showing the
quality of the horizontal filament regardless of the three filaments printed at 90° on the top. c) the bottom view and d) the final bridge showing stability

by supporting a weight on the top.

Information). The results show that in general a print can be
achieved, but the precision is far from the results shown with
10R816MD700 in the high-yield stress supporting bath gR805
shown in Figure 4. Lower printing speeds are not feasible with
our system, but may lead to higher precision prints — at the cost
of very high printing times.

The resulting final print is taken from the bath and shown in
Figure 5. For comparison, a low-viscosity, unmodified MD700 ink
was printed in a low-viscosity supporting bath gR974, see Figure
S7 (Supporting Information). The results confirm that a faster
recovery time of the bath is needed to hold the structure in place
as shown by gR805, which requires the modification of the ink.

4. Conclusion

In this paper we showed that by careful engineering of the rhe-
ology of printing ink and supporting baths for embedded print-
ing, high accuracy prints can be generated. We prepared yielding
fluids gR974, gR812 and gR805 from three differently function-
alized fumed silicas in PEG200. We show that in the polar PEG
solvent the long alkyl-chain (octylsilyl) on the surface of fumed
silica R805 leads to a higher yield stress, a higher viscosity and
a faster recovery time of the viscoelastic properties after shear-
ing compared to fused silicas R974 and R812, which contain
diemthylsilyl and trimethylsilyl surface groups, respectively. The
higher yield stress of the supporting bath is beneficial for hold-
ing the ink in place, and the higher yield stress bath gR805 also
shows the fastest recovery time. However, the high yield stress
of gR805 also leads to crevasse formation, which then leads to
the deformation of the printed filament cross-section. We show

Adv. Mater. Technol. 2024, 2400533 2400533 (8 of 9)

that by engineering the properties of the printing ink, this effect
can be reduced to give well-shaped filaments also in supporting
baths with high yield stresses. Our results suggest that high ac-
curacy printing results in embedded printing can be achieved
by simple rheological modifications of the system. Our findings
will pave the way for more complex embedded prints in various
materials.
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Supporting Information is available from the Wiley Online Library or from
the author.
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