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Three-Dimensional (3D)-Printed Wood-Starch Composite
as Support Material for 3D Concrete Printing
by Viacheslav Markin, Christof Schréfl, Paul Blankenstein, and Viktor Mechtcherine

The applicability of wood-based, starch-bonded composite
materials for three-dimensional (3D)-printed temporal, fully recy-
clable support structures was studied experimentally with respect
to delivering the specific geometric and load-bearing features of the
product of a continuous 3D concrete printing process. Extrudability
of the support material developed was verified by direct test using
a conventional screw extruder. The observations and quantitative
results were compared with those gained with a ram extruder. The
development of the compressive strength of the support materials
was analyzed experimentally from an early age, beginning a few
minutes after extrusion. The results obtained confirmed the suffi-
ciency of the products strength in withstanding prospective weight
loads of concrete layers printed on top of the support. Further-
more, methods of enhancing early-age compressive strength were
analyzed, and a most promising approach was experimentally
implemented—namely, the deposition of the material under a
constant defined airflow. In contrast to its promising mechanical
material characteristics, massive fungi formation was observed
as early as 1 day, amounting to a severe drawback. Consequently,
improvements to the material s composition are suggested that will
not impair the environmental sustainability of the support material.

Keywords: material development; support material; sustainability;
three-dimensional (3D) concrete printing.

INTRODUCTION

Three-dimensional (3D) printing with cement-based
building materials has been intensively researched for
several years. Both materials and process technology have
been analyzed and developed further,' and accordingly,
3D concrete printing (3DCP) has evolved from a mere idea
to a practicable production technique with pilot structures
already in existence.*

A holistic view of 3DCP reveals four significant poten-
tial advantages compared with traditional concrete produc-
tion: increased productivity, lower costs, time savings, and
freedom of form and design.’ The last advantage, however,
has certain limitations. Cantilevered or horizontal self-
supporting structures, quite naturally, cannot be built
because extra inlays of prefabricated, supporting formwork
may markedly slow the construction progress and dramat-
ically increase its costs. Thus, feasible solutions for the
production of such overhanging structures and lintels over
windows and doors also need to be developed. So far, only
a few approaches to address this challenge have been imple-
mented.®!? Figure 1 shows, for example, manually installed
doorway lintels that can be made of various materials.
However, interruptions in the construction process and the
involvement of additional labor for the manual installation of
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the lintels contradict the key idea of automation in construc-
tion and continuous 3DCP.'?

Figure 1 also illustrates a more promising concept for
the production of overhanging structures. With the help of
a robot, the prefabricated window frame is placed at the
predefined location and held until the surrounding walls are
printed.® Depending on the size and weight of the window
frame and the structural buildup rate, and the resulting load-
bearing capacity of the concrete, fixation of the frame is
needed either for several minutes or, in certain cases, for
hours. Furthermore, more than one additional robot will
most likely be needed to continuously print wall elements
with several windows.

As further shown in Fig. 1, it is possible to produce
self-bearing arches by a slight lateral shift of the concrete
layers.!! The emerging structural shape was once typical
in Indian, Islamic, and Gothic architecture. However, this
building technique significantly restricts design flexibility.

Another study proposed the use of a 3DCP machine print-
head with a specially designed, automated gripper that could
install a prefabricated lintel at a specified position in the
wall.” As soon as the gripper completes the lintel installation,
the printhead can begin depositing the subsequent layers
on top. However, a significant drawback of this solution is
assumed to lie in the potentially enhanced vulnerability to
crack formation in the wall. The rigid lintel beam restrains
the upper layer, which shrinks over time owing to desicca-
tion and cement hydration, thus giving rise to such cracking.
Another presumable drawback is the distinct deformation of
the concrete layers induced by the additional weight of the
lintel.

Tay et al.'’ proposed the use of concrete as a building mate-
rial for structural elements and at the same time as support
material (SM). By decreasing the flow rate in the regions
of the planned openings, weaker but still adequate load-
bearing layers could be produced, and the regular concrete
layers could subsequently be placed on top of such support.
The weaker regions can later be easily cut out of the struc-
tural element. This method may be used for small subtasks,
such as the provision of holes for electrical conduits or
pipes. However, this approach does not include a concept
for reusing the severed pieces of hardened concrete.

ACI Materials Journal, V. 118, No. 6, November 2021.

MS No. M-2020-469.R3, doi: 10.14359/51733131, received June 28, 2021, and
reviewed under Institute publication policies. Copyright © 2021, American Concrete
Institute. All rights reserved, including the making of copies unless permission is
obtained from the copyright proprietors. Pertinent discussion including author’s
closure, if any, will be published ten months from this journal’s date if the discussion
is received within four months of the paper’s print publication.

301



o }
Lintel made out of
steel or composite

material

Fig. 1—FExamples of production of overhanging structures: (a) 3D-printed hotel villa®; (b) 3DCP of apartment building at
ICON’; (c) automated installation of window frame®; and (d) 3DCP of inclined elements."!

Similar to fused deposition modeling 3D printing (FDM
3DP), support structures can be printed to stabilize over-
hangs or parts suspended in midair. When the concrete in
the structure itself is sufficiently hardened, the support
structures are removed and fully recycled.!> Process-
specific parameters that distinguish 3DCP from other
methods in additive manufacturing are also summa-
rized.»'*!5 The authors have described the first successful
effort to develop a sustainable SM for extrusion-based
digital construction (DC).!® The SM was based on wood,
starch, and water only. It was completely bio-based and
regarded as fully recyclable. Material and process-specific
requirements for the integration of this SM into 3DCP based
on extrusion-based DC were identified. A feasible process
chain for the mixture design approach was established. The
cited study demonstrated the basic influences of the compo-
sition of the SM on extrudability and compressive strength.
However, the extrudability was not sufficiently character-
ized and classified, and the shape stability of the SM was
not assessed.

The present paper aims to evaluate whether the wood-
starch-based SM studied previously applies to the production
of overhangs and strongly inclined structures. The generation
and 3D printing of the SM should be fully integrated into
the continuous workflow of 3DCP. Important issues include
the determination of the process steps influencing the life
cycle of the SM and its practically relevant material prop-
erties. Figure 2 shows the process chain for the 3D printing
of SM. The major steps are as follows: 1) 3D printing of
the SM; 2) demolishing the SM after sufficient hardening of
the supported concrete; 3) temporary storage; and 4) repro-
cessing. In addition, reprocessing should be followed by
constant quality control. The investigation at hand focuses
on step 1, especially on the properties of the SM relevant for

302

3 step
Temporary
storage

4% step
Reprocessing

\ ’

continuous
Quality control

Fig. 2—Process chain for application of SM.

3D printing. Important properties of the SM are its economic
and environmental sustainability, which are delivered by
wood-binder compounds without restriction. Maize starch
was chosen as the binder due to its advantageous charac-
teristics in cohesion and flow behavior in the fresh state.!®!”
Prior to the experimental work, the required strength and
load-bearing capacity of the SM were determined.

RESEARCH SIGNIFICANCE

The development of formwork-free DC using concrete
emerged into civil engineering practice several years ago.
3DCP based on additive manufacturing—that is, layer-by-
layer material deposition—promises high flexibility in terms
of the geometry of elements to be produced and related
printing strategies. However, a severe drawback of this
technology is its limited ability to execute overhangs and
strongly inclined structures smoothly and as an integral part
of the automated, continuous printing process. The current
study assesses the potential of wood-starch-based compound
for the application as a printable, fully biologically based,
recyclable SM for 3DCP.
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Table 1—Mixture compositions for the support
material, per m?

Unit content, kg/m? M-1 M-2 | M-3

Spruce particles Type A 71.4 35.7 | 30.8

Spruce particles Type B — 35.7 | 30.8
Maize starch 154.7 | 152.8 | 121.5

Guar flour 39.9 39.2 | 329

Tap water 552 545 607

Water-reducer (aqueous solution as obtained) — 14.6 | 29.1

Table 2—Mixture composition of printable
concrete, per m?

Constituents Density Weight per unit volume, kg/m?
CEMIS52.5R ft. 3100 391
Fly ash 2271 213
MSS* 1400 213
Sand 0.06-0.2 2650 252
Sand 0-1 2650 252
Sand 0-2 2650 756
Tap water 1000 138
Superplasticizer PCE 1010 14

“Aqueous suspension of microsilica with dry mass content of 50 % 2%.

EXPERIMENTAL PROCEDURE
Raw materials and mixture design

Table 1 presents the mixture proportions for the SM
under investigation. For 3DCP experiments, that is, for inte-
grating the SM deposition into the continuous workflow, the
finely grained concrete mixture described earlier'® was used
(Table 2).

Two types of spruce particles were used as filler in all
mixtures, which were produced at the Institut fiir Holztech-
nologie Dresden gemeinniitzige, Dresden, Germany. Type A
had a maximum particle size of 0.5 mm, defined by the sieve
mesh size through which it passed, and type B had a particle
size of 2.0 mm (refer to Fig. 3). Maize starch was used,;
guar flour was added to adjust the rheological properties
of the SM; and a polycarboxylate-based high-range water-
reducing admixture was used to achieve optimum consis-
tency without a significant increase in water content.

Preparation

The components were mixed in a planetary mixer. For
each test, 30 L of the SM were prepared. At first, all dry
materials were homogenized for 2 minutes at an engine
speed of 68 rpm. Subsequently, water and water reducers
were added, and mixing was resumed for 2 more minutes at
the same speed. After optical assessment of the homogeneity
achieved and scraping of the walls, mixing was continued
for 1 additional minute at the same speed. SM compositions
exhibited stiff and non-flowable consistency similar to that
of clay pastes. It was assumed that the granulation of the
SM could facilitate continuous material feeding during the
extrusion by a screw extruder. The granulation of the SM is
shown in Fig. 4. Mesh sizes of 8.0 and 4.0 mm were used for
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Fig. 3—Light microscope pictures of spruce particles used.
(a) maximum sieve size 0.5 mm; and (b) maximum sieve size
of 2.0 mm.

Fig. 4—Granulation of SM for ensuring of continuous mate-
rial feeding: (a) sieves used for manual granulation of SM;
and (b) granulated SM (scale in cm).

M ’T} Engine
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Fig. 5—Schematics of equipment used for printing trials: (a)
screw extruder, and (b) ram extruder.

the granulation of the already prepared SM. The ratio of the
two granules’ fractions was held equal at 50:50. The entire
mixing procedure took 4 minutes, and the granulation of the
SM took less than 5 minutes.

Extruders for printing trials

Two devices were used to assess the extrudability of the
SM: 1) a screw extruder; and 2) a ram extruder. Figure 5
shows the schematic construction of the customary screw
extruder. The specific geometry of the Archimedes screw
implemented allows a flow rate of 0.12 m*/h at a rotation
speed of 0.5 rpm. Essentially, the difference between a screw
and a ram extruder is the method of conveying the material.
In a ram extruder, the material is pushed through the cylinder
by a piston (refer to Fig. 5). Experiments were carried out in
this study at a constant effective ram velocity of 15 mm/s,
that is, at a constant flow rate. A load cell with a maximum
load capacity of 5 kN was used to continuously measure the
ram extrusion force (REF). The orifice of the ram extruder
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Fig. 6—Experimental setup for continuous 3D printing with concrete and SM.
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Fig. 7—Followed procedure for preparation and processing of images.*’

had a diameter of 60 mm. After filling the SM into a cylinder
of diameter 120 mm and height 300 mm, the REF and effec-
tive ram displacement were measured.

3D printing with support material and concrete

Figure 6 shows the test setup for the continuous 3D
printing of SM and concrete. The SM was extruded with a
screw extruder detailed in the previous section. The concrete
mixture was extruded with a modified mortar pump, as exten-
sively described previously.!” Both extruders were rigidly
connected and moved using the automatic gantry system at
a constant speed of 40 mm/s. The concrete extruder and the
SM extruder were each equipped with a rectangular nozzle
with opening dimensions of 15 x 49.5 mm and 15 x 50 mm,
respectively. The printable concrete mixture was prepared
in parallel with the SM preparation. After mixing, the mate-
rials were filled into the respective hoppers of the printheads.
Layer-by-layer deposition intervals for both concrete and
SM layers were set at 30 seconds.

Uniaxial unconfined compression test

A displacement-controlled uniaxial, unconfined compres-
sion test (UCT) was performed on cylindrical SM specimens
with a height of 34 mm and a diameter of 48 mm to deter-
mine early-age mechanical properties. The SM was placed
in a cylindrical formwork and was manually compacted.
The formwork was removed before the compression test. To
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determine the influence of production methods, one batch
was prepared directly from the 3D-printed filaments of the
SM. Specimens were produced by extracting them from the
3D-printed filaments using a cylindrical, sharp, thin-walled
cutter. The tests were performed using a testing machine
equipped with a 10 kN load cell and loading plate with a
diameter equal to that of the specimens. The loading rate
was 30 mm/min; the test was stopped at a strain of 25%. The
cross section of each specimen was assessed optically using
images made with a digital single-lens reflex camera as the
basis for calculating the stress values. To obtain a reasonable
frequency of images for analysis, a video was recorded. This
video was later converted into a sequence of single images
using an open-source program. Image processing was
performed using the methodology described by Invaniuk?®
(refer to Fig. 7).

Enhancement of early-age mechanical properties
Figure 8 depicts the proposed method for enhancing the
carly-age mechanical properties using airflow. To assess
the effectiveness of this approach in the laboratory, two test
series were prepared; one test series aimed at quantifying the
mechanical properties of the untreated specimens as a refer-
ence. SM specimens were therefore kept under ambient condi-
tions of approximately 60% relative humidity and temperature
0f 20°C and tested at the ages of 60 minutes, 180 minutes, and
24 hours after water was added during mixing. In the other
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Fig. 9—Two typical application scenarios for SM in 3DCP: (a) door opening with concrete cover of 40 cm; and (b) window

opening with concrete cover of 50 cm.

series, conditions simulated those onsite by the use of a fan.
Cylindrical SM specimens were placed in a wind tunnel with a
constant airflow of 5 m/s, relative humidity of approximately
50%, and a temperature of 20°C at the age of 40 minutes after
water addition. Technical information on the wind tunnel
can be found in Ghourchian et al.?! These specimens were
treated in the wind tunnel for three durations—specifically
20 minutes, 120 minutes, and 24 hours. At least four indi-
vidual specimens were tested per series.

Electron microscopy

An environmental scanning electron microscope was used
in its so-called “low-vacuum mode.” The specimens were
imaged as obtained, with neither sputter coating nor exces-
sive drying during the measurement procedure.

EXPERIMENTAL RESULTS AND DISCUSSION

Requirements on load-bearing capacity of SM

The mechanical properties of the SM must be adjusted
with regard to the application scenario. Figure 9 shows two
typical cases for the application of the SM: the production
of a window and a door opening. The SM is exposed to
stresses caused by its own weight, the weight of the subse-
quent SM filaments, and, finally, the weight of the subse-
quent concrete filaments. For simplicity in the case at hand,
wind load during the construction process was neglected.
The bottom layer of the SM structure is considered the most
stressed layer owing to the accumulation of the weights of
the upper layers, extruded and deposited later on. Therefore,
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yield stress in the bottom layer of the SM structure depends
primarily on the height of the printed support structure and
on the height of the concrete structure. Thus, the stress in the
bottom layer of the SM structure can be expressed by the
following equation

Egyp = psubsug +p.h.g (1)

where psy is the density of the SM; /gy is the height of the
SM structure; g is the gravity constant; p,. is the density of
the concrete; and 4. is the height of the concrete layers.

It must be noted that Eq. (1) represents the worst case
because it does not consider any redistribution of stresses
within the system. In reality, a part of the load induced by
concrete deposited above the SM is carried by concrete to
the left and right of the opening, while—assuming contact
between SM and concrete in a vertical plane—a part of the
forces in SM would be redistributed to a stiffer material—
that is, concrete again to the left and the right.

With an SM density of 1.100 kg/m* and a concrete density
of 2.200 kg/m?, the yield stress of the bottom layer of the
SM structure would be maximally 0.03 MPa for a door
opening and maximally 0.02 MPa for the window opening
with the dimensions shown in Fig. 9. It is worth noting that
according to results published on 3D printing with foam
concrete, requirements for the early-age stress capacity of
the SM could be significantly lower because the density of
the foam concrete is noticeably lower than the density of
ordinary 3D-printable concrete. '8
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Measurement of extrusion force by use of ram
extruder

Figure 10 shows the REF measured at various ram displace-
ments. All curves plotted can be divided into three distinct
regions, confirming previous results on ram extrusion'®22-24;
a) an exponential increase of REF at flow initiation; b) a
steady-state region; and c) flow termination. Compositions
M-2 and M-3 exhibited similar allocations of the exponen-
tial increase in the REF against the displacement. However,
for M-1, the exponential increase in REF started much later
than for the other two mixtures. The pronounced increase
in REF is linked to the compaction of the material in the
barrel of the extruder. A shift of the onset of the exponen-
tial increase in the REF from approximately 200 mm of ram
displacement by M-2 and M-3 to approximately 240 mm
for M-1 was observed. The absence of the water-reducer
markedly influenced the density, porosity, and viscosity of
M-1. The reason for this is the combination of spruce parti-
cles with differently sized particles in M-2 and M-3, which
greatly enhanced packing density. Figure 10 indicates that
M-1 has the highest REF and M-3 the lowest. In general, the
REF of any mixture is inversely proportional to its extrud-
ability. Hence, M-3 has the highest extrudability. It is worth
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Fig. 10—Results of ram extrusion tests.

noting that in the present context of extrusion-based DC, the
term extrudability defines only the ability of the material
to pass through the orifice of the extruder but says nothing
about the ability of the material to retain the shape taken
from the orifice. Thus, in addition to the assessment of mere
extrudability, a quantitative estimation of the buildability
of the SM is needed, for example, by measuring early-age
mechanical properties.

3D printing test results

The results discussed in the previous section revealed that
all SM compositions designed could be successfully extruded
by the ram extruder. Figure 11 visualizes the example of
SM extrusion by this device. Figure 11 shows a wall spec-
imen consisting of SM filaments manually deposited layer
by layer and obtained from the ram extruder. Each layer
retained approximately the circular cross section imposed by
the geometry of the orifice, resulting in insufficient contact
surfaces between the layers, which would severely compro-
mise the structural stability of the supporting parts. A rectan-
gular cross section of the SM layers naturally appears more
appropriate.

According to the plan, the suitability of the screw extruder
equipped with a rectangular nozzle was tested as well.
Figure 11(c) depicts an SM specimen printed by the screw
extruder. It consisted of six layers, all of which had retained
the rectangular shape imposed by the nozzle. No significant
deficiencies in the quality of the individual layers could
be noted. However, in contrast to the ram extruder, only
composition M-3 could be extruded by this device, whereas
M-1 and M-2 could not be handled.

A precondition for conveying the SM by a screw is that
little to no adhesion of the material to the surfaces of the
screw should take place. Whereas all SM compositions
exhibited stiff and non-flowable consistency in a quite
similar fashion to clay pastes, M-3 contained a water-
reducing admixture and more water than M-1 and M-2, and

A———7
l :

Fig. 11—Extrusion of SM: (a) extrusion by ram extruder with circular orifice,; (b) manually assembled M-3 SM layers produced
with ram extruder, and (c) SM wall specimen made of M-3 by layer-by-layer deposition using screw extruder with rectangular

nozzle.
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Fig. 12—(a) Scheme of integrated continuous 3D printing of SM and concrete, and (b) images of printed specimens. (Note:
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thus the “stickiness” of M-3 was less pronounced and its
plasticity distinctly higher than that of the other two SM.
Figure 10 indicates the ease of conveying M-3 with a ram
extruder as compared with M-1 and M-2. This difference
was significant with respect to the extrudability of M-3 by
the screw extruder in the given configuration.

Interestingly, granulation of the SM proved insufficient
in enhancing the conveying ability of any SM composi-
tion through the screw of the extruder when compared with
the as-obtained material from the mixing process (refer to
Fig. 4). To enhance the extrudability of the SM by the screw
extruder, the material was compacted manually and pushed
toward the screw using an auxiliary wooden bar, which
pronouncedly facilitated the continuous extrusion. This
finding may indicate the need for further developments with
respect to the extruder unit.

Continuous 3D concrete printing with
implemented SM deposition

The full-scale integrated 3D printing process of both SM
(M-3) and concrete and the printing procedure’s outcomes
are illustrated in Fig. 12. Six SM layers were printed one
after another; then, the positioning of the extruders was
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changed, and six concrete layers were deposited on top of the
SM. While the flow rate of the SM matched the forwarding
velocity of the extruder, the concrete flow rate was not accu-
rately synchronized, resulting in smooth SM but slightly, yet
visibly, buckled concrete layers. During the printing of the
concrete, the filaments of the SM showed no visible defor-
mations. However, approximately 5 minutes after comple-
tion of the concrete extrusion, deformation of the support
structure began. Starting at the bottom layer, the stability of
the overall structure was severely endangered. This observa-
tion emphasizes the significance of enhancing the early-age
mechanical properties of the SM, as discussed in the next
section.

Uniaxial unconfined compression test

The SM must develop sufficient mechanical strength to
withstand the stresses from consecutive SM and concrete
layers without exceeding permissible deformations. Yield
stress and compressive strength of the SM increase over
time, which is attributed to the evaporation of water and
associated consolidation. Previous research on this starch-
bonded SM shows that the moisture content greatly influ-
ences the compressive strength and its development over
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Fig. 13—Stress-strain diagrams obtained by unconfined compression test of composition M-3: (a) SM aged 60 minutes afier
water addition in ordinary room climate; (b) SM aged 40 minutes after water addition followed by 20 minutes of exposure in
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addition followed by 120 minutes of exposure in wind tunnel.

time. Aside from the physical bonding of water molecules
into the polysaccharide structures, water is not bound chem-
ically, in contrast to the hydrating concrete/cement condi-
tion.'® Hence, gains in yield stress and mechanical strength
can be improved only by accelerating the drying process
of the SM unless the composition of the SM is substan-
tially changed. For example, installing a blower fan on the
construction site will speed up the strength development of
the SM due to the increased moisture transport by convec-
tion/air exchange (refer to Fig. 8). However, it needs to
be considered that premature dehydration of the concrete
layers would lead to increased capillary pressure and may
result in crack formation owing to restrained plastic and/or
drying shrinkage. Therefore, it is necessary to adapt the
curing procedure so that concrete cracking is not triggered.
One option would be to protect concrete against desiccation
by applying thin polymer films on the concrete surface—for
example, by spraying.

The results of the UCT are presented in Fig. 13. The stress-
strain diagrams show that the properties of the SM change
over time and depend on both curing time and curing condi-
tions. While one set of cast specimens was cured without air
movement in the ordinary laboratory climate, another was
exposed to controlled airflow (that is, wind), as in Fig. 8.
The aeration was started 40 minutes after SM preparation
and lasted for 20 or 120 minutes, respectively (Fig. 13).
Prolonged air circulation positively influenced the gain in
mechanical properties of the SM. Distinct enhancement of the
mechanical properties could be seen only after 120 minutes
of wind curing, whereas 20 minutes of curing did not suffice.
Interestingly, 20 minutes of wind curing resulted in fairly
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similar load-carrying capacities to the no-wind conditions,
but this value was obtained at lower strain values, indicating
higher stiffness of the material. Contrarily, aerating the SM
specimens for 120 minutes almost doubled their compres-
sive strength; a value of 0.02 MPa was achieved, which had
been calculated to be the minimum stress capacity required.

Continuous 3DCP of a wall element with a window
opening is possible from this point of view. However, the
peak stress value corresponds to a strain of 7.5% (refer to
Fig. 13). In a window opening with a height of 1 m, such
deformation of the support structure translates into an abso-
lute deformation of approximately 7.5 cm, which is too high.
Note, however, that this estimation is based on extremely
conservative assumptions, as mentioned previously. In addi-
tion, it must be stated that any considerable deformation of
SM in the vertical direction would certainly lead to corre-
sponding lateral deformation in the horizontal direction,
which the contiguous concrete walls would restrain. Such
restrained deformation would induce a multi-axial state of
stresses in the SM and considerably decrease its deforma-
tion in the vertical direction, thus increasing its compressive
strength. A more comprehensive analysis of SM’s in-place
deformations and strength behavior is the subject of an
ongoing investigation. Nevertheless, additional measures to
reduce the deformability of SM might be needed, such as
extending the duration of aeration.

Results of the UCT discussed so far stemmed from cast
specimens for reasons of experimental feasibility. Transfer
to 3D-printed SM specimens was investigated using only
the most promising combination of parameters. The results
presented in Fig. 14 confirm that the properties of the cast
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Fig. 14—Stress-strain diagrams of composition M-3, 24 hours after water addition: (a) nonaerated specimens, cured at 60%
RH and 20°C for 24 hours; and (b) cast specimens cured in wind channel for 24 hours.

(that is, manually produced SM specimens) match the mate-
rial properties of the specimens extracted from 3D printed
SM layers. Furthermore, it is obvious that aerating the
SM for 24 hours indeed enhanced the stress capacity up to
12 times, as shown in Fig. 14.

Sustainability and recyclability

A support structure in 3DCP needs only good short-term
properties because it is to be removed after a short time.
However, some longer-term properties must nevertheless
be considered for the sake of recyclability only. For phys-
ical and chemical reasons, dissolving the wood-starch-based
SM, preparing it anew with fresh water, and generating fully
recycled SM is not an issue. Consolidation and solidification
of this type of SM are based on a purely physical process that
does not change the chemistry of the substances involved at
a molecular level. However, a serious issue in the form of
excessive growth of fungi under certain climatic conditions
arose 24 hours after SM production (Fig. 15). The SM wall
specimen was kept under a normal relative humidity of 50
to 70% and ambient temperature conditions of 20 to 25°C.
One side of the SM wall specimen underwent free air circu-
lation—to the right in the image—and the other side—to the
left in the photograph—was leaning against a wooden beam
that prohibited air circulation. The ESEM images point
toward the formation of the “black mildew,” also called
Aspergillosis. This Aspergillosis species has been reported
in some instances to cause serious lung diseases in human
beings.?® For the transfer to practical applications, the wood-
starch-based SM mixture should thus contain a fungicide.

SUMMARY AND CONCLUSIONS

Integration of a support material (SM) in extrusion-based
additive manufacturing offers a promising solution to
produce horizontal and strongly inclined elements. The
experimental study demonstrated that wood-starch compos-
ites are suitable for continuous three-dimensional (3D)
printing of concrete elements. In more detail, the following
conclusions can be drawn:

*  The mechanical properties of the SM must be adjusted
with regard to any particular application scenario—
that is, increasing loading imposed by the buildup of
the concrete structure. Minimum uniaxial compressive
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Fig. 15—Fungi formation in 3D printed M-3 SM wall
specimen; right side. (Note: scanning electron microscopy
images taken at location indicated.)

strength of the SM for a door opening and a window
opening were conservatively assessed based on gravity
forces exhibited by the subsequently deposited layers.
More comprehensive analyses of real loading and
deformation conditions of the SM are required, taking
into account potential force redistributions and geomet-
rical confinement by adjacent concrete parts.

*  Generation of the SM structures should be accom-
plished by using similar machinery for extrusion of
concrete, thus enabling easy SM printing and three-
dimensional concrete printing (3DCP) in one contin-
uous process. The experimental campaign revealed that
the extrudability of SM was pronouncedly impacted
by the extrusion method and SM composition. For
screw extruders, it is essential to use SM mixtures with
reduced stickiness.

*  Accelerated desiccation of the SM by a gentle wind
(speed 5 m/s) and slightly decreased relative humidity
(50% RH) considerably enhanced the early-age
compressive strength of the SM as compared with still
air and 60% relative humidity. Although quicker drying
supports the buildup of mechanical performance, the
high deformability of the freshly placed SM in conjunc-
tion with very early mechanical loading remains an
issue. In this context, the deformation characteristics

309



should be investigated under restraint by concomitantly
3D-printed concrete.

*  Because intense growth of the fungus “black mildew”
was observed approximately 24 hours after extrusion,
depending on ambient conditions and the extent of
drying, a fungicide should be incorporated into future
wood-starch SM recipes.
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