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3D Printing Concrete on temporary surfaces: The design and fabrication of a
concrete shell structure
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A B S T R A C T

One of the geometrical restrictions associated with printed paste materials such as concrete, is that material must
be self-supporting during printing. In this research paper a new methodology for 3D Printing Concrete onto a
temporary freeform surface is presented. This is achieved by setting up a workflow for combining a Flexible
Mould developed at TU Delft with a 4-degrees-of-freedom gantry printer (4 DOF) provided at TU Eindhoven. A
number of hypothetical cases are studied, namely fully-printing geometries or combining 3D printing with
casting concrete. The final outcome is a 5m2 partially-printed and partially-cast shell structure, combined with a
CNC-milled mould simulating a Flexible Mould.

1. Introduction

Elements printed in concrete are generally achieved by extruding
wet paste-material in layers which eventually build up the desired
shape. While this allows for complex elements to be realized in a more
efficient method compared to traditional fabrication techniques, there
still are some major restrictions using concrete additive manufacturing.
Because material is extruded in a wet-state, the build-up of layers must
be such that they are self-supporting in order to avoid collapse, im-
posing somewhat of a restriction on possibilities for realizing geometry.
The concept of providing a temporary surface for printing is a re-
occurring theme in a multitude of Additive Materials. Tam et al. [1]
have developed a method for robotically printing thermoplastics onto a
wooden mould. Their study, Stress-Line-Additive-Manufacturing
(SLAM), consists of converting stress-lines into splines which are used
to define print paths onto a CNC-milled mould surface. Seyedahmadian
et al. [2] adopted a similar study for developing an automated process
for pressing fibrous materials onto a wooden mould. This method of
pressing fibrous materials onto a temporary surface was further ex-
plored by Doerstelmann et al. [3] for the 2014 ITKE Research Pavilion
at the University of Stuttgart. In this case, an inflated membrane was
used to define an enclosed space. Lim et al. [12] used Curved Layered
Fused Deposition Modelling (CLFDM) in combination with concrete
additive manufacturing. This allowed for print paths to be generated to

follow the curvature of a free-form surface, resulting in better surface
quality, shorter printing time and higher surface strengths.

The aim of this research is to present a strategy for providing tem-
porary support for extruded concrete. While there already has been
some research related to the topic of temporary concrete support, this is
usually achieved by using granular material such as sand [4]. This
paper presents an alternative method that makes use of a silicone sur-
face acting as a temporary support. The adaptable mould [5] used in
this study is a flexible surface defined by adjusting an underlying pin-
bed (Figs. 1–5).

The end result is a 2.5m×2.5m shell structure consisting of
complex interlocking geometries. A completely digital design to fabri-
cation workflow was adopted by using a single software package for
form-finding, optimization, generation of G-Code and communication
with a Gantry Printer. This was achieved by using Rhinoceros 3D and
Grasshopper (with plug-ins Karamba 3D and Galapagos).

The paper is organized in the following fashion: A brief description
of the experimental setup is given in Section 2 and an overview of the
production technique is outlined in Section 3. Sections 5 presents the
general automated workflow adopted for the study. The form-finding
strategy based on these is presented in Section 7. Sections 8 and 9 show
the results of printing prototype and final shell structures whose as-
sembly process is presented. Finally, the paper is concluded in Sections
9 and 10.
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A number of potential areas of focus were outlined at the start of the
study. These are classified in three distinct cases described as follows:

Case 1. Fully-Printed Panels. In this scenario it is imagined that
architectural free-form cladding elements can be fully-printed onto a
temporary surface. The figure below illustrates the potentials of using
differential growth algorithms in combination with an adaptable mould
to realize architectural panels. This concept was evidenced in previous
studies including Lim et al. [12] and Borg Costanzi et al. [6].

Case 2. Combined printing for the integration of structural ribs. In this
method, it is proposed that stresslines are converted into printing paths.
A closed envelope is achieved by either first printing ribs and casting
concrete in the voids or printing ribs onto an already-cast surface.

Case 3. combined printing and casting: complex geometry. The
application adopts Additive Manufacturing to define a complex outer
perimeter into which concrete is then cast.

2. Experimental setup

The experimental setup consists of the following:

a. A 4-Degree of Freedom Gantry Printer (4 DOF). The use of an addi-
tional 4th axis to a 3-Axis printer allowed for the printing nozzle to be
continuously oriented perpendicular with the printing path. The major
advantage of orienting the nozzle towards the print path is that the
extruded filament geometry could be controlled to a high degree.

b. An Adaptable Mould layout consists of a Deformable Steel mesh
attached to a 1m×1m pin bed [5]. Pins are spaced equidistantly at
220mm distances and are adjusted in height to deform the steel
mesh. A final silicone sheet is attached to the steel mesh to allow for
a smooth finish of cast concrete.

Fig. 1. 3D Concrete Printing that uses a CLFDM approach to generate layers.
Source: Lim et al. [12].

Fig. 2. Presentation of different cases for fully printed panels and partially-
printed panels.

Fig. 3. 4 DOF Concrete Printer used at TU Eindhoven.
Source: Bos et al. [7].

Fig. 4. Schematic of adaptable mould developed by Schipper [5].

Fig. 5. Proposed production technique.
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3. Production technique

The production workflow consists of four key steps. These were kept
digital to as great an extent as possible and can be summarized as fol-
lows:

a. 3D Geometry is converted into splines using Grasshopper and
Rhinoceros. In the case studied for this research, it is the perimeter
of the geometry that is converted into a spline.

b. The geometry is digitally oriented onto a simulation of the adaptable
mould using a genetic algorithm to have the flattest orientation. The
pin-heights are extracted from the digital model and used to adjust
the physical mould.

c. The perimeter of the geometry is printed onto the calibrated adap-
table mould in pre-determined layer heights.

d. Concrete is cast into the 3D printed perimeter and demolded after
24 h of curing.

This was an automated-process in theory; however a degree of
manual labor was needed in practice. Although realizations of adap-
table moulds already exist to allow for automated control of pin-
heights, as shown by Vollers [13] and Adapa [8], the pins used in this
setup were adjusted manually. This was largely due to equipment
availability yet considered acceptable as it was not in the scope of the
research to have an automated pin-bed as the focus was on printing
onto a deformed surface.

4. Digital workflow

A completely digital workflow was envisaged for the research. This
was maintained, except for the automation of pin-adjustment in the
adaptable mould.

Step 1: geometry definition

The geometry used for printing was informed through a series of
studies on the physical restrictions of the 3D Printer. The maximum
angle concrete could be printed on as well as minimum turning radius
of the printer were used as variables in the form-finding process of the
final printing shape. The process of studying these variables is further
discussed in Section 8.

Step 2: orientation of the adaptable mould

The geometry to be printed is digitally oriented onto the digital
mould using Grasshopper. An evolutionary Algorithm engine,
Galapagos, is used to find the most optimal positioning onto the adap-
table mould.

This is repeated until the positioning is such that the mould un-
dergoes the least amount of deformation. The minimal deformation of
the mould is obtained by generating a bounding box for each rotation
position and measuring the total deviation, Δh, between bounding box
faces as shown in Fig. 6.

Galapagos, an evolutionary algorithm solver for Grasshopper, is
used to simultaneously vary the rotations about the XY, XZ and YZ Axes
(Genomes) while recording the values for deviation h1 (fitness). The axes
angles for the smallest recorded value of h1 are stored and used for the
final positioning of the mould. This gives the ideal orientation of the
adaptable mould with the minimal inclination angle.

Step 3: adjusting of physical mould

The adjustment of the mould is the only non-fully-automated step in
the process. Though it is possible to automate the adjustment of the
mould pin beds, this would have implied excessive unnecessary costs to
the project. In this scenario, it is imagined that servo motors are

attached to every pin and adjusted through the parametric model using
Firefly as a controller. For the actual setup used, pin heights are gen-
erated for the geometry positioned as described in step 5.3. These va-
lues are streamed and organized as a .txt file directly from the grass-
hopper file and the heights are then manually adjusted.

Step 4: generating print path Gcode

Conventional 3D printers make use of slicing software to generate
print paths. These generally slice a 3D geometry into a number of
horizontal layers that are printed parallel to a XY base plane. This ap-
proach to generating print paths is not possible for this study due to the
print-paths now being oriented along the face of a free-form surface and
not a fixed XY plane. An alternative strategy was developed for gen-
erating G-code for printing onto a curved surface. The first print layer is
defined as a spline which follows the contours of the free-form surface
that defines its shape. This initial layer defines the geometry with a
thickness equal to the layer heights. Additional layers are printed by
shifting the initial spline by a distance equal to the layer printing
thickness in the Z direction. This is repeated until the desired number of
layers is achieved and is finalized by joining all the splines into a single
print path. This approach was also utilized in other similar studies such
as Lim et al. [12] and Borg Costanzi et al. [6] (Figs. 7–9).

Step 5: dividing the spline

Fig. 6. Orientation of the mould to obtain minimum inclination.

Fig. 7. Template for communication with printer.
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In order to be converted into G-Code, the print path spline has to be
divided into a number of points. These points are exported as Co-
Ordinates which are communicated with the printer. In order to avoid
unnecessary large files, a strategy for minimizing the number of divi-
sion points was developed to divide the spline by its curvature. This is
achieved by analyzing the rate of change in curvature on a given spline,
initially interpolated by a defined number of points. The points are re-
distributed along the spline depending on the curvature of a particular
spline. The figure below shows the principle where an increase in
curvature results in an increase in the number of division points.

Step 6: correction script

Using a 4 DOF (TX, TY, TZ, RZ) printer implies that the printer
nozzle is kept perpendicular to a horizontal plane. The consequence of
this when printing on a curved surface is that a constant nozzle distance
cannot be maintained, as seen in Fig. 9. This is because the distance
between the nozzle and the printing surface varies along the length of
the nozzle. A correction script was developed to compensate for this
limitation of the machinery used.

As shown in Fig. 9, collision between the printer and printing sur-
face is likely to occur unless this variation in height is compensated for.
This is done in two ways:

• Shifting the entire spline upwards by a pre-determined margin of

safety. This approach was used initially as it was the most straight-
forward. However the result was that variation in printing heights
(measured from the closest point) varied between 1 cm in the stee-
pest areas and 6 cm in the shallowest areas. This had a drastic effect
on the final print quality.

• Shifting the spline locally. This was the approach used in the final
definition. Each spline division point was analyzed for any collisions
with the surface. The point was then shifted in the Z direction by
amount [Th+T0] as seen Fig. 10. A spline is then re-interpolated
between the shifted points to produce a corrected print-path. The
result was a far smoother and consistent print path with a deviation
in nozzle height (measured from the closest point) between 2 cm
and 2.5 cm.

5. Shell prototype: parameter study

The results of this study are exhibited in the form of a 2.5 m×2.5m
shell structure. To maintain a focused and restricted study, the final
form is informed though the study of the following variables:

a. Minimum printing radius of the printer
b. Maximum inclination Angle onto which concrete can be printed.

5.1. Minimum printing radius

Printing right angles with an acceptable level of quality was not
possible using the setup adopted. This is largely due to the printer
temporarily slowing down when reaching a corner, resulting in
stretching and overlap of extruded filaments in these areas. An accep-
table level of quality was achieved where no overlap or stretching of
extruded filament was evident. A series of tests were performed on both
flat geometries as well as those printed onto an adaptable mould,
highlighted in Fig. 11. Turning radii were varied until an acceptable
level of quality was achieved.

As shown in Fig. 11 printing at too-small turning radii causes the
printed filament to overlap on itself. This is because moving along a
tight curve causes the printer to slow down while maintaining the same
extrusion rate. The result is that more material is extruded than is
needed and a ruined corner detail. An initial minimum turning radius
was taken as 100mm. However, as displayed in Fig. 11, this was still
found to be too small an acceptable radius and was increased to
150mm for the final structure.

5.2. Maximum inclination angle

The second variable studied was the maximum slope that the con-
crete could be printed on before sliding or tearing apart. Testing to
understand the effects of printing at an inclination was carried out by
printing a series of strips along differently-inclined surfaces. In his ar-
ticle on rheology, [9] describes the situations where concrete is cast on
an inclination. It was stated that the critical internal shear strength of

Fig. 8. Division of Print path according to curvature.

Fig. 9. [Left] showing constant nozzle offset printing perpendicular to surface.
[Right] Variation in nozzle height when printing perpendicular to a horizontal
axis.

Fig. 10. Function used for providing a constant offset between the surface and
nozzle achieved at a local level.
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the mixture to be stable may be expressed as:

= ∅ρ g h sinτ · · ·0;crit

where:

h is the thickness of the concrete layer,
∅ is the angle of inclination of the slope,
ρ is the density of material.

For this setup, 3 layers having a height of 0.095m were used, thus a
total h of 0.0285m. The inclination of the slope varied between 10° and
40°. The concrete mix had an estimated density of 2300 kg/m3. Thus,
the following range of values can be extrapolated for the two extreme
angles of 10° and 40° respectively:

= =τ 2300·9.81·0.0285·sin 10 111 Pa0 (10);crit
o

= =τ 2300·9.81·0.0285·sin 40 413 Pa0 (40);crit
o

These values are shown to be in the lower boundaries that are re-
quired for a stable slope. Even should the real values be higher than
what was calculated, the slope will also remain stable. If seen as lower
boundaries, with a chance that the real values are even higher, the
results are in line with the values that can be expected for a mixture
with a rather stiff consistency. Both Wallevik [10] and Mueller [11]
describe various tests in which the slump value and shear strength (in
his article referred to as yield stress) are related. For zero- or low-slump
concrete (as the concrete that is coming from the 3D-printer), values in
the same order of magnitude (or higher) are found as the values cal-
culated above. The Coulomb-friction between the mould and the con-
crete can be derived by dividing this friction by the vertical pressure, a
Coulomb (dry-)friction coefficient μ is obtained with the value: μ= τ0/
σv= sinθ=0.174 to 0.64. Probably the dry-friction model is not ap-
propriate, since the rather sticky concrete will develop friction even
without vertical normal pressure.

Wooden surfaces were created for angles of 10°, 20°, 30° and 40°
inclinations. For each angle of inclination, 6 parallel paths were printed
consisting of 3 layer heights of 10mm. The results of the first series of
tests showed that as the angle of inclination did increase, the ability for
a printed strip to maintain its form decreased. For angles of 10 and 20
degree inclinations, the printed concrete maintained its shape both for
when printing up along the surface as well as downwards direction. For

higher angles, the concrete was unable to maintain its shape, particu-
larly when printing in a downwards direction. The concrete printed on
the 30o inclination had a tendency to twist along itself until failure
while concrete printed at an inclination of 40o rolled within itself in a
ball-like fashion (Figs. 12–13).

6. Shell prototype: form finding

The results obtained in Section 6 were used as the constraints for
form-finding of the final prototype. As it was intended to remain fo-
cused on the printer limitations, structural optimization was not taken
into consideration during these cases. Form-finding was carried out
using Karamba3D, a 2D FEM Analysis plugin for Grasshopper. An initial
square geometry was deformed under its self-weight. A series of shells
were analyzed and the chosen shape was that which had the maximum
acceptable slope angle of 30° at any point along its surface.

A series of interlocking panels were imagined for the division of the
shell geometry. These were defined by increasing the number of sub-
divisions in square panels and adding notches at these changes. All
changes in direction were then filleted with the minimum turning ra-
dius of 100mm found in Section 6.

The shell was panelized by projecting a 2D line drawing onto the
curved surface as shown in Fig. 14. The individual panels were con-
verted into print paths using the techniques described in Section 4. In
order to increase the accuracy of the final prints, a CNC-Milled High-
Density EPS mould was used as a representation of the flexible mould. A
silicone sheet was laid on the entire surface of the EPS so as to have the
same surface finish as the flexible mould.

6.1. First prototype

The first printed prototype consisted of a shell defined by 9 inter-
locking panels. This initial layout was chosen to maintain panels at a

Fig. 11. Initial printing tests. [Left] Flat Geometry with 80mm radius [right]
100mm radius on flexible mould [bottom] flat with varying radii.

Fig. 12. Initial print tests on slope inclinations.

Fig. 13. Form-Finding processes for maximum curvature.
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size less than 1000mm×1000mm to allow for easy transportation
(Figs. 15–16).

6.1.1. Orienting the mould
Printing of the prototype began with first referencing the position of

the physical mould to the origin of the 3D Printer. The mould was
positioned in an arbitrary point in physical space and the printer was
then positioned at a specified origin point of the mould. Preliminary
orientation is complete once the printer passes through points 2, 3 and
4 at which point it is established that the digital model is properly re-
ferenced to the physical model. An additional orientation path, tra-
velling through paths 5 and 6, is included to double check that the
printer follows the surface of the mould.

6.2. Printed prototype

The printed prototype had a layer height of 10mm and width of
50mm for a total of 3 layers. The Printing height was maintained be-
tween 15mm and 25mm. The same concrete used for printing was
mixed with plasticizer and used for casting in between the printed
outlines. The amount of plasticizer used was determined by judgement
of the consistency of the concrete after it was mixed. A total printing
time of roughly 15min was needed for the first print and a further
20min for filling the printed panels with concrete. Once completely
printed and cast, the element was covered with a plastic sheet and left
to cure in air for 24 h before demolding.

The results of the first large-scale print yielded a number of areas for
improvement. Firstly, the print was carried without the use of the
correction script described in Section 5. The effect of this is particularly
evident in Fig. 17 above. Notable creasing occurred in areas where the
printing height was too high. Moreover, the offset between panels was
not sufficient and the printer nozzle impacted printed filament in cer-
tain areas during the printing process. The turning radius used also
proved to be too low in certain areas, particularly when printing on the
steeper angles. As seen in Fig. 18, many of the filleted edges were un-
even and creased. This was due to the printer slowing down and ro-
tating around sharp corners.

7. Final pavilion

A number of modifications to the shell geometry were carried out
based on the findings of the first printed prototype. In order to ensure a
continuously smooth print path, the minimum turning radius was in-
creased to 150mm. The implications of this meant that the panels
would have to be increased in size in order to allow for correct filleting.
Thus, the number of panels was reduced from 9 to 5: 4 perimeter panels
and one central keystone. While this had implications on the trans-
portability of the pieces, the maximum panel dimension was still at a
reasonable 1200mm. The advantage of reducing the number of panels
also allowed for easier erection. Moreover, the correction script de-
scribed in Section 7 was adopted for the printing of this shell. The offset
between panels was also increased to 20mm to ensure that the printer

Fig. 14. Study of panel curvatures.

Fig. 15. Pavilion prototype panel tessellation.

Fig. 16. Orientation strategy of temporary mould.

Fig. 17. Printing of the first prototype.
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would not collide during the printing as well as to allow for a greater
degree of tolerances during construction. Because the structure had to
be demountable, panels were fixed together by compression only, se-
parated by a strip of 25mm celrubber. The final pavilion also had a
considerably faster printing time of 8min. Casting of the panels was
carried out in the same manner as described in Section 6.2. The

structure was left to air-cure for 3 days before demolding to ensure
adequate strength development. The print quality was far superior to
the previous pavilion, largely due to a smoother printing path achieved
by the correction script and increased minimum turning radius. As seen
in Figs. 20 and 21, the larger turning radii allowed the printer to
maintain a constant print speed and as a result a higher degree of ac-
curacy was obtained in the final print (Fig. 19).

Fig. 18. Printing of first prototype.

Fig. 19. Plan of final pavilion.

Fig. 20. Printing of final pavilion.

Fig. 21. Demolded final pavilion.

Fig. 22. Assembly of final shell.

Fig. 23. Seam between two panels indicating a tight fit.
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8. Assembly

25mm half-density celrubber was inserted in between panels and
compressed to 20mm when loaded. This allowed for the panels to be
self-supporting without the need for additional mechanical fixings and
bolts, allowing for easy assembly and disassembly when required.

The structure was fixed to the wooden floor by means of 2 50mm
steel angles per panel. These were used to transfer the horizontal thrust
forces without the need for tying.

The assembly sequence utilized is as follows:

a. Central Piece temporarily is propped up roughly in the center of the
wooden platform.

b. First (arbitrary) panel is positioned to fit into position including the
rubber strip. The steel angles for the panel are bolted into its posi-
tion.

c. Adjacent panel to the first panel is positioned and fit to allow for
more stability. The corresponding steel angles are also bolted into
position.

d. The procedure is repeated until all 4 panels are positioned.
e. Panels are adjusted (rotated/elevated/depressed) in order to main-

tain a proper snug fit. This is an iterative process as the movement of
one panel has a tendency to dislodge others (Fig. 22).

9. Discussion and recommendations

The final prototype had a relatively smooth surface finish due to
casting on a silicon sheet. Although a number of seams are present
where the milled blocks of foam joined together, it may be overcome by
using a large-scale adaptable/milled mould for future projects.
Moreover, the degree of accuracy reached was reasonable. As seen in
Fig. 23 the seam between the panels is maintained at a tight fit. The
total fabrication time (Printing and Casting) of the entire shell took less
than an hour to complete, showing the potential for this method to be
used as a method for fabrication complex elements with a good degree
of accuracy (Fig. 24).

A number of recommendations for future studies can be identified
from the outcome of this research. These are presented as follows:

• Incorporating 3D Scanning into the printing process. The original
intent of the study was to include an additional step in the digital
workflow to allow for the 3D Scanning of an element. However, due
to time and resource constraints it was omitted from the final result.
The use of scanning is beneficial to the project in a number of ways
a. It is imagined that scanning will allow for a check between the

accuracy of the digital model and the physical mould. In com-
bination with projection mapping, areas on the physical mould
which do not correspond with the digital model can be high-
lighted and adjusted

b. By using real-time scanning of the adjusted mould described in
point a would be beneficial to allow for a consistent nozzle offset
distance and thus, a higher quality final print.

c. Alternatively, an adjusted mould could be scanned and refer-
enced back into Rhino. The surface formed from the point cloud
could be used for creating the original print paths for more ac-
curate printing. The drawback in such a method is that the entire
physical model would have to be constantly updated to cope with
the changes in printed panels

• Geometry informed through structural optimization. The forms
studied for this paper were generated using the variables described
in Section 8. A next step development would be to generate print
paths based on structural analysis as already displayed by Tam et al.
[1] and Stress Line Additive Manufacturing.

• Study using 6-Axis Robot. The main benefit of using a 6-Axis ar-
ticulated arm is that nozzles can be oriented perpendicular to the
surface, giving far more freedom in complexity of surfaces that can
be used for printing on. The drawback in this setup, however, is that
obtaining smooth movement required for printing is more trouble-
some. Moreover, wrist servo angles are generally restricted to −180
to 180°, meaning that nozzles may not always be able to be oriented
perpendicular to the path direction.

10. Conclusion

This paper presented a novel method of Fused Depositioning
Modelling-based 3D Concrete Printing, by printing and casting the
object on an adaptable double curved surface, rather than a flat plane.
This allows a new level of complexity to the geometries that can be
manufactured with either technology (printing or casting on curved
surfaces) separately. As a case study, a 5m2 self-supporting, double
curved shell that consisted of multiple panels was designed, produced
and assembled.

To allow this, an automated single file workflow from design to
production was developed, using Grasshopper. This required several
innovations, including an alternative method to generate the appro-
priate g-code to account for the continuous linear nature of the filament
on a double curved print bed. Another issue that needed an adapted
strategy was the non-constant surface-to-nozzle distance, which is
caused by the fact that the robot is limited to 4 DOFs. As this depended
on the varying inclination of the mould, a local correction script was

Fig. 24. Final shell structure realized.

Fig. 25. Application of process as free-form cladding systems.
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applied to the generated g-code path. Further investigations targeted
the physical aspects of printing concrete onto curved inclined surfaces.
The maximum inclination angle without sliding or otherwise distorting
the filament was established at 30°. The minimum turning radius on a
flat plane was 100mm, but this increased to 150mm on inclined sur-
faces. These constraints were included in the shell design. To minimize
these difficulties associated with the printing on a double curved sur-
face with a 4 DOF printer, an orientation optimization was performed
so that the inclination of each panel during printing would be minimal.

When printing on a flat x, y-plane, only the z-position of the print
table relative to the print nozzle needs to be calibrated. In this study,
however, also the x and y-positions, as well as the rz orientation,
needed calibration to allow a correct print. For this, too, a method was
developed. Hence it may be concluded that the introduction of a non-
planar print bed to 3D Concrete Printing requires a significantly more
sophisticated workflow to account for the effects of geometry on in-
strument compatibility and physical behavior of the print material.

The project has shown that, once the appropriate workflow has been
established, it is feasible to realize relatively complex freeform panels
accurately, fast, and with little material waste. Currently, it is foreseen
that the particular arrangement is beneficial for creating free-form,
2.5D structures panel-like structures, such as bespoke concrete cladding
systems (Fig. 25) or segmented shell elements as already demonstrated

in the paper. The combination of printing and casting results in a ty-
pology quite different from what we generally see produced by 3D
concrete printers today.

Author contributions

The manuscript was written through contributions of all authors. All
authors have given approval to the final version of the manuscript.

Funding sources

The research carried out in this paper was fully funded by the call
3TU.Bouw Lighthouse projecten 2016 https://www.4tu.nl/en/.

Acknowledgments

The Authors of the paper would first and foremost like to thank the
4TU Federation for fully-funding the project for its duration. Gratitude
is further extended towards all lab staff at the Printing Lab at TU
Eindhoven. We would like to also express our gratitude to all MSC
students at the faculty at TU Eindhoven that helped with printing
throughout the past year.

Appendix A

Reference: Section 7. Grasshopper correction script showing sampled points for height adjustment

Reference: Section 7. Principle for generating co-ordinates for communicating with printer
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Reference: Section 7 - digital workflow

Reference: Section 7 – production process
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