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Multi-axial 3D printing of biopolymer-based concrete composites 
in construction 
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A R T I C L E  I N F O   

Keywords: 
Biopolymer 
3D printing 
Concrete 
Gelatin 
Multi-axial printing 

A B S T R A C T   

This paper explores the free-form potential of 3D concrete printing, enabled by a novel concrete-like composite 
made from 80 %-w/v mammal gelatin solution in water with 35 %-w/w gelatin solution to mineral aggregate 
ratio. This complete replacement of cementitious binders in 3D printing mortar aims on improving the sus-
tainability and advancing the setting control through the material’s thermoplasticity. The material was extruded 
with a novel and heated ram extruder, traversed with a KUKA robot arm, and cooled by a box fan under normal 
ambient temperature and humidity conditions. Printing trials with cylinders of 20 cm diameter and various 
overhang inclinations were carried out – both vertically and multi-directionally sliced. The overhang was 
increased until the fresh material could no longer support itself. The multi-directionally sliced objects showed the 
largest overhang capabilities. The thermoplastic printing mortar was able to print a maximum overhang of 80◦. 
This demonstrated freedom of shape and applicability of the bio-based mortar to a 3D printing process could 
pave the way for highly optimized building components with a minimum use of material. This can incre the 
sustainability aspects of concrete structures.   

1. Introduction 

3D concrete printing has gained in popularity [1,2] and its industrial 
interest is increasing [3]. Numerous processes like powder bed printing 
[4] or mesh molding [5] were developed to produce digitally manu-
factured concrete structures. Especially extrusion-based 3D printing is 
commonly applied due to its large build volume and easy applicability to 
in-situ constructions [6]. The freedom to place material with extrusion 
processes and without the shape limitations of formwork allows the 
realization of architecturally advanced designs and material savings by 
constructing structurally optimized building components [7–10]. 
Furthermore, this new technology is expected to increase the construc-
tion industry’s productivity by automation of processes [11]. The 
technology shows potential to lower the industry’s environmental 
impact through material savings. 

Constructing without formwork brings new challenges and sets high 
demands on the material’s rheology. The material needs to be workable 
for extrusion and present high yield strengths right after deposition to 
support itself and further added layers under self-weight [12]. To 
enhance these properties, the current conventional material mixtures 
rely on a high share of cementitious material or injected accelerators to 

add to a fast yield stress development after extrusion [13,14]. The high 
percentage of cementitious materials is a particular drawback on the 
method’s environmental performance [13]. A general lack of appro-
priate materials for 3D printing in constructions can be identified [6]. 
Recent studies aim on minimizing the used binder content by increasing 
the largest used aggregate size and enhance its rheological control [15], 
or improve the prediction of the material’s structural capabilities to 
allow standardization [16]. Furthermore, other materials are being 
explored, including earth- and clay-based [17], polymeric-[18], geo-
polymer-[19,20], or bio-based filaments [21]. 

In earlier studies of the authors [22], a bio-based concrete composite 
was explored, which was made from the hydrogel mammal gelatin and 
sand. It showed good printable qualities through thermoplastic phase 
change. As shown in [22], such material made from sand and gelatin 
could increase its yield stress from 0.1 kPa to 106.1 kPa by cooling it 
from 50 ◦C to 20 ◦C. This translates to the printing temperature and 
ambient temperature condition respectively. By extruding and cooling 
under these conditions, a good buildability is expected. In comparison, 
cementitious filaments’ early age stiffening show slower and weaker 
early age stress development [23] and commonly aim to reach a yield 
stress build-up of 1 kPa/min. 
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In cementitious materials, overhang geometries without the use of 
formwork in extrusion-based 3D concrete printing are, with some ex-
ceptions [9,14,24], therefore little explored or strongly limited. This 
leaves the lack of possible overhang geometry as a limiting factor for the 
realization of highly structurally optimized building components [9,10]. 
Gelatin-bound materials could increase the overhang capabilities of 3D 
concrete printing. 

For small scale extrusion-based polymer desktop printers, overhang 
geometries are realized by printing support structures [25]. This is, due 
to the large additional material use, not pursued for up-scaled concrete 
printing. Some advanced slicing softwares showed a multi-directional 
slicing approach for smaller objects and printers. This can increase the 
support of the printed layer by inclining the preceeded layer, making 
separate support structures redundant [26–28]. Due to the low scale, the 
print bed, including the object itself, can easily be tilted in this process to 
avoid uneven deformation. On larger scales, this is not realizable. 
However, with robotic fabrication, 6-axis printing can produce multi- 
directionally printed objects without rotation of the printing bed 
[27,29]. The bio-based material, presented in [22], shows the potential 
to exhibit the necessary shape robustness to realize multi-axial prints 
without bed inclination and prevent deformation due to gravitational 
loading. 

This paper presents a method and connected material mixture to 
produce advanced free-form construction with alternative concrete 
composites made from gelatin and sand. A material mixture showing 
sufficient buildability for overhang constructions is presented. A new 
connected printing methodology with a heated extruder and a 6-axis 
KUKA robot arm that can place the thermoplastic material is intro-
duced. Furthermore, the slicing method to create a toolpath for the 
KUKA robot with a multi-directional slicing approach is presented. 
Finally, a comparison between vertically sliced and multi-directionally 
sliced objects is made to evaluate the maximum possible overhang and 
layer inclination for the biopolymer-based concrete. The respective 
failure mechanisms are being analyzed and discussed. The purpose of 
this research is to deliver a proof-of-concept for the developed process- 
material interaction. The obtained overhang structures and the 
description of the production process will give insights on build- and 
workability of the fresh material during the process, as well as the 
practicability of the operation and feasible manufacturing speed. 

2. Materials 

The bio-based concrete composite used for all samples consisted of a 
hydrogel binder from mammal gelatin and water, mixed with sand. In 
this study, gelatin replaced all conventionally used cementitious and 
mineral binders in 3D concrete printing applications. The mammal 
gelatin was purchased by the tool manufacturer DICTUM [30] (Art. Nr.: 
450141) in granular form. Further specifications of the raw material can 
be found in [22]. 

Earlier studies [22] showed that mixtures of 80–120 %-w/v mammal 
gelatin solution in a 40 %-w/w hydrogel-aggregate ratio present the best 
printable results in terms of buildability and extrudability. As intro-
duced, some of these mixtures showed a yield stress increase over 3 
orders of magnitude during cooling from 50 ◦C to 20 ◦C. An 80 %-w/v 
mammal gelatin concentration was chosen for all tests to minimize 
binder content. Sand with a higher fine content than in earlier studies 
[22] was selected to increase thixotropic effects and ease printability. 
The alternation of sand made it necessary to adopt the hydrogel- 
aggregate ratio. Through print trials and by assessing the extrudability 
and buildability, the hydrogel-aggregate ratio was adopted to 35 %-w/ 
w. Mix design example for the used mix: on 80 g of purchased mammal 
gelatin granulate, 100 g of water were added. These 180 g of hydrogel 
were prepared with 514 g of sand. 

Sand with a specified maximum grain size of 0.18 mm was used. The 
sand was purchased as silica sand nr.13 from Dansand A/S. A corre-
sponding grading curve can be seen in Fig. 1, which was experimentally 

determined after EN 933. The main mass of grains shows the size of 
125–250 μm and the mass of fine particles (<63 μm) is about 5.01 %-wt. 
The sand had a moisture content of 0.1 %-wt. The light microscopy 
pictures in Fig. 2 show grains with sub-rounded to sub-granular 
geometrical properties. 

3. Printing setup 

3.1. Traversing mechanism 

To move and control the position of the print head, a floor mounted 
KUKA robot KR2150 S C2 FLR ZH150/180″ of type KR150, produced in 
2004 with a 150 kg payload was used (see Fig. 3). The robot was 
controlled by a KRC2 unit that uses the KUKA robot language (KRL) for 
programming. 

In contrast to the three-axis gantry printers [29,31,32] for concrete 
applications, the six axes of the robot arm allows directly for rotation 
around all three axes. Therefore, a tilting of the extruder for controlling 
the print angle is possible. Other concrete robotic printers use this 

Fig. 1. Grain size distribution of silica sand.  

Fig. 2. Silica sand grain geometries of varying sizes, retained in sieves: (from 
top left to bottom right) Pan, 0.063 mm, 0.08 mm, 0.125 mm, 0.25 mm. 

J. Christ et al.                                                                                                                                                                                                                                   



Materials & Design 235 (2023) 112410

3

additional freedom to reach difficult to access corners [33] or to incline 
the printed layer [14,34]. The six-axis controllability of the robot arm is 
necessary to test the proposed overhang constructions with layer incli-
nation and prove this approach as an economical off-the-shelf traversing 
mechanism. 

3.2. Extruder 

A ram extrusion system similar to [35] and [36] was used. As 
described in [22], the ram extruder was adopted to elevate and keep the 
temperature of its filament. An automated caulking gun DEWALT 
DCE581E with a 600 ml capacity was used for this purpose. According to 
the manufacturer, the caulking gun puts pressure of 1.05 MPa [37] on its 
5.5 cm diameter piston in an aluminum cartridge of 37 cm length. The 
standard speed of the piston is pre-defined at 40 mm/min but may vary 
due to changes in the resistance to the extrusion process. When filled, 
the sum of friction on the cylinder’s inner walls was higher, hence 
slightly slowing down the extrusion speed. The material was forced 
through a nozzle with a cylindrical opening of 13 mm. 

Fig. 4 shows a heating coil wrapped around the extrusion cylinder 
with a spacing of 1.5 cm and covered with an insulating foil and foamed 
rubber. A temperature switch was added to the heating coil and con-
nected to a thermocouple, placed on the outside of the cartridge but 
underneath the insulation layer. The temperature of the aluminum 
cylinder could thereby be controlled and kept constant. Furthermore, an 
external on/off switch of the caulking gun was added to ease control. 
The nozzle was also insulated to prevent the material from cooling under 
standby time, potentially leading to clogging of the nozzle, and/or 
altering the extrusion’s homogeneity (see Fig. 4). 

3.3. Fan 

A fan was used at a distance of about 50 cm to accelerate the cooling 
of the freshly printed layers. A 35 cm box fan from the producer 
MALMBERGS with the model number FB3501 was utilized. The fan 
flowrate was adjusted to create a constant airflow with a speed of 2–3 
m/s around the sample. The air velocity was measured with a hand-held 
digital vane anemometer. The setup can be seen in Fig. 4. 

3.4. Preheating of material 

A UF160 oven from MEMMERT was used to preheat the material. At 
the temperature of 50 ◦C, the material was placed in the oven on a metal 
tray. 

4. Methods 

4.1. Material preparation 

The binder was produced similar to earlier studies [22,38], using a 
Kenwood KCC9060S cooking chef machine. The machine is in general 
quite similar to mixers as widely used for manufacturing test specimens 
for cement and mortar testing [39] but allows additionally the control of 
heat input. 

The mammal gelatin granulate was soaked in water for 30 min under 
low stirring and without heating in normal ambient room conditions. 
Subsequently, the material was heated under low stirring to 65 ◦C for 10 
min. At this stage, the material proved to be nearly homogeneous and 
the granulate was fully dissolved. To produce the composite material, 
the binder was mixed with sand, pre-heated to 50 ◦C. Thereafter, the 
temperature and mechanical blending speed was kept unchanged for 20 
min. The composite was then filled in tubular bags from low-density 
polyethylene with a wall thickness of 50 μm and a width of 80 mm. 
Closing both ends of the tubular bag with a simple knot prevented the 
material from drying during the preparation period. The material was 
stored in the tubular bags, holding around 500 ml of material, and under 
cooled conditions until printing preparation (see Fig. 3). The storing 
time was sufficiently brief to not allow degradation of the organic 
polymer and alteration of printing properties. 

The material preparation was designed to avoid denaturing the 
polymer structure, creating a porous material, and preventing drying. 
Therefore, the material was not exposed to long heating periods, fast 
stirring, and storing the material outside closed containers for extended 
amount of time. 

Fig. 3. Printing setup. The tubular bag with the pre-heated material was placed in the cartridge of the ram extruder. The extruder was held and moved by a KUKA 
robot arm. The temperature and extrusion could be controlled by external switches. After extrusion, the material was cooled by an airflow with a speed of 2–3 m/s 
created by a box fan. 
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4.2. Printing preparation 

The extruder was pre-heated to 60 ◦C and kept at this temperature for 
another 30 min before filling the composite material bag. Simulta-
neously, the cool material bags were warmed in the oven to 50 ◦C. The 
materials were placed in the oven not longer than 2 h and at a minimum 
of one hour. This time frame aimed to ensure that the materials 
exhibited the same rheological properties and an even temperature 
profile between the batches. It could be observed that the material’s 
porosity would decrease for more extended heating periods. The bags 
were kneaded for one minute before usage and after preheating to 
ensure a homogenous material at extrusion. The robot arm with the 
extruder was turned upwards for the refill (see Fig. 3). The warm bag 
was slid into the extruder, and the tip of the bag was cut off before 
reattaching the nozzle on the cartridge. The piston of the extruder was 
manually engaged, and the robot was brought in start position. 

4.3. Printing 

The extrusion speed from the 13 mm wide nozzle was kept constant 
at 10 mm/s (1.33 cm3/s) and could be turned on/off manually with an 
external switch. The engagement of extrusion was timed with the 
manual onset of the robot arm movement. However, due to the mate-
rial’s elasticity and yield stress characteristic, the material extrusion 
showed some inertia in stopping and starting extrusion, especially when 
the cartridge was filled. Therefore, the extrusion was started slightly 
before the robot arm movement to enable a simultaneous onset of 
extrusion and movement. 

Proper operation was controlled after each completed layer. The 
average printing time for a layer of a circular tube was about 40 s with 
an averaged extrusion or print head speed of 16 mm/s along the printing 
path. Time and speed varied for layers within the tube curvature to 
enable the creation of a varying layer thickness. The time between each 
layer, i.e., the rest time after completing the previous layer and starting 
the subsequent layer, was varied depending on the layer inclination and 
based on the rigidity assessment of the previous layer. The production 
time for each layer was estimated from 20 s time lapsed photographs. 

The filling procedure of the cartridge gave an additional waiting time 
of 6–7 min after each 9th layer. 

4.4. Multi-directional slicing and tool path calculation 

A planar multi-directional slicing approach, similar to [40] was used 
to create a tool path. The slicing methodology was further edited and 
adjusted to the needs of the experimental setup:  

1. For small scale polymer slicers, the print bed is usually rotated 
instead of the print head [27,28] to enable multi-directional printing 
– this is not feasible for extrusion-based 3D concrete printing since an 
on-site fabrication is envisaged. 

2. The KUKA robot uses the manufacturer’s own KUKA robotic lan-
guage contrary to the conventionally used G-code language, i.e. the 
commands needed to be translated to this syntax.  

3. The robot uses different location definitions for base and tool as well 
as for its coordinates, speed and acceleration.  

4. Compared to desktop polymer printers, the extrusion rate of the used 
extruder could not be adjusted due to high inertial effects in the ram 
extrusion system. To enable the printing of layers with variable 
thicknesses, the extruded volume per unit length was controlled by 
its traversing speed. 

A flow chart of the slicing methodology is seen in Fig. 5. The program 
incorporates the main steps of loading the model geometry, calculating a 
skeleton spline curve that serves as a normal vector to the slicing planes, 
generating a tool path. The tool path was created as G-code, and later 
translated to the Kuka-robot-language. 

Fig. 4. Ram extruder design. An automated caulking gun DEWALT DCE581E 
was altered to be able to heat its cartridge with a heating coil and connected 
insulation. Measurements are given in [mm]. 
Adopted from [22] 

Fig. 5. Flow-chart of slicing algorithm.  
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4.4.1. Model loading 
The models were prepared as Standard Triangle Language file (STL). 

The file contains a triangulated mesh, approximating the object (see 
Fig. 6 and Fig. 7), consisting of three vertices, defining a plane between 
them and, if required, the corresponding plane normal vector. 

4.4.2. Skeleton extraction 
The STL mesh was further abstracted to a skeleton line to identify a 

slicing curve representing the longitudinal direction of the object. Some 
approaches to calculate the skeleton line, such as the shape diameter 
function [42], mesh contraction method [43], and mean curvature flow 
method [44], were considered. Here, the method of [43] was used, 
providing itself as least computational demanding. The approach ab-
stracts the mesh by contracting the object based on local curvature (see 
Fig. 7). The vertices of the model surface S are thereby moved in the 
direction of the local surface normal n by a distance Δp proportionate to 
the local curvature H. As in [44]: 

Δp = Hn (1)  

This was done by using the discrete Laplacian equation of LV′ = 0, with 
V’ being the vertex position and L being the nxn Laplace operator as 
described by Eq. (2) [43]: 

Lij =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ωij = cotαij + cotβij if (i, j) ∈ E
∑k

(i,k)∈E
− ωik ifi = j

0 other

(2)  

In which αij and βij are the opposite angles from the vertices i and j (see 
Fig. 6). To prevent the mesh contracting to a single point, the diagonal 
weighting matrices WL and WH are introduced according to [43], 
balancing the contraction and attraction, respectively: 
[
WLL
WH

]

V′ =

[
0

WHV

]

(3)  

The contraction process is iterative and is performed after [43] by:  

1. Solving the Laplacian equation 

[
Wt

LLt

Wt
H

]

Vt+1 =

[
0

Wt
HVt

]

for the 

vertex position Vt+1.  

2. Update the matrices Wt+1
L = sLWt

L and Wt+1
H,i = W0

H,i

̅̅̅̅̅̅̅̅̅̅̅̅̅

A0
i /At

i

√

where A0
i 

and At
i are the areas of the mesh ring around point i.  

3. Calculate the Laplace operator Lt+1 for step t+1 with Eq. (1) 

Similar parameters, as in [43], but slightly altered by trial and error 
were chosen to control the amount of detail in the contracted mesh: 
W0

H = 1.0,W0
H = 10− 2

̅̅̅̅
A

√
; sL = 2.0; ε = 5 • 10− 4. The contracted mesh 

was further processed from a contracted mesh to a point cloud of 
vertices (see Fig. 7). Terminating closures of 3D objects lead to de-
viations in the point cloud. Therefore, a margin of 5 % was removed at 
top and bottom of the curves. 

4.4.3. Spline fitting 
A 3rd order Bezier spline as in [40] was fit through the created point 

cloud to produce the final skeleton line. The spline was extrapolated 
beyond the end of the object to offset for the removed 5 % margin. 

4.4.4. Slicing 
The object was sliced into layers by dividing the skeleton spline into 

sections with the length of the layer thickness tlayer. The number of layers 
nlayer could be calculated by dividing the length of the spline S(u) at a 
parametric distance u by tlayer [40]: 

nlayers =
S(u)
tlayer

=
1
tlayer

∫ 1

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x′(u)2
+ y′(u)2

+ z′(u)2
√

du (4)  

The slicing planes were defined at points along this curve, where S(u) is 
an integer multiple of the layer thickness. 

S(u) = i • tlayer (5)  

The corresponding normal vector of the slicing plane is S’(u). The 
printed thickness of the lines on the layers was calculated with the dy-
namic line thickness method as in [40]. 

The intersection of the slicing planes with the 3D surface is used to 
calculate the planar tool path, using conventional slicing methods [45]. 
Since the extrusion speed was fixed to a constant value, the extruded 
volume per millimeter printing track, i.e. the layer thickness, was 
controlled by adjusting the print speed (see appended video appended) 
with: 

v =
Q

tL • wL
(6)  

Where Q is the flow rate of the nozzle, tL is the local layer thickness and 
wL is the layer width. Since Q and wL are constant, Q/wL can be seen as a 
factor. 

4.4.5. Export 
The printing path was exported to G-code to allow an ubiquitous 

export format for computer numerical controlled machining. The 
printing path was noted as a G1 movement for constant speed, while all 
other relocation motions were denoted as G0 for faster movements. 

The G-code could then be translated to the KRL syntax by using the 
correlations stated in Table 1. Most parameters can directly be corre-
lated. However, some values, such as speed and acceleration, require 
additional lines in KUKA-robot-language and therefore need special 
translation. Also, units differed from G-code to KRL and needed to be 
adjusted. The tool and base definition was done manually with the 
KUKA robot’s built-in software. 

The implemented slicing- and G-code to KRL translation algorithm that 
was used in this paper can be found in [41]. 

4.5. Printed geometries 

To test the maximum overhangs that can be produced with the bio- 
Fig. 6. Mesh cut-out with the vertices i and j and the opposite angles αij and βij 

of line IJ [41]. 
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based composite material in vertical and the multi-directional slicing, 
eight shapes were defined (see Fig. 8). To simplify the test of the 
concept, a circular cross-section was chosen with a diameter of 20 cm. 
Inclinations of 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦ and 80◦ were defined to 
identify the limit for material and printing method. The average layer 
height was defined as 5 mm (see Fig. 9). The layer width resulted, as 

discussed before, from the defined extrusion-, printing speed, nozzle 
size, and layer height in 13–15 mm (see Fig. 9). 

Naturally, if a layer thickness shall be larger than zero at any point, 
the change of inclination between two successive layers, or the curva-
ture of skeleton is limited. Fig. 10 shows the geometry for a multi-axial 
3D printing approach. The inner layers, closest to the center of rotation 
should not lay beneath a certain thresh-hold to enable a good print 
quality. In the case of this study, the thresh hold was chosen to be ± 2 
mm respective to the average layer thickness. A general formulation for 
the minimum rotation radius for this boundary condition could be 
derived of the geometrical circumstances in Fig. 10. 

This can be seen in Eq. (7): 

minr =
R+ 0.5w

x
(7)  

With: r - radius of pipe’s curvature from rotational center to center of 
cross-sectionR - radius of circular pipe’s cross-section centerw - layer 
widthx - possible variance of layer (printability boundary); layer height 
H ± xH; 0 ≤ x ≤ 1 

For the layer thickness, a variation factor of x = 2/5 was defined, i.e. 
the standard layer height of H = 5mm was varied by: ±xH = ±2

5 •

5mm = ±2mm. The minimum radius of the cylinders was calculated as 
minr = 269mm. 

It was expected to be able to print larger overhang geometries with 
the multi axes slicing direction, rather than the standard vertical build 
directions as known from other projects [9,24]. Therefore, the prints 
were started out with a vertical build direction, horizontal slicing, and a 
low overhang. The overhang was increased for each print, up to the 
point of observable failure in the manufacturing. To push beyond this 
point, the slicing methodology was switched to the multi axial slicing 
approach and continued to the maximum overhang/inclination of 80◦

(see Fig. 8). 

Fig. 7. Skeleton line calculation. The mesh of the STL file is being contracted to a point cloud, trimmed and approximated by a spline curve [41].  

Table 1 
Conversion from G-code to KUKA. The Section ‘common commands’ show 
directly convertible values between the G-code and KRL syntax. Underneath, the 
Kuka specific variable are specified which do not have a value in G-code.    

G-code KRL 

common 
commands 

Coordinate (cdnt) X.. Y.. Z.. A.. 
B.. C.. 

{X.., Y.., Z.., A.., B.., 
C..}  

Tool Selection T.. $TOOL =
TOOL_DATA[..]  

Base Selection G92 X.. Y.. Z.. $BASE =
BASE_DATA[..]  

Rapid motion G0 [cdnt] PTP[cdnt]  
Controlled linear 
mot. 

G1 [cdnt] LIN[cdnt]  

Controlled circular 
mot. 

G2 [cdnt] I.. 
J.. 

CIRC[cdnt], [cdnt]   

G3 [cdnt] I.. 
J.. 

CIRC[cdnt], [cdnt]  

Home all axis’ G28 PTP HOME  
Velocity F.. $VEL.CP =..  
Acceleration M204 S.. $ACC.CP =..  
Initialize G21; G90; G92 

E0; 
INI  

Pause M1 HALT  
Comments ; : 

Add. KRL 
commands 

Approximate linear 
mot.  

[lin motion] C_DIS  

Approximate 
distance  

$APO.CDIS =..  

Orientation control  $ORI_TYPE #..  

Fig. 8. Modelled printing objects in Rhinoceros 6. Cylinders with an inclination of 10◦-80◦ and a cylindrical cross section with a diameter of 20 cm. The minimum 
radius of the rotation was calculated after Eq. (7). Four objects were fitted on the dimension of the printing bed. 
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5. Results and discussion 

5.1. Printing cylinders 

The printed elements are shown in Fig. 11. The top row shows the 
cylinders that were sliced with a vertical build direction – a maximum of 

40-50◦ could be reached. The second row shows the multi-directionally 
sliced cylinders, for which a significantly higher layer inclination of 80◦

could be achieved. 
The 50◦ overhang of the vertically sliced element was not printable. 

The areas of the layers that present the largest overhang (see bottom left 
of Fig. 11) showed deformation during the print and later failure. In the 
regions of outmost lateral offset, the layer geometries lacked support 
and could therefore not be pressed onto the preceeded layer by the tip of 
the nozzle, thus keeping its cylindrical shape. The connection of the 
printed layer was insufficient to keep the material in place; it deformed 
and fell down. The identified printability limit in overhang originated 
from the material’s loss of equilibrium and thus the lack of connection. 
To avoid this issue, small-scale polymer printers incorporate a tempo-
rary support structure that needs to be removed after completion of the 
print [25]. This is due to practical reasons not feasible for concrete 
printing, leaving to reach larger overhangs to increase the tack (adhe-
sion strength of printed layers), normal strength, and yield stress of the 
material, or creating increased support by layer inclination as explored 
in this study and shown in Fig. 11. 

An overhang of 50◦ could be reached without any further compli-
cations with the multi-axial printed objects, suggesting that the 
increased layer inclination gives better buildability for overhang con-
structions. The overhang inclination was increased to 80◦. The material 
showed at the reached inclination still good buildability without sig-
nificant deformation. A failure occurred in the location of high tensile 
stresses normal to the layer interface plane due to a large moment 
induced by self-weight of the cantilevering arch of the curved tube (see 
bottom right of Fig. 11). Even though a failure was observed, the local 
deposition of the layer under an 80◦ inclination was still sufficient to 
meet the occurring tensile and shear stresses. The structural failure at 
80◦ could be avoided by choosing a greater layer time to give the ma-
terial a longer hardening time before being loaded. 

The introduction of cold joints might be the reason for the failure at 
the given location (see Fig. 11). When reloading the ram extruder, the 
deposited material cooled down. The introduced warmer layer might 
lacked adhesion due to the temperature difference. This needs to be 
further investigated in future studies. However, the binder gelatin, also 
known as bone glue, is recognized for its good self-adhesion in cabinet 
making applications. I.e. already glued joints can be repaired by simply 
adding more glue. Good interface adhesion and little cold joint effects 
are therefore expectable. 

Fig. 9. Vertical cross-section of 80◦ inclination as seen in Fig. 8. The layer 
width of 13–15 mm and a layer height of approx. 5 mm is identifiable. 

Fig. 10. Geometrical limits for rotation radius with a layer height variance of ± 2 mm. All measurements are given in [mm]. The layers, laying on the inside of the 
rotation can be 2 mm decreased, the layers on the outside can be 2 mm increased, related to the chosen layer height of 5 mm. Eq. (7) shows the calculation of the 
minimum radius of 269 mm to satisfy those limits. 
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The layer times were chosen, as seen in Fig. 12. For close to vertical 
build-up without overhang, a continuous print was conducted without 
any resting time between the layers, i.e., the layer time matched the time 
for the nozzle to print one layer – 40 s, as described in Section 4.3. As the 
built inclination increased, a more significant yield strength increase 

was needed to keep the material in place. As described in [22], the yield 
stress and stiffness of the material increase when given time to settle 
(thixotropy) and by cooling the material. Therefore, the increase of the 
layer time could add to the obtainable layer stability. A continuation of a 
40 s layer time would have led to an earlier collapse of the overhang 

Fig. 11. Prints of varying overhang geometry. Cross-section of pipe kept constantly circular with diameter of 20 cm. Increasing overhang from 10◦ (top left) to 80◦

bottom right. Built with varying slicing strategies: vertical slicing (top) and rotational slicing (middle). 40◦ inclination was the largest inclination possible for vertical 
slicing methods, for rotational slicing, 80◦ inclination was achieved. Mechanisms of the respective failures can be seen in the bottom of this figure. 

Fig. 12. Mean layer time for (left) vertically sliced objects, (right) for multi-directionally sliced objects. The mean is taken over approx. 9 layers or each cartridge of 
the caulking gun. 
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structures. The layer times were increased in regards to the layer incli-
nation. The average layer time did not exceed 5 min for reasons of 
manufacturing practicability. 

Similar studies were attempted to reach a high inclination of over-
hang with vertical build direction methodologies for polymer printers 
[46] and cementitious concrete printers [9,24]. In [24], a maximum 
overhang in the vertical direction of 17.5◦ could be reached by opti-
mizing the composition of cementitious material with the addition of fly 
ash. Similar results to this study give limits of polymer printers which 
are communicated with approx. 45◦ [47]. Depending on the layer 
thickness, a limit of 45◦ is often noted as a theoretical limit for a verti-
cally sliced object [46]. Since the layer width matches the layer’s height, 
50 % of the deposited material lacks support, giving equilibrium issues 
of the supported layer, without relying on the materials tack. 

Also in concrete printing, significant overhangs can be reached by 
either increasing the layer width or inclining the layers [34,48]. For 
inclined layers, larger overhangs than 17.5◦ can be achieved [48]. 
However, the material’s buildability is still limited, i.e., the rather slow 
setting characteristics are the limiting factor. For the presented concrete 
composite, a fast setting time through thermoplastic hardening can be 
reached and, therefore, high layer inclinations compared to conven-
tional concrete composites. The high density and mass of the material 
also limits the overhang constructions due to the induced moment, not 
being able to reach as high overhangs as for other, less dense materials, 
such as plastics. 

5.2. 6-axis printing 

The robot arm allowed a 6-axes control, i.e., movement along 3 axis 
and adjustment of yaw and pitch angles of the print head. Therefore, the 
extrusion system could be placed normal to the layer plane for all slicing 
direction hence optimizing the material deposition. A limiting factor is 
the size of the print head, which could for complex geometries and small 
operation space collide with the already existing part of the structure. If 
not solved otherwise through advanced print head design, the print 
inclination would need to be limited for larger overhangs or limited 
printing spaces to give the print head enough room without damaging 
already printed parts. Similar processes can be seen in [33,48]. 

The sliced planes were printable both for the vertical and multi- 
directional printing approach. The layers of the conventional slicer 
showed, as expected, a uniform layer height, while the layer height of 
the multi-directional sliced pipes varied. The allowed variation of the 
layer thickness of ±2mm as determined in Section 4.5, was for some 
layers exceeded or undercut but without damaging the proceeding layer 
(see Fig. 11). The intended maximum variation was exceeded. It can 
therefore be concluded that the calculated skeleton line and the 
centerline of the circular cross-section are similarly placed but not alike. 

5.3. Extrusion and material 

The extrusion through a caulking gun with preheated material as 
seen in Fig. 4, was a simple but effective design successfully applied for 
building the geometries intended. The material showed good homoge-
neity at extrusion. The material’s consistency could vary slightly from 
batch to batch depending on pre-heating duration. This consistency 
change originates from mixing variations and the vapor permeability of 
the low density polyethylene film tube bags. During the heating period, 
the water content in the material is being decreased. In addition, the 
material is given time to settle while being heated and air enclosures in 
the material from the mixing process are being driven to the surface. The 
volume of solid material in the tube bag could therefore decrease 
through segregation in the solid- and gas phase, leaving the solid phase 
with varying consistencies. This variation, lead to difficulties in con-
trolling the onset of the ram extruder. Thicker materials needed more 
built-up pressure in the extruder and therefore an earlier onset of the 
piston. The print quality varied therefore. An improvement of print 

quality could in future be reached by introducing an auger to the nozzle, 
in order to more effectively control material extrusion. 

The printability of the material is proofed to show sufficient 
robustness for large layer inclinations. No tearing was observed from the 
deformation, and no plastic deformation due to self-weight was 
observed. The filament could be deformed from a cylinder shape of 13 
mm diameter to a layer with a height of 5 mm through nozzle placement 
and movement. 

The freedom-of-shape that is possible with the material and process 
makes the application to constructions plausible. However, the main 
limiting factor for the application is the durability of the material. Fire- 
and moisture resistance and protection against micro-organisms need to 
be investigated and further developed. To the current state, the printed 
objects take up moisture from humid environments. If sufficient free 
water is available within the composite, it gives room for growth of 
micro-organisms. Further, the printing mechanism is to date limited to a 
ram extrusion system. To increase its practicability, a continuous 
printing system should be developed that can deliver the material in a 
more effective way to the nozzle, e.g. through pumping. 

6. Conclusion 

The process and the related material to print structures with large 
overhangs were presented. It was shown that with a multi-directional 
planar slicing methodology larger overhang structures could be 
reached than with the conventionally used vertical build direction 
methods. The multi-directional slicing approach, for which a skeleton 
line presents the slicing normal, offered better support for the freshly 
printed layers and could therefore enable higher degrees of freedom. 
The biopolymer-based thermoplastic concrete composite material 
developed early-age properties that showed sufficient rigidity to hold a 
freshly printed layer in place - also under 80◦ layer inclination. The 
heated ram extruder could keep the preheated composite material at 
temperature and allow for homogeneous extrusion with a rapid early- 
age yield stress development. 

The improvement of rheological properties are decreasing the 
overhang limitations for 3D printed construction materials. With larger 
overhangs, higher degrees of structural optimization in building com-
ponents and therefore a lower material consumption are possible. This 
paper could show that freedom of shape and large overhangs can be 
enabled by thermoplastic substitutes for conventional binders in con-
cretes like the presented mammal gelatin. 
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