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Abstract
This research investigated the feasibility of thermoplastic 3D printing on inflatable membranes. Five experiments were per-
formed in an iterative process through design and manufacture (1), computational simulation and 3D scanning (2), and robotic 
fabrication on the pneumatic formwork (3). These experiments ranged from small to large-scale 3D printing. Experiment 1 
demonstrated the small-scale feasibility of the process and the need to integrate an air-pressure control loop. Experiment 2 
investigated the technique transfer from small to large-scale. Experiment 3 analyzed the deviation and shape accuracy of the 
inflatable membrane. Experiment 4 identified the required fabrication settings and compatibility between the membrane and 
the 3D printing material. Finally, Experiment 5 demonstrated the design and fabrication potential of large-scale 3D printed 
elements on pneumatic formworks. The results proved high potential for building freeform design elements for architectural 
applications on pneumatic formworks.
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Introduction

Freeform design, also known as double curved or curvilinear, 
is one of the most emblematic building expressions in 
architecture. Freeform features a non-rectilinear configuration 
of architectural structures where two curves are placed in two 
different directions, creating a complex and organic form [1, 
2]. World-renowned architects have used freeform expressions 
to create cultural landmarks and iconic buildings, such as the 
Guggenheim Museum Bilbao, the Sydney Opera House, 

and the Heydar Aliyev Center [3–5]. This expression allows 
architects to experiment with novel forms and materials, 
which can lead to new discoveries and breakthroughs that 
influence the direction of the architecture discipline as a whole 
[6]. Furthermore, freeform structures can be functionally 
advantageous because they distribute forces evenly throughout 
the building element, which can improve its strength and 
stability [7]. Funicular shapes, which are structural-informed 
freeform designs, can distribute stress attained by self-weight 
in pure compression condition without bending, in contrast 
to straight or flat structures. These shapes are structurally 
efficient and environmentally friendly because their form 
follows the force flows in the geometry, reducing the quantity 
of materials needed, eliminating the need for additional 
reinforcement, and allowing for the use of more affordable 
materials with lower strength [8].

In the past decade, advances in technology such as digital 
fabrication, and parametric design have further enabled the 
potential of freeform architecture [9–11]. These tools have 
allowed architects to explore new forms and shapes that were 
previously impossible to achieve [12, 13]. To build these 
shapes, several fabrication techniques can be used, such as 
subtractive, net-shape (reshape and molds), or additive [14, 
15]. 3D printing, also known as additive manufacturing (AM), 
is the most commonly used method today for producing 
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freeform designs. This is because 3D printing has the ability 
to quickly produce complex and unique geometries with 
high accuracy and precision [16, 17]. Compared to other 
digital fabrication techniques, 3D printing enables architects 
to fabricate a physical model directly from a digital model, 
which allows for greater design flexibility and iteration [18]. 
This is particularly useful for freeform designs that often 
involve irregular, organic shapes, difficult or impossible 
to create with conventional manufacturing techniques. 
Additionally, 3D printing can reduce material waste and 
lower production costs compared to other fabrication 
methods, because this process optimizes material deposition 
in the required location [19–21].

Material extrusion, also known as Fused Deposition 
Modeling (FDM), is the prevalent 3D printing method used 
in architecture for large-scale projects. Material extrusion 
is a layer-by-layer deposition technique where the extruded 
material is fed in a continuous stream through a generally 
heated nozzle [22]. This technology became popularized 
because it can produce structures using a wide variety of 
materials, including thermoplastic, concrete, clay, and metal. 
Thermoplastic is a 3D printing material highly beneficial for 
translucent, nearly transparent components at an architec-
tural scale [23]. Concrete has been widely used for structural 
elements, often in combination with added reinforcements 
[24, 25]. Clay-based materials have the advantage of low 
environmental impact [26], while metal has been mostly 
used for high precision nodes and some large-scale elements 
[27–29]. All these materials can be generally 3D printed in 
uniform planar or non-planar slicing (Fig. 1a) [30]. Non-pla-
nar is considered more advantageous for freeform architec-
ture due to higher geometrical versatility, improved quality, 
and diminished material waste [31].

Both planar and non-planar slicing methods encounter 
challenges prominently in large-scale fabrication [32]. 
Geometry deformation often occurs and limits the design 
space because of overhang at lower angles below 45° [33], 
see Fig. 1b. To solve this issue, small-scale 3D printing 
generally uses additional support materials [34, 35]. In 
large-scale fabrication, molds or support materials, such as 
gel or foam, have been used as support to prevent the risk of 
adhesion between the 3D print and the support structure [36, 
37]. Compared to support materials, adaptive molds have 
gained increased interest for architects and manufacturers 

in the past decade. These support structures can be rigid 
or flexible and offer advantageous solutions due to their 
reliability and scalability. For example, North Sails, a yacht 
sail manufacturer, used pneumatic rigid supports structures 
to produce custom sails and reduce costs by re-using the 
same reconfigurable mold [38]. A similar adaptive mold has 
been used by Raun et al. to build architectural glass fiber 
reinforced concrete (GFRC) panels in an automated process 
[39]. Furthermore, Christopher et al. explored sub-additive 
3D printing, which enabled concrete 3D deposition on a rigid 
structure that can be mechanically shaped [40]. Nevertheless, 
rigid formworks are costly systems, can produce waste, have 
limited degrees of freedom, and can be difficult to maintain, 
and repair [41, 42]. In contrast, flexible or fabric formwork 
are more cost effective, reliable, efficient in installation, and 
have low maintenance [43]. For example, Isler`s hanging 
models of flexible formwork have been employed in the past 
to generate inverted shape of funicular shells [44]. More 
recent examples can be found in fabric-formed structural 
elements, produced through different tensioning of the 
membrane [45]. Other researchers investigated the potential 
to fabricate on textiles as formwork [46–48].

However, flexible formwork can be challenging to use as 
a support structure due to its tendency to sag or bulge natu-
rally from loading conditions. For this reason, securing high 
accuracy of the pneumatic shape can be a great impediment 
as large-scale 3D printing supports. Furthermore, to achieve 
high accuracy, real-time sensor-based feedback is essential 
for manufacturing the freeform surface efficiently. To solve 
these issues, pre-stressing or air support can offer shape 
stability and enable the potential of flexible membranes as 
formwork. Such an approach has been already proven for 
small-scale 3D printed auxetic lattices [49]. Additionally, 
Stuttgart University combined pneumatic formwork and 
robotic fiber weaving as the fabrication method [50]. This 
“Water spider” pavilion has demonstrated how to transform 
an air-supported structure into a self-supporting shell with a 
sensor-based feedback loop. Thus, air-supported membrane, 
or pneumatic formwork, has a great potential for freeform 
3D printed elements.

Therefore, this study aims to identify the feasibility of 
3D printing on a pneumatic formwork for complex free-
form designs. Material extrusion of thermoplastic with non-
planar slicing method has been selected as the large-scale 

Fig. 1  a) Example of uniform 
planar slicing (left geometry) 
and non-planar slicing (right 
geometry); b) Geometry 
deformation in a thermoplastic 
3D printed design, because of 
overhang failure in angles below 
45°
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fabrication technique. Furthermore, to identify geometry 
accuracy, a sensor-based feedback loop of scanning and 
simulating the pneumatic formwork has been used. Five 
experiments were tested to identify the best strategy for an 
accurate outcome.

Method

In this section, the study methodology is presented. The 
experiments were performed in an iterative process divided 
into three steps: (1) pneumatic formwork system, (2) digital 
process, and (3) fabrication, as shown in Fig. 2. First, a pneu-
matic form (1) was built, where strategies were identified 
in terms of dimensions, membrane material, and boundary 
conditions. Second, digital tools (2) were used to simulate 
the shape of the pneumatic formwork using the dynamic 
relaxation method [51]. The simulation model accuracy 
was then verified by scanning the physical formwork. 
Third, 3D print toolpaths were generated for the fabrica-
tion process (3) based on the scanning results. With this 

experimental method and setup, five 3D-printed prototypes 
were manufactured.

Pneumatic formwork system

The strategy for building the pneumatic formwork considers 
three key aspects: i) formwork assembly, ii) pressure con-
trol of inflating the pneumatic formwork, and iii) membrane 
type.

The pneumatic formwork (i) is assembled as a three-
layered structure—a baseboard, an elastic membrane, and 
a frame, see Fig. 3a. The membrane is clamped between 
the baseboard and the frame to create an airtight chamber. 
The material for the baseboard and the frame are made of 
plywood. The baseboard is sealed with silicon and covered 
with polyvinyl chloride (PVC) film layer to prevent air and 
pressure loss. A neoprene gasket can be embedded in the 
baseboard and the frame to minimize any possible air leaks 
at the contact between the plywood and the membrane sur-
face. Additionally, magnets can be added in the middle of 
the membrane to modify the shape of the surface.

Fig. 2  Diagram of the method-
ology. The experiments consist 
of an iterative process divided 
into three main steps: (1) 
pneumatic formwork, (2) digital 
process, and (3) fabrication
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Figure 3b displays a customized pressure control loop 
(ii) built to maintain consistent inner pressure in the inflated 
membrane. The system consists of an Arduino UNO, a 
BME280 pressure sensor, a solenoid valve, and a pressure 
regulator. The Arduino activates or deactivates the solenoid 
valve based on the low-pass filtered pressure. The valve and 
the manual pressure regulator control the inlet air pressure. 
The regulator helps to prevent pressure deflection caused by 
the sensor latency.

The membrane material (iii) is selected based on the com-
patibility between the elasticity of the membrane and the 
3DP material service temperature, see Fig. 4. 3D printing 
temperatures have relatively high values, between 190 and 
250 °C that can melt the membrane if the service tempera-
ture of the inflatable is too low. In this study, three mem-
branes were selected due to their advantageous material 
properties, such as high service temperature, high elasticity, 
and large available dimensions within ready market avail-
ability. The materials for the membrane are latex from a 
weather balloon, 50 shore-A 0.5 mm thick silicone, and 35 

shore-A 1 mm thick silicone [52, 53]. The 35 shore-A1 mm 
thick silicone membrane was found as the material with the 
most advantageous properties, with a continuous service 
temperature of 200 °C and a peak temperature of 230 °C. Its 
tensile strength is 14 MPa and elongation at break is 880%.

These material properties are essential in the dynamic 
relaxation method to precisely simulate the pneumatic geom-
etry. The silicone membrane is generally used in the vacuum 
press industry for manufacturing processes for Cross Lami-
nated Timber [54]. Thus, architectural-scale dimensions are 
market readily available.

Digital process

The digital process uses several computational tools and 
consists of three steps:

1. Simulation of the inflatable using a dynamic relaxation 
method,

Fig. 3  a) Assembly of the pneu-
matic formwork in a three-lay-
ered configuration: a frame (A), 
a membrane (B), a baseboard 
(C), and neoprene gaskets (D); 
b) Pneumatic system loop for 
air-pressure control: solenoid 
valve (A), pressure regulator 
(B), pneumatic formwork (C), 
BME280 pressure sensor (D), 
and Arduino UNO (E)
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2. 3D scanning of the inflatable and comparative analyses 
with the simulated input,

3. Design of the 3D printing toolpath on the 3D scanned 
result.

The simulation is required to design the inflatable mem-
brane, while 3D scanning is needed to determine if the 
physical prototype matches that simulation while obtaining 
a precise representation of the formwork.

Simulation process

The dynamic relaxation method implemented in a COM-
PAS framework was employed to design and simulate the 
inflatable behavior [51, 55]. First, a mesh representing the 
not-inflated membrane was created in Rhino Grasshopper 
[56]. This mesh was designed from the constraints where 
specific vertices were identified as anchors, as shown in 
Fig. 5a. Then, the mesh was exported as a JSON file and 

Fig. 4  Compatibility between 
the membrane and 3D printing 
thermoplastics service tem-
perature

Fig. 5  a) Constraints pos-
sibilities for the pneumatic 
membrane. From left to right: i) 
placement of magnets, ii) place-
ment of cables, iii) additional 
frame placement; b) Geometry 
and residual forces (A) results 
from the dynamic relaxation 
method
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used as input for the dynamic relaxation algorithm in the 
COMPAS framework. Once the E-modulus of the mem-
brane (GPa), and internal pressure (hPa) were generated, 
the algorithm was able to calculate the form in equilibrium 
as well as its residual forces, see Fig. 5b. In particular, for 
experiment 5, the calculated residual forces were used to 
estimate the weight of the constraining magnets placed on 
the membrane (detailed further in section Experiment 5—
Chapter 3). Finally, the mesh was imported as JSON file for 
toolpath planning and visualization in Rhino Grasshopper.

Scanning

The pneumatic membrane has no bending stiffness, which 
can generate deformations due to the internal pressure, 
material imperfections, and environmental disturbance. 
For this reason, 3D scanning was used to identify the exact 
membrane shape and accurate location for the 3D printing 

process. An Intel Realsense D415 stereo depth camera was 
placed at the robotic arm's end-effector and was able to 
perform scanning from multiple angles and distances, see 
Fig. 6a [57]. A Visual fiducial markers, such as the AprilTag, 
were attached to the corners of the formwork frame, see 
Fig. 6a [58]. These markers helped identify the formwork 
boundary and filter background noise in the scanning data. 
Moreover, a distance threshold was applied to remove addi-
tional noise.

In the scanning process, the end-effector was moved to 
a location with maximum visibility of the AprilTag. Then, 
the location of the tool center point (TCP) and the tags 
were recorded, the scan was performed, and the process 
was repeated until the formwork was scanned from multiple 
various angles.

The scanned data was processed via Open3D in python 
[59]. The point clouds were transformed using the paired 
TCP frame and aligned using an iterative closest point (ICP) 

Fig. 6  a) 3D scanning set-up of the Realsense camera (a) placed at the robotic arm end-effector (b) and Apriltag (c) placed on the pneumatic 
formwork; b) 3D scanning process flow chart
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algorithm [60]. The aligned point clouds were downsampled 
to reduce computation time. Subsequently, a statistical point 
cloud outlier algorithm was performed to remove contained 
noise and artefacts before surface reconstruction. A Poisson 
surface reconstruction method was used to create a smooth 
mesh surface out of the combined point clouds [61]. Fig-
ure 6b displays all these steps in the scanning process.

Toolpath planning

The toolpath planning was designed in Rhino/Grasshop-
per [56]. The design was based on the point coordinates 
extracted from the mesh in the scanning process. Then, 
these points and their surface normal on the mesh were 
converted into TCP in COMPAS RRC for point-to-point 
robotic control [62]. Collision avoidance and detection 
were also analyzed between the extruder and the mem-
brane. The collision occurs when the print areas are closer 
to the internal constraints, and the membrane has a quasi-
horizontal surface normal, see Fig. 7a. Therefore, before 
fabrication, the scanned pneumatic formwork and surround-
ings were imported in a RobotStudio™ virtual scene [63]. 
This simulation contributed to create a visual representation 
for detecting robotic collision. The robotic joint axis angle 

were analyzed during this simulation to avoid singularity 
or axis coupling and ensure print quality in the fabrication 
process. Figure 7b displays how the opposite angles for joint 
axis-4 and joint axis-6 caused an unexpected acceleration or 
deceleration. The TCP frames were modified accordingly 
based on the angle visualization to avoid bad print quality. 
Specifically, the extruder nozzle was secured from reaching 
inaccessible parts of the membrane by applying TCP normal 
optimization. The TCP normals were limited in the range 
of 30° angle of the Z-axis robot world coordination system 
while simultaneously matching to the perpendicular direc-
tion of the pneumatic surface. Once the normal was fixed, 
TCP reorientation was applied to maximize robot reachabil-
ity and solve significant deceleration.

Fabrication setup

This research uses two robotic fabrication setups with a 
UR-10 robotic arm and an ABB IRB-4600 robotic arm. The 
UR-10 robotic arm is used for initial tests in a small-scale 
fabrication setup, see Fig. 8a [64]. Attached to its end effec-
tor is an E3D SuperVolcano filament extruder [65]. In this 
process, a 2.85 mm polylactic acid (PLA) filament is used as 
3D printing material. PLA is selected due to its vast market 

Fig. 7  a) Normal optimization 
of the TCP frame. The con-
straint area (b) determines the 
extruder angle (a) to avoid colli-
sion; b) Angle data of each join, 
J4, J5, and J6, of the ABB robot 
during the printing process

Fig. 8  a) Small-scale fabrica-
tion setup with an UR10 robotic 
arm, SuperVolcano extruder, 
and Intel RealSense camera 
attached to the end-effector; b) 
Large-scale fabrication setup in 
the Robotic Fabrication Labora-
tory (RFL) with ABB IRB-4600 
robotic arm and CEAD extruder
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availability in the 3D printing field [66]. Figure 8b displays 
the large-scale fabrication setup installed in the Robotic 
Fabrication Laboratory (RFL) at ETH Hönggerberg [67]. 
An ABB IRB-4600 robotic arm has a CEAD thermoplas-
tic extruder placed as an end-effector [68, 69]. The ABB 
IRB-4600 robotic arm is mounted on a three-axis gantry 
system, has six degrees of freedom, and has a working area 
of 3 × 1.5 × 3 m. The CEAD pellet extruder has a maximum 
material output of 12 kg/h and can extrude a wide range of 
thermoplastic pellets. It incorporates a complete package 
that includes a printing bed, nozzle variety from 2 to 12 mm 
in diameter, material drying, material feeding, and automatic 
logging of parameters. The 3D thermoplastic materials used 
in manufacturing the prototypes are PETG and PLA pellets. 
The experiments conducted on the large-scale setup have the 
following main fabrication parameters: 2–3 mm layer height, 
2 mm layer width, and 60 mm/s printing speed.

Experiments and results

In this section, five experiments are presented, with results 
displayed at the end of each subchapter. The first prototype 
is 3D printed with the small-scale UR10 robotic arm, while 

the following four prototypes, Prototype 2, 3, 4, and 5, are 
fabricated with the large-scale ABB robotic arm. All proto-
type fabrication settings are displayed in Table 1.

Experiment 1

The first experiment aimed to identify the 3D printing feasi-
bility on a pneumatic formwork. It uses a small-scale robotic 
fabrication setup to identify the method's feasibility, from 
simulation to scanning and fabrication.

In this first experiment, a pneumatic formwork with the 
size of 300 × 300 mm was built, see Fig. 9. The formwork 
comprised three layers: a square medium-density fibreboard 
(MDF) plate as a baseboard with the air inlet underneath, 
a latex elastic membrane, and a second cut MDF frame 
clamped on the top with metallic screws. The elastic mem-
brane was selected due to its ability to achieve reconfigurable 
shapes by modifying the boundary constraints. However, the 
air pressure was operated manually, where constant com-
pressed air of 2 kg/cm2 inlet was required to maintain the 
inflated geometry. The Realsense camera was attached to the 
end-effector of the UR10 robotic arm and 3D scanned the 
pneumatic formwork. However, the scanning process was 
inaccurate due to the significant deviation in the pressure 

Table 1  Fabrication settings for the five 3D printed prototypes

*For Prototype 5, different layer heights were used to accommodate the non-planar design (detailed in Fig. 17c). In consideration to a constant 
extrusion rate, the corresponding print line widths are averaged

No. Parameters Prototype 1 Prototype 2 Prototype 3 Prototype 4 Prototype 5

1 Fabrication set-up UR-10 ABB-IRB 4600 ABB-IRB 4600 ABB-IRB 4600 ABB-IRB 4600
2 Material PLA PLA PLA PETG PETG
3 Environment temperature 24.2° C 26.0° C 24.5° C 22.7° C 21.5° C
4 Layers 2 4 6 1 20
5 Average print path length per 

layer
5.24 m 16.92 m 19.51 m 31.23 m 75.32 m

6 Layer height 1 mm 2 mm 3 mm 3 mm *3 mm
7 Layer width 2 ± 0.4 mm 4.1 ± 0.3 mm 3.8 ± 0.4 mm 3.8 ± 0.3 mm *3.8 ± 0.5 mm
8 Nozzle diameter 2 mm 4 mm 4 mm 4 mm 4 mm
9 Extruder temperatures 210° C 190, 195, 205, 210° C 190, 195, 205, 210° C 225, 230, 240, 245° C 225, 230, 240, 245° C
10 Robot speed 10 mm/s 30 mm/s 50 mm/s 60 mm/s 60 mm/s
11 Weight 10 g 714 g 870 g 238 g 33.3 kg
12 Fabrication time 35 min 0 h 37 min 0 h 32 min 0 h 9 min 14 h 51 min

Fig. 9  Small-scale sample 
printed with transparent PLA 
filament on MDF formwork
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control. In this experiment, no simulations were made. The 
toolpath was designed as a 2D geometry, and then projected 
on the 3D scanned mesh. The toolpath was then generated 
in Grasshopper and used to fabricate Prototype 1 from trans-
parent PLA filament at 210 °C temperature.

Experiment 1 showed a successful robotic fabrication on 
pneumatic formwork. The latex membrane did not melt due 
to the nozzle printing temperature. However, the shape of 
the pneumatic membrane was challenging to control. The 
slightest pressure instability notably deforms the inflated 
geometry, thus further affecting the 3D printing process 
accuracy. This experiment displayed that a control loop for 
air permeability is required in this process.

Experiment 2

Experiment 2 was the first test on a large-scale robotic 
fabrication setup. This test aimed to verify the feasibility 
of transfer from model to architecture-scale manufactur-
ing. The pneumatic formwork was built on a baseboard of 
1000 × 1000 mm. The formwork layers are made of a ply-
wood base, a neoprene gasket, a membrane, and a wooden 
frame surrounding it, see Fig. 10a. The membrane material 
was a 50 shore-A 0.5 mm thick silicone, more suitable for 
higher 3D printing temperatures than latex, with an elon-
gation of 370% and tensile strength of 8 mPa. A pressure 
control loop was built for Prototype 2 to achieve maximum 
accuracy of the inflated shape, as described in Sect. "Pneu-
matic formwork system", see Fig. 10b. The pressure and 
temperature data were analyzed and documented in real-time 
during manufacturing, see Fig. 10c.

The simulation of the inflatable was generated with the 
dynamic relaxation method, as described in Sect. "Simula-
tion process". The scanning process compared the simulated 
geometry to the physical pneumatic formwork. A statistical 
outlier removal algorithm was performed to remove noise. 
In addition, a mesh representing the membrane was cre-
ated by the Poisson surface reconstruction algorithm. This 
method resulted in a smoothened mesh surface, which is 
ideal for toolpath projection. In this computational step, as 
a first fabrication test, a simple grid geometry was designed 
and projected on the mesh, see Fig. 10d. The grid dimen-
sions were 700 mm × 700 mm and 6-layer height of 2 mm 
per layer. PLA pellets were used to fabricate Prototype 2 as 
3D printing thermoplastic material due to their lower melt-
ing temperature (210 °C) compared to other thermoplastic 
materials, see Fig. 10e.

Experiment 2 displayed that architectural-scale 3D print-
ing on pneumatic formwork is possible. In this experiment, 
it has been proven that a pressure control loop was essen-
tial to achieve an stable position of the membrane and fur-
ther generate the toolpath design. Nevertheless, the main 
challenge of the experiment was air permeability. For this 

reason, Experiment 2, compared to Experiment 1, had an 
additional neoprene gasket applied around the wooden frame 
to eliminate the air leakage. As a result, this gasket reduced 
the pressure descent to 1 hectopascal/second (hPa/sec). 
However, this value was still insufficient for maintaining a 
steady pneumatic formwork for 3DP fabrication. Therefore, 
the pressure control loop was a key step in the large-scale 
fabrication setup. The difference between the formwork and 
the atmospheric pressure refined the target pressure. Within 
the range of 2 hPa and 10 hPa, the target pressure remained 
stable within a tolerance of 0.2 hPa, see Fig. 11. Data from 
the sensor illustrates the accuracy of the pressure control 
loop, where the formwork deformation caused by the 0.2 hPa 
pressure ripple is within the nominal margin of a 2 mm or 
higher print height.

Experiment 3

The aim of Experiment 3 was to improve 3D printing accu-
racy by investigating the deviation and shape accuracy of 
the inflatable membrane. Experiment 3 was built within the 
same fabrication setup and computational process as Experi-
ment 2, except for an optimized scanning process.

Two post-printing scans of the pneumatic formwork have 
been performed to identify potential deformations caused 
by the load of the printed object. The scanning step was 
essential in Experiment 3 to display any deviation from the 
simulated geometry, see Fig. 12a. After 3D scanning, the 
reconstructed mesh quad faces were used as a base to gener-
ate the fabrication toolpath for Prototype 3. The toolpath was 
designed with 5 layers of 2 mm height as a more complex 
geometry for the end-effector to follow the formwork geom-
etry in non-planar coordinates see Fig. 12b. Prototype 3 was 
3D printed in PLA and had a slightly higher weight and 
manufacturing speed of 50 mm/s than Prototype 2, Fig. 12c.

Experiment 3 displayed strategies for improving mesh 
accuracy in the scanning process for building a more precise 
and complex geometry. Identifying the pneumatic formwork 
deviation from the digital simulation was vital for achiev-
ing accuracy. The deformation observed by the post-printing 
scans was heterogeneous. This discrepancy is estimated to be 
caused by the misaligned mass centers of the printed object 
and the formwork. Additionally, the increasing weight of the 
object while 3D printing was not calculated in the pressure 
control loop, which contributed to further deviation in the 
inflated membrane. Results showed that the median devia-
tion to the pre-printing scan was 10.42 mm with the printed 
object and 3.86 mm without the printed object, see Fig. 13. 
Other factors that can contribute to these deviations are the 
camera calibration, lighting condition, membrane color, and 
the point clouds post-processing and surface reconstruction 
of the mesh. These results confirm the relationship between 
the 3D-printed object and the formwork deformation.
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Experiment 4

Experiment 4 aimed to identify the feasibility of 3D print-
ing on a more complex membrane design with a higher-
temperature material. Thus, a new boundary was added—a 
magnet placed in the middle of the formwork to deform the 
inflated membrane and enable complex freeform designs.

The experiment had the same pneumatic formwork as 
Experiments 2 and 3. However, the new magnet addition 
required robot orientations to be integrated to avoid col-
lision during 3D printing. Although, the simulation and 

scanning process was similar to Experiment 3. The simula-
tion provided the inflated membrane's geometry and the 
residual forces of the magnet. The toolpath design for Pro-
totype 4 is a one-layered geometry with a non-planar ori-
entation projected on the scanned mesh, see Fig. 14a. Pro-
totype 4 aimed to display the potential of a more complex 
geometry design. In the fabrication process of the proto-
type, a Flir E4 infrared camera monitored the temperature 
behavior of the extruded material and the membrane, see 
Fig. 14b [70]. The 0.5 mm silicon membrane was tested 

Fig. 10  a) Experiment 2 setup; 
b) Air-pressure loop control 
system; c) Real-time pressure 
and temperature monitoring. 
The green line indicates the 
internal pressure, and the red 
line indicates the temperature 
inside the inflatable; d) Compu-
tational design for Prototype 2; 
e) Prototype 2
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for thermal performance to identify its compatibility with 
PETG as 3D printing thermoplastic material.

Experiment 4 displayed that a more complex geometry 
can be designed and manufactured both for the 3D-printed 
object and the pneumatic formwork. The Prototype 4 fab-
rication results proved that the membrane could withstand 
higher thermoplastic melting temperatures of 245 °C com-
pared to its service temperature of 210 °C. The 0.5 mm sili-
cone membrane was undamaged after multiple prints of a 
total duration of 40 h. It has been observed that, although 
the extruder has a peak temperature of 245 °C for PETG, 
the thermal camera recorded a rapid descent to 190 ~ 210 °C 
after extrusion. In addition, the temperature of the ther-
moplastic drops down further to 70 ~ 80 °C within 5 min. 
Therefore, the silicone membrane could withstand higher 
temperatures, such as PETG, at 245 °C.

Fig. 11  Performance of the pressure control loop. The gray line indi-
cates the internal pressure during the inflating process and the perfor-
mance of maintaining target pressure from 951 hPa (A) to 960 hPa 
(B). The dashed line indicates the temperature difference during the 
printing process. The temperature of the formwork increases under 
the influence of the extruded thermoplastic, from 24.71  °C (C) to 
30.69 °C

Fig. 12  a) Surface reconstruc-
tion of the membrane into a 
mesh and vertices; b) Computa-
tional design for Prototype 3; c) 
Prototype 3

Fig. 13  Deviation comparison 
between the formwork without 
printed object and the simu-
lation result (A). Deviation 
between the formwork with the 
printed object and the simula-
tion result (B)
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Experiment 5

The final experiment investigated the feasibility of scaling 
up the prototype's size in a more complex non-planar design.

Pneumatic formwork

For Experiment 5, a pneumatic formwork of 4000 × 2000 mm 
was built. The design layering of this pneumatic formwork 

is similar to Experiments 2, 3, and 4. However, a thicker 
membrane was selected for Experiment 5, from 35 shore-A1 
mm thick silicone. Additionally, a PVC film was applied on 
the wooden baseboard to reduce air permeability between 
the membrane and the plywood, see Fig. 15a. Two con-
straints were added to the membrane to build a more com-
plex inflated geometry. A series of cylindrical super-magnets 
were evenly distributed on additional wooden board plates. 
These magnets were used to connect with the metal plates 

Fig. 14  a) Computational 
design and 3D printed result 
for Prototype 4; b) Thermal 
imaging of the printing process 
to determine the compatibility 
between the silicon membrane 
and the 3D printing thermoplas-
tic material

Fig. 15  a) Frame of 
4000 × 2000 mm with metal 
plates, gasket and film protec-
tion; b) Magnet constraints 
placed on the membrane 
with the additional metal-
lic cylinders; c) Original (A) 
versus optimized TCP frames 
(B) in the regions close to 
the extra physical constraints. 
Colors indicate the angle of 
TCP normal with respect to 
the Z direction (UP), from 0 
degrees (Blue) to 59 degrees 
(Red). After TCP adjustment, 
the maximum relative angle 
decreased to 29 degrees
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underneath the membrane. As a safety measure, additional 
metallic cylinders of 20 kg and 40 kg were added on the 
wooden boards under the magnets to compensate for any 
redundancies, see Fig. 15b. However, these metallic cylin-
ders increased the collision risk with the extruder. For this 
reason, an adjustment of the TCP normal was implemented 
to emphasize the importance of collision avoidance, see 
Fig. 15c.

Digital design

The computational design of Prototype 5 was generated in 
four steps, see Fig. 16a. First, two closed polylines repre-
senting the internal constraints and the boundary conditions 

were used to generate a 2D quad mesh. Second, the mesh 
was subdivided with the Catmull-Clark algorithm. Third, the 
2D quad mesh was projected on the geometry resulting from 
the dynamic relaxation simulations. Finally, the toolpath was 
mapped to the scanned result of the pneumatic formwork to 
generate the 3D print robot trajectories. A pattern gradient 
ranges from none to single or double side of the pattern for 
every quad-mesh face, see Fig. 16b. For the toolpath, the 
layer height varies from 0.5 mm to 2 mm, reflecting the 
distance from the magnet toward the outer boundary con-
straints. The toolpath has a lower layer height closer to the 
magnets to reduce self-weight and 3D printing overhang 
angle. Therefore, the thickness of the printed parts is opti-
mized and varies from 15 to 60 mm, for 30 printed layers, 

Fig. 16  a) Iterative design for Experiment 5, from boundary condi-
tion, to Catmull-Clark subdivision, projected mesh, and toolpath 
generation; b) Patterns within different faces of the mesh, none (a), 
single-sided (b), and double-sided (c); c) Layer height distribution 

from near to far end with respect to the physical constraints, overlay 
on section view from 0.5 mm to 2 mm layer height; d) Discretization 
of the scanning and printing process in three parts

229



Architecture, Structures and Construction (2023) 3:217–234 

1 3

Fig. 16c. Additionally, Prototype 5 design was discretized 
in three ready-for-fabrication parts to evaluate the scanning 
process and formwork accuracy in the fabrication process, 
see Fig. 16d.

Fabrication

Experiment 5 displayed the 3D printing potential of free-
form complex geometries on a customizable pneumatic 
formwork. The prototype was manufactured from PETG 
pellets with perimeter dimensions of 3200 mm × 1700 mm, 
see Fig. 17a. Findings from this experiment highlights the 
importance of the residual forces accuracy in the simulation 
process, 3D scanning, and air-pressure control loop for the 
process's repeatability. The repeatability of this new fabrica-
tion method is essential for manufacturing multiple samples 
by reshaping the same pneumatic formwork.

To understand the accuracy and fabrication tolerances 
of the printing process, it is generally required to compare 
the fabricated object and the design model. In this study, 
the nodes were marked with a blue label and the layer 
width dimensions were used as the comparing parameter 
(Fig. 17c.) Therefore, the print widths of the first layer were 

measured in all three parts of the prototype at a total of 186 
control points (Fig. 17b). Diagram Fig. 17c displays a differ-
ence in deviation distribution of higher values and less accu-
racy in the outer border of the printed parts. Thus, the areas 
closer to the magnets have a higher accuracy of the print 
path design. According to these measurements, an average 
deviation of 1.57 mm was found.

Experiment 5 proves a successful iterative approach 
from simulation to scanning, computational design, and 
fabrication, see Fig. 18. The main findings of this experi-
ment are that additional weights were required to secure the 
membrane shape compared to the estimated residual forces 
of 1065 N calculated in the simulation. Six magnets with 
an adhesive force of 1370 N were used to secure the total 
simulated residual forces under 5 hPa pressure difference. 
However, after the target pressure was reached in the mem-
brane, the magnets failed to remain in position. This failure 
is estimated to be caused by higher values required in the 
built prototype compared to the simulated distribution of the 
residual forces. Other finding is regarding the silicon mem-
brane, which decreased to room temperature after approxi-
mately 5 layers (10 cm) have been reached. Therefore, sev-
eral fabrication tests could be manufactured on the same 

Fig. 17  a) Set-up for large-
scale fabrication of the 3D 
printed prototype on the inflated 
membrane; b) Sample images 
of Prototype 5 parts (from Left 
to Right: Part 1, Part 2, and 
Part 3) with attached blue point 
labels for the measurements; c) 
Layer width measurements; d) 
Column histogram representing 
the deviation distribution for 
three parts of the print. X-axis 
represents the range of devia-
tion, and Y-axis represent the 
total amount of measurement 
fall into corresponding range
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membrane without damaging it. The 3D-printed geometries 
were similar, proving this experiment's repeatability. This 
further proved the success of point cloud recorded between 
multiple scanning sessions.

Discussion and future work

This research investigated the feasibility of robotic 3D printing 
on a pneumatic formwork, named PneuPrint. The experimental 
work displayed several findings regarding challenges towards 
large-scale fabrication. First, the 3D scanning and simulation 
are essential for designing the pneumatic formwork. The 
material properties, pneumatic pressure, and boundary 
conditions are the main parameters to consider for shaping 
the physical prototype. Nonetheless, the membrane can deform 
due to imperfections and environmental disturbance. For this 
reason, the scanning process can help identify if the physical 

prototype is similar to the digital model. Additionally, the 
3D scanning process helps to prevent collision between the 
extruder nozzle and the inflated formwork. Environmental 
noise reduction and surface reconstruction were used in 
this study to improve the scanning precision. Only then, the 
computational design and toolpath generation were generated. 
Another challenge of this process is the deformation of the 
pneumatic formwork during the 3D printing process because of 
the additional 3D print weight. These membrane deformations 
create surface deviation from the printed object to the toolpath, 
which later lead to inaccuracies in the 3D printed prototype.

Nevertheless, the proposed PneuPrint technique 
illustrates several advantages regarding complex non-
planar 3D printing. It does not rely on additional auxiliary 
scaffolding and supports, which enables cost-effective and 
low-greenhouse emissions formwork for building envelopes. 
With this technique, the design of the 3D-printed object can 
be integrated or independent from the inflated geometry. 

Fig. 17  (continued)
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Compared with conventional 3D printing, the PneuPrint 
technique can significantly improve the printing quality 
regarding overhangs and the smoothness of the surface where 
printed supports are required. Additionally, the 3D-printed 
design can have a much wider shape variety because the 
pneumatic formwork enables further non-planar fabrication 
opportunities. Experiment 5, specifically displays the 
manufacturing potential of non-planar designs for large-scale 
prototypes. Such complex shapes have a high potential to be 
used for building envelope designs, such as facade elements, 
or interior wall dividers. The architectural application of 
these elements can consider integrating or removing the 
pneumatic formwork in the post-fabrication process.

Future work can explore non-planar designs with different 
constraints beyond the magnets used in our experiments. A 
good control on the membrane pressure is essential for large-
scale 3D printings supports. Further tests can investigate 
how to improve print accuracy and determine the correlation 
between the weight of the 3D printed part and the membrane 
support. Additionally, the scanning accuracy can be improved 
if markers are applied on the membrane to calibrate the 
scanning location. Sensors can also be integrated into the robotic 
fabrication system, enabling constant real-time feedback between 
the actual printing interface and the digital generation of the 
printing location. Furthermore, the authors recommend exploring 
other 3D printing materials for this novel large-scale process.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s44150- 023- 00092-x.
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