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Abstract 

The energy efficiency of buildings is closely linked to the performance of their envelope. However, the creation 
of bespoke shading elements is usually cost and labor-intensive. 3D printing (3DP) allows the cost-efficient 
fabrication of such bespoke elements. More specifically, "add-on 3D printing" combines fused filament 
fabrication with a substrate material and allows the creation of lightweight components that can be used as 
shading elements. Off-the-shelf textile materials can be used as a substrate for add-on This method allows for 
a fast fabrication of bespoke elements as 3DP material is deposited only where needed. 
 
This paper presents the potential of add-on 3DP on textile in order to create shading elements. It provides 
experimental data on the behavior of the composite material and a parametric design approach for this new 
method. The method is validated by creating prototypes at an architectural scale.  

In total three distinct techniques for creating 3-dimensional shading elements are presented, prototyped, and 
discussed. As a final demonstrator, a lightweight 6 m2- large shading canopy is fabricated with spatial 
tensegrity-like elements. Those are produced with a sequenced 3D printing process in order to control 
delamination. 
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1. Introduction  

1.1 Textile in architecture and construction  

Textile has been used in construction for thousands of years for its sheltering and shading functions. 
Throughout history, we can mention, among others, the coliseum in Rome which was covered with huge sheets 
protecting the crowd from the sun, or the circus tents which appeared in the nineteenth century. In the 20th 
century with the emergence of engineers such as Frei Otto or Jörg Schlaich and the progress made in the 
field of synthetic fibers, textile as a load-bearing membrane became increasingly common in modern 
construction[1], [2].  

 

Figure 1 a. “four points tent” at the German Horticulture Show in Kasse, Frei Otto, 1955. b. Suzhou Olympic 
Sport Center Stadium, China. GMP Architects, Schlaich Bergermann Partner. c. “Brass Rail” restaurant at the 
1964 World Exposition in New York (USA), Victor Lundy.  

Textile can be used for facades to filter and control the amount of incoming light while allowing views to the 
outside. In fact, the building skin plays a key role in reducing the operational energy of buildings by providing 
adequate shading or enabling solar gains. Examples of textile facades already exist in architecture, such as 
the King Fahd National Library, in the Kingdom of Saudi Arabia, or the Phoenix Central Library in Arizona, both 
of which are located in extreme climate zones. A textile facade is a lightweight architectural feature protecting 
the building against UV rays and allowing for air exchange [3], [4].  

1.2 Textile and digital fabrication   

With recent advancements in computational design and digital fabrication different approaches for the usage 
of textile materials for lightweight construction have been explored. The Isoropia Pavilion as well as the Hybrid 
Tower, both projects from the CITA at the Royal Danish Academy of Fine Arts display examples of tailor-made 
high-performance textiles using digital fabrication. Both projects show bespoke knitted fabric produced by a 
custom CNC machine based on computational models. The textile is used in tension to equilibrate the active 
bending fiberglass rod embedded in the structure[5], [6].  

Add-On 3D printing (3DP) on textile is a digital fabrication technique recently getting attention in the field of 
architecture and additive manufacturing. It describes a 3DP process depositing thermoplastic beads onto a 
ready-made substrate material, in this case, textile. The benefit of this printing technique is to transform a soft 
material into a more rigid one by the addition of 3D printed material. This paper will focus on the digital 
fabrication method of add-on 3DP for textile. 



 
 

 

Figure 2 a. Isoropia, CITA and collaborators, 2018. b. Hybrid Tower, CITA and collaborators, 2016 

 

2. State of the art  

Research on add-on 3DP on textile has already been carried out in the academic field. At the Massachusetts 
Institute of Technology (MIT), the Self-Assembly Lab investigated the self-transformation of 3DP material on 
stretched textiles [7]. The transformation of the textile into a 3D shape is given by the internal equilibrium of 
the textile tensile forces with the bending and twisting in the elastic 3DP rods (Kirchhoff-Plateau Surfaces, 
[11]). The research of the SBINDEN Group (Smart Bio-inspired Building Envelopes) at the Politecnico di Milano 
follows a similar direction. It mainly focuses on 3D shaping of fabric using a flat printed pattern to produce an 
envelope capable of improving the performance of existing buildings [8]. Part of SBINDEN Group participated 
in the SIKKA project, a fabric pavilion aimed to be presented at Expo Dubai 2020. Inspired by the 
Programmable Textile of MIT, a research team at the Institute for advanced architecture of Catalonia (IAAC) 
explored various techniques to transform fabric into a self-supporting structure [9]. At ETH Zurich, students of 
the MAS Program in Digital Fabrication 2019 explored the technique of add-on 3DP on textile for creating skin 
panels for the Digital Bamboo Pavilion. A subdivision pattern was applied to the fabric to give it in-plane 
stiffness and achieve an aesthetic shadow play [10]. 

 

Figure 3 a. SIKKA Prototype Expo Dubai 2020, Politecnico de Milano. b. Programmable Textile, MIT. c. Shape 
memory polymers on textile, Fabricflation, IAAC. d. Digital Bamboo Pavilion, MAS DFAB 2019-20, ETH Zurich.  



 
 

Besides the application-driven research, investigations on the adhesion of 3DP material on textile are carried 
out. B. Malengier and his team tested different cotton samples based on 3 methods in order to quantify the 
adhesion properties of 3DP on a textile substrate [12]. The textile surface such as hairiness or roughness as 
well as the chemical properties can influence the adhesion as shown by Michael Korger in his research [13]. 
These technical investigations help to understand the behavior of the new composite material created by add-
on 3DP and are of great importance for such composite textiles to be applied to the construction sector.  

The above-mentioned research shows the aesthetic and technical possibilities opened up by add-on 3DP on 
textile. However, it is noticeable that most prototypes are small scale (<0.5 sqm) and the controlled 3-
dimensional shaping of textile is not fully investigated yet. Therefore, this paper focuses on the transformation 
of textile into a 3D element by add-on 3DP at an architectural scale. 

3. Design features and design strategy  

This research explores the potential of transforming fabric into a 3D shape by add-on 3DP. The goal is to 
develop several panels of architectural size that support their own weight and can be connected together. The 
first phase of the research focuses on the materials and small-scale experiments, the second part focuses on 
the printing process and scaling-up.  

3.1 Initial experiments 

The initial experiments focus on getting a basic understanding of the relationship between 3DP and textile. 
Mesh-like synthetic textiles (Nylon, Spandex) are chosen for the 3D printed material to physically bond with 
the textile. Nylon and Spandex have different levels of stretchability.  

The 3DP material is evaluated in terms of stiffness, structural strength, and for its ability to adhere to the fabric. 
In this research, PLA (polylactic acid), PETG (polyethylene terephthalate glycol-modified) and TPU 
(thermoplastic polyurethane) are tested. To assess the performance of the created composite material, 
elongation tests are carried out using the setup shown in Figure 4. These tests compare the in-plane stiffness 
of pure fabric samples against that of composite samples. Two patterns are printed on Nylon and Spandex 
samples using fused filament fabrication (FFF). The printed geometry consists of sine curves with different 
wavelengths.  

 

Figure 4 Elongation test setup, weight F = 450 g. 

For all samples, plastic is printed on both sides of the fabric, applying 3 to 4 layers of 3DP material on each 
side. All samples were created using a 0.6 mm diameter nozzle on a Raise3D 3D printer. It has been observed 
that TPU does not stick to the fabric as well as PETG. The elongation tests show that the composite textile is 
15 to 20 % stiffer than the pure fabric. Moreover, the printed textile not only presents a better in-plane but also 
out-of-plane stiffness (Figure 5). To create a spatial element based on fabric, the out-of-plane rigidity is of 
interest. In the next section, three techniques for creating a textile-based spatial element are presented.    



 
 

 

Figure 5 Comparison of (a) pure fabric versus (b) printed fabric showing the increase in out-of-plane stiffness 
of the composite material. Samples 15 x 15 cm. 

3.2 Printing process and printing pattern 

The shape obtained by add-on 3DP on fabric depends on the printed 2D pattern but also on the pretension in 
the fabric. The following trajectories are identified:  

 Loose versus stretched fabric (see 3.2.1) 
 Continuous versus discontinuous printing path (see 3.2.1) 
 Two-sided versus controlled one-sided and two-sided printing (see 3.2.3) 

From there, two major fabrication groups are defined. The first group is characterized by a perfect bond 
between 3DP and the fabric. The second group is defined by the controlled delamination of the 3DP from the 
fabric.  

3.2.1 Active Textile 

The active textile is produced by printing a discontinuous path on both sides of a stretched fabric (Figure 6). 
The hinges (discontinuities in the print) between the central part (zig-zag line) and the lines in the corners allow 
the system to fold back on itself when released from the printer (b). If the fabric is not stretched prior to the 
printing process, the object stays flat after fabrication (a). 

 

Figure 6 Same pattern printed on a loose Nylon and a stretched Spandex. Small scale prototypes (17 x 20cm). 

 



 
 

3.2.2 Folding Element 

The folding element is created by defining a printing pattern that is based on the unrolled geometry of a spatial 
element. This system must be folded by hand to take a three-dimensional shape (Figure 7). The textile 
connects the polyhedron sides and thus facilitates the assembly. After folding, the printed edges need to be 
fixed, e.g. glued or screwed. 

 

Figure 7 Printed pattern (PLA on Nylon) and folded prototype, 80 x 80 cm.   

 

3.2.3 Tensegrity Element 

A controlled two-sided versus one-sided printing path allows achieving a spatial shape as shown in Figure 8. 
Here, PETG is printed on both sides of a stretched Spandex in the corners, but only on one side in the central 
part. When the fabric is released from the printer, the central lines detach from the fabric and bend, forming a 
spatial element. By adding a rod in the middle, the element resembles a tensegrity system.  

 

Figure 8 Left: The central lines are only printed on one side of the stretched Spandex and bend when the fabric 
is released. Right: Inserting a rod enhances the spatial transformation of the fabric. 



 
 

3.3 Discussion: 2D pattern to 3D shape 

The previous experiments allowed us to identify the following findings.  

 The level of pretension in the textile before printing needs to be controlled precisely in order to get 
comparable results. 

 The folding pattern can be printed on loose fabric. When assembled, the system does not use the 
tensile properties of the fabric. The fabric works as a hinge. 

 The tensegrity-like system represents a simple way to transform a planar fabric into a 3D shape. 
Adding the compression rod makes the shape more controllable. The fabric does not need to be pre-
stressed to generate such a shape: the rigid rod added afterward tensions the fabric and bends the 
3DP material.  

4. Large scale prototypes  

The composite skin developed in this research aims to take advantage of the tensile properties of the fabric 
and the compressive and flexural properties of 3DP to create a spatial element. For this reason, the tensegrity 
system is further investigated at a larger scale. 

For the large-scale prototypes PETG and Spandex are used. The following parameters are fixed:  

 Nozzle diameter: 1.6 mm 
 Layer height: 0.8 mm  

 Nozzle temperature: 220°C 
 Heated bed temperature: 80°C 

4.1 Fabrication Process 

The printing process is sequenced in three parts as shown in Figure 9. In the first step, 3D printed material is 
deposited directly on the printing bed, creating the main frame of the panel. Then, a separation layer is placed 
on the center part to ensure that the connection detail sticks to the fabric only and detaches from the bottom 
frame. The textile is placed and the print continues in the corners, forming the anchors that clamp the textile 
on the sides, as well as in the center, forming the middle circle for connection.   

 

Figure 9 Printing process for the large-scale prototype. Cross and square design. 

In this experiment, tape is used as the separation layer. As shown in Figure 10 b and d, the circle is attached 
to the fabric and not to the printed frame below. Once the prototype is finished, a 40 cm rod is inserted in the 
middle and locked to the frame with a cap (Figure 11).  



 
 

 

Figure 10 Process sequenced in 3 parts. a. The frame is printed. b. The tape is used to separate certain details. 
c&d. Textile is placed, the print continues in the corners, and in the middle.   

 

4.2 Discussion: large scale prototype 

Principles and findings from the small-scale experiments could be adapted for production at a larger scale. 
The big prototype shows a similar deformation behavior as on a small scale. There is a considerable difference 
between the theoretical and the effective production time. This is mainly due to the sequencing of the print to 
place the separation layer and the fabric, but also to the waiting while the print bed heats up and cools down. 
However, the heated build platform was found to be crucial for a successful large-scale 3DP. The prototype 
demonstrates the successful scale-up of add-on 3DP to create spatial skin elements at an architectural scale. 
As a next step, a more intricate design is presented. 

 

Figure 11 Skin panel fabricated with Spandex and featuring the square and cross pattern. 

4.3 Final prototype and assembly  

The final demonstrator (2.4 x 2.5 m) is an agglomeration of bespoke elements forming a horizontal spatial 
shading element. In this design, the panels are triangular and equipped with an integrated connection system. 
The spatial arrangement of the individual panels allows for active shading while maintaining airflow throughout 
the structure. 

The panels are produced with a single layer of fabric and PETG is used for printing. Spandex is chosen over 
Nylon because it allows for greater panel depth due to its higher stretchability. For the assembly, the corner of 
each panel is connected to the center of the next panel, using the added rod equipped with a pre-mounted 
cap. The structure consists of a bottom and top layer (Figure 12) and is characterized by an axis of symmetry. 
The bottom layer contains 8 triangular panels (dark grey), the top layer consists of 13 triangular panels (light 
grey).   



 
 

 

Figure 12 Top view of the shading canopy. In red: the connection points for hanging the structure. 

The fabrication data are summarized as follows: Printing time: 11 h (estimated), 17 h (reality). Weight 0.6 
kg/m2, material price 50 CHF/m2. The panels measure between 45 and 80 cm. The parts were printed with 
0.4 cm thickness and 1 cm width. 

 

Figure 13 Impressions of the final demonstrator. Image credits: Dinorah Martínez Schulte. 

5. Discussion and Outlook  

This research proposes an approach for designing bespoke spatial skin panels using add-on 3DP on textile. 
The potential of this technique is illustrated based on several small and large-scale prototypes featuring basic 
geometries. Three strategies to achieve spatial elements are described and a tensegrity-like system is 
developed in a larger-scale structure. The final demonstrator - a combination of twenty-one skin panels - forms 
a horizontal canopy highlighting the shading effect of the composite fabric. This panel system is characterized 
by its lightweight and flat shape making it easily transportable. The connection system allows for quick 
assembly and disassembly of the structure, making the system reusable and adaptable to any site.   



 
 

 

Figure 14 Close-up showing the depth of the panels 

The developed skin panels could be applied as temporary shading roofs in the urban context. Further research 
needs to investigate the durability of the composite, especially when exposed to direct UV light, rain and strong 
winds. However, the panels created are extremely lightweight and can therefore be easily used to create 
bespoke retrofit shading elements for existing building stock. The developed system has the potential of 
enhancing the building performance for operational energy with minimal intervention. 

Although the production of prototypes at an architectural scale was showcased, the production time needs to 
be improved in order to be comparable to highly prefabricated standard solutions. In this project, with the 
available printing setup, a 1 m2 panel is produced in about 6 hours, for a 100 m2 facade 25 days of production 
are required. The authors identify two scenarios for this, either parallelizing production (a print farm of large-
scale 3D printers) or using a large-scale 3D printing system (BAAM) [14]. As 3D printing allows for precise 
material deposition the integration of sensors, actuators, or light sources should be addressed in further 
research. 

6. Conclusion   

The paper presents a novel method of controlled delamination for add-on 3D printing on textile. The proposed 
method broadens the design possibilities for spatial elements created by add-on 3DP by enabling tensegrity-
like structures with minimal manual labor.  

The potential of add-on 3DP on textile to fabricate large-scale skin panels is highlighted in this research. It 
shows the possibility of producing shading elements with minimal use of 3DP material. To conclude, it was 
demonstrated that add-on 3DP on fabric offers new design and production opportunities for 3-dimensional 
shading panels at a large scale. The potential of bringing this technique to an industrial level exists and the 
author is convinced that the system can improve existing building facades in an efficient way.    
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