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Abstract. This study presents an enhanced method for fabricating 
large-scale bending-active formwork with auxetic properties using 
pellet-based three-dimensional (3D) printing. Previous work 
demonstrated the feasibility of constructing auxetic bending-active grid 
shells using filament-based printing; however, the small printable 
blocks of approximately 300 mm × 300 mm significantly increased 
fabrication time and assembly effort. Here, a scalable workflow capable 
of producing 1 m × 1 m blocks is developed to reduce fabrication time 
while maintaining structural performance. A continuous single-path 
printing strategy is adopted to enable rapid block production. In 
addition, a toolpath design that follows different routes every four 
layers is implemented to enhance overall stability. Because pellet-based 
extrusion produces rounded edges that complicate alignment, three 
joining techniques, namely welding, fusion welding and hot-melt 
adhesive, are examined. Among these, fusion welding achieves stable 
bonding under deformation. The methodology integrates computational 
grid design, material selection, process parameter control and structural 
evaluation through load–displacement testing. The results show that the 
proposed system substantially reduces printing time while achieving 
mechanical behaviour comparable to that of the filament-based 
approach. Pellet-based 3D printing therefore represents a viable 
approach for fabricating large-scale bending-active formworks. 
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1. Introduction 

Recent advances in digital design tools, such as three-dimensional (3D) computer-
aided design and building information modelling, have enabled architectural design 
with complex free-form surfaces. However, non-developable free-form surfaces 
present numerous construction challenges, including difficulties in transporting large 
3D components and limitations on material reusability due to geometric complexity. 
Consequently, extensive research has focused on construction strategies that apply 
computational form-finding and digital fabrication techniques (Scheder-Bieschin et al., 
2024; Kimura et al., 2024). 

Form-finding strategies for bending-active grid shells have been widely 
investigated (Lienhard et al., 2013). Bending-active grid shells can support the 
development of efficient formwork systems because structural forms can be 
constructed with fewer auxiliary supports. Auxetics are materials or structures 
characterised by a negative Poisson’s ratio, and the application of auxetic structures has 
also been extensively studied (Isvoranu et al., 2021). Owing to their auxetic behaviour, 
auxetic bending-active grid shells (ABAG) can be deformed from an initial flat grid 
with boundary supports into a dome-like surface with positive Gaussian curvature 
(Sakai et al., 2021). By combining auxetic and non-auxetic patterns within the initial 
flat grid, the proposed formwork can also be deformed into complex curved surfaces 
with both positive and negative Gaussian curvatures. To achieve the desired shape, the 
grid pattern of the initial flat grid is computationally designed through large-
deformation analysis.  

In our previous study, a prototype glass fibre-reinforced concrete shell measuring 
4.0 m in width, 2.7 m in depth and 1.4 m in height was constructed using ABAG as 
formwork (Figure 1). Filament-based 3D printing was employed to fabricate structural 
blocks forming the initial flat grid of the ABAG. Thermoplastic polyurethane (TPU), 
a flexible material, was used to ensure sufficient deformability of the printed blocks. 
An ABAG surface with high geometric precision was successfully constructed. 
However, filament-based 3D printing required substantial printing time because of the 
narrow nozzle diameter. In addition, the limited printable size of individual 
components resulted in significant fabrication effort, as numerous small blocks had to 
be manually connected by welding to form a large-scale initial flat grid. 

To address these limitations, this study employs pellet-based 3D printing as an 
enhanced fabrication approach for large-scale bending-active formwork systems. The 
scalability of the system for architectural applications is examined through the 
fabrication and performance evaluation of a 3 m × 3 m mock-up model. Pellet-based 
3D printers provide access to industrial-grade TPU materials with improved 
mechanical and thermal properties compared with previously used general-purpose 
filaments. First, optimal pellet extrusion parameters for fabricating a large-scale initial 
flat grid are investigated. TPU grade selection and associated printer settings, including 
temperature control and extrusion rates, are evaluated.  

Second, the toolpath design methodology for the initial flat grid blocks is updated 
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to accommodate the constraints of pellet-based 3D printing. In previous work, the grid 
was fabricated following its exact geometry; however, with pellet-based printers, the 
large nozzle diameter and the difficulty of stopping material extrusion during printing 
make it challenging to achieve the intended geometry unless the block shape is 
designed as a continuous single path. Printing time using pellet-based 3D printing is 
then evaluated and compared with that of filament-based printing used in the previous 
study. The mechanical behaviour of the initial flat grid composed of the updated blocks 
is also investigated. These preliminary tests demonstrate the feasibility of fabricating 
the proposed formwork system using pellet-based 3D printing and indicate substantial 
reductions in both printing time and the number of required joints compared with 
filament-based fabrication. Finally, a 3 m × 3 m mock-up model is developed using the 
updated design methodology, and its effectiveness is evaluated through a comparative 
assessment of printing time, welding labour and structural performance. 

2. Pellet-based 3D Printing and Toolpath Design 

In this study, the GEM1000S (S. lab) is used to fabricate the ABAG. The system can 
produce 3D-printed objects up to 1.0 m × 1.2 m × 1.0 m using various grades of TPU.  

First, a feasibility study of TPU 3D printing is conducted to determine optimal 
printing parameters, including nozzle diameter, nozzle temperature, ejecting rate 
(extruded pellet weight per second), nozzle velocity and first-layer height for producing 
appropriate TPU components. Based on this study, the nozzle temperatures are set to 
160°C, 175°C, 180°C and 185°C across four heating zones from top to bottom, 
respectively. The remaining parameters are determined as summarised in Table 1. 

Unlike filament-based 3D printing, which allows frequent retraction, pellet-based 
extrusion relies on a constant material flow and must be executed as a single continuous 
stroke. This requirement necessitates a graph-theoretical reconstruction of the toolpath, 

 Figure 1. Composition of ABAG with hexagonal units (top left) and deformation (top right), 
initial flat grid of the ABAG mock-up (bottom left), and ABAG curved surface (bottom right)  
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as illustrated in Figure 2: 

● Step 1: Connecting multiple units creates numerous nodes at which three members 
meet. An Eulerian path, which enables a single continuous stroke, is only possible 
when the number of odd-degree nodes is zero or two. 

● Step 2: Specific edges are duplicated to convert internal nodes into even-degree 
nodes. This process establishes a topologically continuous path in which only the 
start and end points remain odd-degree nodes. 

● Step 3: To prevent over-extrusion at intersections, junctions are split into two filleted 
curves. The offset distance is determined based on the printing bead width. 

● Step 4: The final output is a seamless, continuous toolpath that ensures stable 
extrusion throughout the process and prevents fabrication defects. 

 

Figure 2. Reconstructed toolpath for hexagonal units with auxetic properties 

In general pellet-based 3D-printing processes, overlapping passes at corners can 
compromise build accuracy because of excessive material accumulation in the vertical 
direction. To address this issue, toolpaths at corners are assigned an offset that allows 
an overlap of only 1/20 of the ABAG member width, as shown on the left side of Figure 
3. In addition, layers are repeatedly stacked using four distinct toolpaths as units, as 
shown on the right side of Figure 3, to enhance overall stability.  

Table 1. 3D-printing parameters 

Nozzle diameter (mm) Ejecting rate (g/s) Nozzle velocity (mm/s) First layer height (mm) 

4 1.5 30 2 

5 1.5 40 2.5 

10 1.3 30 5 
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3. Comparison with Filament-based 3D printing 

3.1. PRINTING TIME 

Printing time was compared using a block extracted from the initial flat grid shown in 
Figure 4. The BigRep BLADE was used to estimate the printing time for filament-
based 3D printing. The cross-sectional dimensions of the block members were 
examined for two cases: 5 mm × 50 mm and 10 mm × 100 mm. Table 2 summarises 
the results for both printing methods. As shown in Table 2, pellet-based 3D printing 
substantially reduces printing time compared with filament-based 3D printing. 
Notably, the pellet-based 3D printer maintains an almost constant printing time despite 
an increase in cross-sectional area. 

Figure 4. Dimensions of the experimental model for estimating printing time (unit: mm) 

Table 2. Printing time 

Nozzle diameter (mm) 3D printer Cross section (mm) Printing time 

5 
GEM1000S 

5×50 1 hrs. 23 min. 39 sec. 

10 10×100 1 hrs. 49 min. 58 sec. 

0.6 Big Rep 
5×50 70 hrs. 9 min. 

10×100 94 hrs. 13 min. 
 

 

Figure 3. Enlarged view of the corner of the reconstructed hexagonal unit (left) and stacked 
layers using four distinct toolpaths (right) (unit: mm) 
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Figure 5. Block composed of reconstructed hexagonal units (left: Model A) and the original block 
from a previous study (right: Model B) (unit: mm) 

3.2. STRUCTURAL INVESTIGATION 

The block composed of reconstructed hexagonal units described in Section 2 (Model 
A) is compared with a block composed of the original units from a previous study 
(Model B). In both models, 35 units (7 × 5) with identical dimensions are arranged 
within blocks measuring 438.3 mm × 395.9 mm, as shown in Figure 5. Post-buckling 
analyses were conducted using Abaqus to compare the structural performance of the 
two blocks. The initial flat grids were modelled as beam elements with a rectangular 
cross section of 5 mm × 50 mm. The material was defined as TPU with a Young’s 
modulus of 40 GPa, a Poisson’s ratio of 0.49 and a density of 1.14 3t/m . Figure 6 
illustrates the boundary conditions and load directions applied to Model A. Multi-point 
constraints were assigned along the left and right edges. Pin-supported reference nodes 
constrained the slave nodes. A geometric imperfection was introduced using the first 
Eigen buckling mode with an amplitude of 1 mm. Forced displacements were applied 
to the reference nodes along the x - or y -axis. The black arrows indicate the directions 
of the forced displacements applied at the two supporting points. Four numerical cases 
were examined. The case in which Model A was subjected to forced displacement in 
the x -direction is referred to as Case Ax. The remaining cases are denoted Case Ay, 
Case Bx and Case By in the same manner.  

Figure 7 presents the load–displacement curves of the two blocks. The red and 
orange curves correspond to Cases Ax and Ay, respectively, while the blue and green 
curves represent the results of Cases Bx and By. As shown in Figure 7, the mechanical 
behaviours of the two blocks, including elastic stiffness and buckling strength, are 
nearly equivalent despite the geometric differences between them. This result indicates 
that shape variations introduced by the toolpath design in 3D printing do not 
significantly affect the mechanical behaviour. 

508



LARGE-SCALE 3D PRINTABLE BENDING-ACTIVE 
FORMWORK WITH AUXETIC PROPERTIES 

Figure 6. Boundary conditions and load directions in Model A 

Figure 7. Load–displacement curves of the two blocks (red: Case Ax, orange: Case Ay, blue: 
Case Bx, green: Case By) 

4. Mock-up Model 

4.1. DIMENSIONS 

The curved surface of the mock-up model is constructed by actively bending an initial 
flat grid with rectangular dimensions of 2.7 m × 3.3 m, as shown in Figure 8. The initial 
flat grid consists of two types of blocks measuring 0.9 m × 1.1 m, which are discretised 
into beam elements with a rectangular cross section of 5 mm × 50 mm. The material is 
TPU, as defined in Section 3.2. During the active bending process, the upper and lower 
edges of each initial flat grid, as illustrated in Figure 8, are simply supported. 
Karamba3D, a finite element analysis software for Rhinoceros and Grasshopper, is 
used to obtain the curved shapes. As shown in Figure 9, two types of curved surfaces 
are generated by rearranging the blocks of the initial flat grids. The effectiveness of 
pellet-based 3D printing is validated through the reconfiguration of the pellet-based 
3D-printed blocks. 

 Figure 8. Initial flat grid for the mock-up model (unit: mm) (left: pattern 1, right: pattern 2) 
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Figure 9. Obtained curved surfaces (left: pattern 1, right: pattern 2) 

4.2. 3D PRINTING 

The blue-coloured auxetic pattern of the initial flat grid for the mock-up model, shown 
in Figure 9, was experimentally fabricated using pellet-based 3D printing. Figure 10 
shows the printed block. The printing time for a single block was 10.02 h. 

Figure 10. 3D-printed block (unit: mm) 

In previous research, the 3D printers Prusa MK3, MK4, Bambulab A1 and H2D 
were used to fabricate an initial flat grid with a total area of 9.0 m². Owing to build size 
limitations, 321 blocks were required. The 3D-printing process took 41 days (January 
to February 2025) using 11 printers (Prusa: 7 units; Bambulab: 4 units). Accordingly, 
the printable area per day can be calculated as 9.0/41 = 0.22 m²/day. Using the same 
approach, the printable area achieved with the pellet-based 3D printer in this study is 
estimated as 1.0/(10.02/24) = 2.39 m²/day. These results demonstrate that pellet-based 
3D printing substantially reduces printing time compared with filament-based 
fabrication. 

4.3. JOINT 

A suitable joint method must be considered to realise the mock-up model composed of 
3D-printed elements. Objects fabricated using filament-based 3D printing can be 
joined relatively easily owing to the ability to produce precise geometries. In contrast, 
joining objects fabricated using pellet-based 3D printing presents challenges because 
of rounded edges and reduced contact areas. In this study, suitable bonding methods 
for pellet-printed units were investigated through strength tests using three techniques: 
welding, in which a filament is melted along a groove to form a continuous seam; 
fusion welding; and hot-melt adhesive. 
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The printing parameters were identical to those used for fabricating the mock-up 
model. Test specimens were prepared by joining printed elements with dimensions of 
80 mm in width, 280 mm in depth and 50 mm in height using the different joint 
configurations. Flexural performance was evaluated through three-point bending tests 
conducted using a Tensilon RTF-1350 universal testing machine. The span length was 
set to 110 mm, and the load was applied at the mid-span. The loading rate was 10 
mm/min, and one specimen was tested for each condition ( N  = 1). 

Figure 11 shows the load–displacement curves, elastic stiffness K (N/mm) and 
maximum load P  (N) for specimens prepared using each joining method, allowing a 
comparison of their structural performance. Welding exhibited the highest stiffness; 
however, the load-bearing capacity dropped abruptly after reaching the maximum load. 
Fusion welding demonstrated slightly lower stiffness than welding, but the load 
decreased gradually after the peak, indicating higher durability. The hot-melt adhesive 
showed the lowest stiffness and exhibited inferior durability. From a workability 
perspective, welding required inserting the soldering iron deeply into relatively large 
gaps. Because of this requirement, variations in gap width sometimes prevented the 
formation of a complete joint. The hot-melt adhesive was easier to apply, and deeper 
injection is expected to improve its strength. Fusion welding produced the most reliable 
joints because the gap width closely matched the filament diameter, allowing uniform 
filling.  

For this application, it is essential that the joint prevents brittle collapse. 
Considering its high durability and sufficient workability, fusion welding demonstrated 
the highest overall performance and was therefore adopted for the mock-up model. 

Figure 11. Comparison of bending strength and stiffness 

5. Discussion and Conclusion 

This study proposes a bending-active formwork system fabricated using pellet-based 
3D printing. To enable pellet-based fabrication, a continuous single-path printing 
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methodology was introduced, allowing the production of blocks without interruptions 
in material extrusion. In addition, a toolpath generation method that follows different 
routes every four layers was developed to enhance overall structural stability. Physical 
experiments indicated that the use of pellet-based 3D printing reduced fabrication time 
by more than 90%. Although pellet-based 3D printing results in rounded edge profiles 
that complicate precise alignment, several joining techniques, including welding, 
fusion welding and hot-melt adhesive, were examined. Among these, fusion welding 
provided the most favourable performance for unit-to-unit connections.  

The flexibility of 3D printing, which is a key feature of this study, enables versatile 
curvature control through adaptable member placement. The realisation of large-scale 
blocks represents a transition of the proposed method from an experimental stage 
toward practical architectural production. Furthermore, post-buckling analyses 
demonstrated that the proposed fabrication method achieves structural performance 
comparable to that of the previous filament-based approach. The fabrication of blocks 
for the mock-up model further confirmed both the substantial reduction in printing time 
and the adequate quality of the ABAG elements. Overall, these findings verify the 
feasibility of employing pellet-based 3D printing for the efficient production of large-
scale bending-active formwork. Future research will focus on developing fixation 
mechanisms for shape retention and exploring geometric reconfiguration through the 
reuse of printed blocks. 
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