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Abstract.   The research dealt with developing low-cost formwork 
techniques for funicular slabs by trying to achieve similar-sized 
triangular modules to help achieve a near-perfect funicular shape. 
Instead of applying meshing patterns on already developed funicular 
shapes, the approach taken in this research was to mesh the planar 
topology and then analyse the similarity of triangles achieved on the 
relaxed geometry. 3 types of meshing patterns were applied to 5 types 
of planar shapes for a span of around 4 to 7 meters and the similarity of 
the triangles was measured through standard deviation. The meshes 
were structurally analysed and results like deflection and bending 
stresses helped in assessing which meshing pattern performed better 
under gravity and imposed loads. Prototypes in different scales were 
created to suggest a low-cost buildable solution.  
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1. Introduction 

Conventional RCC floor slabs in framed structures contribute to around 60-70% of the 
total structural weight of a building. Employing shallow vaulted, funicular slabs can 
result in significant savings in the amount of concrete and elimination of steel 
reinforcement, reducing cost and the embodied energy of the slab. While conventional 
flat beam-slab systems are cast using timber, plywood and steel formwork and placed 
in position through wooden or steel props, doubly curved or vaulted shells require 
custom single-use formwork that produces significant waste. The cost of formwork 
required for such slabs can go up to 70% of the cost of the material itself as compared 
to less than 10% for standard slabs. The existing innovations in custom formwork 
systems still face difficulty in acceptance, especially in third-world countries, where 
the scope of built work and developable infrastructure is immense. There is a need to 
develop systems for funicular slabs that maximise reusability and minimise waste, are 
easily adaptable without a massive amount of skill introduction and are competitively 
placed in the market.  

Recent developments in construction techniques of doubly-curved structures 
demonstrate ribbed funicular slabs with custom 3D printed formwork (Block et al, 
2017) and complex shells constructed using custom-fabricated, stretchable fabric 
(Knitcrete, Popescu et al, 2014). Geometrically, as verified by Theorema Egregium 
(Gauss, 1827), it is not possible to tile a doubly-curved surface with a polygon mesh of 
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equivalent faces (with the geodesic dome being an exception). However research by 
Bagrianski and Halpern (2014) has demonstrated that prescriptive dynamic relaxation 
applied on a triangulated mesh allows member similarity to a sufficient degree using 
forcing equations and corner supports as boundary conditions.  

2. Meshing  

For the study, a variety of planar geometrical shapes were chosen and different meshing 
algorithms were applied. Figure 2 shows the planar geometries - (1) a rectangle, (2) a 
right-angle trapezoid, (3) a regular hexagon, (4) an L-shaped hexagon and (5) an 
irregular pentagon. The edge lengths ranged from 3 m to 7 m. Meshing pattern ‘a’ was 
auto-generated by the program’s in-built meshing algorithm. In meshing pattern ‘b’, 
the planar geometry was divided into segments by lines emerging radially outward 
from the centroid. This would lead to isosceles triangles in each segment. Meshing 
pattern ‘c’ involved superimposing an equilateral triangle grid trimmed at the boundary 
edges. For the L-shaped hexagon (geometry 4), a fourth meshing process was adopted 
which involved divided the plan into 2 rectangles and meshing them separately. Each 
triangle mesh face had an edge length varying from 300 mm to 600 mm, however the 
desired module size was kept at 450 mm. In Figure 2, the faces are colour-coded to 
indicate similarity. The faces in white were all unique and would have to be custom 
fabricated. 

It was observed that the pattern ‘c’ – the one with the equilateral triangle grid – 
achieved the maximum number of similarly sized modules or conversely, the least 
number of unique faces, making it seem like the obvious choice for form-finding and 
fabrication. However, since theoretically it is impossible to have all edges equal in a 
doubly-curved surface, it was necessary to look into other meshing patterns 
demonstrated here. 

3. Form-Finding 

The meshes were form-found by dynamic relaxation method using the plugin 
Kangaroo within Grasshopper3d. The target edge lengths of mesh faces were desired 
to be of 450 mm. The support conditions were kept as hinged and the mesh corners 
were assigned as anchor supports. The maximum rise of the geometry was kept at 
1/10th of the span i.e. around 500 mm to 600 mm depending upon the span of the 
geometry. 

Figure 1. A small funicular shell in POP made of 8 identical pieces 
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Figure 2. Meshing processes applied on different planar geometries 
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3.1. ITERATIVE LOADING 

Since a prime necessity of a usable funicular slab is a flat, levelled top, it was necessary 
to include loads of the filler material in addition to dead and live loads of and on the 
slab itself to obtain an accurate funicular form. Obtaining the magnitude of the forces 
due to the filler material across the slab involved an iterative process of funicular form-
finding. 

For the first iteration, point loads of unit value were assigned at every mesh vertex 
(Figure 3 (a)). Once the first iteration of the funicular form-finding was completed 
(Figure 3 (b)), the corresponding height differences between the highest vertex of the 
funicular geometry (i.e. the rise) and funicular mesh vertices were found. These new 
values were remapped between 1 and a Maximum (1 being the value at the highest 
point in the geometry, implying no fill, and Maximum being the vertices near the 
supports implying maximum fill) as shown in Figure 3 (c). If the new list of height 
differences were different from the previous one, the loads were remapped and the 
process repeated; otherwise, if the list matched, convergence was achieved and the 
funicular geometry finalised. 

A simple calculation of remapping of loads over a 6-meter span funicular slab is as 
follows:  

Unit weight of concrete = 25 KN/m3 
Area load of a 60 mm thick slab = 25 KN/m3 x 0.06 m = 1.5 KN/m2 
Area live load considered = 5 KN/m2  
Total Load without fill = 1.5 + 5 = 6.5 KN/m2   
Unit Weight of Cinder filling = 6.5 KN/m2  
Maximum depth of filling = Max Rise – Slab Thickness = 0.6 – 0.06 = 0.54 m 
Maximum area load of filling = 6.5 KN/m3 x 0.54 m = 3.51 KN/m2  
Total Load with fill = 6.5 + 3.51 = 10.01 KN/m2  
Interpolating, 6.5 : 10.01 : : 1 : Maximum ⇒ Maximum = 1.54  

Figure 3. Funicular form-finding incorporating additional load of the fill material  

(a) Uniform loads 
over base topology 

(b) Funicular form 

(c) Modified loads 
for the fill material  

1 
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Point loads at the highest mesh vertex in the geometry corresponded to ‘1’ (an area 
load of 6.5 KN/m2, concrete dead load and live load) whereas near the supports, the 
point loads corresponded to ‘1.54’  (an area load of 10.01 KN/m2).  

Additionally, since these had to be vertex-based point loads, the values obtained 
above were tweaked based on the proximity of vertices in plan. Hence, a Voronoi dual 
was created out of the planar projection of these mesh vertices, and remapped values 
were (Area loads in KN/m2 as indicated above) multiplied with their respective 
Voronoi cell areas to convert the area loads into true point loads. (Figure 4)  

3.2. DEGREE OF SIMILARITY OF FACES 

Once the process of funicular form-finding was complete, the edge lengths of the 
individual mesh faces for all forms were analysed for similarity. Figure 5 shows the 5 
kinds of forms generated under various meshing processes. Similar faces have been 
colour coded in the same way as shown in Figure 2, although some edge faces that 
were deemed identical before the relaxation process underwent some stretching and 
were eliminated afterwards. In the case of meshing processes ‘a’ (auto-meshing 
algorithm based) and ‘b’ (centroid based), as well as the meshing process in L-shaped 
hexagon in ‘4-d’, the similar faces were isosceles triangles. The degree of similarity of 
the isosceles triangles was assessed by computing the standard deviation of the 2 
shortest edges of every isosceles triangle face (the equal edges). In the case of meshing 
process ‘c’ which employed an equilateral triangle mesh, standard deviation was 
computed for all 3 edges of every face. As shown in Figure 5, for each set of similar 
mesh faces, the centroid-based meshing process ‘b’ yielded the lowest standard 
deviation, although it may require more sets of identical triangles than say, process ‘a’ 
or ‘b’. 

4. Structural Analysis 

The dual-purpose of triangulated meshes in this study was not only to generate 
triangular modules for the formwork but to use the same mesh for structural analysis. 
It was observed that different planar meshes resulted in different shapes after dynamic 
relaxation, even with the same rise. Hence it was imperative to structurally analyse the 
15 funicular meshes for dead and imposed loads. The support conditions were kept as 
pinned at the mesh corners. The analysis models were checked for deflection, in-plane, 
out-of-plane, and Von Mises stresses. Unlike the point loads used in the form-finding 
step, the following area loads were used:  

● Dead Load: Self-weight of Concrete @ 25 KN/m3, 60 mm thickness 

● Imposed Live Load: 5 KN/m2 of planar area 

● Imposed Fill Load: 6.5 KN/m3 of Cinder filling, varying thickness, based on the 
distance between corresponding face centroids of the relaxed mesh and a projected 
flat mesh.  
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Figure 5. Funicular forms with mesh faces colour-coded for similarity along with the standard 
deviation of the edge lengths (in meters) 

Figure 4. Generating Voronoi cells to convert area loads to point loads for form-finding 
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5. Prototyping 

MDF prototypes in different scales were created to (1) understand the working of 
conjoined triangles to form the desired geometry especially at scale 1:10; and (2) 
replicate an idealised work-flow of placing props and formwork, pouring concrete, 
curing and de-shuttering, at scale 1:5.  

5.1. PROTOTYPE 1 

The geometry ‘2a’ (right-angle trapezoid, auto-meshed) was selected for the smaller 
1:10 scale prototype, using 3 mm MDF board. The mesh faces were exploded and 
arranged for fabrication (Figure 6). Slots were modelled perpendicular to the individual 
edges of the mesh faces to be keyed-in with tiny 14 x 14 mm pieces, facilitating 
rotational movement in the plane of the slot.  

The purpose of developing a prototype with slots was not to indicate exact 
replication in 1:1 scale but to bring together the identical central pieces and unique 
peripheral pieces (Figure 5, geometry '2a') and try and achieve a doubly-curved 
geometry (Figure 6, image on the right).  

5.2. PROTOTYPE 2 

The geometry ‘2b’ (right-angle trapezoid’, centroid-base meshing) was chosen to be 
prototyped in a larger 1:5 scale. A steel frame was fabricated for the entire assembly 
with 4 mm planks on the side and 3 mm triangular modules for the slab, both in MDF, 
joined at places using masking tape. MDF props laser-cut to their required height were 
placed at their designated location to support the formwork modules. A fines-only 1:3 
cement-sand mix was used with a curing period of 10 days (Figure 7). Since achieving 
a uniform thickness at this scale was difficult, a varying thickness ranging from 10 mm 
to 30 mm was achieved.  

It is important to note that the pieces in this prototype would translate in 1:1 scale 
as isosceles triangles of plywood of size 450 mm and a standard thickness of 20 mm. 
This size of modules was considered manually handle-able and replicable (75% from 
Table 1) for a slab of size 5 x 4.5 m.  Also, the laser cut props employed here in varying 
heights would be translated in 1:1 by steel telescopic props or nailed bamboo poles, 
which is widespread practice for RCC formwork. 

 

Figure 6. MDF prototype in 1:10 scale of the auto-meshed trapezoid geometry '2a' 

665



M. SINGH 

 

Figure 7. Step-by-step photos of prototype in 1:5 - (a) Steel frame, (b)MDF sides and props, (c) MDF 
triangular modules taped, (d) Fine-only concrete mix poured, (e) Slab lifted up with the pieces 
unremoved, (f) View of the slab, (g) Front elevation of the slab with the evident curvature, (h) 

Triangulated soffit of the slab. 

Figure 8. Structural Analysis results of the 15 funicular shells showing Deflection and Out-of-Plane 
Stresses  
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6. Results and Discussion 

This research was a probe in the simplification of construction of shallow funicular 
shells. As per Figure 5 and Table 1 given at the end, the centroid-based meshing in all 
shells resulted in the lowest standard deviation. The 1:5 prototype of the geometry ‘2b’ 
demonstrated that a successful erection of a funicular floor system is possible where 
the modules had edge lengths with an extremely low standard deviation of 1 mm. In 
the structural analysis results of the shells across all meshing techniques, the lowest 
deflection generally was achieved where the shells had centroid-based meshing (Figure 
8). Although the stresses told a different story with auto-meshing techniques resulting 
in the lowest stresses, none of the stress results indicated requirement of additional 
thickness or reinforcement. The column % Planar area of the slabs considered 'similar' 
(Table 1) signifies the range of standardization possible in obtaining planks of similar 
sizes that could be reused. Conversely, it could be deduced that the percentage of 
custom pieces can come down to 10-20 %. 

Through the various meshing exercises and prototypes, a plausible solution to 
construct funicular slabs using computational design was successfully demonstrated. 
The research tries to align the idea of construction of a low-curvature slab to that of a 
regular RCC flat slab with planks and props.  Additionally, a simple rotatable clamp to 
attach the plank to the prop (as suggested in Figure 10) could be used in 1:1.  

Employing funicular geometry with its several advantages through computational 
design, the research was an exploration of basing theory over an existing low skill-
transfer, practical construction technique, already widespread in third-world countries. 
Strongly addressing floor slabs as the crux of the problem of massive carbon footprint 
in RCC construction, the paper aligns itself to the Sustainability Goals 9 and 11 of 
building sustainable cities through sustainable industrialization and innovation. 

Figure 9. Structural Analysis results of the 15 funicular shells showing In-Plane Stresses and 
Von Mises Stresses 
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Figure 10. 360° Rotatable Clamp 

Table 1 Max Standard Deviation of Edge Lengths and % Planar Area considered 'similar' 
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