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Gridshell is a unique category of shell structures, which, by departing from a
double-curved resistant form, concentrates the forces in its lattice members.
Majority of the gridshell structures use quadrangular or triangular grid patterns
because they can easily mesh and it is less complicated to resolve its details. This
research project provides a unique robotically fabricated joinery system for
free-form gridshells. The research project attempts to increase the versatility in
terms of design and feasibility in terms of construction for future gridshell
structures. It tries to merge the extremely efficient historical design principles
with the new age design and construction methods. The lattice grid for the
Robo-Web gridshell takes inspiration from the ribs of the English fan vaulted
cathedrals. Based on the experiences gained through the research project the
research concludes with a critical discussion of the practical applications and
future scope of the free-form lattice grid and robotically fabricated joinery system.
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INTRODUCTION
Since ages shells have always been functional in the
design of monumental buildings. Some of the many
variations in the design and construction methods
for shells includes the classic examples of stereotomy
stone vaults, Guastavino’s tile vaulting techniques,
thin reinforced concrete shells by master builders like
Heinz Isler, Félix Candela and Eduardo Torroja. In
1923 for the ﬁrst time Vladimir Sukhov designed a
diagrid structure in Moscow which is a steel hyperboloid gridshell. Gridshell is a special type of shell
structure where the shell surface is comprised of a diagrid formed by linear elements. In case of the gridshell the lattice members are stabilized against in-

plane shear forces using diﬀerent techniques which
includes, cable-cross bracing, diagonal shear ties,
membrane covers, stiﬀener panels etc. Integration of
all these components makes gridshell a consciously
engineered structure where the diagrid functions as
a shell surface (Andriaenssens et al., 2014). The completion of wooden gridshell Multihalle Mannheim by
Frei Otto in 1974 contributed signiﬁcantly in further
developments of this category of structures (Otto
et al., 1974). It inspired a new generation of architects and engineers to further dwell into gridshells.
Several gridshell prototypes and projects have been
constructed till date which tries to explore and give
a new dimension to this category of shell. But al-
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Figure 1
Robo-Web gridshell

most all of them follow a uniform and symmetric lattice grid. The member conﬁguration for gridshell
allows it to follow a more free-form lattice pattern
which could further enhance the ability of gridshell
to achieve more organic, eﬃcient and aesthetically
pleasing forms. There are many research and several
built work examples which focus on the grid lattice
pattern and try to escalate the amount of freedom in
the gridshell design. Research work by Deregibus et
al. (2008) provides a mathematical solution for grid
pattern where members follow the path of geodesic
curves on a free-form surface. A gridshell with a freeform lattice is designed for the Ongreening Pavilion
(Harding et al., 2014). The numerically derived form
for the gridshell is again realized using the concept
of geodesic curves. The geodesic members which
could be unrolled into a straight line are made using
CNC fabrication. Finite element analysis is used to derive grid topology (Nicholas et. al., 2013) as a possible
solution to generate a free-form gridshell design. The
most critical part in realization of a gridshell is its construction method. The eﬃcient force system of gridshells impose a unique challenge in its construction
and because of which they are less frequently constructed. Due to its bending active nature, the struc-
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ture is constantly in action of tremendous bending
stress during the construction process and a smart
construction method is needed for the realization of
the desired form. All the above examples use computational design and digital fabrication tools to create
discrete designs which substantially increase the design freedom and also provides a more eﬃcient and
a much better construction method.

DESIGN AND MODELING
The Robo-Web gridshell project attempts to increase
the design freedom for future gridshell projects by
providing unique joinery solution for more complex
and free-form lattice patterns (As shown in Figure
1). It involves the use of computational design to
increase the design freedom for the lattice pattern
and digital fabrication to produce its components. It
is not seldom that the research in architecture and
structural design is not inspired by the achievements
by our ancestral master builders. A plethora of learning is left in historical monuments and they are to
date considered as an epitome of eﬃciency. Recent research on ultra-thin and extensively optimum
slab systems by Rippmann et al. (2018) and Liew
et al. (2017) are signiﬁcantly inspired from English

Figure 2
Gridshell design
details

Figure 3
Axial Force:
Robo-Web grid,
Triangular grid,
Quadrangular grid,
Kagome grid
fan vaulted cathedrals. The research presented in
this paper tries to extract historical design principles
and integrate it with modern design and fabrication
techniques. According to Howard (1911), the vaults
whose ribs have the same radius of curvature and are
spaced at equal angles are considered as fan vaults.

The free-form grid topology for the Robo-Web gridshell takes inspiration from the ribs of the English fan
vaulted cathedrals. It does not precisely follow the
above deﬁnition but it strategically tries to incorporate the optimum design qualities of the rib-vaulted
cathedrals into the new context of gridshell struc-
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Figure 4
Robotic fabrication
for ﬁsh-mouth
joints and
foundation setup

tures. The grid topology for the gridshell is designed
in Rhinoceros. The catenary surface for the gridshell
is form found in Kangaroo physics engine. Later the
grid topology is projected on the form-found surface
in order to get the skeleton for the Robo-Web gridshell (As shown in Figure 2). Flexible PVC pipes which
are easily bendable are used to realize the design. Because of the high design freedom for lattice grid, the
gridshell requires a distinct connection system which
keeps all the members intact and helps the lattice to
behave as an eﬃcient shell surface. The members
of the gridshell are connected to each other using a
ﬁsh moth joint. The same PVC pipes which are used
for lattice members are used to fabricate ﬁsh mouth
joints. All t0he gridshell components are derived using generative design deﬁnitions in Grasshopper and
modeled in Rhinoceros. In order to make the design
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and assembly process more systematic and less random, the members of the gridshells are divided into
4 layers (As shown Figure 2).

STRUCTURAL ANALYSIS
The dimensional parameters for members are decided based upon the structural analysis done in
Karamba. After carefully studying the output results
over a list of criteria, necessary changes are made in
the design and the entire process is followed again,
in a trial and error manner, until an optimum lattice pattern is achieved. Generally, gridshell structures use triangular or quadrangular lattice because
they are easy to mesh on any surface moreover because of symmetry it is less complex to resolve the details and execute the construction process. Recently

some intriguing explorations have been done in various built works using kagome grid patterns by Architect Shigeru Ban. A comparative study is done
in between quadrangular and kagome gridshell by
Mesnil et al. (2017). To carefully evaluate the structural consequences emerging from the higher design freedom of Robo-Web lattice pattern, conventional grid patterns, (e.g. triangular, quadrangular
and Kagome) are selected to develop a series of comparative studies focused in the performance and the
balance between strength and aesthetics. This multiple criteria-based comparison helps to carefully analyze and evolve the new grid-based upon its pros and
cons. The results of the structural analysis (Refer Figure 3) show that the Robo-web grid is not as eﬃcient
as other conventional grid types but it is certainly
comparable and can be further improved through
more intense research of grid topology.

ROBOTIC FABRICATION
The extremely free-form nature of the lattice grid
resulted in a highly customized connection system.
It was diﬃcult to manually make all the joineries.
Therefore, the ﬁsh mouth joints which followed a
generative design approach for modeling were fabricated with the help of KUKA robot. The fabrication of the joints was simulated using KUKAprc plugin in Grasshopper. After intense prototyping process and various trial and errors, a setup was prepared to fabricate all the joints using KUKA robot. The
setup consists of a styrofoam layer with the proﬁle
of all the PVC pipes in it. This allows the PVC pipes
to precisely ﬁt on the robotic fabrication table. Later
the PVC pipes were further restrained using wooden
pieces which prevented the pipes from popping out
during fabrication due to vibration of the drill bit (As
shown in Figure 4). The foundation system for the
gridshell prototype consists of MDF (Medium Density
Fiberboard) planks which had the proﬁles cut for the
lattice members. The cuts in the MDF planks were
milled as per the curvature of the lattice members (As
shown in Figure 4).

ASSEMBLY
The assembly for the gridshell starts with setting up
the foundation system on site with proper levels and
alignment. The pipes are one by one inserted in the
MDF planks as per their assigned position. A stopper system is designed and incorporated at the ends
of the lattice members (As shown in Figure 4). The
stopper systems prevent the PVC pipes from popping
out due to the active bending nature of the gridshell.
The pipes are one by one bent and connected to each
other with the robotically fabricated ﬁsh mouth joints
in the sequence of the layers (As shown in Figure 5).
The pipes and the joints are ﬁrmly ﬁxed to each other
using HDPE strands. A thin membrane is placed on
top of the PVC pipe, to create friction between the
HDPE strands and PVC pipes and thus prevent slipping.
During the assembly of the gridshell, 2 critical
observations were made.
• The digitally fabricated joints were not very
stable and did not work as a smooth guide to
connect the members and get the lattice pattern. This was mainly due to the small diameter of the PVC pipes.
• The PVC pipe members were extremely ﬂexible and therefore they helped in achieving the
desired lattice grid despite the ineﬃciency of
the joints.

CONCLUSION AND FUTURE SCOPE
Based upon the behavior of the building material and
the structural system several conclusions were made.
The structural system of the gridshell was extremely
stable and therefore a gridshell which precisely follows the geometrical deﬁnition of a fan vault should
be designed and assembled to check the exact applicability and eﬃciency of the design principle. The
robotically fabricated connection system would work
more accurately with members of bigger diameter.
This would provide a larger contact surface area between the ﬁsh mouth joint and members thus increasing the frictional contact resistance and facilitating a better connection system. Bamboo could be
an interesting sustainable solution to replace the PVC
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Figure 5
Step by step
gridshell assembly

pipes as a building material, especially in tropical areas where it is abundantly and cheaply available. The
high tensile strength of bamboo and its availability in
various cross-sections could help in solving the 2 critical observations made during the assembly process.
But it would be challenging to robotically fabricate
bamboo joints because of its variable cross-section
diameter and thus a strategically thought fabrication
setup needs to be developed. Overall the research
project provides a unique robotically fabricated joinery system which tries to increase the design freedom for free-form gridshell structures. It looks forward to integrating the historical design concepts
with present-day computational design and robotic
fabrication tools.
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