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The presented research develops methods for introducing fabrication constraints
into architectural design, a process often referred to as design rationalization. In
the first stage of the research, a computational method for evaluating the
fabrication potential of geometries was developed. The method predicts the
feasibility, material use and machining time of a geometry in relation to different
fabrication techniques. It uses geometric properties to mathematically estimate
these parameters without simulating the actual machining. The second stage of
the research describes processes for adapting architectural designs to their
fabrication technique. The evaluation method previously developed is used as a
fitness criterion for a computational optimization algorithm aimed at adapting
concrete façade elements to the fabrication constraints of their molds. A case
study demonstrates how the optimization process succeeded in improving the
feasibility of different geometries within a time-frame suitable to the architectural
design process, and without significant changes to the initial design.
Keywords: Optimization, Digital Fabrication, Rationalization, Computational
Design Process

INTRODUCTION
The practice of introducing fabrication constraints
into the design process of complex architectural geometry is referred to as rationalization. Rationalization has been widely used since architects started designing complex, double curved geometries around
the turn of the millennium (Fischer, 2012; Pottmann
et al., 2015). A recent review of rationalization methods in current architectural projects indicated that
the computational optimization of a geometry to
better suit a fabrication technique is a widely used rationalization method, especially for free form geometry (Austern et al., 2018). The use of optimization
for rationalizing geometry is described in the back-

ground section of this paper.
The general aim of this research is to explore
ways of adapting architectural form to fabrication
technique. In this paper, we demonstrate such an approach by rationalizing concrete façade elements according to the fabrication constraints of their molds.
Concrete is the most commonly used building material in contemporary construction and highly suited
to the creation of complex geometry due to its liquid
nature. However, molds for complex, double curved
panels are diﬃcult to fabricate and more expensive
than molds for any other type of façade panel (Eigensatz et al., 2010). The techniques for fabricating these
types of molds are covered in the background sec-
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tion. In our research, we focus on developing rationalization methods for the techniques most widely
used by the industry.
In the ﬁrst stage of this research, a computational
method for the rapid evaluation of fabrication parameters such as feasibility, material use, and machining time was developed. The method utilizes
diﬀerential geometry to rapidly approximate these
parameters without resorting to CAM simulations
which are expensive in terms of both operator and
computational time. A more detailed explanation of
the computational method appears in the ﬁrst part
of the methods section of this paper.
The current stage of this research utilizes the
analysis method as a ﬁtness criterion for optimization
algorithms aimed at adapting the shapes of facade
panels to speciﬁc fabrication techniques. A computational setup in the Grasshopper parametric environment accepts free-form surfaces and adjusts their
control points so that they are easier to fabricate. The
optimization process was tested using two diﬀerent
black-box solvers and managed to improve the feasibility of the panels in all the tests. The second part
of the methods section describes this setup in more
detail.
The results section of this paper begins with the
validation of the evaluation method, performed by
comparing its predictions to results obtained in more
traditional CAM processes. Later the results of the optimization trials are described and their potential use
in the architectural design process discussed.

BACKGROUND
Rationalization & Optimization
The practice of adapting architectural design to fabrication related constraints was ﬁrst referred to as design rationalization by Glymph (Lindsey 2001). He
described it as the taming of Frank Gehry’s “crazy”
geometry by means of introducing rules of constructability. Since then, rationalization was typically
categorized according to its timing in the design process. Pre-rationalizing a design by limiting it to a describable/constructible geometry was an eﬃcient so-

lution proposed by Whitehead (2005), but this practice tends to decrease the freedom of the design
process. Involving fabricators early in the design is
also considered a good way to introduce constraints
(Larsen and Schindler 2008). However, fabricators are
usually introduced only after the tender had been issued (Celento 2010), when changes to the design are
more diﬃcult to implement. Thus, researchers are
urged to search for methods which enable incorporation of fabrication information by the design agency
during the design process, without limiting the designer’s freedom (H. Pottmann 2010).
One of the ways to rationalize a free form design is by optimizing it using computational methods. In this type of rationalization process, the initial
design is arrived at without taking speciﬁc fabrication
constraints into consideration. Later, an optimization
algorithm is used to explore the design space and
change the geometry to better ﬁt a fabrication technique (Austern et al., 2018). An example of this type
of process is shown by Vaudeville et al. (2013), who
describe how the glazing of the Foundation Louis
Vuitton was optimized to suit the fabrication constraints of the rolling and bending techniques used
to form them. Similarly Schiftner et al. (2013) describe how the facade panels of the Eiﬀel pavilions
were optimized according to the glazing fabrication
constraints. Dritsas et al. (2013) show how the shape
of a pavilion made of CNC cut sheet materials was
optimized so that individual panels were nested with
minimal material waste.
These examples, and many others, use an initial
design as the base geometry for the algorithm and
computationally improve it towards a speciﬁc fabrication goal. This kind of design process conforms
with the established work ﬂow of the architectural
practice and can be found in seminal projects by architects such as Frank Gehry and Zaha Hadid. However, it has been claimed to be computationally expensive and hard to implement (Dritsas, 2012). The
current stage of this research is aimed at examining
the potential for using the evaluation method previously described in an optimization process. We
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aim to ﬁnd easily implemented computational procedures which are within the capabilities of today’s
computationally oriented practitioner.

Molds for concrete elements
The presented research focuses on rationalizing concrete façade panels concrete towards the fabrication constraints of their molds. Concrete, the most
common building material of our era, is exceptionally suited for producing free-form geometry due to
its liquid behavior. To realize the full range of geometries that can be produced from concrete, complex 3D molds are required. In the industry, these
molds are manufactured mainly from CNC cut, bent
plywood sheets or from Expanded Polystyrene (EPS)
milled or cut by hot-wire (Andersen et al., 2016).
Due to the large waste of materials and machine time incurred by these molds, many have attempted to devise alternative fabrication techniques.
Reusable, ﬂexible molds are a promising technology
reviewed in Hawkins et al. (2017). Despite the many

beneﬁts of this technology, the review claims that
geometric constraints, modelling issues and uncertainty regarding its beneﬁts still prevent the industry
from adopting it. A diﬀerent solution to the problem
is the use of 3D printing in concrete to do away with
the formwork completely (Khoshnevis, 2004; Lim et
al., 2012). The building industry has recently incorporated some 3D printing techniques which result
in simple 2D extrusions. However, techniques which
produce complex geometries such as the ones we
are describing have not been adopted so far, and are
still being developed by the academia (Duballet et
al., 2017). This research focuses on developing rationalization methods for fabrication techniques which
have already been adopted by the industry. In the future, it can be expanded to include methods for any
new techniques which gain widespread acceptance.

Figure 1
Diagram of the
suggested
evaluation method
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METHODS
Fabrication evaluation method
In this section, we present a computational method
for evaluating geometries in relation to diﬀerent fabrication techniques. By using mathematical abstractions, the method arrives at approximations regarding the feasibility, material use, and machine time required to fabricate a geometry much faster than traditional CAM simulations. The general structure of
the proposed method is illustrated in Figure 1.
1. NURBS geometry input (via Rhino / Grasshopper). The geometry as well as fabrication parameters such as design tolerance, available tools, material types, and dimensions are set in the GH interface,
as well as the analysis tolerance which is determined
by the distribution of the sampling points on the surface.
2. Dual analysis of the input geometry as a NURBS
surface and a half-edge mesh. The NURBS geometry is analyzed using IRIT - a freeform geometric modelling environment geared toward development and
research [2]. This provides us with a set of computationally eﬃcient diﬀerential curvature related values
for all our sampling points. The surface is also translated into a half-edge mesh representation (Campagna et al., 1998), which is interrogated to provide
information regarding the local conditions around
the sampling points.
3. Translation of the geometry into molds, according to the material and fabrication parameters. By
automating this process, the estimation of the machining process is made possible without the lengthy
translation into CAM software. These molds are used
as the basis for estimating the material use and machining time, as explained in the next item.
4. Estimation of feasibility and machining time
using mathematical approximations. Reliable estimations save signiﬁcant computational resources in
comparison to simulating machine behavior, the typical procedure in the CAM industry. This innovative
method enables the real time evaluation of fabrication parameters so that they can immediately inﬂu-

ence the design or be part of an optimization algorithm. The following is a brief explanation of this
method, which is further detailed in (Austern et al.,
in press)
Feasibility evaluation: The feasibility of molds
made from bent sheet material is evaluated using
the curvature radius and Gaussian values of the sampling points, which reﬂect the bending and deformation potential in relation to diﬀerent materials [1].
The feasibility of milled molds is evaluated using the
curvature radii to indicate potential problems in tool
access. half-edge mesh-based representations provide further information about local accessibility conditions including spindle and tooltip intersections.
Evaluating the feasibility of hot-wire cutting, concave
double curved points are disqualiﬁed as they will
never be accessible with a wire. Additionally, a line
is rotated around the remaining sampling points until access is discovered.
Machining estimations: To estimate machining time in sheet material cutting, the mold designed in the previous step is disassembled, unrolled
and nested using a rapid extreme point heuristic
(Chatzikonstantinou, 2017; Crainic et al., 2008). The
result is the distance which needs to be traversed by
the CNC milling bit - the path length. Before calculating the path length for volumetric milling, we need
to ﬁnd the minimal step distance between tool paths
for achieving the required ﬁnishing tolerance. In 3
Axis setups this is achieved by using the Iso-scallop
method suggested by (Han and Yang, 1999). In 5+
axis setups, we calculate the optimal step distance
for curvature matched machining, a highly eﬀective
method which uses tilted ﬂat end milling (Jensen,
1993). The formulas for calculating the step distance
were developed by the authors and area described
in (Austern et al., in press) After calculating the optimal step distance for every point on the surface the
total path length for the entire surface is inferred.
Formulas developed for use in the practical ﬁeld of
CNC machining [3] translate the path length into machining time by multiplying it by a feed rate which
takes into account materiality and available tooling.
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Figure 2
Analysis results
displayed
graphically and
numerically.

For approximating the hot-wire path length, we use
a rapid piecewise developable approximation of the
original geometry, which is based on (Elber and Fish,
1997) and implemented in IRIT. The resulting surfaces
are translated back into the RH/GH environment and
extended towards the material boundaries and their
length multiplied by the hot-wire speed.
5. Numerical and graphic display of the results.
The graphic display of the method illustrates the feasibility, machining time and material use for any of
the chosen fabrication techniques. An example of results of applying our method to a complex 3D surface
is presented in Figure 2. Unfeasible areas are shown
in red, while other colors denote feasible areas, according to the fabrication technique. Each graphic is
accompanied by 3 numeric scores representing feasibility, material use and machine time.

Optimization process
In this section we describe an optimization process
which utilizes our analysis method as a ﬁtness criterion. It is targeted at adapting façade panels to the
requirements of speciﬁc fabrication techniques such
as milling or hot wire cutting. The base geometry

for the optimization experiment is ﬁve 1.2mX1.0m
panels generated by randomly adjusting the control
points of a ﬂat surface. To demonstrate the fact that
the suggested method can be used by any kind of
optimization algorithm, we used two diﬀerent kinds
of general purpose, black box optimization solvers
to perform the computation: OPOSSUM, a model
based optimization plugin for grasshopper based on
the RBFOpt optimization library (Wortmann, 2017),
and GOAT, a local gradient based solver commercially developed by Rechenraum [4]. Both plugins
use the same framework employed by GALAPAGOS,
Grasshopper’s traditional evolutionary solver and are
thus easily implemented and fully interchangeable
with any other optimization method.
Each of the 5 panels was optimized for 2.5 axis
sheet material cutting, 3 axis milling and hotwire cutting, using the feasibility score as a ﬁtness function
for both solvers. We chose not to optimize for 5
axis milling as initial results were similar to those obtained in 3 axes. We subtracted the distance to original shape from the feasibility score provided by our
method to ensure minimal deviation. The distance
was calculated as the average distance between a
grid distributed on the original surface and the near-
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Figure 3
Optimization
results: original
shape (top), and
optimized results
(bottom), the
numbers in red
denote the relative
percentage from
the needed
improvement

est points on the optimization result, normalized by
dividing by the size of the original surface diagonal.
We set the target distance from the original shape as
1%, and smaller distances were not subtracted from
the ﬁtness score. To prevent signiﬁcant local divergences from the source surface, an additional penalty
was added for any point more distant than 5% of the
diagonal. Additionally, the border points were constrained on the X and Y axis to not disrupt future paneling. For bench-marking purposes, all the optimizations were limited to a 10-minute total duration and
1000 iterations. The results of these experiments are
discussed in the following result section.

RESULTS AND DISCUSSION
The analysis method described above was developed
into a parametric tool: a plugin for the widely used
Grasshopper associative modeling environment. The
tool provides designers with fabrication estimations

calculated almost in real time - less than a second for
a single surface sampled at 1500 points. The precision of the estimations was tested on diﬀerent fabrication scenarios and shows a notable similarity to
the actual performance of CNC machinery. 10 panels
with diﬀerent kinds of curvatures (ﬂat, single curved
and double curved) were tested by comparing the
predictions to the performance of real 3 axis fabrication setups in both sheet material and volumetric
milling. The tests showed average errors of less than
5% in all the measured criteria. However, these predictions are based on the assumption that the CNC
operator uses standard milling practices, such as the
ones described in the CNCCookbook feeds & speeds
wizard [3], and major deviations from these will have
considerable eﬀects on the results. Predictions for 5
Axis milling and robotic hot-wire cutting are still being tested in our labs.
The experiments which used the developed
method as a ﬁtness function for an optimization algo-
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Figure 4
Suggested changes
to the traditional
design process

rithm also showed promising results. In all the tested
geometries and fabrication techniques, the optimization managed to improve the feasibility of the shape
while keeping to 1% average distance from the original surface. We documented the improvement of
the feasibility score as well as the relative percentage
from the needed improvement, calculated by dividing the improvement achieved by the diﬀerence between the original feasibility score and the maximal
score of 1.
In average all the optimizations managed to improve the feasibility score by 0.08, which was 57%
of the average needed improvement. While the feasibly scores of all three fabrication techniques improved similarly, they displayed very diﬀerent behaviors in terms of the relative needed improvement:
In 3-axis milling the average improvement was 0.06,
which was 91% of the needed improvement - meaning that most geometries were optimized to a full 1.0
feasibility score. Sheet material cutting and bending,
improved by 0.08 on average, but the improvement
amounted to only 15% of the needed score. This is
probably due to the random, double curved nature
of the test surfaces which could not be fabricated using sheet materials without signiﬁcantly increasing
the allowed distance. Hot wire cutting improved by
0.09, which were 64% of the needed change. Figure 3
shows the same shape optimized three times for different fabrication goals, with the relative part of the
needed improvement marked in red.
It is interesting to note that OPOSSUM, the
model-based solver, outperformed the gradient
based approach of the GOAT solver by an average of
15% in all three fabrication techniques. This seems to
strengthen the claims made by Wortmann (2017) as
to its good potential for use in open ended architectural questions.

CONCLUSION
The numeric nature of digital fabrication techniques
has made it possible to embed fabrication awareness
into the computational design process. The method
described here is a ﬁrst step towards providing de-

signers with immediate information regarding the
feasibility, material use, and machine time required
to realize their designs, information previously provided by fabricators at a later stage. We believe that
introducing such fabrication-aware methods will allow designers to make better design choices during
the initial stages of the design process and improve
the overall quality of the realized project.

The rapid running time of the developed evaluation
method allowed us to use it as a ﬁtness criterion
for a fabrication aware optimization algorithm. We
demonstrated how our method can be successfully
used with general purpose optimization solvers to
adapt single surfaces to a speciﬁc fabrication technique. The increasing popularity of such “black box”
solvers in the academia and the practice indicate the
high applicability of such processes. The process described here can be used by designers at the design
development stage, after the fabrication technique
has been determined, but before a contractor is introduced. In the future, these processes can be extended to the scale of an entire façade consisting of
multiple panels, which will lead to signiﬁcant ﬁnancial beneﬁts as well as an improvement the overall
quality of the result. Having an accessible method
of adapting a geometry to a machining setup can increase the freedom of the designer, both in terms of
design freedom and in terms of reduced dependence
upon fabricators.
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