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This paper presents a computational methodology for parametric design of modular 
single-family housing, using Rhino, Grasshopper, and add-ons (Wasp, Honeybee, 
Ladybug, Galapagos, Karamba, and Wallacei). The proposal aims to overcome the 
limitations of traditional modular architecture, which is characterized by rigidity and low 
customization, through an incremental system that allows adaptation according to users' 
needs and environmental conditions. The methodology applies stochastic aggregation 
rules, optimizing dimensions, and structural validation. The incremental modular system 
offers flexibility for expansion and modification of structures over time. Focusing on 
sustainability and innovation, the research contributes to the evolution of modular 
architecture by exploring how the proposed workflow can enhance adaptability, 
overcome structural challenges, and promote more sustainable and flexible solutions for 
off-site construction. 
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INTRODUCTION 
The construction industry is one of the largest 
consumers of natural resources and generators of 
solid waste, with a significant portion of this waste 
stemming from decisions made during the design 
phase. To mitigate this impact, it is essential to 
develop strategies that minimize waste 
generation from the early stages of project 
conception, promoting a more efficient use of 
materials. In this context, the integration of 
parametric design with modular coordination 
emerges as a promising approach, enabling 
optimization in modularization and flexibility in 
the arrangement of construction components. 
Studies, such as that of Banihashemi et al. (2018), 

demonstrate that this methodology can reduce 
material waste by up to 2%, highlighting its 
potential to make the design process more 
sustainable and efficient. 
Thus, this paper proposes a computational 
methodology for parametric design in the 
development of modular single-family housing, 
using tools such as Rhino, Grasshopper, and the 
add-ons Wasp, Honeybee, Ladybug, Galapagos, 
Karamba, and Wallacei. Beyond promoting more 
sustainable solutions, this approach seeks to 
overcome the traditional limitations of modular 
architecture — often associated with rigidity and 
low customization — by proposing an 
incremental system that allows progressive 
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adaptation and customization according to 
environmental conditions and user needs. 

The methodology is based on the application 
of stochastic aggregation rules to create a flexible 
modular system. The process includes defining 
spatial boundaries, module dimensions, and 
bracing, establishing rules for stochastic 
aggregation, structural validation, and 
evolutionary optimization of weight and 
structural dimensions. The model is validated 
according to Eurocode standards, ensuring 
structural feasibility for practical application 
(Eurocode 3: Design of Steel Structures, 2005). 

The incremental modular system aims to 
combine productive efficiency with flexibility of 
use, allowing structures to be expanded or 
modified over time. The proposal emphasizes 
sustainability, innovation, and practical 
applicability—principles highlighted in 
contemporary studies on modular architecture 
and the integration of parametric design 
(Banihashemi et al., 2018; Lawson et al., 2014). 

This approach also aligns with recent trends 
that reassess the role of modularity in digital 
architecture (Retsin, 2019), expanding the 
potential for flexibility and adaptability of 
modular architecture in off-site construction 
scenarios (Smith & Quale, 2017) 

THEORETICAL FRAMEWORK 
In the late 1920s, Walter Gropius envisioned a 
future in which houses would be built with the 
same precision and speed as an assembly line. For 
him, industrialization went beyond efficiency; it 
represented an opportunity to make architecture 
more accessible, reduce costs, and improve 
quality of life. His proposal was clear: modular 
houses, mass-produced and quickly assembled. 

His first major test took place in 1927 with the 
Weißenhofsiedlung, an innovative housing 
complex in Stuttgart, where he used precast 
concrete panels assembled dry. In theory, the 
system promised faster construction with less 
material waste. However, in practice, logistical 

challenges and the lack of an industry capable of 
producing components with the required 
precision prevented large-scale adoption. 

The concept was promising, but did not align 
with the industry's reality. Two decades later, in 
the United States, Gropius tried again with the 
Packaged Houses, in collaboration with Konrad 
Wachsmann. This time, he replaced concrete with 
plywood modules, connected by a new system of 
metal connectors, allowing a house to be 
assembled in just a few days. Although the idea 
of mass production was viable and technological 
advancements suggested a promising future, the 
market had different needs. Buyers sought 
customized homes tailored to their land, climate, 
and personal preferences, and Gropius' rigid 
system did not meet these demands. The lack of 
flexibility for customization made the 
industrialization approach insufficient. 

Evolutionary Modular Architecture 
For decades, modular architecture was limited to 
rigid solutions. Prefabrication evolved, but 
without balancing mass production and 
adaptation to users' needs. John Habraken (1928–
2023) was one of the leading architects to address 
the problem of modular architecture's lack of 
flexibility and personalization, proposing 
industrialized housing that could develop 
according to its inhabitants' needs. Influenced by 
Kampung—self-built settlements—he advocated 
for architecture as something in constant 
transformation. His vision saw buildings as 
adaptable systems over time, rather than final 
products. 

Habraken's theory (1961) influenced 
architects such as Hertzberger, Kroll, and Coenen, 
driving a more flexible and participatory approach 
to housing. Projects like Diagoon Houses (1967–
1971) and Molenvliet Papendrecht (1978), 
designed by Frans van der Werf, exemplify this 
vision by allowing residents to customize their 
spaces according to their needs. This approach 
represented the application of open 
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industrialization to residential architecture, where 
the logic of modular assembly did not 
compromise aesthetics, comfort, or functionality 
but rather made spaces more adaptable to users' 
demands. 

Modularity and Interchangeability 
Beyond flexibility and customization, another key 
concept in the development of modular 
architecture is interchangeability—the assembly 
of standardized components in different 
configurations, allowing adaptation and 
expansion without modifying the original 
structure, thus creating flexible and scalable 
systems. 

In the 1960s, Spanish architect Rafael Leoz 
expanded the concept of modularity by 
integrating interchangeability with the 
development of the HELE Module, a system based 
on a simple yet versatile geometric unit. The HELE 
consists of three aligned cubes with an additional 
one at the end, forming a module that can be 
repeated and combined to generate different 
architectural compositions. The major innovation 
of this system lies in its exponential multiplication 
capability: 16 modules form a larger cube, while 
combining two modules allows 123 variations, 
and three modules generate up to 12,000 
different configurations. 

In the 1970s, Cedric Price (1934–2003) took 
this concept to a new level with the Generator 
Project (1976), a flexible and responsive 
architectural system based on user interaction. 
Developed with the Polyark Group and John 
Frazer & Associates, the project used sensors and 
computing to suggest different spatial 
configurations, enabling modules to be 
reorganized over time according to occupants' 
needs. This approach anticipated the use of 
generative design in architecture, reinforcing the 
idea that architecture can dynamically adapt to its 
context and users. 

These precedents demonstrate that 
modularity and interchangeability are not just 

strategies to optimize construction but also tools 
that expand creative freedom. By enabling infinite 
configurations from a limited number of 
elements, modular systems introduce a 
combinatorial logic that enhances efficiency, 
customization, and sustainability. 

Principles of Discrete Modularity and 
Computational Methods 
The contemporary concept of discrete 
modularity, as defined by Retsin (2019), expands 
traditional modularity by integrating digital 
processes and flexible parametrization. 
Architectural components become discrete 
elements, with limited and predefined 
connections, similar to how digital systems 
function. This approach emphasizes 
recombinability and assembly flexibility, allowing 
for reconfiguration without refabrication or major 
modifications. 

According to Retsin, the digitalization of 
architecture involves computational logic based 
on discrete data and modular operations. Instead 
of relying on large factories, incremental 
modularity enables local production using CNC 
milling and 3D printing, reducing waste and 
allowing customization based on user and 
environmental needs. The incremental logic 
allows for the progressive addition of modules, 
supporting scalable construction processes. 

The integration of computational methods 
optimizes design and fabrication. Tools such as 
Grasshopper (Ericson, 2017) and Evolutionary 
Algorithms (Makki et al., 2018) explore 
morphological variations and multi-objective 
design in modular projects, improving structural 
efficiency and sustainability. 

Furthermore, the combination of parametric 
design and modular coordination can 
significantly reduce material waste in 
construction, as demonstrated by Banihashemi, 
Tabadkani, and Hosseini (2018). The link between 
parametric geometry and structural performance, 
explored by Preisinger (2013), reinforces the 
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importance of digitalizing the design process to 
enable more adaptable and sustainable 
construction solutions. In this context, regulatory 
guidelines, such as Eurocode 3 (2005), contribute 
to the efficient implementation of discrete 
modularity in construction systems, ensuring 
structural compatibility and technical feasibility 
within international standards. 

METHODOLOGY 
Based on the state-of-the-art review and in 
accordance with the principles of discrete 
modularity, the methodology proposed in this 
article for the development of an incremental 
modular system integrates parametric design, 
environmental simulation, structural optimization, 
and regulatory validation for the design of 
modular single-family housing. 

The workflow is structured into four main 
stages: (1) parametric modeling and aggregation 
rules, (2) optimization of environmental and 
structural performance, (3) validation according 
to Eurocode standards, and (4) feasibility and 
flexibility analysis of the system. 

Development of an incremental 
modular system 
In the first stage, the design system is based on 
the definition of two main modules: a primary 
module, which accommodates essential functions 
such as living room, dining room, kitchen, service 
area, hallway, bedrooms, and bathrooms; and a 
secondary module, intended for complementary 
spaces such as a balcony, attic, or roof. While the 
floor plan dimensions of the modules are 
standardized, the height can vary according to the 
project's needs. For the parametric development 
and system analysis, Rhinoceros 3D and 
Grasshopper were used, along with the plugins 
Wasp, Honeybee, Ladybug, Galapagos, Karamba, 
and Wallacei, whose specific functions are 
detailed below: 

• Wasp: enabled the stochastic aggregation of 
modules, allowing for complex combinations 
based on predefined connection rules 
between elements (Rossi & Tessmann, 2018). 

• Ladybug e Honeybee: provides interactive 
graphics for solar radiation, ventilation, and 
thermal comfort studies, based on climate 
data from EnergyPlus Weather (.EPW). 
Honeybee extends these capabilities by 
enabling advanced energy and lighting 
simulations, considering material properties 
and building geometries (Roudsari & Pak, 
2013). In this study, the average solar 
radiation in the interior spaces of the 
aggregated modules was used as the 
environmental evaluation criterion. 

• Galapagos: employed in optimizing modular 
aggregations, considering environmental 
parameters (Ladybug), sunshade sizing 
(Honeybee), and spatial arrangement of the 
modules. Using evolutionary algorithms 
(Evolutionary Solver and Simulated 
Annealing), the plugin identified 
configurations with better environmental 
performance (Rutten, 2013). 

• Karamba: a structural analysis tool based on 
the Finite Element Method (FEM), used to 
calculate displacements, stresses, and internal 
forces of structures (Preisinger, 2013). After 
defining the modular aggregation, typical 
loads for single-family buildings and 
structural steel profiles were applied, with 
validation according to Eurocode criteria. 

• Wallacei: applied in the multi-objective 
optimization of the project, using the NSGA-
II algorithm (Non-dominated Sorting Genetic 
Algorithm II) to maximize structural efficiency 
while minimizing module weight and 
displacements (Makki et al., 2018). 

Stochastic Rules and Modular 
Flexibility 
As stochastic aggregation rules were developed 
based on modular connectivity principles, 
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ensuring diversity in configuration without 
compromising structural stability. The system 
considers parameters such as the number of 
modules, preferred orientation, and connection 
rules to guarantee spatially viable solutions. In 
Wasp, modular units were represented through a 
hierarchical connectivity system: 

• Level 1: Primary module structure; 
• Level 2: Secondary detailing information. 

This model ensured computational efficiency 
and optimized aggregation performance (Rossi & 
Tessmann, 2018). The 
Wasp_Stochastic_Aggregation function was used 
to generate different modular compositions 
based on the following parameters: 

1. Elements to be aggregated: iteration 
between primary and secondary modules;  

2. Number of modules: defined according to 
the estimated area required for the project; 

3. Connection rules: establish relationships 
between geometries and the direction of two 
connected faces; 

4. Growth mode of the aggregation: restricted  
to the interior of the predefined expansion 
volume; 

5. Expansion volume limit: spatial boundary 
within the analyzed site to constrain modular 
growth. 

The aggregation connection rules were 
structured based on graph grammar by Klavins et 
al. (2004), where each modular unit is represented 
by nodes (vertices) and connections (edges). The 
author discusses methods for aggregating and 
combining graphs in relation to their spatial and 
topological interactions. These mathematical 
correlations enable the development of complex 
systems in an organized manner and are applied 
in various fields, including the principle of 
stochastic aggregations via the Wasp add-on 
(Rossi & Tessmann, 2018).  

Thus, in Wasp, this approach explores the 
combination of geometric faces and their spatial 
relationships (Figure 1), testing different 
configurations within the constraints established 
by the defined rules (Rossi & Tessmann, 2018). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Database and Configuration Analysis 
After each iteration of the aggregation process, 
the generated configurations were stored in a 
database for subsequent environmental and 
structural performance analysis. This approach 
enabled the comparison of different solutions, 
facilitating future refinements in the module 
design. 

Thermal Performance  
Modular sustainability is one of the core pillars of 
the proposed model, combining productive 
efficiency, waste reduction, and material use 
optimization. The system’s ease of disassembly 
allows for the reuse of modules in different 

Figure 1 
Stochastic rules, 
where in this 
example, object A, 
with its face ax, 
interacts with 
object B, with its 
face bx. 
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𝜂 =
𝝈𝒆𝒒
𝒇𝒅

	 (1) 

 

contexts, extending their lifespan and minimizing 
environmental impact. 

The environmental performance analysis was 
conducted using the database generated during 
the iterations of the modular aggregation 
process. For each stored configuration, tools such 
as Ladybug and Honeybee were used to assess 
climatic parameters, particularly solar radiation, to 
optimize the internal thermal efficiency of the 
modules. This approach enabled strategic 
adjustments to their positioning, enhancing 
interaction with local conditions and maximizing 
environmental comfort. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Additionally, passive design strategies were 

integrated into the system, such as green roofs 
and façades, which promote biodiversity and 
contribute to thermoregulation. Green spaces 
between the modules enhance environmental 

quality and provide natural cooling. The 
implementation of photovoltaic panels was 
planned based on solar radiation data extracted 
from the database, ensuring efficient positioning 
and increasing the energy self-sufficiency of the 
complex. 

For the evaluation of results, the objective was 
to minimize internal solar radiation from January 
to December, between 11:00 AM and 5:00 PM 
(Figure 2), considering an application scenario in 
Porto, Portugal. 

Structural Validation 
The structural validation of the module set was 
carried out after the optimal configuration was 
defined by Galapagos, which selected the best 
composition from the aggregation database, 
considering the environmental analysis. With the 
established configuration, the model underwent 
structural refinement, including the definition of 
beams, columns, and bracing, assuming that the 
elements would be manufactured in structural 
steel. The Karamba plugin was used for the 
structural analysis. Structural parameters were 
then applied to the model, including: cross-
sections of structural elements, specification of 
structural steel, boundary conditions, loads, and 
their combinations. 

With the simulation in Karamba, the 
maximum deformations of the elements were 
obtained and compared with the criteria set out 
in the normative (Eurocode 3: Design of Steel 
Structures, 2005) for validating serviceability limit 
states. Additionally, a utilization analysis was 
performed, which evaluates the ratio between the 
material's strength and the equivalent stress 
(Equation 1). To ensure structural safety, this value 
must be equal to or less than 70% (Preisinger, 
2013). The analysis also allowed understanding 
the behavior of the total weight of the structure, 
considering the adopted materials and profiles. 
 
 

Figure 2 
Thermal 
performance 
analysis of three 
module models 
obtained through 
stochastic 
aggregation rules. 
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Since this study focuses on single-family 
homes, the rotating inter-module connection 
proposed by Chen et al. (2019) for medium-sized 
buildings is considered suitable for the 
established criteria. The results indicate that using 
articulated metal fittings enhances force 
distribution and reduces stress at connection 
points. Therefore, we adopt a similar connection 
for modular interconnection in our approach. 

Evolutionary Optimization Process of 
the Structure 
The evolutionary optimization was conducted 
using genetic algorithms in Wallacei, considering 
two main objectives: (1) minimizing the total 
structural weight and (2) reducing the 
displacement of the elements. 
Wallacei requires four main inputs in its core 
component: genes (numerical variables of 
interaction), objectives (minimization or 
maximization of a result to be achieved), data 
(values modified during interactions that form the 
key for result combinations), and phenotype 
(geometry for analysis) (Makki et al., 2018). Thus, 
for the structure under study, the parameters 
were defined as follows: 
 
• Genes: variables related to the dimensions of 

the cross-sections of beams, columns, and 
bracing, thicknesses of elements, and the 
quantity of beams in the floor and roof of the 
modules; 

• Objectives: minimization of displacement 
and total structural weight; 

• Data: values obtained for displacement and 
weight throughout the iterations; 

• Phenotype: model resulting from the 
environmental analysis. 
 
Table 1 presents a comparison between 

different generated configurations, highlighting 
the impact of optimization on the structural 

analysis and sustainability of the model under 
review. 

Optimization 
test 

Weight 
(kg) 

Maximum 
displacement 

(cm) 
Initial structure 15620,9 0,633 

A 4097,1 0,558 
B 12225,4 0,190 
C 8199,8 0,228 

 
It is interesting to observe in the results 

obtained that Optimization A presents a greater 
displacement than those obtained in B and C. 
Furthermore, Optimization B shows a higher 
weight and a smaller displacement than in C. This 
is because Wallacei considers an equal proportion 
for the objectives in the optimization process. 
However, it is possible to assign different weights 
using normalization techniques to be considered 
in the analysis, favoring certain criteria defined by 
the user (Makki et al., 2018). It is also understood 
that the results with optimization can be refined 
when the analysis population is increased. 

Through this technique, it was possible to 
achieve a material reduction of 381.26% from the 
initial structure to the optimized one, as well as a 
decrease in the maximum displacement of the 
structure, meeting the Eurocode criteria. 
Regarding the structure of the modules, 
differences were observed in the number of 
beams in the floor and roof across the 
optimizations, along with variations in the 
dimensions of the structural profiles. Thus, with 
this material rationalization, there is a reduction in 
environmental impacts, primarily aiming at 
minimizing carbon emissions related to the 
structure's composition. 
 

RESULTS 
The proposed workflow consolidates an 
integrated computational approach to the 
parametric design of modular single-family 
housing, leveraging digital tools to overcome the 

Table 1  
Structural 
Optimization Tests 
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limitations of traditional modular architecture. 
The application of stochastic aggregation rules, 
combined with dimensional optimization and 
structural validation, enabled the development of 
an incremental system adaptable to user needs 
and environmental conditions. Figure 3 visually 
synthesizes this process, highlighting how the 

proposed methodology enhances flexibility in the 
design and expansion of structures over time. 

Scenarios of Flexibility and 
Adaptability 
The flexibility of the modular system is expressed 
both in the configuration of the modules and in 
their ability to adapt over time, ensuring that each 
module is positioned efficiently while respecting 
structural stability and performance criteria.  

The reconfiguration scenarios include 
modular expansion, customized adjustments, and 
alternative design strategies, allowing 
modifications according to user needs. Thus, the 
proposed methodology promotes the creation of 
resilient and energy-efficient buildings, aligned 
with contemporary demands for sustainable and 
adaptable construction (Figure 4).  

CONCLUSION 
This research has demonstrated that incremental 
modularity, combined with computational design 
processes, offers a new paradigm for offsite 
construction. By integrating evolutionary 
optimization, structural validation, and 
sustainability strategies, the proposed system 
provides a viable solution for adaptable buildings 
with low environmental impact. Unlike 
conventional modular housing models, which are 
often constrained by rigidity and limited 
customization, this approach enables progressive 
reconfiguration while maintaining structural 
integrity. Additionally, the application of 
stochastic aggregation rules and multi-objective 
optimization enhances spatial diversity, structural 
efficiency, and energy performance. Compliance 
with Eurocode standards further ensures the 
system’s safety and technical feasibility.  

Despite these advancements, certain 
challenges remain, pointing to directions for 
future research. Economic feasibility studies are 
necessary to assess large-scale applications, as 
well as the impact of incremental modularity on 
industrialized construction workflows. 

Figure 3  
Workflow 
developed in 
Grasshopper, 
comprising: (1) 
terrain selection; 
(2) module sizing; 
(3) input into 
wasp_stochastic_a
ggregation; (4) 
aggregation 
iterations and 
database creation; 
(5) integration of 
openings via 
Honeybee; (6) 
thermal analysis 
and unicriteria 
optimization of 
the database; (7) 
structural 
refinement of the 
module selected 
in the last step; (8) 
structural analysis 
with Karamba; (9) 
exploration of 
structural 
connections 
between modules. 
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Furthermore, integrating sustainable materials 
and advanced digital fabrication technologies 
Figure 3 Workflow could optimize resource 
efficiency and broaden the system’s applicability. 
Ultimately, this study contributes to the field of 
modular architecture and digital construction by 
paving the way for flexible, sustainable, and 
innovative housing solutions. 
 

DISCUSSION AND 
RECOMMENDATIONS 
The findings of this research emphasize the 
potential of incremental modular systems in 
contemporary construction, particularly through 
the use of parametric computational 
methodologies to generate optimized spatial 
configurations. The application of tools such as 
Wasp, for stochastic aggregation, and Karamba, 
for structural validation, has proven effective in 
designing flexible and sustainable architectural 
modules. The primary contribution of this 
approach lies in its ability to balance standardized 
production with adaptability, allowing buildings 

to evolve organically in response to user needs 
and urban dynamics.  

For future research, artificial intelligence (AI) 
can play a transformative role in the advancement 
of incremental modular systems. AI-driven 
optimization can refine both the design and 
assembly processes, leveraging large-scale data 
analysis to develop more efficient and 
contextsensitive configurations. Machine learning 
algorithms could predict user needs and spatial 
behaviors, enabling dynamic modifications over 
time and fostering truly responsive design 
strategies. Additionally, AI can enhance 
automation in manufacturing and quality control, 
further streamlining modular construction 
processes. Exploring these technologies will be 
key to unlocking new possibilities in modular 
architecture and expanding its impact on 
sustainable urban development. 
 
 
 
 

Figure 4  
Illustration of 
flexibility and 
adaptability 
scenarios resulting 
from the workflow 
developed 
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