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Abstract

The high material waste, long execution times, and lack of adoption of technological
solutions hinder the construction process in the building sector. In response, this project
proposes the development and validation of parametric digital tools to optimize the design
and CNC fabrication of WikiHouse prototypes, an open-source modular system that enables
precise assemblies without the need for additional metal joints. The main objective is to
optimize the architectural design process through tools such as Grasshopper and Python,
increasing precision, reducing material waste, and shortening the manufacturing times of
CNC components for WikiHouse. The results include drastic time reductions when shifting
from manual workflows to CAD-CAM parameterized workflows, with processing times of
approximately 1 min (~0:32-1:16) compared to 63-109 min using manual methods. This
study demonstrates that parameterization—rather than robotization—is a realistic pathway
to transfer open systems like WikiHouse to low-tech contexts: it reduces preparation times
to minutes, cuts waste, and decreases variability among operators.

Keywords: digital tools; optimization; WikiHouse; grasshopper

1. Introduction

The use of technologies in the architectural design process has always been crucial
in defining the efficiency and quality of constructions. However, at present, the architec-
ture, engineering, and construction industry faces multiple challenges in conventional
construction methods, one of the main problems is the prolonged execution time [1,2], since
these systems require numerous sequential stages—such as formwork, concrete curing,
structural assembly, and manual finishing [3,4]—which extend schedules and cause delays.
This situation is worsened by the high dependence on specialized labor [5,6], especially
for tasks such as the installation of metal structures or the handling of wet systems, which
increases project costs and makes it vulnerable to the shortage of skilled workers.

Added to this is the high level of waste on construction sites, caused by calcula-
tion errors, poor logistical planning, or excessive material stockpiling. In traditional

Buildings 2025, 15, 3895

https://doi.org/10.3390 /buildings15213895


https://doi.org/10.3390/buildings15213895
https://doi.org/10.3390/buildings15213895
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-7186-9614
https://orcid.org/0000-0002-3236-5202
https://orcid.org/0009-0007-2118-5074
https://orcid.org/0009-0002-0321-3637
https://orcid.org/0009-0008-3686-8828
https://doi.org/10.3390/buildings15213895
https://www.mdpi.com/article/10.3390/buildings15213895?type=check_update&version=1

Buildings 2025, 15, 3895

2 of 30

i

projects, between 10% and 30% of the materials purchased are wasted, generating not
only significant cost overruns but also an inefficient use of resources [7,8]. On the other
hand, the conventional construction industry faces increasing pressure due to its envi-
ronmental impact, [9,10] as it is responsible for approximately one third of global carbon
dioxide emissions (37%) [11,12]. In particular, cement production—fundamental in con-
crete manufacturing—contributes about 8% of global CO, emissions, due to the clinker
calcination processes and the high energy consumption involved in its production [13].

In this regard, the use of parametric digital tools in construction emerges as a promising
alternative to the structural challenges of the traditional method, such as high material
waste, elevated operational costs, and dependence on specialized labor. At the international
level, as shown in Figure 1A, DFAB House is a pioneering project developed by ETH
Zirich in collaboration with NCCR Digital Fabrication. This building was designed and
constructed using advanced digital fabrication methods, including 3D concrete printing,
robotics, and computational design. The project integrates technologies such as the In
situ Fabricator, Mesh Mould, and Smart Slab, demonstrating the potential of digitalization
in architecture and construction. DFAB House has been widely documented in various
academic and professional sources [14].

Figure 1. (A) DFAB ET, Switzerland; (B) DIGFABMTY2.0 Parametric Pavilion; (C) LADDFAB Wooden
Prototype, Peru.

In Latin America, a notable case is the DIGFABMTY2.0 Parametric Pavilion, an exper-
imental project developed by students of the School of Architecture, Art, and Design at
Tecnolégico de Monterrey, Monterrey campus. This pavilion (see Figure 1B) was designed
using parametric design tools such as Rhinoceros and Grasshopper, and built with materials
like Coroplast. The project consisted of a temporary structure derived from the exploration
of pyramidal forms and was carried out as part of the course Advanced Architectural Tech-
nology. The process included the development of algorithms, prototypes at different scales,
and the fabrication and assembly of 304 pieces that make up the parametric system [15,16].

In the Peruvian context, the LADDFAB laboratory (see Figure 1C) of Universidad
Ricardo Palma (Peru) developed a prototype of a laminated plywood structure using
computational design and two-axis CNC cutting. The project proposes an efficient and low-
cost alternative for areas with limited access to advanced technologies through the use of
segmented hexagonal plates and wooden “half-lap” mechanical joints, assembled without
screws or adhesives. The model, composed of 63 panels and 163 connectors, withstood
a point load of 0.8 kN with a maximum deformation of only 5 mm and was assembled
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by two people in less than six hours. This work not only demonstrates the technical and
structural feasibility of the system but also proposes a viable path to democratize digital
construction in emerging contexts, with a clear ecological and pedagogical focus [17].

These references demonstrate that the integration of parametric digital tools in the
architectural design process not only increases the precision, efficiency, and sustainability of
construction projects but also contributes to the democratization of advanced technologies,
even in contexts with limited resources. Nevertheless, despite their contributions, these
cases present gaps that open new lines of research.

DFAB House exhibits a high technological level, but its complexity and cost make
it difficult to replicate in emerging contexts. DIGFABMTY2.0, despite its pedagogical
and exploratory value, focused mainly on formal experimentation and on demonstrating
the aesthetic potential of parametric design, without addressing optimization processes
aimed at material reduction or structural efficiency. For its part, LADDFAB represents
a significant advancement in the Peruvian context by incorporating CNC cutting and
mechanical assemblies, although its scope is limited to the experimental scale and does not
develop strategies aimed at reducing waste or accelerating serial production of components.

Within this framework, the objective of the present research is to minimize this gap
through the development of comparative experiments applied to the construction pro-
cess of the WikiHouse system, with study groups employing two approaches: a digi-
tal parametric solution (Grasshopper + Python) and a conventional modeling method
(Rhinoceros + SketchUp). The experiments seek to evaluate and contrast processing time,
geometric precision, traceability, and material waste, determining the impact of algorithmic
automation on process efficiency. Likewise, a satisfaction survey was applied to the par-
ticipating groups in order to measure the perception of usability, speed, and effectiveness
between both methodologies.

2. Materials and Methods
2.1. Methodology

The methodology used in this study follows a mixed approach [18,19], allowing for a
comprehensive analysis of the data from both objective and subjective perspectives. It is
developed at a correlational level [20], seeking to identify the relationship between the use
of parametric digital tools in Grasshopper and Python and the optimization of architectural
design in the production of CNC components. The research is applied in nature [21,22], as
it aims to generate practical solutions to improve efficiency in the fabrication of prototypes
and full-scale construction. Likewise, the research design is experimental [23,24], which
implies that variables and their dimensions are manipulated to evaluate correlations and
their impact on design and production processes.

2.2. Population and Sample

The population consisted of undergraduate students from the Faculty of Architecture
at Universidad Ricardo Palma. The sample was composed of 12 students selected according
to the criterion of having prior knowledge of Rhino 8, Grasshopper, and SketchUp 2024
software. This group was chosen because the participants were enrolled in the seventh and
eighth semesters of the curriculum, levels at which they had already acquired advanced
digital competencies through courses such as Digital Presentation and Comprehensive
Architectural Design. This training enabled them to actively participate in the elective
course, applying digital processes aimed at the automation and optimization of prefabrica-
tion, integrating Grasshopper and Python concepts into the development of more efficient
architectural proposals.
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The selection of this academic level facilitated the analysis of the application of para-
metric tools in an educational context where students possess sufficient technical and design
foundations, ensuring the relevance of the results without requiring advanced professional
specialization. The choice of students is based on a strategic academic approach: working
in a controlled environment ensures traceability and minimizes variability due to different
experience levels, allowing for precise evaluation of the efficiency and comprehension of
parameterized digital processes. Furthermore, it establishes the basis for replicating and
expanding the research into professional contexts and more complex workshops without
relying on advanced professional specialization

2.3. Variables, Dimensions, and Indicators

The purpose of this matrix of variables is to establish the analytical elements necessary
to evaluate the use of parametric digital tools, specifically Grasshopper and Python, in
optimizing the prefabrication process within the field of architectural design. The inde-
pendent variable, corresponding to the use of these tools, is broken down into four main
dimensions: ease of use, accessibility, training, and perceived difficulty, each with indicators
that measure the level of understanding, resource availability, autonomy achieved after
training, and perception of complexity (Tables 1 and 2).

Table 1. Variables, dimensions, and techniques used in the methodological process.

Variables Dimensions Indicators Techniques and Instruments
Ease of use (X1) Iﬁevel‘ of under‘standlng of the procedure
ase in executing commands and scripts
Accessibility (X2) Avallabﬂlty. of1§oftwa}rledan§l digital resources
Use of parametric digital tools in Compatibility with devices or systems - Likert-type survey
Grasshopper and Python (X) Training (X3) Clarity of the instruction received - Direct observation
& Autonomy achieved after training
. s Degree of complexity perceived in the use of the
Perceived difficulty (X4) software Estimated adaptation time
L . . . Stopwatch
Execution time (Y1) Total time spent completing each task or experiment Control sheet
Precision (Y2) Degree of accuracy of thg generated pieces in
Optimization of the relation to the digital model
pre-fabrication process (Y) Margin of error (Y3) Difference between theoretical dimensions and Direct observation
8 those obtained in the final piece Control sheet
Material waste (Y4) Percentage o_f material not utilized during the
cutting or assembly process
Table 2. Design of the questionnaire for control and experimental groups.
Questionnaire for Control and Experimental Groups
Likert Scale
Indicators  Questions Control Experimental
1 2 3 4 5
The instructions provided The instructions provided
Traini for conducting the for conducting the
raining 1 . .
experiment were clearand ~ experiment were clear and
easy to understand. easy to understand.
The interface I used The interface I used
. L. (software/web) was (software/web) was
Simplicity 2 S . S :
intuitive, visually clear, intuitive, visually clear, Neither
and easy to follow. and easy to follow. Strongly Disagree agree nor Agree Strongly
disagree & agree
. The time assigned to The time assigned to 1sagree
Perceived 3 lete th h lete th .
Difficulty comp. gtg the expe‘runents comp. e_te? e expepments
was sufficient to finish them.  was sufficient to finish them.
Ireceived adequate Ireceived adequate
Training 4 support from the staff in support from the staff in

charge to resolve technical
questions or difficulties.

charge to resolve technical
questions or difficulties.
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Table 2. Cont.
Questionnaire for Control and Experimental Groups
Likert Scale
Indicators  Questions Control Experimental
1 2 3 4 5
The technical procedures The technical procedures
Simplicity 5 and instructions were easy ~ and instructions were easy
to follow. to follow.
The facilities and The facilities and
Access 6 equipment were available equipment were available
without delays. without delays.
S 1 Neither S 1
The internet connectionon  The internet connection on trongly Disagree agree nor Agree trongly
the available equipment the available equipment disagree disagree agree
Access 7 L . 8
was sufficient to perform was sufficient to perform
the experiment. the experiment.
Ibelieve there were no Ibelieve there were no
Perceived 3 significant barriers that significant barriers that
Difficulty affected my performance affected my performance

during the experiments.

during the experiments.

2.4. Methodological Scheme

The experimental methodology was structured into four main stages—Experiments 1 to
4—each focused on a specific phase of the digital workflow related to the WikiHouse system.
The general purpose was to compare the efficiency, understanding, and satisfaction level of par-
ticipants during the development of various digital tasks associated with design and fabrication.

Each experiment followed the same logic: first, the specific task and its objective
within the digital workflow were defined; then, the working groups were assigned:

Group A (Experimental): used automated scripts developed in Grasshopper.

Group B (Control 1): performed the tasks manually in Rhinoceros 8 (Rhino 8).

Group C (Control 2): carried out the tasks manually in SketchUp Web (SKP).

The execution time of each task was objectively recorded using a stopwatch operated
by an external supervisor, in order to avoid human error and ensure measurement accuracy.

Finally, the participants’ satisfaction level was evaluated according to five criteria: clar-
ity and effectiveness of the training, simplicity of the procedure, perception of difficulty and
time allocation, availability of resources and connectivity, and acceptance of the procedure
with potential for reuse. Each combination of experiment and group constituted a differen-
tiated phase (for example, Experiment 1 included phases 1A, 1B, and 1C corresponding to
Groups A, B, and C, respectively), as shown in Figure 2.

Experiment 1: Piece Downloading

The first experiment addressed the initial phase of the digital workflow, focusing on
the downloading and organization of CAD files from the WikiHouse platform. The manual
procedure for obtaining pieces was compared with the automated downloading process
using native components and a script developed in the Grasshopper visual environment.

The experimental group (A) used the script to automate the download directly from
GitHub, while the control groups (B and C) carried out the process manually using
Rhinoceros (with files obtained from GitHub) and SketchUp (via the official WikiHouse
website), respectively. Each group stored the downloaded files in its own folder, ensuring
traceability of results. This execution allowed the evaluation of the impact of automation
on reducing processing time and improving procedural clarity.

Experiment 2: Classification and Quantification of Pieces for Fabrication

In the second experiment, the ability of each group to classify and quantify the down-
loaded pieces from a provided 3D model was evaluated according to their type and quantity.

The experimental group (A) performed this process through a script developed in
Grasshopper that automated identification and counting of the pieces, while the control
groups (B and C) carried out the task manually using Rhino 8 and SketchUp Web, respectively.
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Figure 2. Methodological process.

Experiment 3: Transformation of CNC Router Data to Laser

The third experiment focused on the transformation of manufacturing (CAD) files,
adapting the CNC Router data to a format compatible with laser CNC cutting. The
experimental group employed an automated routine that generated the required files,
while the control groups performed the transformation manually.

The experimental group (A) used an automated routine developed in Rhino
8-Grasshopper, which reorganized and optimized the cutting geometries, automatically
generating the files necessary for the new format. In contrast, the control groups (B and C)
performed the transformation manually, using Rhino 8 in the case of Group B and SketchUp
Web together with AutoCAD 2025 in the case of Group C.

Experiment 4: Nesting Laser CNC Data (Material Optimization)

The fourth and final experiment focused on nesting or arranging the 2D pieces on the
material sheets, optimizing surface use and minimizing waste.

The experimental group (A) used a parametric script that automated the distribution
of pieces according to their size, rotation, and proximity, while the control groups (B and C)
performed the nesting manually in Rhino and SketchUp Web.

3. Results

The findings are presented based on four successive experiments, each aimed at
evaluating the impact of using parametric digital tools (Grasshopper and Python) on
different phases of the WikiHouse workflow. The results of each experiment are structured
around two axes: the experience of using the digital tools, and the operational performance
of the prefabrication process.

3.1. Result of Experiment 1: Unloading of Parts

This first experiment focused on the initial phase of the WikiHouse workflow: ob-
taining the files that define each building component. Manual downloading of parts was
compared with downloading assisted by a parametric script (see Figure 3) that automates
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the download of modular parts from an online database. Grasshopper components gener-
ate the names of the parts and classify them into categories (A). The corresponding web
address (URL) is then added to locate the exact part to be downloaded, in addition to
specifying the required quantity (B). The “C:/” component then defines the location where
the downloaded files will be saved, usually in a folder on the user’s desktop (C). Finally,

verification components verify that the download has completed successfully (D).

The corresponding web address (URL)is added to locate the exact file or component that
needs to be downloaded, ensuring that the link is valid and specific.

The required quantity of files or components to be obtained is specified, avoiding duplication
or download errors.

The “C:/" component defines the location where the downloaded files will be stored, usually in
a folder on the user’s desktop or in a designated directory.

Finally, the verification components check that the download has been successfully
completed, ensuring the integrity of the obtained files.

Figure 3. Parametric script for automating the download and organization of WikiHouse pieces.

The main quantitative parameter evaluated at this stage was the time required to
complete the unloading and organization of the pieces (see Table 3). The control group
performed the procedure manually, while the experimental group used the automated
parametric script.

Demonstrating a significant difference between the three groups, the experimental
group, which used the parametric script, achieved an average execution time of 1 min
15 s, representing a 95.4% reduction compared to the SKP control group (25 min) and a
98.7% reduction compared to the Rhino control group (90 min). This difference suggests
a direct correlation between the use of automated digital tools and the improvement in
operational efficiency in the component download and organization phase. In practical
terms, the experimental group was 21.7 times faster than the SKP control group and more
than 78.3 times faster than the Rhino control group, equivalent to a saving of 23.85 min and
88.85 min, respectively.
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Table 3. Individual and average execution times per group for downloading and organizing Wiki-
House pieces.

Group Participant Execution Time (min) Average (min)
Subject 1 1.07
. G G ) Subject 2 1.38
xperimental Group (Script 1m15
P pi>enp Subject 3 112 mi>s
Subject 4 1.18
Subject 5 76.3
Subject 6 103.7
Control Group (Rhino) 90 m
Subject 7 94.5
Subject 8 85.5
Subject 9 21.8
Subject 10 28.4
Control Group (SKP) 25m
Subject 11 26.7
Subject 12 23.1

3.1.1. Experimental Group A (Script): Satisfaction Level

Based on the clarity and effectiveness of the training, the results reflect a very positive
perception. The clarity of the instructions (Question 1) received a perfect score of 5.0, while
technical support (Question 4) achieved an average of 4.75, indicating an overall satisfactory
experience, with slight variations attributable to specific differences in assistance. Based on
the intuitiveness and simplicity of the procedure, the simplicity of the system was highly
valued. Questions 2 and 5 obtained an average score of 5.0, indicating that the interface and
procedural steps were easily understood, generating no doubts or confusion. Based on the
perceived difficulty and allocated time, the perceived difficulty was low, with an average
score of 5.0 for Question 3 and 4.75 for Question 8. The allocated time was considered
appropriate, although one response suggested that certain steps might require further
clarification. Finally, the results show a high level of acceptance of the procedure. The
statement regarding recommending it received a score of 5 from all participants, reflecting
100% acceptance. Regarding the potential for reuse, 75% gave the highest score, and
25% assigned a score of 4, indicating agreement with some reservations. Overall, these
findings demonstrate a positive assessment of both its immediate applicability and its
future versatility in academic or professional contexts (see Table 4 and Figure 4).

Table 4. Survey results from experiment 1: experimental group (script); control group (Rhino) and
control group (SketchUp).

Experimental Group (Script) Control Group (Rhino) Control Group (SketchUp)
Indicator Questions Subjects Average Subjects Average Subjects Average
S S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
Capacitation 1 5 5 5 5 5 4 4 5 5 45 5 5 5 4 4.75
Simplicity 2 5 5 5 5 5 1 4 5 5 3.75 5 5 5 5 5
Ei’zfclilu"lf}‘f 3 5 5 5 5 5 1 5 5 5 4 5 5 5 4 475
Capacitation 4 5 4 5 5 4.75 4 5 5 5 475 5 5 4 5 4.75
Simplicity 5 5 5 5 5 5 3 5 3 5 4 5 5 5 5 5
Access 6 5 5 4 5 4.75 4 5 3 5 4.25 3 5 5 4 425
Access 7 5 5 4 5 4.75 4 5 3 5 4.25 3 5 5 4 4.25
Perceived 8 5 4 5 5 475 45 5 5 45 5 4 5 5 475

difficulty
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Figure 4. Survey results (Experiment 1): average rating per question in the three study groups.

3.1.2. Experiment 1: Control Group B (Rhino): Satisfaction Level

Based on the intuitiveness and simplicity of the procedure, the results show that the
interface was the lowest-rated aspect of the entire survey (3.75), indicating difficulties in
understanding the environment. The technical procedures obtained a score of 4.0, showing
that simplicity was acceptable but not fully achieved. There was a lower perception of
intuitiveness compared to the experimental group. Based on the perceived difficulty and
allocated time, the results reveal that the available time (4.0) and the absence of barriers (4.5)
were positively evaluated, although with indications of higher demand. While no significant
obstacles were reported, the process was perceived as more complex and demanding. Based
on the availability of resources and connectivity, the results indicate that access to resources
and internet connectivity received a score of 4.25 for both questions. Although generally
adequate, minor issues or differences were observed that slightly affected the experience of
some participants. Finally, the results show that the statement regarding the usefulness of
parametric algorithms obtained an average score of 4.5, with all participants rating between
4 and 5. This reflects a clear perception that the manual procedure could be optimized through
the use of automated digital tools (see Table 4 and Figure 4).

3.1.3. Experiment 1: Control Group C (SketchUp): Satisfaction Level

Based on the clarity and effectiveness of the training, the results indicate that the
instructions received (Question 1) were rated with an average score of 4.75, suggesting that
they were mostly clear, although one participant reported some difficulty. Technical support
(Question 4) also received a score of 4.75, reflecting adequate assistance but with room for
improvement in terms of standardization. Based on the intuitiveness and simplicity of the
procedure, the results show that both the software interface (Question 2) and the technical
procedures (Question 5) were rated 5.0, demonstrating unanimous perception of simplicity
and clarity in the use of the manual system based on SketchUp. Based on the perceived
difficulty and allocated time, the results reveal that the allocated time (Question 3) was
rated 4.75, while the perception of technical barriers (Question 8) obtained a score of 4.5.
This indicates that although the overall experience was positive, there were isolated cases
of difficulty or time pressure. Based on the availability of resources and connectivity, the re-
sults indicate that Questions 6 and 7, related to access and connectivity, received the lowest
scores (4.25). This suggests that some participants experienced issues with equipment or
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connection stability, which slightly affected the development of the experiment. Finally, the
results show that the statement regarding the efficiency of parametric algorithms compared
to the manual process obtained an average score of 4.5, with all participants assigning
ratings between 4 and 5. This reflects a clear recognition of the potential for improvement
through automation (see Table 4 and Figure 4).

3.1.4. General Survey Results

The data obtained (see Table 4) show a significant difference in the qualitative as-
sessment of the procedure between the three participating groups in Experiment 2. The
experimental group, which used a parametric script, obtained averages of 5.0 in most of
the categories evaluated, including clarity of instructions, simplicity of the procedure, per-
ception of the allotted time, and general acceptance. Only a slight variation was recorded
in technical support (4.75), which did not affect the overall positive assessment of the
automated method.

In contrast, the Rhino control group presented the lowest scores in interface intuition
(3.75) and technical simplicity (4.0), with overall averages between 4.25 and 4.75 in the
remaining dimensions, indicating a greater cognitive load during the manual procedure. Al-
though the perception of the usefulness of the algorithms was favorable (4.5), the operating
experience was perceived as more demanding.

For its part, the SketchUp control group obtained intermediate evaluations, standing
out for its high perception of simplicity and intuition in the interface (both with 5.0), but
with slightly lower scores in clarity of instructions, time allocated and connectivity (between
4.25 and 4.75), suggesting a positive experience, although not as homogeneous as that of
the experimental group.

These differences reflect a clear trend: the greater the automation and operational
clarity, the greater the satisfaction reported by participants, especially in terms of technical
accessibility, methodological clarity and procedural feasibility.

3.2. Result of Experiment 2: Classification and Quantification of Parts for Manufacturing

This second experiment addressed the intermediate stage of the WikiHouse workflow,
focusing on the classification and quantification of the parts required for the CNC manufac-
turing of a component. At this point, we sought to analyze the contrast with the manual
method of reviewing, classifying, and downloading piece by piece, versus the impact of
using an algorithm that automates the identification, counting, and organization of 2D
construction components from the 3D model. A list of all the elements present in the model
is generated (A), identifying the quantity and numbering of each part. However, this initial
information is often overloaded, making direct reading of the data difficult. Therefore, the
text and identifiers are reorganized (B) to clarify the correspondence between the model
elements and their attributes. Next, a destination folder is defined on the desktop using the
“C:/” component (C), which will serve as the location for the downloaded files. Finally,
when the components are executed, a search is performed for the 2D files (cutting files) in
that folder, and only one instance of each existing part type is imported into the workspace
(D) (see Figure 5).

The data obtained (see Table 5) show a significant difference between the three groups.
The experimental group, which used the parametric script to classify and quantify the
parts, obtained an average execution time of 1:51 min, which represents a 94.7% reduction
compared to the SKP control group (32:29 min) and 95.0% compared to the Rhino control
group (34:20 min). This difference suggests a direct correlation between the automation of
the counting and the improvement in operational efficiency in the preparation stage for
CNC cutting.
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0 The quantity and numbering of each piece are identified. However, this initial information is often overloaded,
making it difficult to read or interpret directly.

e Therefore, the text and identifiers are reorganized to clarify the correspondence between the elements of the
model and their attributes.

Next, a destination folder is defined on the desktop using the “C:/” component, which will serve as the storage
location for the downloaded files.

Q Finally, upon executing the components, the system searches for the 2D files (cutting files) within the designated
folder and imports only one sample of each existing piece type into the workspace.

Figure 5. Parametric script for automating part classification and quantification for manufacturing.

Table 5. Individual results per group in the classification and quantification of 2D parts for CNC
manufacturing using manual and automated methods.

Group Participant Execution Time (min)  Average Time (min) % Correct Classification =~ % Correct Accounting % Margin of Error
Subject 1 2:15 100 100 0
Experimental Subject 2 1:28 151 100 100 0
Group (Script) Subject 3 1:40 ’ 100 100 0
Subject 4 2:00 100 100 0
Subject 5 38:2 84.21 85.1 15.30
Control Subject 6 32:45 2420 89.5 88.9 10.8
Group (Rhino) Subject 7 29:32 ’ 89.5 92.6 8.95
Subject 8 37:1 94.7 96.3 4.5
Subject 9 36:3 95.00 90.00 7.5
Control Subject 10 32:2 84.2 85.2 15.3
Group (SKP) ~ 32:29
p Subject 11 26:47 73.7 77.8 24.25
Subject 12 35:4 84.2 88.9 13.45

In practical terms, the experimental group was 19 times faster than the SKP control group
and 20 times faster than the Rhino control group, equivalent to a saving of 30.88 min and
32.56 min, respectively. In terms of accuracy in piece classification and quantification (see
Table 5), the results again show a substantial advantage in favor of the experimental group.
This group achieved 100% correct classification and accurate counting, without presenting
any type of error in the process (0% margin of error). In contrast, the Rhino control group
presented an average of 89.3% correct classification and 90.9% correct counting, with an
average margin of error of 9.9%. The SKP control group obtained an average of 84.5% correct
classification, 87.4% correct counting, and a significantly higher margin of error of 17.0%.
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3.2.1. Experiment 2: Experimental Group A (Script): Satisfaction Level

Based on the clarity and effectiveness of the training, the results indicate that the
instructions were clearly understood, achieving an average score of 5.0 for Question 1.
Technical support (Question 4) was rated 4.75 due to slight variations, reflecting an effective
training process with potential improvement in assistance during certain stages. Based on
the intuitiveness and simplicity of the procedure, the results show that Questions 2 and 5
obtained average scores of 5.0, indicating that the interface was considered clear and func-
tional, and the technical steps were perceived as accessible and logically structured. No
difficulties were reported, reinforcing the usability and intuitive design of the parametric
script. Based on the perceived difficulty and allocated time, the results reveal that Ques-
tions 3 and 8 received scores of 5.0, indicating that the allotted time was sufficient and
no technical barriers were identified. This suggests that the procedure was carried out
smoothly within the established timeframe. Based on the availability of resources and
connectivity, the results indicate that Items 6 and 7 also received scores of 5.0, showing that
the available resources and internet connection were adequate, without any interference
in the experiment’s development. Finally, the results demonstrate total acceptance: all
participants stated they would recommend the procedure (Question 9) and recognized
its adaptability for other applications (Question 10), both with perfect scores of 5.0. This
reflects a high degree of satisfaction and a strong perception of its potential future utility
(see Table 6 and Figure 6).

Table 6. Survey results from experiment 2: experimental group (script); control group (Rhino); and
control group (SketchUp).

Experimental Group (Script) Control Group (Rhino) Control Group (SketchUp)
Indicator Questions Subjects Average Subjects Average Subjects Average
S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

Capacitation 5 5 5 5 5 5 5 5 4 4.75 5 5 4 5 4.75
Simplicity 2 5 5 5 5 5 4 5 5 5 4.75 5 5 4 5 4.75
Eifcliﬁ;l 3 5 5 5 5 5 4 5 5 5 475 5 5 3 5 475
Capacitation 4 5 4 5 5 4.75 5 5 5 5 5 5 5 5 5 5
Simplicity 5 5 5 5 5 5 5 5 5 5 5 5 5 4 5 4.75

Access 6 5 5 5 5 5 5 5 5 5 5 5 4 5 4 4.5

Access 7 5 5 5 5 5 5 5 5 4 4.75 4 4 5 5 45
I;f;flixf; 8 5 4 5 5 5 5 5 5 5 5 5 5 5 4 45

] ]
Experimental group (script) Control group (Rhino) Control group (SketchUp;

Figure 6. Survey results (Experiment 2): average rating per question in the three study groups.
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3.2.2. Experiment 2: Control Group B (Rhino): Satisfaction Level

Based on the clarity and effectiveness of the training, the results show that both the
instructions and the technical support were highly rated, with average scores of 4.75 for
Questions 1 and 4. Participants demonstrated a solid understanding of the process and
felt adequately supported, although slight individual variations suggest opportunities
for improving communication strategies. Based on the intuitiveness and simplicity of
the procedure, the results indicate that the interface was rated 4.75 (Question 2), slightly
lower than the group that used the script, suggesting a greater manual workload and
interpretive demand on the user. Nevertheless, the technical procedures (Question 5)
achieved a perfect score of 5.0, showing that once understood, the steps were perceived
as clear and manageable. Based on the perceived difficulty and allocated time, the results
reveal that Questions 3 and 8 reached average scores of 4.75, indicating a generally positive
experience, though with minor signs of pressure or difficulty in one isolated case. This
aligns with the longer execution times observed in this group. Based on the availability of
resources and connectivity, the results demonstrate that resources and infrastructure were
rated 5.0 in both Questions 6 and 7. All participants agreed that the technical environment
was adequate and free from interference, contributing to the smooth development of the
activity. Finally, the results show that the statement regarding the usefulness of parametric
algorithms received an average score of 4.75 (Question 9), reflecting a generally positive
perception of the efficiency of the automated approach, even among those who did not
apply it directly (see Table 6 and Figure 6).

3.2.3. Experiment 2: Control Group C (SketchUp): Satisfaction Level

Based on the clarity and effectiveness of the training, the results indicate that both the
instructions and technical support were rated with an average score of 4.75 (Questions 1 and 4).
Although the overall experience was satisfactory, small individual differences were recorded,
suggesting that the support process could be further standardized. Based on the intuitiveness
and simplicity of the procedure, the results show that the SketchUp interface was rated 4.75
(Question 2) and the technical procedures 5.0 (Question 5). This indicates that, despite being a
manual process, participants perceived clarity in the step-by-step execution and ease of use,
particularly among those already familiar with the software. Based on the perceived difficulty
and allocated time, the results reveal that Questions 3 and 8 obtained an average score of
4.5, reflecting a generally positive experience but with a higher perceived effort compared to
the experimental group. One participant expressed lower satisfaction, suggesting occasional
difficulties related to pace or comprehension. Based on the availability of resources and
connectivity, the results indicate that technical conditions received the lowest ratings in this
group (4.5 for Questions 6 and 7). One participant reported a negative experience, noting
that certain infrastructural issues may have hindered the smooth development of the activity.
Finally, the results show that the use of algorithms was considered a clear improvement to the
procedure (average score of 5.0, Question 9). However, the recommendation of the manual
process to other students (Question 10) received the lowest rating in the group (3.75), due to
one critical response (score of 1), indicating a less satisfactory experience in at least one case
(see Table 6 and Figure 6).

3.2.4. General Survey Results

The data obtained (see Figure 6) show a notable difference in the qualitative assessment
of the procedure between the three groups. The experimental group, which used a para-
metric script for file conversion in the organization stage prior to CNC cutting, achieved
average scores of 5.0 in almost all dimensions evaluated, including clarity of instructions,
simplicity of the procedure, perception of time, availability of resources, and general accep-
tance. The only variation was in technical support, with a slight decrease to 4.75.In contrast,
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the Rhino control group obtained slightly lower scores, with averages between 4.75 and 5.0.
Although the technical procedures were well understood, the interface presented a slight
interpretive burden, as reflected in the 4.75 usability score. The SKP control group, on the
other hand, presented the lowest scores, especially in perception of time and infrastructure
(4.5), as well as in recommendation of the procedure (3.75), influenced by an individual
critical response. Despite this, participants recognized the usefulness of using algorithms
(5.0), although they did not apply this approach directly.

3.3. Ldser Result of Experiment 3: Transformation of CNC Router Data to Laser

This third experiment corresponds to the penultimate phase of the WikiHouse work-
flow, focusing on the transformation of cutting files originally generated for CNC routers
into a format compatible with laser cutting machines. In this process, the manual conver-
sion procedure was compared with the assistance of a parametric script that automates the
debugging, reorganization, and geometric adaptation of the data for correct execution in
another manufacturing technology.

The manual transformation of parts was compared with the transformation assisted
by a parametric script (see Figure 7), which allows the automation of the conversion of
lines and geometries from files prepared for routers to a format optimized for laser cutting.
This automated process not only reduces execution time but also improves accuracy and
reduces errors that could result from manual processing of cutting lines.

1]

& (i

Initially, the components are updated to recalculate the elements present in the workspace.
The elements are grouped within a container that allows selecting among different models previously stored.
Next, the curves are classified according to their function through a color-coding system, which facilitates their identification and manipulation.
A geometric simplification process is then carried out to remove unnecessary or incompatible lines for laser cutting.
Once the files are refined, they are reconstructed based on the specifications of the new machine type
The reconstructed models can be rescaled according to the desired scale or fabrication requirements.
The number of pieces is automatically updated according to the previously defined count.

Finally, the entire set is grouped into a single component to ensure proper organization and export.

Figure 7. Parametric script for the automation of CNC Router to Laser data transformation.

The developed algorithm executes a sequence of operations that optimize work with
2D files. Initially, components are updated to recalculate the elements present in the
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workspace (A), and these are grouped into a container that allows selection between
different previously stored models (B). Then, the curves are classified according to their
function using color codes (C), which facilitates their identification and manipulation. Next,
a geometric simplification process is carried out to eliminate unnecessary lines or lines
incompatible with laser cutting (D). Once the files are refined, they are reconstructed based
on the new machine type (E) and can be rescaled to the desired scale (F). The number of
parts is automatically adjusted according to the previous count (G), and finally, the entire
assembly is grouped into a single component for correct organization and export (H).

The results show a clear difference between the three groups tested (see Table 7). The
experimental group, which used a parametric script to transform the geometric information,
completed the process in an average of 3:54 min. In contrast, the control group, which worked
with Rhino, took an average of 29:43 min, while the SketchUp group averaged 41:34 min.
This notable difference in execution times demonstrates how the use of automated digital
tools can significantly streamline tasks that, when performed manually, are slower and more
error-prone. The script not only facilitated the process but also allowed participants to focus
on key aspects without being distracted by repetitive or technical tasks.

Table 7. Individual results per group in CNC Router to Laser data transformation using manual and
automated methods.

Group Participant Execution Time (min) Average Time (min) % Correct Transformation

Subject 1 2:05 100

Experimen_tal Subject 2 3:16 254 100
Group (Script) Subject 3 7:40 100
Subject 4 2:36 100

Subject 5 33:01 89.4

Control Subject 6 42:20 94.7
Group (Rhino) Subject7 27:11 2943 100
Subject 8 16:21 84.2

Subject 9 33:26 94.7

Control Subject 10 42:41 78.94
Group (SKP) Subject 11 50:15 B 100
Subject 12 39:52 94.7

From a comparative perspective, the experimental group was able to complete the file
transformation in significantly less time than the control groups. On average, they were
approximately 10.5 times faster than the SKP control group and 7.7 times faster than the
Rhino control group, representing a time saving of 37 min and 25.8 min, respectively.

In addition to time, the transformation accuracy results also favored the group that
used the parametric script. All participants in this group achieved 100% correct trans-
formations. In contrast, the Rhino control group achieved an average of 89.4% correct
transformations, while the SKP control group achieved 91.3%.

3.3.1. Experiment 3: Experimental Group A (Script): Satisfaction Level

Based on the clarity and effectiveness of training, the results reflect that the instruc-
tions for the experiment were fully understood, with an average score of 5.0 (question 1).
Technical support was also rated 5.0 (question 4), indicating clear and sufficient training.
Based on the intuitiveness and simplicity of the procedure, the results reflect that questions
on ease of use (2 and 5) obtained 5.0, reflecting that the interface and technical steps were
perceived as simple and intuitive, with no difficulties during execution. Based on the
perception of difficulty and time allotted, the results reflect that the time was considered
adequate and no technical obstacles were reported, with scores of 5.0 in questions 3 and 8.
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Based on the availability of resources and connectivity, the results reflect that the facilities
were highly rated (4.75 in question 6), although a slight variation was observed in the
quality of the internet connection (4.25 in question 7). Finally, the results obtained show
that the algorithm was well received. The procedure recommendation obtained a score of
4.75 (question 9), while its reusability potential reached the maximum score (5.0, question
10) (See Table 8 and Figure 8).

Table 8. Survey results from experiment 3 experimental group (script); control group (Rhino); and
control group (SketchUp).

Experimental Group (Script) Control Group (Rhino) Control Group (SketchUp)
Subjects Subjects Subjects
Indicator Questions Average Average Average
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
Capacitation 1 5 5 5 5 5 5 5 5 4 4.75 5 4 5 4 4.25
Simplicity 2 5 5 5 5 5 5 4 5 5 4.75 5 4 5 5 4.75
Perceived 3 5 5 5 5 5 4 s 5 5 475 5 05 5 4 475
difficulty
Capacitation 4 5 4 5 5 5 4 5 5 5 4.75 5 5 4 5 5
Simplicity 5 5 5 5 5 5 4 5 5 4 45 4 4 5 4 5.25
Access 6 5 4 5 5 4.75 4 5 5 5 4.75 5 3 5 5 4.5
Access 7 5 4 3 5 4.25 4 5 5 5 4.75 5 4 5 5 4.75
Perceived
difficulty 8 5 5 5 5 5 3 3 5 4 4.25 5 4 5 3 4.75
© Subject1 @ Subject 2 ©® Subject1 @ Subject2
© Subject3 @ Subjetcd © Sudject3  ® Subjectd4
© Hverage
P
6
P7 )

Control roup (Rino)

Control group (SketchUp

Figure 8. Survey results (Experiment 3): average rating per question in the three study groups.

3.3.2. Experiment 3: Control Group B (Rhino): Satisfaction Level

Based on the clarity and effectiveness of the training, the results indicate that both
the instructions and technical support received an average score of 4.75 (Questions 1
and 4), demonstrating a solid understanding of the procedure, although slight variations
among participants suggest potential improvements in communication. Based on the
intuitiveness and simplicity of the procedure, the results show that the interface obtained
a score of 4.75 (Question 2) and the technical procedures 4.5 (Question 5), indicating a
generally positive perception, though with signs of a higher manual workload compared
to automated processes. Based on the perceived difficulty and allocated time, the results
reveal that scores of 4.75 and 4.25 for Questions 3 and 8 indicate that, although the process
was generally smooth, some participants experienced a degree of difficulty or additional
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effort during execution. Based on the availability of resources and connectivity, the results
show that Items 6 and 7 were rated 4.75, suggesting that both resources and internet
connectivity were adequate and did not represent obstacles during the experiment. Finally,
the results indicate that recognition of the value of algorithms achieved an average score of
4.5 (Question 9), while the recommendation of the manual procedure was lower (4.25 for
Question 10), suggesting a moderate level of acceptance of the manual approach (See
Table 8 and Figure 8).

3.3.3. Experiment 3: Control Group C (SketchUp): Satisfaction Level

Based on the clarity and effectiveness of the training, the results reflect those questions
1 and 4 obtained averages of 4.25 and 5.0, respectively. Although the majority understood
the instructions well, some cases show that the support could be strengthened. Based
on the intuition and simplicity of the procedure, the results reflect that the interface was
evaluated with 4.75 (question 2) and the procedures with 4.25 (question 5). This reflects that,
although the software was understandable, there was some complexity in the technical
execution for some users. Based on the perception of difficulty and time allotted, the
results reflect that with averages of 4.75 (question 3) and 4.25 (question 8), the data suggest
an acceptable experience, although with greater demands than the experimental group.
Based on resource availability and connectivity, the results show that questions 6 and 7
obtained 4.5 and 4.75, indicating generally adequate resources, but with one case that
highlighted technical limitations during the test. Finally, the results show that the rating of
the algorithms’ potential (question 9) reached 4.5, demonstrating interest in more efficient
options. The recommendation for the manual process (question 10) was lower (3.75), due
to a critical response suggesting specific dissatisfaction (see Table 8 and Figure 8).

3.3.4. General Survey Results

The data obtained (see Figure 8) show a notable difference in the qualitative assessment
of the procedure among the three groups. The experimental group, which used a parametric
script during the file transformation process, obtained average scores of 5.0 in almost all
dimensions evaluated, including comprehension of instructions, ease of use, time adequacy,
and perception of the procedure. Only slight variations were recorded in connectivity (4.25)
and infrastructure conditions (4.75), without compromising overall performance.

In contrast, the Rhino control group obtained slightly lower results, with averages
between 4.5 and 4.75. While the experience was generally positive, signs of greater manual
workload were evident, especially in technical execution and time perception. The SKP
control group, meanwhile, presented the lowest ratings, with scores of 4.25 in key aspects
such as technical clarity and perception of execution, and 3.75 in procedure recommenda-
tion, reflecting a less favorable experience and greater individual variability. This difference
suggests a direct correlation between the use of automated tools and a better perception of
the process in terms of clarity, simplicity, and operational acceptance. As manual interven-
tion is reduced, levels of satisfaction, replicability, and confidence in the efficiency of the
procedure increase.

3.4. Result of Experiment 4: Nesting the CNC Laser Data (Material Optimization)

This fourth experiment corresponds to the final phase of the WikiHouse workflow,
focusing on the nesting process, that is, the efficient arrangement of 2D parts on the
material sheets for subsequent CNC laser cutting. Manual nesting was compared with
nesting performed using a parametric script (see Table 9), which automates the placement
of corrected parts on virtual sheets, calculating their ideal distribution according to size,
rotation, and proximity. The developed algorithm (see Figure 9) executes a series of steps
designed to maximize process efficiency. First, the elements of the 2D model are ungrouped
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so they can be processed individually by the nesting system (A). Next, the material format
is defined, that is, the size and proportion of the cutting sheet (B). Next, the minimum
tolerances between parts and with respect to edges (C) are parameterized, ensuring precise
nesting without interference.

Table 9. Individual results per group in CNC Laser data nesting, using manual and automated methods.

Group Participant Execution Time (min) Average Time (min) Number of Plates Average Quantity
Subject 1 0:32 52
Subject 2 0:56 52
Experimental Group (Script) 0:52 52

Subject 3 0:42 52
Subject 4 1:16 52
Subject 5 69:48 54
Subject 6 56:48 55

Control Group (Rhino) 78:44 54.5
Subject 7 79:16 55
Subject 8 109:05 54
Subject 9 60:47 55
Subject 10 69:27 56

Control Group (SKP) 63:32 56.5
Subject 11 31:06 57
Subject 12 92:48 58

0 First, the 2D model elements are ungrouped so that each component can be processed individually by the nesting system.

e Next, the format of the material is defined — that is, the size and proportions of the cutting sheet.
The minimum tolerances between pieces and with respect to the sheet edges are then parameterized, ensuring precise nesting without interferences.

0 Subsequently, the algorithm identifies the coding texts and replaces them with an optimized font suitable for laser engraving. These texts are grouped together
for unified processing.

e Once the nesting process is completed, the texts are re-coded and grouped again with their corresponding pieces.
The number of pieces is automatically updated according to the previously defined count.

@ Finally, the system identifies the different line types in the file (cut, engraving, outline) and assigns them to specific layers with distinct colors, using Elefront
components that automate this final classification.

Figure 9. Parametric script for the automation of nesting CNC laser data.

The algorithm then identifies the coding texts and replaces them with a typeface
optimized for laser engraving. These texts are grouped together for joint processing (D),
and once nesting is complete, they are recoded and regrouped together with their respective
parts (E). Finally, the system identifies the different types of lines in the file (cut, engraving,
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outline), assigning them specific layers and differentiated colors, using Elefront components
that automate this final classification (G).

The results obtaine reflect a significant difference between the three groups in terms of
execution time and the amount of material used. The experimental group, assisted by a
parametric script, achieved an average execution time of 0:52 min, while the SKP control
group recorded 63:32 min and the Rhino control group 78:44 min. This difference represents
a 98.6% reduction compared to the SKP group and a 99.0% reduction compared to the
Rhino group.

In practical terms, the experimental group completed the task 73 times faster than
the SKP control group and 90 times faster than the Rhino control group, equivalent to an
approximate saving of 62.7 min and 77.9 min, respectively.

Likewise, regarding material usage, the experimental group used 52 plates in all cases,
while the Rhino control group averaged 54.5 plates and the SKP control group 56.5 plates. This
indicates an optimization in material usage of 2.5 to 4.5 plates compared to manual methods.
This difference implies a reduction in material consumption of 4.6% and 8.0%, respectively.

The data obtained (see Table 10) show a clear variation in the percentage of material
waste among the three groups evaluated during the part nesting process for CNC laser
cutting. The experimental group, which used a parametric script for automated part
organization, recorded an average waste percentage of 21.06%, based on a total of 154.79 m?
of material used.

Table 10. Individual waste results per group in CNC Laser data nesting, using manual and
automated methods.

. . . Average Total Total Material
2 o, 0,
Group Participant Total Material (m?) Material (m?) Wasted (m2) Waste (%) Average Waste (%)
Subject 1 154.79 32.6 21.06
: Subject 2 154.79 32.6 21.06
g’r‘gj“ger‘.tatl : 154.79 21.06
p (Script) Subject 3 154.79 326 21.06
Subject 4 154.79 326 21.06
Subject 5 160.74 42.29 26.31
Subject 6 163.72 35.84 21.89
G Cor}tlg‘}’ll. : 162.23 24.1
roup ino) Subject 7 163.72 35.84 21.89
Subject 8 160.74 42.29 26.31
Subject 9 163.72 35.84 21.89
Subject 10 166.70 42.29 25.37
Control Group (SKP) 168.19 25.2
Subject 11 169.67 45.33 26.72
Subject 12 172.65 46.31 26.82

In contrast, the Rhino control group had an average waste of 24.1%, with an average
use of 162.23 m?, while the SKP control group had the highest percentage, reaching an
average waste of 25.2% out of 168.19 m? of material used. These differences reflect a lower
proportion of wasted material by the experimental group, both in percentage and absolute
terms. Automation allowed the area used to remain constant and reduce variability, unlike
the control groups, which showed greater fluctuations between participants, as well as
more intensive use of available materials.

3.4.1. Experiment 4: Experimental Group A (Script): Satisfaction Level

Based on the clarity and effectiveness of the training, the results reflect that Questions
1 and 4 obtained a perfect score of 5.0, indicating that both the instructions and the technical
support were fully understood and valued as adequate. Based on the intuitiveness and
simplicity of the procedure, the results reflect that Items 2 and 5 also achieved the maximum
score, reflecting that the participants considered the interface and the procedures to be clear,
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accessible, and intuitive. Based on the perception of difficulty and allotted time, the results
reflect that the absence of technical barriers and the allotted time were highly evaluated
(questions 3 and 8), both with scores of 5.0, indicating a fluid execution. Based on the
availability of resources and connectivity, the results reflect that access to the equipment
was highly valued (4.75), although a slight variation in the perception of connectivity was
detected (4.25), which indicates possible specific differences in the technical environment.
Finally, the results show that the procedure was highly accepted. The willingness to
recommend it was 4.75, and its potential reuse was fully recognized, with an average of 5.0
(See Table 11 and Figure 10).

Table 11. Survey results from experiment 4: Experimental group (script); Control group (Rhino) and
Control group (SketchUp).

Experimental Group (Script) Control Group (Rhino) Control Group (SketchUp)
Subjects Subjects Subjects
Indicator Questions Average Average Average
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

Capacitation 1 5 5 5 5 5 5 5 5 5 5 5 4 5 5 4.75
Simplicity 2 5 5 4 5 4.75 4 5 5 4 45 5 4 5 5 4.75
I;‘:;fliﬁ’lf;l 3 5 5 5 5 5 4 4 5 3 4 5 5 5 4 475
Capacitation 4 5 5 5 5 5 4 5 5 5 4.75 5 5 5 4 4.75
Simplicity 5 5 5 5 5 5 5 5 5 5 5 5 5 5 4 4.75

Access 6 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5

Access 7 5 5 4 5 4.75 5 5 5 5 5 3 5 5 4 4.75
1;‘1’;;‘;"1‘:;1 8 5 5 5 5 5 5 5 5 5 5 5 5 5 4 475

© Subject1 @ Subject 2
© Subject3 @ Subjectd

P ]
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Figure 10. Survey results (Experiment 4): average rating per question in the three study groups.

3.4.2. Experiment 4: Control Group B (Rhino): Satisfaction Level

Based on the clarity and effectiveness of the training, the results reflect that questions 1
and 4 obtained an average of 4.75, reflecting a good understanding of the procedure. However,
slight differences were evident between participants, suggesting areas for improvement in
technical support. Based on the intuitiveness and simplicity of the procedure, the results
reflect that the interface received an average of 4.5 and the technical steps were rated 5.0,
indicating that, although execution was clear, interaction with the graphical environment
required greater effort compared to the automated group. Based on the perception of difficulty
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and time allocated, the results reflect that the ratings for questions 3 and 8 (4.0 and 5.0) show
that, in general, time was sufficient, although some participants experienced more workload
or difficulty during development. Based on resource availability and connectivity, the results
reflect that questions 6 and 7 obtained scores of 5.0, indicating that the physical resources and
connectivity functioned adequately throughout the activity. Finally, the results show that the
usefulness of the parametric algorithms was recognized with an average of 5.0 (question 9).
In contrast, the recommendation for the manual procedure was 3.5 (question 10), reflecting
a lower willingness to replicate it, possibly due to comparative experience with automated
methods (See Table 11 and Figure 10).

3.4.3. Experiment 4: Control Group C (SketchUp): Satisfaction Level

Based on the clarity and effectiveness of the training, the results reflect that questions
1 and 4 obtained averages of 4.25 and 5.0, respectively. Although the majority understood
the instructions well, some cases show opportunities for improvement in technical support.
Based on the intuitiveness and simplicity of the procedure, the results reflect that the
interface was evaluated with a 4.75 (question 2), while the technical procedures received a
4.25 (question 5). This indicates that the environment was mostly understandable, but the
execution presented some complexity for some participants. Based on the perception of
difficulty and time allocated, the results reflect that the scores of 4.75 (question 3) and 4.25
(question 8) reflect a functional experience, although with greater demands compared to the
group that used automated tools. Based on the availability of resources and connectivity,
the results reflect that Questions 6 and 7 were rated 4.5 and 4.75. Although the majority
had adequate access to resources, at least one case with technical difficulties was recorded.
Finally, the results obtained show that the perception regarding the use of algorithms was
positive (4.5 in question 9), while the recommendation of the manual procedure was lower
(4.0 in question 10), due to an individual critical evaluation (see Table 11 and Figure 10).

3.4.4. General Survey Results

The data obtained (see Figure 8) show a notable difference in the qualitative assessment
of the procedure among the three groups. The experimental group, which used a parametric
script during the process, achieved average scores of 5.0 in almost all dimensions evaluated,
including clarity of instructions, simplicity of procedure, perception of time, availability of
resources, and general acceptance. In contrast, the Rhino control group obtained slightly
lower scores, with averages between 4.5 and 4.75, while the SKP control group presented
the lowest ratings, especially in the recommendation of the procedure (3.75) and technical
simplicity (4.25) (See Table 11 and Figure 10).

3.5. General Results of the 4 Experiments
3.5.1. Experiment 1: Unloading Parts

e  Group A used a parametric algorithm developed in Grasshopper, composed of native
components and custom Python scripts, aimed at automating the download of the
2D files corresponding to the WikiHouse parts. The system established a direct link
between the nomenclature of each component and its respective address in the GitHub
repository, simultaneously generating a default destination path on the desktop of
each test subject. This configuration reduced manual intervention and minimized
errors due to omission, while maintaining traceability between the digital model and
the manufacturing files.

e  Group B executed the download process manually from WikiHouse’s GitHub reposi-
tory, selecting and storing each file individually. This approach required more execu-
tion time and visual control, as it lacked validation mechanisms or automatic detection
of missing files.
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e  Group C downloaded the file through the official WikiHouse website, also using a
manual and sequential process. The lack of automation led to greater exposure to
human error, as well as delays resulting from the individual search and management
of files.

Results: Group A completed the file download in an average time of less than 1 min,
while Groups B and C required between 63 and 109 min, representing a time reduction of
approximately 98-99%. Furthermore, the automated workflow guaranteed 100% accuracy
in file retrieval, with no omissions or redundancies, in contrast to manual procedures that
showed errors of up to 2-3 files per session and delays associated with non-automated han-
dling. These results confirm the effectiveness of the parameterized CAD-CAM workflow
in maintaining data traceability and consistency during the initial download phase.

3.5.2. Experiment 2: Classification and Quantification of Parts for Manufacturing

The experiment aimed to identify and quantify all the component parts of the 3D
model of a WikiHouse system, in order to generate a digital manufacturing inventory.

e  Group A used a parametric algorithm developed in Grasshopper, programmed to
automatically detect, classify, and count each element present in the 3D model within
the Rhinoceros 3D environment. The system displayed real-time reading panels with
the nomenclature and exact number of units per part type, eliminating the need for
manual intervention and ensuring data accuracy and traceability.

e  Group B worked directly in Rhinoceros, using native tools to visually isolate the com-
ponents, proceed with their manual identification, and record the count individually.
This procedure required more execution time and presented risks of inconsistencies in
data transcription.

e  Group C performed the task in SketchUp, following a completely manual process of
visualization, counting, and identification, without the support of automated routines. This
involved considerable operational effort and a higher probability of classification errors.

Results: Group A achieved complete identification and counting in approximately
30 s through the automatic execution of the parametric algorithm, obtaining exact nomen-
clatures and quantities without error (0% deviation). In contrast, Groups B and C, who
performed the classification manually in Rhino and SketchUp, respectively, recorded errors
of 1.8% and 3.2%, with processing times 40-60 times longer (18-31 min). Furthermore,
inter-operator variability was reduced from ~15% to less than 2%, demonstrating that para-
metric automation not only accelerates processing, but also standardizes manufacturing
information and eliminates human uncertainty in the CAD-CAM workflow.

3.5.3. Experiment 3: Transforming CNC Router Data to Laser

The experiment aimed to adapt existing CNC router machining files for use in laser
cutting by simplifying and geometrically refining the parts. This process involved elim-
inating details typical of drill machining, such as “dog bones” or lightening allowances,
since such geometries are unnecessary in laser technology and can cause reading errors,
redundant pointer paths, and reduced cutting efficiency.

e  Group A used the information derived from experiments 1 and 2, utilizing the exact
parts list and their 2D geometries. These were imported into the three-dimensional
environment of Rhino 8, where an algorithm with integrated scripts designed to auto-
mate geometric debugging and optimize cutting paths was applied. The procedure
concluded with the generation of 2D files ready for manufacturing, with a clean format
compatible with laser cutting systems.
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e  Group B manually modified the parts within Rhino 8, using only the software’s native
tools. This method required more operating time and manual precision, increasing the
likelihood of geometric inconsistencies.

e  Group C replicated the procedure manually in AutoCAD, using the program’s native
tools to edit, simplify, and debug the 2D geometries. Like Group B, the process was
longer and depended on human intervention.

Results: Group A executed the geometric transformation of the CNC router files to
laser format automatically and in less than 2% of the time required by manual methods.
The integrated scripts successfully eliminated dog bones and milling offsets, optimizing
the cutting paths and reducing geometric errors to 0%. In contrast, Groups B and C—which
modified the parts manually in Rhino and AutoCAD—experienced geometric inconsisten-
cies in 10-15% of the files and up to 40 times longer editing times. The automated workflow
thus demonstrated substantially greater geometric and time efficiency, aligned with the
principles of file-to-factory and DFMA (Design for Manufacturing and Assembly).

3.5.4. Experiment 4: Nesting the CNC Laser Data (Material Optimization)

e  Group A used the automated algorithm, which performed the nesting process com-
prehensively, considering both the number of parts and the spatial efficiency of the
layout. The system rearranged, coded, and arranged the parts in Rhino, generating a
file ready for the laser cutting process.

e  Group B performed the nesting manually in Rhino 8, duplicating the parts according to
the required quantity and arranging them on the sheets without automated assistance,
relying solely on the operator’s experience to optimize space.

e  Group C replicated the procedure in AutoCAD, using the program’s native tools to
duplicate, rotate, and distribute the parts manually. Like Group B, the process relied
entirely on human manipulation and visual estimation to achieve optimization.

Results: Group A achieved automated and optimized nesting, using approximately
52 sheets of material with an average waste of 21.06%, compared to 54.5-56.5 sheets and
24.1-26.8% waste for groups B and C. This represents a reduction of 3—4 percentage points
(=10-20% relative) in material waste and operational savings of nearly 98% in run time.
The manual groups presented less compact distributions and a higher margin of error,
confirming that nesting parameterization increases spatial and material efficiency, ensuring
repeatability, traceability, and dimensional consistency between operators.

3.6. Hypothesis Testing Results of the Experiments
3.6.1. Hypothesis Testing for Experiment 1

e  Hypothesis for Experiment 1: The use of parametric digital tools reduces the download
times of 3D components required for the production of Wikihouse prototypes.

e  Hj: Null Hypothesis: The use of parametric digital tools reduces the download times
of 3D components required for the production of Wikihouse prototypes.

e  Hj: Alternative Hypothesis: The use of parametric digital tools does not reduce the
download times of 3D components required for the production of Wikihouse prototypes.

Since the significance level (observed critical value) 0.755 > 0.05, we accept the null
hypothesis Hy and reject the alternative hypothesis Hj, i.e., the use of parametric digital
tools allows reducing the download times of 3D components required for the manufacture
of Wikihouse prototypes (See Tables 12-14).
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Table 12. Case processing summary.
Cases
Valid Lost Total
N Percentage N Percentage N Percentage
P1xP8 12 100.0% 0 0.0% 12 100.0%
Table 13. Cross table P1xP8.
Count
P8
Total
Ok Totally Agrees
Neither agree nor disagree 0 1 1
P1 OK 1 2 3
Totally agree 3 5 8
Total 4 8 12
Table 14. Chi-square tests.
Worth gl Asymptotic Significance (Bilateral)
Pearson’s Chi-square 0.563° 2 0.755
Likelihood ratio 0.872 2 0.647
Linear-by-linear association 0.373 1 0.541

Number of valid cases 12

2. Five boxes (83.3%) have an expected count less than 5. The minimum expected count is 0.33.

3.6.2. Hypothesis Testing of Experiment 2

e  Hypothesis of Experiment 2: The use of digital tools verifies and reduces errors in the
components necessary for the manufacture of Wikihouse prototypes.

e Hj: Null Hypothesis: The use of digital tools verifies and reduces errors in the
components required for the manufacture of Wikihouse prototypes.

e  Hj: Alternative Hypothesis: The use of digital tools does not verify and reduce errors
in the components required for Wikihouse prototype manufacturing.

Since the significance level (observed critical value) of 0.225 is >0.05, we accept the
null hypothesis Hy and reject the alternative hypothesis Hy, i.e., the use of digital tools
verifies and reduces errors in the components required for the manufacture of Wikihouse
prototypes (see Tables 15-17).

Table 15. Case processing summary.

Cases
Valid Lost Total
N Percentage N Percentage N Percentage
P2xP7 12 100.0% 0 0.0% 12 100.0%
Table 16. Cross table P2 xP7.
Count
r7
. Total
Neither Agree
Nor Disagree Ok Totally Agree
Neither agree nor disagree 0 1 0 1
P2 Ok 0 0 1 1
Totally agree 1 1 8 10
Total 1 2 9 12
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Table 17. Chi-square tests.
Valor gl Asymptotic Significance (Bilateral)
Pearson’s Chi-square 5.667 7 4 0.225
Likelihood ratio 4.534 4 0.338
Linear-by-linear association 0.860 1 0.354
Number of valid cases 12

2. Eight boxes (88.9%) have an expected count less than 5. The minimum expected count is 0.08.

3.6.3. Hypothesis Testing of Experiment 3

Hypothesis of Experiment 3: The use of digital tools reduces the classification execution
time, minimizes the percentage of errors in the quantification and classification of
components and reduces the download times of 2D components necessary for the
manufacture of Wikihouse prototypes.

Hj: Null Hypothesis: The use of digital tools reduces the execution time of the
classification, minimizes the percentage of errors in the quantification and classification
of the components and reduces the download times of 2D components necessary for
the manufacture of Wikihouse prototypes.

Hy: Alternative Hypothesis: The use of digital tools does not reduce the execution
time of the classification, minimize the percentage of errors in the quantification and
classification of the components and reduce the download times of 2D components
necessary for the manufacture of Wikihouse prototypes.

Since the significance value (observed critical value) 0.126 > 0.05 we accept the null

hypothesis Hy and reject the alternative hypothesis Hj, that is, The use of digital tools

reduces the execution time of the classification, minimizes the percentage of errors in the

quantification and classification of the components and reduces the download times of 2D

components necessary for the manufacture of Wikihouse prototypes (See Tables 18-20).

Table 18. Case processing summary.

Cases
Valid Lost Total
N Percentage N Percentage N Percentage
P3xP6 12 100.0% 0 0.0% 12 100.0%
Table 19. Crosstab P3 x Pé.
Count
P6
. Total
Neither Agree
Nor Disagree Ok Totally Agree
Totally disagree 0 1 0 1
P3 Ok 0 1 0 1
Totally agree 1 1 8 10
Total 1 3 8 12
Table 20. Chi-square tests.
Valor gl Asymptotic Significance (Bilateral)
Pearson’s Chi-square 7.200? 4 0.126
Likelihood ratio 6.994 4 0.136
Linear-by-linear association 1.276 1 0.259

Number of valid cases 12

2. Eight boxes (88.9%) have an expected count less than 5. The minimum expected count is 0.08.
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3.6.4. Hypothesis Testing of Experiment 4

e  Hypothesis of Experiment 4: The use of digital tools reduces the execution time of the
transformation and minimizes the percentage of errors in the transformation of data
from CNC Laser to CNC Router for the manufacture of prototypes Wikihouse.

e Hj: Null Hypothesis: The use of digital tools reduces the execution time of the
transformation and minimizes the percentage of errors in the transformation of data
from CNC Laser to CNC Router for the manufacture of Wikihouse prototypes.

e  Hj: Alternative Hypothesis: The use of digital tools does not reduce the execution time
of the transformation and minimizes the percentage of errors in the transformation of
data from CNC Laser to CNC Router for the manufacture of prototypes Wikihouse.

Since the significance value (observed critical value) 0.595 > 0.05 we accept the null
hypothesis HO and reject the alternative hypothesis H1, that is, the use of digital tools
reduces the execution time of the transformation and minimizes the percentage of errors in
the data transformation from CNC Laser to CNC Router for the manufacture of Wikihouse
prototypes (See Tables 21-23).

Table 21. Case processing summary.

Cases
Valid Lost Total
N Percentage N Percentage N Percentage
P4xP5 12 100.0% 0 0.0% 12 100.0%
Table 22. Crosstab P1xP8.
Count
P5
Neither Agree Total
Nor Disagree Ok Totally Agree
Ok 1 0 2 3
P4
Totally agree 1 1 7 9
Total 2 1 9 12
Table 23. Chi-square tests.
Valor gl Asymptotic Significance (Bilateral)
Pearson’s Chi-square 1.0372 2 0.595
Likelihood ratio 1.189 2 0.552
Linear-by-linear association 0.398 1 0.528

Number of valid cases 12

2. Five boxes (83.3%) have an expected count less than 5. The minimum expected count is 0.25.

4. Discussion
4.1. Transfer Models: Open—Granular vs. Robotic—Compact

In open-source ecosystems such as WikiHouse, granularity (dozens to hundreds
of CNC pieces per construction unit and per sub-assemblies such as walls or slabs) in-
creases the coordination demands of CAD-CAM processes (those that translate design
intent into executable manufacturing files, aligning rules, parameters, and formats for
reliable, repeatable execution and assembly). Parametrizing the workflow (definitions in
Grasshopper/Python) standardizes manufacturing data and reduces operator variability,
maintaining the file-to-factory logic (a digital chain from model to machine that minimizes
reinterpretation and preserves traceability) using 2-3-axis CNC machines available in low-
tech contexts. In contrast, robotic and low-fragmentation systems (e.g., AUAR) maximize
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repeatability and dimensional control within automated cells but require higher adoption
thresholds (infrastructure, training, and more proprietary technological ecosystems). These
are not competitors—they are complementary. The open, parametrized granular route
enables production today with common CNCs and builds a maturity ladder that can, when
context allows, scale toward robotic cells without losing Design for Manufacturing and
Assembly (DFMA) or Design for Disassembly (DfD).

4.2. Operational and Material Efficiencies

The experiments demonstrate dramatic time reductions when moving from manual
workflows to parametrized CAD-CAM flows (minutes instead of tens of minutes or hours)
and material gains through optimized nesting (piece layout on sheets).

In our data, the scripted group nested in approximately 52 sheets (controls: 54.5-56.5)
and achieved 21.06% waste (controls: 24.1-26.8%), a reduction of about 3—4 percentage
points (=10-20% relative), with times of ~1 min (~0:32-1:16) compared to 63-109 min for
manual methods (see Tables 15 and 16; Figure 9). These effects—observed in the nesting
experiment under the evaluated material / thickness—explain the improvements in trace-
ability (consistent nomenclature, coherent cutting layers) and operator consistency, which
are key for transfer and auditing. Moreover, perceived clarity and adequacy increased with
automation (experimental group ~5.0 vs. controls ~4.5-4.75 and ~4.25-3.75; see Figure 8),
consistent with reduced manual load.

4.3. Contextual Validation and Pragmatic Transfer

Although LADDEFAB is a different system from WikiHouse, it operates on the same
principles (DFMA /DfD and file-to-factory with common CNCs) and uses algorithmic
methods (Grasshopper/Python) to translate granularity into standardized cutting files.
This case demonstrates the viability of intermediate technology using 2-axis CNCs and
rapid assembly by small crews (see Figure 1C), supporting the notion that parametrization
reduces time, stabilizes execution, and improves nesting—thus enabling DFMA /DfD in
ordinary workshops. In summary, the same algorithmic “enzyme” can make a WikiHouse
kit digestible under low-tech conditions. Parametrization does not replace the precision
or production speed of robotic cells nor the pending structural validation (e.g., cyclic
tests, diaphragms, anchors); however, it closes an operational gap—coordination, time,
traceability, and material use—and establishes an intermediate step from which contexts
can later scale toward advanced automation.

4.4. Limitations

(1) External validity: Limited sample size and student bias; controlled academic environment.

(2) Measurement and learning: Performance depends on software familiarity; times
were recorded by an observer using a stopwatch under a uniform protocol; future replica-
tions will include dual observation and video timestamping.

(3) Partial metrology: Focused on time/errors and a proxy for material efficiency
(number of sheets, % waste); lacks on-site assembly metrics (time per joint, rework, field
errors with non-expert crews).

(4) Seismic resistance: Pending cyclic tests, target drifts, failure mechanisms, and
diaphragm/anchor verification for seismic contexts.

(5) Technical generalization: Results sensitive to tolerances/kerf, machine condition, and
OSB/ply quality; requires replicable quality assurance and control protocols across workshops.

4.5. Implications for Adoption (Micro-Factories, Fab Labs, Open Housing)

In low-tech contexts, data parametrization is an immediate lever: minutes instead of
hours for critical tasks, —3—4 pp waste (=10-20% relative improvement in nesting), and
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reduced operator variability (see Tables 15 and 16; Figure 9). With complementary tools
(parametric scripts and replicability /quality guides), production can be decentralized with full
traceability; robotization becomes a subsequent step once industrial capacities are established.

The Role of Academia as a Transfer Vector

Academia can act as micro-infrastructure for transfer, converting technical innovation
into installed capacity. In terms of curriculum, this implies case-based learning and work-
shops with verifiable outcomes (testing protocols, tolerances, times, and costs), literacy
in Life-Cycle Assessment (LCA) using local data, and implementation of school micro-
factories (2-3-axis CNCs) reproducing open design-to-fabrication chains (CAD-CAM,
nesting, and quality protocols). For emerging contexts, distributed manufacturing in micro-
factories using 2-3-axis CNCs, optimized nesting, and open chains offers a coherent scaling
path versus robotic macro-plants: more accessible, replicable, and with a lower adoption
threshold. As a rigor criterion, such programs should report public indicators (onboarding
time, initial error per joint, % waste, cost per m? of cutting, kgCOe/m?), ensure BIM/IFC
interoperability (manufacturing properties, DFMA /DfD, part codes), and document cyclic
tests and assembly metrics with replicable protocols.

4.6. Next Steps

To consolidate transfer, interoperability, and regulatory validity, we propose an applied
research agenda:

1. Open parametric constructions with seismic variables. Families/templates (Grasshop-
per/Revit/BlenderBIM) of panels, diaphragms, and joints with parameters for target
drift, ductility, resistance hierarchy, and detailing; cyclic test protocols (load history,
failure mechanisms, anchors) and performance models by typology.

2. BIM/IFC interoperability for manufacturing and disassembly. Mapping to IFC 4.x with
properties for kerf, offsets, cutting order, part codes, reuse, and DFMA /DfD; validation
through Model View Definitions (MVD) and round-trip tests (design—IFC—fabrication)
without semantic loss.

3. Automated verification (rule-checking). Parametric rules for compliance (drift < limit,
connector spacing, clearances, cutting sequences) and non-conformity metrics de-
tected prior to fabrication.

4.  Tolerances and environment in the solver. Incorporate real kerf, tool wear, humid-
ity, and expansion/contraction in nesting and assembly; measure design-to-piece
deviation (mm), reworks, and on-site adjustments.

5. LCA + cost coupling to the design-fabrication flow. Al-A4 inventories, machine en-
ergy/time, cost per m? of cutting and per joint; report Pareto curves (cost-carbon-time)
for public-policy decisions.

6.  Adoptability with non-expert crews. Measure onboarding time, cognitive load (e.g.,
NASA-TLX), errors and rework per joint with and without parametric guides.

7. Reproducible repository (when applicable). Datasets of hysteretic responses, times
per joint, and typical errors with metadata and DOIL; 15-30 min reproducible examples
for initial training.

4.7. Synthesis

Parametrizing before robotizing offers a realistic transfer path: it accelerates tasks,
reduces waste, and preserves DFMA /DD and traceability—making WikiHouse feasible in
common workshops and enabling territorial scaling.
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With complementary tools, BIM/IFC interoperability, and expanded evidence (statis-
tics, assembly, seismic performance, LCA/costs), this pathway can translate into effective
proliferation for social housing and decentralized production.

5. Conclusions

This study shows that parametrizing before robotizing is a realistic pathway to transfer
open systems such as WikiHouse into low-tech contexts: it reduces preparation times to
minutes, cuts material waste by 3—4 percentage points (=10-20% relative improvement in
nesting), and decreases operator variability while preserving traceability, DFMA, and DfD.
Standardized CAD-CAM coordination (Grasshopper/Python) functions as an “enzyme”
that makes the system’s granularity digestible, and the LADDFAB case confirms its viability
as an intermediate technology using common CNC equipment.

This approach does not replace robotic cells in terms of precision or production rate, but
it closes the operational gap and creates an intermediate step from which scaling becomes
feasible once industrial capacities are in place. For territorial adoption, the combination of
scripts, quality guides, and micro-factories with 2-3-axis CNCs enables distributed production
with attainable costs and skill requirements. Academia can act as the decisive transfer
vector—through workshops with verifiable metrics, LCA literacy based on local data, and
BIM/IFC interoperability—installing capacities and accelerating replication.

Moving forward, consolidating cyclic tests, assembly metrics, LCA/cost data, and
interoperability will be essential to strengthen the evidence base and scale open housing
models under public and traceable standards.
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