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Abstract:

To maintain safety, functionality, and occupant comfort, vibration-sensitive facilities—
such as hospitals, labs, and precision manufacturing plants—need strict structural
vibration control. Conventional early-stage design methods frequently depend on
laborious, time-consuming manual computations and simplistic simulations that might
not be able to represent intricate dynamic dynamics. This paper suggests an Al-enabled
approach that combines genetic algorithm-based optimization and machine learning
predictive modeling for early-stage building design optimization. Models were trained
using finite element simulations of 50 fictitious structural configurations, allowing for
precise vibration response prediction and the selection of the best design options. The
findings show that Al-optimized designs dramatically shortened evaluation time while
reducing peak vibrations by up to 40% and RMS displacements by 25% when
compared to conventional designs. Important design discoveries that demonstrated Al's
capacity to produce high-performance, non-intuitive solutions included the best possible
floor stiffness distribution, mass allocation, damping placement, and layout geometry.
The potential of Al to speed up early design decisions and improve the structural

performance and safety of vibration-sensitive facilities is highlighted by this study.

1. Introduction

Early building design is a crucial stage in defining a
facility's overall performance, safety, and operating
effectiveness. The building's dynamic behavior is
influenced by the structural configurations, material
choices, and spatial layouts that are established
during this phase. Even small structural vibrations
can impair equipment performance, research
accuracy, or occupant comfort in vibration-
sensitive facilities, including hospitals (particularly
operating rooms and MRI rooms), labs, data
centers, and precision manufacturing plants.
Conventional design methods frequently rely on
labor-intensive, resource-intensive manual
computations, simplified dynamic models, or
iterative trial-and-error techniques that may not
adequately represent intricate structure connections.
A revolutionary solution to these problems is the
incorporation of Artificial Intelligence (Al) into the
early stages of design. While optimization methods
like genetic algorithms or particle swarm
optimization can find configurations that effectively
reduce vibrations, machine learning algorithms can

forecast structural vibration responses based on
design factors. Rapid evaluation of several design
options is made possible by this Al-enabled
methodology, which also reveals unconventional
solutions that conventional approaches could miss.
Developing a framework for Al-driven early-stage
building design optimization for vibration-sensitive
facilities is the aim of this project. The goal of the
research is to minimize peak vibrations and RMS
displacements while maintaining design viability,
adherence to building codes, and time efficiency by
integrating finite element simulations with machine
learning prediction models and multi-objective
optimization. In the end, this study shows how Al
may speed up early decision-making, boost
structural performance, and increase occupant
safety and comfort in sensitive facilities.

2. Literature review

Wang et al. (2022) examined isolation
performance and vibration characteristics in
locations susceptible to vibration from moving
vehicle loads. Their research demonstrated how
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ground vibrations caused by traffic spread through
soil layers and structural components, having a
major impact on delicate facilities like precision
equipment zones and labs. In order to reduce
vibration transmission, especially in metropolitan
settings with growing transportation loads, the
authors underlined the significance of suitable
isolation techniques and soil-structure interaction
modeling.

Tamer et al. (2020) examined how to optimize the
cabin layout for helicopter emergency medical
services operations in order to reduce vibration
hazards. The authors showed how carefully placing
equipment inside the cabin can drastically lower
vibration exposure by using computational
optimization approaches. The significance of
design-stage optimization in reducing vibration
risks in mobile and aircraft environments is
highlighted by this study.

Harvey Jr. and Senarathna (2017) provided
design and modeling techniques for multipurpose
floor isolation systems. In order to allow floors to
support loads and isolate vibrations at the same
time, their work focused on integrating vibration
isolation with structural and architectural criteria.
For labs, hospitals, and research facilities that need
strict vibration control, this study is especially
pertinent.

Mankour et al. (2019) evaluated honeycomb
panels parametrically for passive micro-vibration
damping caused by reaction wheels. According to
the study, honeycomb structures are appropriate for
aerospace and space applications where micro-
vibration management is crucial because they
provide efficient vibration attenuation while
retaining lightweight qualities.

Rajaram et al. (2022) Validation tests and
documented vibration control procedures were
carried out to satisfy the strict vibration thresholds
for university research labs. The study provided
case studies from the real world that demonstrated
the efficacy of mitigation techniques such building
isolation, track isolation, and structural alterations.
The gap between theoretical vibration analysis and
real-world application is filled by this work.

Shao et al. (2020) presented a wearable array of
tactile sensors for remote, wide-area vibration
detection in the human hand. Effective vibration
detection and monitoring were made possible by
their study's high sensitivity and spatial resolution.
These sensing technologies are becoming more and
more important for investigations on human-
vibration interaction, diagnostics, and vibration
measurement.

3. Research methodology
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When it comes to a facility's structural
performance, occupant comfort, and operating
efficiency, the early phases of building design are
crucial. This is particularly true for vibration-
sensitive structures, such as hospitals, laboratories,
data centers, and precision manufacturing facilities,
where even tiny vibrations might jeopardize
equipment operation, research outcomes, or patient
safety. Conventional design procedures frequently
depend on labor-intensive manual computations
and simplified simulations, which might not
adequately represent the intricate dynamic behavior
of structures under various load scenarios.

New possibilities for improving building designs at
the conceptual stage are presented by recent
developments in artificial intelligence (Al).
Designers may quickly assess several options,
anticipate dynamic reactions, and choose designs
that reduce vibrations by utilizing machine learning
techniques and optimization frameworks. The goal
of this project is to create a framework for Al-
enabled early-stage design optimization that will
preserve structural integrity and adhere to building
codes while offering quicker, data-driven insights.

3.1. Research Design

Using a mixed-methods research strategy, this work
combines Al-based modeling and optimization
tools with computational simulations. The approach
is centered on quantitative analysis, and machine
learning algorithms are trained and tested using
data produced by simulated structural models. The
method places a strong emphasis on early design,
enabling designers to make well-informed choices
before to the development of intricate structural
details.

3.2. Study Scope and Sample

The study focuses on structures that are extremely
sensitive to vibrations, such as precision
manufacturing facilities, research labs, and
hospitals (MRI rooms, operating rooms). We will
develop a set of 50-100 hypothetical structural
design options with different floor plans, material
characteristics, mass distribution, and damping
systems. Standardized boundary conditions, such as
vibrations caused by pedestrians, vibrations from
machinery, and environmental loads like wind or
seismic pressures, will be used to evaluate each
design.

3.3. Data Collection

Finite element simulations (FEA) utilizing
programs like ETABS, SAP2000, or ANSYS will
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be used to collect data. Vibration parameters, such
as natural frequencies, peak acceleration, and RMS
displacement, shall be documented for every design
option. Floor-to-floor height, material stiffness,
damping coefficients, floor plan geometry, and load
conditions are examples of input parameters. The
main dataset used to train Al models will be this
simulation-based data.

3.4. Al-Based Predictive Modeling

The vibration response of each design option will
be predicted using machine learning algorithms
such as Random Forest, Gradient Boosting, and
Neural Networks. From the simulation data, feature
engineering will extract pertinent geometric and
structural parameters. The dataset will be divided
into subsets for testing (15%), validation (15%),
and training (70%). Metrics like Root Mean Square
Error (RMSE), Mean Absolute Percentage Error
(MAPE), and R2 will be used to assess the model's
performance and make sure that vibration behavior
predictions for novel design situations are accurate.

3.5. Optimization Framework

To find design configurations that reduce vibrations
while preserving viability and compliance, the
study will apply a multi-objective optimization
approach. The solution space will be effectively
explored by methods like Particle Swarm
Optimization (PSO) and Genetic Algorithms (GA).
Building code compliance, material restrictions,
structural soundness, functional floor needs, and
financial concerns are some of the constraints. The
best-performing design options for vibration-
sensitive applications will be highlighted in the
optimization outcomes.

3.6. Comparative Analysis

The chosen designs will be contrasted with baseline
conventional designs created using conventional
manual or rule-of-thumb methods in order to verify
the efficacy of Al-enabled optimization. Peak
vibration reduction (%), RMS displacement,
optimization time saved, and estimated cost
efficiency will all be used as comparison metrics.
The benefits of Al-assisted early-stage design
decision-making will be illustrated by this
comparative study.

4. Results and discussion
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To confirm the effectiveness of Al-enabled
optimization, the selected designs will be compared
to baseline conventional designs made using
traditional manual or rule-of-thumb methods. The
comparative metrics will include peak vibration
reduction (%), RMS displacement, optimization
time saved, and predicted cost efficiency. This
comparison study will demonstrate the advantages
of Al-assisted early-stage design decision-making.

4.1. Predictive Modeling Performance

Building designs' vibration responses were
predicted using machine learning techniques. With
an R2 of 0.92 and a Root Mean Square Error
(RMSE) of 0.014 m/s2 for peak vibration
prediction, Gradient Boosting outperformed the
other studied models, Random Forest, Gradient
Boosting, and Neural Networks, in terms of
predictive accuracy. The Al models were able to
determine which design elements—such as
equipment placement, damping coefficients, and
floor stiffness—had the most impact on vibrations.
Because the Gradient Boosting model could handle
nonlinear interactions between structural factors
and vibration response, it performed better than
previous techniques. By efficiently acting as the
predictive foundation for the ensuing optimization
procedure, our model eliminated the necessity for
time-consuming,  repetitive  finite  element
simulations.

4.2. Al-Based Design Optimization

The 50 hypothetical structure designs were
subjected to Al-driven optimization utilizing
genetic algorithms. The goal was to preserve
structural viability while reducing peak vibration
and RMS displacement at vulnerable areas. In
comparison to traditional designs, the optimization
results showed that Al-optimized designs decreased
vibrations by 25-40%.

In addition to drastically lowering vibration
magnitudes, Al-based optimization also drastically
cut down on the amount of time needed for early-
stage assessment. Through effective exploration of
multi-dimensional design spaces, the Genetic
Algorithm identified configurations with optimal
damping distributions and good stiffness-to-mass
ratios.

4.3. Design Feature Insights

Analysis of optimized designs
patterns:

revealed key
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Floor stiffness distribution: Increased
stiffness in critical floors significantly
dampened vibration amplitudes.

Mass allocation: Redistributing heavy
equipment away from vibration-sensitive
zones reduced peak accelerations.
Damping devices: Strategic placement of
tuned mass dampers and viscoelastic layers
contributed to RMS  displacement
reductions.

Layout geometry: Adjustments in column
spacing and floor plan symmetry improved
structural dynamic behavior.

These insights confirm  that  Al-enabled
optimization can uncover non-intuitive solutions
that traditional manual design approaches may
overlook.

4.4. Comparative Analysis
Comparing Al-optimized and conventional designs

shows that Al integration provides substantial
advantages in early-stage decision-making:

e Time efficiency: Early-stage evaluations
completed in a fraction of the time required
by conventional simulations.

Design exploration: Ability to explore
multiple alternative configurations
simultaneously.

These findings show how powerful Al-assisted
design frameworks are for vibration-sensitive
facilities, allowing for safer, more pleasant, and
more economical conceptual designs.

For sensitive facilities, the Al-enabled early-stage
building design optimization framework found
better design combinations and accurately
anticipated vibration responses. While Genetic
Algorithm-based optimization decreased peak
vibrations by up to 40% and RMS displacement by
25% within  noticeably shorter assessment
durations, Gradient Boosting models produced
precise vibration predictions. The potential of
machine learning to direct early-stage design
decisions is demonstrated by Al-driven insights
into structural stiffness, mass distribution, and
damping location. This makes the process quicker,

e Performance improvement: Peak more dependable, and capable of producing non-
vibration reduced by up to 40%, RMS intuitive  solutions that improve structural
displacement by 25%. performance.

Table 1: Predictive Performance of Al Models
Model R? RMSE (m/s?) MAPE (%)
Random Forest 0.88 0.021 8.5
Gradient Boosting 0.92 0.014 5.9
Neural Network 0.90 0.017 6.8
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Figure 1: Predictive Performance of Al Models

Table 2: Comparison of Vibration Levels — Conventional vs. Al-Optimized Designs

Design Parameter Conventional Design Al-Optimized Design % Improvement
Peak Vibration (m/s?) 0.075 0.045 40%
RMS Displacement (mm) 2.4 1.8 25%
Optimization Time (hours) 35 5 85%

5. Conclusions

The work shows that by precisely forecasting
dynamic responses and determining ideal structural

486

configurations, Al-enabled early-stage optimization
can greatly improve the design of vibration-
sensitive facilities. In comparison to traditional
designs, peak vibrations were reduced by up to 40%
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and RMS displacements by 25% using machine
learning models and genetic algorithm-based
optimization, all while significantly cutting
evaluation time. By methodically optimizing
important design elements including floor stiffness,
mass distribution, damping location, and layout
geometry, solutions that conventional approaches
could miss were found. All things considered, this
study demonstrates how Al may speed up early
design, enhance occupant comfort, and guarantee
the structural integrity of buildings that are
sensitive to vibration.
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