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ABSTRACT

Introduction: Assessing exposure to volatile organic compounds (VOCs) in workplaces requires timely
access to accurate, standardized guidance on sampling and analysis. This study aimed to develop and
evaluate a decision-support chatbot, based on the Retrieval-Augmented Generation (RAG) architecture,
to assist occupational health professionals in selecting appropriate sampling and analysis methods for
VOCs in accordance with NIOSH guidelines.

Material and Methods: This research was of an applied-developmental type. In this study, relevant
NIOSH methods for sampling and analysis of VOCs were extracted, structured, and organized into a
knowledge base. User needs were identified through semi-structured interviews with occupational health
professionals. Based on this data, a generative Al-based chatbot was designed and implemented using the
RAG architecture. The system performance was evaluated using expert evaluation and a chatbot usability
guestionnaire.

Results: The developed chatbot received an overall user-friendliness score of 3.88 out of 5, indicating
good user acceptance. Participants noted improved access speed for standard technical information and
the high transparency of the system’s responses. Expert evaluation also confirmed the scientific validity of
the retrieved content and its compliance with NIOSH standards.

Conclusion: The proposed RAG-based decision-making chatbot provides an effective and innovative
tool to support occupational exposure assessment to VOCs. Integrating generative Al with standard
occupational health guidelines can improve the efficiency of decision-making and access to expert
information in practice.

Keywords: Occupational health, Chatbot, Retrieval-Augmented Generation (RAG), NIOSH standards, Volatile
organic compounds (VOCs), Decision support system (DSS)
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1. INTRODUCTION

Volatile organic compounds (VOCs) represent
a major class of chemical hazards in occupational
environments, commonly encountered across
industries such as petrochemicals, printing, paint
manufacturing, laboratories, and healthcare
settings. Occupational exposure to VOCs can
lead to a range of acute and chronic health effects,
including respiratory irritation, neurological
disturbances, hepatic and renal damage, and,
in some cases, increased cancer risk. Accurate
assessment of workplace exposure to VOCs is
therefore a cornerstone of occupational health
programs, requiring precise selection and
execution of sampling and analytical methods.
The National Institute for Occupational Safety and
Health (NIOSH) provides a comprehensive and
scientifically validated collection of standardized
methods for VOC monitoring—widely regarded as
aglobal referencein occupational hygiene. However,
despite their scientific rigor, NIOSH methods are
often challenging to apply in real-world settings due
to their technical complexity, fragmented structure,
and extensive documentation. Occupational health
professionals frequently struggle to quickly identify
the most appropriate method for a given compound
and workplace context, correctly interpret
procedural details, or troubleshoot implementation
issues under time pressure. This gap between
standardized guidance and practical application
can lead to suboptimal exposure assessments,
misinterpretations of risk, and ultimately,
inadequate worker protection. While digital tools
and Al-driven assistants have emerged in recent
years to support decision-making in health-related
domains, few are tailored to the highly technical,
document-intensive, and safety-critical nature
of occupational hygiene. There remains a clear
need for intelligent, interactive systems capable of
delivering structured, authoritative, and context-

aware guidance on NIOSH methods in real time.
To address this gap, we developed HAVANA—a
specialized generative Al-powered chatbot built
on a Retrieval-Augmented Generation (RAG)
architecture—designed to assist occupational
health experts in selecting, interpreting, and
applying NIOSH methods for VOC sampling and
analysis (Fig 1).

2. MATERIAL AND METHODS

This applied developmental study followed a
user-centered design and iterative development
approach across four integrated phases. First, a
qualitative needs assessment was conducted through
semi-structured interviews with 12 occupational
health professionals, purposively sampled to ensure
diversity in expertise, organizational roles, and
field experience. Participants included industrial
hygiene practitioners, academic faculty, technical
managers, public health officials, and executives
from occupational hygiene service companies,
all with confirmed experience in VOC exposure
assessment and in implementing NIOSH methods.
Interviews focused on identifying real-world
challenges, information needs, and preferred
interaction patterns during method selection
and execution. Data collection continued until
informational saturation was achieved. Transcripts
were analyzed using thematic content analysis
to extract key user requirements and question
archetypes.

In the second phase, these insights informed
the design of a structured set of user-oriented
questions, categorized into ten thematic types (e.g.,
chemical properties, risk assessment, sampling
protocols, analytical procedures). Each question
type was mapped to a specific response-generation
mechanism—either a Large Language Model
(LLM), the RAG pipeline, or a hybrid approach—
based on whether the response required general
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Fig. 1: Conceptual overview of current challenges in using NIOSH methods and the HAVANA RAGbased solution for reliable deci-
sion support in VOC sampling and analysis.
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Table 1: Thematic Question Types and Response Mechanisms

Intervie: Response
No. Question Type Question Nature w P ’
Frequency Mechanism
" Chermical properties Identification, physicocl'lem'ical characteristics, and g LLM
applications
E isk
2 APOSUTE IS Exposure limits, hazard indices, and safety decisions 8 LLM & RAG
management
X Method selection, adsorbent media, and environmental
3 Sampling protocols . 8 RAG
conditions

Technical sampling . .

4 details Step-by-step procedural instructions and field protocols 7 RAG
Sample preparation and instrumental analysis (GC/MS,

Laborats lysi 7 RAG
5 aboratory analysis GC-FID)

Technical analytical
6 & m;t:irll: ytica Instrument settings, column specifications, and detectors 6 LLM
7 Toxicological aspects Clinical symptoms and toxicity mechanisms 6 RAG
8 Calibration & QA/QC Instrument validation and quality assurance protocols 5 RAG

X TWA formulas, correction factors, and concentration
9 Exposure calculations L 5 LLM
determination

10 = General troubleshooting Technical support and initial problem-solving 4 LLM

Note: LLM: Large Language Model; RAG: Retrieval-Augmented Generation; GC/MS: Gas Chromatography-Mass Spectrometry; GC-FID: Gas Chromatography-Flame
Tonization Detector; QA/QC: Quality Assurance/Quality Control; TWA: Time-Weighted Average.

knowledge, precise retrieval from standard
documents, or interpretive synthesis.

The third phase involved the technical
development of the HAVANA chatbot. The core
knowledge base was constructed by extracting,
structurally segmenting, and preprocessing official
NIOSH method documents (PDF format). Unlike
fixed-size text chunking, we implemented a logic-
preserving segmentation strategy that respected
document sections (e.g., sampling procedure,
analytical method, QA/QC), ensuring contextual
coherence. These chunks were embedded using a
scientific-domain-optimized embedding model
and stored in a Qdrant vector database with
associated metadata (e.g., NIOSH method number,
content type). The RAG pipeline included query
rewriting (for English retrieval), dense vector
search, and cross-encoder-based re-ranking to
enhance retrieval precision. Retrieved chunks were
passed as context to a state-of-the-art LLM (GPT-
40), constrained to generate responses solely from
the retrieved evidence, and the resulting output was
translated into clear, step-by-step Persian.

Finally, in the fourth phase, the system was
evaluated using both quantitative and qualitative
methods. Usability was assessed using the
validated Persian version of the Chatbot Usability
Questionnaire (CUQ), which was completed
by the same 12 experts after interactive testing.
Additionally, open-ended feedback forms captured
qualitative insights on scientific accuracy, alignment
with NIOSH standards, clarity, and limitations.
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3. RESULTS AND DISCUSSION

The expert panel comprised 12 professionals
(7 male, 5 female) with diverse backgrounds:
5 in industrial hygiene services, 3 in analytical
laboratories/public health departments, 2 in
academia, and 2 as HSE managers. Their average
work experience was 9 years (SD = 1.95), ensuring
the practical relevance of the input.

Ten thematic question types were identified
(Table 1), with the most frequent relating to
chemical properties (9 mentions), exposure risk
management (8), and sampling protocols (8). The
response-generation mechanism was intelligently
assigned: RAG was used for questions requiring
exact procedural details (e.g., sampling flow
rates, analytical parameters), LLM for general or
conceptual queries (e.g., VOC health effects), and
hybrid RAG+LLM for interpretive tasks (e.g., risk-
based decision-making).

o Technical evaluations demonstrated
significant performance gains from design choices:

o Structured chunking improved retrieval
accuracy from 39% (fixed-size) to 73% on a
200-question test set.

o Re-ranking with a cross-encoder increased
correct responses from 62% to 92% in a 50-question
benchmark.

o Optimal k = 10 balanced precision (37.2%)
and recall (89.4%) in retrieval, avoiding noise
overload while ensuring coverage.

Accordingto Table2, Usabilityresultswerehighly
favorable (mean CUQ score = 3.88/5). “Response
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Table 2: Mean and Standard Deviation of Chatbot Usability Questionnaire (CUQ) Components (n = 12)

1 Clarity of responses 4.09 0.83
2 Relevance of content to user needs 3.73 1.10
3 Response speed 3.82 1.08
4 Ease of interaction 391 0.54
5 Conversation continuity 3.64 1.21
6 Overall user experience 3.73 1.27
7 Understanding of the user’s prompt 3.91 1.04
8 | Appropriateness of tone and communication style 4.09 0.94
9 Responsiveness to specific and technical needs 391 1.04
10 Ability to learn and improve during interaction 2.27 1.49

Note: Scores are based on a 5-point Likert scale (1 = Strongly Disagree, 5 = Strongly Agree). Higher scores indicate

more favorable perceptions of usability.

clarity” and “communication tone” received
the highest scores (4.09), while “conversation
continuity” and “learning capability” received the
lowest scores (2.27), reflecting limitations in multi-
turn dialogue. Experts unanimously praised the
systemy’s scientific accuracy, adherence to NIOSH
standards, and time-saving potential, though
some noted room for improvement in contextual
memory during extended interactions.

The findings confirm that a RAG-based
architecture is well-suited for high-stakes, standards-
driven domains like occupational hygiene. By
grounding responses in authoritative documents,
HAVANA overcomes a key limitation of generic
LLMs—namely, the risk of hallucination or outdated
advice. The user-centered design process ensured that
the system addresses real-world needs, particularly
the translation of complex standards into actionable
steps. The hybrid response strategy (LLM vs. RAG vs.
combined) proved essential: no single mechanism
could cover the full spectrum of user queries, from
factual lookup to risk interpretation. The emphasis
on structured document chunking and re-ranking
aligns with recent research showing that the quality
of data preprocessing often outweighs model size
in determining RAG performance. Usability results
highlight a critical trade-off: while clarity and
reliability were strengths, conversational persistence
remains a challenge for current LLMs in specialized
contexts. Nonetheless, experts valued accuracy
and traceability over conversational fluency—a
preference consistent with other technical domains
(e.g., clinical or regulatory AI). HAVANA thus
represents a pragmatic balance between usability
and reliability, positioning it as a decision support
tool rather than an autonomous agent.

[ DOW!

4. CONCLUSIONS

This study demonstrates the feasibility
and value of a RAG-powered chatbot as a
decision support system for occupational health
professionals managing VOC exposure. HAVANA
successfully bridges the gap between complex
NIOSH documentation and on-the-ground
decision-making by delivering precise, traceable,
and user-friendly guidance. The integration of
structured knowledge engineering, evidence-based
retrieval, and constrained generation ensures high
scientific fidelity, while the user-centered design
process guarantees practical relevance. Although
limitations  exist—particularly in multi-turn
dialogue and reliance on input document quality—
the system was well received by experts and
shows strong potential for real-world deployment.
Future work should expand the knowledge base to
include other international standards (e.g., OSHA,
ISO), conduct field trials in industrial settings,
and enhance contextual memory for complex
interactions. Ultimately, HAVANA exemplifies
how generative AI, when carefully constrained
and grounded in domain-specific knowledge, can
empower professionals without replacing human
expertise—oftering a scalable model for intelligent
support in other standards-intensive fields.
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1. Chatbot usability questionnaire
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