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Methods

Research Gap

Results

Previous construction robotics research focus:
• Robotic applications in construction
• Automation and autonomy
•  Sensing and control
• System performance
• Task planning

Systematic Literature Review 
• Content Analysis 
• Guided by Task-Technology Fit Theory

• Construction robotics is expanding across inspection, monitoring, layout, 
material handling, fabrication, and other project operations

• These applications increasingly require humans and robots to work together, 
creating new demands for effective human–robot collaboration (HRC).

• As robots become embedded in dynamic construction workflows, workers must 
select, supervise, coordinate with, operate, maintain, and evaluate robotic 
systems.

What remains limited:
• What should the construction workforce learn?
• How should the learning be structured?
• How should the learning progress?

Theoretical Framework and Research Questions

Cognitive Apprenticeship 
Theory

Guided participation • Scaffolding 
• Authentic practice • Increasing 

learner independence

Main Research Question 
How can competencies required 
for HRC be identified, structured, 

and modeled to support 
construction workforce 

development?

Competency-Based Education
Defines explicit knowledge, skills, 

and abilities as instructional 
targets.

Revised Bloom’s Taxonomy
Provides cognitive classification 

and progression for learning 
objectives.

RQ1. What competencies are 
required for effective human-
robot collaboration in 
construction?

RQ2. How can HRC competencies 
be structured into modules and 
dependency relationships for 
workforce development?

RQ3. How can the relationships 
resulting from HRC network be 
computationally modeled to 
characterize and predict learning 
progression?

1. Competency Identification

• What competencies are required for effective human-robot 
collaboration in construction?

2. Competency Formalization and Learning 
Environment  Characterization 

Three-Round Delphi Study
• Capture industry (N=13) and academic (N=14) 

expert perceptions regarding the identified 
HRC competencies

• Determine the characteristics of a digital 
environment for learning HRC (Focus Group)

3. Competency Augmentation 
Rule-based Natural Language Processing

• Construction robotics job ads 
and Industry case studies 

• Text extraction and parsing 

• Heuristic (KSA) classification

• HRC context filtering

•  Semantic deduplication

•  Expert refinement

4. Training Module Development and Evaluation
Theory-constrained NLP approach

• Cognitive classification of HRC 
competencies

• Learning objective generation  
(ABCD) and contextual grounding

• Theory-constrained module 
development 

•  Evaluation
• Computational evaluation
• Expert evaluation (2 Delphi rounds) of 

instructional modules (relevance, conceptual 
appropriateness, learning objective quality, and 
module completeness)

5. Competency Dependency Modeling

• Semantic representation and 
candidate screening

• Theory-constrained dependency 
direction

• Cognitive hierarchy
• KSA precedence 
• Deterministic ordering rule

• Classification of intra- and cross-
module dependencies

6. Learning Progression Prediction

•  Expert-elicited dependencies and 
evaluation 

Graph-based Prediction 
• Missing competency links
• Adaptive learning pathways

HRC Competencies

Experts' Top-Rated HRC Competencies

Characteristics of Digital HRC Learning Environments

New HRC Competencies Identified 

HRC Training Module Developed

HRC Competency Dependencies

GNN-based Learning Progression Prediction

Conclusion

This study provides a framework for preparing the construction 
workforce for HRC by identifying and structuring essential 
competencies, defining learning environment requirements, and 
organizing competencies into coherent training modules. By 
modeling competency dependencies and predicting learning 
progression pathways, the framework supports evidence-based 
sequencing and adaptive HRC education.
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