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Abstract

The integration of collaborative robots (Cobots) in construction has significantly enhanced
operational efficiency, precision, and safety. Environment modeling and task allocation are
fundamental for Cobots’ application in construction. However, deployment is hindered due to
the complex and dynamic construction environment and processes. This research aims to
develop a comprehensive framework for the systematic scheduling of human-Cobots on
construction sites. The framework leverages advanced sensing technologies, Building
Information Modeling (BIM), and real-time data integration to create a dynamic and adaptive
operational environment, thereby supporting human-Cobot task planning, allocation, and
decision-making optimization in construction. Our framework emphasizes continuous
monitoring, dynamic task allocation, and effective human-Cobot collaboration to address the
challenges of scheduling Cobots in complex and unpredictable construction environments.
Future research will focus on refining the framework to further improve the adaptability and
safety integration of Cobots in construction.
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1. Introduction

Construction is time-consuming and labor-intensive, and the complexity of the work environment makes
the safety and security of those who work in it a challenge. For example, there were 1,015 construction
fatalities in the US in 2021 [1]. In the UK, around 30% of workplace accidents come from the construction
industry. The labor shortage in the construction industry is currently being further exacerbated. The U.S.
Bureau of Labor Statistics reports that the average number of job openings in the construction industry
reached a record 391,000 in 2022, representing a 17% increase from the previous year [1]. In China,
about 40.61 million people were employed in the construction industry in June 2023, a decline of about
25% from 2019 levels [2].

The emergence of construction collaborative robots (Cobots) may break this situation. Over the past
decade, collaborative robots have been widely used in industries such as automotive manufacturing,
pharmaceuticals, food and beverage, and parts processing. Cobots break through the constraints of
fixed geographic locations and safety fences to dramatically increase the efficiency of production or
work. Traditional industrial robots are often bigger, faster and more powerful, but they require a fixed
workspace and often need to stop for safety when humans approach [3]. Collaborative robots enable
robots to safely share workspace with humans, both performing tasks simultaneously and taking full



advantage of their respective strengths. With the advancement and support of technologies such as
intelligent sensing and drag-and-drop teach (where the operator tugs the manipulator arm to move in
the direction of the human's force), the operational threshold of collaborative robots has been further
lowered, so that the average worker can be quickly deployed and used with simple training [4].
Therefore, it is expected that collaborative robots will enable automated and intelligent construction and
promote safe, efficient and precise production in the construction industry.

Construction sites are complex and unpredictable, and the personnel, materials and equipment are not
static, thus requiring dynamic real-time sensing of the environment [5]. The existing Cbots have not
reached complete intelligence, such as concrete vibrating robot, rebar welding robot, and dusting robot.
Various human-robot interaction modes suitable for different operating scenarios are necessary [6].
Despite the research on the technical and scientific issues mentioned above, there are still challenges
in the research and application of construction Cobots. This article addresses the following questions:
How to deploy construction collaborative robots systematically, and What are the challenges of
construction collaborative robots? To this end, we propose a construction collaborative robotics
application framework for human-Cobots on-site scheduling. Our framework aims to provide guidance
for the application of construction Cobots, improve the adaptive capability of collaborative robots to
unstructured construction environments, and increase construction efficiency and safety.

2. Understanding collaborative robots

The core idea of collaborative robots is to assist or augment human capabilities to perform the more
sophisticated target tasks. In practice, collaborative robots are mostly responsible for simple, repetitive
tasks or high-intensity, high-precision tasks. Humans are better capable of coping with random,
uncertain and complex tasks that require dynamic or real-time judgment. However, the development
and application of collaborative robots encompass multiple disciplines, including dynamics, kinematics,
sensing technology, motion planning, control technology, and application engineering [6, 7].
Conventional research mainly has been conducted in terms of aspects related to safe collaboration,
sensing, motion planning and control. These key technologies have facilitated a substantial
improvement in safety, flexibility, and user-friendliness of Cobots. With recent advancements in deep
learning and reinforcement learning methods (e.g. deep reinforcement learning, DRL), Cobots have
improved significantly in processing data and learning from their environment, especially through
imitation learning. This evolution has enabled Cobots to adapt to increasingly complex tasks and work
environments.

The most critical technical challenges in the development of construction collaborative robots include
perception, motion planning, force control, human-robot interaction (HRI), and safety technologies.
Construction sites are complex and unpredictable, and the personnel, materials and equipment are not
static, thus requiring dynamic real-time sensing of the environment. Moreover, intelligent motion
planning, control technology, and related technologies can strongly improve productivity and ensure
construction safety.

3. A Framework for the Cobots deployment and application in construction site

The lack of a consistent deployment and application paradigm for collaborative robots in the construction
industry is a concern. Most construction Cobots are at an experimental stage, especially in complex
working conditions where the reliability and robustness of the product itself need to be improved. We
propose an application system framework for construction Cobots. Our framework has an integrated
environmental model that that allows Building Information Modeling (BIM) to be linked to real-time data
from on-site. Furthermore, it includes collaborative robot models with task comprehension capabilities
and decision-making models to optimize construction management and scheduling, as illustrated in
Fig.1.
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Fig.1. A construction collaborative robots application framework for Human-Cobots scheduling
3.1. BIM and on-site data integration environmental model

Building Information Modeling (BIM) is a widely used tool for visualizing and coordinating various majors
(structural, HVAC, exterior, etc.) [8]. The operational environment of construction collaborative robots is
initially constructed by extracting pertinent entity, attribute, and relational information from BIM systems.
Moreover, this environmental model is dynamically refined using an array of sensors mounted on the
Cobots, which gather situational data onsite and relay it through advanced technologies such as the
Internet of Things (IoT) and Radio-Frequency Identification (RFID), thereby facilitating the assimilation
of real-time field data [8]. Through an iterative process of continuous feedback and updates, BIM and
on-site data are effectively fused to develop a dynamic, multi-scale, and real-time environment model
for the operation of construction Cobots, as shown in Fig.2. Overall, the environment model provides
positioning and navigation services for robot operations, contribute to automated job task planning. It
also provides data support for construction decisions, and improves the intelligence of construction
strategies.

3.2. Perception and learning-capable construction Cobots

3.2.1. Security collaboration

During human-robot collaboration, safety is the first concern due to the close contact between robots
and humans. ISO/TS 15066 delineates four basic modes of safe human-robot collaboration: a) safety-
rated monitored stop; b) hand guiding; c) speed and separation monitoring; and d) power and force
limiting.

Measures to enhance the safety of Cobots interacting with their environment can be categorized into
passive and active strategies. The passive safety of collaborative robots is primarily facilitated through
mechanical design, such as lightweight materials, rounded edges and flexible joints of collaborative
robots. To ensure active safety methods are achieved through systemic design, which requires the
integration of an array of sensors to perceive the environment, coupled with the use of intelligent
algorithms to ensure safety.

3.2.2. Perception technology

In the challenges of personalized and uncertain operation objects and unstructured work environment
on construction sites, multi-dimensional perception and understanding capability is the foundation
technology for precise and intelligent operation of construction collaborative robots. The perception
system can transform the real construction site environment and objects into a digital model that can be
understood and computed by the robot system. Then the key elements of the work task and environment
are extracted, and the interference of irrelevant information is excluded, which can give reliable motion
planning strategies under the constraints of unstructured environment. Perception technology is also
important for safe collaboration. For example, laser sensors can help architectural collaborative robots



maintain a safe distance when working with humans. Force sensors can also generate feedback with
the worker, sensing the worker's position and movements to target speed, force, or emergency braking.
Acoustic sensors enable robots to sense acoustic signals (e.g., sound frequency and intensity), which
can be useful in safety monitoring and troubleshooting.
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Fig.2. BIM and on-site data integration environmental modeling

3.2.3. Task comprehension
Vision, speech, eye tracking, gesture recognition, and brain-computer interface are among the most

researched and implemented modalities in Human-robot interaction (HRI). By extracting action patterns,
sequence features, and motion data from behaviours, and comprehensively analysing them using deep
learning, the prediction of future actions of workers can be achieved. Meanwhile, real-time monitoring
of the state of the construction collaborative robot, including its position information, motion information,
and perception information, can provide the necessary environmental information for collaborative tasks.
Based on the in-depth understanding of the operator's intention and the accurate grasp of the status, an
adaptive and responsive flexible motion planning of the construction Cobots can be formulated, as
shown in Fig.3.

3.3. Construction resource planning and decision-making

Dynamic allocation and collaboration of construction tasks among human teams, human-Cobot
collaborations, and Cobot-Cobot interactions is essential. Traditional project management focuses on
achieving objectives such as cost, schedule, and quality through the comprehensive analysis of
construction resources. However, the deployment of construction Cobots demands more advanced
resource planning methods. Interdependencies and sequential relationships are common in
construction processes, resulting in position and motion state changes.
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Fig.3. Worker intention inference and task understanding

We have developed an environment model development method for construction resource scheduling
and decision-making. Our method integrates on-site data into the environment model, allowing for
dynamic adjustments of task allocation and sequences, as shown in Fig.4. The selection of task
completion roles can be optimized by taking into account factors such as task distance, workload, and
the number of Cobots and workers around the task, based on the on-site data integrated BIM model.
Depending on the location of workers and robots and collaboration dependencies during the
construction process, workers and Cobots scheduling methods can be determined. By optimizing the
task assignment and scheduling model based on project management goals and empirical knowledge,
the reliability and efficiency of construction Cobots can be further improved.
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Fig.4. Human-Cobots on-site scheduling and decision-making
4. Discussion

The integration of collaborative robots (Cobots) into construction operations represents a transformative
shift to increase productivity, ensure safety, and address the shortage of skilled labour in the AEC
industry. In this study, we propose a framework for deploying and applying collaborative construction
robots in dynamic and unstructured environments. Our approach utilizes advanced sensing
technologies, intelligent motion planning, and dynamic data integration through BIM model and real-time
data acquisition on site. A key aspect of our framework is the creation of a robust environment that is
continuously updated with real-time data from the construction site. This model provides a virtual yet
accurate representation of the physical site, enabling precise coordination between human workers and



robots. Such coordination is critical in complex construction environments, where environmental
unpredictability and the need for flexible task execution prevail.

However, there are challenges to using Cobot robots in construction. First, the highly variable and
transient nature of construction environments requires Cobots with advanced perception capabilities
that can adapt to sudden changes. Despite significant advances in sensor technology and machine
learning, achieving this level of adaptability remains challenging. Moreover, ensuring the safety of
human-Cobot interaction in such environments requires rigorous standards and innovative safety
protocols, as suggested by the guidelines of ISO/TS 15066. Another significant challenge is the
integration of Cobots into existing construction management systems. Cobots must not only fit into the
physical workflow of construction sites, but also align with project management objectives, which include
cost, schedule, and quality control. The proposed framework facilitates this integration by enabling
continuous monitoring and adjustment of tasks and resources, which improves decision-making and
ensures the project goals.

5. Conclusion

In this study, we present a framework to improve human-Cobot collaboration, safety, and efficiency
through data knowledge-driven adaptive operation of Cobots. The framework integrates project details
and real-time site data, enabling accurate monitoring of the work environment, human and machine or
Cobots interactions, project resources, and task distribution for streamlined management. The
integration of BIM and site data, dynamically updated by sensors on Cobots, enhances adaptability to
variable construction environments. It supports Cobots navigation and task planning while facilitating
better construction management decisions. Safety, a critical concern in human-robot interactions, is
addressed by incorporating comprehensive safety strategies. However, challenges such as site-specific
networking, sensor deployment, and the integration of advanced technologies like artificial intelligence
are addressed. Future research will further refine the human-Cobot on-site scheduling framework.
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