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Abstract

The construction industry continuously struggles with productivity loss and premature exits of
workers from the workforce. This has been partly attributed to the physically demanding and repetitive
nature of construction tasks, which results in workers assuming unsafe postures. Execution of
construction work in unsafe postures leads to strain on the body segments, which results in fatigue,
injuries or in severe cases, permanent disabilities. One way of mitigating the occurrences of these
injuries is by adequately training workers to make them aware of appropriate postures for executing
construction tasks. Existing education or training methods have been largely based on online manuals
and instructor-led trainings, which do not provide construction workers opportunities to try-out the
trainings and obtain feedback based on their performance. Moreover, trying out these trainings on actual
job-sites with direct supervision by the ergonomic experts can be disruptive to on-going projects, costly,
and time-consuming. Virtual reality offers the option to produce and distribute analogous simulation
environments in which workers’ performance can be measured and improved. When integrated with
wearable sensors, ergonomic exposures of different body segments can be captured and assessed via an
intelligent virtual instructor, providing immediate feedback and coaching to improve worker’s motor
skills in working in safe postures. This paper presents a framework of a cyber-physical postural tracking
and feedback system that leverages virtual reality and wearable sensors for educating construction
workers about the risks associated with their work and suggesting alternative motions and postures. The
virtual environment of the proposed framework consists of an intelligent virtual instructor which
comprises of learning scenarios and intelligent feedback and recommendation system. The virtual
instructor is capable of diagnosing knowledge and skill gaps of individual workers in achieving optimal
work behaviors and adapting instructional contents and delivery methods according to the need of
individual trainees. The framework was developed and preliminary results indicate that the proposed
immersive learning technology would improve safe postural learning. Significant implications for future
experimental and postural correction protocols are also discussed.

Keywords: Postural Training, Virtual Reality, Wearable Sensors, Machine Learning and Cyber-
physical systems

1. Introduction

Musculoskeletal injuries are a growing concern for the construction industry. The United States’
Bureau of Labor Statistics (BLS) reports that work-related musculoskeletal disorders (WMSDs) make
up nearly 40% of all injuries and illnesses requiring days away from work in the construction industry
((BLS), 2018). This has also been linked to significant productivity and economic loss. For example,
according to a 2018 report by Liberty Insurance, direct workers’ compensation costs due to
musculoskeletal disorders amounted to about $19 billion (Insurance, 2018). The National Institute for
Occupational Safety and Health identified awkward working postures as one of the triggers of
musculoskeletal injuries (Bernard & Putz-Anderson, 1997). Awkward postures are body positions that
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deviate from the neutral posture such as performing bending or twisting to lift, overhead work, stooping
and squatting (Talk, 2015). Performing activities in awkward postures put a lot of strain and fatigue
most commonly on the back, knee, and neck/shoulders (Salas, Vi, Reider, & Moore, 2016; D. Wang,
Dai, & Ning, 2015; D. Wang, Dai, Ning, Dong, & Wu, 2017). Chronic exposure, in severe cases, can
result in permanent disability. Throughout their work life, construction workers master habits which if
uncorrected could translate into behaviors that novice workers or trainees could pick up over time
(Laberge & Ledoux, 2011; Merlino, Rosecrance, Anton, & Cook, 2003; Schwatka, Butler, &
Rosecrance, 2011).

Most often, awkward postures can be prevented by adequately educating or training
construction workers to make them aware of (i) safe and unsafe postures for different tasks (Chaffin,
Gallay, Woolley, & Kuciemba, 1986; Cheng, Migliaccio, Teizer, & Gatti, 2012; D. Wang et al., 2015),
(i1) proper layout of workplaces (Chaffin et al., 1986; Lemasters et al., 1998; Ray & Teizer, 2012) and
(ii1) correct selection of tools or equipment (J. T. Albers et al., 1997; Buchholz, Paquet, Punnett, Lee,
& Moir, 1996). In addition, safe work behaviors and practices have been promoted by safety and health
organizations such as National Institute for Occupational Safety and Health (NIOSH) (J. Albers &
Estill, 2007; Moore, Steiner, & Torma-Krajewski, 2011) and Occupational Safety and Health
Administration (OSHA). These include training materials and programs to help construction workers
recognize and avoid unsafe postures in their workplaces. Since these trainings are instruction-based,
construction workers do not have many opportunities to try-out tasks and receive feedback based on
direct observation of their work. Accordingly, providing postural training to construction workers while
performing the actual task can be expensive and time-consuming; particularly due to access to
ergonomic experts to monitor posture during construction work. In some cases, visual observation or
inspection may not be accurate and reliable. Also, due to the cost of obtaining postural training, workers
tend to resort to online instructional sources, where quality of instruction and transfer of training may
be difficult to ascertain.

Advances in information technologies have resulted in the emergence of Cyber-Physical
Systems (CPS), which offers a more effective approach to training workers by strategically adapting
the instructional contents to the development or performance of the workers. There is evidence that CPS
can provide a platform for situated and experiential learning which is transferable to practice (Abele et
al., 2015; Torngren et al., 2015). Compared to the traditional approach to training workers, CPS
strategically employs computational resources for real-time monitoring and understanding of the
performance or behavior of learners and provides the training materials needed to achieve the learning
objectives based on the positive and/or negative performance of the learners. By integrating virtual
reality, wearable sensors and machine learning algorithms, ergonomic exposures of different body-parts
of workers can be captured as workers practice work in a virtual environment, assessed and immediate
feedback can be delivered based on the performance level until the worker has attained the required
skill. Thus, this paper focuses on describing an on-going research aimed at employing CPS for
developing the competencies of construction workers in performing work in safe postures.

2. Background

Over the years, safety and health organizations such as OSHA and NIOSH published guidelines
for addressing general ergonomic and postural issues. For example, Moore et al. (2011) and J. Albers
and Estill (2007) provided graphical guidelines for carrying out example construction tasks with
alternative tools and equipment. In addition to other ergonomic risks, the manuals provide solutions for
awkward postures such as reaching overhead or behind the head, twisting at the waist, bending the torso
forward, backward, or to the side, squatting, kneeling and bending the wrist. Solutions to lifting loads
from the ground surface can be accomplished by stooping or bending. Such postures, however, are not
recommended for ergonomic reasons and in such cases, the methods shown in Fig. 1 are recommended.
In-spite of these guidelines, several researchers (Van Eerd et al., 2016; X. Wang, Dong, Choi, &
Dement, 2017) and the BLS (BLS, 2017) have reported increasing incidents of WMSDs. These
guidelines are usually administered through online materials and instructor-led trainings (lecture or
demonstration), relying on the belief that the learners will acquire safe postural skills by obtaining
verbal or visual information. Learners have limited opportunities to practice the skill and obtain regular
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feedback based on inspection or direct observation of their work.

The advent of ubiquitous computational and control resources has provided opportunities for
developing intelligent personalized learning environments for enhancing competencies of workers. Till
date, most of the studies in the area of construction ergonomics has been focused on the identification
and assessment of postures of construction workers (Chen, Qiu, & Ahn, 2017; Nath, Akhavian, &
Behzadan, 2017; Yan et al., 2017). Little effort has been made in the area of enhancing cognitive and
motor skills of construction workers to reduce work-related musculoskeletal injuries. A recent study by
Sivanathan, Abdel-Wahab, Bosche, and Lim (2014) proposed a near CPS approach that employs
sensing systems and gaming platform for tracking the movement of body-parts of construction workers
and providing feedback based on their performance. The authors suggested that the feedback could be
provided to the user via an audio alert. Since the workers are tracked while performing real construction
activities, there are limited opportunities to digest the provided feedback and take corrective actions.
This study addresses these limitations in the body of knowledge and complements the current practice
by employing CPS for providing a personalized and flexible learning environment capable of engaging
and adapting to learner’s preferences while also obtaining feedback.

Figure 1: Ergonomic procedure of lifting load to reduce occurrence of back injury (J. Albers &
Estill, 2007)

3. Cyber-Physical Postural Training System

The study aims to improve competencies of construction workers in performing work in safe
postures through a CPS based postural training system. The developed CPS postural training system
tightly integrates computational resources such as virtual reality, wearable sensors and machine
learning, with the physical movements of construction workers (as shown the Fig. 2). Within a virtual
environment, the developed system provides examples of how to perform real construction tasks in safe
postures and practice exercises. The system employs wearable sensors for tracking the body-parts of
learners as they implement practice exercises. The captured body rotation data are analyzed and used
by the machine learning model. The machine learning model automatically learns the behavior or
movement of the learner and provides instructional materials needed to achieve safe postures.
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Figure 3: A framework for using CPS based postural training

Table 1. Example of safe and unsafe postures for ‘Lifting wood’ task

Safe Posture Unsafe Posture

3.1 System Modules

The framework comprises of three modules: (1) Posture knowledge dissemination (PKD) to
educate workers on what safe and unsafe postures are; (2) Posture practice (PP) to allow workers to try-
out the knowledge acquired through real site activities, and (3) Posture assessment and feedback (PAF)
to assess the performance of the worker and deliver instruction materials based on performance, as
illustrated in Fig. 3. These modules are described as follows:
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Posture Knowledge Dissemination: This module focuses on teaching and transferring postural
knowledge. Prior to commencing training, it is important to provide learners with guidelines on how to
assume safe and unsafe postures (Table 1), and types and levels of ergonomic risks associated with
different body segments. This module provides construction workers with guidelines or illustrations on
how to carry out construction work in safe postures. In this module, VR animations (Fig. 4) are used to
illustrate the scenarios of safe postures for different construction tasks, allowing learners to clearly
visualize how the construction tasks should be carried out on real site environments.

Posture Practice: This module consists of construction activities and tasks that will be executed
by different construction trades. After learning the safe and unsafe postures from the PKD module,
learners can select their trade and they will be provided a list of tasks to choose from. For each of the
tasks selected, the learner will be provided with the materials and equipment required for executing the
task. By replicating or practicing the construction tasks in the virtual environment, the learners are
engaged in experiential learning. In comparison to other traditional methods, experiential learning
significantly increases understanding and retention of learned materials, as learners are intrinsically
motivated when they are actively engaged in the learning process (Cope & Watts, 2000; Reigeluth,
2013).

Posture Assessment and Feedback: This module will assess the workers’ learning and determine
if additional training is required for specific areas. This module extracts (1) the postures of the worker
when training with the tasks from the posture practice module; (2) compares these with recommended
or safe postures stored in the database; and (3) delivers the suitable instructional materials if additional
training is required.

Training Activities

Lif Box

Reaching m

Figure 4: Learner observing safe postures to perform ‘lift box’ subtask

3.2 System Architecture

The system architecture for the CPS based postural training system consists of the following four
layers: visualization layer, modeling layer, data layer and sensing layer, as shown in Fig. 3. These are
described as follows:

Sensing layer: The sensing layer consists of vision and component-based sensing systems for
tracking the movement of the body-parts when the learner is practicing work from the PP scenarios in
the data layer. This CPS system uses a commercially available wearable sensor (PrioVR) consisting of
19 IMU sensors, a base-station and a hub. Each IMU consists of a 3-axis accelerometer, gyroscope, and
magnetometer, which measures the acceleration and angular rotations of each of the segments of a
learner’s body. The hub collects data from each IMU and sends the data wirelessly to the base-station.
The base-station communicates the received data to the computer over USB. This is shown in Fig. 5.
The orientation data of each body-part are sent to a posture extraction algorithm in the data layer.
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Figure 5: Wearable IMU — IMU, Base-station and Hub (Labs., 2007)

Modeling layer: The modeling layer implements the posture extraction and reinforcement learning
models. The posture extraction algorithm uses the angles of the body-parts (obtained from the sensing
layer) to generate postures. The reinforcement learning model was built based on the actor-critic
learning algorithm (Peters & Schaal, 2008). The actor-critic reinforcement learning algorithm serves
the following purposes: (i) diagnoses the knowledge and skill gaps of individual trainees in achieving
safe postures on the virtual construction sites, and (ii) adapts the instructional contents and delivery
methods according to the need of individual trainees. The diagnostic and adaptive capabilities are two
essential qualities of a good teacher in maximizing learning (Hill, 2002; Iglesias, Martinez, Aler, &
Fernandez, 2009). The actor-critic reinforcement learning model defines the current state (of learning)
according to the posture assumed and with respect to the learning scenarios administered. The policies
(i.e., options for adapting the virtual instructor in the visualization layer) are a combination of learning
aids/hints available in the PAF module. The actor-critic reinforcement learning model chooses a policy
to adapt the virtual instructor when the postures are deemed unsafe ergonomically. If the trainees show
posture improvements, the reinforcement learning model will not only continue with the policy but also
reinforces or rewards the policy for that given state. However, if the posture continues to be unsafe, the
reinforcement algorithm selects another policy and then negatively reinforces or punishes the policy for
that given state. Actor-critic reinforcement learning model is highly suitable for developing the
intelligence of the instructor because the posture assessment is automated, enabling the computation of
reward and punishment for each policy for adapting the virtual instructor with respect to the state of
learning.

Data layer: The data layer consists of the databases housing the body movement data (kinematic
data), the risk classification, and the PP, PKD and PAF modules. The risk classification provides a way
of quantifying risks associated with different body-parts through the rotation or angles of bent of the
body-parts (Lowe, Weir, & Andrews, 2014). The higher the angle a body part bends, the more likely is
the risk of awkward postures, hence, musculoskeletal disorders over time. To reduce observational
errors, researchers have classified these angles into different risk levels (Chander & Cavatorta, 2017;
David, Woods, Li, & Buckle, 2008; Lee & Han, 2013; Stanton, Hedge, Brookhuis, Salas, & Hendrick,
2004). This study employs the Postural Ergonomic Risk Assessment classification (Chander &
Cavatorta, 2017) shown in Table 2, which is based on tasks involving repetitive subtasks and non-static
postures.
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Table 2: Risk Classification Chart

Body Part No Risk Low Risk Medium Risk | High Risk
Trunk Flexion 0-20 21 -60 >60
Trunk Lateral Flexion 0-10 >10
Shoulder Flexion 0-20 21 -60 >60
Elbow Flexion 0-20 21 -60 >60
Hip Flexion 0-30 31-60 61-90 >90

Visualization layer: The visualization layer includes the VR hardware, virtual construction site and
the virtual instructor developed using the Unity3D gaming platform. The virtual construction site and
the virtual instructor are delivered to the learner using the HTC Vive Pro device (VIVE, 2018). The
virtual construction site consists of virtual construction site resources needed for demonstrating the
scenarios in the PKD module and for implementing the tasks in the PP module. The virtual instructor
delivers personalized information from the PKD, PP and PAF modules. The significance of the virtual
instructor is to motivate the learner, reinforce the learning concepts, and provide guidance through the
posture learning tasks. Asides the feedback from the PAF modules, the virtual instructor also educates
the learner about the levels of risk associated with each IMU tagged body-parts. Different color codes
are used to differentiate between the risks levels shown in Table 2. Each body-part can be colorized
based on their angle of bent. On seeing the color of the body-part, the learner can take corrective actions.
Figs. 6 and 7 show the learner performing construction tasks and the virtual instructor from a first person
view.
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Figure 6: Learner performing framing task and the virtual instructor showing his posture
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Figure 7: Learner performing ‘lifting wood’ subtask and virtual instructor showing his actual
posture

4. Conclusions and Future Work

This paper has presented the development of a CPS based postural training system. An overview
of the development of the preliminary prototype is presented. This includes the system architecture,
modules and the virtual learning environment. With the aim of enhancing a tight integration between
computational resources and physical movements of workers, the proposed CPS postural training tool
offers advantages in educating inexperienced (novice or trainee workers) and the experienced workers
in performing work in safe postures, thereby reducing the risk of musculoskeletal injuries. The
developed system provides feedback via a virtual instructor in the VR environment in two ways: (1) by
adapting instructional aids in the form of hints or illustrations on how to maintain safe postures and (2)
by colorizing the body-part of the replica posture of the learner. Therefore, the performance of the
learner can be evaluated and underperformances can be corrected. Future work on the preliminary
prototype involves the following: conducting a usability analysis of the virtual instructor on different
construction trades. The strength of the reinforcement learning model in adapting instructional aids lies
in the amount of training data. More data will need to be collected for different trades to training the
reinforcement model. Lastly, the developed prototype will be evaluated to examine its effectiveness for
transferring the obtained knowledge and safe behavior to actual construction sites.
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