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a b s t r a c t

Virtual reality techniques have been increasingly used for ergonomic applications. However, it is always
important to know whether the results obtained in a virtual environment (VE) are representative of
a real environment (RE) ones. This paper presents our preliminary experimental results on the rela-
tionship between ergonomic measurements in VE and RE for some typical “drilling” tasks. The same
tasks were carried out by thirty male manufacturing factory workers in both VE and RE. Five evaluation
indices e three objective (elbow angle, maximum force capacity reduction, and task completion time)
and two subjective (BPD e Body Part Discomfort and RPE e Rated Perceived Exertion) e were used to
evaluate the similarities between VE and RE for the selected “drilling” tasks. Four of these indices (all
except elbow angle) were significantly higher (p< 0.05) in VE than in RE, which indicates that subjects
experienced more discomfort and grew fatigued more quickly in VE. However, linear correlations
(Pearson’s rho: 0.635e0.807) between VE and RE were found for two of the five indices (BPD and
maximum force capacity reduction).
Relevance to industry: Using digital mock-ups and virtual reality simulations, industrial work activities
can be evaluated to identify potential ergonomic problems during an early design stage, which reduces
design time and costs, increases quality and improves customer satisfaction. A validated linear rela-
tionship can provide a reference for work design in virtual reality.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Musculoskeletal disorder (MSD) is a serious occupational health
problem facing manual material handling workers which affects
a significant proportion of the workforce. In 2001, the National
Research Council and the Institute of Medicine reported that MSD
represented 40% of compensated injuries at cost of 45e54 billion
US dollars per year in the United States (National Research Council
and Institute of Medicine, 2001). In the European Union, 40 million
workers suffer from MSD, and the financial loss caused by MSD
has been estimated at between 0.2% and 5% of GDP (Buckle and
Devereux, 1999). Therefore, many researchers are focusing on
analyzing potential MSD exposures and preventing MSD in work
design (Ma et al., 2009a).

MSD is believed to be closely related to posture, physical over-
exertion, duration and frequency of physical effort, discomfort, and

physical fatigue (Pheasant, 1999). In order to reduce MSD risks,
many methods have been developed to investigate ergonomic
design problems. These methods can be mainly classified into
subjective and objective evaluation methods (Li and Buckle, 1999).
Borg’s scale, which is also called the Rated Perceived Exertion
(RPE)method, is a subjective tool that has been used to evaluate the
effort of subjects in a variety of research; it has been validated
as consistent with several physiological variables (e.g., heart rate)
(Garcin et al., 1998; Kim et al., 2004). Another well-known
subjective method, Body Part Discomfort (BPD), was developed to
evaluate the intensity of discomfort felt by subjects (Corlett and
Bishop, 1976; Lowe, 2004; Yuan and Kuo, 2006; Lin et al., 2010).
Some posture-based observational methods have been developed
to objectively assess physical exposures. The Ovako Working
Posture Analysis System (OWAS) was designed to facilitate the
evaluation of the overall human body (Scott and Lambe, 1996). The
posture targeting method (Corlett et al., 1979) and Rapid Entire
Body Assessment (REBA) (Hignett and McAtamney, 2000) were
also designed to evaluate total body postures, while Rapid Upper
Limb Assessment (RULA) was specially designed to evaluate upper
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body postures (McAtamney and Corlett, 1993; Bao et al., 2007).
However, in these conventional methods, evaluation must be
conducted in the field, which requires a great deal of effort and an
expensive physical mock-up.

Digital human modeling (DHM) and virtual human simulation
(e.g., 3DSSPP�, EAI Jack�, RAMSIS) have been created to facilitate
ergonomic evaluations (Ma et al., 2009a). Using these tools, the
visual scope and reach envelope of users representing specific
populations can be analyzed (e.g., EAI Jack�) (Chaffin et al., 2001).
Some DHM tools can calculate the biomechanical attributes of
manual handling operations (e.g., Anybody� Modeling System,
3DSSPP�) and predict physical fatigue and potential disorder risk.
These analytical tools can be used to identify and mitigate ergo-
nomic problems of a designed product, workstation, or job in order
to promote human considerations and protect the users, during an
early stage of design.

Virtual human simulation provides a quick, virtual representa-
tion of human beings in a simulated working environment. Phys-
ical mock-up is no longer necessary, and multiple aspects can be
assessed with rapid computational efficiency. One of the main
issues with using virtual human simulation in some applications
is that the movement or motion is obtained through inverse
kinematics, which gives the virtual human robot-like, unnatural
behavior (Chaffin and Erig, 1991).

Virtual reality (VR) technology is able to provide an immersive
working environment. Several peripheral devices such as motion
tracking systems and haptic interfaces have been invented to
provide different ways for the user and the VR system to interact.
Buck (1998) used VR technology and DHM tools to enable human
participation in industrial system design evaluation. VR has also
been used in ergonomics applications to assess different aspects
of manual handling operations (Whitman et al., 2004; Jayaram
et al., 2006; Wang et al., 2007).

The aim of integrating ergonomic evaluation methods into VR
is to facilitate the work design process, enhance design efficiency,
and lower the design cost. Hypothetically, if a virtual environment
could provide 100% fidelity (meaning that a user would feel exactly
the same as in the real world, but not possible due to technical
constraints), then the workload and performance in VE should be
the same as in a real environment. Practically, however, the main
concern is whether the indices in VE, which have a limited level of
fidelity due to economic and technical constraints, are consistent
with the indices in RE. To address this question, we designed and
conducted experiments on a VR system with only stereo visual
feedback (head-mounted display) and motion control input
(motion tracking device). Our setup was equivalent to a typical
system for entry-level VR users. Higher-end VR systems with more
immersive audio/video displays and more feedback channels (such
as tactic and haptic) are believed to yield results that are more
consistent with RE than this entry-level setup. In this experimental
study, three objective indices (elbow angle, maximum force
reduction rate, task completion time) and two subjective evaluation
indices (BPD, RPE) were used to evaluate different aspects of task
performance in both virtual and reality environments (VE and RE).

2. Method

2.1. Subjects

Thirty male subjects participated in this experiment after
giving their informed consent. They were all recruited from
a manufacturing enterprise and all reported that they were free
frommusculoskeletal disorders. Mean subject agewas 41.8 yrs with
a standard deviation (SD) of 11.5 yrs; mean height was 172.0 cm
with a SD of 5.5 cm; and mean weight was 69.5 kg with a SD of

12.2 kg. Twenty-two of the subjects were professional hand-tool
operators with work experience ranging from three to twenty
years. The other subjects used hand-tools occasionally in their
work.

2.2. Task description

The experimental task was a simplified version of a typical
hand-drilling or riveting operation. It included several elementary
operations that compose a drilling or riveting task: holding and
lifting a hand-tool, moving the tool to several targets, and keeping
the tool aligned with the target for a certain period of time. Each
subject was asked to perform the simulated “drilling” operations
while sitting or standing at a fixed working position.

A 1.5-kg hand-tool was used to simulate the external load. The
tool weight was determined according to typical drilling tools on
themarket. Several weights were evaluated in our pilot test, andwe
found that weights heavier than 1.5 kg caused too much fatigue for
some subjects. In this experiment, the hand-tool consisted of
a plastic cover filled with weighted materials to avoid magnetic
interference with the mounted sensors. The tool was placed on
a fixed, 70-cm-highworkstation, 80 cm away from the subject prior
to the start of the task.

The working position of the subject was fixed. Operation targets
were placed on two fixed platforms at 80 and 140 cm high for
sitting and standing postures, respectively. Both platforms were
placed 80 cm in front of the subject (Fig. 1).

All of the operation target points were located on a target plate.
The target plate for standing tasks was 550 mm high by 400 mm
wide, and the plate for sitting tasks was 400 mm high by 600 mm
wide. There were nine numbered target points on each plate.
Physical target plates were used in RE, and similar digital plate
models were used in VE (Fig. 2).

The following steps were necessary to complete the simulated
assembly tasks.

(1) Reach and hold the hand-tool in a fixed position.
(2) Place the hand-tool in alignment with a target point on the

plate model and maintain the posture for three seconds (until
the timing signal is given by the computer).

(3) Finish all nine target points in ascending order as a loop.
(4) Complete additional loops (two or four) as required by the task.

2.3. Apparatus

The VR simulation system used in this experiment was
a typical, entry-level setup. The hardware setup included a typical
head-mounted display (5DT� HMD 800-26 3D, http://www.5dt.

Fig. 1. Working postures and magnetic sensors mounted on a subject.
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