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Abstract
Manual material handling is one of the major causes of severe industrial injury. Foundries are an industry where manual material
handling is performed routinely. This paper presents a study conducted using a simulated metal pouring operation commonly found in
small foundries based on activities. Two laboratory experiments were conducted to evaluate two objectives: (1) to study the effects of
different mold heights and carrying distances on physiological responses, and (2) to determine maximum acceptable task frequencies
(MAF) for metal pouring. Both objective and subjective measures were used in the study. The objective measures included oxygen
uptake, heart rate, and blood pressure while subjective measures included ratings of perceived exertion. Ten healthy males served as
participants for these experiments. Results indicated that carrying distance had a signiﬁcant effect on both heart rate and oxygen
consumption. Results also indicated that the participants selected a MAF which was as much as 25% lower than the expectations present
at the foundry on which this experiment was modeled. Recommendations for reducing the risk on injury are also discussed in the paper.
Relevance to industry
Small and medium-sized foundries often have limited resources to deal with occupational safety and health issues. Hence, the results
presented in this paper coupled with the engineering and administrative changes, could be used as guidelines for setting good work
practices.
r 2007 Elsevier B.V. All rights reserved.
Keywords: Foundry; Metal pouring operations; MAF; Physiological cost; Manual material handling; Energy expenditure

1. Introduction
Manual material handling is one of the major causes of
severe industrial injury (Ciriello, 2005; Dempsey and
Hashemi, 1999). It has been estimated that more than a
quarter of all injuries related to industrial work are directly
associated with MMH activities (Konz, 1995). Many of
these injuries arise from improper handling of materials.
The direct and indirect costs are enormous, and the human
suffering associated with low back injuries is immeasurable
(Kroemer et al., 2001). In order to control the frequency,
severity and tremendous economic losses of these injuries, a
variety of research and design guidelines have been
proposed (Davis and Stubbs, 1980; Waters et al., 1993;
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National Occupational Health and Safety Commission,
1995).
Manual material handling has been known to be one of
the prime causes of back injury. It is reported in the USA
that 60% of people suffering from lower-back injuries
claim overexertion caused the injury. In the 2004 annual
report, Liberty Mutual Research Center for Safety
published The Liberty Mutual Workplace Safety Index,
which revealed that overexertion, comprising of injuries
due to lifting, pulling, holding, carrying or throwing of an
object, was the number one cause for workplace injuries in
2002 and ranked among the top ﬁve during the preceding
years. Also, overexertion accounted for $13.2 billion cost
of serious workplace injuries in 2002 (Liberty Mutual
Research Institute for Safety, 2004). Furthermore, back
injuries result in much more lost job time (Chafﬁn, 1987).
The total cost of back injuries in the USA in 1991 was
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reported to be between 50 and 100 billion dollars (National
Institute for Occupational Safety and Health, 1997).
For several decades the elimination, or at least a reduction
in the risk of injury due to lifting tasks has been a topic of
interest in many ﬁelds of research. Researchers have utilized
various approaches/techniques such as epidemiological
approach (Chafﬁn et al., 1976, 1978; Arad and Ryan,
1985), postural analyses (Genaidy et al., 1994; Kuorinka
et al., 1994), biomechanical approach (Andersson, 1985;
Freivalds et al., 1984; Hsiang and Ayoub, 1994), physiological approach (Kumar, 1984; Damlund et al., 1986), and
the psychophysical approach (Ayoub et al., 1978; Mital and
Okolie, 1982; Snook et al., 1970; Snook and Ciriello, 1974)
to evaluate and quantify the relationships between imposed
stresses and the resulting strain, and thereby, control the
pervasive overexertion injury and back problem.
A hazardous task observed in the foundry, which could
contribute to low back injuries involves pouring molten
metal. Automation has been exercised as an option in large
scale foundries. However, due to the high cost of automating metal pouring operations, many small scale foundries in
the Southwest Michigan still utilize the manual method for
pouring metal. Karim et al. (1998) conducted a study in a
foundry to document energy expenditure while pouring
metal at different combinations of mold heights and
carrying distances. The study, which was conducted in early
spring (mid March) in Michigan, provided insight about
task requirements. This study builds upon that endeavor by
creating two experiments which replicate the task demands
in a laboratory environment. The objectives of the experiments were to: (1) study the effects of different mold heights
and carrying distances on physiological indices, and (2)
determine maximum acceptable task frequencies (MAF).
2. Methods and procedures
2.1. Subjects
Ten male volunteers between the ages of 21–28
consented to participate in this study. All of the subjects
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were from the student population at Western Michigan
University and were compensated for their time. The
participants were not recruited on the basis of any relevant
industrial experience. Proper instructions and adequate
familiarization time was provided prior to the testing
sessions. Mital and Fard (1986) showed that with proper
instructions and task familiarization there was no signiﬁcant differences between non-industrial workers performing manual material handling activities. Prior to
testing, the participants were screened for any history of
musculoskeletal disorders (MSDs) especially back pain or
back disorder. Table 1 provides the descriptive statistics for
the participants.
2.2. Apparatus
The metal pouring operation simulated in this endeavor
was performed using an iron ladle ﬁlled with sand (handle
length: 1.81 m, upper periphery of the cup: 0.762 m, bottom
periphery of the cup: 0.635 m, and height of the ladle:
0.152 m). Sand was chosen over molten aluminum for two
reasons: (1) its density (2.32 g/cm2) was close to that of
aluminum (2.70 g/cm2), and (2) the experiment could be
safely performed by the non-industrial workers in the
laboratory.
Two wooden ﬁxtures were fabricated to simulate the
height of the furnace (set at 0.914 m from the ground) and
height of the molds (set at 0.6096 m and 0.4572 m from the
ground). The two carrying distances (1.2192 and 4.572 m)
were simulated by varying the distance from the furnace to
the mold. These heights and distances were chosen to
reﬂect a particular manual metal pouring operation in a
foundry located in southwest Michigan as per a study by
Karim et al. (1998).
A JAMAR hydraulic hand dynamometer with a ﬂoating
pointer was used to measure grip strengths. The physiological responses, oxygen consumption and heart rate, were
collected using a COSMED K4B2 system and a Polar heart
rate monitor, respectively. The other equipment used in the
study included a treadmill, an anthropometric measuring

Table 1
Descriptive statistics for 10 male participants
Variable

Mean (SD)

Min

Max

Age (years)
Height (mm)
Weight (kg)
Shoulder height (mm)
Iliac crest height (mm)
Knuckle height (mm)
Knee height (mm)
Forearm-grip distance (mm)
Chest width (mm)
Chest depth (mm)
Abdominal depth (mm)
Grip strength at elbow angle of 1801 (kgf)
Grip strength at elbow angle of 901 (kgf)

24.80
1774.20
75.14
1471.90
1052.80
776.90
560.07
377.40
297.70
214.60
203.90
44.00
43.00

21.00
1676.00
56.36
1372.00
953.50
685.80
508.00
350.50
264.20
177.80
175.30
32.00
30.00

28.00
1930.00
102.30
1600.00
1143.00
863.60
622.30
419.10
345.40
269.20
241.30
54.00
62.00

(3.01)
(76.20)
(11.88)
(81.30)
(53.70)
(55.34)
(34.03)
(19.50)
(26.20)
(25.60)
(21.50)
(7.24)
(10.17)

