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ABSTRACT

Engineering analyses of work methods can help identify
approaches to reduce the risk of occupational injuries;
computer-aided simulation technology is effective in
terms of time and cost for evaluating multiple work
me_th.ods. This paper analyzed scaffolding, a common
activity in construction with high frequency of
overexertion injuries, through a computer simulation
model (3DSSPP) to identify less stressful work
strategies. A laboratory study was also performed to
verify the appropriateness of using the model for
scaffolding job analyses.

Seven commonly used end-frame lifting techniques were
evaluated. Computer simulations of these work
techniques show that considerable biomechanical stress
occurs to most of the workers at their shoulders and
ebows. A symmetric front-lifing at knuckle height
appears to be the less stresstul work technique, as
determined by computer simulation. The laboratory
study of the seven lifting methods, by measuring whole
bpdy isometric strength, confirmed the 3DSSPP
simulation results. The simulation model is suitable for
identifying less stressful work methods; the net benefit
achieved from the use of the model is a reduction in
testing cost as compared to traditional prototyping
methodologies. The “at risk” estimation of the model
seems to be conservative when compared to the
Iabo_ratory experiment results. This is probably because
the isometric strength of construction workers is higher
than that of workers in manufacturing, which was used in
the 3DSSPP model.

INTRODUCTION

Computer-aided simulations are increasingly being used
in evaluating the match between human capabilities and
the requirements of tasks. The advantages of these
simulations include 1) a reduction of time and thus cost
s compared to the expense of making a full model, 2)
the potential to offer more accuracy than the traditional
manikins, and 3) an effective tool for communication
among members of a design team [1].

National Institute for Occupational Safety and Health

Studies on injuries in the construction industry have
indicated that workers using various types of scaffolds in
residential and commercial construction sites are
exposed to an increased hazard of overexertion [2]. A
field study of overexertion risks to workers erecting and
dismantiing frame scaffolds has identified major
scaffolding activities and seven typical lifting techniques
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The objectives of the study are to compare the
biomechanical stress levels of the seven commonly used
scaffold-end-frame  disassembly techniques via a
computer simulation model and to verify the suitability of
using the model for identifying less stressful scaffold
handling methods through a human subjects study.

METHODS AND PROCEDURE

Computer-aided simulation

The project researchers visited 12 construction sites to
observe and videotape worker tasks involved with the
erection and dismantling of frame scaffolds. Seven
common scaffold-handling methods were identified
through video analyses (Figure 1) of 29 construction
workers' scaffold erection and dismantling techniques
and strategies [3]. These scaffold-handling methods
(human postures) were then reconstructed in a
computer, using the University of Michigan 3D Static
Strength Prediction Program (3DSSPP, version 4.2) [4].
The 3DSSPP allows analysts to create human work
postures, via computer, that closely match those
identified in the videotapes. With the posture information
and other inputs, such as the weight of objects being
handled and worker anthropometry information, the
3DSSPP reports biomechanical stresses on body parts
for each simulation (Figure 2). The body weight of 75.2
kg, body height of 177 cm (the 50" percentile male), and
hand-loads of 223 N, 312 N, 445 N, and 624 N were
used for the simulations. The 223 N load is equivalent to
an end-frame mass, whereas the 312N load represents
the force needed to disassemble frame sections that are
stuck together. The 445 N and 624 N loads represent
twice the weight of the above two conditions,
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Human Subject Study

Summary statistics for whole body isometric strength are
given in Table 2. Through calculation of two-sided 95%
tolerance bounds (8], the percentages of male
construction workers with strength ability at each hand-
load and posture were estimated (Tabie 2).

As expected, percentages decreased with hand-load
magnitude. Percentages were highest for posture 7,
followed by postures 6 and 3. Posture 7 (knuckle height)
was the least stressful work technique, accommodating
greater than 99 percent at the 223 N hand load and 92
percent at the 445 N hand load. Posture 3
accommodated 98 percent at 223 N and 85 percent at
445 N. Posture 6 accommodated 99 percent at 223 N
and 70 percent at 445 N.

hole Body Isometric Strength (N}

Posture

1 2 3 4 5 6 7
366.31466.7| 676.3 |547.5|334.41543.7|644.7

91.5 (117.6{ 194.0 1136.21110.4:62.7 | 71.1

Mean

td Dev

ICoeff.
Variation

inimum

0.25{025| 029 }[0.25}(0.33(0.12{0.11

212.5{350.3
543.1768.6

463.9
1088.3

341.8|1221.91441.2|1540.5
aximum 830.7|578.01628.9|759.8

Number 77| 7 (7168
of Subjects

“Percent
of Forces
Above 624N

“Percent
of Forces
[Above 445N

“Percent
of Forces
Above 312N

12%127% | 58% 139% i 2% |33% }55%

38% [53% | 85% |65% |27%{70% |92%

58% | 73% | 96% |85% {55% | 95% | 99%

'“Percent
lof Forces
iAbove 223N

71% | 86% | 99% |[94% | 73% | 99% |>99%

Notes:

1. Values are based on normal distribution two-sided 95% tolerance
bounds for population of male construction workers.

2. Standard deviations were pooled together for postures 1 to 4 and
5 to 7. Degrees of freedom were 24 for postures 1 to 4 and 15 for
postures 5to 7.

Table 2. Summary statistics for the Human Subject
Study
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Comparisons Between Human Subject and Computer
Simulation Studies

The percentages of workers with strength ability for each
hand-load and study are summarized in Table 3. In
general, the estimated percentages are lower for the
computer simulation study results.

Percentage similarity between studies is high for hand-
toads up to 445N and low for 624N. For the 624N har}d-
load, the average percentage difference between studies
was 17 percentage points and in one instance, there
was a 38-percentage point difference between studies.
For hand-loads less than or equal to 445N, the average
percentage difference between studies was 5
percentage points and all differences were jower than 16
percentage points.

Percentages between studies were most simitar for
postures one, two, and five where the average
percentage difference between studies were 3.5, 1.5,
and 4.8 percentage points, respectively. Percentages
were less similar for postures three, four, six, and seven,
where the average percentage difference between
studies were 14.3, 13.0, 8.8, and 11.8 percentage
points, respectively.

" Pparcent of Forces Above
624N | 445N | 312N [ 223N
cs® | 13% | 38% 46% | 72%
Posture 1 Hs® | 12% 38% 58% 71%
cs® | 26% | 55% 75% | 87%
posture 2 HS® | 27% | 53% 73% | 86%
s* | 20% | 70% 93% | 98%
posture 3 HS® | 58% | 85% 96% | 99%
cs® | 8% 53% 83% | 87%
Posture 4 HS® § 39% | 65% 85% | 94%
os? | 2% | 29% | 38% | 73%
Posture 5 HS® | 2% 27% | 55% | 73%
cs® | 13% | 62% 90% | 97%
Posture & Hg: | 33% | 70% 95% | 99%
0S® | 29% | 76% | 94% | 98%
Posture 7 S | 55% | 92% 99% | >99%

Notes:

1. Human subject study percentages are based on qormal
distribution two-sided 95% tolerance bounds for pqpuia'non of
male construction workers. For the Human Subject Study.
standard deviations were pooled tor postures 1 to 4 and 5 to 7.
Degrees of freedom were 24 for postures 1 to 4 and 15 for
postures Sto 7. _

2. CS = Computer Simulation Study, HS = Human Subject Study.

Table 3. Percentage of workers (for both studies)
with strength greater than specified hand load



DISCUSSION

ltis recognized that when the strength requirements of a
task exceeded the isometric strength of workers, the
mean injury incident and severity rate increased by a
ratio of 3:1 [7]. The computer simulation results indicated
that postures 7, 3, and 6 would be the most favorable
methods, 97 to 98 percent of “average” persons would
be able to handle the task at minimum overexertion risk
when using these postures for non-excessive lifting of
the 223N scaffold end-frames. If we give a safety factor
of 2 for frequent disassembly, then the maximum lifting
strength required by the job should not exceed 50% of
maximum isometric strength. Using this paradigm, 445 N
(based on a 222.5 N scaffold) would be a critical check-
point for evaluating scaffold-end-frames disassembly
postures. The computer simulation results showed that
posture 7 would be the most acceptable posture; 76
percent of “average” males would be able to handle the
task at minimum overexertion risk.

The human subject study confirmed that posture 7 was
the least stressful method. The net benefits achieved
from computer model use are a reduction in testing cost
as compared to traditional prototyping methods and an
understanding of limiting factors (body parts/joints) for
different work postures. The consistent results from both
computer simulation and human study indicate that the
3DSSPP model is suitable for scaffolding job analyses.

The “at risk” estimation from the computer mode! seems
to be conservative when it is compared to the human
subject experiment results. The difference was more
obvious at heavier loads. This is probably because
isometric strength of construction workers in our
laboratory study was higher than that of workers in the
manufacturing industry (which was used in the 3DSSPP
model). Whole body isometric strength values (457 N
mean) in a baseline posture for the construction industry
subjects {used in human subject study) were somewhat
higher than those found by Chaffin et al. [7] in 551 male
industrial workers between 20 and 50 years of age
(322.6 N — 430.5 N mean).

As described in the methods section, the authors used a
function provided by the 3DSSPP to manipulate human
work postures, via computer, to obtain postures that
matched those identified in the videotapes. Several
trials were performed for each posture to obtain the best
match. In some instances, there were several similar
posture matches. We chose the posture with the highest
percent capable of performing the task. This procedure
was based on an assumption that a person will optimize
histher linkage system when a gross posture is defined.
We believe this approach is reasonable.

In scaffolding fields, workers sometimes lift or carry an
end frame with hand locations away from the center-of-
mass. |f researchers want to analyze the posture using
the 3DSSPP model, they need to manualily calculate a
correct input hand force. Possibly, the model could be
enhanced to include a subroutine that calculates this
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hand force. The subroutine would be useful for
analyzing worker biomechanical stress during the large-
size material handling that commonly occurs in the
construction and agricultural industries.

CONCLUSION

Based on the computer simulations, posture 7 would be
the most favorable postures for use in scaffold end
frame disassembly. The laboratory human subject study
confirmed the appropriateness of using the 3DSSPP
model for scaffolding job analyses. The “at risk”
estimation from the computer model seems to be
conservative when it is compared to the laboratory
experiment results, especially at high load conditions.
This is probably because the isometric strength of
construction workers is higher than that of workers in
manufacturing industry, which was used in the 3DSSPP
model.

Although both the computer simulation and human
subject studies identified posture 7 as the least stressful
technique for scaffold end frame disassembly, workers
need to be aware that the likelihood of fatigue and injury
exists for some individuals. Likelihood of tatigue and
injury can increase when using a higher disassembly
force for frame sections that are stuck together.
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