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Abstract. The present study validated an integrated biomechanical modeling 
approach that the researcher has previously developed to study the physical 
demands for drywall installers. In particular, a sensitivity analysis was 
conducted to examine the impact of some quantitative assumptions that have 
been made to facilitate the modeling approach. Through setting up null 
hypothesis for each assumption and changing one parameter at a time, the new 
model output values were compared to the original ones. Using student t-tests to 
evaluate the statistical differences of the mean values, the sensitivity analysis 
was achieved by determining if any assumption or parameter has significant 
impact on the model. The results indicated that the modeling approach seemed 
to be the most sensitive to both the distribution of work cycles for a typical 8-
hour workday and the distribution and values of Euler angles that are used to 
determine the “shoulder rhythm.” Whereas other assumptions including the 
distribution of trunk postures did not appear to have significant impact on the 
model output values. It was concluded that the integrated approach might 
provide an applicable examination of exposure variability particularly reflected 
by the non-routine feature of the work. 
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1 Introduction 

Construction workers who perform drywall installation are at a high risk of various 
musculoskeletal injuries and disorders, especially to the low back and shoulder areas 
(Chiou et al., 2000; Hsiao and Stanevich, 1996; Lemasters et al., 1998; Lipscomb et 
al., 1997, 2000). Previous biomechanical analyses of drywall installation examined 
the physical stress and postural stability during lifting of the drywall panels (Pan and 
Chiou, 1999; Pan et al., 2002/2003). The authors were aware of many practical 
limitations to conducting accurate, non-invasive and reasonably priced ergonomic 
assessments at the worksite due to the dynamic nature of construction activities. 
Therefore, more reliable and cost-effective ergonomic exposure assessment methods 
are warranted. 
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With the development and application of PATH (Posture, Activity, Tools, and 
Handling), an observational work sampling-based approach to direct observation 
(Buchholz et al., 1996), it has become practical to quantify the percent of time that 
construction workers are exposed to awkward postures, various tasks and activities, 
and manual handling (Buchholz et al., 2003; Forde and Buchholz, 2004; Paquet et al., 
1999, 2001, 2005; Rosenberg et al., 2006). PATH has also been used in other 
industrial sectors that involve non-repetitive job activities including retail, agriculture, 
and healthcare industries (Earle-Richardson et al., 2005; Pan et al., 1999; Park et al., 
2009). 

The joint angle and load ranges that are represented by the PATH data are 
categorical rather than continuous. However, the Monte-Carlo simulation method, 
which is used to generate random numbers from a defined distribution, can be utilized 
to extract discrete values from the categorical PATH data for biomechanical analysis 
of the low back and shoulder (Tak et al., 2007). The Monte-Carlo method has also 
been successfully used both to capture the trunk muscle activity during torso bending 
(Mirka and Marras, 1993) and to simulate variability in muscle moment arms and 
physiological cross-sectional areas for prediction of shoulder muscle force (Chang et 
al., 2000; Hughes, 1997). 

The researcher has previously explored a hybrid model integrating work sampling, 
computer simulation, and biomechanical modeling to conduct the ergonomic analysis 
of drywall installation (Yuan, 2006; Yuan et al., 2007). Since it is often infeasible to 
conduct direct measurements of ergonomic exposure assessment particularly within 
the construction industry, such a method has provided a reasonable alternative to 
estimate the physical demands during drywall installation. The present study was 
designed to demonstrate the validity and utility of this modeling approach, so that the 
impact of drywall storage position and size on the physical demands for drywall 
installers could be evaluated later. In particular, a sensitivity analysis was conducted 
to examine the impact of some quantitative assumptions that have been made to 
facilitate the modeling approach. 

2 Methods 

The integrated modeling approach started with the PATH methodology which 
provided the basic characterization of drywall installation work by quantifying the 
percent of time that the drywall installers were conducting different activities with 
different body segment (trunk, arm, and leg) postures. The relative frequencies of key 
activities, recorded over two hours, were used to construct the eight-hour-workday 
activity series using Monte-Carlo simulation. The biomechanical model input 
variables, including anthropometric data, joint angles, external load force and position 
vectors, and internal muscle parameters, were then generated for the analyses of the 
low back and shoulder. Utilizing different optimization programs in MATLAB (The 
MathWorks, Natick, MA, USA), the three-dimensional static equilibrium equations 
were solved and the biomechanical model output variables of muscle contraction 
forces and joint reaction forces at the low back and shoulder were computed. 
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Seven main activities which represent a typical drywall installation task were 
examined in this study, including: 1. cut/measure; 2. lift; 3. carry; 4. hold/place; 5. 
screw; 6. in between; and 7. other. It was determined from the field observations that 
there were 12 possible work cycles, with 4 occurring during installation of a whole 
sheet and 8 denoting installation processes for a partial piece. The probability of each 
work cycle was calculated by multiplying the probability of every single activity 
during that cycle (Yuan, 2006). As studied by Pan and Chiou (1999), the drywall 
lifting method in which the worker used one hand to support the horizontal drywall 
sheet at its bottom and the other hand to grasp the sheet at its top produced the highest 
L4/L5 disc compression forces and therefore appeared to be the most stressful. It was 
assumed that the drywall installers in this study exclusively used such a lifting method 
as a demonstration of the worst case scenario. Activity 6 (in between) denoted 
exclusively loading/adjusting the screw guns and it always followed activity 5 
(screw). Activity 7 (other) included climb/descend, communicate, mark/draw, and 
other miscellaneous job activities. 

The drywall sheets studied in this project were Sheetrock® Brand Gypsum Panel 
from CGC Inc., with bulk density of 881 kg/m3 (55 lb/ft3). Summary statistics for 
subject weight, height, trunk widths and depths are acquired from Marras et al. 
(2001), because subject anthropometry was not obtained when the original PATH 
data were collected. The present study assumes subject height and weight follow a 
normal distribution because height and weight are generally known to be normally 
distributed (Roebuck et al., 1975). This assumption has been validated by Jung et al. 
(2009) using the 1988 US Army data (Gordon et al., 1988). 

The relationships between subject trunk muscle parameters and anthropometric 
characteristics, such as subject height and weight, body mass index, and trunk width 
and depth at the planes of muscle origins and insertions, were determined by Marras 
et al. (2001). The regression equations with higher R squares were chosen in this 
study to represent those relationships. The weight percentages of different body 
segments of the whole body and the distance coefficients between the body segment 
center of mass and the proximal joint were calculated based on information from 
Drillis and Contini (1966) and Dempster (1955), respectively. 

To conduct the sensitivity analysis, a list of the important quantitative assumptions 
that have been made to facilitate modeling was first created. These assumptions 
include, but are not limited to, the following: 

1. The overall probabilities of the possible work cycles for a typical drywall 
installation task follow the general discrete distribution. 

2. For a right-handed person, the trunk tends to lean toward the left side and twist 
counterclockwise for 80% of time during manual work (Tak et al., 2007). 

3. Trunk flexion angles follow a lognormal distribution, whereas trunk lateral bend 
and twist angles both have normal distributions. 

4. Values of the external load position on the Z-axis (directed upwards when the 
subject is standing erect) are dependent on the trunk flexion angles and show a 
normal distribution.  
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5. Shoulder flexion angles display a normal distribution, and other motions of the 
shoulder, elbow, and wrist all have triangular distributions. 

6. Values of Euler angles that are used to determine the “shoulder rhythm” (Högfors 
et al., 1991) have a normal distribution. 

From this list, the researcher selected a small number of those assumptions (e.g., the 
probability of distribution type for trunk flexion angles) which are likely to have  
the biggest impact on the results for further examination. Through setting up the 
following null hypotheses for each assumption and changing one parameter at a time, 
the new model output values were compared to the original ones. 

• Hypothesis 1: The distribution of work cycles for a typical 8-hour workday has 
significant impact on the low back model. 

• Hypothesis 2: The probability of the trunk tending to lean toward the left side and 
twist counterclockwise for a right-handed person during manual work has 
significant impact on the low back model. 

• Hypothesis 3: The distribution of trunk flexion angles has significant impact on 
the low back model. 

• Hypothesis 4: The ranges of PATH trunk posture categories have significant 
impact on the low back model. 

• Hypothesis 5: The distribution and values of Euler angles that are used to 
determine the “shoulder rhythm” have significant impact on the shoulder model. 

Using student t-tests (p < 0.05) to evaluate the statistical differences of the means of 
major model input and output values including joint angles, muscle forces and joint 
reaction forces for the low back and shoulder for an average subject working on a 
typical 8-hour workday, the sensitivity analysis was achieved by determining if the 
model is sensitive to any assumption or parameter. 

It should be noted that there is no gold standard for validation of the average 
muscle forces and joint reaction forces for a typical eight-hour workday. However, 
the results from a previous research study (Yuan, 2006) suggested that 1) the Monte 
Carlo simulation did generate the same activity distribution as the PATH 
observations; and 2) the output for the low back model gives similar results to the 
3DSSPP (The University of Michigan, 1999). 

3 Results 

3.1 Hypothesis 1: The Distribution of Work Cycles for a Typical 8-Hour 
Workday Has Significant Impact on the Low Back Model 

In the original model, the overall probabilities of the possible (12) work cycles for a 
typical 8-hour workday of drywall installation were assumed to follow the general 
discrete distribution. The present study examined the following two new assumptions 
and compared them with the original one: 
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1. The 12 work cycles had equal probability; in other words, they follow the uniform 
distribution. And 

2. The 4 work cycles for whole-sheet installation and the 8 work cycles for partial-
sheet installation had equal probability. This means that there is 1/8 probability for 
each cycle of whole-sheet installation and 1/16 probability for each cycle of 
partial-sheet installation, respectively. 

The comparison between the first assumption and the original one indicated that: 

1. The ratio of activity 1 (cut/measure) over activity 2 (lift) was higher, which means 
that there were more work cycles of partial-sheet installation and the 8-hour 
workday tends to be less strenuous. However, the total work productivity 
(measured by the square foot of installation) might be reduced. 

2. The angles of trunk flexion, lateral bending, and twisting were the same. 
3. The MMCI (Maximum Muscle Contraction Intensity) and the forces of two major 

paired trunk muscles (Erector Spinae and Latissimus Dorsi) were statistically 
significantly smaller. 

4. The absolute values of the L4/L5 joint reaction forces (disc compression, lateral 
shear, and anterior-posterior shear) were statistically significantly smaller (t = 
5.715, p < 0.0001; t = 2.414, p = 0.008; and t = 5.705, p < 0.0001, respectively). 

The comparison between the second assumption and the original one indicated that: 

1. The frequency of the seven activities for a typical 8-hour workday appeared to be 
similar to that of the original model. And as a result, 

2. There were no statistically significant differences among the joint angles, MMCI, 
muscle forces, and joint reaction forces. 

Based on these findings, it appears that Hypothesis 1 could not be rejected. In other 
words, the distribution of work cycles for a typical 8-hour workday determines the 
frequency of the seven activities that were examined in this study; and consequently, 
has significant impact on the low back model output values. 

3.2 Hypothesis 2: The Probability of the Trunk Tending to Lean toward the 
Left Side and Twist Counterclockwise for a Right-Handed Person during 
Manual Work Has Significant Impact on the Low Back Model 

In the original model, it was assumed that “For a right-handed person, the trunk tends 
to lean toward the left side and twist counterclockwise for 80% of time during manual 
work.” The present study changed such a probability to 50%, 75%, and 85%, 
respectively. The comparisons between these probabilities and the original one 
indicated that there were no statistically significant differences among the MMCI and 
the forces of two major paired trunk muscles, as well as the absolute values of the 
L4/L5 joint reaction forces. Based on these examinations, it seems that Hypothesis 2 
could be rejected. 
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3.3 Hypothesis 3: The Distribution of Trunk Flexion Angles has Significant 
Impact on the Low Back Model 

Trunk flexion angles were assumed to follow lognormal distribution in the original 
model. The researcher changed it to normal distribution and the comparison between 
those two indicated that there were no statistically significant differences among the 
model input and output values. This could suggest that Hypothesis 3 be rejected. 

3.4 Hypothesis 4: The Ranges of Path Trunk Posture Categories Have 
Significant Impact on the Low Back Model 

The comparison between those two ranges did not yield statistically significant 
differences on the model input and output values, except for the absolute values of the 
L4/L5 lateral shear force (t = 4.264, p < 0.0001). The forces of two major paired trunk 
muscles tended to be lower, although the differences were not statistically significant. 

It seems that Hypothesis 4 could be rejected in general; however, further analysis 
might be needed to find out why the L4/L5 lateral shear forces were statistically 
different. 

3.5 Hypothesis 5: The Distribution and Values of Euler Angles That are Used 
to Determine the “Shoulder Rhythm” Have Significant Impact on the 
Shoulder Model 

In the original shoulder model, the means and standard deviations of the Euler angles 
were obtained independently from the ranges of such angles for three subjects in the 
motion studies conducted by Högfors et al. (1991). Through the review of a modified 
shoulder rhythm model by Makhsous (1999), the researcher was able to find the 
following equations describing the estimates for the Euler angles for the clavicle and 
scapula in accordance to the humerus. 
 

 
 

The new Euler angles seem to be different from the old ones, especially the values of 
βScapula. The comparison of the model output values indicated that the majority of 
muscle forces tended to be significantly bigger; whereas the coracohumeral ligament 
force was significantly smaller (t = 8.738, p < 0.0001). On the other hand, the 
glenohumeral and sternoclavicular joint reaction forces were larger but the increases 
were not statistically significant, compared to those yielded from the original model. 



 Validation of an Integrated Biomechanical Modeling Approach 165 

Based on these comparisons, it seems that Hypothesis 6 should not be rejected. As 
there is still a strong need to continue studying the “shoulder rhythm,” the 
examination of Hypothesis 6 might indicate that Euler angles are indeed crucial in 
term of the understanding of the shoulder model. 

4 Discussion 

The present study validated an integrated biomechanical modeling approach that was 
previously developed by the researcher to conduct the ergonomic evaluation of 
drywall installation through a sensitivity analysis. The results indicated that both the 
distribution of work cycles for a typical 8-hour workday and the distribution and 
values of Euler angles that are used to determine the “shoulder rhythm” seemed to 
have the most significant impact on the modeling approach. Whereas other 
assumptions including the distribution of trunk postures did not appear to have 
significant impact on the model output values. 

This study extracted information from PATH data and applied it to the simulation 
of a hypothetical subject. It was noteworthy that PATH observations were made on a 
crew of eight workers over two hours. As it is desired to determine the most efficient 
number of worker participating in the study relative to the number of repeated 
measurements for each of these workers (Van der Beek and Frings-Dresen, 1998), 
there might be other work cycles in reality besides the 12 that were analyzed. Yet, for 
a simplified simulation of a typical 8-hour workday, only these 12 work cycles were 
examined. Similarly, the activity sequences for the observed drywall installation work 
were able to be established to allow the generation of eight-hour-workday activity 
series. The acceptance of Hypothesis 1 in the present study suggested that these 
activity sequences eventually determine both the overall probabilities of the 12 work 
cycles and the low back model output values. 

Because most construction work involves non-routine activities, it is not 
uncommon to see that there are certain patterns/sequences that construction workers 
usually follow in order to finish the work. For example, ironworkers would have to 
put the rebar in place before tying it. The method in this study can be used for the 
evaluation of those types of construction work. However, for some other types of 
construction work, the activity sequence may not be necessarily fixed: e.g., laborers 
will have to do many miscellaneous activities based on project schedule and needs. 
Also, it may be difficult to identify all possible activity series. Thus, comprehensive 
understanding and capturing of work are always required and it may also involve 
more reasonable assumptions in order for a realistic simulation of cumulative 
activities. 

In order to generate random numbers from the observational data categories, many 
assumptions had to be made in terms of distribution type and pertinent parameters. 
Particularly, different distributional assumptions about body part postures were made, 
due to a lack of information on how body postures change over time even when 
repeating the same job activities (Tak et al., 2007). As Tak et al. (2007) has tested the 
validity of the simulation model as a whole, the sensitivity analysis of the impact of 
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the trunk postures on the low back model in this study might have provided some 
useful information about the validation of the integrated modeling approach. The 
rejection of Hypotheses 2, 3, and 4 indicated that the different probabilities, types, and 
ranges of parameter distributions did not affect the results significantly. 

On the other hand, it seems that there is lack of sufficient information regarding the 
shoulder model input values, particularly on the distributions of joint (shoulder, elbow 
and wrist) angles and the Euler angles that determine the “shoulder rhythm.” Because 
of these limitations, the results of the shoulder model sensitivity analysis were less 
significant than those of the low back analysis; and thus, may need further evaluation 
and verification. 

As construction work always involves a variety of activities that incur different 
biomechanical demands, it is imperative to determine the probabilistic representation 
of biomechanical stress in order to understand both acute and cumulative trauma risk 
(Mirka et al., 2000). Mirka et al. (2000) developed the Continuous Assessment of 
Back Stress (CABS) method by estimating the time-weighted distribution of 
biomechanical stress throughout the workday, therefore providing an important 
insight into some of the activities that would have been neglected using traditional 
task analysis methods. The present study explored similar idea by examining the 
continuous physical loads on the drywall installers’ low back and shoulder. In contrast 
to Mirka et al. (2000), it considered activity sequences for the purpose of studying 
muscle fatigue characteristics (Yuan, 2006). 

Overall, the present study attempted to integrate observational work-sampling, 
computer simulation, and biomechanical modeling for ergonomic exposure 
assessment in a typical construction drywall installation work, where it is infeasible to 
perform direct measurement in the field. The results of the sensitivity analysis implied 
that such integration might provide an applicable examination of exposure variability 
particularly reflected by the non-routine feature of the work. 
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