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Abstract

Objective. To assess the sources of variability associated with an EMG-assisted model of spine loading.

Design. In vivo measurements of trunk dynamics, lifting moments and muscle activities were used as inputs into an EMG-assisted

spine loading model.

Background. Several types of variability are inherent in biomechanical assessments of risk associated with trunk bending motions

during lifting. Variability may occur as a function of variations in spine loading due to either subject variations in motion pro®les

(kinematics) or biomechanical model performance.

Methods. Twelve experienced and inexperienced materials handlers performed 10 repeated lifts where load weight, asymmetry,

and velocity were varied. The experiment was replicated on a second day to assess day to day variability.

Results. These model performance variables indicated that variability was mainly a function of subject characteristics and ex-

perience. Minor variations in variability were associated with the task asymmetry and weight lifted. Advanced analyses suggested

that experienced workers had a greater range of back motion compared to inexperienced workers which would a�ect the length±

strength component of the model calibration.

Conclusions. This study indicates that for the results of an EMG-assisted model to be accurate, it is important to ensure that the

model re¯ects a realistic relationship between the trunk muscle length and the muscle force production capacity. Underestimation if

this relationship can degrade model ®delity and robustness.

Relevance

These results imply that by properly calibrating the model it is then reasonable to assume that the vast majority of variations

observed in repeated exertions of a particular trial are due to kinematic and kinetic di�erences inherent in the muscle control system

and not a function of model randomness. Ó 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Variability is a natural and expected component of
human performance. All statistical assessment tech-
niques recognize and attempt to distinguish the vari-
ability associated with the factor or factors of interest
from that expected due to natural variability. It has been
well established that humans behave according to a

Gaussian or normal distribution. Thus, repeated per-
formance of a particular task would be expected to re-
sult in a given range of variability.

From a biomechanical standpoint, one can compare
the level of loading imposed upon a structure vs the
inherent level of tolerance associated with a structure in
order to get an idea of the degree of risk associated with
a particular task. It is believed that these loading and
tolerance levels also behave according to a probabilistic
function. For example, Mirka and Marras [1] demon-
strated that one could quantitatively describe the range
of spinal loads expected, given task parameters, based
upon the variability in muscle activities observed during
bending motions. Jager et al. [2] have also described the
variability in load tolerance to compressive load
expected in the spine. These researchers have shown that
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load tolerance can vary from about 2000 N to over 8000
N. Others have found the compressive tolerance to be
even higher (ranging from 3700 to 13000-13000 N) [3].
Collectively, these loads and tolerance distributions can
be viewed relative to one another (Fig. 1) in terms of a
signal detection-type model to de®ne the overall risk of
su�ering a micro fracture of the vertebral end plate. This
is believed to lead to cumulative trauma of the lower
back [4].

This model of low back disorder risk description is
obviously dependent upon our ability to accurately
characterize the load and tolerance distributions. Since
there are currently no feasible means to characterize
load or tolerance in vivo, we must rely on spine models
to predict load and in vitro experimentation to assess
tolerance. The load distribution model, human per-
formance characteristics, and the load tolerance esti-
mates all have inherent variability associated with
them. Yet, there is a paucity of literature addressing
the issue of the extent of the variability expected from
the human vs the variability associated with the as-
sessment technique. Thus, the goal of this study was to
assess variability associated with a model currently
used to assess spinal loads. A companion paper [5]
addresses the issue associated with subject kinematic
variability. Thus, collectively these two studies are of-
fered in an e�ort to facilitate our understanding of how
low back disorder risk might be associated with a
particular task.

2. Methods

2.1. Subjects

Twelve healthy males with no prior history of low
back disorder (LBD) volunteered to participate in this
study. The subject population included seven college
students and ®ve experienced warehouse selectors from
a local distribution center. The subjects ages ranged
from 22 to 34 yr with and average age of 26.1 yr.
The average (SD) stature of the subject population
was 179.29(4.5) cm, and the average weight was
74.7(7.0) kg.

2.2. Task

Subjects were required to lift weighted boxes under
various trunk velocity and asymmetry conditions from
knee height to an upright posture. Lifting exertions were
performed one at a time, with one minute of rest be-
tween exertions to minimize the possibility of fatigue.

2.3. Experimental design

Independent variables consisted of two box weights
(13.6, 27.3 kg), two levels of task asymmetry (sagitally
symmetric, 60° right), and two subjective lifting veloci-
ties (preferred lifting velocity, faster than preferred).
Asymmetric tasks were achieved by requiring the subject
to lift the weighted box from a knee height platform
located 60° to the subject's right. The weight and
asymmetry conditions were chosen to represent the
typical range of conditions observed among low and
high risk (of LBD) industrial jobs [6,7]. The subjective
velocity levels of `preferred' and `faster than preferred'
lifting styles were chosen to permit examination of two
lifting velocities without arti®cially in¯uencing the nat-
ural motion variability. Each condition was repeated 10
times. The trials were randomized with respect to
weight, asymmetry, lifting velocity and repetition num-
ber.

Electromyographic (EMG) data were collected from
bipolar surface electrodes over the right and left erector
spinae, rectus abdominus, latissimus dorsi, external
abdominal obliques and internal abdominal obliques as
described by Marras and Mirka [8]. Myoelectric data
were low pass ®ltered at 1 kHz, high pass ®ltered at 30
Hz, notch ®ltered at about 60 Hz, recti®ed, averaged
using a 20 ms sliding window ®lter then normalized
relative to values collected during maximum voluntary
contraction (MVC) exertions. Maximum EMG values
were collected during static ¯exion, extension, right
twist, left twist, right lateral, and left lateral MVC ex-
ertions performed against a reference frame in an up-
right posture.

Trunk motion data were recorded from an electro-
goniometer designed to measure sagittal, lateral and
twisting motions of the lumbar region of the trunk.

Fig. 1. Hypothetical distributions of spinal load and tolerance for compression force.
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Dynamic external loads were determined from a force
plate (Bertec 4060A, Worthington, OH USA) at the
subject's feet. An electro-mechanical vector monitor was
employed to record the location of the lumbo-sacral
junction relative to the center of the force plate [9].
External forces and moments applied to the lumbo-sa-
cral junction of the spine were computed from the force
plate data and the hip location and orientation kine-
matic data using the method of Fathallah et al. [9].

An EMG-assisted biomechanical model employed the
EMG, kinetic and kinematic data as input to compute
the dynamic loads on the spine [10±15]. The model in-
corporated the normalized muscle activities, dynamic
trunk motion, and external loads to determine the
contractile forces of the 10 co-contracting muscles.
Spinal compression, lateral shear, and anterior±poste-
rior (AP) shear forces were computed from the vector
sum of the muscle forces. Thus, three-dimensional dy-
namic spinal loads were determined for each lifting ex-
ertion. The data collection methods, biomechanical
model structure, and validation have been published
previously [8,10±17].

Three measures of model performance were used to
assess model sensitivity to factors that might contribute
to model variability. These consist of gain, R2, and av-
erage absolute error (AAE). Gain consists of the maxi-
mum force production capacity of the muscles
represented in the model. This is a subject speci®c factor
that is determined through model calibration. It repre-
sents the maximum force per unit area of muscle that is
estimated for the model to perform well. Gain is com-
puted by comparing muscle-generated, trunk moments
with measured, applied moments about the lumbosacral
junction. To satisfy the equations of dynamic equilibri-
um, muscle generated extension moment must equal the
measured moment. Gain is appropriately and auto-
matically adjusted to satisfy this condition. To be
physiologically valid, the predicted gain level must fall
within the range 30±100 N/cm2 [18±20]. Muscle force per
unit area is highly variable between subjects, based on
subject conditioning and natural ability. On the other
hand, gain predicted for a given subject must be con-
stant throughout each of the experimental trials. Ex-
amination of whether the gain value is within the
physiologic range and within subject variability provides
one test of model validity.

The R2 measure monitors the ability of the model to
predict trunk moments relative to the moments that are
measured by the experimental apparatus. Trunk
moments are computed from dynamic, muscle, force
vectors, and anthropometric moment arms. Three-di-
mensional moments predicted from the EMG data are
displayed as a function of time and superimposed upon
the trunk moments measured by the force plate. This
provides a robust measure of dynamic model accuracy
by comparing the predicted and measured moment

pro®les and quantitatively determined by means of sta-
tistical correlation value (R2). A high R2 value indicates
the free-dynamic model which accounts for the vari-
ability in the lifting moment which implies the model
generates and accurate simulation of spinal load during
the lifting exertions. Since the mechanics used to esti-
mate the external moment are directly related to the
mechanics used to calculate spine loading, it is assumed
that the R2 statistic is also an indirect indicator of how
well the model predicts spine loading. Thus, the R2

measure indicates how well the measured dynamic trunk
moment `trend' matches the predicted trunk moment
`trend'. However, this measure provides no information
about how well the magnitude of the predicted and
measured moments match.

In order to provide a measure of magnitude error
between the measured and predicted trunk moment the
AAE is examined. This measure predicts how well the
average magnitude of the measured trunk moment
compared to the average magnitude of the predicted
trunk moment through the exertion of interest. As with
the R2 statistic, the AAE is believed to indirectly indicate
the magnitude of error in predicting spinal load.

The objective of the current study was to determine
how these three measures of model performance varied
as a function of experimental parameters. Thus, instead
of examining how the spinal loads changed as a function
of the experimental conditions, we were interested in
how the measures of model performance would be af-
fected by the experimental conditions. Ideally, the model
performance measures should not respond in a statisti-
cally signi®cant manner to any of the experimental
conditions, indicating that all variability in performance
would be a function of the experimental conditions.

2.4. Statistical analyses

Intra-class correlations (ICCs) were performed to
identify the independent parameters that in¯uenced the
variability of the modeled data [21]. Repeated measures
analysis of variance (ANOVA) statistical analyses were
performed to augment the ICC results and for com-
parison with previous research. ANOVA were also
performed on within subject variability measures to
identify factors that in¯uence distribution widths. For
all signi®cant independent variables, post hoc anlayses
in the form of Tukey multiple pairwise comparisons
were performed to determine the source of the signi®-
cant e�ect(s). An alpha level of 0.05 for all statistical
tests was selected.

3. Results

A summary of the factors that resulted in statistically
signi®cant di�erences in model gain, R2, and AAE as a
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function of the data collected on the same day and on
di�erent days are shown in Table 1. For repeated trials
performed on the same day, task asymmetry and weight
by experience interaction a�ected gain. Table 2 reports
the descriptive statistics associated with this portion of
the experiment. Table 2 indicates that the asymmetric lifts
resulted in muscle gain estimates that were about

7±5 N/cm2 lower than those predicted for the sagitally
symmetric exertions. However, both of these gain esti-
mates were well within the range of physiologic feasibil-
ity. The weight by experience interaction was tracked to
the experienced subjects only. Inexperienced subjects
exhibited the same gain values regardless of the weight of
lift. Experienced subjects exhibited gain values that were
2±6 N/cm2 greater than the inexperienced group with the
heavier load relating the greater gain value prediction.
Other than these two e�ects, the model was very stable
and no other factors signi®cantly in¯uenced gain esti-
mation.

The R2 statistic for repeated exertions of trials per-
formed on the same day was a�ected by the weight of the
object lifted, subject experience, the trial by asymmetry
interaction, the lift velocity by experience interaction and
the trial by experience interaction. Table 2 indicates that
although signi®cant, the e�ect of changing the magnitude
of the weight lifted upon the R2 was fairly minimal. The
R2 increased by 0.04 when the weight increased by 13.6
kg. However, it should be pointed out that both values of
R2 associated with the weight magnitude were excellent.
Table 2 indicates that worker experience had a signi®cant
and fairly substantial e�ect on average R2. The average
R2 value observed for experienced subjects was 0.1 lower
than that for inexperienced subjects. The interaction of
lift velocity and weight with experience was statistically
signi®cant, yet biomechanically trivial, as was the inter-
action of trial and asymmetry.

Table 1

Statistical signi®cance results from ANOVA for the model perfor-

mance variables for the same day exertions (within day). Figures in

bold indicate signi®cance at a� 0.05)

Variable Gain R2 Average

absolute

error (AAE)

Weight (W) 0.06 0.006 0.05

Lift velocity (L) 0.76 0.44 0.28

Asymmetry (A) 0.01 0.49 0.44

Experience (E) 0.56 0.0004 0.02

Trial (T) 0.23 0.14 0.19

Weight�lift velocity 0.14 0.55 0.63

Lift velocity�asymmetry 0.35 0.66 0.03

Weight�asymmetry 0.12 0.82 0.18

Experience�asymmetry 0.42 0.36 0.38

Experience�lift velocity 0.83 0.05 0.29

Experience�weight 0.005 0.84 0.09

Weight�trial 0.30 0.82 0.51

Lift velocity�trial 0.46 0.37 0.59

Asymmetry�trial 0.12 0.02 0.11

Experience�trial 0.42 0.002 0.002

Table 2

The mean (SD) for the model performance variables as a function of the independent variable for the same day exertions (within day)

Gain R2 Absolute average error (AAE)

Mean SD Mean SD Mean SD

Experience level

Inexperience 39.39 15.67 0.895 0.074 17.24 8.32

Experience 44.20 13.03 0.794 0.142 25.69 14.29

Lifting velocity

Preferred 41.5 15.89 0.867 0.119 19.65 13.38

Faster than preferred 40.37 14.08 0.857 0.103 20.27 8.71

Asymmetry

0° (symmetric) 44.69 16.32 0.856 0.103 19.41 7.51

60° (right of origin) 37.16 12.54 0.869 0.119 20.51 14.14

Weight

30 lb 40.32 14.48 0.841 0.117 18.68 11.67

60 lb 41.56 15.56 0.885 0.109 21.24 10.83

Trial

1 41.77 13.97 0.841 0.120 22.42 10.01

2 41.16 14.73 0.855 0.123 20.39 10.39

3 40.53 13.71 0.860 0.097 19.39 8.41

4 39.88 14.28 0.857 0.108 20.28 10.41

5 42.43 22.20 0.854 0.134 19.96 13.63

6 41.11 14.31 0.876 0.086 19.74 10.37

7 39.96 13.72 0.878 0.083 18.38 7.22

8 41.09 15.24 0.868 0.092 19.24 8.11

9 41.57 12.78 0.871 0.127 21.46 20.34

10 39.92 13.21 0.865 0.133 18.31 7.64
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Statistically signi®cant di�erences in AAE were also
observed for the magnitude of the weight lifted and
subject experience, as well as the lift velocity by asym-
metry interaction and the trial by experience interaction
(Table 1). Table 2 indicated that AAE was lower for the
lighter weight by about 2.5 N. This was not unexpected
since the weight values are lower for the lighter weight.
Therefore, relative error might not indicate a signi®cant

di�erence. This di�erence, although statistically signi®-
cant, is biomechanically trivial. Di�erences as a function
of experience were more pronounced. AAE was about
8±1/2 Nm lower for the inexperienced subjects compared
to the experienced subjects. The standard deviation as-
sociated with the inexperienced subject performance was
also about half of that for the experienced subjects.
Thus, experience did play a substantial role in model
®delity relative to absolute error. The lift velocity by
asymmetry interaction indicated that lifts performed at
faster than preferred velocities yielded about the same
AAE regardless of the asymmetry of the lift. However,
under preferred lift velocity conditions the 60° asym-
metric condition resulted in slightly greater AAE (about
5 Nm). The trial by experience interaction indicated that
AAE was also rather stable for inexperienced subjects
among trials, whereas the AAE was greater and much
more variable for experienced subjects.

The statistically signi®cant di�erences observed as a
function of days are summarized in Table 3. In general,
fewer variability trends (signi®cant di�erences) were
observed between days compared to variability within
the same day (Table 1). Similar trends relative to
asymmetry were observed for this analysis as were ob-
served for the within day variability analysis. Here
again, a statistically greater gain was observed for the
sagitally symmetric conditions compared to the asym-
metric conditions. Table 4 shows the descriptive statis-
tics associated with model performance between trial

Table 4

The mean (SD) for the model performance variables as a function of the independent variable for the di�erent day exertions (between day)

Gain R2 Absolute average error (AAE)

Mean SD Mean SD Mean SD

Experience level

Inexperience 39.06 14.74 0.897 0.089 17.03 9.41

Experience 51.77 20.08 0.795 0.135 30.68 18.57

Day

1 41.50 15.89 0.867 0.119 19.66 13.38

2 44.76 19.27 0.864 0.111 23.15 15.32

Asymmetry

0° (symmetric) 47.01 18.73 0.859 0.106 19.57 10.02

60° (right of origin) 38.93 15.30 0.873 0.124 22.90 17.57

Weight

30 lb 43.13 17.39 0.846 0.118 19.67 14.11

60 lb 42.81 17.75 0.886 0.109 22.81 14.51

Trial

1 42.00 15.17 0.863 0.121 21.64 12.04

2 42.48 15.27 0.858 0.133 21.38 12.38

3 41.47 14.83 0.853 0.114 20.63 11.76

4 42.46 17.53 0.854 0.122 20.61 12.18

5 45.78 24.99 0.869 0.134 20.83 16.48

6 43.48 17.37 0.874 0.087 22.27 13.80

7 42.63 16.35 0.872 0.103 20.47 13.54

8 44.00 19.92 0.869 0.103 20.47 13.35

9 43.39 16.40 0.866 0.134 23.52 22.39

10 42.04 15.92 0.881 0.096 20.55 13.11

Table 3

Statistical signi®cance results from ANOVA for the model perfor-

mance variables for the di�erent day exertions (between day). Figures

in bold indicate signi®cance at a� 0.05

Variable Gain R2 Average

absolute

error (AAE)

Weight (W) 0.75 0.16 0.008

Day (D) 0.49 0.48 0.27

Asymmetry (A) 0.005 0.21 0.23

Experience (E) 0.16 0.002 0.01

Trial (T) 0.20 0.96 0.84

Weight�day 0.33 0.79 0.68

Day�asymmetry 0.49 0.99 0.57

Weight�asymmetry 0.34 0.45 0.22

Experience�asymmetry 0.76 0.43 0.27

Experience�day 0.22 0.54 0.21

Experience�weight 0.34 0.05 0.004

Weight�trial 0.73 0.19 0.40

Day�trial 0.37 0.84 0.05

Asymmetry�trial 0.54 0.61 0.43

Experience�trial 0.57 0.22 0.76
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days. Table 4 shows that the gain was about 8 N/cm2

greater for the symmetric conditions compared to the
asymmetric conditions. This di�erence in magnitude was
similar to that observed for the within day analysis
which indicates a level that was well within the range of
physiological feasibility. No other factors a�ected gain
estimation.

The R2 statistic was a�ected by experience and the
weight by experience interaction. Table 4 indicates
similar trends as observed for the within day analysis
relative to the e�ects of experience. Here again, when the
data for inexperienced subjects was modeled, the R2

statistic was greater by an average of about 0.1 than for
the experienced subjects. In addition, the inexperienced
subjects yielded a lower standard deviation than the
experienced subjects. It is also interesting to note that
Table 4 indicates similar trends observed for the within
day analysis relative to the e�ects of experience. When
the data for the inexperienced subjects was modeled, the
R2 statistics for experience were just about the same for
within day trial compared to between day trials. The
interaction of experience and weight indicated that the
R2 values were about equivalent for experienced subjects
regardless of the weight lifted, whereas, the inexperi-
enced subjects exhibited slightly better R2 statistic for the
heavier weight.

Four factors signi®cantly a�ected AAE when the data
were evaluated for variability between days. AAE was
slightly di�erent as a function of weight lifted with val-
ues slightly higher for heavier weights (Table 4). The
values were fairly similar to those for the within day
data. The slight di�erence noted is also expected given
the magnitude di�erences for the within day analyses.
Since the magnitude of this di�erence is of the order of 3
N, this di�erence, although statistically signi®cant, is not
expected to be biomechanically meaningful. Di�erences
in AAE as a function of experience between days were
more substantial. Experienced subjects exhibited far
greater AAE than inexperienced subjects between test
days. The AAE for inexperienced subjects was similar to
that for the within day analysis. However, the AAE was
about 5 Nm greater, on average, for the experienced
subjects when analyzed between days compared to
within days. Variability as evidenced by the standard
deviation also increased for experienced subjects be-
tween days (Table 4). The experience by weight inter-
action was signi®cant for AAE between days indicating
that the AAE for inexperienced subjects was fairly
consistent and low (less than 20 Nm) for both weights,
whereas, the AAE was greater (about 28 Nm) for the
13.6 kg load and became even greater (about 34 Nm)
when the 27.3 kg load was lifted. The day by trial in-
teraction was also signi®cant for AAE when analyzed
between days with di�erences in AAE being minimal as
a function of early trials and greater AAE values oc-
curring on the second testing day for latter trials.

ICCs were used to evaluate the source of variability in
model performance for these results. ICCs indicate the
source of variability over the experimental conditions.
Figs. 2 and 3 show the sources of variability for gain, R2,
and AAE for the within day analyses and the between
day analyses, respectively. Note that these results are
not identical to statistical signi®cance analyses (Tables 1
and 3). This is expected in that ICCs indicate the overall

Fig. 2. The variability explained by each of the corresponding inde-

pendent variables within days.
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variability associated with a variable, whereas, the
ANOVA would indicate how the variability distribu-
tions would change as a function of the experimental
variables. Both ®gures indicate that for both within day
and between day analyses the greatest portion of vari-
ability in gain is associated with speci®c subject prop-
erties. Negligible variability is associated with weight
lifted and velocity of lift within days, and is associated

with weight lifted, velocity and the day of the experi-
ment. In both analyses 54±65% of the variability is as-
sociated with speci®c subject characteristics; 17±25% of
the variability is associated with the speci®c trial over
the two analyses, and 8±11% of the variability is at-
tributable to changes in asymmetry. Between day ana-
lyses also indicated that 20.6% of the variability in gain
was associated with experience.

Both within day and between day analyses indicate
that the R2 performance was in¯uenced primarily by
trial (42±49% of variability) and experience (31±34% of
variability). R2 was a�ected to a lesser extent by the
subject characteristics (13±19% of variability) and by the
weight lifted (4±6% of variability).

Finally, the AAE ICCs were fairly similar to those for
the R2 statistic. Trial and experience explained most of
the variability and subject characteristics explained
about 25% of the variability. However, weight magni-
tude explained less than 2% of the variability in both the
within day and between day analyses.

4. Discussion

Observing how the independent variables of a bio-
mechanical lifting study can a�ect model performance
measures, in an experiment like this, can yield valuable
information about model stability and help one separate
biomechanical variability from inherent model vari-
ability. Collectively, these results have shown that the
model was, for the most part, very stable and repeatable
when applied to lifting exertions within the same testing
period as well as on di�erent testing days. Both the be-
tween day data as well as the within day data have
shown that the largest source of variability (via the
ICCs) when estimating subject gain is inherent to subject
characteristics. It is not unexpected, given that it is a
reasonable assumption that in an EMG-assisted model
which calibrates the model parameters to each subject,
that every subject should have a slightly di�erent muscle
gain given di�erences in ®ber composition and training
levels. Thus, the large amount of variability associated
with each subject serves to reassure one that the model is
behaving as expected, and does not adversely a�ect
model stability or robustness. The R2 statistic and AAE
were a�ected to a lesser extent by individual subject
characteristics. Variability associated with these model
parameters was most likely due to individual variation
in muscle cross-sectional area estimates and associated
with muscle lines of action between subjects. This vari-
ability would be inherent in applying any type of pop-
ulation based relationship to a given individual.

Trial and asymmetric variability in gain estimation
speak more to the issue of model stability. Trial vari-
ability in gain estimation for both the between day trials
and within day trials are shown in Fig. 4. As seen in

Fig. 3. The variability explained by each of the corresponding inde-

pendent variables between days.
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Fig. 4 even though 17±25% of the variability in gain
estimation is associated with the trial the magnitude of
this di�erence is small and at most 2 N/cm2. Neither
analysis indicated that this di�erence was statistically
signi®cant. Variability in gain estimation associated with
asymmetry point to more inherent model limitations. Of
the ICCs associated with gain, this source of variability
was the smallest. Figs. 2 and 3 indicated that variability
was slightly less for the within day trials than for the
between day trials. This di�erence might be explained by
the fact that it is virtually impossible to place the EMG
surface electrodes in exactly the same location on 10
muscles on di�erent days. This, slightly di�erent EMG
pick up volumes would be recorded that would calibrate
di�erently and manifest themselves as di�erences in
gain. Variability associated with the R2 as a function of
trial, although representing 31±34% of the variability in
R2, was biomechanically inconsequential. Average R2

varied by at most 0.04 and could be considered excellent
for all trials. Thus, R2 performance was not negatively
a�ected by the trial. Similar arguments could be made
for the AAE. Although there was variability in AAE,
the di�erence in variability from trial to trial, although
statistically signi®cant, had very little biomechanical
meaning.

The symmetric or asymmetric nature of the exertion
was a source of variation for only the gain performance
measure. The overall di�erence in gain estimation be-
tween sagitally symmetric exertions and asymmetric
exertions most likely point to a more fundamental issue
in the model. Gain is lower for asymmetric exertions
compared to sagitally symmetric exertions. Asymmetric
exertions involve the cooperative e�ort of more muscles,
which would involve more total muscle mass. Since gain
is estimated as the same value for all muscles in this
model, when more muscles are recruited to perform a
task supporting the same external moment, a lower gain

is predicted to all muscles as seen in this study. This
trend indicates that in reality di�erent muscles might be
better represented by assigning di�erent gain values.
However, it is also comforting to acknowledge that
miscalculation of gain due to asymmetry a�ects the total
gain variability by at most 10% (Figs. 2 and 3) Also,
since the gain was determined by comparing the pre-
dicted and measured sagittal moments, some error in
predicting muscle gain may have resulted for the
asymmetric exertions due to additional lateral and axial
moments. Further analysis of the trunk moments indi-
cated that the use of the sagittal gain was reasonable
since the trunk moments were predominantly in the
sagittal plane. The symmetric conditions have average
sagittal, lateral and axial trunk moments of 209.7, 40.8
and 11.4 Nm, respectively. In comparison, the asym-
metric lifts had, on average, a 232.2 Nm sagittal mo-
ment, 89.2 Nm lateral moment, and 32.3 Nm axial
moment. Thus, the sagittal gain appear to be the most
appropriate value to use since all the lifts (symmetric
and asymmetric) contain a substantial amount of sag-
ittal moment.

Experience level a�ected R2 and AAE for the within
day trials, between day trials, as well as several interac-
tion terms. An apparent irony associated with these
signi®cant e�ects is the observation that the inexperi-
enced subjects yielded better model performance than
did the experienced subjects. Experience, in this study,
was de®ned as subjects having experience with materials
handling activities. Experienced subjects consisted of
warehouse order selectors who perform materials han-
dling activities on a daily basis. The inexperienced sub-
jects consisted of students who were employed in our
laboratory. Initially, we hypothesized that both the R2

and AAE measures could be a�ected by improperly
normalized EMG signals. If this were the case, then
trends associated with muscle force predictions would
not be well described and the R2 and AAE measures
would be indicators of a sub-optimal model. In order to
test this hypothesis, each trial was examined to determine
if the level of EMG observed for the muscles exceeded
the maximum EMG observed during the calibration
exertions. For the inexperienced group, in only 1% of the
exertions did a muscle exceed the maximum EMG ob-
served during calibration exertions. However, for the
experienced group nearly 16% of the exertions exceeded
the observed maximum EMGs observed during the cal-
ibration exertions. Thus, these subjects may not have
been performing maximum exertions during the cali-
bration exertions. It was thought that this may have af-
fected the calibration of muscle force which, in turn,
a�ected the relationship between the measured trunk
moments and the EMG-predicted trunk moments. In-
experienced subjects, on the other hand, were well ac-
customed to performing laboratory maximal exertions,
since they were experienced at participation in labora-

Fig. 4. Muscle gain as a function of trial for the within day and be-

tween day exertions.
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tory studies. In order to further evaluate this hypothesis,
the inexperienced maximum exertions were reduced and
increased by 20% intervals. However, the model perfor-
mance measures did not degrade appreciably. This in-
dicates that it is important for modeling purposes to
establish a relative EMG anchor point. However, it
matters little whether the anchor point is a maximum or
a submaximal e�ort as long as it is consistent.

Next, it was hypothesized that the experienced sub-
jects may have a very di�erent length±strength rela-
tionship to that of the inexperienced lifters. Since the
model length±strength relationship had been developed
using inexperienced subjects, it might have been the case
that experienced lifters had a di�erent relationship be-
tween trunk angle and the trunk muscle length±strength
calibration. In order to test this hypothesis the passive
portion of the length±strength relationship applied to
the experienced subjects was extended by a 10% incre-
ment to see if the model performance measures im-
proved. When this was done, the model performance
matched that of the inexperienced subjects. Adams and
Hutton [22,23] have demonstrated how the ligamentous
(passive force) is a function of the degree of trunk bend
for an individual. Thus, this suggests that the model ®-
delity can be improved by individually `tuning' the
length±strength relationship to the individual. This
observation points to the importance of proper length±
strength calibration in EMG-assisted models. It is evi-
dent from this analysis that the better this estimate is,
the better the model behaves.

The ®nal factor that a�ected model performance was
the weight of the object lifted. Load weight a�ected both
the R2 statistic and AAE for the within day exertions
and the AAE for the between day exertions. The R2

improved with increasing weight and the AAE became
slightly worse (by about 3 Nm on average) for the
heavier weight. The change in R2 was about 0.04, which
given the high R2 values, was well within the acceptable
range for both weight conditions. This di�erence was
most likely due to a larger dynamic range of the moment
imposed upon the spine which would tend to increase R2

performance. The increase in AAE was most likely due
to the fact that with the heavier weight a small per-
centage error would result in a larger absolute error.
However, as shown earlier, the di�erences in model
performance observed as a function of weight, even
though statistically signi®cant, were not signi®cant from
a biomechanical standpoint.

Collectively, this study provides some insight into the
strengths and limitations of the EMG-assisted model.
Overall, the model performed extremely well as evi-
denced by all three model performance measures. This
study has shown that the model attributes are very
sensitive to individual di�erences among subjects.
However, the model is designed to be sensitive to these
di�erences. Future models might adjust the models

further for speci®c subject attributes such as muscle
cross-section or speci®c muscle lines of action based
upon anthropometry. The other large source of poten-
tial variation could be tracked back to the inability to
properly calibrate the model EMG signal mediation
factors. This study had demonstrated that for the results
of an EMG-assisted model to be acceptable one must
match the length±strength relationship to the experience
and ¯exibility of the individual.

These results imply, therefore, that by properly cali-
brating the model it is then reasonable to assume that
the vast majority of variation observed in repeated ex-
ertions of a particular trial are due to kinematic and
kinetic di�erences inherent in the muscle control system
and not a function of model randomness. Future studies
should be able to build further upon these ®ndings and
better articulate how biomechanical risk occurs during
materials handling activities.
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