






Optimization Model Estimates 

(a) Front View of Loading Apparatus (b) Side View 

Figure 1 -Apparatus used to generate 3D isometric moments resisted by participants 
in this experiment. 

To create the moments, the participants held weights in their hands while 
standing in a frame (Figure 1). Attempted flexion moments (external extension 
moments) were created by holding a handle connected by a cable to a weight 
suspended over a pulley attached to the frame. The handle was located 40 cm 
anterior to the estimated disc center (Tracy, Gibson, Szypryt, Rutherford, & Corlett, 
1989) at the level of the L3/L4. Attempted extension moments (external flexion 
moments) were created by using one hand to hold a weight off the floor in front of 
the body. The lateral bending moments were created by holding a weight 40 cm 
laterally from the L3/L4 disc in the transverse plane. Torsion moments were gen- 
erated by attaching a weight to the handle (via a cable over a pulley) in line with 
the grip at the L3L4 disc level. Markers suspended from the frame in front and to 
the side at L3L4 level indicated the absolute positions where the hands were held. 
To help stabilize the lower extremity, the participants wore a hip belt tethered by 
straps to the four posts of the loading frame. 

To account for individual differences in arm masses and positions between 
participants, different weights were applied over the pulleys or were lifted for each 
person so that equal moments were resisted across participants. Moments at the 
L3IL4 disc due to the weight of the arms were determined using measurements of 
lower and upper link lengths and center-of-gavity estimates (Clauser, McConville, 
&Young, 1969), link weights were estimated as percentages of total body weight 
(Webb Associates, 1978), and positioning was determined from videotaping. To 
ensure that the participants maintained consistent trunk posture while external loads 
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were applied, light emitters were mounted in front of and behind them at 
suprastemale height. The light beam was directed in a plane parallel to the frontal 
plane so that flexion, extension, or twisting of the trunk broke the beam. If partici- 
pants had lateral bending, the wider trunk depth inferior to the suprasternale level 
blocked the beams. Participants adjusted their posture until both lights reflected 
back to the sensors, and LEDs in front of the participants Lit up to indicate an 
upright posture. 

During physical exertions, EMG activity of four muscle pairs were recorded 
by electrode pairs at positions used by McGill (1991): LES and RES, 3 cm from 
midline at L3 spinous process level; LRA and RRA, 3 cm from midline at the 
umbilicus level; LLD and RLD, over the muscle belly at T9 level; LEO and REO, 
6 cm dorsal to the ASIS at the umbilicus level (Pope, Andersson, Broman, Svensson, 
& Zetterberg, 1986). An electrode was placed on the right acromion as the ground. 
Six maximum voluntary contraction (MVC) trials described by McGill (1991) 
were conducted to elicit the maximum EMG for the muscles under study. The 
muscle resting EMG level was measured as the participant lay on a bench. After 
amplification, the raw EMG signals were sampled at 500 Hz and then high-pass 
filtered using a 30-Hz cutoff (Redfern, Hughes, & Chaffin, 1993). The EMG data 
were processed by taking the root mean square (RMS) with a 60-ms time constant. 
The mean RMS values for each trial were normalized (Lavender, Tsuang, Hafezi, 
et al., 1992; Mirka, 1991) to get percent muscle activity using the equation 

EMG ~ e s r  Trial - EMG Resting 00 EMG~ormalized = 
EMG Max - EMG Resting 

(1) 

The participants completed the exertions in a randomly ordered sequence. 
They were required to resist the moments for 3 seconds while the EMG signals 
were collected. They were given 2-minute rest breaks between trials. 

The L3L4 applied moments were used as inputs to the MIC model (Bean et 
al., 1988). Five bilateral muscle pairs (erector spinae, rectus abdorninis, latissimus 
dorsi, external oblique, and internal oblique) were included in the model with cross- 
sectional areas, moment arms, and lines of action tabulated by Hughes et al. (1994). 

The percent muscle activity (EMGNomaiized) was correlated with the model's 
muscle force estimates. The muscle force estimated by the model was used as the 
regressor variable to predict percent muscle activity measured in the experiment 
for each person individually. Rhalues were then averaged across participants by 
gender and muscle. A linear model was assumed between mode1 muscle force and 
measured muscle activity. EMG signals were not used to predict muscle tension; 
they were correlated to model estimations of muscle force. The static moments 
resisted were at a relatively low level, thus linearity was not assumed for the entire 
force range (Chaffin & Andersson, 199 1). 

Results 

Muscle forces estimated by the MIC model did not correlate equally well with 
male and female EMG data. Across all muscles, forces estimated by the MIC model 
correlated better with male EMG activity (mean R2 = 0.44) than with female EMG 
activity (mean R2 = 0.33). When individual muscles were analyzed, correlations 
were better for males than for females for the RRA, LRA, REO, and RES by 10 to 
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Table 1 R2 Values for Regressions Relating Muscle EMG Activity (in %MVC) 
and Model Force Estimates (N)* 

Muscle 
Gender 

Female Male 

Left rectus abdominis (LRA) 
Right rectus abdominis (RRA) 
Left external dblique (LEO) 
Right external oblique (REO) 
Left latissimus dorsi (LLD) 

Right latissimus dorsi (RLD) 
Left erector spinae (LES) 
Right erector spinae (RES) 

*Regressions determined for 12 participants and 8 muscles were then averaged by gender 
for mean values. 

37% (Table 1). Muscle force estimated by the model that followed the pattern of 
activity and inactivity of measured muscle activity for individuals had higher RZ 
values in the regression equations (Figure 2). For example, the RRA of Participant 
5 (Figure 2) was inactive during attempted extension moments and zero force had 
already been predicted by the model for the RRA. 

Discussion 

This study addressed the following question: Can the MZC optimization-based 
model be equally applied to males and females during trunk exertion activities? 
The results indicated that the MIC model cannot be equally applied to both gen- 
ders during trunk exertions because muscle force estimates from the model corre- 
late better with male EMG activity than with female EMG activity. More 
specifically, the model muscle forces correlated with EMG activity of four muscles 
better for males than for females: RRA, LEU, REO, and RES. 

Comparing the results of the current study to previous studies was diff~cult 
because none have included moments about all three axes or compared estimates 
to both genders. Hughes et al. (1994) and Hughes and Chaffin (1995) compared 
model predictions of the MIC to actual activity during resistance of moments about 
two axes. Hughes et al. (1994) generally found higher R2 values (but showed the 
same trends as the current study) due to two possible reasons: (1) the R' values 
were for mean muscle activity across participants, while the current study pre- 
dicted individual muscle activity (and then mean R2 was calculated), and (2) Hughes 
et al. used only male participants (the current study indicates that male muscle 
activity predicted better). Disagreement with previously published work may also 
be due to the method of torso loading, as loading the hands has been shown to 
produce different EMG activation than loading using a chest harness (McMulkin, 
Woldstad, & Hughes, 1998). 
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- Model force estimates, RRA (Sub 5 only) 

Attempted Moment (Nm): 
F - Flexion, E - Extension, L - Left lateral bending, R - Right lateral bending, T - Torsion 

Muscle Force Estimate by Model (N) 

Figure 2 - Muscle force of RRA estimated by model and actual EMG activity 
(Participant 5 only). Top panel: Solid line represents model estimates of muscle force 
(N) and are scaled to the left ordinate axis. EMG muscle activity, the dashed line, is in 
percentage of maximum and is scaled to the ordinate axis on the right. Since model 
estimates are in N and EMG is in percent, a single scale cannot be used. Bottom panel: 
Regression lines relating EMG muscle activity and model muscle force estimates Using 
the same data as in the top panel. Using model force estimates to predict percent EMG 
activity, RZ = 0.93. 
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Trunk muscle cross-sectional areas and moment arms have been reported 
for females (Chaffm, Redfem, Erig, & Goldstein, 1990; Jorgensen, Marras, Granata, 
& Wiand, 2001; Marras, Jorgensen, Granata, & Wiand, 2001). Trunk muscle lines 
of action were not reported with these data sets. For the current study, the MIC 
optimization model was formulated using female-specific trunk muscle cross- 
sectional areas and moment arms (Jorgensen et al., 2001; Marras et al., 2001) 
combined with lines of action tabulated by Hughes et al. (1994). Model force esti- 
mates still correlated better with the EMG activity of males than that of females. 
Therefore, female trunk-muscle lines of action would still seem to be a critical 
component. Alternative modeling techniques such as the EMG-assisted approach 
(McGill & Norman, 1986; Nussbaum & Chaffin, 1998; Reilly & Marras, 1989) 
still require the same muscle parameter inputs and would likely be affected by the 
lack of gender-specific muscle geometry. 

There were several limitations in the model development and experimenta- 
tion used in the present study. First, 10 muscles were included in the model formu- 
lations to represent the internal force-generating components of the lumbar region 
of the torso. Second, only young healthy participants were used in the study. Third, 
all model estimates and physical exertions were for isometric loading tasks at rela- 
tively low levels. Fourth, flexion/extension and lateral bending moments were 
generated simultaneously by participants holding weights in front and to the sides, 
90' apart. Also, industrial tasks are typically composed of physical exertions in- 
volving a single load, but the current experimental setup had the advantage of 
maintaining consistent moments across participants. 

We conclude that the application of trunk biomechanical models to estimate 
female muscle activity should be considered carefully. In general, more extensive 
research is needed on trunk muscle parameters, given that the existing data is based 
largely on males and on low numbers of study participants. Future research needs 
to address validation and improvement of biomechanical trunk models for females. 
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