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Reduction of spinal loading through the use of handles
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A study was performed to investigate how different types of handle coupling
affect the loading on the spine. Ten male grocery item selectors performed a
laboratory simulation of a warehouse palletizing task. Participants transferred
the cases from a pallet in a storage bin to the destination pallet. The trunk
motions and muscle activities were monitored by a Lumbar Motion Monitor
(LMM) and electromyographic electrodes, respectively, and used as input to an
EMG-assisted biomechanical model. The results of the study revealed that the
presence of handles reduced the complex loads on the spine. This was particuarly
true when lifting to the lowest positions of the pallet, where the highest forces
occurred. It was determined that the maximum spinal compression forces were
reduced by an average of 6.8% when handles were added to the cases. The
presence of handles affected the moments imposed on the trunk in the lower
regions on the pallet, indicating a difference in lifting style and/or more sagittal
flexion. The results of this study suggest that the multiplier for handle coupling in
the 1991 NIOSH Revised Lifting Equation was appropriate for higher lifts (at
133.8 cm), but needs to be more protective for ‘poor’ coupling conditions with
lower vertical heights, which are the most common in industry. Based on these
results, it is recommended that handles be designed into the cases that are
commonly lifted from low levels in warehousing and other manual materials
handling situations.

1. Introduction

Manual Materials Handling (MMH) tasks have been associated with lower back
injuries (Snook et al. 1978, Bigos et al. 1986). One major job that requires a
tremendous amount of MMH is that of the item selector in a distribution warehouse.
The job of the grocery item selector requires lifting and lowering of various
containers ranging from cases to bags. These grocery item selectors transfer 1500 to
2000 cases each day, from pallets located in storage bins throughout the warehouse
to a pallet that is generally positioned on the pallet jack located in front of the
storage bin. The majority of the cases found in industry have no handles. Drury et al.
(1982) found that only 2.6% of the cases in industry had handles in the form of cut-
outs on the ends of the cases.

The benefit of placing handles on the sides of the cases has yet to be fully
evaluated in terms of the risk of injury to the lower back. A wide range of research
investigating the effects of handles during lifting has been performed using
psychophysical methods that attempt to define safe load limits for lifting or the
maximum acceptable weight of lift (MAWL) (Garg and Saxena 1980, Smith and
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Jiang 1984, Snook and Ciriello 1991). These reseachers found the MAWLs to be
larger for cases with handles than without handles. Conversely, M orrissey and Liou
(1988) found that cases with cut-out handles had lower MAWLs than cases without
handles during carrying tasks. The differences in the above studies might have
resulted from different tasks being performed. Other researchers have found that
participants rate the perceived exertion and body discomfort greater for lifting boxes
without handles than for lifting boxes with handles (Drury et al. 1989). Thus,
psychophysical studies have produced conflicting results on the effects of handles
during an MMH task.

Based on the above psychophysical research, NIOSH (1991) developed a
revised lifting equation that incorporated the type of handle coupling as a
multiplier (Waters et al. 1993, 1994). This multiplier had three levels (good, fair
and poor), which are based on the effectiveness of the coupling. As with the other
multipliers, the handle coupling component changed the recommended weight to
be lifted. Although much of the psychophysical research supports the addition of
the coupling factor, there has been limited biomechanical evidence to advocate
such a multiplier.

Much of the biomechanical research evaluating the different handle couplings has
focused on estimating the forces on the hands and the angles of the upper extremities
(Coury and Drury 1982, Drury and Deeb 1986). Others have explored the effects of
handles through the modelling of spinal loads, under both static and dynamic
conditions (Freivalds et al. 1984, Kromodihardjo and Mital 1987, Drury et al. 1989).
These authors found that handles reduced the compression and shear forces placed
on L5/S1 during lifting. Yet, these researchers have neglected to consider the
coactivity of trunk muscles commonly associated with complex and dynamic
motions that would be expected to result in larger spinal loads (Pope er al. 1986,
McGill 1991, Marras and Mirka 1992, 1993, Granata and Marras 1993, Mirka and
Marras 1993, Marras and Granata 1995, 1997a).

The EMG-assisted spinal loading model developed at the Biodynamics
Laboratory over the past decade accounts for coactivity of the trunk muscles to
acquire more reliable results. This model allowed a more accurate evaluation of the
effect of handles on trunk loading. This EM G-assisted model estimates the trunk
moments and spinal loads that result during a particular task such as the palletizing
of cases. The model has been validated for sagittal bending (Marras and Sommerich
1991a, b, Granata and Marras 1993, 1995a, Mirka and Marras 1993), lateral
bending (Marras and Granata 1997a), and axial twisting (Marras and Granata 1995)
when using typical trunk motions found in industry.

It has been commonly assumed that the magnitude of the spinal loads is directly
associated with low-back disorder (LBD) risk (Nachemson 1975). Many researchers
have found spinal load levels that approach spine tolerance limits (3400 N —
compression (NIOSH 1981) and 1000 N — shear (McGill 1996)) to be related to
higher incidence rates of LBD (Chaffin and Park 1973, Herrin ez al. 1986). However,
recent researchers have found that complex loading of the spine is common during
lifting, not just simple compression loading (Shirazi-Adl 1991, Fathallah 1995).

The main objective of this study was to accurately evaluate three-dimensional
spine loading as a function of presence of handles on cases commonly found in an
industrial palletizing task. Since the authors believe that the position of the load on
the pallet is a significant risk factor, a secondary objective was to evaluate handle
coupling as a function of the various positions on the pallet.
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2. Method
2.1. Participants
Ten male participants who worked as item selectors at a local warehouse volunteered
to depalletize/palletize the grocery items of interest. None of the participants had a
prior history of LBD. The participants’ ages ranged from 19 to 49 years, with a work
experience range of 0.25 to 23.0 years in a warehouse setting. The participants’ mean
(SD) weight and height were 80.1 (8.4) kg and 180.3 (2.3) cm, respectively.

2.2. Experimental design

The experimental design consisted of a two-way, within-subject design. The
independent variables were: case-handle coupling and position on the pallet. In
order to account for variability between the participants, participants were used as a
random effect, while case weight and size were used as blocking factors. Handle
conditions consisted of cardboard cases with cut-out handles and without handles.
The cut-out handles were 8.9 cm (3.5 in) wide and 2.5 cm (1 in) high, positioned at
the centre of the sides of the cases, 5.1 cm (2 in) below the top of the case. The
position and size of the handles were similar to those commonly found on cases in
warehouse environments.

Each of the pallets were divided into six regions corresponding to front-top,
back-top, front-middle, back-middle, front-bottom, and back-bottom areas. Figure
1 shows a schematic view of these six regions on a standard pallet. The handles of the
cases in each of the regions remained at a set level corresponding approximately to:
regions A and B at a height of 133.8 cm (52.7 in) from the floor, regions C and D at
a height of 95.3 cm (37.5 in) from the floor, and E and F at a height of 47.6 cm
(18.75 in) from the floor.

The dependent variables were the spinal loads estimated by the EM G-assisted
biomechanical model developed by the Ohio State Biodynamics Laboratory over the
past decade (Marras and Reilly 1988, Reilly and Marras 1989, Marras and

Figure 1. A schematic view of the six regions of the pallet.
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Sommerich 1991a, b, Granata and Marras 1993, 1995a, b, Mirka and Marras 1993,
Marras and Granata 1995, 1997a). The spinal loads estimated in this study were the
maximum values of compression, anterior-posterior shear and lateral shear forces on
the lower back at the lumbosacral joint.

2.3. Task
In order to simulate a ‘realistic’ warehousing depalletizing/palletizing task,
participants transferred cases from one pallet in a slot to a destination pallet on a
pallet jack. The depalletizing task started when the subject grasped the case and
ended when he crossed an imaginary line that coincided with the point at which the
subject was upright and facing the ‘palletizing’ pallet. Conversely, the palletizing task
started where the depalletizing task stopped and continued until the subject released
the case on the pallet. Data were analysed for only the interval of time that the
subject was performing the ‘palletizing’ task. Marras et al. (1997) have analysed and
reported on the spinal loads that occurred during the ‘depalletizing’ portion of the
job. An overhead view of the arrangement is shown in figure 2. The travel distance
between the two pallets was approximately 3 m. The lifting cycle was one case lifted
every 10 s (360 per hour) which was signalled by a computer-generated tone.

The cases for each of the combinations of independent variables were stacked on
a standard pallet generally found in a warehouse. The pallet was constructed of
wood with a width of 101.5 cm and a depth of 112 cm. Both the size and weight of
the cases were used as blocking variables. Two sizes of cases were used in this
study—a ‘small’ case with dimensions of 20.3 cm by 40.6 cm by 30.5 cm
(HXW xD) and a ‘large’ case with dimensions of 27.5 cm by 49.5 cm by 30.5 cm
(H XxW x D) which corresponded to volumes of 0.026 m” and 0.044 m”, respectively.
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Figure 2. A schematic overhead view of the experimental layout.
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The weights of the cases in this study were 18.2, 22.7 and 27.3 kg. These weights were
at the upper percentiles of typical case weights in a common warechouse setting.

2.4. Apparatus

The Lumbar Motion Monitor (LMM) was used to collect the trunk motion
variables. The LMM is essentially an exoskeleton of the spine in the form of a
triaxial electrogoniometer that measures instantaneous three-dimensional position,
velocity, and acceleration of the trunk (Marras et al. 1992).

Electromyographic (EMG) activity was monitored through the use of bi-polar
electrodes spaced approximately 3 cm apart at the ten major trunk muscle sites. The
ten muscles of interest were: right and left erector spinae; right and left latissimus
dorsi; right and left internal obliques; right and left external obliques; and right and
left rectus abdominus (Mirka and Marras 1993).

A force plate (Bertec 4060A, Worthington, OH) and a set of electrogoniometers
measured the external loads and moments placed on Ls/S; during calibration lifts
performed by the participants. The electrogoniometers measured the relative
position of Ls/S; with respect to the centre of the force plate, along with the
participant’s pelvic angle. The forces and moments were translated and rotated from
the centre of the force plate to Ls/S; (Fathallah et al. 1997).

All signals from the above equipment were collected simultaneously through a
customized Windows@based software developed in the Biodynamics Laboratory.
The signals were collected at 100 Hz and recorded on a 486 portable computer via an
analogue-to-digital board. The data were saved by the computer for subsequent
analysis.

2.5. Procedure

Following a brief orientation about the study, participants completed a consent form
and anthropometric measurements were collected. The EM G electrodes were applied
to the ten trunk muscle locations and maximum exertions were performed in six
directions: sagittal extension with the trunk at a 20° forward flexion angle; sagittal
flexion at 0° flexion; right lateral flexion at 0° flexion; left lateral flexion at 0° flexion;
right twist at 0° flexion; and left twist at 0° flexion. The impedance at each electrode
site was kept below 1 MQ.

Before handling each pallet of cases, the subject completed a set of calibration
lifts. During the calibration exertions, the subject lifted a 22.7 kg box from a
sagittally symmetric position at a low, smooth pace (controlled by the subject). The
lift started at the subject’s knee height and ended in an upright position. Initial
voltage values for the electrogoniometers, LMM and force plate were collected.
Figure 3 shows a subject lifting the box during a calibration exertion. Data collected
from these lifts were used to calibrate the EM G-assisted model’s performance and
determine the individual subject parameters, i.e. estimated muscle force per unit
area. The EMG-assisted model employed the calibration results to estimate the
spinal loads during the palletizing portion of the task.

2.6. Data analysis

The kinematic, kinetic, and electromyographic data were used as inputs in the EM G-
assisted spinal load model. The kinematic variables were measured and recorded by
the LMM and electrogoniometers. Customized software converted the voltages into
the respective angles, velocities, and accelerations of the trunk. The raw EMG
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Figure 3. A participant performing a calibration exertion.

signals were pre-amplified, high-pass filtered at 30 Hz, low pass filtered at 1000 Hz,
rectified, and integrated via a 20 ms sliding window hardware filter.

For all of the dependent variables, descriptive statistics were computed. These
statistics were means and standard deviations. Univariate descriptive statistics were
performed on all dependent variables to identify any outliers, which were then
excluded. Univariate Analysis of Variance (ANOVA) statistical analyses were then
performed on all the dependent variables. Based on the ANOVA analyses, Tukey
multiple pairwise comparison post-hoc analyses were performed to determine
significant differences among the different levels of any significant independent
variables.

3. Results
Several significant findings were identified and are summarized in table 1. Handle
coupling (H) and pallet region (R) were found to significantly influence both
anterior-posterior shear as well as compression forces. The interaction between
handle coupling and pallet region (H XxR) was found to be significant for lateral
shear and compression forces.

Figure 4 shows the spinal loads in all three planes that resulted for cases with and
without handles. The cases with handles resulted in lower anterior-posterior (A-P)
shear and compression forces than cases without handles. On average, the use of
handles reduced A-P shear and compression by 50 N and 270 N, respectively.

Subsequent analyses were performed to investigate the difference between the
handle couplings for the trunk moments and muscle activities. First, handle coupling
was found not to influence the trunk moments (sagittal, lateral, and twist). Thus, it
appears that the presence of handles did not significantly alter the overall lifting
technique of the item selectors. Second, muscle activities of the antagonistic muscles
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Table 1. Results of the univariate analysis of variance for the maximum spinal loads.

ANOVA
Anterior-posterior
Lateral shear forces shear forces Compression forces
Effects df F-value p-value F-value p-value F-value p-value
Handle (H) 1 3.82 0.08 8.76 0.02 7.21 0.03
Pallet region (R) 5 2.27 0.06 8.99 0.0001 32.04 0.0001
H xR 5 2.77 0.03 2.06 0.09 10.79 0.0001

Bold indicates significant effect at p<<0.05.
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Figure 4. Maximum spinal loading as a function of handle condition (* indicates a
significant difference between the handle couplings).

were greater when lifting the cases without handles. The results of the ANOVA
indicate that there was a significant difference between the two handle conditions for
the left erector spinae, right and left rectus abdominus, right external oblique, and
right and left internal oblique muscles (table 2). Figure 5 shows the levels of muscle
activity for the ten major trunk muscles. The rectus abdominus muscles were found
to have higher levels of muscle activity for the no-handle cases than for the cases with
handles. Hence, this increase in antagonistic activity, even though the left erector
spinae muscle had higher activity, would help to explain the increase in the spinal
loads found for the cases without handles.

The effects of pallet position on the spinal loads during the palletizing task were
consistent with results found during the depalletizing portion of the task (Marras et
al. 1997). In general, the lower regions of the pallet were found to be associated with
higher spinal loads and trunk moments. The influence of handles on the spinal



K. G. Davis et al.

1162

‘anbiqro euIsur 391 :QIT ‘onbiqrio [eurdiur 1y :QIY ‘onbijqo [eUINIXd 1J9] :OFT ‘onbijqo [BUINIXS YT :QF Y ‘snurwopqe snjoal Y9 SV

‘snurwopqe snjodr 1S gV Y ‘orurds 1030010 3397 :SHT orvurds 1030010 1Y (SHY SNSIOP snwIssiie[ 1J9[ (LY 1T ‘snsiop snwissne] ySu I LVT1Y
"§0°0>d 1% 199]J9 JUBIYIUSIS $AIBIIPUL P[Og

1570 61°0 £00°0 1000°0 Iv0 080 ¥8°0 S1°0 2000°0 99°0 onfea-d uolgal

S 980 L6'E 189 Y0l LY'0 Iv'o 0L1 €9 §9°0 onfeA-4 S £q o[pueH
1000°0 1000°0 200°0 1000°0 00 1000°0 1000°0 1000°0 £€00°0 1000°0 onfea-d D

10°0¢ 06°CT 130 4 $9°81 ore 98°01 €L°08 Iyee (L1584 ys'L on[eA-f S uorsar jo[[ed

£€0°0 00 €0 ¥0°0 £€00°0 £€00°0 200°0 6L°0 050 60 onfea-d

£8'8 16°9 L9°0 8L'S ve6'sl LS9 18°81 LO°0 6¥°0 10°0 onfeA-4 I (H) °IpueH

oIl ord 0od1 odd SdV1 sdvd Sd1 NER: LVT1 LVTY Jp S100 4

VAONY
sIsA[eu® 9)BLIBAIUN JY) JO SINSY T d[qeL

"SO[OSNUW JUNJI) UL} Y} J0OJ SONIAIIOR J[OSNW WNWIXBW dY} JO UBLIBA JO



Handle use and spinal loading 1163

110

100 + T

90 +

Normalized Muscle Activity (% of max)

% % . . o%
rlat llat res les rabs®  labs reo ¥ leo io lio
Muscle
B Handles No Handles }

Figure 5. Maximum muscle activity for the ten major trunk muscles (* indicates a significant
difference beween the handle couplings).
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loading depended upon the destination position on the pallet, as indicated by the
significant interactions between handle coupling and pallet region (H XR). All the
significant H XR interactions that resulted were divergent in that there was no
difference between the handle conditions in the top regions (A and B), however, there
was a large difference between the types of coupling for the lower regions of the pallet.
In the middle and bottom layers (regions C, D, E and F), the cases with handles
produced significantly lower lateral shear and compression forces than cases without
handles. Figure 6 represents the typical trend found for the interaction between
handles and pallet region for the spinal loads. Similar results were found for the
moments imposed on the trunk (sagittal, lateral and twisting). The difference between
the handle conditions in trunk moments for the lower pallet regions would indicate
that the presence of handles altered the way in which participants performed the lift,
which corresponded to changes in muscle activity. Cases with handles were found to
have significantly lower sagittal bending in these lower regions, which would further
suggest a different lifting style. The location of the handles allowed the participants to
remain more upright when positioning the cases on the pallet. For cases without
handles, the hands were positioned, most of the time, diagonally at the upper and
lower corners of the case. This hand positioning would require the participants to
bend forward more with cases without handles than when handles were present.

4. Discussion
The presence of handles on the cases decreased anterior-posterior shear and
compression forces for the entire pallet. The reduction of compression forces for the
cases with handles was mainly found in the bottom layers of the pallet. Although the
benefit of handles was limited in the lateral shear plane, handles reduced the lateral
shear forces in the lower regions. Having handles on the cases decreased the complex
loading of multi-dimensional forces, especially in the lower regions.

The reduction of spinal loads through the use of handles was contrary to
Freivalds et al. (1984) who found that the peak compression forces were lower for
cases without handles than with handles. Their model used rigid links to estimate the
forces on the Ls/S; and used a single equivalent extensor muscle. This model
neglected the forces from antagonistic muscles such as the external obliques and
rectus abdominus muscles. In the present study, the higher coactivity for the no-
handle condition was found to contribute to the higher loads on the spine.
Additionally, in the study by Freivalds et al. (1984), the lifts were performed from
the same position (sagittally symmetric from the floor) that would eliminate the
complex loading observed in the present study. Conversely, Kromodihardjo and
Mital (1987) found that no handles increased the compression and shear loads on the
spine. The tasks performed in their study were from the floor with both symmetrical
and asymmetrical starting positions. These authors investigated several case
characteristics but did not evaluate the interactions between the characteristics. In
addition, the Kromodihardjo and Mital model used optimization techniques that
contained several muscles. Hence, the differences of the other two studies are
probably a result of different model assumptions.

The reduction in spinal loading due to handles might be explained by a
combination of several factors such as the kinematic variables, muscle coactivity,
and increased vertical height resulting from different hand positions. The muscle
activity of the antagonistic muscles (rectus abdominus) were found to be significantly
higher for the cases without handles. Also, the maximum sagittal flexion for the cases
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without handles was found to be significantly larger than for the cases with handles
(about 2° on average). A larger maximum sagittal flexion corresponds to higher
external moment; however, the magnitude of the difference between coupling
conditions was not reflected in the predicted trunk moment for the entire pallet. The
difference between handle conditions for trunk moments was mainly in the lower
regions of the pallet. The maximum sagittal velocity was also higher for the no-
handle cases (on average 3°). Other researchers have found that higher velocities
result in higher coactivity, and ultimately, higher spinal loads (Marras and Mirka
1992).

The type of handle coupling influenced the maximum trunk moments in all three
dimensions in the lower regions of the pallet. Thus, the cases could have been lifted
differently under the two types of handle coupling. These results agree with Mirka et
al. (1994) who found that the peak sagittal external torque was greater for the cases
with handles than without handles for a case weight of 22.5 kg. These tasks were
performed under sagittally symmetric conditions limiting the trunk moments to the
sagittal plane. In the present study, the participants performed exertions under
completely free-dynamic conditions, thus allowing a more realistic motion. These
motions would impose moments on the trunk in all three planes.

The reduction of the spinal loading when handles are present on the cases would
further support the addition of a handle coupling factor in the NIOSH (1991) Lifting
Equation (Waters e al. 1993). The present types of coupling represented a ‘good’
and a ‘poor’ hand-case coupling. These results revealed that the maximum spinal
compression was reduced by 6.8% when handles were added to the cases. When
compared to increases in case weight, the benefit of handles (in terms of reduction in
compression) was equivalent to reducing the case weight by 2.2 kg. The difference in
handle conditions in the lower regions of the pallet was more substantial, equivalent
to a 3.5 kg weight reduction. For the NIOSH lifting equation, the decrease in the
recommended weight limit (RWL) resulting from the ‘poor’ handle coupling
multiplier was 2.3 kg. Hence, it appears that the lifting equation adequately
represents the physical demands associated with lifting at a vertical height of
133.8 cm (52.7 in). However, the NIOSH multiplier of 0.90 would be too ‘liberal’ for
the cases with destination heights lower than 133.8 cm. According to the results of
this study, the appropriate multiplier for this region would actually be 0.85.

When the difference between the handle conditions was compared to increases in
case weight, the reduction of anterior-posterior shear forces when handles were
present was equivalent to a reduction of 1.8 kg of case weight. A larger case weight
equivalent (4.5 kg of case weight) for the lateral shear forces was found in the lower
regions of the pallet. Again, this would indicate that the handle coupling multiplier
could actually be more protective for the ‘poor’ coupling condition below 76.2 cm
(30 in).

Several potential limitations of the study must be considered. First, each
subject performed the entire study during a full-day session (all 12 pallets). This
repetition could have caused fatigue as the day progressed. However, the
experimental design was randomized to control for fatigue. Other reseachers have
documented changes in trunk motions and spine loading due to fatigue (Marras
and Granata 1997b). Second, some of the results could have been affected by
controlling the movement of the cases. For the actual tasks themselves, the
participants had to place the cases in an exact pattern on each row. However, this
pattern was constant for all pallets and participants. The control of the palletizing
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pattern was necessary to ensure that all participants performed the palletizing task
in the same way. Third, the movement was further restricted by the cables
connecting the EMG electrodes and LMM to the data collection system. These
cables required all the participants to turn to the right when transferring cases
from the ‘depalletizing’ pallet to the ‘palletizing’ pallet. Again, this movement was
constant for all participants and conditions. However, this movement would be
expected to minimally influence the lifting motions.

The present study investigated only two types of handle couplings (cut-out
handles and no handles). Other types of handles would result in different loads
placed on the spine, i.e. a better designed handle could result in an even larger
benefit. The effects of other types of handles and positions of the handles on the cases
should be investigated in the future.

The present study was a laboratory simulation of the palletizing task commonly
found in grocery warehouses. When applying these results to the actual warehouse
settings, it must be remembered that the warehouse environment requires a variety of
other tasks as well as MM H activities that may contribute to the total spinal loading.

5. Conclusion

The presence of handles has been shown to minimize many of the common risk
factors associated with LBD. The results of this analysis indicated that cases with
handles significantly reduced spinal loading. The importance of handles became
particularly relevant for the lower regions of the pallet where the individuals seemed
to change the nature of the lift under the no-handle conditions. Based on the results
of the study, it can be concluded that handles should be incorporated into the cases
that are commonly used in MMH tasks.

Acknowledgements
Partial funding was provided by the Food Marketing Institute. The authors would
also like to thank Dr Kevin Granata, Bryan Kirking, Gary Allread, Michael
Jorgensen and Laura Gaudes for their contribution to this project.

References

Bicos, S. J., SPENGLER, D. M., MARTIN, N. A., ZEH, J., Fisuer, L., NacHEMsoN, A. and WANG,
M. H. 1986, Back injuries in industry: a retrospective study. II. Injury factors, Spine, 11,
246 -251.

CuarrIN, D. B. and Park, K. S. 1973, A longitudinal study of low-back pain as associated with
occupational weight lifting factors, American Industrial Hygiene Association Journal, 34,
513 -525.

Coury, B. G. and Drury, C. G. 1982, Optimum handle in a box-holding task, Ergonomics, 25,
645 -662.

Drury, C. G. and DeEes, J. M. 1986, Handle positions and angles in a dynamic lifting task.
Part 1. Biomechanical considerations, Ergonomics, 29, 734 —768.

Drury, C. G., DEes, J. M., HARTMAN, B., WooLEY, S., DrRURY, C. E. and GALLAGHER, S. 1989,
Symmetric and asymmetric manual materials handling. Part 1: Physiology and
psychophysics, Ergonomics, 32, 467 —489.

Drury, C. G., Law, C. and Pawenski, C. S. 1982, A survey of industrial box handling, Human
Factors, 24, 553 - 565.

FatuarLan, F. A. 1995, Coupled spine motions, spine loading and risk of occupationally-
related low-back disorders. Dissertation, The Ohio State University, Columbus, OH.

FatuarLal, F. A., MarrAS, W. S., PArNIaANPOUR, M. and GrANATA, K. P. 1997, A method for
measuring external loads during unconstrained free-dynamic lifting, Journal of
Biomechanics, 30, 975-978.


http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2911L.246[aid=578301,nlm=2940708]
http://angelina.catchword.com/nw=1/rpsv/0002-8894^28^2934L.513[aid=577298,nlm=4272346]
http://angelina.catchword.com/nw=1/rpsv/0014-0139^28^2925L.645[aid=578593,csa=0014-0139^26vol=25^26iss=7^26firstpage=645,nlm=7128573]
http://angelina.catchword.com/nw=1/rpsv/0014-0139^28^2932L.467[aid=578595,csa=0014-0139^26vol=32^26iss=5^26firstpage=467,erg=114657,nlm=2767042]
http://angelina.catchword.com/nw=1/rpsv/0021-9290^28^2930L.975[aid=578304,csa=0021-9290^26vol=30^26iss=9^26firstpage=975,erg=156487,nlm=9302623]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2911L.246[aid=578301,nlm=2940708]
http://angelina.catchword.com/nw=1/rpsv/0002-8894^28^2934L.513[aid=577298,nlm=4272346]
http://angelina.catchword.com/nw=1/rpsv/0014-0139^28^2925L.645[aid=578593,csa=0014-0139^26vol=25^26iss=7^26firstpage=645,nlm=7128573]
http://angelina.catchword.com/nw=1/rpsv/0021-9290^28^2930L.975[aid=578304,csa=0021-9290^26vol=30^26iss=9^26firstpage=975,erg=156487,nlm=9302623]

Handle use and spinal loading 1167

FreivaLps, A., CuarriN, D. B., GArRG, A. and Leg, K. S. 1984, A dynamic biomechanical
evaluation of lifting maximum acceptable loads, Journal of Biomechanics, 17, 251 —262.

GARG, A. and Saxena, U. 1980, Container characteristics and maximum acceptable weight lift,
Human Factors, 22, 487 —495.

GrANATA, K. P. and MARrRras, W. S. 1993, An EMG-assisted model of loads on the lumbar
spine during asymmetric trunk extensions, Journal of Biomechanics, 26, 1429 —1438.

GRANATA, K. P. and MARrras, W. S. 1995a, An EM G-assisted model of trunk loading during
free dynamic lifting, Journal of Biomechanics, 28, 1309 —1317.

GrANATA, K. P. and MARRAs, W. S. 1995b, The influence of trunk muscle coactivity upon
dynamic spinal loads, Spine, 20, 913 -919.

HerrIN, G. D., Jariepi, M. and Anperson, C. K. 1986, Prediction of overexertion injuries
using biomechanical and psychophysical models, American Industrial Hygiene Associa-
tion Journal, 47, 322 —330.

KromopinarDIO, S. and MitaL, A. 1987, Biomechanical analysis of manual lifting tasks,
Journal of Biomedical Engineering, 109, 132 -137.

Marras, W. S. and Granata, K. P. 1995, A biomechanical assessment and model of axial
twisting in the thoraco-lumbar spine, Spine, 20, 1440 — 1451.

Marras, W. S. and Granata, K. P. 1997a, Spine loading during trunk lateral bending
motion, Journal of Biomechanics, 30, 697 —703.

Marras, W. S. and Granata, K. P. 1997b, Changes in trunk dynamics and spinal loading
during repetitive trunk exertions, Spine, 22, 2564 —2570.

Marras, W. S. and Mirka, G. A. 1992, A comprehensive evaluation of trunk response to
asymmetric trunk motion, Spine, 17, 318 —326.

Marras, W. S. and MirkaA, G. A. 1993, Electromyographic studies of the lumbar trunk
musculature during the generation of low-level trunk acceleration, Journal of Orthopedic
Research, 11, 811 -817.

Marras, W. S. and ReLy, C. H. 1988, Networks of internal trunk loading activities under
controlled trunk motion conditions, Spine, 13, 661 —667.

Marras, W. S. and SommEericH, C. M. 1991a, A three dimensional motion model of loads on
the lumbar spine. I. Model structure, Human Factors, 33, 129 137.

Marras, W. S. and SommERICH, C. M. 1991b, A three dimensional motion model of loads on
the lumbar spine. II. Model validation, Human Factors, 33, 139 —149.

MaRrRrAs, W. S., FatHaLLAH, F., MILLER, R. J., Davis, S. W. and M1rka, G. A. 1992, Accuracy
of a three-dimensional lumbar motion monitor for recording dynamic trunk motion
characteristics, International Journal of Industrial Ergonomics, 9, 75-87.

Marras, W. S., GranaTa, K. P., Davis, K. G., AtLreap, W. G. and JorGensen, M. J. 1997,
Spinal loading and probability of low-back disorder risk as a function of box location
on a pallet, Human Factors in Manufacturing, 7, 323 —336.

McGire, S. M. 1991, Electromyographic activity of the abdominal and low back musculature
during the generation of isometric and dynamic axial trunk torque: implications for
lumbar mechanics, Journal of Orthopedic Research, 9, 91 —103.

McGire, S. M. 1996, Searching for the safe biomechanical envelope for maintaining healthy
tissue. Pre-ISSLS Workshop: The contribution of biomechanics to the prevention and
treatment of low-back pain, University of Vermont, Burlington, VT, June.

Mirka, G. A. and Marras, W. S. 1993, A stochastic model of trunk muscle coactivation
during trunk bending, Spine, 18, 1396 —1409.

Mirka, G., Baker, A., HarrisoN, A., KetaHErR, D. and Davis, J. 1994, A study of the
interaction between load and coupling during lifting, Proceedings of the Human Factors
and Ergonomics Society 38th Annual Meeting, (Santa Monica, CA: Human Factors and
Ergonomics Society), 644 — 648.

Morrissey, S. J. and Liou, Y. H. 1988, Maximum acceptable weights in load carriage,
Ergonomics, 31, 217-226.

NacHEMsoN, A. 1975, Towards a better understanding of low-back pain: a review of Mechanics
of the Lumbar Disc, Rheumatology and Rehabilitation, 14, 129 —143.

NIOSH 1981, Work practices guide for manual lifting, NIOSH Technical Report No. 8§1-122,
US Department of Health and Human Services, National Institute for Occupational
Safety and Health, Cincinnati, OH.


http://angelina.catchword.com/nw=1/rpsv/0021-9290^28^2917L.251[aid=577523,nlm=6736062]
http://angelina.catchword.com/nw=1/rpsv/0021-9290^28^2926L.1429[aid=578308,csa=0021-9290^26vol=26^26iss=12^26firstpage=1429,erg=134811,nlm=8308047]
http://angelina.catchword.com/nw=1/rpsv/0021-9290^28^2928L.1309[aid=577433,csa=0021-9290^26vol=28^26iss=11^26firstpage=1309,erg=145320,nlm=8522544]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2920L.913[aid=578309,csa=0362-2436^26vol=20^26iss=8^26firstpage=913,nlm=7644956]
http://angelina.catchword.com/nw=1/rpsv/0002-8894^28^2947L.322[aid=576923,nlm=2943150]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2920L.1440[aid=578311,csa=0362-2436^26vol=20^26iss=13^26firstpage=1440,nlm=8623063]
http://angelina.catchword.com/nw=1/rpsv/0021-9290^28^2930L.697[aid=578312,csa=0021-9290^26vol=30^26iss=7^26firstpage=697,erg=153942,nlm=9239549]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2922L.2564[aid=578598,csa=0362-2436^26vol=22^26iss=21^26firstpage=2564,nlm=9383866]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2917L.318[aid=578314,csa=0362-2436^26vol=17^26iss=3^26firstpage=318,nlm=1533061]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2913L.661[aid=578315,nlm=3175757]
http://angelina.catchword.com/nw=1/rpsv/0018-7208^28^2933L.139[aid=578317,csa=0018-7208^26vol=33^26iss=2^26firstpage=139,erg=124685,nlm=1860701]
http://angelina.catchword.com/nw=1/rpsv/0169-8141^28^299L.75[aid=578599,csa=0169-8141^26vol=9^26iss=1^26firstpage=75,erg=128960]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2918L.1396[aid=578319,csa=0362-2436^26vol=18^26iss=11^26firstpage=1396,nlm=8235810]
http://angelina.catchword.com/nw=1/rpsv/0014-0139^28^2931L.217[aid=578600,erg=109674,nlm=3371331]
http://angelina.catchword.com/nw=1/rpsv/0002-8894^28^2947L.322[aid=576923,nlm=2943150]

1168 K. G. Davis et al.

Pore, M. H., AxpeErssoN, G. B. J., BrRoman, H., SvEnssoN, M. and ZETTERBERG, C. 1986,
Electromyographic studies of the lumbar trunk musculature during the development of
axial torques, Journal of Orthopaedic Research, 4, 288 —297.

Remry, C. H. and Marras, W. S. 1989, SIMULIFT: A simulation model of human trunk
motion during lifting, Spine, 14, 5-11.

SHirAzI-ADL. A. 1991, Finite-element evaluation of contact loads on facets of an L2-L3 lumbar
segment in complex loads, Spine, 16, 533 —541.

Smith, J. L. and Jiang, B. C. 1984, A manual materials handling study of bag lifting, American
Industrial Hygiene Association Journal, 45, 505—508.

Snook, S. H. and CiriELLo, V. M. 1991, The design of manual handling tasks: revised tables of
maximum acceptable weight and forces, Ergonomics, 34, 1197 -1213.

S~ook, S. H., CampPANELLI, R. A. and HArT, J. W. 1978, A study of three preventive approaches
to low-back injury, Journal of Orthopedic Medicine, 20, 478 —481.

Waters, T. R., Putz-ANDERsoN, V. and GARrRG, A. 1994, Applications manual for the revised
NIOSH lifting equation, US Department of Health and Human Services, NIOSH, 1 -
107.

Warters, T. A., Putz-ANDERSON, V., GARG, A. and Fing, L. J. 1993, Revised NIOSH equation
of the design and evaluation of manual lifting tasks, Ergonomics, 36, 749 —776.


http://angelina.catchword.com/nw=1/rpsv/0736-0266^28^294L.288[aid=578601,nlm=2942653]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2914L.5[aid=578321,csa=0362-2436^26vol=14^26iss=1^26firstpage=5,nlm=2913667]
http://angelina.catchword.com/nw=1/rpsv/0362-2436^28^2916L.533[aid=578324,csa=0362-2436^26vol=16^26iss=5^26firstpage=533,nlm=2052996]
http://angelina.catchword.com/nw=1/rpsv/0002-8894^28^2945L.505[aid=578602,erg=100140,nlm=6475757]
http://angelina.catchword.com/nw=1/rpsv/0014-0139^28^2934L.1197[aid=576957,csa=0014-0139^26vol=34^26iss=9^26firstpage=1197,erg=124914,nlm=1743178]
http://angelina.catchword.com/nw=1/rpsv/0014-0139^28^2936L.749[aid=576964,csa=0014-0139^26vol=36^26iss=7^26firstpage=749,erg=133138,nlm=8339717]
http://angelina.catchword.com/nw=1/rpsv/0002-8894^28^2945L.505[aid=578602,erg=100140,nlm=6475757]

