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This study investigated trunk kinematic differences between lifts performed using
either one hand (unsupported) or two hands. These effects were studied while
beginning the lifts from different asymmetric starting positions and while lifting
different load weights. Each subject lifted a box from a lower to an upper platform
under one- and two-handed lifting conditions. Subjects wore a lumbar spine
electrogoniometer, from which relative motion components were calculated in the
trunk’s three cardinal planes. Results of this study showed that one-handed lifting
resuited in significantly higher ranges of motion in the lateral and transverse planes
and greater flexion in the sagittal plane. Back motion characteristics previously
found to be associated with low back disorders were all significantly higher for
one-handed lifts. The two-handed lift technique, on the other hand, produced
overall faster trunk motions in the sagittal plane and equal or larger acceleration
and deceleration magnitudes in all planes of motion. Increases in load asymmetry
affected trunk kinematics, in that magnitude values for range of motion, velocity
and acceleration became much greater with increasingly asymmetric load posi-
tions. Increasing the load weight appeared to have less of an effect on trunk
kinematics, with increases in position mostly occurring during sagittal and lateral
bending. These results suggest that unsupported one-handed lifting loads the spine
more than two-handed lifts, due to the added coupling. Applying these results to a
previously developed model, one-handed lifting was also found to increase one’s
risk of suffering a low back disorder.

1. Introduction
The costs associated with strains to the low back are substantial for American
industries (National Safety Council, 1989). Several studies have identified repetitive
manual materials handling (MMH) as a risk factor for low back disorders (LBD)
(Bigos et al. 1986, U.S. Department of Labor 1989). In fact, these studies found
MMH to be the dominant factor in occupationally related LBD.

Models incorporating the dynamic aspects of lifting have also received much
attention (McGill and Norman 1985, Freivalds et a/. 1984). Loading on the spine was
found to increase from 19% to 52% when trunk movements were included in these
models. Bigos et al's (1986) occupational study found that dynamic lifting produced a
three-fold increase in LBD risk as compared with awkward static postures.

Another factor, trunk twisting associated with asymmetric lifting, has been related
to greater odds of LBD (Kelsey er al. 1984, Andersson 1981). Twisting has been
linked with decreases in trunk torque production (Marras and Mirka 1989) and
changes in the muscles that are the primary movers of the trunk (Marras et al. 1990)
as well.

These studies suggest which activities and work place factors compromise the
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spine and its ability to counterbalance external loads. However, a work-related
clement not included in these studies, but frequently performed in MMH, may be
relevant. That is, individuals who must handle odd-shaped objects, perform tasks in
confined spaces, or work in poorly designed environments may handle the load using
only one hand. Unfortunately, research into the biomechanical effects of one-handed
lifting is sparse. In fact, most has relied on psychophysical methods (Garg and Saxena
1982, Garg 1983). These studics focused on assessing fatigue and maximum aceep-
table frequencies of one-handed lifting while subjects simulated work often done
along industrial production lines. These researchers found that load weight and
horizontal reach distance were the factors affecting lift frequency. Neither study
compared their results with a corresponding two-handed lift.

The aforementioned studies have separately illustrated the biomechanical effects
of dynamic, asymmetric and one-handed lifting. However, we are aware of no
research that has incorporated the real-world task of dynamic, unsupported one-
handed lifting under symmetric and asymmetric conditions. Furthermore, one- and
two-handed lifting comparisons do not exist. The objective of this study was to
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Figure 1. Lumbar Motion Monitor (LMM) on subject.
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examine various lifting conditions and determine whether or not lifting a load with
only one hand (with the body unsupported) changed trunk kinematics from those lifts
done using the more common two-handed lifting technique. It is recognized that
prevention is the first step toward reducing the spiraling rise in health care costs.
Thereforg, the need exists to provide ergonomists with kinematic and risk informa-
tion for all types of lifting tasks found in industry.

2. Method
2.1, Subjects
Twenty-four males were used as subjects in this study. Calculations of pilot study data
determined that this sample size generated a power of 0-80. All subjects were right-
handed and reported to be free from low back injuries or other ailments. Mean
(standard deviation) age, weight, and height for this group were 25:08 (4-03) years,
73-44 (10-17) kg and 176-91 (6:73) cm, respectively.

2.2, Experimental Design

This study used a three-way factorial design; each subject performed every lifting
condition. The independent variables chosen were: lift technique (use of one or two
hands); load asymmetry at the beginning of the lift (Sagittally symmetric and 45, 90,
and 135deg to the right of the mid-sagittal plane); and box weight (3-40, 6-80 and
10-20 kg). The model used to analyze these data included fixed main effects of these
three variables, all three two-way interactions and the one three-way interaction. The
dependent variables to be reported here were the kinematic lumbar spine variables
(maximum position, average and maximum velocity, and maximum acceleration) in
the sagittal, lateral (coronal) and transverse planes of the trunk.

2.3, Apparatus

A Lumbar Motion Monitor (LMM) was used to collect kinematic data in the three
cardinal planes. The LMM, shown in figure 1, was an electrogoniometer that
essentially represents an exoskeleton of the spine. It fitted closely onto subjects’
backs using a waist and shoulder harness. A more complete, technical description of
this device has been provided by Marras er al. (1992). Subjects stood on a Bertec'™
force plate, which was zeroed prior to each lift, in order to remove subject weight
effects. Two time markers were used by the experimenter—one to indicate the onset
and a second to signily the completion of the lift. In this way, extrancous movements
ol the unloaded spine could be deleted. Voltage outputs from the LMM, force plate
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Figure 2. Locations of lower platform.
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and time markers were input into a LabpucTM A/D converter and the data were
stored on a portable 386 computer. Data were sampled at a frequency of 60 Hz using
customized data collection soltware.

The same box was handled in all trials, but it was weighted according to which
experimental condition was being run. It measured 432 cm between the two outside
handles, was 22-9cm high and 27-9cm deep. A single handle, used for one-handed
lifting, was centred inside the box at the same vertical height as the two outer handles.
All handles measured 2-9 cm in diameter. Subjects were required to use the (centre or
two outside) handles for all lifts, rather than holding onto the box by its sides, for
example. This was done in an effort to keep the variability in the conditions to a
minimum and to ensure the lifting start and completion heights remained constant for
all subjects.

Before the initiation of each lift, the box was set on the lower platform, which
placed the handles 76:-2cm above the floor. There were four locations at which the
lower platform was placed, sagittally symmetric (directly in front of the subject) and
45. 90, or 135 deg to the subject’s right side. These locations are shown in figurc 2. The
upper platform was located directly above the sagittally symmetric lower platform
position. Hundle height at the completion of the lift, when the box was placed on the
upper platform, was 137-2cm. The horizontal distance from the center of the subject’s
standing position (i.., the location of the spine) to all lower and upper platform
positions was 63-5cm. This distance corresponded to the average horizontal distance
between material handlers’ lumbar spines (at L5/S1) and the centre of the loads they
handled, as found by Marras et al. (1993).

2.4 Procedure

2.4.1. Training Session: Each subject was trained first as to the correct method for
lifting the box using either one or two hands. Subjects practised the lifting tasks for all
conditions of asymmetry and load weight. They were instructed that lifts should be
performed at a comfortable pace, one which subjects felt they should use if doing
MMH for an entire eight-hour work shift. They were asked to continue at this pace in
the testing session. No other restrictions were placed specifically on how the lifts were
to be performed.

2.4.2. Testing Session: During testing, subjects were fitted with the appropriately
sized LMM (based on spine length) and then asked to stand on the force plate.
Because this plate was used, subjects were not permitted to move their feet while
performing lifts. Subjects were told to lift the test box from the lower platform to the
upper platform in accordance with the particular test condition. They were instructed
which technique to use immediately before each lift and were told the weight level
(given in relative terms of ‘low,’ ‘medium,’ or ‘high’ weight). Each experimental
condition was tested three times. To reduce the possibility of fatigue, subjects were
allowed to rest for at least one minute between lifts (while the subsequent test
condition was set up) and they were provided with a stool for sitting on between trials.
Two scheduled rest breaks were included during the testing session. A subject
performing a one-handed lift from the 90 deg position is shown in figure 3.

3. Results
Multi-factor analysis of variance procedure were conducted on the data; all main
effects and interactions were found to be significant (p < 0-05). Univariate analyses
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Figure 3. Subject lifting test box with one hand.

then were performed on the dependent variables. Force plate results will not be
reported in this paper. Numerous main cffects were significantly different from one
another. Diflerences were scen between the two lift techniques for all sagittal plane
variables, all lateral plane variables (except acceleration) and all twisting pline
variables (except maximum velocity and acceleration). Task asymmetry also
showed statistical significance for all measures, except maximum flexion in the sagittal |
plane. The varying of load weight was found to have fewer significant effects on the
dependent variables. Several interactions also were found to be significant. Nearly
half of these were lift technique-by-asymmetry (L x A) interactions.

3.1 Lift technique .
Table 1 shows descriptive statistics for the lift technique main effects. As this table
shows, all sagittal plane motion variables were significantly higher for two-handed
lifts, except for maximum flexion. The fact that one-handed lifts produced more
sagittal flexion, while two-handed lifts produced more sagittal range of motion,
indicates subjects remained in a more flexed posture during the one-handed lifts.
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Table 1. Descriptive statistics between lift techniques.

Lift technique

1-handed 2-handed

Units Mean Std. dev. Mean Std. dev.
Sagittal plane
Maximum flexion deg **32-13 515 28-54 8:06
Range of motion deg 3229 7-23 **43-36 1265
Average velocity deg/sec 14-06 346 **18-57 5-83
Maximum velocity deg/sec 47-17 11-80 **60-22 2093
Maximum acceleration deg/sec2 146-10 53-18 **194-21 104-60
Lateral plane
Maximum right bend deg **12-69 5-97 -0-34 875
Range ol motion deg **25-56 9-00 12:26 4-36
Average velocity deg/sec **11-47 4-11 7-16 2:96
Maximum velocity deg/sec **33-36 11-49 22-39 11-01
Maximum acceleration deg/sec’ 120-22 73-41 128-47 96-99
Transverse plane
Maximum right twist deg 7-29 7-60 **14-80 7-95
Range of motion deg **10-96 6-86 8:76 6-66
Average velocity deg/sec **4-77 2:72 419 3:09
Maximum velocity deg/sec 20-04 10-60 20-68 14-96
Maximum acceleraton deg/sec2 105-69 55-27 **111-68 78-63

**denotes significant higher, at p < 0.05

In the lateral plane, one-handed lifts resulted in a greater trunk position to the
right (toward the load) and a larger range of motion. The one-handed lifts also
produced significantly higher average and maximum lateral velocities, which were
both approximately 50% higher than when two-hands were used.

In the transverse plane, two-handed lifts produced more twisting to the right. This
was most likely due to the experimental set-up, which required subjects to not move
their feet during the lifts. The overall twisting range of motion, though, was greater
during one-handed lifting, as was average velocity (though the actual amount was
about 0-6 deg/sec). In all three planes, two-handed lifts produced accelerations that
were the same or higher than for one-handed lifting.

3.2 Asymmetry

A summary of trunk characteristics in response to asymmetric lifting is shown in table
2. Greater asymmetries produced significant changes in many of the kinematic
parameters. Positioning the lower platform at more asymmetric positions produced
greater sagittal and lateral ranges of motion as well as higher average and maximum
velocities in these two planes. Increased asymmetry also brought about higher lateral
and sagittal accelerations, but only at the most asymmetric angles. It is important to
note the response to asymmetry of the transverse plane kinematic variables. For each
variable studied, significant increases were found across every level of increasing
asymmetry.

3.3 Load weight
Kinematic differences due to load weight, shown in table 3, exhibited less dramatic
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Table 2. Descriptive statistics across asymmetry conditions.

Asymmetry (deg)

0 45 90 135

Std. Std. Std. ‘ Std.
Mean  dev. Mean dev. Mean  dev. Mean dev.

Sagittal plane

Maximum flexion 3122 549 3098 532 3001 539 29-14 10-32
Range of motion #3326 584  *3310 673 B37.18 1012 ©4785 1503
Average velocity 1350  3-11 B1510 349 €1693 471 P1975 690
Maximum velocity *41-49 11-57  B50-66 1084 Bs56-53 1470 S6624 2328
Max. acceleration A146:98 63-83  “153-08 4579 A172:73 7743 B208-12 12499

Lateral plane

Max. right bend 1074  7-66 B538 911 €389 1047 BC479 1076
Range of motion ~ *1523 571 Blg90 766 C1997 1077 P2378 1143
Average velocity A718 318 Bg76 345 C1019 447 P1122 436
Maximum velocity 422-03 827 82673 11-42 B€3007 1288 3289 14:15
Max acceleration  “88:06 37-45 210742 3462 B142:73 106:13 B159-82 11302

Transverse plane '

Max. right twist Al4g 442 Bg67 503 C1340 559 P2077  so06
Range of motion  "2:85 238 B6-77 200 1131 334 V1870 509
Average velocity A149 1446 B370 185 U523 195 P58 230
Maximum velocity  *7:32 703 %1595 753 2458 883 P3zge 999
Max. acceleration  *42:19 4278 Bo4.91 4761 C131:90 4860 16691 $9-44

Note: - Units for flexion, right bend, right twist and range of motion variables are deg.
- Units for average velocity and maximum velocity are deg/sec.
- Units for acceleration one deg/secz.
Dependent variables with the same superscripted letter (A, B, C, D) across asvmmetry
conditions were not statistically different from each other.
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Figure 4. Example of an ordinal interaction: Sagittal plane-maximum velocity lilt techmyue
x load weight interaction.

results than the other independent variables. Increasing weights produced greater
maximum sagittal flexion and range of motion, as well as increased right bending and
lateral range of motion. Only slight increases in velocity of movement were seen tor
the average sagittal velocity and maximum lateral velocity. Twisting acceleration
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Table 3. Descriptive statisticss across load weight conditons.

. Load weight (kg)
340 080 10-20
Mean Std. dev.  Mean Sid. dev. Mean Std. dev.
Sagittal plane
Maximum flexion A30-04 650 AB30-12 6-86 %30-86 7-59
Range ol motion A36-04 1198 3791 1143 €39-43 11-44
Average velocity A15:90 5-44 AB16-28 524 B16:72 519
Maximum velocity 5294 18-24 5298 17-60 5507 18-66
Max. acceleration 172-12 85-85 171-26 8527 166:71 87-81
Lateral plane )
Max. right bend A5 10 9-17 B6:37 10-12 716 10-37
Range of motion Alg-24 9-27 81922 9-90 B19.33 9-96
Average velocity 9-22 4-00 9-38 4-24 9-38 4-31
Maximum velocity — *26-72 11-20 ABag.01 12:36 82897 13-80
Max. acceleration 114:94 53-56 131-41 104-66 126-61 91-02
Transverse plane
Max right twist -1 871 10-91 8-67 11-06 8-55
Range of motion 979 6-81 9-84 8% 996 087
Average velocity 459 302 443 291 4-43 2-85
Maximum velocity 20-82 13-59 20-22 12279 20:03 12:49
Max acceleration AM13-01 72-56 AB106-93 66:87 "106-07 064-18
Note: - Units for flexion, right bend, right twist and range of motion variables are deg.

- Units of average velocity and maximum velocity are deg/sec.
- Units for acceleration are deg/sec’.
Dependent variables with the same superscripted letter (A, B, C) across conditions were not
statistically different from each other.

actually decreased slightly. All changes in motion due to load weight variation were
slight, though significant (p < 0-05).

3.4, Interactions

Univariate analyses found that several two- and three-factor interactions were
significant (p < 0-05). However, over half of these interactions could be described
as ordinal. That is, a majority of the differences between levels of the main effects were
fairly consistent, but with slight magnitude differences across levels, enough to
produce the statistical significance. An example of a typical ordinal interaction is
shown in figure 4, for the lift technique x load weight interaction of the variable
maximum sagittal velocity.

A third of all interactions could be classified as ‘diverging.” These were found
mainly with interactions involving asymmetry. For these, values were very similar at
the sagittal symmetric position, but the responses grew dramatically different as
asymmetry increased. An example of a diverging interaction is shown in figure 5. This
figure represents the lift technique x asymmetry interaction for lateral range of
motion.
~ Only three of the significant interactions were disordinal and all involved the
L x A interaction. They occurred for the maximum lateral acceleration and
maximum transverse velocity and acceleration variables. For these interactions,
one-handed lifts produced greater values at the sagittally symmetric position, but as
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Figure 5. Example of a diverging interaction: Lateral plane-range of motion-lift technique x
asymmetry interaction.

asymmetry increased, two-handed lift responses were higher in magnitude. This is
believed to be a result of the experimental set-up and the requirement for subjects not
to move their feet.

4. Discussion

4.1.  General findings .
Overall, trunk kinematic position and velocity variables collected in this study
compared favorably with those found by Marras et al. (1993), indicating similar
values to those produced by individuals doing MMH in industry. However, accel-
eration values were lower in this study, perhaps because subjects were asked to work
at a comfortable pace. Often in industry, jobs are such that workers may move more
rapidly than they consider ‘comfortable’ in order to keep up with production
schedules. This may produce higher trunk accelerations.

4.2.  Effects of one-handed lifting

Epidemiologically, movement in the lateral and transverse planes has been linked to
higher risk of LBD. As reported by Snook (1982), 12% of back claims were associated
with bending and 18% were identified with twisting. Kelsy ef al. (1984) found that the
risk of developing a prolapsed lumbar disc increased when twisting was required to
lift an object, even when the lifts were not highly repetitive. Farfan er al. (1970)
suggested that twisting may produce LBDs, as there was a linear relationship found
between torque and angular deformation of lumbar vertebral segments. Unsupported
one-handed lifts, therefore, could be considered to put workers more at risk of LBD
because of this study’s findings that the one-handed technique generated larger
position ranges of motion and higher lateral and twisting velocities.

From a biomechanical perspective, these lateral and transverse motions have been
associated with increased spinal loadings. Schultz er al.’s (1979) in-vitro examination
of 42 lumbar motion segments found large lateral shear and increases in intradiskal
pressure during lateral bending. A finite-element model developed by Shirazi-Ad|
(1989) calculated disc fibre tensile stains of approximately 10% when loads simulating
symmetric lifting were analyzed. However, adding lateral bending and twisting
components to the model increased the maximum fibre strain to over 20%. Also,
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Figure 6. High risk group membership probabilities for each experimental conditon.

Shirazi-Adl (1991) determined that compressive loads on the facets and shear contact
loads increased signilicantly when lifting involved lateral bending and twisting. These
findings further suggest that additional loadings may be imposed on the spine duung
one-handed lifting.

Furthermore, results from Marras et al. (1993) suggested that, along with two
work place factors (the maximum moment created during a lift and the repetitiveness
of the job), three lumbar spine motion parameters were associated with the prob-
ability of being in a high risk of LBD group. These factors were maximum sagittal
flexion, maximum lateral velocity and average twisting velocity. A probability model
was developed that combined the risk values of each of these five factors. In this
model, 0% indicated the lowest risk (no chance that a job would be considered ‘high
risk’) and 100% signified highest risk (definite membership of a job in a high LBD risk
group). Probability values were computed separately for each asymmetry and load
weight condition and the results are graphed in figure 6. These probability values were
computed using the constant horizontal moment arm of 63-5cm. For all conditions,
this figure shows that one-handed lifts produced larger risk probability values. Using
t-statistics, these differences were found to be significant (p < 0-05) between all lift
technique conditions. Greater differences between the lifting techniques occurred with
increasing asymmetries. In terms of these high-risk probabilities, trade-ofls between
lilting techniques can be considered based on this figure. In most cases, ligure 6
illustrates that one-handed lifts generated probabilities equal to or greater than
corresponding two-handed lifts that were 45 deg more asymmetric.

Table 1 shows that the three kinematic parameters used in the Marras LBD risk
model, maximum sagittal flexion, maximum lateral velocity and average transverse
velocity, were all statistically greater for one-handed lifting. Though significantly
different, the mean values for the one-hand technique may appear to be comparable
to those computed for two-handed lifting. However, the aforementioned model is
capable of assessing predicted risk increases for each individual factor in the model.
Sagittal flexion for one-handed lifting was 3-6 deg greater than the two-handed case.
Using the Marras model, this translated to an increase in LBD risk of 10 to 20%.
Similarly, the average transverse velocity for the one-handed technique was 0-6 deg/
sec greater than for two-handed lifting. The Marras model assessed this difference as a
5to 10% increase in risk for this factor. Finally, one-handed lifting produced a nearly
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I deg/sec increase in maximum lateral velocity as opposed to the two-handed case.
This would be comparable to an increase in risk of 20% or more. Though the sagittal
flexion and transverse velocity differences between lift techniques may appear not to
be vastly different in magnitude, the individual and combined risk values for one-
handed lifting, a shown by the Marras model, did produce significant increases over
the two-harrded technique. Figure 6 shows that performing one-handed lifts increased
probability values by as much 7%. This demonstrates that a work place change as
seemingly innocuous as using only one hand for lifting, can produce a notable
increase in potential LBD risk.

The use of just one hand to lift a load may often be at the discretion of the material
handler. It may be that both hands can be used for the task but the worker prefers not
to do so. Ergonomic modifications to a work place are believed best implemented
through engineering controls. However, using the results from this study in an
administrative sense, instructing workers to use both hands, could ergonomically
change a work place in which employees use one hand to lift, at no cost. These results
imply that, by educating individuals that unsupported one-handed lifting may
actually increase their risk of injury, following this instructional information alone
could reduce risk by up to 7%.

These increased probability values for one-handed lifting suggest that a greater
risk of injury exists when this lift technique is performed. These results also can be
related to past psychophysical studies of asymmetric lifting. Garg and Badger’s (1986)
comparison of (two-handed) symmetric with asymmetric lifting (30, 60 and 90 deg to
the right of the mid-sagittal plane) showed that the maximum acceptable weights
subjects were willing to lift and the static strengths subjects could generate were lower
for asymmetric lifting. Mital and Fard (1986) also found subjects lowered their
maximal acceptable weights with (two-handed) lifting performed asymmetrically; in
addition, subjects stated that these asymmetric lifts were physically more difficult for
them. High-risk probability values found in the present study for one-handed lifts at
more symmetric positions were equal to or greater than those for more asymmetric
two-handed lifts. In comparison with these previous studies, one-handed lifting may
lower subjects’ capabilities; that is., reduce the weight found maximally acceptable to
lift by subjects lower isometric strengths and create perceptions that the lift is
physically more strenuous. '

4.2, Iffects of two-handed lifting

Two-handed lifts produced faster motions than one-handed lifting in the sagittal
plane. The two-handed lift was done with the body in a more symmetric posture,
making use of the erector spinac muscles (the primary movers of the trunk in this
plane). This may have accounted for the faster movement. During one-handed lifting.
use of other muscle groups that also move the trunk may have been required. These
patterns of muscle recruitment that may not be as well-learned by subjects could have
been responsible for the slower motions produced.

Acceleration and deceleration values were significantly higher for two-handed lifts
in the sagittal and transverse planes. However, this may not translate to higher LBD
risk. Marras er al (1993), for example, found that accelerations values between high-
and low-risk jobs were not always statistically different and that velocity variables in
the three planes were more consistently indicative of differences between risk groups.
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5. Conclusions
The one-handed lift technique significantly altered motion of the lumbar spine. Due
to increased range of motion in the lateral and transverse planes and the additional
sagittal flexion produced, individuals who lifted loads with one-hand (without a
structural support) were found to be at greater risk of suffering a LBD. This was
determined using a previously developed model of LBD risk prediction (Marras e/ al.
1993).

*High risk” back motions were significantly greater for onc-handed lifts. These
were maximum  sagittal flexion, maximum lateral velocity and average twisting
velocity, One-handed lifts ol moderate weight handled from extreme asymmetric
positions, or of high weights handled in any asymmetric location generated prob-
abilitics of *high risk’ group membership over 50%.

Asymmetric load locations drastically increased the extent and speed at which the
lifts were done; higher weights may pose additional problems for workers, in terms of
greater spine motions required.

These results could be used to investigate MMH tasks in industry in which one-
handed lifting is used. The implications of these types of lifts could be factored into
the overall LBD risk of the job to better determine if the job still falls within ‘safe’
lifting limits. Further study is needed to understand how trunk kinematics differ in
one-handed lifting when the unused hand can assist in supporting the body.
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