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Abstract

Spine motion has been described to have two regions, a neutral zone where lumbar
rotation can occur with little resistance and an elastic zone where structures such as
ligaments, facet joints and intervertebral disks resist rotation. In vivo, the passive
musculature can contribute to further limiting the functional neutral range of lumbar
motion. Movement out of this functional neutral range could potentially put greater loads
on these structures. In this study, the range of lumbar curvature rotation was examined in
twelve healthy, untrained volunteers at four torso inclination angles. The lumbar
curvature during straight-leg lifting tasks was then defined as a percentage of this range
of possible lumbar curvatures. Subjects were found to remain neutrally oriented during
the flexion phase of a lifting task. During the extension phase of the lifting task,
however, subjects were found to assume a more kyphotic posture, approaching the edge
of the functional range of motion. This was found to be most pronounced for heavy
lifting tasks. By allowing the lumbar curvature to go in a highly kyphotic posture,
subjects may be taking advantage of stretch-shortening behavior in extensor musculature
and associated tendons to reduce the energy required to raise the torso. Such a kyphotic
posture during extension, however, may put excessive loading on the elastic structures of

the spine and torso musculature increasing the risk of injury.
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Introduction

Low back pain and injury are significant public health problems. In United States,
up to 85% of the population suffer low back pain at least once in their lifetime [ Lively,
2002, and Pai and Sundaram, 2004]. In the United States, the total annual costs of back
pain are estimated to range from $20 - $50 billion [Nachemson, 1992, Pai and Sundaram,
2004]. Jobs involving flexion tasks and lifting heavy loads have been shown to be
associated with a higher incidence of low back injuries [Marras et al., 1995, Punnett et
al., 1991]. Understanding how subjects perform these flexion and lifting tasks is,
therefore, important to understanding and preventing low back injuries.

When examining flexion tasks and the low back, the motion of the spine is a
critical component. Panjabi [Panjabi, 1992b] described the motion of spinal segments
with two regions, the neutral zone where rotation of the spinal segments meets little
resistance and the elastic zone where soft tissue restraints such as ligaments, facet joints
(in extension) and the intervertebral disk (in flexion) provide resistance to rotation. At the
extremes of the neutral zone, tension in the posterior ligaments (in flexion), moment
loading of the intervertebral disc (in flexion) and/or compression in the facet joints (in
extension) are engaged, limiting further motion [Panjabi,1992a, Panjabi, 1992b, Panjabi,
2003].

This neutral zone of spinal segments has been typically measured on cadaveric
specimen. In the in vivo spine, in addition to the passive structures of the spine, the
stiffness characteristics of the musculature and tendons may also limit the rotation of the
lumbar spine. When inactive, muscle demonstrates a nonlinear stiffness that is close to

zero at neutral length and increases dramatically as the muscle is lengthened past its
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operating length [McMahon, 1982]. This nonlinear stiffness of muscle may limit the
range of lumbar postures that can be achieved without resistance. With a number of
muscle groups (such as the psoas or erector spinae) crossing several of joints, such
muscles may also contribute to interactions between the range of possible lumbar rotation
and the orientation of other joints.

It has been suggested that when the spine segments rotate into the elastic zone, the
ligamentous tissues are loaded causing strain in the ligaments and eventually viscoelastic
stretching of the ligament [Solomonow et al., 1998]. It is possible that such loading of
the passive tissues could cause damage directly. In addition, in experiments examining
supraspinous ligament stretch in cats, Solomonow et al., [1998] found the viscoelastic
stretching of the ligaments either statically or cyclically resulted in a loss in the
neuromotor response. Studies of flexion-relaxation, a position of extreme torso flexion
where the upper body is solely supported by the passive tissues of the spine and where
extensor muscle activity drops to zero, have also shown viscoelastic changes in these
passive tissues [Olson et al., 2004].

In addition to the passive tissues of the spine, the musculature and associated
tendons could also be at risk of damage if stretched beyond their neutral lengths.
Witvrouw et al. [2006] suggested more frequent tendon injuries are observed with quick
stretching of the tendon. Muscle fiber damage has also been observed with repetitive
lengthening of contracted muscle [Butterfield and Herzog, 2006]. Butterfield and Herzog
[2006] also observed a reduction in muscle mechanical properties after repetitive

lengthening cycles of the muscle-tendon unit.
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While repetitive lengthening of muscle and tendon beyond its neutral length can
cause damage, such stretching of the muscle-tendon unit has been demonstrated as a
powerful method of energy conservation in a number of cyclic activities such as running,
jumping, snatch-lifting and flying (in animals) [Biewener, 2003, Ettema, 2001, Roberts,
2002, Gourgoulis, 2000]. This cyclic stretch, generally referred to as a stretch-shortening
cycle, has been demonstrated to allow energy to be stored during the stretch of the
muscle-tendon unit and released during the subsequent shortening of the unit. Energy is
believed to be stored in the elastic components of the muscle and tendon, particularly the
series elastic of the tendon. It is possible that subjects engaged in repetitive lifting may
use a similar mechanism to reduce the energy required for lifting. In order to better
understand injury risk as well as the possible stretch-shortening action of the trunk
musculature, it is important to understand the interaction with the limits of lumbar
motion.

As a person moves, a range of lumbar curvatures is available for any torso
inclination. For example, one can slouch (more kyphotic) or stand up straight (more
lordotic). Such changes in lumbar curvature at a given torso inclination are modulated by
the tilt of the pelvis and the thorax. This range of curvature can be associated with the
neutral range of lumbar curvatures where there is little resistance to rotation from either
the passive structures of the spine or the torso musculature.

Few studies have examined whether lumbar postures in lifting tasks might
approach the limits of lumbar rotation other than in extreme trunk flexion [Olson et al.,
2004, Scannell et al.,2003]. Scannell et al. examined the ability of subjects to be trained

to stand and sit with their lumbar spine within the neutral zone [Scannell et al.,2003].
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Although 2/3 of these subjects originally assumed postures at either the hypolordotic or
hyperlordotic edge of their lumbar range, by the end of an exercise program they
assumed postures closer to the mid-range. This research illustrates the ability to examine
lumbar range in a variety of trunk flexion postures as well as the possibility that lumbar
posture could be adjusted with training [Scannell et al.,2003].

Lumbar-pelvic coordination experiments measure the relationship between
lumbar curvature and torso flexion in various tasks. A number of authors have examined
lumbar pelvic co-ordination in lifting tasks. Marras et al. reported that lumbar kyphosis
increased significantly at peak trunk flexion [Marras and Granata, 1997]. Granata et al.
reported that dynamic lifting parameters (load and lifting velocity) influenced lumbar
pelvic co-ordination and motion of the lumbar spine [Granata and Sanford, 2000].
McKean and Potvin [2001], while reporting no difference in peak lumbar angle, found
greater lumbar angles on extension relative to flexion during both freestyle and
constrained lifts (while allowing subjects to flex their knees as they felt comfortable). A
number of studies have also used the relative phase lag between lumbar and hip flexion to
examine lumbar-pelvic coordination of a lifting task [Dieen et al., 1996, Dieen et al.,
1998, Burgess-Limerick et al., 1992]. Dieen et al. [1996] and Burgess-Limerick et al.
[1992] demonstrated using phase lag between the hip and lumbar spine that the hip
precedes the spine with extension during a lift. Dieen et al [1996] further demonstrated
an increased phase lag with straight leg lifting relative to squat lifting. Dieen et al. [1998]
also demonstrated that the phase lag increases as a consequence of fatigue in freestyle
lifting. However, none of the previous authors have examined how this co-ordination

interacts with range of physically possible lumbar angles or the lumbar range of motion.
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The object of the study was to examine a variety of lifting tasks to assess lumbar-pelvic
coordination as a function of the range of lumbar curvature in order to examine how
extreme lumbar postures are encountered in lifting activities. In addition, the effects of
heavy and fast lifting tasks on the lumbar curvature as a function of the range were

examined.
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Methods

Eleven healthy volunteers (4 female, 7 male, height 1.72 m (SD .09), weight 71
kg (SD 9)), with ages ranging from 22-32 years participated in this study. This study was
approved by the human subjects committee of the University of Kansas and consent was
obtained from all subjects. All the participants were healthy and reported no instance of
low back pain within the last year or musculoskeletal disorder that would limit normal
torso flexion.

An electromagnetic motion analysis system (Motion Star, Ascension Tech., VT)
was used to collect position and orientation of three electromagnetic sensors. This
system has a resolution of 0.08 cm and 0.1 degrees and an RMS accuracy of 0.76 cm and
0.5 degrees. The three sensors were attached to the skin with double-sided tape over the
T10 spinous process, over the S1 spinous process, and over the manubrium. This
kinematic data was collected at a frequency of 30 Hz for each trial. Using the position of
the T10 and S1 sensors, trunk inclination angle was determined as the angle between a
line connecting these sensors and vertical. The difference in angular orientation between
the T10 and S1 sensors in the sagittal plane was defined as the lumbar curvature. The
manubrium marker allowed detection of trunk rotation and asymmetry of motion. This
configuration is consistent with previous literature on lumbar position sense and lumbar-
pelvic coordination [Granata and Sanford, 2000, Gade and Wilson, 2003, Wilson and
Granata, 2003].

The experiment consisted of 1) assessment of maximum effort and selection of

lifting weight, 2) assessment of range of curvatures at four inclination angles (0°, 30°,
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60° & 90° (0, 0.52, 1.05 and 1.57 radians)) and 3) four sets of lifting tasks (light-fast,
light-slow, heavy-fast, and heavy-slow).

To assess maximal effort, subjects were asked to stand on a force plate at a trunk
inclination angle of 45° (0.79 radians) with respect to the vertical. They were then asked
to pull vertically on a tethered handle as hard as possible for five seconds. They were
asked to repeat this maximal exertion three times. The mean maximum effort of three
trials was defined as the maximum effort.

Before conducting the experimental protocol, the range of lumbar curvature for
the four inclination angles (0, 30, 60 and 90 degrees (0, 0.52, 1.05 and 1.57 radians)) was
determined. A real-time visual display of torso inclination and lumbar curvature was
provided to the subjects. At each of the four torso inclination angles, subjects were
instructed to hold the inclination angle constant while rotating their thorax and pelvis to
change the lumbar curvature. Subjects were allowed to practice these movements until
they became comfortable with the equipment. Subjects were then instructed to assume
the maximum (kyphotic) and then the minimum (lordotic) lumbar curvature possible
while maintaining one of the four torso inclination angles. Subjects were asked to repeat
these extreme lumbar curvatures three times at each of the four torso inclination angles.
Plotting lumbar curvature on the y-axis and trunk inclination on the x-axis, the lumbar
curvature range was defined as the maximum and minimum obtained lumbar curvatures
obtained at each of the trunk inclination angles (Figures 2 and 3). A linear interpolation
was used to determine the lumbar range between the measured trunk inclination angles.

Outside of the measured range of trunk inclination, lumbar range was kept constant.
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Subjects were then asked to perform the following lifting tasks in random order:
1) heavy-slow, 2) heavy-fast, 3) light-slow, and 4) light-fast. A 0.9 kg milk crate with no
added weight was defined as the light condition. Subjects were told to keep their hands
comfortably gripping padded handles of the crate for all lifting conditions to maintain
consistent hand position. Sandbags equivalent to 40% of their maximal effort were added
to the crate for the heavy condition. Slow and fast trunk flexion speeds were defined as
25 and 100 deg/sec (0.44 and 1.75 radians/sec) respectively. Subjects were asked to lift
the box up from ground level to his or her waist, hold it for 5 seconds and then lower the
box to the ground at the speed displayed on a computer screen. Subjects were asked to
perform these lifting tasks while maintaining the feet in a consistent position, shoulders
width apart and while maintaining comfortably straight knees. Each lifting task was
repeated three times with speed controlled by having the subject match a real-time visual
feedback of their torso inclination to a target torso inclination (Figure 1). Subjects were
allowed to practice until they became comfortable with the equipment and were familiar
with the tasks. A total of 5 lifting cycles were performed for each lifting condition. A
five minute rest was given between lifting tasks.

The range of lumbar curvature motion measured initially was used to define the
bounds of the range of lumbar curvature. Lumbar curvature was examined as a percent
of this range during the lifting tasks. Maximally lordotic was considered to be 0% of the
range and maximally kyphotic was considered to be 100% of range. The limits of range
of lumbar curvature were therefore projected on a 0 to 100% scale (Figure 2 and 3).
These percent of range values for lumbar curvature were assessed as a function of torso

inclination for each of the lifting tasks.
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To analyze statistical differences between phases of the lifting tasks, the lifting
was split into extension and flexion phases. Each phase was divided into segments by
examining average lumbar curvature during 0-20%, 20-40%, 40-60%, 60-80%, and 80-
100% of total torso flexion for the lift. A Huynh-Feldt adjusted, repeated-measures
ANOVA was used to examine the effects of the independent variables, torso inclination,
direction of motion, lifting weight and lifting speed, on the dependent variable, lumbar
curvature as a percentage of range. The Huynh-Feldt correction was used to adjust for
violations in the sphericity assumption. To further investigate segments of the lifting task
engaging the extremes of the range of lumbar curvature, two-way, Huynh-Feldt repeated
measures ANOVAs were performed for each of these segments with the independent
variables of speed and weight. These tests were determined to be significant for a

p<0.05.

Results

The lumbar curvature range measured in this study was found to change with
torso inclination. The maximum and minimum lumbar curvature both shifted from more
lordotic in upright trunk postures to more kyphotic in flexed trunk postures (Figure 3).
The width of the range (the difference between maximum and minimum lumbar
curvature) also decreased at higher torso inclinations. Using the lumbar curvature range
for each subject, the lumbar-pelvic coordination for that subject could be mapped to
identify at what stages of a lifting task the subject might approach the edges of their range

of motion (Figure 2).
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The lumbar-pelvic coordination was observed to have different patterns in flexion
and extension with subjects maintaining a mid-range lumbar curvature (52%) during the
flexion phase of lifting and a highly kyphotic lumbar curvature at the mid-region of the
extension phase of lifting (Table 1). In extension, subjects moved from the middle of
their range (59%) to a more kyphotic posture (78%) ending at a more neutral posture
(47%) (Table 1, Figure 4). This pattern was observed to be particularly pronounced in
the heavy-slow lifting condition (Figure 4).

A repeated-measures ANOVA of the data demonstrated significant effects of both
the direction of motion (p<0.01, Table 2) and the weight on the lumbar curvature
(p<0.01, Table 1). In addition a significant interaction was also found between the
direction of motion and the torso inclination (p<0.01, Table 2).

To examine the phases of lifting where the most extreme postures were found,
repeated measures ANOVA were also performed for the each segment during the
extension phase with weight and speed as independent variables. When rising from
100% of torso flexion, the weight was found to have a significant effect on lumbar
curvature at 80-100% (p<0.05), 60-80% (p<0.05), 40-60% (p<0.01) and 20-40%
(p<0.01) of torso flexion (Table 3). Strong trends were also observed in the interaction
between weight and speed although none of these was statistically significant (Table 3).

Speed was not found to have a significant effect at any of these torso flexions (Table 3).

Discussion

In this study, the range of curvature was assessed by measuring the range of

lumbar curvature angles a subject could achieve at several torso inclination angles (0°,
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30°, 60°, & 90°%). The torso inclination was found to have a dramatic effect on the in vivo
range of lumbar motion. With increasing torso inclination both the upper and lower
bounds of the range of lumbar motion increased, moving from more lordotic to more
kyphotic postures. While the width of the range increase from 0 to 30 degrees of torso
inclination, it decreased as torso inclination approached 90 degrees. This range,
measured for each subject, represents the possible lumbar curvatures that could be
assumed during any straight leg trunk flexion task. The limits of this range could be a
result of the nonlinear stiffness characteristics of the passive structures of the spine
(ligaments and facet joints for example), the nonlinear stiffness characteristics of the
muscle/tendon units crossing the lumbar region of the torso and/or limits of strength in
the torso musculature. While it is not possible from this data to distinguish the various
contributors to the lumbar curvature limits, these limits give an estimate of where elastic
resistance to further rotation of the lumbar spine may exist. The changing bounds of the
range with increased torso inclination suggest that the muscles may be particularly
important in creating these limits. By assessing the lumbar curvature during lifting tasks
as a percentage of the range of curvature, it is possible to observe when movements
approach the bounds of this range of motion.

In this study, subjects were observed to have significantly more kyphotic lumbar
curvature on extension than flexion during a lifting task. With lifting of a heavy object,
the lumbar curvature was even more kyphotic. By moving to a highly kyphotic lumbar
curvature during the extension phase of the lifting tasks, subjects appear to be
approaching their limits of range of motion and may put greater tension on posterior

spinal ligamentous structures and/or the extensor musculature.
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The results of this study agree with previous studies of lumbar-pelvic
coordination. Several authors reported that lumbar and pelvic motions occur almost
simultaneously [Granata and Sanford, 2000, Dieen et al., 1996, Dieen et al., 1998,
Burgess-Limerick et al., 1992]. The pattern of lumbar curvature remaining high for the
extension phase of the lift agrees with previous studies that have shown the hip rotation
preceding the lumbar rotation [Dieen et al., 1996, Dieen et al., 1998, Burgess-Limerick et
al., 1992]. The current study builds on these studies by demonstrating that this pattern of
hip rotation preceding lumbar rotation results in the lumbar curvature coming close to the
edge of the in vivo lumbar range of motion.

These highly kyphotic postures relative to the range of lumbar curvature may be
damaging to the ligaments, muscles and/or tendons. Solomonow et al. found that
ligaments under tension exhibit a time-dependent response [Solomonow, 2004].
Solomonow et al. also found that mechanical and neuromotor disorders can result directly
from creep, repetitive loading, and tension-relaxation of the ligamentous tissues
[Solomonow, 2004]. Both the tendon and muscle may also be at greater risk of damage
with repeated stretch-shortening cycles as might occur during repetitive lifting [Witvrouw
et al. 2006, Butterfield and Herzog, 2006].

The elements at risk of injury may depend on which elements, ligaments or
muscles dominate in limiting the range of motion. A number of studies have suggested,
using models of lumbar motion to supplement experimental studies, that the ligaments of
the spine do not contribute much to load support during a typical lift [Potvin et al., 1991,
McGill et al., 1988, Adams and Dolan, 1991]. Potvin et al. [1991] argued that no more

than 60 Nm of lifting moment comes from the spinal ligaments in most lifts. Adams and
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Dolan [1991] argued this is much lower at approximately 18 Nm during everyday tasks,
well below the elastic limit measured in vitro of 33 Nm. Adams and Hutton [1986]
further argued using cadaveric spine studies, that the spine in normal trunk flexion tasks
is limited to 10 degrees from the elastic limit of the isolated spine. This previous
literature, along with changes in the lumbar range observed with torso inclination,
suggest that the musculature and tendons may be a strong component in limiting the
lumbar curvature range and may be more at risk of damage. Passively, muscle provides
stiffness that increases dramatically beyond the operating length of the muscle
[McMahon, 1982]. With activation, muscle stiffness can increase further limiting the
range of motion [McMahon, 1982, Morgan, 1977]. Further research examining the
muscle lengths of the torso musculature and activation during lifting may serve to
elucidate these roles.

This research raises the question, why are highly kyphotic postures assumed
during the extension phase of lifting? Repeated stretching-shortening cycles have been
demonstrated in a number of activities such as running, jumping, and flying to allow
humans and animals to move very efficiently [Biewener, 2003, Ettema, 2001, Roberts,
2002, Gourgoulis, 2000]. In running and jumping, it has been hypothesize that the
Achilles tendon and its associated muscle act as a powerful energy storage mechanism,
storing energy as they are stretched and releasing that energy during shortening. Much
like a spring, the tendon stiffness provides energy storage proportional to its stiffness. It
is possible that subjects may be using similar elastic characteristics of their muscle and
associated tendons in the trunk to “bounce”, taking advantage of the stored elastic energy

to reduce muscle energy expenditure while raising the torso. While there may be energy
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advantages in such a strategy, it is possible that loads on these elastic structures may lead
to injury. Therefore, further work is needed to investigate the energy expenditure as a
function of lifting strategy and to investigate the relationship between the use of highly
kyphotic postures during lifting tasks and risk of injury in industrial workers.

A few other studies have examined extreme lumbar curvatures although none
have examined extremes of lumbar curvature in mid torso flexion postures or during
dynamic lifting tasks. McGill et al. suggested that a fully flexed lumbar spine resulted in
a transfer of load from muscle to passive tissues increasing the risk of injury to ligament
in a study of extreme torso flexion [McGill et al., 2000]. Scannell and McGill examined
low back joint loading and kinematics during standing and unsupported sitting and
reported that sitting resulted in significantly more kyphotic postures than during standing
[Scannell and McGill, 2003]. The authors suggested that standing may put less strain for
the passive tissues [Scannell and McGill, 2003]. In addition, the authors demonstrated
that the lumbar curvature assumed by subjects could be altered through training [Scannell
and McGill, 2003]. The current study demonstrates that extreme lumbar curvatures may
be also achieved during dynamic lifting tasks and in mid-range torso flexion postures.

The current study focuses on straight-leg lifts. With knee flexion, it is possible
that both the lumbar curvature range and the pattern of hyper-kyphosis during extension
may be altered. While no authors have examined the lumbar curvature range with knee
flexion, a few have examined lifting tasks with knee flexion. McKean and Potvin [2001]
found greater lumbar angles on extension relative to flexion during both freestyle and
constrained lifts with knee flexion. However, Dieen et al [1996] demonstrated an greater

phase lag (hip rotation before spine rotation in extension) with straight leg lifting relative
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to squat lifting. Further research is needed to examine these potential changes in lifting
kinematics with knee flexion and how they are associated with the lumbar range.

In conclusion, a pattern of hyper-kyphosis during extension was observed in
lumbar curvature for all lifting tasks. Subjects were found to move from a more neutral
(in flexion) to a more kyphotic (in extension) lumbar curvature during lifting tasks,
particularly while lifting heavier objects. This suggests increased involvement at extreme
range of curvatures that may result in increased risk of injury. The subjects in this study
were healthy, inexperienced, young adults. A future study might also examine
experienced workers. If a kyphotic posture during lifting is a risk factor for low back
injuries, experienced workers may be found to avoid the lifting patterns observed in
inexperienced workers. Future studies should also be performed to see if subjects
exhibiting pronounced kyphotic postures go on to exhibit a higher incidence of low back
injury. Finally, future studies should examine the possibility of training subjects to avoid
excessively kyphotic postures. Such training may be a method to reduce low back injury

risk.
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Table 1.

Torso Inclination > FLEXION ->

(% of Lift Inclination) 0-20 20-40 40-60 60-80 80-100

% % Light-Fast | 37.4 (SD50.9) | 44.7(SD215) | 45.0(SD24.1) | 44.0(SD32.9) | 425 (SD 54.3)

;3 % Light-Slow | 35.6 (SD40.5) | 46.4(SD28.5) | 47.8(SD29.7) | 53.4(SD27.2) | 50.6(SD 39.0)
S

% - Heavy-Fast | 355(SD54.2) | 46.7(SD23.7) | 51.4(SD21.3) | 61.2(SD23.5) | 62.6 (SD 43.0)

Heavy-Slow | 49.8(SD45.9) | 54.6(SD16.2) | 66.0(SD20.5) | 79.3(SD26.3) | 81.8(SD 40.5)

Torso Inclination > EXTENSION >

(% of Lift Inclination) 80-100 60-80 40-60 20-40 0-20

% % Light-Fast | 54.1(SD45.9) | 70.7(SD18.3) | 70.5(SD21.0) | 64.5(SD26.7) | 42.2(SD 54.0)

;3 % Light-Slow | 46.8(SD39.8) | 685(SD20.2) | 70.8(SD21.7) | 64.9(SD22.2) | 43.5(SD 42.6)
8 S

% - Heavy-Fast | 60.4(SD50.6) | 76.7 (SD23.3) | 78.4(SD28.1) | 73.0(SD31.7) | 44.2(SD48.9)

Heavy-Slow | 75.9(SD45.2) | 92.4(SD25.6) | 92.4(SD21.9) | 84.3(SD25.9) | 60.7 (SD 38.6)

Tablel. Lumbar curvature, represented as a percentage of the range of lumbar curvature, was
assessed during each of the lifting tasks. Lifting tasks were divided into segments of 20% of
the torso flexion during the lift and the lumbar curvature was averaged within that segment.




Table 2.

epsilon df F p
Direction 1.000 | 1.000| 35.662 | 0.000
Weight 1.000| 1.000| 19.961| 0.001
Speed 1.000| 1.000| 2.382| 0.154
TF 0581 | 2324 1.664| 0.209
Dir*Wt 1.000| 1.000| 0.000| 0.997
Dir*Speed 1.000| 1.000| 1.393| 0.265
Dir*TF 0549 2.840| 18.682| 0.000
Wit*Speed 1.000| 1.000| 2575| 0.140
WHt*TF 0436 1.000| 1.869| 0.187
Speed*TF 0552 1.745| 0.349| 0.730

Table 2. A Huynh-Feldt, repeated measures ANOVA was used to examine the effects of the
independent variables, torso flexion, weight, speed, and direction, on the dependent variable,
lumbar curvature as a percentage of range. Epsilon from the Mauchly’s test of sphericity and
the Huynh-Feldt adjusted degrees of freedom (df) are reported. The F-statistic and the
significance (p) are also reported. Significant results (p<0.05) are highlighted.



Table 3.

e oy Ve | aston| o] F]
0-20 Weight 1.000 1.000 [ 1.803| 0.209
Speed 1.000 1.000 [ 2.410| 0.152
Wt*Speed 1.000 1.000 [ 3.867| 0.078
20-40 Weight 1.000 1.000 | 19.030 ( 0.001
Speed 1.000 1.000 [ 1.306| 0.280
Wt*Speed 1.000 1.000 [ 4.870| 0.052
40-60 Weight 1.000 1.000 | 14.255 | 0.004
Speed 1.000 1.000 [ 1.422| 0.261
Wit*Speed 1.000 1.000 [ 2.654| 0.134
60-80 Weight 1.000 1.000 [ 7.945| 0.018
Speed 1.000 1.000 [ 1.430| 0.259
Wt*Speed 1.000 1.000 [ 4.307| 0.065
80-100 Weight 1.000 1.000| 7.663 | 0.020
Speed 1.000 1.000 [ 0.284 | 0.606
Wit*Speed 1.000 1.000 [ 3.483 | 0.092

Table 3. Two-way, repeated measures ANOVASs were used to further examine the effect of
weight and speed during the ascent phase of lifting for each of torso flexion segment. For
four of the five segments, weight was found to have a significant effect on the lumbar

curvature.



Figure Legends

Figure 1. Subjects were asked to lift at a constant rate of torso flexion using a visual
feedback. The subjects were given a display of their target torso flexion (right) and their

measured torso flexion (left) and were asked to match the two displays.

Figure 2. The range of lumbar curvature was measured for each subject prior to the
lifting tasks. This figure illustrates a typical subject. Lumbar curvature during the lifting

tasks generally fell within the measured range.

Figure 3. The lumbar curvature range of motion was measured for each subject. This
figure illustrates the average maximum and minimum range values as a function to torso
inclination. The grey region signifies one standard deviation above and below the
average values. As torso inclination increases, the range of lumbar curvatures shifts from

more lordotic (negative) to more kyphotic (positive).

Figure 4. The average lumbar curvature (expressed as a percentage of the range) was
found to remain within the mid-range during the descent phase of the lift (dashed lines)
becoming more kyphotic (higher) during the ascent phase (solid lines). Lifting a heavy

object was found to increase the kyphosis during the ascent phase (dark, thick lines).
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