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Abstract

In many occupational settings (e.g. agriculture and construction) workers are asked to maintain static flexed postures of the
low back for extended periods of time. Recent research indicates that the resulting strain in the viscoelastic, ligamentous tissues
may have a deleterious effect on the stability of the spine and the normal reflex response of spinal tissues. The purpose of this
study was to evaluate the previously described flexion–relaxation response in terms of the interactive effect of trunk flexion angle
(30

v
, 50

v
, 70

v
, 90

v
), knee flexion angle (0

v
(straight knees), 20

v
, 40

v
) and individual flexibiliteky (low, medium, and high). These

conditions were tested under two levels of loading: no load (just supporting the weight of the torso) and trunk extension moment
equal to 50% of the subject’s posture-specific maximum voluntary trunk extension capacity. Surface electromyographic (EMG)
data were collected from the multifidus, the longissimus, the iliocostalis, the vastus medialis, the rectus femoris, the vastus later-
alis, the biceps femoris, and the gastrocnemius-soleus group from a sample of eight male participants as they performed isometric
weight holding tasks in the postures defined by the combinations of trunk angle and knee angle. The results of this study showed
that knee angle did have a significant effect on the lumbar extensor muscle activity but only consistently at the 90

v
trunk angle.

Participant flexibility showed a consistent trend of decreasing lumbar extensor muscle activity with decreased flexibility across all
trunk angle values. Most interesting was the interactive response of flexibility and knee angle, wherein the flexibility of the partici-
pant influenced the trunk angles at which the knee flexion angle affected the flexion–relaxation response. Highly flexible subjects
showed an effect of knee angle on the flexion–relaxation response only at the 90

v
trunk angle; subjects in the medium flexibility

category showed a similar response in both the 70
v
and 90

v
trunk angles; subject in the low flexibility group showed no knee

angle effect on the flexion–relaxation response. Overall the results confirm previous results with regard to the contribution of the
passive tissues to the overall trunk extension moment but also show that the tension in the bi-articular biceps femoris, which was
influenced by knee flexion angle and flexibility, affects the ratio of active extensor moment contributions of the lumbar extensor
musculature to passive extensor moment contributions from the muscular and ligamentous tissues. The results of this study pro-
vide empirical data describing this complicated, interactive response.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Low back pain is quite common in the general popu-

lation, affecting up to 85% of the population sometime

during their lifetime [1,12], and the compensation costs

due to the work-related low back pain are estimated to

be in the tens of billions of dollars annually [29]. In
their review of the economic burden associated with

low back pain Maetzel and Li [14], state that ‘‘the cost

of illness of the low back pain (LBP) is high and is

comparable to other disorders such as headache, heart

disease, depression or diabetes’’ (p. 28). The magnitude

of the problem as evidenced by these statistics moti-

vates much of the research into the basic etiology of

work-related low back pain.
The majority of the previous research into LBP has

concentrated on the risk factors associated with
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dynamic manual lifting or heavy weight handling
because of their strong link with a high incidence of
occupational low back pain [13,28]. These risk factors
include high force lifting, high force pushing/pulling,
repetitive trunk motions, awkward lifting postures
and three-dimensional trunk motion characteristics.
Receiving less attention are the long duration static,
full flexion postures of the trunk assumed during many
work tasks such as construction or agriculture. These
postures are often maintained for extended periods of
time but can require little or no hand held weight so
are overlooked as potential problem tasks.
A body of work by Solomonow and colleagues

[11,22–25] indicates the importance of considering the
relationship between the viscoelastic properties of the
passive tissues of the spine and a potential mechanism
for spinal injury. In their most recent work [24], this
team used the supraspinous ligament of the cat to
assess the potential neuromuscular disorders due to
static loads to these tissues. Their procedure involved a
20 min application of a load that produced strains that
were within the physiologic range for this tissue and a
moderate lumbar flexion. These authors note that at
the completion of the loading period and as the recov-
ery period proceeded, there was a gradual, exponential
increase in the EMG signal of the multifidus back
towards its original resting level. They hypothesized
that as the creep in the ligament continued its recovery,
the mechanoreceptors in the tissue became more sensi-
tive and provided the afferent information necessary
for the reflex response of the multifidus muscle. The
collective response of the reduced elongation of the
ligament and the improved reflex response of the multi-
fidus muscle created a more stable and stiffer inter-
vertebral joint. Many of the results generated in this
work have strong correlates with an in-vivo human
study performed by these authors [23] indicating that
the negative impact of the reduced stiffness and stab-
ility of the spine that were the result of these static flex-
ion loads can have a direct link to a mechanism of
back injury in humans as they perform activities in
fully flexed trunk postures.
Recognizing that virtually any work activity (static

or dynamic) that requires non-neutral trunk postures
will involve bi-articular and multi-articular muscles of
the low back and the thighs, it is believed that under-
standing the interactive response of the muscular and
ligamentous systems to changes in position of any of
the participating joints can lead to a deeper under-
standing of the etiology of low back pain and injury.
Major lumbar extensors, like the longissimus, the
iliocostalis, and the multifidus originate at the sacrum
and pelvis, and therefore the instantaneous position of
the pelvis, can influence both the passive and active
forces produced by these muscles. Further, the stresses
and strains in the complex ligamentous system that
connects the pelvis to the spine are also directly influ-
enced by the degree of rotation of the pelvis in the
sagittal plane. The degree of rotation of the pelvis, in
turn, is governed somewhat by the ‘pelvifemoral
rhythm’ [7,16] which describes the normal interactive
motions of the pelvis and the femur. Since several of
the muscles of the anterior and posterior compartments
of the thigh span both the knee and hip joints, the knee
joint flexion angle and muscle activations may affect
this pelvifemoral rhythm. In the posterior compartment
changes in knee angle can have a profound effect on
the hamstring length and/or tension and thereby influ-
ence the position of the pelvis. Dewberry et al. [7] illu-
strated this point when they controlled hamstring
length and knee position as independent variables
while they examined the pelvifemoral ratio. Both ham-
string length and knee position (flexed vs. extended)
variables had significant effects on the pelvic contri-
bution to hip flexion. These results demonstrate that
knee flexion and thereby hamstring length/tension does
influence the motion of the pelvis.
Much of the research considering the implications of

the interactions between knee angle and low back stress
has considered it from a dynamic lifting perspective
through a comparison of the stoop lift (knees straight,
trunk flexed) and the squat lift (knees flexed, trunk
straighter) [2,10,18,27]. Since one of the main differ-
ences between the two techniques is the knee joint
angle, many studies have focused on the inter-joint
coordination between knee joint and hip or L5/S1
joint during dynamic lifting tasks [5,6,26]. Burgess-
Limerick et al. [5] examined the posture and muscle
activities while subjects were performing lifting with
self-selected technique. From the observed coactivation
of the mono-articular knee extensors and bi-articular
hamstrings early in the lifting movement, they sug-
gested that the knee extensors contribute to hip exten-
sion through a tendinous action of the hamstring.
Although the inter-joint coordination and the effects of
leg muscles activities on dynamic lifting have been
observed from many experimental studies, the quanti-
tative relationships between leg muscle activities and
lumbar extensor activities during static weight holding
have not been investigated.
In tasks involving significant trunk flexion posture

held statically, another important biomechanical
characteristic, known as ‘flexion–relaxation’ phenom-
enon, needs to be considered [19]. In positions of full
trunk flexion, the myoelectric activity of trunk exten-
sors is diminished to low levels and it is believed that
passive tissues of the back support the load through a
viscoelastic stretch mechanism. Sihvonen [20] investi-
gated the simultaneous activity of back muscles and
hamstring muscles during sagittal trunk flexion and
extension using surface EMG. The flexion–relaxation
of back muscles occurred at a mean of 79

v
trunk flex-
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ion angle and hamstring muscles activity (EMG)
ceased at nearly full trunk flexion (97%) angle. Despite
myoelectric silence during flexion–relaxation it should
be emphasized that the back extensor musculature can
still generate substantial forces through passive
mechanisms [15]. The biomechanical (moment arm, line
of action) and physiological (stress–strain relationships,
energy utilization profiles, injury mechanism) differ-
ences between active and passive trunk extensor
mechanisms indicate that a detailed understanding of
the interactions and tradeoffs between these two sys-
tems should be empirically derived. One important
aspect of this empirical characterization is to establish
the relationships between trunk angle, knee angle, and
individual flexibility in the activation levels of the lum-
bar extensor musculature. The specific aims of the cur-
rent work were to quantify the interactive effect of
trunk angle and knee angle on the lumbar extensor
musculature and to quantify the effect of individual
flexibility in this response.
2. Methodology

2.1. Subjects

Eight male subjects with a mean (and standard devi-
ation) age of 27 years (2.3), height 1.74 m (0.03), body
mass 68.5 kg (4.9) were recruited from the university
community and participated voluntarily. All subjects
were free from chronic and current back problems and
gave written informed consent after being introduced
to the nature of the study. After a period of brief warm
up and light stretching, we assessed participant flexi-
bility level by having the subject flex his trunk forward
and reach towards the ground with knees straight. Sub-
jects were categorized as low-flexible (finger tip reach
greater than +5 cm from floor, two subjects) (group 3),
mid-flexible (finger tip reach between – 5 cm and + 5 cm,
three subjects) (group 2), and high-flexible (finger tip
reach less than – 5 cm from floor, three subjects)
(group 1).
2.2. Apparatus

Eight pairs of surface Ag-AgCl electrodes (Model
E22x, In-Vivo Metric) were used to collect the electro-
myographic (EMG) muscle activity of the sampled
muscles. These data were pre-amplified (1000�) and
then carried via shielded cable to the main amplifiers
that filtered (60 Hz, and low pass 1000 Hz) and further
amplified (50�) the EMG data. An isokinetic lumbar
dynamometer was used to provide the necessary static
resistance for the collection of the angle-specific
maximum voluntary contraction (MVC) EMG data
from the lumbar extensors. This dynamometer system
was also able to provide a measure of the angle-specific
peak moment generated by the subject, necessary for
the calculation of the hand-held loads as discussed
later. A stationary chair system was developed to cap-
ture the angle specific MVC EMG data for the knee
flexors and extensors.
2.3. Independent variables

Independent variables of this study included sagitally
symmetric trunk flexion angles (30

v
, 50

v
, 70

v
, and 90

v
),

knee flexion angles (0
v
(knees straight), 20

v
, and 40

v
),

static moment on L5/S1 joint (no external load, and
50% of the subject- and angle specific trunk extension
moment), and subject flexibility level (high, medium,
low). The angle between a vertical reference line and
the line joining the acromion process and greater tro-
chanter was defined as trunk flexion angle. The angle
between the line joining the greater trochanter and cen-
ter of rotation of the knee and the line joining the
center of rotation of the knee and the lateral malleolus
of the ankle was defined as knee flexion angle.
2.4. Dependent variables

Dependent variables were the normalized EMG from
lumbar extensors (multifidus, iliocostalis, and long-
issimus), knee extensors (rectus femoris, vastus lateralis,
and vastus medialis) and knee flexors (gastrocnemius-
soleus and biceps femoris). All data were collected on
the right side only.
2.5. Experimental procedures

Surface electrodes were placed over eight muscles on
the right side of the body of the subjects. The muscles
sampled (and sampling location) were: 1) multifidus
(1.5 cm to the right of the vertebral midline at L4
level), 2) longissimus (3.5 cm to the right of the ver-
tebral midline at L2 level), 3) iliocostalis (4.5 cm to the
right of the vertebra midline at L2 level), 4) vastus
medialis (8–9 cm above the knee joint cleft), 5) rectus
femoris (9–10 cm above the knee joint cleft), 6) vastus
lateralis (8–9 cm above the knee joint cleft), 7) biceps
femoris (10–12 cm above the knee joint cleft), and 8)
gastrocnemius-soleus group (medial side, 10–12 cm
below the knee joint cleft) with a fixed inter-electrode
center to center distance of 2.5 cm. While the signal
collected from the three trunk extensors almost cer-
tainly contained cross-talk from adjacent trunk exten-
sors muscles, the electrode placement locations were
chosen to maximize the contribution of the named
muscle based on the relative cross-sectional areas of the
muscles in the region (L2–L4). Prior to placement, the
electrode placement area was shaved, abraded and
cleansed with isopropyl alcohol absorbed cotton ball to
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lower the electrical impedance. All EMG data were col-
lected at 1024 Hz.
After the experimental setup, the maximum volun-

tary trunk extension moment and lumbar extensor
MVC EMG data were collected using isokinetic dyna-
mometer as the subject performed the isometric trunk
extension exertions at each of the four different trunk
flexion angles (30

v
, 50

v
, 70

v
, and 90

v
). The maximum

EMG of knee extensors and flexors were then collected
at 0

v
(knees straight), 20

v
, and 40

v
knee flexion angles

as the subject sat on the stationary chair system
and they pulled against a secure harness. The MVC
exertion for the gasctrocnemius-soleus group was
accomplished by having the subject exert a maximum
plantar flexion force against a stationary surface while
seated in the chair. Each exertion was maintained for
three seconds. All MVC trials were collected only after
subject completely understood and performed consist-
ent pre-test trials. Between consecutive MVCs a one
minute rest break was given.
In the subsequent trials subjects experienced loading

conditions of no load (simply holding the weight of the
torso) and a condition that required the subject to pro-
duce an extension moment (about L5/S1) equal to 50%
of their posture specific capacity. This 50% condition
was accomplished by having the subject hold a barbell
loaded with the appropriate amount of weight. The
procedure used to calculate the required hand-held
weight required the development of a simple biomecha-
nical model to derive the static moment of the upper
body mass as well as the posture-specific trunk exten-
sion maximum that occurred in the isokinetic dyna-
mometer. Using these two inputs the posture-specific
moment was calculated and the appropriate hand held
weights were calculated for each trunk flexion con-
dition for that subject.
Subjects performed a total of 48 trials (two repeti-

tions of all combinations of four trunk flexion angles,
three knee flexion angles, and two load conditions). At
each trial, subjects bent their torso forward and flexed
(or straightened in the case of 0

v
condition) both knees

and held the barbell using both hands (Fig. 1). The
experimenters used goniometers to establish when the
subject had achieved the appropriate knee and trunk
angles. The subject was then asked to hold that pos-
ition and keep his heels in contact with floor. As soon
as the posture was stable, the muscle activities were
collected for 3 s. There was a 20 s rest break between
consecutive trials during which the subject was allowed
stand up in a relaxed posture. Task order was fully
randomized.
2.6. Data processing

The raw data were filtered in software using a
10–500 Hz pass filter as well as a notch filter that elimi-
nated 60 Hz and its aliases. Once filtered these signals
were rectified (full-wave) and averaged across the three
second data collection period. This processing occurred
in both the data collected during the experimental trials
as well as the maximum voluntary contractions. The
EMG data collected during the maximum exertions
were then partitioned into 1/8 s windows and the
maximum of the 24 windows for each muscle in each
posture were identified and were used as the denomi-
nator in the process of normalizing the experimental
data.
2.7. Data analysis

The data set was partitioned into two subsets by
load condition and then each set was analyzed using
ANOVA to examine the effects of trunk flexion angle,
knee flexion angle and subject flexibility and their inter-
actions. This preliminary ANOVA was performed to
get a sense of the global effects of these variables. To
test the specific hypotheses of the current study further
partitioning of the data was necessary. In an effort to
be more refined in the analysis of the effect of flexibility
and knee angle on the flexion–relaxation response,
Fig. 1. The static weight holding task.
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these datasets were further partitioned by trunk angle

and an ANOVA was performed on each of these trunk

angle-specific datasets to identify those particular trunk

angles at which the flexion–relaxation response was

influenced by knee angle and individual flexibility.
3. Results

Considering the results of the initial ANOVA

(Table 1) from a more global perspective yields two

intuitive results and two that were not so intuitive.

First, trunk angle had a strong effect on the three lum-

bar extensor muscles with increased trunk flexion angle

leading to decreased muscle activity in the no external

load condition (Fig. 2) (combination of increased

reliance on the passive forces in the spine, increased

moment due to forward bend, increased capacity due

to the movement on the length-tension curve of the

lumbar extensors, and finally severe flexion–relaxation

at the 90
v
position) and a decreasing muscle activation

profile with increasing trunk flexion in the 50% of

maximum condition (Fig. 3) (a response consistent

with the increased passive contribution to the extensor

moment leading to the flexion–relaxation response).

Second, knee angle had a strong effect on the muscles

of the thigh and leg with the greater knee flexion gener-

ating greater muscle knee extensor (Fig. 4) and reduced

flexor activity (Fig. 5). These results are well docu-

mented in the previous literature.
Less intuitive were the significant results related to

subject flexibility. These results show that those sub-

jects with the greatest flexibility had the highest activity

levels of the lumbar extensor musculature across trunk

angles (Fig. 6).
To address the fundamental questions posed by this
research—What is the nature of the influence of knee
angle and individual flexibility on the flexion–relax-
ation response?’’—the dataset was partitioned by trunk
angle and a series of ANOVAs assessing the impact of
these variables on the muscle activities were performed
for each trunk angle (Tables 2 and 3). Returning atten-
tion back to the data displayed in Figs. 2 and 3 it can
be seen that the effect of the knee angle on the flexion–
relaxation response is evident in the 90

v
trunk flexion

postures in both loading conditions. These results indi-
cate that the effect of knee angle is particularly impor-
tant when the individual nears the end of their range of
motion where the slight changes in pelvis rotation can
have a significant impact on the passive contribution to
the extensor moment. The effect of individual flexi-
bility, on the other hand, seems to be a more consistent
response across trunk angles. Fig. 6 shows that at every
trunk angle the low flexibility group generated less
muscle activity and relied more on the passive extensor
moment.
Further exploration of this flexibility response in the

extreme flexion positions (70 and 90
v
) showed that the

knee angle response was affected by the flexibility of
the subject (Fig. 7). This figure illustrates that for the
high flexible subjects there was a strong effect of knee
angle on the flexion–relaxation response at the 90

v

trunk flexion angle but there was no knee angle effect
at 70

v
position. In the middle flexibility group it

appears that this knee angle effect is also seen at the
70

v
position indicating that the transition point from

passive to active occurs around this point for this
group. In the low flexibility group there does not
appear to be any knee angle effect on the flexion relax-
ation process indicating that, for this group, the tran-
sition point is less than 70

v
and regardless of knee
Table 1

ANOVA results testing the effects of trunk angle, knee angle, flexibility, and their interactions
m
ult
 long il
io v
asm re
cf
 vasl b
icf
 gast
No load
trunk angle �
��
 ��� �
�� �
 �
��
 �
knee angle
 �
�� ��
�
 ��� �
��
 ���
flexibility �
�
 � �
 �
�� ��
�
 ��� �
��
 ���
trunk�knee
 �
trunk�flexibility
knee�flexibility
 ��
 �� �
50% MVC
trunk angle �
��
 ��� �
��
 �
��
knee angle
 �
�� ��
�
 ��� �
��
 ���
flexibility �
�
 ��� �
�� �
�� ��
�
 ��� �
��
 ���
trunk�knee
trunk�flexibility
knee�flexibility
 �
 ��� �
�
� p<0.05.
�� p<0.01.
��� p<0.001.



490 G. Shin et al. / Journal of Electromyography and Kinesiology 14 (2004) 485–494
angle the passive contribution is still high. Further
post-hoc statistical analysis showed that only the EMG
at the 90

v
position in the high flexibility group

increased significantly (a¼ 0:05) .
4. Discussion

In this study, two different load conditions were tes-
ted—no-load and 50% MVC load. From a simple bio-
mechanical perspective, in the no-load condition the
load on lumbar extensors is expected to increase as
trunk angle increases because of the increase in the
moment arm of the center of mass of the torso. This
should continue until the passive forces in the spine
contribute to the trunk extensor moment during the
flexion–relaxation phenomenon. In the 50% MVC load
condition considered in this study, however, the exter-
nal load on lumbar extensors is expected to be rela-
tively constant through the design of the experimental
procedure. This renders two perspectives on the investi-

gation of the flexion–relaxation response—one from a

basic science perspective (the 50% MVC condition

because of the tight control on the moment variable)

and one from an applied perspective (the no-load con-

dition because of its similarity to many occupational

tasks such as harvesting ground crops, construction

work, etc.). The results of this study have shown that

in both load conditions, the normalized EMG of lum-

bar extensors were significantly affected by trunk angle

and decreased as trunk angle approached full flexion

(consistent with the flexion–relaxation response). The

primary focus of the current research was to develop

an empirical characterization of this response as a

function of knee angle and individual flexibility.
Much of the basic physiology of the flexion–relaxation

response can be seen in Panjabi et al. [17]. From the

load-displacement curves, three-dimensional morpho-

metric measurements, and a mathematical model they

developed, the strains of spinal ligaments were com-
Fig. 2. Normalized EMG of lumbar extensors vs. knee angle and

trunk angle (no load condition).
Fig. 3. Normalized EMG of lumbar extensors vs. knee angle and

trunk angle (50% MVC condition).
Fig. 5. Normalized EMG of knee flexors vs. knee angle and trunk

angle (50% MVC condition).
Fig. 4. Normalized EMG of knee extensors vs. knee angle and

trunk angle (50% MVC condition).
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puted as functions of various lumbar movements (flex-
ion, extension, lateral bending, and rotation). In flexion
movements, ligaments were stretched linearly as flexion
angle increased and the interspinous and supraspinous
ligaments had the highest strains and the capsular liga-
ments and the ligamentum flavum were strained less,
relatively. One of the positive aspects of this response is
a reduction in the required active muscle contribution
to the extensor moment, often resulting in reduced
muscular energy consumption and fatigue. The nega-
tive aspects of this response, however, are a concern.
First, increasing the ligamentous component to the
extensor moment will increase spinal loading due to the
shorter moment arm of the ligaments relative to the
muscular tissue. Second, the ligamentous tissues dis-
play viscoelasticity indicating that the extensor moment
provided by these tissues will vary over time due to
creep. Further, when the spine is returned to the non-
flexed, upright postures the strain in these tissues does
not immediately disappear, leaving a spine without
some of the passive (through mechanical support) and
active (through loss of reflex muscle control) sources of
stability. Solomonow and colleagues have developed an
understanding of this response in a series of previously
published papers [11,22–25]. While the current study
did not employ conditions that were of sufficient dur-
ation to activate the viscoelastic response, it does pro-
vide information regarding postural (knee angle, trunk
angle) and individual factors (flexibility) that are suf-
ficient to place the biomechanical system in a position
where stress is placed on these tissues that can lead to
these viscoelastic changes.
The contribution of passive tissues in generating

extensor moments during lifting was examined by
Dolan et al. [8]. In their study, participants performed
dynamic lifting from a floor level while EMG was col-
lected from the erector spinae (L3 and T10 level).
From an equilibrium equation of moments acting on
the lumbar spine, they defined the amount of difference
between extensor moment and moment by muscle
activity as the passive extensor moments. That is, the
extensor moment is equal to the sum of the moment by
trunk muscles and the moment by passive tissues. In
their results, the relationship between the extensor
moments from passive tissues (including intra-abdominal
pressure) and trunk flexion was approximately bi-
linear. The passive extensor moment increased slightly
from the lordotic standing position up to 80% flexion,
but it increased considerably after 80% flexion, in both
women and men subject groups. While the activity per-
formed in this study was dynamic, and the task per-
formed in the current study was static, the similarities
between these previous results and those shown in
Figs. 2 and 3 are strong in that it was at the extreme
90

v
flexion posture that the effect of knee angle on the

flexion–relaxation response was most obvious across
participants.
In both load conditions, subjects’ flexibility had sig-

nificant effects on EMG of all muscles (Table 1). The
trends in lumbar extensor muscle activity showed a
consistent reduction across trunk angles with reduced
flexibility. In this study a modified sit-and- reach test
was used that had the subjects assume the same basic
posture but in a standing position to better to gain a
Fig. 6. Normalized EMG of lumbar extensors vs. flexibility and

trunk angle (50% MVC condition) (group 1: high-flexible, group 2:

mid-flexible, group 3: low-flexible).
Table 3

ANOVA results testing the simple effect of flexibility at each trunk

angle (data set was partitioned by trunk angles and the effect of flexi-

bility was tested)
Load T
runk angle
 multifidus lo
ngissimus
 iliocostalis
No load 3
0
 ��
 �

5
0
7
0
 �

9
0
50% MVC 3
0
 �
 ���

5
0
 � �
��
 ���

7
0
9
0
���p< 0:001; ��p< 0:01; �p< 0:05.
Table 2

ANOVA results testing the simple effect of knee angle at each trunk

angle (data set was partitioned by trunk angles and the effect of knee

angle was tested)
Load T
runk angle m
ultifidus lo
ngissimus
 iliocostalis
No load 3
0
5
0
7
0 �
� �
��
 ���

9
0 �
 �
�
 ��
50% max. 3
0 �
 �
�

5
0
7
0
9
0 �
 �
�
 ��

���p< 0:001; ��p< 0:01; �p< 0:05.
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better simulation of the experimental task to be per-
formed. The sit-and-reach test results have been found
to be exclusively determined by hamstring flexibility
[21]. Since the length and tension on hamstring have
effects on the pelvic contribution to pelvis rotation (and
thereby the passive spine extensor mechanism), rela-
tively larger active extensor moments would be expec-
ted with high-flexible subjects than low or mid-flexible
subjects and these were the findings of the current
research. Further exploration of this flexibility response
in the extreme flexion positions (70 and 90

v
) showed

that the knee angle response was significantly affected
by the flexibility of the subject (Fig. 7), leading to the
formulation of a simple multi-joint articular model that
considers these interactive effects.
While standing upright without any trunk or knee

flexion, the hamstring muscles and spine ligaments are
in moderate length with little passive tension (Fig. 8a).
Inclination of the torso from this position involves flex-
ion of the vertebral column (including sacroiliac flex-
ion) and hip flexion. The lumbar spine contributes
more to early forward bending (0–30

v
) than the hip,

and the hip contributes more to late forward bending
(60–90

v
) than the lumbar spine [9]. The pelvifemoral

rhythm that describes these relative motions is expres-
sed as the ratio of angle change between the pelvis and
vertical reference to angle change between the femur
and vertical reference. The contribution of pelvis
rotation to hip flexion has been shown to vary as a
function of knee angle. The mean ratio of pelvis
rotation to hip flexion has been reported to be 26%
when knees are flexed [3], and 39% when knees are
straight, with subjects in the supine position [4]. In the
standing position, the pelvis rotation could contribute
18.1% to hip flexion (leg raise with knees flexed) [16].
As the person bends forward, the pelvis freely rotates

forward (a) until the passive tension in the hamstrings
begins to influence pelvic rotation. As the person con-
tinues to flex forward (Fig. 8b) and the forward
rotation of the pelvis continues to be restrained, the
passive extensor mechanism of the spine is activated.
As this process continues with greater forward trunk
flexion, the ratio of active to passive extensor moment
continues to decrease to the point of full flexion–relax-
ation. When knee flexion occurs at the trunk flexion
posture where the passive mechanism was just acti-
vated (Fig. 8c), the distance between the origin and
insertion of the biceps femoris is reduced and thereby
releases the tension on the pelvis allowing it to rotate
forward and deactivating the passive extensor mech-
anism requiring greater active moment from the lum-
Fig. 7. Normalized EMG of lumbar extensors vs. knee angle, trunk

angle, and flexibility (50% MVC condition).
model showing the interaction between trunk flexion angle, knee flexion angle and in
Fig. 8. Simple biomechanical dividual flexibility. LH = dis-

tance between origin and insertion of hamstring; LL = length of a spine ligament (e.g. supraspinous ligament); a = pelvis angle relative to vertical

reference; b = knee flexion angle.
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bar extensors. Individual flexibility plays a role in this
process in that the amount of knee flexion required to
release hamstring tension is going to be dependent on
this characteristic. In fact, in some combinations of
trunk angle and flexibility, no amount of knee flexion
is going to be adequate to release the tension in the
hamstrings and allow the pelvis to rotate forward (as
seen in the low flexible group data in Fig. 7).
There are several limitations of the current research.

First, the empirically derived transition points are not
very precise because of the large range of trunk and
knee angles considered. Our intention in choosing the
range used was to be sure to see a transition from pure
active to active-passive combination to chart this
response. Future research may focus in the trunk
angles of >60

v
and use steps of much smaller value to

gain more precise definition of these transition points.
A second limitation is related to the generalizabilty of
the results. The subject population in the current study
was all male of similar anthropometry. For a first
attempt at empirically deriving these transition points
it was reasoned that having an homogenous population
would decrease the nuisance variance in the sample and
allow for a clearer picture of the response. Including
women and subjects of varied anthropometry would
broaden the generalizabilty of these results and is
another logical next step in this research effort.
Future research should focus on the verification of

the implications of these results with regard to the vis-
coelastic effects. The duration of trunk flexion at each
task in this study was just 3 s, too brief to expect sig-
nificant viscoelastic characteristics in the strain
response of ligaments. The results of this study have
indicated the specific multi-joint postures at which the
passive mechanism is activated. The viscoelastic chan-
ges in these tissue would then be expected to commence
in these postures and the resulting variation of liga-
ments strain would be expected to affect the amount of
the passive extensor moments and thereby the required
compensation by the active trunk extensor mechanism.
Further research on this topic will include long dur-
ation of static flexion to cause viscoelastic strain of
ligaments and examine the variation of the passive/
active ratio of extensor moment as a function of time.
5. Conclusions

The present study examined the effects of trunk flex-
ion angle, knee flexion angle and individual flexibility
on the myoelectric activities of lumbar extensors, knee
extensors, and knee flexors with the intention of gain-
ing empirical information about the effects of these
variables on the flexion–relaxation response of the low
back musculature during static trunk flexion tasks both
with and without load. The results have shown an
important interactive effect of knee angle and individ-
ual flexibility on this flexion–relaxation response. The
most flexible subjects showed a knee angle effect only
at the 90

v
trunk flexion position. The mid-level flexible

subjects showed a knee angle response at both the 70
and 90

v
trunk flexion positions and the least flexible

subjects showed no knee angle effect on the flexion
relaxation response. This interactive effect on the flex-
ion–relaxation response has been described in a simple
multi-joint biomechanical model.
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