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The purpose of this study was to measure dose of spinal load when different
pacing methods were applied to lifting work and to develop methodology for
such measurements. The compressive load on the spine computed by a
dynamic biomechanical model and the electromyographic activity of back
muscles were used for describing the spinal load. Five men and 6ve women
worked in a laboratory on two days lifting a box up and down for 30 min on
both days, on one day force-paced (4 liftVmin), and on the other self-paced in
random order. The weight of the box was rated by the subjects to be
acceptable for the work done. The lift rate of our female subjects was higher
and that of the male subjects lower in self-paced than in force-paccd work.
There were no signifrcant differences in peak lumbosacral comprcssions nor
in the amplitude distributions of electromyography between the two pacing
methods. The biomechanically-calculated compressive forces on the spine
were lower (about 2.7 kN for the men and 2.3kN for women) than the
biomechanical necommendations for safe lifting, but the EMG activity
showed quite high peaks so that for l% of work time the activity was on
women above 60% and on men above 40% of the activity during maximum
isometric voluntary test contraction.

l. Inboduction
Mechanical load on the spine at healry work relates to back complaints and is an
important factor on the generation of low back pain (Chaffin and Park 1973,
Andersson 1981, Troup 1984). To prevent back problems it is necessary to assess the
nature of the workload as well as the capacity of an individual worker for that
workload.

Biomechanical models have been used to describe mechanical load on the spine.
Schultz and Andersson ( l98l ) showed that simple biomechanical models give results
that correlate well with measured intradiscal pressures in static loading conditions.
I-eskinen et al. (1983a and b) studied single lifts of l5kg box with 20 men.
Compressive force on the lumbosacral intervertebral disc and the time integral of the
compression over the accelerative phase of the load to be lifted was computed with a
simple dynamic biomechanical model from optoelectronic recording of posture and
movement together with measurement of forces at hands and feet. Peak lifting speed
and acceleration were derived from the displacement data. They reported peak
compressive loads of about 5 kN. In their model the lever arm of the back muscles
was 5cm as used before by Chaffin (1975) and Ayoub and El-Bassoussi 1978, for
example, but McGill et al. (1988) and Nemöth and Ohlsön (1987) have suggested
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based on their observation on cadaver and CT material that the effective lever arm of
the back muscles may be even 7.5 cm, confrrmed also by our own unpublished
observations on 20 CT scans. The biomechanical analysis of L,eskinen et al. (1987b)
included detection of hip and lumbar angles in order to determine more accurately
the location of the lumbosacral disc.

Electromyography of erector spinae muscles has often been used as an indicator
of spinal load at work (Andersso n et al. 1977 , Jonsson I 978, örtengren et al. I 98 I ).
The main weakness of EMG for describing spinal load is that the back muscles
develop no electrical activity in deep forward bending when erector spinae muscle
tension is purely passive (Floyd and Silver 1955) although biomechanically those
postures are extremely straining. On the other hand, Takala et al. (1987) found that
when subjects were lifting using the back lift technique the electrical activity of the
back muscles began even before lifting started when the subjects had to lift an
external load. They also found higher peak EMG activities in erector spinae muscles
in back lifts than in leg lifts.

In our previous study we recorded electromyography of erector spinae muscles at
the Th lz-Ll and L4-L5 levels bilaterally in both static and dynamic tests. The
relationship between muscle forces calculated with a biomechanical model and the
activity of simultaneously recorded electromyography of erector spinae muscles was
strongly dependent on the trunk flexion angle in static holding tasks so that the EMG
activity started to decrease after 30' of forward bending while biomechanical load
still increased (I-eskinen et al.l987a). Moreover, the direction of movement in lifting
tasks had an effect on the EMG activity: despite similar peak biomechanical forces,
the peak EMG activity when lowering was only about half of the activity when lifting,
becausc the muscles produced more force with the same activity when acting
eccentrically than when acting concentrically.

Repetitive lifting is work in which the load on the subject can be expected to be
strongly dependent on pacing, but there are only a few studies on the effect of pacing
in lifting work. Rönnholm et al. (1962) studied the effect of pacing in lifting work and
found that in self-paced 'rhythmic' work the physiological cost was lower than in
paced work. Karvonen and Rönnholm (1964) found a lower 'impulse rate' in
electromyography in rhythmic than in paced lifting. They also found changes in the
pattern of myopotential activity between the participating muscles indicating that
the central nervous control of movement was affected by temporal pattern of pacing
the work. Mital et al. ( 1987) observed force-paced and self-paced lifting in l7 men
and l0 women when the subjects had to palletize 16.8 kg boxes with handles. They
found that the lift rate was increased from 6 liftvmin in force-paced work to 9.7
liftVmin in women and 12.9 lifts/min in men in self-paced work. Heart rate and
oxygen uptake increased in proportion to the increased lift rate from 103 to 130
beats/min and from 4.2 to 8.6 kcaUmin on men and from 122 to 134 beatVmin and
from 4.6 to 7.1 kcal/min on women, respectively. They concluded that in self-paced
work subjects chose lifting frequency which probably was physiologically too
demanding for an 8 h work day.

Using various methods of indicating the effects of spinal loading we concluded
that EMG activity described well the musculoskeletal load distribution during work
while changes in stature and rating of perceived exertion described the cumulative
effects of the load (Leskinen et al. 1988). The purpose of this study was to measure
dose and response of spinal load when different pacing methods were applied to
lifting rvork and to develop methodology for such measurements. The dose was
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described by the compressive load on the spine computed by dynamic biomechanical
methods and by the muscular activity of back muscles measured
electromyographically. To measure the effects of the load on the subjects'spines we
measured changes in stature, and used psychophysical methods to measure how the
subjects perceive the load. Hitherto no one has combined biomechanical methods,
EMC, stature measurements, and psychophysical methodology to study continuous
lifting work. The combination of biomechanical methods, EMG, stature
measurements, and psychophysical methodology was expected to give an overall
view of spinal load and its effects during continuous lifting work. This pap€r reports
the biomechanical and muscular load; stature changes and perceived exertion are
reported in another paper (Stålhammar et al. 1992).

2. Materials and methods
The subjects of the study were five women (age 35-43 years, weight 47-70k9, stature
158-l70cm) and frve men (29-49 years, 6l-78kg, 164-182cm). The subjects first
selected the weight of a box, 30x30x30cm with handles, to be acceptable for 4
liftVmin for 30 min applying the 'rating of acceptable load'(RAL) method (Griffin el
al. 1984) for the task specifred.

The continuous lifting work consisted of lifting the box of the selected weight
from a level l0cm above the floor to knuckle height and back down for 30min. The
subjects were asked to hold the box for a while after lifting it up before lifting down to
separate clearly the two phases, The overall time forone lift up and down was around
5 s, but it was not controlled and thus it varied between subjects. The subjects
participated in two sessions: On one day they worked using a forced pace ('force-
paced', one lift up and down every l5 s guided by a clock in front of the subjects, and
on another day pacing their work by themselves with no clock in sight ('self-paced').
The order of the pacing methods was randomized so that half of the subjects worked
frrst self-paced and half force-paced. No instructions of lifting technique were given.
Before the 30 min work period the subjects rested for l5 min and after the work for
30 min lying supine in a relaxed posture with the legs elevated on a pile of pillows
('Fowler's posture').

The lifts were counted and the mean lifting rate for each 5 min period during work
was calculated. One lift up and down was recorded for biomechanical analysis with
an optoelectronic system (Selspot) seven times during the 30 min work period: during
the first and last minutes and in about 5 min intervals between them.

The biomechanical analysis included detection of hip and lumbar angles
(Leskinen et al. t987b), peak lifting speed and acceleration, calculation of
lumbosacral compressive force and its time integral over the accelerative phase of the
load with a dynamic biomechanical model modified from Leskinen et al. (1983a),
and changes in potential energy of the body and the load during a lift. The model is a
link segment model which calculates the torque around the lumbosacral
intervertebral disk taking into account the inertial effects of the body segments and
the load. From the torque the muscle force of back muscles required for balancing the
body is calculated, and the lumbosacral compressive force is obtained by summing
the effects of the muscle force and the weight of the upper body. In fact the 'muscle
force' is a single muscle-ligament equivalent including both passive tension and
active contraction.

The modifrcation of the biomechanical model included the following three items:
( I ) directly measured forces on the handles of the box to be lifted were used instead
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of acceleration of the box; (2) the location of the centre of L5-S I intervertebral disc
was calculated based on the marken on the fin attached on the sacrum; and (3) the
effective lever arm of the back muscles was increased to 7.5cm according to the
suggestion of McGill et al. (1988).

Electromyography of erector spinae muscles at the Thl2-Ll and L4-L5 levels
bilaterally was recorded with a portable four+hannel recording system consisting of
surface electrodes, EMG preamplifiers, main amplifiers, and a small tape recorder all
carried by the subject (Nieminen et al. 1986). Movement artefacts were minimized
using short ( l0 cm) electrode leads and by the lower cut-offfrequency of l0 Hz of the
preamplifrers. Before the subjects started the work they exerted twice the isometric
maximum voluntary contraction of back muscles in prone posture (IMVC). The
force exerted was recorded with a force transducer and a strap around the body just
under the arms. The lever arrns between the centre of the strap and the centre points
between the electrode pairs were also recorded to obtain the corresponding torque at
the electrode sites.

The amplitudes of full-wave rectifred and averaged EMG (EMG activity) were
expressed in percents of the activity during IMVC. Parameters of the amplitude
distributions of EMG activity were used for statistical comparisons. In these
distributions the 95% and 99% points (p95 and p99) describe the activity level which is
exceeded for 596 and l% of total work time, resp€ctively. As the accelerative phases of
lifts usually last for 0.2-0- 5 s or I -3% of the interval between lifts selected for the paced
work of this study, these points werc expected to dcscribc the muscular activity levels
during lifts and thus to be related to the proportion of lifts of the total work time.

No corrections for muscle length nor for speed of concentric or cccentric actions
were made because of the lack of a practical and reliable method to measure
continuously these phenomena. However, the errors caused by these facton to the
amplitude distributions over periods containing equal amounts of concentric and
eccentric actions were considered to be similar in the two experiments, which
justifies the comparisons between them.

3. Results
The force produced during IMVC of back muscles ranged for women from 375 to
850N (mean 642N), and for men from 445 to I l60N (mean 858N). The resulting
torques at the L5-S I level were for women from I l2 to 268 Nm (mean 190 Nm), and
for men from I l8 to 325 Nm (mean 259 Nm).

Women's mean rating of acceptable load was 7.5kg (SD 2.0kg) and men's
significantly (p<0.05) higher I l.5kg (SD 2.8kg). The mean RAL was l4+2% of
isometric back muscle strength on men and l2+ 4% on women.

With forced pace all subjects lifted 120 lifts in 30min, i.e., 4 liftVmin as
instructed. With self-pace women's lift rate (120-221 lifty30 min, mean t SD
169+40) was significantly (p<0.05) higher than men's (68-l19 lifty30min,
mean + SD 93 + 20), but the total weight lifted during 30 min did not differ because
of different RALs.

Table I shows biomechanical results of one lift at 5 min and of another lift at
25 min of the work period. No statistically signifrcant differences in kinematic
pattern of lifts (lumbar curve, peak velocity, peak acceleration), biomechanical
loading, nor potential energy changes were found b€tween the two pacing methods
except that at 5 min men's peak lifting velocity was higher in force-paced than in self-
paced work (p<0.05). The increase of men's lifting velocity in self-paced work was
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the only statistically signifrcant temporal change from 5 min to 25 min. The average

lumbosacral compression peaks for men were 2.7 kN (range 2'l-3'6) and for women

2.3 kN (range 1.8-2.8).

Table l. Biomechanical results of lifts at 5 and 25 min of the 30min work period, means and
SDs of five men and frve women. Key PED-potential cncrgJ change during lift Ul,
curve: lumbar cuwe in the initial postunc of the lift [1, rr-pcak vertical velocity of the
load [m/sl, c-pcak acceleration [m/s21, l5Qrpcak lumbosactal compression ftN],
int:compression integral over thc accelcrative phasc of the lift [kNsl.

Self-paced
Men Women

Force-paced
Men Women

5 min
PED
curve
v

a
rsc
int

25 min
PED

. curve
v

a
IsC
int

467 x.72
14.9 t 6- l
0.82 + 0. l4

2.3 + 0.8
2-7 x,0.3
t.5 +0.3

46Ex.72
t7.l r 13.9
0.93 t0- 19

3.0r 1.0
2.8 +0.5
t-8 +0.8

321t85
8.5 + 9-7

0.90 + 0.20
2.5 x,l-3
2-3+O-2
t.7 t0.4

329 t 90
12.7t l0.E
0.95 +021

2.8x,1-2
2.2 + 0.2
r.3 t 0.6

468x,74
9-8+7.2

0.98 t 0. l6
2.8 +0.7
2-7 *,0-3
1.5 r 1.0

457 x.63
l1.0r9.9
0.96t0-26
2.8t 1.4
2.7 x.4.6
1.2 t0.3

315 + 90
3-4+ 7.8

0-93 +0.26
2-6x,l.l
2-2+0-2
l-2 t0-3

32t +76
4-2!9-9

0.91+0.27
2.5 +0.8
2.3 t 0.3
l-4 +0-4

Table 2 shows the medians and the p95 and p99 points of EMG activity
amplitude distributions on all four EMG channels on men and women for force-
paced and self-paced work for the 30 min work period. The distributions revealed
quite high peak loads despite the moderate weights. For l% of work time (p99) the

myoelectric activity at L4-L5 level was above 40% of the activity during IMVC in
men in both force- and self-paced work, and 60% of lMVC-activity in women in self-
paced work. At the upper level the activity peaks were somewhat smaller. The
difference between men and women was statistically significant (p<0'05) for the

rieht side at Tht2-Ll level only. There were no significant changes in the activity
distributions during the 30 min period between the two pacing methods.

4. Discussion
The lift rate of this study 4.0-7.4lifts/min for women and 2.3-4'0liftJmin for men

is not unusual in industty,€.g., in assembly line task. Brinckmann el a/. (1988)

observed marked decreases in the strength of cadavers' motion segments with high
number of load cycles. This may suggest that repetitive lifting even with moderate
loads is hazardous. On the other hand, Chaffrn and Park ( 1973) stated that infrequent
lifting (below 50 times/day) may be more hazardous than more frequent lifting, as

long as the rate is below about 150 lifts a day.
The small kinematic and kinetic differences between lifts of different pacing

methods showed that the subjects' lifting techniques were only minimally affected by
pacing. The peak compressive loads were moderate, remaining beneath the 3'5 kN
level defined as the biomechanical criterion on action limit for manual lifts by
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Table 2. Medians and 95% and 99% points (p95, p99) of EMG amplitude distributions
expresscd as % of isometric maximum voluntary actiyity on the four EMG-channels,
means, and SDs of men and womcn for sclf-paced and fiorce-paced work for thc 30min
work p€riod. Signifrcance of differences betwecn men and women is shown: NS:not
signifrcant, *:p<0.05.

Sclf-paced
Men Women

Force-paced
Men Women

Thl2-Ll right
median
p95
p99

Thl2-Ll left
median
p95
p99

L4-L5 right
median
p95
p99

L4-L5 left
median
p95
p99

1.5 + l.l
20-l + 6.9
28-7 +8-9

1.5 + 1.4
23-9x.7.4
34.3x,9-6

1.3 +0.8
30-3 + 10.8
42.2x.14-6

2-8x.2-8
33.4+ 13.4
46-5+ t7-3

7.0t7.7
35'7 + 12'2
51.0t 15.5

6-2+ 5-2
33.7110.3
46-2+ ll.7

8.6 + 8.3
44.9 + l9-7
62.6+23-l

7-3+6.3
43.4x,13.4
61.8t l2.l

2.0+2.7 NS
2t-4+7-2 NS
30-4x9-2 NS

3-3+3-7 NS
27-4+ t4.6 NS
40.4+ 22.1 NS

2-4x2.2 NS
29-l+ ll.3 NS
41.3+ 13.3 NS

4-l!4.1 NS
32.3x,21.9 NS
45.9t31.E NS

1.8+ 1.5
3l-4x.12.7
43.5 + 14.6

1.6 + 0-7
29-3+ t3-9
41.0+ t7.I

l.l +0.3
37.8 + I l-4
56.7 +21-O

l.t +0.6
38-8 + 8.7
54-3+ 13.6

NS
tf

a

NS
NS
NS

NS
NS
NS

NS
NS
NS

NIOSH ( 198 I ). The compressive loads of this study were about 30% lower than those
of l-eskinen et al. (1983a and b) who studied single lifts of l5 kg box with 20 men.
Part of the difference comes from the modifrcations of the biomechanical model and
the lower average weight of the box in this study, but in this study also the
accelerations and velocities of the box were lower than in the previous study.

The p99 values of EMG activity distributions found in this study show that the
back muscles act at high activity levels even during quite moderate liftihg tasks: at
L4-LS level the p99 activity was on men above 40% and on women above 60% of the
activity of IMVC.

It should be noted that the EMG activity only describes the amount of electric
activation for a muscle to produce the required force. To get a description of the
force itself, corrections for muscle length and for concentric and eccentric actions of
muscles are needed (I-eskinen et al. 1987a). As more myoelectric activity is required
in concentric than in eccentric work to produce the same force, the exclusion of the
corrections overestimates the role of concentric phases of the work and
underestimates the eccentric phases. For example, during concentric action the EMG
activity of 400,6 of the activity during IMVC is related to muscle force well below 40%
of IMVC. In our experiments the subjects worked as much concentrically as

eccentrically, so that the mean activity would not have been strongly affected by the
corrections, while the p95 and p99 now probably described the peaks of concentric
actions (lifts up) only. However, the corrections would have been similar for both
experiments with different pacing, and thus would not have had an effect on the
comparisons between them.

Because the men in this study worked at a lower lifting frequency with self-pace
and women with a higher frequency than with forced-pace, changes to lower
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amplitudes for men and higher for women had been expected in EMG activity
distributions in self-paced as compared with force-paced work. However, the changes

found in this study were too small to reach statistical signifrcance. The faa that the

subjects had themselves chosen the load they were going to lift (RALprocedure),
may have resulted on smaller differences between self-paced and force-paced work
than if the load had been externally determined.

The finding of Karvonen and Rönnholm (1964) that the EMG was less active in
'rhythmic' than in paced work is in line with our result that the women's EMG
activity did not increase markedly even though they increased their lift rate by about
40% for self-paced work. This may reflect better utilization of elastic energy or less

antagonistic muscle activity in self-paced worked than in force-paced work.

Unfortunately our methodology did not allow us to study these phenomena. But also

our male subjects developed almost similar EMG amplitude distributions in paced

and in unpaced work despite the lower lift rate in paced work which reflects the fact

that they did not really work in a 'rhythmic' way and that is why the benefits of self
pacing were minimal with such a low lift rate.
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