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In the investigation of lower back stress, the muscle forces of the erector spinae and 
the rectus abdominis are often calculated using the two-dimensional biomechanical 
model. These muscle f o r m  are used to estimate the compressive forces at LS/Sl 
disc. This paper presents a study of the muscle forces predicted by a two- 
dimensional biomechanical model during pushing and pulling and myoelectric 
activity from the corresponding muscles. The goal was to investigate whether a 
simple two muscle torso model would reasonably estimate the muscle actions in 
pushing and pulling tasks. Six subjects participated in the experiment. EMG (nns) 
value was used as an indicator of muscie forces. The results show high correlation 
between the predicted muscle forces and the measured root-mean-square EMG 
values in trunk pushing and pulling (r2=0.93) and hand pushing and pulling 
(r2=0-96) in an erect posture with hips braced but low in hand pushing and 
pulling using a free posture (r2 =037). 

1. Introduction 
In the investigation of lower back stress, the muscle forces of the erector spinae and the 
rectus abdominis are often calculated using the two-dimensional biomechanical model. 
These muscle forces are used to estimate the compressive forces at L5/S 1 disc. Most of 
such work has been done for isometric lifting. Little has been done in prediction of these 
forces for pushing and pulling. In most cases, a biomechanical model for lifting has been 
used to estimate the lower back stress in pushing and pulling even though lifting has 
different characteristics to pushing and pulling (e-g. foot positions and posture). 

Several researchers (Ayoub and McDaniel 1974, Chaffin et al. 1983, Gaughran and 
Dempster 1956, Kroemer 1974, Snook et al. 1969) have studied free standing pushing 
and pulling. Their studies were concerned mostly with the maximum pushing and/or 
pulling force, but have not evaluated lower back stresses or  torso muscle actions. 

Therefore, it is deemed necessary to investigate whether a simple two muscle torso 
model would reasonably estimate the muscle actions in pushing and pulling tasks. 

0014-0139/89 S 3 0  0 1989 Taylor & Francis Ltd. 



I 

1552 K .  S. Lee et al. 

Based on previous research (Chapman and Troup 1969, Lee 1982, Shultz et of. 1982, 
1985), it was concluded that EMG ampfit udes are reasonably proportional tr the 
corresponding muscle forces with su brnaximal tension. Therefore, E MG measure (ms 
value) was used as an indicator of muscle forces (Agarwal1982, Chaffin and Andersson 
1 984, Schultz et al. 1982, 1985). 

2. Mdel  description 
The model used in this research for prediction of lower back muscle forces is basically 
the same as the one which has been used by several researchers (Anderson and Chaffin 
1984, Chaffin 1972, Park and Chaffin 1974). It is a sagittal plane model and assumes 
that all ex temal hand forces acting on the body do so at the centre of the grip of hands. 
The human body i s  assumed to be made up of 1 1 solid links (hand, lower arm, upper 
arm, upper trunk and neck, lower trunk, right and left upper leg, right and left lower leg, 
right and left foot). The mass of each link has been assumed to be proportional to the 
total body mass as indicated by the distribution from Dempster et al. (1964). 

The rectus abdominis muscle force component (figure I )  is added to Chaffin's torso 
model (Chaffin 1972) as suggested by Anderson et al. (1 980). The revision is described 
below. The moment at L5/S1 disc is derived from the moment equilibrium equation at 
the L5/S1 disc using the following equations (1) and (2): 

where: 

M(LSIS1) = moment at L5/S1 disc 
M(abd) = moment at LS/Sl disc due to abdominal pressure 
M(res)=moment at L5/S1 disc after moment due to abdominal pressure is 

subtracted 
F(rec) = rectus abdominis muscle force 

0 if M(res) > 0 in pulling or F(rec) otherwise 
F(erc) =erector spinae muscle force 

0 if M(res) <O in pulling or F(erc) otherwise 
A =moment arm of rectus abdominis muscle force to L5/S1 disc 
B = moment arm of erector spinae muscle force to L5/S 1 disc. 

The solution assumes that only one muscle at a time is active to stabilize the torso (i-e., 
no antagonism exists). This assumption is necessary to evoke a simple static 
equilibrium solution. Then the compressive force is derived from the following force 
equilibrium equation (3) and equations (1) and (2): 

F(com p) = F(ex) + F(erc) + F(rec) - F(a bd) (3) 

where: 

F(ex)= force by upper body weight and hand force normal to LS/Sl disc 
F(comp) = compressive force at L5/S 1 disc. 

This model requires the body weight, positions of the joints of the body, and forces 
exerted on the handle(hand forces) as inputs. It then allows computation of the reactive 
forces and moments at joints, the erector spinae and rectus abdominis muscle forces, 
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Figure 1. Free body diagram of lower back forces (Adapted and revised from Chaffin and 
Andersson 1984). 

and the compressive forces at the L5/S1 disc as outputs. The abdominal pressure 
[M(abd)] and the resulting abdominal muscle force [F(abd)] were obtained using the 
method suggested by Chaffin (1972). 

3. Method 
The effectiveness of the model was tested by comparing the predicted muscle forces with 
EMG (ms) values of the rectus abdominis and erector spinae muscle measured during 
the experiment (figure 2). Three different series of pushing and pulling experiments were 
performed: trunk pushing and pulling, and hand pushing and pulling in an erect 
posture with the hips braced and hand pushing and pulling in a free posture at three 
different handle heights. To obtain the data of each joint position of a subject, the 
vertical and horizontal positions of the wrist, elbow, shoulder, L5/S1 disc, hip, knees 
and angles were photographed during each cycle. Hand forces (horizontal and vertical) 
were measured by the triaxial load cell which was connected to the handle of the 
pushing and pulling tester. The signals were captured at the sampling rate of 100 Hz 
and recorded in HP-2100 mini computer. A mandatory 5 min rest period was given 
between each test in all three experiments. 

3.1. lsornetric trunk pushing and pulling 
In this experiment, EMG (rms) values were measured continuously while the subjects 
increased their force up to 100% maximum voluntary capacity (MVC) pushing and 
pulling force for 4 s in erect standing positions. The force was applied on a strap around 
the upper trunk (figure 3). A subject's thighs and hips were strapped for support. This 

' experiment was repeated five times for pushing and pulling. 

3.2. Isometric hand pushing and pulling in standing erect posture 
In this experiment (figure 4), the subjects pushed or pulled on a static handle which was 
set at his/her shoulder height with the thighs and hips braced. Other aspects of the 
experimental design and method were identical to above experiment. 
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Figure 2. The steps in muscle force comparison with EMG(rms). 

'STRAPS 

l some tric 
Pushi ng/Pu t ling 

Experiment 
Input 

HP 2100 
COMPUTER 
INTf R FACE 

c - 

Figure 3. Isometric trunk pulling. 
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Figure 4. Isometric hand pulling in standing erect posture. 
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Figure 5. Isometric hand pushing in f e e  posture. 
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3.3. lsometric hand pushing and pulling in free postures 
The subjects pushed or pulled a static handle which was set at different heights from the 
ground (figure 5). The subjects were allowed to assume any posture (free posture) they 
wanted. The handle heights used were 66,109 and 152 cm (26,43 and 60 in.) as used by 
Snook (1969). This isometric pushing and pulling was also camed out for 4 s and 
repeated five times. EMG (rms) values were recorded during the continuously 
increasing pushing and pulling exertion forces. Positions of the body joints were 
photographed using a 35 mm camera with a strobe flash at 15 Hz for the duration of 
exertion to capture any changes in the positions as the exertion force varied. For the 
test of 152 crn high handle, the hip was braced for support to avoid a loss of balance. 

4. Subjects 
Four male and two female students ranging from 20 to 30 years of age participated in 
each experiment. All the subjects were healthy and understood the purpose of the 
experiments. None of the subjects had a history of back pain or previous back trauma 
Before the experiment, all subjects were informed and instructed about procedure and 
possible injuries. The link lengths of the subjects were measured before the experiment 
using the linear-dimension method (Roebuck et 01. 1975). Subjects were required to 
wear shoes with a rubber sole to prevent them from slipping. Table 1 shows the gross 
anthropometric data of the subjects participating in the experiment. 

5. Equipment 
A pushing and pulling tester designed and fabricated in the Center for Ergonomics with 
adjustable handle height was used. The other equipment consisted of the following: 

(1) a 35mm camera with a strobe and a single flash; 
(2) an EMG measurement system with an 8channel amplifier and preamplifiers 

and nine silver electrodes (two two-electrodes sets for the back, two sets for the 
abdomen and one set for ground); 

(3) an oscilloscope; 
(4) a tri-axial load cell and its amplifier; 
(5) an 8-channel strip-chart recorder; and 
(6) an HP-2100 digital mini computer. 

The tri-axial load cell in the handle of the pushing and pulling tester measured the 
orthogonal forces in horizontal, vertical and lateral directions. This load cell was 
connected to a carrier amplifier (model 130-2c) to control sensitivity. The amplifier, in 
turn, was connected via an A/D converter to the HP-2100 mini computer. 

Table 1. Subject anthropometry. 
- 

Subject Sex Stature (cm) Weight (Kg) 

S 1 Male 169.0 60.3 
S2 Female 162-0 50-0 
S3 Male 171.0 7 5 4  
S4 Male 1705 80.0 
S5 Female 169.5 59.1 
S6 Male 175-3 62.3 



Lower back muscle forces 

ANTERIOR Vl  EW POSTERIOR VIEW 

AC. Voltrneter/AmpIif ierr T 
Computer 

Figure 6. Position of the electrodes on the subject. 

The root-mean-square value of EMGs was used to estimate muscle exertion levels. 
The myoelectrical signals were recorded using bipolar silver electrodes. The positions 
of electrodes are shown in figure 6. The sampling rate of the EMG signal was 100 Hz 
which was the same as the sampling rate of the pushing or pulling force. 

6. Analysis 
Cross correlations were computed between measured EMG (ms) values and predicted 
muscle forces from the simple model. Parameters of the least square error regression 
model (linear model) describing the relationship bet ween EMG (rms) values and the 
predicted muscle forces were computed from the data-for each subject. The statistical 
model is described below: 

where: 

EM G (rms) = a root-mean-square electromyogram value (microvolt) 
x, =muscle force of the erector spinae or the rectus abdominis (newton) 
x, = indicator variable (0 if pushing, or 1 if pulling) 
e = a residual error 

b,, b,, b, and b,  are least square error fitting parameters. 
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7. R d t s  
In the experiment involving isometric pushing and pulling of the upper trunk with the 
thighs and hips braced, the rectus abdominis muscle was active in pushing(figure 7) and 
inactive in pulling. Exactly the opposite was observed for the erector spinae muscle 
(figure 8) for all subjects. Figures 7 and 8 ,show that measured EMG (rms) values were 
linear and highly correlated (average r-square = 0.93) with the corresponding muscle 
forces predicted by the simple model. This indicates that the biomechanical model 
predicts the muscle forces reasonably well in this braced type of pushing and pulling. 
However, it was n-oticed that the coefficients of the linear model (Equation 4) varied 
between subjects as seen in table 2. This type of variation is discussed in detail in Chaffin 
and Anderson (1 984). 

Rectus Abdominis 
= .93 

o Erector Spinoe 

R~ = -31 
B 

's"0 I I I I 

0 1000 2000 3000 4000 
newton 

PREDICTED MUSCLE FORCE 

Figure 7. EMG (rrns) vs. predicted muscle form in trunk pushing for all subjects. 

Table 2. Least square error regression analysis (Equation 4) of the EMG (rms) amplit udc and 
muscle forces of erector spinae and rectus abdominis in trunk pushing and pulling showing 
that EMG (rrns) amplitudes are difkren t bet w e n  muscles and su bjccts. 

Subject Equation rz SE 

I EMG(rms)=15-67+O-085x,+0005x2-0078xlx2 094 3.5 
2 EMG(ms)=14-2+0.145xl-5.2~~-2.54~~~~ 098 5.7 
3 EMG (rms) = 12.74 + 0-208x, + 0.776~ ,x, 086 33.1 
4 EMG(rms)=3-5+0069xl+2-5x2+0-O1Ox,xZ 0.93 6-4 
5 EMG(rms)= 14.97+0.O88x, + 1 1 - 1 5 2 ~ ~  -0042x,x2 089 7-5 
6 EMG(ms)=3-85 +0-42lx, + 1 2 . 4 ~ ~ - M 3 0 x , x Z  096 15.1 

Note: ' unit: EMG (rms) (microvolt), muscle force (newton). 
'x,: muscle force and x2 =0 if pushing, 1 if pulling. 
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Figure 9. EMG (rms) vs. predicted muscle forces for hand pushing in standing erect posture, 
for all subjects. 

0 1000 2000 3000 4000 

PREDICTED MUSCLE FORCES 
newton 
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Figure 10. EMG (rms) vs, predicted muscle forces for hand pulling in standing erect posture, 
for all subjects. 

The isometric hand pushing and pulling experiment while standing in an erect 
braced posture also indicated that measured EMG (rms) values were linearly related 
(figures 9 and 10) and highly correlated (average rZ =Q96) with the corresponding 
muscle'forces predicted. This also supports the good predictability of lower back stress 
by the biornechanical model. It was also noticed that the coefficients of the linear model 
(Equation 4) varied between subjects and within subject. This is evident in table 3. 

Table 3. Least square error regression analysis (Equation 4) of the EMG (rrns) amplitude and 
muscle forces of erector spinae and rectus abdominis in hand pushing and pulling 
(standing erect) showing that EMG (rrns) amplitudes are different hetween muscles and 
subjects. 

Subject Equation r2 SE 

1 EMG(rms)=17.851+0-0821x,+Q018x,x2 0.99 7-5 
2 EMG(rms)= 19.6+0.016x1 - 3 . 5 ~ ~  +0-20x,x, 0.94 9.8 
3 EMG(rms)=-2~095+0-068x,+26~13~,+0-479~,~, 0-95 20.9 
4 EMG (rms) = 7-34 + 0.01 5x, + 0.022x, x2 098 6.7 
5 EMG (ms) = 14.9 + 0 - 0 3 3 ~ ~  - 6-5x2 +0-143xlx, 094  8.9 
6 EMG(rms)=15.12+0-125x,-16.99~~-0-064x,x2 0.95 13.0 

Note: ' unit: EMG (rms) (microvolt), muscle force (newton). 
x,: muscle force and x2 = 0 if pushing, 1 if pulling. 
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Table 4. Correlations between EMG (rms) values and predicted muscle forms in each 
experiment for each subject. 

Experiment (pushing and pulling) 

Hand in free posturc 
Hand in 

erect Handle height (cm) 
Subject Trunk posture 66 109 152 . . 

However, the results from the hand pushing and pulling in the free standing 
postures were different from the above findings. Measured EMG (rrns) values were 
neither linear nor well -correlated (table 4) with the corresponding muscle forces 
predicted, and did not show any consistent pattern (average r2 =0.37). 

8 Discussion 
Several explanations may be offered for the low correlations observed between 
EMG (rms) values and predicted muscle forces. First, this may be due to the interaction 
with other muscle groups, such as the abdominal oblique muscles. Or  it may be due to 
the interference of the EMG signals caused by ligamentous contributions (Farfan 1975, 
Shultz et al. 1982) when the torso is flexed. This problem may also be caused by the fact 
that the spinal ligaments can contribute tension only if the torso flexion is great. Also 
when the muscle length becomes much longer than its resting length, passive muscle 
tension becomes significant. The results show that as the upper torso flexion angle 
becomes bigger, the EMG (rms) value increases. This is expected h a u s e ,  as the torso 
flexion angle becomes bigger the erector spinae muscle forces increase. This increase 
can be explained since the flexion turning moment due to gravity acting on the upper 
body increases as the moment arm of the upper torso is increased. However, it was 
found that EMG(rms) value starts to decrease as the torso flexion angles become 
greater than 45". Passive muscle and spinal ligament tension can cause the low . 

EMG (rms) values for high muscle forces in the low handle pushing and pulling. Similar 
findings were reported by Schultz et ol. (1985) but they found the peak angle at 30' 
instead of 45". 

Figure 1 1  shows the relationship between EMG (rms) values and the torso flexion 
angles. An equation derived for this relationship using the polynomial regression 
met hod was: 

where: 

EMG(rms) = a root-mean-square electromyogram value in microvolt. 
Angle = the torso flexion angle in degree. 
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Figure 11. EMG(rms) vs. torso flexion angle in bending with free hand, for all subjects. 

10 

Lastly, it  may be due to the model which can not predict the muscle force with 
quantitative precision (Marras 1983, Shultz et al. 1982). Tasks involving flexion and 
extension of the back tend to recruit various trunk muscles. A simple biornechanical 
model with only one muscle active at a time may not be appropriate for the estimation 
of the muscle forces on the lower back when complex torso actions are involved. 

- 
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