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Impact of a chest support on lower back muscles activity during forward bending
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The present study is based on previous research on the poor body posture of surgeons and their experienced discomfort during
surgical procedures. Since surgeons have head-bent and back-bent posture during open surgical procedures, a chest support
is a viable supporting principle. This support is meant to reduce lower back pain by minimising lower back muscle activity.
The aim of this study is to investigate the impact of a chest support on lower back muscle activity during forward bending and
to establish a possible relation between supporting force and the kind of balancing strategy a person adopts. Use of the chest
support shows a significant reduction of muscle activity in the lower back and leg muscles. Within the participants three user
groups are identified as “sceptical users”, “non-trusters” and “fully trusters”, each following a different balancing strategy.
Since there are different kinds of users, the designed body support should offer the possibility for altering the posture and

should not constrain the user to take a certain body posture.
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Introduction

During surgical procedures, due to work related circum-
stances such as positioning the patient on the operating
table and/or equipment in the operating room, surgeons
have an ergonomically poor body posture — head-bent and
back-bent posture. Besides surgeons there are many other
professions contend with similar problems due to their poor
body posture. Dentists, fruit or flower pickers and garage
mechanics, for example, have a comparable head-bent and
back-bent posture. Rohlmann et al. (2001) indicate that
the load on the trunk is significantly increased during flex-
ion of the upper body. During flexion of the upper body
while standing, the pressure in the disc increased almost to
216% (the intradiscal pressure was 0.50 MPa on average for
standing) (Rohlmann et al. 2001). Such a posture leads to
enhanced muscle activity to keep the upper body in balance
(Albayrak et al. 2006a). This may be regarded as one of
the main causes for physical complaints in the lower back
during and after open surgical procedures.

Recently, Albayrak et al. (2007) proposed a new design
for an ergonomic body support for surgeons that can be used
during open as well as minimally invasive procedures. An
important element in this design is a chest support meant
to reduce lower back pain by reducing the lower back mus-
cles, activity. The choice of a chest support as a supporting
principle was made after a biomechanical analysis of the
upper body.

This biomechanical model (see section Materials and
Methods) appears to predict the conditions within subjects
correctly but has some limitations in predicting the ob-
served differences in muscle activity between subjects. Sur-
prisingly, the measured muscle activity seems to decrease
with increasing body length and weight (and hence muscle
force) for females as well as males. Interestingly, similar
deviations of biomechanical modelling have been reported
by others (Granata and Marras 1995; Arjmand and Shirazi-
Adl 2005, 2006). As a possible explanation, Granata and
Marras (1995) suggested that appropriate representation of
muscle area is essential to the validity and performance of
biomechanical models, because muscle force per unit area
is highly variable between subjects, depending on partici-
pant condition and natural ability. Arjmand and Shirazi-Adl
(2005) noted that in biomechanical models of trunk load,
the balance of net external moments is considered only at
one cross-section rather than along the entire length of the
spine. Moreover, the evaluated muscle forces, once applied
on the system along with external loads, may not necessar-
ily generate the same spinal kinematics under which they
were initially calculated (Arjmand and Shirazi-Adl 2005)
Hence, due to their static and two-dimensional approach,
biomechanical models seem to have some limitations in pre-
dicting conditions between subjects. Nevertheless, biome-
chanical models are useful for predicting conditions within
subjects.
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Figure 1.
are not drawn in this model.

Next to the differences in muscle activity between sub-
jects, humans tend to follow different balancing strategies
during a standing posture. Winter (1995) describes three
strategies (ankle, hip and combined) in relation to displace-
ment of the centre of mass (COM) in an inverted pendulum
model of balance in the anteroposterior (A/P) direction. The
ankle strategy applies in quiet stance and during small per-
turbations and predicts that the ankle plantar flexors/dorsi
flexors alone act to control the inverted pendulum. In more
perturbed situations or when the ankle muscles cannot act,
a hip strategy would respond to flex the hip, thus moving
COM posteriorly, or to extend the hip to move the COM
anteriorly. Using a computer simulation the displacement
of the COM at each of these strategies was measured. A
10 N m ankle moment was applied for 300 ms. The total
body COM displacement (posterior) was estimated to be
1.56 cm. The same 10 N m was applied as hip flexors to
stimulate a hip strategy and the posterior displacement of
the COM was 2.04 cm. However, a combined ankle and
hip strategy was quite possible and with a 10-N m plantar
flexor moment plus a 10-N m hip flexor moment the COM
displaced 3.53 cm after 300 ms (Winter 1995).

To evaluate the conditions between and within subjects,
a similar experimental set-up was used as in Albayrak
et al. (2006a, 2007). The maximum angle was raised from
20° to 40°. Additionally, the number of participants was
increased such that the total range of body lengths was
extended substantially. Finally, the number of muscles on
which electromyography (EMG recording) was performed
was increased to five: two muscles in the lower back, one in
the abdomen and two in the right leg. This was done since
there are indications that humans tend to follow different
balancing strategies during a standing posture (Winter
1995). We assume that the different balancing strategies
will be reflected in the pattern of EMG recordings from
measured muscles. The aim of the present study is to
investigate how subjects make use of a chest support in

D = Ls - 5S¢ (disc)

a = forward bending angle

’ a = distance between the mass centre of gravity of the upper body
and the centre of the disc (D)
b = distance between the back muscles and the centre of the disc (D)

¢ = distance between the centre of the chest support and the centre

Fg = upper body weight being equal to 65 % of the total body weight
2004)
Fm = back muscle force

Fsupport = Supporting force

Biomechanical model of bending forward while leaning on a chest support. The reaction forces (Fy,, Frm and Fy) in the disc

a general and on an individual level and to study the
influence of the chest support on the muscle activity during
bending forward. In this way a possible relation between
the supporting forceand the kind of balancing strategy a
person adopts in the current set-up might be established.

Materials and methods
Biomechanical model

For the analysis of the load transfer at the lumbar level, a
free body diagram is made (Albayrak et al. 2006a, 2006b).
Figure 1 shows the details of such a model for bending
forward while leaning against a chest support. The upper
body weight (Fy), the back muscle force (Fy,) at the level of
Ls (lumbar) and the supporting force (Fsupport) are included
in this biomechanical model. Note that the model is limited
to the sagittal plane and describes a static equilibrium. A
cross-section of the trunk is made at Ls-S;(disc). The mass
centre of gravity of the upper body is located near the arm
pits (Snijders et al. 2004).

Considering the equilibrium of moment of forces in the
sagittal plane at position D, lower back muscle force Fy,
can be calculated as follows:

Without Support (Fsupport = 0)

Fn =F;.(a/b) M
With Support (Fsupport 7 0) 2
Fn = F .(a/b) — support -(c/d).

According to Equation (2) a head support might be consid-
ered most effective in reducing the muscle force in lower
back since distance ¢ is maximal (and thus maximises the
factor Fyypport - (¢/b)). However, a head support is not desir-
able, since the freedom of movements of the surgeon will
reduce dramatically. Furthermore, it will introduce an extra
load on the neck. Nevertheless, the upper body should be
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supported as high as possible. Supporting the upper body
at chest height (sternum) is a viable option, since the sur-
rounding tissues mainly have a soft structure. A pressure
on the soft tissue due to the supporting force will not be
experienced as comfortable.

Study 1

To investigate the viability of the chest support, a prototype
was built and tested with five participants (Albayrak et al.
2006a, 2006b). The participants were three Dutch females
(Ps, Psp,Pgs-woman) and two Dutch males (Pso Pos-man,
percentiles Dutch population (Molenbroek 2004)). The ex-
perimental conditions consisted of two bending angles and
two different heights of the support, both within the area of
the chest. The posture of the participants simulated typical
head- and back-bent posture of surgeons during surgical
procedures. The muscle activity (electromyography, EMG
recording) in the lower back (right side of m. erector spinae)
and right leg (m. gastrocnemius and m. semitendinosus)
was measured both with and without using the chest sup-
port. The results averaged across the participants showed
that muscle activity increases proportionally with the bend-
ing angle during bending forward without chest support.
The usage of the chest support reduced the muscle activ-
ity significantly with a major impact on the leg muscles.
This reduction was found to depend on the height of the
chest support but the resulting Fy, appeared almost inde-
pendent of the bending angle. According to our biomechan-
ical model the latter would imply that Fgypport 1S growing
proportionally with bending angle o.

Following Kumar and Mital (1996) we assume a linear
relationship between muscle force and muscle activity. The
experimental results of the above study are qualitatively
in agreement with our biomechanical model predictions
for the lower back muscles (Equations (1) and (2)), since
(1) muscle force, Fy,, and thus muscle activity, increases
with bending angle (or distance a) in the condition without
support and (2) muscle force, Fy,, decreases when Fyyupport
is larger than zero. This effect is strengthened by increasing
height (c) of the chest support.

These conclusions hold for results averaged across sub-
jects. But the question rose what happens at the individual
level? The model in fact incorporates two important an-
thropometric variables, namely body length in parameters
a and ¢ and body weight in parameter Fy. Hence, at individ-
ual level an additional prediction can be formulated, namely,
muscle activity increases with body length and weight.

To assess the value of the biomechanical model at an
individual level a comparison was made between calculated
muscle force and measured muscle activity (EMG record-
ing) in the lower back during bending forward without sup-
port. By using the first equilibrium of moment of forces, the
muscle force (Fy,) of the five participants was calculated for
a; = 15° and a; = 20°. Distance b was assumed to be con-
stant at 5 cm (Snijders et al. 2004). In order to normalise
the EMG recordings, the “maximum voluntary isometric
contraction” (MVIC) was also measured using manually
applied resistance (Kumar and Mital 1996). The resulting
calculated muscle forces, Fy,, in Newton (N), EMG record-
ings in microvolt (mV), MVIC recordings (mV) and F,
expressed in percentage MVIC (% MVIC) can be found in
Table 1. Figure 2 shows muscle activity as a function of
calculated muscle force for two bending angles.

Study 11

Introduction of a chest support into the biomechanical
model makes a univocal prediction of the related conditions
even more difficult because Fgyppore in Equation (2) is not
known beforehand. It is an uncertain factor because it de-
pends on how participants are leaning against the chest sup-
port. One possible way to assess the value of Feypport is by
comparing muscle activity with and without chest support.
To this end, an assumption has to be made about the quan-
titative relation between muscle activity and force. Consid-
ering the relationship observed by Bendix et al. (1985) and
Kumar and Mital (1996) a linear function between EMG
recording (E) and calculated muscle force (Fy,) seems to
be a good first-order approximation, or

E=m.Fy+n, ©)

Table 1. Calculated muscle force and EMG recordings, both in absolute values and in %MVIC, for five participants in the condition
without support and for two bending angles (15° and 20°). Data have been taken from Albayrak et al. (2006a).

Muscle force (N) EMG (mV) % MVIC
Participants Body mass 15° 20° 15° 20° MVIC (mV) 15° 20°
1P5 (F) 50 kg 370 494 54 57 60 90 95
2 Psy (F) 70 kg 580 767 33 34 60 55 56
3 Pos(F) 76 kg 674 892 17 20 75 22 26
4 Psy(M) 80 kg 670 885 36 39 86 41 45
5 Pos(M) 90 kg 865 1144 26 31 92 28 33

F = female, M = male.
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Figure 2. Measured EMG recording, expressed in % MVIC, as a function of muscle force in the lower back calculated according to the
biomechanical model without support (Equation (1)) for two bending angles. The characteristics of the subjects are presented in Table 1.

where m and n are constants. Then, the following relation
holds for the condition without support

Ewos =m .F;.(a/b)+n, 4
and the following relation for the condition with support
Ews =m.Fg.(a/b)m . Fyppore - (¢ /b) +n, (5)

with Ewos and Ewsg being actual EMG recordings under
similar conditions (bending angle and height of the sup-
port). Then Fyyppere can be estimated by subtracting Equa-
tion (4) from Equation (5) resulting in the following ex-
pression:

Fsupport = (Ewos — Ews).b/(m.c). (6)

Participants

In total sixteen healthy volunteers were participating in this
study. Nine of the participants were females (age 26.3 +
2.4 yr) and 7, males (age 28.8 + 5.3 yr). The per-
centiles and body mass of the participants are shown in
Table 2.

The participants were selected regarding their anthro-
pometric characteristics for guarantee enough variation be-
tween subjects.

Protocol

A prototype of a chest support was used during the ex-
periment. The chest support was adjustable in height and

bending angle. The chest support was revolving on its ver-
tical axis (Figure 3).

The angle of the chest support was adjusted by the
researcher using a digital protractor type 106 ES (Mabhr,
Gottingen, Germany). The participants were positioned in
front of the chest support placing their feet in the area on
the floor that was marked with tape. Without using the chest
support the participants were asked to bend forward. The
angle of their upper body was measured by the researcher
by placing the digital protractor on their back.

When using the chest support, the participants were
asked to lean against the chest support of which the bending

Table 2. The calculated percentiles and body mass
of the participants.

Participants Body mass
1 Py(F) 50 kg
2 Py(F) 57 kg
4P, (F) 62 ke
7 Pyq (F) 92 kg
8 Py (F) 67 kg
10 P, (M) 79 ke
11 P, (M) 73 kg
12 P17 (M) 68 kg
13 Pis (M) 57 kg
14 P53 (M) 76 ke
15 Pys(M) 80 kg

Percentiles are calculated using the dined table
(Molenbroek 2004).
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Revolving chest support
Height adjustment

Bending adjustment

Figure 3. Experimental set-up chest support.

angle was adjusted in advance. Again the bending angle of
the upper body of the participants was measured using the
digital protractor. The participants could give feedback on
the experienced comfort.

The muscle activities of the participants were measured
by means of EMG recording while they were bending for-
ward with their hands in their waists with and without using
the chest support. All participants followed the same pro-
tocol (P) consisting of thirteen conditions. Each condition
was performed during 10 s, followed by 15 s rest. Each
condition was repeated three times and the average value
was determined. The conditions of the protocol were:

P1: relaxed standing

P2: bending forward without support at angle oty

P3: bending forward without support at angle o,

P4: bending forward without support at angle a3

P5: bending forward without support at angle o4

P6: bending forward with support at angle oy and
height h,

P7: bending forward with support at angle «; and
height h;

P8: bending forward with support at angle o, and
height h;

P9: bending forward with support at angle o, and
height h;

P10: bending forward with support at angle a3 and
height h,

P11: bending forward with support at angle a3 and
height h;

P12: bending forward with support at angle o4 and
height h;

P13: bending forward with support at angle a4 and
height h;

Height h; was defined as 0.8 x shoulder height and h,
as 0.9 x shoulder height. Angles oy, a;, a3, 04 were 15°,
20° 30°, 40° respectively.

EMG recording

A selected muscle group was examined in the lab by means
of EMG recording. In order to normalise the data for com-
parison, the MVIC was also measured (Kumar and Mital
1996). Normalising the data according the MVIC allows
analysis between subjects and muscles. MVIC’s were all
obtained with manually applied resistance. Prior to attach-
ing the electrodes, the skin was grated and then cleaned with
alcohol. A reference electrode was placed on the left wrist.
For the MVIC and EMG recordings, a portable physiolog-
ical measurement system, type Porti 5-16/ASD of TMS
International B.V. (Enschede, The Nederlands) was used.
The Ag/AgCl surface electrodes with recessed pre-gelled
(hydrogel) elements (GE Medical Systems Accessories Eu-
rope, Hoevelaken) were used to collect the MVIC and EMG
signals. The raw EMG signals (DC frequency, ~2 kHz)
were processed electronically with a sample rate of 1000
Hz, and the cut-off frequency was 10 = 200 Hz.
The following muscles were examined:

® m. erector spinae (lower back muscles, both sides at
about 2 cm from the midline at the level of Ls-S;,
Snijders et al. 1998)

® m. rectus abdominis (abdominal muscle, 2 cm lateral
to midline at the level of the umbilicus, Snijders et al.
1998)

® m. semitendinosus (hamstring in the right leg)

m. gastrocnemius (calf muscle, caput mediale in the

right leg)

The software program SPSS 12.0.1 for Windows is used to
analyse the results statistically.

Results
EMG recording: general

Figure 4 shows the results of the EMG recording averaged
across all participants as a function of bending angle for
each muscle separately.

On average the muscle activity during relaxed stand-
ing is ~6% MVIC. The minimal muscle activity for all
measured muscles except for m. gastrocnemius is during
relaxed standing. During bending forward without support,
in general muscle activity increases proportionally with the
bending angle. The only exception is m. rectus abdominis
where the muscle activity stays at the relaxed standing level.
The usage of the chest support reduces muscle activity for
all angles with again the exception of m. rectus abdominis
where the muscle activity tends to increase.

To analyse the general findings statistically, a three-way
full factorial within subjects repeated measures ANOVA
was conducted with main effects: muscle (5) x angle (4) x
height (3; without support and with support at two heights).
The results of this analysis are shown in Table 3. All the
main effects and interaction effects turn out to be significant.
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Figure 4. Results of EMG recording averaged across all participants. Note that scales for muscle activity differ between muscles.

Main effects in the same range. The activity of the lower back muscles
Regarding the main effect muscle, both sides of m. erector differs significantly from that of the m. rectus abdominis.
spinae show the most muscle activity. The lowest muscle Regarding the main effect height, the muscle activity during
activity was measured at m. rectus abdominis, and the mus- be.ndlng forward without support is Slgr'llf.icantly. higher t}}an
cle activity of m. semitendinosus and m. gastrocnemius was with support. Although the muscle activity during bending

Table 3. Results of full factorial ANOVA within subjects repeated measures (Field 2005).

Source df df error Mean square F Significance
Main effect Muscle 4.00 60 3175.83 11.49 .000
Height 1.16 17.47 10796.24 44.70 .000
Angle 1.87 28.11 4390.17 79.82 .000
Interaction Muscle x Height 2.04 30.62 6011.18 26.12 .000
Muscle * Angle 3.94 59.23 767.07 11.84 .000
Height % Angle 2.95 44.25 204.66 6.98 .001

Muscle « Height « Angle 5.96 89.52 92.56 2.57 .024
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forward with support on height h, was systematically lower
than on height hy, this difference was non-significant. Re-
garding the main effect angle, the muscle activity increases
systematically with the bending angle. The muscle activity
at the four angles differs significantly from each other.

Interaction effects

The interaction between muscle and height is mainly caused
by the different ways the muscles react on the usage of the
support. The activity of m. erector spinae at both sides
reduces gradually to a value of 77% of the activity without
support; this value is measured for height h,. Much larger
reductions have been found for the leg muscles towards
37% for m. semitendinosus and 19% for m. gastrocnemius.
The activity of the m. rectus abdominis increased by 25%.
The interaction between muscle and angle can be attributed
to the angle at which the different muscles recruited: both
sides of m. erector spinae at 15°, the m. semitendinosus at
20° and the m. gastrocnemius at 30°. The activity of m.
rectus abdominis hardly changes with the angle. Finally,
the interaction between height and angle can be attributed
to increasing difference between muscle activity without
support and with support as a function of angle.

EMG recording: per muscle

Table 4 shows the results of two-way full factorial within
subjects repeated measures ANOVA per muscle with main
effects angle (4) and height (3).

The measured muscle activity of m. erector spinae at
both sides shows a similar pattern (Figure 4). The minimal
muscle activity at both sides is during relaxed standing. The
significant interaction effect is caused by the finding that at
15° the muscle activity without support equals almost the
activity with support at height hy, whereas at the other an-
gles the main reduction in muscle activity occurred between
these two conditions.

The measured activity of m. rectus abdominis remains
at the level of relaxed standing for all angles when no sup-
port was used. Contrary to the other muscles, the activity
increases when the support is used. For all angles the activ-
ity at height h; is higher than that at height h,. There was
no interaction effect.

The minimal activity of m. semitendinosus is during re-
laxed standing and at conditions with supportat 15° and 20°.
Without support, muscle activity increases proportionally
with the bending angle. With support the muscle activity
is recruited starting from 30°. The significant interaction
effect between height and angle can be attributed to this
difference in the angle at which the muscle is recruited in
the conditions with and without support.

The activity of m. gastrocnemius increases with the
bending angle during bending forward without support.
Surprisingly, the muscle activity during all conditions is

Table 4. Results of full factorial ANOVA within subjects re-
peated measures per muscle (Field 2005).

Source df df error Mean square F  Sig.
m. erector spinae (right side)
Main effect
Height 143 2149 437.19 13.34 .001
Angle 1.63 2448 217893 59.7 .000
Interaction
Height * Angle 3.58 53.83 25.85 2.82 .038
m. erector spinae (left side)
Main effect
Height 2 30 337.09  23.57 .000
Angle 1.31 19.66 2343.65 49.45 .000
Interaction
Height « Angle 6 90 18.65 5.34 .000
m. rectus abdominis
Main effect
Height 2 30 40.79 7.65 .002
Angle 1.57 23.57 19.21 6.01 .012
Interaction
Height * Angle 235 3533 5.66 1.66 .201
m. semitendinosus
Main effect
Height 1.13 16.98 5500.89  28.54 .000
Angle 1.66  25.02 2554.54  37.74 .000
Interaction

Height « Angle  2.47  37.08 146.99
m. gastrocnemius

3.16 .044

Main effect
Height 1.03 1547 16711.36  38.58 .000
Angle 1.63  24.56 205.37 2.82 .088
Interaction

Height %« Angle  2.65 39.84 216.39 4.61 .009

below the activity level at relaxed standing. The interac-
tion is caused by the fact that activity with support does
not change with angle whereas activity without support in-
creases as a function of the angle.

EMG recording: individual level

A hierarchical cluster analysis was conducted on the EMG
recording of the five muscles to identify users with similar
patterns in muscle activity. This resulted in three clusters.
The average data of these clusters can be found in Figure 5.
Cluster 1 represents the largest group consisting of 13 par-
ticipants. The three remaining participants had a deviant
pattern and were divided in Cluster 2 (two participants) and
Cluster 3 (one participant). In Figure 5 the EMG record-
ings of the measured muscles are represented in two parts
with the left part representing the conditions during relaxed
standing (RS) and without support and the right part, the
conditions using the chest support (WS = with support).
The measurements for the two different heights belonging
to the same bending angle were averaged.

The main difference between Cluster 1 and Cluster 2
in the condition without support is the activity of the two
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Figure 5. EMG recording of the measured muscles per protocol condition. Left-hand panel: conditions during relaxed standing (RS).

Right-hand panel: conditions using the chest support (WS = with support). The measurements for the two different heights belonging to
the same bending angle were averaged.
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Figure 6. Measured EMG recording, expressed in % MVIC, as a function of muscle force in the lower back calculated according to
the biomechanical model without support (Equation (1)) for four bending angles. The data for Cluster 1 and 2 are the averages across

participants. The equations for the fitted regression lines are:

Cluster 1: EMG = 2.8 (SD £ 6.1) + 0.016 Fyy, (SD % 0.009) (Adjusted R? = .99)
Cluster 2: EMG = 13.98 (SD + 7.53) + 0.017 F,, (SD = 0.006) (Adjusted R? = .99)

Cluster 3: EMG = 17.91 + 0.003 F,, (Adjusted R? = .93)

leg muscles. In Cluster 1 the activities in these muscles
increase systematically with the bending angle. In Cluster 2,
only the m. gastrocnemius is increasingly active at 15° and
20° and decreases in activity at 30° and 40°, while at the
same time the activity of m. semitendinosus increases. Most
characteristic aspect of Cluster 3 is the high activity of the
two leg muscles with respect to the relatively low activity
of the lower back muscles.

The main difference between Cluster 1 and Cluster 2
in the condition with support is that the effect of the chest
support on the lower back muscle activity is relatively small
in cluster 2. Furthermore, the sudden increase of m. semi-
tendinosus for Cluster 2 at 30° is remarkable. Finally, in
Cluster 3 all the muscle activities seem hardly to deviate
from that at relaxed standing except for 40°.

EMG recording and the biomechanical model

Figure 6 shows, per cluster, the measured EMG recording,
expressed in % MVIC, as a function of muscle force in
the lower back (m. erector spinae (right side)) calculated
according to the biomechanical model without support for
four bending angles.

In each cluster the averaged data appear to lie on a
straight line as conformed by the linear regressions. Fur-
thermore Figure 6 shows that the data of the different clus-
ters do not overlap. Data of Cluster 1 and 2 show a parallel
shift. The characteristic for the participant of Cluster 3 is
the little variation of muscle activity with respect to the

model prediction. The main suggestion from this figure
is that each overall pattern of muscle activity needed for
balancing the body results in a different relation between
measured muscle activity and model prediction for lower
back muscle.

Estimated supporting force

To assess the degree of use of the chest support by the
participants, an estimation of the supporting force was made
by subtracting the muscle activity without support from the
muscle activity with support. According to Equation (6)
this should result in an estimation of the Fgypport besides
a multiplication factor. This factor was determined from
the linear regression in Figure 6 (parameter m) and the
height of the chest support (parameter ¢) while the value of
parameter b was fixed at 5 cm. Figure 7 denotes the resulting
Fupport as a function of the bending angle oc. In addition
Figure 7 shows the outcome of the linear regression per
cluster.

Cluster 1 (representing the majority of the participants)
and Cluster 2 show a similar pattern in that the estimated
supporting force increases linearly with bending angle.
The difference between these clusters is that for Cluster
1 Fsupport is always positive while for Cluster 2 it is mostly
negative becoming neutral at 40°. It seems that for the par-
ticipant of cluster 3, the estimated Fgyppor is independent of
the bending angle, and the value of Fgyppore is significantly
higher than that of the other participants.
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Figure 7. Estimated supporting force per cluster and height at corresponding bending angles (Equation (6)). The equations for the fitted

regression lines are:

Cluster 1: Fgypport = 2.92 + 0.28a (Adjusted R? = 48)
Cluster 2: Fyypport = —15.79 + 0.44a (Adjusted R? = .51)
Cluster 3: Fyypport = 96.91 — 0.060¢ (Adjusted R? =.003)

Discussion

The aim of the present study is to investigate how subjects
make use of a chest support in general and on individual
level and to study the influence of the chest support on
the muscle activity during bending forward. In this way a
possible relation between Fgyppore and the kind of balancing
strategy a person is adopting in the current set-up might be
established.

The results of our study imply that supporting the body
by means of a chest support is effective in reducing muscle
activity in the lower back and especially in leg muscles dur-
ing bending forward. The significant interaction between
height and angle in the measured muscles except for m.
rectus abdominis shows that both height and angle of the
support affects the muscle activity. Optimal adjustment of
height and angle is therefore essential for the desired effect
of the chest support. Providing the chest support in profes-
sions with a similar head-bent and back-bent posture might
reduce discomfort.

Considering the results per muscle, the activity of m.
erector spinae (both sides) during all conditions is highest
compared with other measured muscles (Figure 4). This
indicates that participants mainly use their lower back mus-
cles during bending forward. It seems that up to 30° the
activity of the lower back muscles is sufficient to keep
the upper body in balance. With increasing bending an-
gle the m. semitendinosus is recruited to support the lower
back muscles. Using the chest support the muscle activ-

ity of m. gastrocnemius is even lower than during relaxed
standing. Despite the different roles the four muscles are
playing in balancing the body, the chest support is effec-
tive to reduce the activity of these muscles. An aberration
appears at m. rectus abdominis. The usage of the chest sup-
port is accompanied by increasing muscle activity of m.
rectus abdominis. A possible explanation is that m. rec-
tus abdominis activity counteracts hollowing of the lumbar
spine. According to Allison and Henry (2001) the predom-
inant muscle action of the three most superficial abdominal
muscles (the Obliques and Rectus) have been associated
predominantly with trunk flexion activities with or with-
out combined rotation. In this study, the role of the co-
activation of the antagonists (three most superficial abdom-
inal muscles) in spinal stability is also indicated (Allison
and Henry 2001). One parameter with the potential to in-
fluence spinal mechanics and stability is intra-abdominal
pressure (IAP). IAP has the potential to substantially unload
the spine in standing and flexion tasks, a role that depends
directly on the IAP magnitude and concurrent level of co-
activity in abdominal muscles (Arjmand and Shirazi-Adl
2006). That is, IAP could indeed even increase the back-
muscle forces when large co-activity is generated in the
superficial abdominal muscles (the Obliques and Rectus)
(Arjmand and Shirazi-Adl 2006). It seems that m. rectus
abdominis plays a role in spinal stability. Correspondingly,
Juker et al. (1998) advocated that muscles of the abdominal
wall (rectus abdominis, external oblique, internal oblique,
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transverse abdominis) and psoas play a fundamental role in
the normal functioning of the lumbar spine.

Although identifying individual differences was impos-
sible, the cluster analysis distinguishes (Figure 5) three user
groups regarding their balancing strategies. The partici-
pants of Cluster 1 can be mentioned as “sceptical users”.
During bending forward without chest support the muscle
activity, except the m. rectus abdominis, increases propor-
tionally with the bending angle. The slight reduction of
the muscle activity in the right part of the figure confirms
the actual usage of the chest support. The pattern of be-
haviour of participants in Cluster 1 was characterised by
simultaneously recruiting all the measured muscles except
for m. rectus abdominis. However, the limited decrease in
the back muscle activity indicates that participants in this
cluster are sceptical about the chest support whereby they
partially manage the balancing of the upper body by them-
selves. The little variation of the estimated supporting force
within Cluster 1 suggests a limited use of the chest support.
However, the reduced muscle activity in the leg muscles
indicates that the subjects of Cluster 1 are standing relaxed
during the use of the chest support.

The second cluster can be identified as “non-trusters”.
During bending forward without support, primarily the m.
erector spinae (both sides) and the m. gastrocnemius are
active to keep the upper body in balance. It is obvious that
the participants in this cluster change their balance strat-
egy after a bending angle of 20°. Hereby a reduction of the
m. gastrocnemius is accompanied by an increased activity
of the m. semitendinosus. Focusing on the part with sup-
port it becomes clear that the usage of the chest support
is not optimal. Reduction of muscle activity, especially in
the m. erector spinae, is minimal. Even after reaching the
bending angle of 20°, the activity of the m. semitendinosus
increases dramatically to keep the upper body in balance.
The participants of Cluster 2 primarily used the m. erec-
tor spinae during bending forward. However, recruiting of
m. semitendinosus after reaching the bending angle of 20°
indicates the necessity of additional muscle activity at in-
creasing bending angles to keep the upper body in balance.
The minimal reduction of muscle activity indicates that par-
ticipants of this cluster entirely is trust the chest support.
The negative value of the estimated supporting force indi-
cates that the two participants of Cluster 2 hardly made use
of the chest support.

The participant in the last cluster can be classified as
“fully truster”. The participant in this cluster keeps the up-
per body in balance principally with the m. semitendinosus
and m. gastrocnemius during bending forward without sup-
port. During bending forward with support the muscle ac-
tivity in all the muscles is decreased dramatically, which
shows that the participant trust the chest support totally by
leaning against it. An aberration of m. semitendinosus oc-
curs during bending forward with support at 40°. However,
recruiting of this muscle is not significant for the behaviour

of'this participant since the muscle activity is still below the
activity without support. With regard to simultaneous re-
cruiting of muscles, Cluster 3 shows similarities with cluster
1. However, in Cluster 3 the activity of m. erector spinae
is clearly lower than the activity of the leg muscles, indi-
cating the balancing role of the leg muscles during bending
forward. Apparently this participant makes strong use of
the chest support, since the estimated supporting force is
significantly higher than that of the other participants.

The pattern of muscle activity of the identified clusters
in the current study is in agreement with the findings of Win-
ter (1995). Since the activity of the m. gastrocnemius is the
highest compared with other muscles during relaxed stand-
ing (Figure 4), the ankle strategy applies in quiet stance. The
participants of Cluster 1 were defined as “sceptical users”.
Regarding the simultaneously recruiting of the lower back
and leg muscles and limited use of the chest support, it is
clear that the participants of Cluster 1 use the combined
strategy for balance. Cluster 2 was characterised as “non-
trusters”. It seems that the two participants of this cluster
hardly made use of the chest support and adopting the hip
strategy since primarily the m. erector spinae is involved for
balancing. Conversely, the participant of Cluster 3, defined
as the “fully truster”, balances the body using the ankle
strategy, since mainly the leg muscles are recruited.

The muscle activity as a function of calculated muscle
force shows that the observed linearity on the average level
also holds on the individual level. After analysis of the
individual data, no systematic effect of p-value (comprising
body length) on the relation between muscle activity and
model prediction could be observed contrary to what was
found in the previous study (Figure 2). Furthermore the
range of measured and predicted values between individuals
was rather small. No systematic differences between males
and females were found.

Conclusions

Supporting the body by means of a chest support shows a
systematic reduction of muscle activity in the lower back
and leg muscles. Identifying three user groups with cor-
responding balance strategies indicate the variety within
the pattern of behaviour of individuals. Measuring the ac-
tivity of multiply muscles by means of EMG recording is
needed to identify the pattern of behaviour of users. Al-
though the experimental conditions were the same, humans
tend to follow different balancing strategies. An advice for
product designers is therefore that it is valuable to take
the anthropometric characteristics and the conditions of the
users into account to meet their specific needs. However, do
not consider only the anthropometry of individuals during
product development for supporting purposes, but also of-
fer the possibility to alter the posture and preferably do not
constrain the user into taking a certain body posture.
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