Mechanics & Industry 15, 355-361 (2014)

© AFM, EDP Sciences 2014 echanics
DOI: 10.1051 /meca/2014042 d t
www.mechanics-industry.org naustry

Prediction of pressure in the spinal column during professional
physical activities: the use of multibody simulation
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Abstract — Nowadays, backache risks due to professional activities remain high, while their quantitative
estimation is not well-known. Different methods have been developed to determine the exposure of the
spinal column to risk of damage. In Belgium, the “Fond des Maladies professionnelles” (FMP) suggests to
use the “Mainz Dortmund Dosis” (MDD) method to compute the exposure dose accumulated during the
whole professional life. This method uses the so-called biomechanical model “The Dortmunder” where the
skeleton of the human body is represented by 30 rigid bodies to which certain abdominal and back muscles
are linked. This paper presents an implementation of the Dortmunder model with EasyDyn, a C++ library
developed by the Department of Theoretical Mechanics, Dynamics and Vibrations of the University of Mons
for solving multibody problems, among others. Our model is first validated by comparing the obtained
results with the one found in the literature. It is then used in a posture that is not considered yet by
the FMP. It is shown that working on ones knees can induce forces in the back that increase the risk of

backage.
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1 Introduction

Nowadays, the handling of heavy loads is still a major
source of back injuries in the professional world, which
has an important economic cost, without speaking about
the decrease of welfare for the injured workers. Those
aspects have encouraged to study the back behavior under
loads [1].

Direct methods, where the internal force exerted on
the spinal column is measured with sensors, have been
investigated [2]. Those methods have the drawback of be-
ing invasive and involve then risks for the patient. An-
other approach is to develop biomechanical models that
predict the pressure exerted on the spinal column during
handling tasks. From those models we should be able to
predict if some taks can lead to backache.

In Belgium, the “Fond des maladies professionnelles”
(professional diseases fund) suggests to use the Mainz
Dortmund Dosis method, developed by the University
of Dortmund [3-7]. With this method, the total expo-
sure dose accumulated during the worker’s whole career
is computed. An exposure dose is the product of a load
and the duration of this load. The load intensity is com-
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puted with the use of a biomechanical model, called “the
Dortmunder”, which computes the pressure exerted on
the spinal column.

In this paper, the biomechanical model “the
Dortmunder” will be implemented with the C++ library
EasyDyn. This library has been developed by the Depart-
ment of Theoretical Mechanics, Dynamics and Vibration
of the University of Mons to solve, among other things,
multibody problems [8,9]. After comparing our results
with the ones of [6] for a specific task, we will study a
case where the worker is on his knees. This position is not
considered by the “Fonds des maladies professionnelles”
as hazardous for the back, but it will be shown that the
pressure that occurs in the spinal column could lead to
back problems.

2 The Mainz Dortmund Dose method

The Mainz Dortmund Dose method is based on epi-
demiological studies about lumbar troubles as well as on a
biomechanical model (the Dortmunder) giving the verte-
bral load [3,7]. The method is used to analyze the whole
career of a worker and estimate his exposure to heavy
loads. If the exposure is bigger than 25 x 10% Nh for men
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or 17 x 10% Nh for women, the method assumes that the
worker has been exposed to a risk of back injuries.

The method is standardized and depends on 5 pa-
rameters: the body posture, the way the load is handled,
the weight of the load, the task duration and the task
frequency. The method is divided into 5 main tasks: iden-
tification of the relevant tasks, computation of the com-
pressive forces (with the Dortmunder), computation of
the cumulative dose on an 8 h post, computation of the
total cumulative dose and determining of the exposure.

Step 1: Relevant tasks

This preliminary step must determine if a deeper
study is necessary. It depends on the exerted tasks. A task
is considered if it satisfied certain conditions:

e 50 manipulations a day over a distance lower than 5 m
or 30 manipulations over greater distances;

e loads heavier than 15 kg for men and 7.5 kg for women;

e at least 60 days a year with carrying of loads;

e carrying of loads during more than 7 years.

Step 2: Compressive forces

The computation of the force exerted within the spinal
column is performed by the Dortmunder model that is
described in Section 3. The model computes the force on
the disc between vertabrae L5 and S1, in the bottom of
the column as shown in Figure 1.

Step 3: Cumulative dose on a 8 h post

This step computes the daily dose to which a worker
is submitted. For a task to be considered, the force on
the disc L5-S1 must be higher than a specified threshold:
3200 N for men, 2500 N for women and 1700 N if the
back is highly bent. The daily dose D,. is computed with
formula

F2 x t;
D, = L2 Y e 1
Z tref f ( )

where F; is the relevant force of task i, t; its duration
and t..¢ the reference time equal to 8 h.

Step 4: Cumulative dose

A minimal criterion also holds for a daily dose to be
considered. The daily dose must be higher than 5500 Nh
for men and 3500 Nh for women. All the doses that sat-
isfied these thresholds are summed to have the total cu-
mulative dose D.ym

Dcum - ZDr,jdjaj (2)
J

Where D, ; is the daily dose of day j, d; the number of
days per year and a; the number of years.
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Fig. 1. Spinal column (from [6]).

Step 5: Exposure

If the cumulative dose Dy, is higher than 25 x 106 Nh
for men or 17x10% Nh for women, the worker is considered
as exposed to spinal problems.

3 The Dortmunder model

The Dortmunder is a biomechanical model that di-
vides the human skeleton into 30 cylindrical rigid bodies
represented Figure 2. 14 bodies represent the trunk, the
other ones the head, the forearms, the arms, the hands,
the thighs, the legs, the feet and the pelvis. Those bod-
ies are characterized by their dimensions (radius, length,
position of the center of gravity), by their weight and by
their moment of inertia. They are linked with 27 point
joints. For the trunk bodies, 5 lumbar discs and 10 over
the 12 thoracic discs are considered as joints.

The positions of the discs and the angles of sagittal
inclination they have in normal curvature are given in
Table 1. The mobilities given in Table 1 are the maxi-
mal angles the discs can have with respect to the normal
curvature.
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Table 1. Vertebrae positions and mobilities (from [7]).

Joint Coordinates in % BH Inclination Mobility in degree
T Y z in degree Ventral Dorsal Lateral Torsional

left heel 0 0 0 - - - - -
left hip 4.7 0 53 - - - - -
L5-S1 1.46 -9.55 58.62 -30.48 2.2 16.4 1.5 2.5
L4-L5 2.02 —9.55 60.82 6.7 3.7 10.2 3 1
L3-1A 2.15 -9.55 63.16 1.52 3 9 4 1
L2-L3 1.99 -9.55 65.41 9.18 3 8 3 1
L1-L.2 1.53 —9.55 67.51 16.5 2 6.6 3 1
T12-L1 0.85 —9.55 69.47 20.55 1.3 3 4 1
T11-T12 0.16 -9.55 71.22 19.14 1.8 1.8 4.5 1
T10-T11 -0.31 —9.55 72.77 17.41 1.8 1 3.5 1
T9-T10 -0.78 —9.55 74.2 17.97 2.4 1 3 2
T8T9 -1.23 -9.55 75.57 17.49 24 0.8 3 3.5
T7-T8 -1.49 -9.55 76.85 9.22 2.8 0.8 3 4
T6-T7 -1.66 —9.55 78.11 5.06 2.8 0.6 3 4
T5-T6 -1.73 —9.55 79.37 -3.5 2.8 0.3 3 4
T4-T5 -1.52 -9.55 80.69 -10.97 2.8 0.5 3 4
T3-T4 -1.28 -9.55 81.8 —13.42 2.4 0.1 3 4
Top 4.7 —9.55 100 - - - - -
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Fig. 2. Skeleton (from [7]).

Besides the skeleton, the muscular structure of the
lumbar region is modeled by 5 muscles. The erector spinae
muscles represent the back muscles, while the rectus ab-
dominis and obliquus abdominis muscles stand for the
abdominal muscles, as shown in Figure 3.

The human body stands on a certain position and can
hold a load in his hands. The weight of the upper parts of
the body (trunk, head, arms) and the load that is borne
exert a moment of force on the spinal column that de-
pends on the body position. This moment is counterbal-
anced by the forces induced by the muscles. The equilib-
rium equations of the human body are solved in order to
determine the force that occurs in the disc between ver-
tebrae L5 and S1 in the bottom of the column. This disc
is chosen because the moment of force is maximal there,
inducing a higher risk of damage than elsewhere in the
spinal column.

4 Simulations
4.1 EasyDyn

In this paper, we use the EasyDyn library to com-
pute the force exerted on the L5-S1 disc. EasyDyn is a
C++ library, distributed under the GPL license [8, 9.
The library is designed for the solving of problems rep-
resented by first or second order differential equations,
and more particularly for multibody systems. EasyDyn
provides the numerical construction and integration of
the equations of motion, obtained from the kinematics
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Fig. 3. Muscular structure (from [7]) ((a) posterior view, (b) lateral view, (c) cranial view).

and the exerted forces. Classes that implement the vec-
tor algebra are available, in order to easily write ex-
pressions involving vectors and tensors. EasyDyn also
contains the symbolic tool CAGEM (Computer Aided
Generation of Motion). This tool computes the velocities
and accelerations through symbolic differentiation of the
body positions.

The position of a body can be expressed as a succes-
sion of simple motions with the use of the formalism of
homogeneous transformation matrices. An homogeneous
matrix 7 ; is represented by

=g "] @

This 4 x 4 matrix represents the situation of the local
frame ¢ with respect to another frame j. R;; is the ro-
tation tensor describing the orientation of frame j with
respect to frame i. r;/; is the coordinate vector of frame
j with respect to frame i.

When different frames i, j and k are considered, the
following property holds:

Tip="1T;; Tjk (4)

A complex transformation matrix can then be decom-
posed into the product of simpler ones. When consider-
ing a multibody system, a frame is assigned to each of
the bodies. The displacement of a body ¢ with respect to
a body j can then be obtained from the corresponding
transformation matrix 7; ;. For example, we have in our
model

To,1eftreg = T'disp(0; y1; 0)
xTrotx(qy) - Tdisp(0; y2; 0)
TeftLeg, leftThigh = 1'disp(0; y3; 0)
xTrotx(qs) - Tdisp(0; ya; 0) (5)

T0,10ftLeg aNd TieftLeg, loftThigh are respectively the trans-
formation matrices of the left leg with respect to the ref-
erence frame, denoted 0, and the transformation matrix
of the left thigh with respect to the left leg. T'disp is a
transformation matrix corresponding to a displacement,

Fig. 4. Description of the leg and thigh distances.

Trotx a transformation matrix corresponding to a rota-
tion around the x axis. Here y; is the position of the joint
between the left foot and the leg, yo is the position of
center of gravity of the leg with respect to the joint, ys3
is the position of the joint between the leg and the thigh,
and y4 is the position of the center of gravity of the thigh,
as shown in Figure 4. ¢; and ¢o are two configuration pa-
rameters characterizing respectively the angle of the leg
with respect to the vertical axis and the angle of the thigh
with respect to the leg.

4.2 Model description

In our model, we only consider loads and body posi-
tions that are symmetric through the sagittal plane (the
plane that cuts the body from the back to the front). This
will allow to simplify the muscle representation. Instead of
the 5 muscles of Figure 3, we will only have an equivalent
vertical muscle for the back, and an equivalent vertical
muscle for the abdominal forces. Furthermore as we do
not consider head movements, the head and the shoul-
ders are soldered together. Our model is then composed
of 28 bodies instead of 30 and has 104 degrees of freedom.
The model is represented in Figure 5.
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Fig. 5. Multibody model (left: lateral view, right: cranial
view).

EasyDyn computes the moment and the force at the
point between vertebrae L5 and S1. Those force and
moment take the body weight and the load that is hold
into account, but not the muscle forces, that are not
present in our EasyDyn model.

The influence of the muscles can be found through
the equilibrium equations (6) and (7). Equation (6) is
the equation of moment on disc L5-S1 and equation (7)
is the force equation in the direction orthogonal to this
disc, denoted here 1 [6]. Those equations will give the
compressive force Fp that crushes the disc L5-S1.

FAXaA—I—ZGiXai—Fabanp—FmXaMZO(G)

(2

FA,r]"‘ZGi,n_Fabd,r]_FD:0(7)

F is the force induced by the load and the G; are the
forces due to the 28 body weights. The distances ax and a;
are their lever-arm distances. The forces Fja , + EGM

3
and their moments Fa x ap + > G; X a;, are those given

by EasyDyn. F,,q and Fy, are the forces due to the ab-
dominal and back muscles respectively. Their lever-arm
distances ap and ay; are given in [7] and reach respec-
tively 91 mm and 50 mm. Equation (8) gives the abdom-
inal force [7].

Fabd = pabd x 465 cm? (8)
where papq is the abdominal pressure given by [7]
Pabd = 4.74 x 1073 x (119.6 — o) x MEE+po  (9)

Here « is the angle between the thighs and the trunk in
degrees, My is the moment at the hips and pg is equal
to 2000 Pa.

The back force Fy, can be computed through Equa-
tion (6) and then the disc force Fy through Equation (7).

4.3 Simulation results

A first simulation is performed to validate our model
by comparing our results with the ones of [6]. The consid-
ered positions are represented in Figures 6-8. The body

stands on his feet and holds a load in his hands. The back
bends gradually from the vertical to the horizontal posi-
tion. The arm positions vary in the three studied cases.
For several body positions, the force between vertebrae
L5-S1 is computed through equation (7). The results are
presented in Figures 6-8 where the right images are the
results of reference [6] and the left ones the results we
got. The curves represent the evolution of the compres-
sive force in L5 and S1 in function of the bending angle
of the back. Each curve corresponds to a different load,
varying from 0 N to 500 N.

As we can see, the curves we got are similar to the ones
of reference [6], with computed forces of the same order of
magnitude. Only the shape of the curves for angles greater
than 50° differs, especially in the case of Figure 8. The
difference between both sets of curves is thought to come
from the position of the body during the motion. Actu-
ally, the body position between the beginning and the end
of the motion is not given in reference [6]. A variation of
the position of the center of gravity of the load or of the
position of the body by a few centimeters highly modifies
the bending moment and hence the compressive force be-
tween vertebrae L5-S1, which can explain the difference
we have. However, considering the similarity between our
results and those of reference [6] we can consider that our
model gives a right representation of the Dortmuner and
can be used to study other cases.

We use now our model to simulate two other positions.
In the first one, the human body is working on his knees,
as shown in Figure 9. The used parameters are the fol-
lowing: the angle between the thighs and the legs is 17°,
the trunk has a maximal slope (i.e. a maximal inclination
for each vertebra in Tab. 1) and no load in the hands.
The compressive force is found to be 1948 N. This force
is higher than the threshold of 1700 N that the Mainz
Dortmund Dosis method proposes for highly bent back,
as explained on Section 2.3. It should then be relevant to
take this position into account in the computation of the
cumulative dose in equation (1).

The second position we consider is shown in Figure 10
and represents a non ergonomic position where the worker
handles a remote device on a table. The angle between the
legs and the floor, between the legs and the trunk and be-
tween the trunk and the arms reach respectively 67°, 130°
and 92°. The compressive force exerted on the disc L5-S1
is 2266.5 N. This force is not bigger than the threshold
of 3200 N proposed by the Mainz Dortmund method for
men when the back is not highly bent. The task will then
not be considered in the computation of the cumulative
dose.

5 Conclusions

This paper presents an implementation of the bio-
mechanical model “The Dortmunder” with the library
EasyDyn. The implementation is as simplification of the
Dormunder for symmetrical tasks, but could be extended
to take any kind of tasks into account. A first simulation
is run to compare our model with the one described in
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