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Simulation of the lumbar spine
as a multi-module paralel manipulator
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Abstract. In this paper a simulation of movements of lumbar spine is proposed by using a model with serially connected
parallel manipulators. An analysis has been computed for the human spine structure and its movements, in order to simulate
the motions and forces that actuate a spine specifically in the lumbar segment. A mechanical model has been designed with
available identified parameters of human spine, by using characteristics of parallel manipulators and spring stiffness. This model
is suitable to properly simulate the trunk behavior at macroscopic level but also the smooth behavior of intervertebral discs and
actuating motions of muscles and tendons. Simulation results for spring actions and joints reaction forces can give an evaluation
of the forces that intervertebral discs supports during motions of a real spine.
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1. Introduction

A spine is a complex remarkable mechanical struc-
ture. Its main aim is to protect the spinal cord and nerve
roots and to provide an incredible amount of flexibility
to the trunk in supporting the body weight. A spine
transmits the weight of the upper body to the pelvis
and is subjected to internal forces whose magnitudes
are many times the entire body weight. A spine con-
sists of discrete bony elements called vertebras that
are joined by passive ligaments restraints. They are
kept separated by intervertebral discs and articulating
joints, and they are dynamically controlled by muscu-
lar actions. A spine is broadly divided into five regions,
namely cervical spine, thoracic spine, lumbar spine,
sacrum, and coccyx. Each region has its own unique
set of kinematic functions, pathologies, and treatments.

*Corresponding author: M. Ceccarelli, Laboratory of Robotics
and Mechatronics, DIMSAT, University of Cassino, Via G. Di Biasio,
43. 03043 Cassino, Italy. E-mail: ceccarelli@unicas.it.

According to IFToMM a parallel manipulator is
a manipulator that controls the motion of its end-
effector by means of at least two kinematic chains
going from the end-effector towards the frame, [2]. A
parallel manipulator consists of a fixed base platform,
connected to an end-effector platform by means of a
number of legs. These legs often consist of an actuated
prismatic joint within a link that is connected to the
platforms through passive spherical and/or universal
joints. Hence, the links feel only traction or compres-
sion, as a peculiarity which increases their position
accuracy and allows a lighter construction [1]. Paral-
lels manipulators can be modeled as closed kinematic
chains in which the links are jointed to each other so
that polygonal loops can be determined as kept dur-
ing the motion. The kinematic behavior of a parallel
manipulator depends in which space it will operate and
therefore it can be planar or spatial [1].

The aim and contribution of the paper can be
recognized in the model using parallel manipulators
structures that can be useful to imitate the trunk

1176-2322/11/$27.50 © 2011 — 10OS Press and the authors. All rights reserved


mailto:ceccarelli@unicas.it

400 M. Ceccarelli et al. / Simulation of the lumbar spine

behaviour at a macroscopic level. The simulation
results are used both to characterize the human-like
operation of the proposed model and to compare those
internal reactions with those of a human spine. The
parallel manipulator architecture has been thought con-
venient for modelling a human spine because it can give
reference bodies as platforms that can be identified in
specific parts of the human trunk and because it can
focus on motion output of those reference bodies, but
even by preserving the general structure of parallel sys-
tems in the musco-skeleton human spine. In addition,
in the presented model the payload had been assumed
as applied to the first platform in its center point in
order to make possible a comparison with results that
can be found in the literature. But using this kind of
parallel structure a payload can be applied in any posi-
tion and direction as well as a local momentum can
be considered in order to analyze the spine behavior
also when not in regular postures. Furthermore, the
considered actuators, as assembled in the system, can
simulate lateral movements of the spine in any desired
direction. The considered springs and dampers sim-
ulate mainly damping and stiffness of vertebral disks
but additional ones can be considered to better simulate
muscles around the spine. Several other musculoskele-
tal models have been proposed in a quite riche literature
both from technical and biomedical viewpoints, like
for examples those listed in references for considering
visualization aims of spine motion in [8, 15], a stiffness
evaluation of a spine as serial connected bodies in [6,
9, 13], stress analysis in spine behavior in [10-12, 14].

Modeling and motion simulations of a lumbar spine
considered as a multi-module parallel manipulators are
illustrated in this work. An analysis of the spine struc-
ture and spine motions have been made in order to
simulate the human spine as specifically for the lum-
bar segment and to characterize the biomechanics of
the spine motion with a numerical evaluation.

2. The human spine

The spine is a series of individual bones, which are
the vertebrae, that are linked to each other to form
the central axis of the skeletal structure of a human
body. The flexibility of the spine comes from the
relative mobility of vertebrae to each other, but its sta-
bility depends mainly on the muscles and ligaments.
Although basically it is a skeletal body, the human

spine can be considered as a composed structure from a
practical point of view with its content and its annexes,
which include the muscles, nerves, and veins. Its length
is about two fifths of the total height of a human body.
It consists of 24 mobile pre-sacral vertebrae (7 cervi-
cal, 12 thoracic and 5 lumbar). The five immediately
below the lumbar vertebrae are fused in adults to form
the sacrum. The four also lower vertebrae fuse to form
the coccyx. The spine of an adult features four sagittal
curves, namely they are cervical, thoracic, lumbar and
sacral curves. Curvature is an important aspect of the
functionality of human spine and the proposed model
can include curvature inputs in the configurations of
the whole spine model by using proper relative posi-
tioning and motion of the parallel manipulator units.
In Fig. 1 the main structure and all regions of the spine
are shown with their characteristic curvatures, [4].

Although anatomical characteristics of vertebrae
can present regional variations along the spine, ver-
tebrae have basic common morphology. A typical
vertebra consists of a body, an arch, and vertebral pro-
cesses. In Fig. 2 vertebral parts and basic geometrical
dimensions are shown. The dimensions in Fig. 2(b) are
an average from real values that were obtained with
digitized CT images, as reported in, [7].

Intervertebral discs are elastic viscous fibrocarti-
lagineas cushions that form the main structure of joints
between adjacent vertebral bodies. Typically, they con-
sist of a core pulpous that is surrounded by a fibrous
ring. In fibrous annulus, two portions can be identified,
namely an external portion and an inner portion. The
external portion is strongly anchored to the adjacent
vertebral bodies, mixing with the longitudinal liga-
ments. It is the ligament portion of the fibrous annulus.
The inner portion forms a dense envelope around the
nucleus spheroidal pulpous. The core pulpous, which
occupies the center of the disc, is white, bright and
semi gelatinous. It is highly plastic and behaves as a
viscous fluid. The basic regions and geometrical char-
acteristics of the intervertebral discs are presented in
Fig. 3. The dimensions in Fig. 3(b) are an average from
of the real values that were obtained with digitized CT
images as reported in, [7].

3. Biomechanics of a spine
The primary function of a spine consists in

musculoskeletal support and mechanics. It provides
longitudinal stiffness of a human body, by allowing
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Fig. 1. Structure and regions of a human spine, [4].

movement between its parts. Secondly it constitutes a
firm support of adjacent anatomical structures such as
ribs and abdominal muscles by allowing the mainte-
nance of body cavities with shape and size relatively
constant. Other function of the spine is to allow the

spinal cord gain access to distant parts of the trunk and
limbs.

Motions of a human spine are characterized by
the actuation planes that are the sagittal plane, coro-
nal plane, and longitudinal plane. The most important



402 M. Ceccarelli et al. / Simulation of the lumbar spine

Vertebral Body

Spinous Process

()

Fig. 2. A typical vertebra body: a) shape and components, [5]; b) a simplified model.
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Fig. 3. The intervertebral disc: a) shape and components, [5]; b) a simplified model.

motions are flexion, extension, lateralization, and
rotation.

The basic movements of the spine can be classified
by using planes, as follows:

o In Sagittal plane: Flexion and Extension
e In Coronal plane: Right and Left Lateralization
e In Longitudinal plane: Rotation

These motions are illustrated in in Fig. 4, [4].

The motions of each segment of a spine have a dif-
ferent range for each type of movement but they can
be modeled by rotations about the X, Y and Z axis, as
shown in Fig. 5.

These rotations give movements that can be classi-
fied by type as flexion, extension, lateralization, and
rotation, as listed in Table 1. In this table the motions
of flexion and extension of the thoracic segment is not
considered since they are very small and of difficult
measure, [4].

4. A cad model for motion simulation

The spine is a very complex structure of the
human body that supports the upper part of it, so
that simulating all solicitations, viscosity properties,
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Fig. 4. Basic motions of a spine, [4].

Table 1
Range of the motions of the spine, [4]

Flexion Extension Lateralization Rotation

Cervical Mentinthe Ment 18cm 30 degrees 60 degrees
Segment  wishbone of the

wishbone
Thoracic - - 30 degrees 75 degrees
Segment
Lumbar 60 degrees 30 degrees 20 degrees 5 degrees
Segment

In this paper a specific model is proposed for the
lumbar part of a spine that is the one that mostly
supports the weight of a body. A first simplifying
assumption for a model of the spine has been applied
by considering that all solicitations of the spine are
vertically applied at the center of the vertebra.

Fig. 5. Reference axes and rotations for motion of a vertebra.

stiffness, size variations and sub-structures that affect Important characteristics for a proper spine model
the spine is almost impossible. Several models have can be considered the mechanical properties of the
been attempted whose few significant examples are intervertebral discs, like damping rate and stiffness;

reported in the reference list. geometrical dimensions of the vertebras and discs;
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possible movements of each spine segment; and the
load applied to the spine.

A real vertebra is composed of a body, an arch, and
vertebral processes. Therefore, a human spine can be
modeled as a multi-module parallel manipulator with
a 3D design of the vertebras as the fixed and movable
platforms of parallel manipulators.

The average circumference of the lower endplate
of the fourth lumbar vertebra can be estimated as

44 mm

141 mm and the average surface area can be computed
as 1492 mm?”. Lumbar vertebras present an increasing
pedicle width from a mean value of 9.6 mm at L3 to
16.2 mm at L5, as reported in [7].

In Fig. 6(a) a geometrical model is proposed with
three bars in the platform as to represent the vertebral
processes. In Fig. 6(b) the 3D SolidWorks model is
shown for a general vertebra with characteristic angles
among the vertebral processes.

Fig. 6. Geometrical figure of a vertebra: (a) Average dimensions; (b) A CAD model.

Payload

Central Passive leg C1

Central Passive leg C2

Central Paséive leg C3

Central Passive leg C4

Fig. 7. A 3D ADAMS model with general parts identifications.
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Fig. 8. The labels for part identification: (a) the springs; (b) the actuating legs.

The 3D model has been elaborated in SolidWorks
and then has been exported to ADAMS with the aim
to run a dynamic simulation for computing motion
properties and reaction forces.

In ADAMS the discus has been modeled as a body
that is attached to the assembled vertebras. In addition,
springs have been considered to simulate the discus
with a proper stiffness; actuating legs of the parallel
manipulator structure have been assumed to simulate

muscles and tendons; and finally a passive leg and the
joints are also added to connect consecutively the ver-
tebras and the other parts of the model. Thus, between
each two vertebras the following components have
been considered in the ADAMS mechanical model:
seven spring links with damping behavior; four actuat-
ing legs; one passive leg; five cylindrical joints; and
nine spherical joints. Each of these parts has spe-
cific functions as connecting other parts, simulating
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motions or simulating stiffness and damping. In addi-
tion, the proposed model can include curvature inputs
for a spine as using suitable initial configurations and
relative positions of the parallel manipulator units.

The vertebras in the form of platforms of parallel
manipulator structures are named with the same med-
ical names for real vertebras at the lumbar segment
as L1, L2, L3, L4 and L5. In order to give a better
understand of the model, the other parts are named as
follows: the passive legs in the center of the platforms
as C1, C2, C3 and C4; the springs in counterclockwise
way as Si 1, Si 2, Si.3, Si4, Si.5. Si.6; the actuating legs
in counterclockwise way as Aj 1, Ai2, Ai3, Aj4. In
Figs. 7 and 8 the ADAMS model with the actuating
legs, payload force and spring links are shown with
their respective identifications.

The model for moving a platform as a vertebra
has four actuating legs that give the movement for
spine simulating tendons and muscles of a real spine.
These legs are symmetrically located in the manipu-
lator design, with a small slope of 5 degrees between
each other with the aim to avoid singularities during
numerical computations within the ADAMS software.

Each actuating leg is modeled through the following
components: two spherical joints connecting the leg
to the top and bottom vertebras, two bars simulating
the actuator itself by sliding within each other, and
one cylindrical joint connecting those two bars. An
actuating leg with the active model is shown in detail
in Fig. 9.

In order to have a correct attachment between two
consecutive platforms, a passive leg is installed in the
center of the platform. This passive leg is composed
of one spherical joint, two bars, one cylindrical joint
and one spring, similarly to active legs. The leg is
assembled to block the translation motion between two

Spherical joint

Cylindrical joint

Spherical joint

Cylinders

Fig. 9. Detail of the actuators model in a leg by two sliding bars.

consecutives platforms along X and Y axes. In addition
a spring is modeled as connecting the two platforms
concentrically with the two cylinders in the passive
leg. The passive leg with the above model is shown in
Fig. 10.

As default in ADAMS software each spring has a
damper attached with it. Therefore all the springs in the
model have dampers concentrically inserted. In Table 2
the stiffness in axial direction of the intervertebral discs
in a real spine is reported as indicated in [6].

Therefore, a model for a vertebra has seven spring
links with damping behaviors symmetrically installed
connecting two consecutive platforms. By using data
in the Table 2 a model has been considered with an
average stiffness of 1.5 MN/m that has been distributed
over the seven springs. Thus, all the springs have a
stiffness of 0.2 MN/m, but the central spring of the
passive leg has a stiffness of 0.3 MN/m. This last spring
has modeled the discus with its distributed stiffness and
damping.

5. Simulation results

The above model has been tested with numerical
simulation that have been used also to characterize the

Spherical joint

Cylindrical joint

Cylinders

Spring and dumper

Fig. 10. Detail of the model for the passive central leg.

Table 2
Stiffness data of the intervertebral
discs for the lumbar segment, [f6]

Vertebra Stiffness [MN/m]
L1 1,570
L2 1,472
L3 1,472
L4 1,373
L5 1,079
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reported simulated motions where the flexion of the
lumbar spine model with a displacement of 1 mm cor-
responds to a rotation of 5 degrees in the respective
axis of movement. A payload has been assumed with a
step force of 300 N to approximately correspond to the
mass of the human body that is supported by a spine.
This force is considered as applied centrally to the first
platform (L1) as shown in Fig. 7. For a simulation of
the motion an actuating displacement of 1 mm has been
imposed to actuators A; 1 and A; 4. The other two actu-
ators are assumed with free motion in a way that does
not interfere with the movement of the lumbar spine.
Mlustrative numerical results are reported in Figs. 11
to 17 both to discuss the feasibility of the proposed
model and to characterize numerically the biomechan-

407

ics of the lumbar spine via a simulation through the
mechanics of parallel manipulators.

In Fig. 11 the computed spring forces between the
L1 and L2 vertebras are shown with a stiffness of
0.2 MN/m and adamping of 10 Ns/m. Likewise, Fig. 12
shows the spring forces between the L4 and L5 verte-
bras for which a stiffness of 0.4 MN/n and a damping of
10 Ns/m have been assumed. Fig. 13 shows the reaction
forces at the spherical joints that connect the actuators
Aj1 and Aj 4 to the platform L1. Similarly Fig. 14
shows the reaction forces at the spherical joints that
connect the actuators Aj; and Aj 4 to the platform
L2. Figure 15 shows the reaction forces at the spher-
ical joints that connect the actuators A4 1 and A4 4 to
the platform L4. Figure 16 shows the reaction forces
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Fig. 11. Computed forces in S ; springs for a simulated flexion of the lumbar spine segment.
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Fig. 12. Computed forces in S4 ; springs for a simulated flexion of the lumbar spine segment.
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at the spherical joints that connect the actuators A4 1
and Ay 4 to the platform LS. Finally, Fig. 17 shows the
reaction forces at the springs and spherical joints of the
passive legs C1 and C4.

It is to note that the reaction forces at the joints
between the platforms L1 and L2 are larger than the
reaction forces at the joints between L4 and LS. This
properly simulates the human behavior although the
springs are symmetrically installed to distribute the
forces equally to each spring between each platform.

The reaction forces at the joints have a linear behav-
ior because the imposed motion is linear and the
modeled springs at the joints have a linear behavior

M. Ceccarelli et al. / Simulation of the lumbar spine

too, since the intervertebral discs also presents a lin-
ear behavior with an elastic response. In addition the
computed results for the spring forces are reasonable
as compared with the values that are available in the lit-
erature for human spine, like those reported in Table 2.

Figures 11 to 17 shows a time history of the reaction
forces that are applied for a predefined initial position
of the spine model. The compatibility of results with
literature enables to conclude that the proposed parallel
structure can be successfully used to simulate a human
spine at a macroscopic level by considering several
conditions in terms of forces and/or displacements for
a specific intervertebral disk or for distributed condi-
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Fig. 13. Computed reaction forces at spherical joints that connects L1-A; ; and L1-Aj 4.
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Fig. 14. Computed reaction forces at spherical joints that connects L2-A ; and L2-A1 4.
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Fig. 17. Computed reaction forces in the Passive Legs C1 and C4.
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tions along a spine segment. Thus, several postures of
a human spine can be simulated with proper input data
in the proposed model with a direct physical interpre-
tation by using computed reaction forces as output of
a simulation.

6. Conclusion

In this paper, a model for the human lumbar spine is
proposed for analyzing applied forces on the interver-
tebral discs through a suitable motion simulation. The
proposed model has been elaborated by means of the
SolidWorks software and then it has been simulated
with the ADAMS software that provides a dynamic
simulation for 3D models.

The contributions of this work can be considered as:

e A new model for the human spine, where the
spine properties has been used as characteristics
of a parallel manipulator with a suitable spring in
order to properly simulate the smooth behavior of
the intervertebral discs and actuation motions of
muscles and tendons.

e Simulation results that for the springs and joints
reaction forces in simulated human motions can
give a suitable measure of the forces that interver-
tebral discs support during motions.

The general concepts for modeling and numerical
simulation have been applied for the lumbar segment of
the human spine, to show the feasibility and efficiency
of the proposed models and computations. Another
result both with the proposed model and presented
work can be recognized in providing a virtual model
that can be used even by doctors to study functionality
of human spine preliminarily or as an aid in biome-
chanical study of torso functionality.

The authors will have not claimed that the proposed
model is better of existing ones in the literature, but
they will stress that is an interesting alternative way
for considering parallel actions of the musco-skeleton
system in a human spine. To the knowledge of the
authors this is the first time that a parallel manipulators
is used to model human spine. The current model can
be indeed considered a preliminary conceptual design
whose future enrichments can give better correspon-
dence with human body, but again at functionality level

mainly. This model has been indeed also an inspiration
for a design of a human-like torso for humanoid robots
as reported in [3].
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