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Abstract

With the emergence of virtual environments and powerful
interfaces between users and computer devices, many
practical applications, especially those related 10 3-D
visualization, can benefit from Virtual Reality based
simulation systems. Our research concerns the VR-based
preseniation of spinal movement and kinematics simulation.
We propose a general prototype sysiem implementation and
use the concept of object hierarchy as the basis of
component generation. Owing to the high complexity of
real spinal movemeni, the biomechanical meitrics in our
systein  has been simplified 1o meet performance
requirements with less manual involvement. Three methods,
namely the decrement method, the segmenied decrement
method, and the force decomposition method, are presented
to generate angular variations afier imposing a force on an
object, e.g., a vertebra of spine, in a virtual environmen.
The first two methods are based chiefly on hypotheses, and
they become the guidance of the last method. As a resuls,
users can freely interact with objects in terms of force
exertion and observe the spinal movement at any angle in
our simulation system. Moreover, our system can provide
therapists with a kinematic platform to demonstrate
biomechanics and rehabilitation training.

Keywords: Virtual Realivy, Biomechanics, Kinematics
Simulation, Spinal Rehabilitation

1 Introduction

Currenily, the simulation of human animation has become
more and more popular. Due to the nature of constantly
evolving technology, many sophisticated computations and
graphical processing problems can be solved gradually.
This trend has led 3-D computer graphics to reach a new
horizon, becoming the fundamental assessment of personal
computer capability in multimedia. Other requirements
placed on movies, mass communication, advertisements,
games, virtual reality (VR), efc., have also contributed to
the evolution of human motion simulation. In such a virtual
environment, users or participants can immerse in a vivid
scene and interact with all kinds of objects, e.g., human
bodies. This 3-D environment presents more degrees of
freedom (DOF) than pure images and reveals more sensory
information and stimulus of the real world [1]. These
properties make VR prevalent, especially in visualized
tasks, Taldng advantage of the above properties, we
construct a simulation system of human spinal motion
based on virtual reality technology and provide nsers with
interaction mechanisms, i.e., force exertion on a veriebra,
between participants and our spinal geometry.

Our motivation arises from the need to educate people to
become aware of wrong postures of their spines. Nowadays,
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more and more people are suffering from spinal diseases
and low back pain because of long period of sitiing and
inadequate designs of chairs. These problems may become
more severe due to neglect, and they pose as threats to our
health, physiological conditions, and even psychological
aspects. However, it requires a long time for spinal
rehabilitaiion o take effect. Our VR-based kinematic
simulation system provides interactive demonsiration and
benefits spine-injured persons for motor pattern learning,
Moreover, senior therapists can use it as an educational tool
to tutor younger therapists. Ultimately, our objective is to
provide a flexible platform of kinematic simulation capable
of easily adapting to other human joints, or even robot
arms.

2 Related Work

Since VR is especially suitable for applications in
visualization, a VR-based surgical simulation can reduce a
lot of effort in medical training. VR is also used as a tool to
cure psychological phobias, e.g., acrophobia, flying-phobia,
arachnephobia, etc. [3}(4]

The research methodologies on Kinesiology include the
following: ~

1)  Bxperimental method: Several kinds of medical
instruments are wused {0 measure the
physiological signals of living creatures. By
carefully analyzing the statistical results of these
signals, we may draw some conclusions in a
specific  condition. For example, the
Bleciromyography (EMG) method is - well
kmown in the research field.

2) Photographic method: We can tape some
surface markers, reflectors, or something easily
traced and identified on our body surfaces [12],
then use a high-speed or an X-ray camera to
estimate the spatial and temporal relation of
human bodies.

3) Mathematical method: In conirast to the
experimental method, this method is more
theoretical. What maiters here is that the
mathematical or mechanical analyses only state
parts of Kinesiology; we must find out the
correlation between muscles and skeleton and
also how they interact with each other.

Based on the concept of object hierarchy, we adopt a
general human body hierarchy to form the relationship of
human body components. This hierarchy is similar to a tree
structure. The position of the pelvis, ie., the root, is near
the center of mass of a person in a standing pose.
According to this hierarchy, the coordinate systems of child
objects are relative to those of parent objects, and it is quite

- intuitive for position mainienance.



As for our spinal geomeiry, it can be anatomically
classified into five categories: the Cervical Spine (C1~C7),
the Thoracic Spine (T1~T12), the Lumbar Spine (L1~L5),
the Sacrum (S1~85), and the Coccyx. Among them, the
vertebrae of the Sacrum and Coccyx are fused together
individually, and we focus our interests on the first three
segments of the spine, which are composed of twenty-four
vertebrae and twenty-five joints. A complete spine is made
up of these vertebrae and their neighboring joints. We call 2
pair of two consecutive veriebrae and the in-between soft
tissue, i.e., an intervertebral disc, a Functional Spinal Unit
(F8U), which is regarded as a basic motor unit, Apparently,
an entity (or object) in our sysiem is composed of one
vertebra and a joint beneath the vertebra.

In addition to the composition of the spine, its resting
curvature is similar to an “S”. Strictly speaking, the
Cervical Spine and Lumbar Spine belong to Lordosis in
appearance, and contrarily, the Thoracic Spine belongs to
Kyphosis. This specification reflects the spatial correlation
of all vertebrae of a person in sitting posture. Due fo the
lack of initial angles of consecutive veriebrae, all the
verticbrae of a spine are arranged with the help of
experienced therapists.

To simulate more vivid spinal movement, we have to take
the spatial constraints of the vertebrae into consideration,
i.e., the angular constraints of flexion, extension, lateral
flexion, and rotation will be specified. Normally, the
Cervical Spine and Lumbar Spine provide most of the
angular variations in flexion and extension, and rotation is
mainly dictated by the Cervical Spine.

Exira prerequisites are often needed for problem solving, [6]
Since our objectives emphasize the performance of force
and motion, we clarify our question to “how much force
exertion on a specific vertebra will generate what kinds of
motion”. An inverse manipulation known as a reverse
solution will reflect other interests on force calculation. 5]

Our VR-based spinal kinematics system provides
interaction for applying force on the vertebrae and requires
time-consuming algorithms of collision detection. The
efficiency of algorithms depends on the strategies and the
geometric models of objects. Some issnes may arise
regarding multi-cooperative networked environment, e.g.,
Distributed Interactive Simulation (DIS), and a certain
amount of network topology or protocols are thus tailored
to fit the needs in such a virtual environment. [2]

3 Our Proposed System

Our sysiem has two phases: the preprocessing phase and
the simulation phase. :

As shown in Figure 1, the left portion enclosed by dotted
lines belongs to the former, and the right portion is the
simulation phase, which provides an environment for
kinematic trials in virtual reality. In our real-time
simulation we impose a force on one vertebra of the spine,
and observe its movement in our virtual world. In the
following we will discuss the content of each phase.’

(A)  The preprocessing phase: This phase prepares
for the spinal movement trials and contains spinal
model construction, interactive behavior definition,
and the arrangement in virtual reality.
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Figure 1.  The flowchart of our simulation system

(A.1) Geometric modeling: We skeiched the
geometric surfaces of vertebrae in our system using
3D Studio Max software and three views of the
veriebrae. Based on object hierarchy, we treat each
vertebra as an object and link their hierarchical
relationship. The spine consists of more than 200
geometric components while each component is
made up of about 300 triangles. We can merge the
vertices, remove the redundancy, and do some
optimization of our geometric models to enhance
the rendering performance. Stripping out triangles,
joining surfaces, aligning surfaces, etc., are usually
useful for geometric reduction. [8]{9] Furthermore,
one may adopt 3-D reconstruction skills to render
more accurate surfaces from specific slices, e.g.,
CT scans. Tmage interpolation [10], segmentation
[11], registration, etc., can be applied to this domain,
but it involves many complex procedures. The
manual involvement here is that therapists suggest
the initial angles between consecutive vertebrae.

(A.2) Virtual environment arrangement: Regarding
each vertebra or FSU joint as a basic element in the
simulation, we take the whole veriebrac as a
multi-segment linkage. The spatial arrangement and
force interaction of the spine are shown in Figure 2.

(A.3) Interactive behavior definition: Here, an
interaction is defined as how a vertebra moves after
imposing a force on it, which is shown in Figure 3.
Once a force exertion is applied upon a vertebra,
the touched veriebra will be moved in an angle
resulted from biomechanical metrics, i.e., angular
computation, and it will simultaneously transmit its
force impact on the neighboring veriebrae.
Followed by constraint consideration, the above
angle will be modified to an appropriate range, i.e.,
final angular variation. A similar reaction takes
place in the neighborhood of the initially invoked
veriebra until the force impact disappears.
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Figure 2. Spatial arrangement and force interaction of

spine
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Figure 3. The diagram of interaction between the vertebrae
and force

(B)  The simulation phase: This phase is based on
interactive behaviors defined in our system and
provides us with irials on spinal movements. Users
can change to any positions or viewing angles in our
VR-based simulation.

Wiih regard to the angular computation in Figure 3, we
propose three kinds of biometrics, namely the Decrement
Method, the Segmented Decrement Method, and the Force
Decomposition Method, to compute the angular variations
after the spine has been touched.

Method 1: The Decrement Method

The Decrement Method uses an extremely simplified
paradigm. The hypothesized basics of this method are as
follows: the force-exerted vertebra will generate virtual
angunlar variations with gradually outward decrement in
angles along its neighboring veriebrae and will
simultaneously influence other vertebrae until this impact
disappears. This situation is like a spring, say, a specific
point of the spring is touched by hand, the force impact will
transfer outward gradually.
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For a more detailed description of the Drecrement Method,
an initial value Offsef and two decreased functions
ratioUp() and ratioDown() are set to each vertebra.
The angular variation of this force-exerted vertebra is set to
the product of the external force F and the initial value
Ofﬁ'et , ie., FxOffset . The force exertion on the
neighboring transF _Up  and
transF _ Down , are fanction values of the external force
F in two decreasing functions ratioUp() and
ratioDown() , ie., ratioUp(F) and ratioDown(F)

respectively. Figure 4 shows an example of angular
variations with a unit of force exertion on T6.

vertebrae, i.e.,
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Figure4. An example of angular variations with force
exertion on T6 in the Decrement Method

Method 2: The Segmented Decrement Method

For moderately reducing the number of parameters, we can
use the curvature of spine to express the characteristics of
individval segmented spines. That is, the vertebrae on the
Cervical Spine, the Thoracic Spine, and the Lumbar Spine
have different parameters. An example of angular
variations with a unit of force exertion on T6 is shown in
Figure 5. With angular variations decreasing outward along
T6, the slopes of angular decrement in the Cervical Spine
and the Lumbar Spine are all different.
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Figure 5. An example of angular variations with force
~ exertion on T6 in the Segmented Decrement Method

Method 3: The Force Decomposition Method

The Force Decomposition Method uses rules based on
Mechanical Engineering and Kinesiology to regulate the

- computation of angular variations. Before our discussion,

we need to make some definitions.



We assaome there are # rigid and even linkages; their
mass, length, ar}d torque (or moment) are #72,, l,., and
M ; Tespectively. The distance between the center of mass
and the individual ends of linkage is 7;. Assume that we

impose an external force F on the k th linkage (with
lo distance relative to its lower end), each linkage then

generates an angular variation Q perpendicular o the

horizontal as shown in Figure 6. The indexes of linkage
from the lowest position to the highest position are 1 to n,

and the gravity is expressed as g . What will 9,. be?
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Figure 6. The setting for Force Decomposition Method

Based on the setting in Figure 6, we adopt the rationale of
virtual work in Statics to solve our problem. This rationale
is especially wuseful in solving problems with a
multi-linkage system. The virtual work rationale states that
when an ideal mechanical system is in the status of balance,
the virmal work due to external forces is zero during the
period of virtual displacement with all constraints
coincided. In terms of work, a simplified version of the

total energy U can be expressed as follows:
8y

U =mgln —rcos 111+ mygl(ly + ) — () cos !y

+ 1y 08 )] +msgl(h + 1 + 1) —(l cosé +

lycos8y + 30088+ .o+, gl +1, + .+

by g+ 1) —=(cosB +1,c080, +...+

by €088,y + 1, c080,)]+ F(l;sin6) +

bLsin@y +...+ 1l _sin@y_y +lysinby) -

(M0, + M0, +...+ M,8,)

(Bq. 1)

While the staius of balance is achieved, the partial
differential with angle @,

o
io Bq. 1is zero,1.e. —=0.
i "B 28,
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ig’ =0, gsin 01 (m]_l’l + 771211 + m3ll +..+ m,,ll) +

36, (Eq. 2)
Fll COSHI—MI =0
U =0, gsin8,(myr, +msly +myly +...+
=5 2ty +ingly +iigly +...
2, (Eg. 3)
myly )+ Fly cos@y —M, =0
U .
=0, gsin@,_ (my_ 7y +ogly_ +.+
30, (Bq. 1)
Ml )+ Fly_ €086y =My =0
ﬂ—ﬁ sin 8y (my 1y +mmy b +1my ol
aek » 8 ke TE k+1%k k+25k (Eq k+1)
+...+m,,lk)+ Flo COS@k _Mk =0
U =0, gsinby (g iy ¥ Wpaly g +
FY » & (ZRAUL S5 Rkl 220 F2 ] (Bq. k+2)
Mpeg3lpsy + ot mplp gy )~ My =0
oU .
=0, gsin8,(m,r,)-M, =0 (Eq. n+1)
a6,

From above, we divide equations into two categories for
solutions: BEq. 2 ~ Eq. k+1 and Eq. k+2 ~ Eq. n+1. The
solutions are as follows:

(1)When i=12,..k! 6, ~6,

A+ .‘/ 2.B2_m?2
Sin(@i)=MlA‘ B A" +B"-M,

. n+2)
Aiz + B‘-Z (Eq
where A; = g(mr; + myl; + myyoli + sl +. k)
B" = FI;
(2) When i=(k+1),(k+2),...n! Oy ~6,
sin(g;) = M; (Bq. n+3)

g(m,ri + mi+lli + m,-_‘,zl‘« +ot m,,l,)

The relations between the external force F , the moment
of vertebra M;, and the angular variation @; are quite

obvious from Bq. n+2 and Bq. n+3, bui these relations do
not guarantee that these equations will be solved. The fact
is that the number of our preconditions is fewer than that of
actual unknowns. It is hard to formulate a generalized
kinematic equation using implicitly minimal degrees of
freedom. The actnal DOFs are often more than what is
needed for humans to perform a specific motion. The
question comes to how we can remove redundant supports
and achieve the statically determinate status. Under such
circumstances, equations are sufficient for solving the
unknowns. However, we have to find some reasonable
ways for parameter simplification.

Owing to the complex nature of the spine, it is probably
impossible to find physiological evidence to simplify Eq.
n+2 and Eq. n+3. Our solution for the Force Decomposition
Method is to rationalize the first two methods via therapists
and make them become reasonable paradigms for spinal
kinematics simulation. By applying reverse sieps in the
Decrement Method and the Segmenied Decrement Method,
we can acquire the torques of the vertebrae via the relation
between force exertion and angular variations. Finally, the
acquired torques of the veriebrae become the given
parameters in Bq. n+2 and Eq. n+3.



4 Experimental Results and Evaluation

Figure 7 displays the dVISE-based [7] interface of our
simulation system. The initial positions of the veriebrae and
their relative angles set by therapists are shown in Figure 7
(B) and Table 1.

(A) ®
Figure 7.  (A) The dVISE interface of our simulation system.

(B) The initial position of the vertebrae

The execution of the system shown in the right part of
Figure 1 follows our interactive setup. We impose a force
on one of the vertebrae. Then the vertebra being touched
will move to its destination according to its underlying
biometrics. We compare the results with different metric
methods. In order to form a regulating routine for
comparisons, we impose a force on the T6 vertebra several
times, e.g., five times, and observe its movements in our
3-D VR environment.

Results of the Decrement Method

As shown in Figure 4, we use the same assumption that the
vertebra T6 is touched with a unit of force exertion, and its
neighboring vertebrae have a slightly decreasing effect
outward along T6. Figure 8 shows the spatial movements of
continuous force exertion on T6 in the Decrement Method.
Note that the decreasing rate of the lower segment of the
spine, i.e., the lumbar spine, is smaller than that of the
upper segment of the spine. This is because the -former
bears a larger load than the latier, thus obtaining larger
angular variations in movements.

Results of the Segmented Decrement Method

In the Segmented Decrement Method, we apply a different
strategy of taking each of three segments of the spine as a
whole to distinguish their differences.
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Constraints
- Initial
index| Verie| Flexion/ | Lateral Angle | Angular
brae Extension | Flexion / Ranges
Rotation

1 | CO 10 15} 3.5) 321 -7 -17 8
2 | C 58] 69| 0| 339 -9 [-14.8] -21
3 | C2 76f 49| 5| 100 -3 [-106] 19
4 | C3 84| 92[57 10] 2 -6.4] 11.2
5 | ca] 89| 111]42 105 13 41| 24.1
6 | C5 10| 10.3] 2.5 10 14 4f 24.3
7 | C6 100 62|42 10] 1 9 72
8 | C7 42 33| 4/ 821 9 4.8] 12.3
9 | T1 22| 21{23] 23] -2 42| 0.1
10 | T2 22 21(23] 26] -11 [-13.2] -89
11 | T3 22| 2.1]23] 42| -14 |-16.2]-119
12 | T4 221 21| 23] 46] -1 321 11
13 | T5 22] 22{18 19 -8 [-10.2] -5.8
14 | T6 1.7 171 22| 450 -2 -3.7] -0.3
15 | T7 1.6] 1.6 3.1] 36 -8 96| -64
16 | T8 151 1.3[1.7] 35] 2 0.5] 3.3
17 | T9 1.1 1 3] 350 1 -0.1 2
18 |TIOf 24| 22| 3] 35 16 13.6] 18.2)
19 [TI1 | 6.5 3135 35 9 250 12
20 | T12§F 74] 3.8]3.5] 3.35] 18 10.6] 21.8
21 | L1 82| 4.3|4.1] 3.50 15 6.8 19.3
22 | L2 97| 39|53 35 -1 [|-107] 29
23 | L3 | 11.1] 29]64] 3.5 -12 1-23.1] 9.1
24 | 14 | 13.8] 3.9]3.5] 25§ -20 §-33.8|-16.1
25 | L5 11y 49{26] 25 3 -8 7.9|

Table 1. The initial angles of the vertebrae

kgl

Figure 8. Continuous force exertion on T6 in the
Decrement Method based on Figure 4



Figure 9 shows spatial movements of continuous force
exertion on the T6 veriebra with a unit of force. In this case,
we can see that each segment of the spine has different
decreasing rates of angular variations. With a reduction on
the computation of angular variations, we can put more
emphases on-individual segmenis of the spine instead of
individual vericbrae; generally, the former is regarded with
more significance than the laiter.

Resulis of the Force Decomposition Method

Our Force Decomposition Method is based on
biomechanics. As we mentioned earlier, some
measurements of human body are not easily available, e.g.,
the mass or inertial moment of a veriebra. Based on the
concept of viriual work, our solution is to rationalize the
spinal movement via the first two methods to acquire the
moment of each veriebra. Table 2 is a result of our
parameter setting in the Force Decomposition Method. To

simplify the illustration, we assume /7, =1, li =1, and

7,=05.

swtn ) g

Figure 9. Continuous force exertion on T6 in the
Segmented Decrement Method

In the first column of “Angular Variations” is “Virtual
Angles” directly derived from angular computation by
applying a unit of force on T6. Taking spatial constraints of
vertebrae into consideration, the second column shows the
final angles applied to the vertebrae. Graphical results on
T6 are shown in Figure 10,

Evaluation

In general, we evaluate experimental resulis in qualitative
and quantitative analyses. To serve the purpose of
performing educational functions, the therapists were
invited to examine our kinematics simulation system.
Therefore, we wuse subjective rather than objective
evaluations.
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Verte |Ini-t] Consiraints| Parameters . Angular
-bra | ial (Angles) Variations
Flexi|Bxten| |1 | . | pg{Virtual Pinal|
on| sion
co | -7 3] 220 1 ]1]05]| 09) 11.514.537
Cl |-90 -32|-159] 1 j1]05]0.87) 3.82|-5.18
cz |31 46| -79] 1 [1]/05]|085] 2.29/-0.71
C3 | 2 | 104| -72] 1 |1]05)0.73) 1.6413.637
C4 113219 19} 1 11105)088) 1.27|14.27
C5 |14 24| 370 1 ]1]05] 1 1.04][15.04
C6 | 1 11] 520 1 11]0.5]1.02) 0.88|1.882
C7 19 1 132] 57] 1 11]05]095] 0.76/9.764
Tl [ -2 02| 41] 1 [1]05]|0.88] 0.67|-1.33
T2 |-11§ -88{-13.1] 1-]11/0.5]|1.02) 0.6|-104
T3 |-144-118{-16.1} 1 1110.5]1.03] 0.55|-13.5
T4 | -1 12f -3 1 11]05]1.05] 05| -05
TS | -8 -58/-102] 1 |1]|05]1.07] 0.46|-7.54
T6 (2] -03] -3.7] 1 {1]105]1.08] 0.85{-1.15
T7 | -8 )| -64{ -96] 1 |1/05] 0.6) 1.19]|-6.81
T8 | 2 35 0771 [1]05] 0.7 1.11]3.109
T 11 2.1 Ol 1 11]05]072F 1.04 2
T10§ 16 | 184| 138/ 1 [1]0.5]/097] 0.98|16.98
Til1 | 9 | 155 6] 1 [1]0.5{093] 0.93]9.929
T12 | 18 | 254f 142 1 |1]0.5]|0.85] 0.88/18.88
L1l | 15 23.2] 10.7] 1 |1]0.5]0.83] 0.84{15.84
12 [ 14 87 49] 1 }1]05]081) 0.8] -02
L3 |-12] -09[-149] 1 |1]0.5| 0.8] 0.76|-11.2
14 120 -62{-2390 1 11i0.5] 0.7) 0.73)-19.3
L5 |3 14| -19¢ 1 |1|0.5] 0.7] 0.7[3.702

Table 2. The parameter setting in the Force

Decomposition Method
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Figure 10.  Continuous force exertion on
T6 in the Force Decomposition Method



In order to become familiar with the operations of our
kinematics system, an intuitive and convenient interface is
essential. We provide an interactive user interface with
pop-up functions and help documents for users. With the
suggestions of therapisis and patients, our three methods of
biometrics contain 72, 18, and 96 parameters respectively.
Tt is not always easy for a junior doctor to obtain the
optimal parameters of our system. Besides, it takes time for
people to adapt to 3-D input devices. Nevertheless, broadly
speaking, users can interact with objects in a virtual
environment, and this VR-based mechanism indeed
presents a more vivid appearance than in traditional ways.

In an objeciive analysis, we know it is never easy io
compare the actwal movement of vertebrae with our
experimental resulis. We still can ask the question of “Ts the
spinal movement natural?” Though spatial constraints can
help us regulate the movement of the vertebrae, there is no
guarantee of balance. Some exireme positions may exist
without the violation of constraints. We need more expert
knowledge to provide us with guidelines of spinal
movements.

5 Conclusions

Practical research on biomedicine and biomechanics can
not only improve quality of life, but also help the progress
of clinical medicine. With powerful graphical capabilities,
many visualization tasks can be presented at a lower cost.
Our kinematics simulation system provides an educational
platform for educating people in better understanding their
body movements. We draw our conclusions as follows:

1) We proposed a prototype of VR-based kinematics
simulation system. The three main components of our
system include Geometric Modeling, Virtual
Environment Arrangement, and Interactive Behavior
Definition. The structures of highly modularized
components  enable more flexibility in
implementation. As a result, all geometric models and
biometrics can easily adapt to other applications.

2) We designed the biometrics of spinal movement by
using three methods, The Decrement Method and the
Segmented Decrement Method are based on
hypothesis, whereas the Force Decomposition
Method employs physical rules in statics. The first
two methods also serve the function of moment
assignment to be used in the third method.

3) Our system not only has intuitive and interactive
properties, but also provides a leaming platform for
kinematics simulation. The simulation can be
examined repeatedly, and the participants can

arbitrarily change their views to meaningful positions.

These characteristics are useful in educational
training and experiments.

The goal of our spinal kinematics system is to approximate
real spinal movement as close as possible. Actually, the
most sophisticated part of our system is in biomechanics
itself. The integration of the musculoskeletal system and
the nervous system is so sophisticated that it is not feasible
in our current implementation. However, our VR-based
spinal kinematics simulation does provide a practical
method for education and training.
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