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Abstract

In this paper, we present and demonstrate the practical importance of a character's center-of-mass both in balancing and
in producing believable character animations. A character's overall center-of-mass is a low-dimensional approximation
that is computationally fast and straightforward for identifying un-natural looking and physically implausible character
motions. We show that in the majority of cases that exhibit un-natural looking puppet-like motion that appear odd and im-
plausible can primarily be put down to incorrect placement and movement of the character's overall center-of-mass. Fur-
thermore, while the center-of-mass can be responsible for making a character's movement look plausible it is also impor-
tant for balancing and is central for intelligent human-like foot placement information in biped type models. We show how
to calculate mass and inertia information dynamically at run-time for individual limbs and the overall character model.
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1. Introduction

A character’s center-of-mass (CoM) (also known as his center-of-
gravity (CoG)) is crucial for understanding how to create realistic
life-like character movements. Physically plausible and natural
character movement is interesting and important for both graphics
and robotics. The crucial factors are the position of the center-of-
mass, timing (i.e., where and when it should be at a specific time),
and speed (i.e., how its velocity and direction change with time and
posture).

While an experienced and skilled animator can identify and rectify
a bad motion and provide a good approximation of where and why
character’s center-0f-mass location should be, the majority of us
cannot.

The center-of-mass of any character is a single point that can be
used to support the character and it will remain balanced and sta-
tionary. We can approximate a human’s center-of-gravity around
his pelvis area. However, depending upon a character’s pose (e.g.,
rolling, jumping, and running) it can shift and move. For example,
when you lean forwards to pick up a heavy object you will re-
configure your body posture so that the center-of-mass is moved
outwards and behind you so that you can compensate for the heavy
object you are trying to pick up. You accomplish this by pushing
out your pelvis behind you and crouching down so that your center-
of-mass is closer to the ground.

[Model - number of muscles, image]

1.1. Motivation

The motivation of this paper is aimed at moving away from static,
impassive, life-less key-framed animation libraries towards more
dynamics and interactive methods that use physics-based tech-
niques to produce more natural, non-repetitive and human-like
character movements.

1.2. Contribution

The contribution of this paper is to demonstrate and explain the
fundamental principles of a character’s mass properties and how it
can be used to produce and correct movements so they are more
life-like and natural. Analyzing and understanding a simplified
low-dimensional character model can aid in producing a more life-
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like and physically accurate character pose that possesses balancing
characteristics and dynamics properties.

2. Related Work

There has been a tremendous amount of research into the subject of
physics-based character movement. The mass properties are central
for a physics-based model and are responsible for how it should
move and respond to disturbances.

Oba [OBA10] presents an interesting introduction to the workings
and misconceptions to the workings of a biped character’s center-
of-mass and how it is crucial for producing natural looking move-
ments that mimic real-world humans.

The recent work by Kenwright [KDM11][KEN12a][KEN12b] has
explored and demonstrated how a simplified low dimensional char-
acter model can be combined with an inverted pendulum technique
to produce responsive, dynamic, life-like character animations
without key-frame data.

3. Overview

The equations for calculating an articulated character’s overall
center-of-mass is straightforward. We use a physics-based model
to represent an articulated character as an interconnected set of
rigid body limbs. For example, we can calculate and solve the
articulated constrain problems using rudimentary equations based
around Newton’s laws [KM12].

4.  The Laws of Motion

The laws of motion are unbreakable and well defined. For game
character motion, we use classical mechanics, which builds upon
the laws put forward by Newton in 1687. The three fundamental
laws by Newton are relatively straightforward and easy to remem-
ber and must be obeyed for an object to be move realistically and
physically-correctly. For example, an object cannot arbitrarily
modify its mass or change direction arbitrarily in mid-air.

5. Gravity (9.8ms?)

On earth, the gravitational constant of acceleration g, for an arbi-
trary object, is 9.8 metres per second. Hence, if you drop an object
from a distance of 9.8 metres it will take exactly one second to hit
the ground (neglecting air friction). Furthermore, while the object
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is in free fall — it CANNOT speed up and slow down randomly.
This is also applied to angular rotation. Since an object (that is a
character), rotating in space must continue to rotate and CANNOT
arbitrarily change direction without touching or having an external
force applied (i.e., law of conservation of momentum).

6. Falling Objects

Shocking an object in your simulation software does not fall by
default due to gravity. To emulate an object falling due to gravity
we have to apply a downwards force to the objects center-of-mass
to emulate the gravitational acceleration. This falling effect due to
gravity is known as ‘free falling’. Crucially, the gravitational ac-
celeration constant g is independent of the objects weight since it is
an ‘acceleration’ not a force. We can use Newton’s law to calculate
the necessary force to mimic an object free falling due to gravity by
multiplying the gravitational acceleration constant by its mass as
shown in Equation 6-1.

F=mg

F
Vo, =V, + adt 6-1
Xn+1 = Xn +Vn+1 dt

where v, ,and v, is the velocity of the current and next frame,

n+l
X,.. and X, is the position of the current and next frame, m is the
objects mass, dt is the time step, and F is the Force.

We can unify the simulation integration steps into a single equation
to show how a free falling object’s position changes with time.
Since a free falling object (starting from rest) move in the vertical
direction only (i.e., the y-axis) we can calculate its position using
Equation 6-2.

1
y=-30t 6-2

where y is the position in metres along the y-axis, g is the gravita-
tional acceleration constant (i.e., 9.8), and t is the time in seconds
(note the negative sign due to the object moving downwards).

7. Calculating a Shapes Center-of-Mass

We use the ‘divide and conquer’ approach to calculating the mass
properties of a character’s rigid bodies. We can calculate the mass
properties for convex shapes (i.e., weight and center-of-mass). We
can also calculate the mass properties for concave objects by subdi-
viding the shape into simpler convex parts. We make the assump-
tions that the object has a uniform density.

While there are different approaches to calculating a shape’s mass
properties, we use the straightforward and uncomplicated method
of subdividing the shape into tetrahedrons. We can calculate the
mass properties of a simple tetrahedron easily. Then we can com-
bine the mass properties of the individual tetrahedrons to give the
total mass properties of the overall shape.

M = (V=) (V =V )V, ~V,) 71
where M is a scalar quantity representing the n’th tetrahedrons
mass volume, and V,,V, ,V,andV, .are the four vertices of the tetra-
hedron.

Hence, the total volume of the convex shape is the sum of the tetra-
hedron volumes as given by Equation 7-2.

M=3M, 7-2

i=1

Furthermore, the center-of-mass for each individual tetrahedron
tetrahedrons is calculated using Equation 7-3.

COMn _ (Vl 7V4) + (Vz ;Vzl) + (V3 7V4)

where COM, is the center-of-mass for the n’th tetrahedron, and
V..V, V, andV, .are the four vertices of the tetrahedron.

Finally, the mass and volume information for each tetrahedron
allows us to go ahead and calculate the overall center-of-mass for
the shape using Equation 7-4.

COM,,, = %ZCOMnMn 7-4
i=1
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Figure 1. Leg-knee is analogous to a spring-damper mechanism
so that we can store and output energy to achieve lift (e.g., in
jumping) while damping is necessary to produce a stable control-
lable solution (i.e., avoid continuously oscillating or bouncing).

8. Conclusion

Analysing how an animated character's mass moves over time can
help identify implausible and un-natural looking animations. While
accurate mass information may be unavailable for character mod-
els, we have shown that a straightforward method of calculate ap-
proximate mass values using the character skinning mesh.
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Figure 2. Center-of-Mass trajectory for a simplified biped char-
acter model running (i.e., dynamic motion with the feet intermit-
tently leaving the ground between step transitions).
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