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Abstract— Physics-based animation is a multidisciplinary
area that uses ideas from physics, computer science, and
mathematics to create realistic and dynamic movements in
virtual settings. The basic ideas and methods of physics-based
animation are introduced in this research paper, with an
emphasis on how mathematical models and physical laws are
used to produce realistic motion in computer-generated images.
To construct realistic virtual environments, key disciplines
covered include fluid simulation, fabric simulation, rigid body
dynamics, and soft body dynamics. The report highlights recent
developments in real-time physics simulations and addresses
other topics such as processing economy, accuracy, and
scalability. Applications for physics-based animation can be
found in many different fields, such as virtual reality, simulation
training, movies, and video games. The pursuit of more precise
and effective physics-based animation is essential as technology
develops to produce captivating and realistic virtual worlds.

Keywords—  Physics-based  animation(PBA),  virtual
environment, Physics simulation, Dynamics, Animation
software, Real-time physics, Collision detection, Fluid dynamics,
Particle  systems, Cloth  simulation, Smooth particle
hydrodynamics, finite element method, Navier-Stokes, Rigid body
dynamics, Soft body dynamics, Deformation, Motion capture,
Character  animation,  Kinematics, Rendering, Game
development, Virtual reality, Augmented reality, Computer
graphics, Simulation accuracy

INTRODUCTION

Physics-based animation has gained significant popularity,
driven by its applications in computer games, cinematic
special effects, and surgical simulation systems. Over the
past decade, the field has undergone substantial
development, resulting in a diverse range of simulation
methods capable of addressing various simulation
challenges.There is a massive quantity of examples where
physics-based animation is used, e.g., rigid bodies stumbling
around (The Hulk, Grand Turismo, Medal of Honor, Half-
Life ); skin and muscle deformations (Shrek, The Nutty
Professor, Jurassic Park, the Mummy ); water splashing
(Shrek, Titanic, Finding Nemo ); jelly blobs dancing around
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(Flopper); death-like animations (Hitman); hair blowing in
the wind or bending due to motion of a character (Monsters
Inc); cloth moving (Monsters Inc ); and melting robots and
cyborg parts of characters (Terminator3, Treasure Island ),
just to mention a few.[1]

Physics-based animation has evolved over the years in a way
that cannot be comprehended by the earlier generations of
computer graphics. The increase in computational efficiency
when creating animations at a large scale has increased
substantially and so have its demands. The increase in
computer power allows us to simulate increasingly complex
scenarios, in a never-ending spiral, and it appears that there
will always be a demand for faster methods, with more
details, larger scenes, etc. However, a fundamental aspect of
these animations will consistently involve a physical
representation of the world derived from the principles of
physics and resolved through numerical methods. A major
part of the physical models and their numerical solutions
were developed before the twentieth century. Clever
algorithms for solving geometrically complex systems are
less than 40 years old and still part of a very active research
field.

Physics-based animation has emerged as a core area of
computer graphics finding widespread application in the
film and video game industries as well as in areas such as
virtual surgery, virtual reality, and training simulations[3]. It
refers to an area of computer graphics in which the aim is to
generate physically plausible animations using Artificial
Intelligence (Al). Typically, these animations are portrayed
using a virtual character within a simulated environment,
either in a 2D or 3D format. One of the main differences
between PBA (Physics-Based Animation) and traditional
keyframe animation is that PBAs can dynamically adjust to
the changes in the environment. On the other hand,
keyframe animation is static and non-responsive and must
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be handled carefully, otherwise it can easily produce

a. Deformable Materials Simulation:

unnatural movements.[2]
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Fig.1. FIFA as an example of good use of Physics — Based Animation

1. LITERATURE REVIEW

Physics-based animation plays a pivotal role in
generating realistic simulations of various physical
phenomena, contributing significantly to fields such as
computer graphics, virtual reality, and video game
development.

Physics-based animation involves the simulation of
physical phenomena, such as fluid dynamics, cloth behavior,
and rigid body dynamics, using computational techniques
grounded in physics principles. Over the years, researchers
have made significant strides in advancing the fidelity,
efficiency, and realism of physics-based animation systems.
This literature review explores these advancements, focusing
on key research papers, methodologies, and applications that
have shaped the field.

Physics-based animation finds applications across
various domains, including entertainment, virtual
prototyping, education, and scientific visualization. As
computational resources continue to advance, future research
directions may focus on achieving real-time simulations of
increasingly complex physical phenomena, integrating
multi-physics interactions, and leveraging machine learning
for enhanced realism and efficiency.

1. FUNDAMENTALS OF
ANIMATION

Physics-based animation has emerged as a powerful tool
for simulating complex physical phenomena in computer
graphics and animation. Over the past few decades,
significant advancements have been made in the field,
leading to the creation of highly realistic and interactive
simulations.

PHYSICS BASED

Foundational Concepts in Physics-Based Animation

Physics-based animation relies on the principles of classical
mechanics, fluid dynamics, and computational physics to
model the behaviour of objects and phenomena in virtual
environments. Fundamental concepts such as Newton's laws
of motion, conservation of energy, and the Euler method
form the basis for simulating the dynamics of rigid bodies,
deformable materials, and fluids.

The simulation of deformable materials, such as cloth, soft
bodies, and elastic solids, presents unique challenges due to
their complex mechanical properties. Recent research has
focused on developing physically-based models that
accurately capture the behavior of deformable materials
under various forces and constraints. Methods such as finite
element analysis, mass-spring systems, and position-based
dynamics have been employed to simulate the dynamic
deformation and interaction of soft bodies in virtual
environments.

. Fluid Simulation:

Fluid simulation plays a crucial role in creating realistic
visual effects for applications ranging from computer games
to film production. Researchers have developed
sophisticated algorithms for simulating the motion, viscosity,
and surface tension of fluids such as water, smoke, and fire.
Techniques such as Navier-Stokes equations, Smoothed
Particle Hydrodynamics (SPH), and Lattice Boltzmann
methods have been utilized to achieve visually stunning and
physically accurate fluid simulations.

Rigid Body Dynamics:

One of the earliest and most extensively studied areas of
physics-based animation is rigid body dynamics.
Researchers have developed efficient algorithms for
simulating the motion, collision, and contact response of
rigid objects in real-time environments. Techniques such as
impulse-based collision resolution, constraint-based solvers,
and swept-volume collision detection have been widely
adopted to achieve stable and accurate simulations.

Integration with Computer Graphics:

Physics-based animation techniques are often integrated with
traditional computer graphics pipelines to create compelling
visual experiences. Real-time rendering technologies, such
as rasterization and ray tracing, are used to visualize the
simulated dynamics with high-fidelity rendering and lighting
effects. Advances in GPU computing have enabled the
efficient parallelization of physics simulations, allowing for
interactive manipulation and exploration of virtual worlds in
real-time.

IV.  SIMULATION PHYsICS

ANIMATION

The industry revolving around physics-based animation
mainly comprises of departments responsible for the
enhancement of scientific research and the entertainment
industry. We are currently at the dawn of a new form of usage
for physics-based animation which is the educational
industry. Recently, visual learning has seen an increase in
usage within schools and this research paper aims to address
the need of implementing physics based animation for
younger students to get an early grasp at basic principles. A
few major simulation techniques used within physics-based
animations are:

TECHNIQUES IN BASED
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a. Finite Element Method

In physics-based animation the Finite Element Method
(FEM) is becoming the dominant method for animating
deformable objects. The theory from mechanics is well » e
established but can be rather daunting. However, when
applying a set of simplifying assumptions, the mathematics
involved becomes much simpler. The following will
concentrate on the special case of simulating deformable
objects constructed from materials that are isotropic and
further assume that the deformations involved are small.
Continuum mechanics deal with the prediction and g  onyss a5
calculation of the effect of applying an external load to some N =
object with physical properties. The theory of elasticity is the
part of continuum mechanics that deals with elastic materials,
materials that return to their initial configurations, when the
external load is removed.

b. Fluid Phenomena

Fluid phenomenon animation finds extensive use in the
film industry and is increasingly gaining significance in the
gaming sector. The physics of fluid dynamics has been
successfully described by the Navier-Stokes equation since
about 1821, although later investigation into turbulent
phenomena has added considerable knowledge about the
behaviour of fluids at high velocities, etc.

Fig. 3. Physics-based Animation of Fluids and Deformable Solids

c. Physics-based cloth animations

NAVIER-STOKES EQUATION Recently, there has been notable attention towards applying
Graph Neural Networks (GNNs) to learning-based

pg,—e—"+y[@+ﬂ+@]= Du simulations of cloth dynamics. However, certain existing
< 5: il by D Navier- GNN models lack crucial information about the structure of
pg\‘_?w[g‘_jﬁ_pfl]:p& Stokes cloth, resulting in generated outcomes that are unrealistic and
# ‘f i o ) susceptible to penetration issues. To tackle these challenges,

pe. _‘Z_f’w(‘;_’zhf'_f’ﬁf‘_?]:p% Equation we introduce the PGN-Cloth model, which utilizes meshes to
e i ' depict the state of the cloth system and employs graph neural
f“;_l’uv,(pp):o Continuity networks to compute _dynarr_lics: Over the past few years,

- researchers have been investigating learning-based methods

Fig. 2. Navier-Stokes Equations for simulating cloth dynamics. One method, called Pose

Space Deformation solves the problem by transforming it
into a posed solution, which generates the animation using a

The Navier-Stokes model is usually used to predict the . .
linear transformation.

motion of fluid particles or volumes inside a fluid, but the
model is also a good description of the behaviour of gaseous
phenomena such as smoke at speeds less than the speed of
sound. In animation, the interface between water and air
holds equal significance, given that water waves prominently
define the visual aspect of water scenes. For animating water
waves, there are two competing models, one developed by
Gerstner in 1809 and an adaptation of Navier-Stokes to
shallow water situations.
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V. APPLICATIONS OF PHYSICS BASED ANIMATION

Physics-based animations find applications in various fields,
enhancing simulations and visualizations with realistic
dynamics. In the realm of entertainment, such as video
games and animated movies, physics-based animations
bring characters and environments to life with lifelike
movements and interactions, providing a more immersive
experience for users. Additionally, in the field of
engineering and design, these animations aid in simulating
the behaviour of complex systems, allowing engineers to
analyse structural integrity, fluid dynamics, and mechanical
interactions before physical prototypes are built. Medical
simulations utilize physics-based animations to replicate
biological processes and surgical procedures, facilitating
training for healthcare professionals and advancing medical
research. Furthermore, physics-based animations play a
crucial role in educational settings, helping students
visualize abstract concepts and understand fundamental
principles of physics through interactive simulations and
demonstrations. Here are some major applications of
physics based animation:

Video Games:

Physics-based animation allows game developers to
create more realistic movements and interactions within the
game world. Objects and characters can move in a way that
mimics real-world physics, such as realistic ragdoll physics
for character animations or accurate object interactions like
bouncing, rolling, and collision responses. Physics-based
animation enables more natural and fluid character
animations. Instead of relying solely on pre-crafted
animations, characters can interact with the environment and

respond dynamically to changes in their surroundings.
Fig. 4. Physics-based Animation of Motion Capture in Gaming.

Movies and TV Shows

Physical simulations have been used for some decades
to understand physical occurrences in nature and to predict
physical reactions, e.g. weather forecast. Simulations can be
done by stepping through mathematical formulas for several
steps and watch how data changes. Advancements in
physics simulation technology continue to push the
boundaries of what is possible in terms of creating dynamic
and captivating cinematic experiences, allowing filmmakers
to bring their creative visions to life on the big screen in
ways that were previously unimaginable.

© 2024, IJSREM | www.ijsrem.com

Fig. 6. Motion capture transfered to animated character

Education

Physics is one of the lessons that are difficult for
students to understand and apply in everyday life. This is
because learning physics has many abstract concepts and
formulas. The characteristics of the physics material have an
effect on the low motivation to learn and student learning
outcomes. Another reason is learning implementation in
schools used traditional methods, the implementation of the
learning has not facilitated the students to understand the
physics concept and has not provided opportunities for the
students to collaborate technology in learning.[5]
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Fig. 7. Animation-based learning media on Newtons law.[6]
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The development of animation-based learning media is
developed based on real images of the motion on objects and
illustrates the forces on these objects. Each slide has a play
and stops button that can be used to start the animation and
stop the animation(Fig. 7.). This animation media is also
provided several menus, namely instructions for use,
newton's law material, examples, and exercises. Developed
media designs are based on pictures in the student textbooks
at school then made into an animation. In the practice menu,
the questions are used multiple-choice questions and
equipped with an assessment menu so students can find out
the score obtained after completing the exercise and the
teacher easily evaluates students. The application of
animation learning media not only makes students easier to
understand the concept of newton's law but also facilitates
teachers and students to apply and utilize technology in
learning.

Simulation Technology

As technology continues to advance, we can see that
simulation technologies for scientific research have taken a
tremendous leap forward and has started to utilize the power
of computer technologies rather than building physical sets
to demonstrate the functioning of experiments. Most of
these computer simulations revolve around physics-based
animation and are essential to furthering the research done
on many scientific topics. In fields such as astrophysics,
simulations are employed to model the behavior of celestial
bodies, gravitational interactions, and cosmic phenomena,
offering insights into the formation and evolution of
galaxies, stars, and planetary systems. These simulations are
also essential to providing information about paths of
asteroids that come close to Earth and help us understand
our relationship with the sun and solar winds (Fig. 8.)

AN

Fig. 8. Solar Wind Interacting with Earth's Magnetic Field

In geophysics, physics-based animations help
simulate earthquakes, volcanic eruptions, and tectonic
movements, facilitating the study of Earth's dynamic
processes and enhancing hazard assessment and mitigation
efforts. Furthermore, in fluid dynamics, simulations enable
the visualization of airflow patterns, ocean currents, and

weather systems, contributing to the understanding of
atmospheric  dynamics, climate  modeling, and
environmental studies. In the field of biology and medicine,
physics-based animations are utilized to simulate biological
processes, cellular interactions, and medical procedures,
aiding in drug discovery, disease modeling, and surgical
training. Overall, physics-based animation serves as a
valuable tool in scientific research, offering visualizations
that enhance comprehension, enable experimentation, and
advance our understanding of the natural world.

VI.CHALLENGES AND FUTURE DIRECTIONS

Physics-based animations have come a long way,
enabling realistic simulations of physical phenomena in
various domains such as computer graphics, gaming, virtual
reality, and animation. However, several challenges persist,
and there are numerous future directions to explore to
further improve the realism, efficiency, and applicability of
physics-based animations. Here are some key challenges
and potential future directions:

Realism and Accuracy:

Fine-grained Simulation:

Current  physics-based animations often rely on
approximations and simplifications to achieve real-time
performance. Advancements in computational power could
enable more detailed and accurate simulations at finer
scales, such as simulating individual molecules or particles.
Material Properties:

Better understanding and modeling of complex material
behaviors like elasticity, plasticity, fracture, and
deformation can enhance the realism of simulations,
especially for materials like cloth, fluids, and soft bodies.

Interaction and Control

User Interaction:

Improving methods for user interaction and control within
simulations can enhance the user experience and enable
applications like interactive design tools and virtual training
environments.

Inverse Problems:

Exploring techniques for solving inverse problems in
physics-based animations can facilitate tasks such as
parameter estimation, shape reconstruction, and motion
synthesis from sparse data.

Hybrid Approaches:

Combining Physics with Learning-based Methods:
Integrating physics-based models with machine learning and
deep learning approaches can leverage the strengths of both
paradigms, enabling more flexible and data-driven
simulations.

Data-driven Physics:

Investigating methods for incorporating real-world data and
observations into physics-based animations can improve
realism and enable applications in areas like data-driven
design and simulation-based inference.
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VII. CONCLUSION

In conclusion, this research paper has provided a
comprehensive exploration of physics-based animation,
delving into its fundamental principles, simulation
techniques, and diverse applications across various domains.
Through the literature review, we have observed the
evolution of this field and the significant contributions made
by researchers and practitioners. By understanding the
underlying physics principles and employing advanced
simulation techniques, physics-based animation has enabled
realistic and immersive experiences in entertainment,
facilitated engineering design and analysis, enhanced
medical training and research, and enriched educational
platforms. However, as highlighted in the discussion on
challenges and future directions, there remain several areas
for improvement and exploration, such as addressing
computational complexity, enhancing realism, and
integrating emerging technologies. Despite these challenges,
the potential for innovation and advancement in physics-
based animation is promising, offering exciting opportunities
for interdisciplinary collaboration and pushing the
boundaries of simulation and visualization technologies. By
continuing to explore these avenues, researchers and
practitioners can further harness the power of physics-based
animation to revolutionize industries and advance scientific
understanding.
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