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Abstract — We present a system for key frame flat
articulated puppet animation. We show the main user interface
components and features specifically crafted for this type of
animation. In particular, the puppet rigging system is designed
for intuitive animation of flat articulated characters without
explicitly defining a skeleton hierarchy. Useful features,
including automatic in-betweening, inverse kinematics control
and animation retargeting, make it easy to create a cutout
animation. The system is built upon a game engine, effectively
taking advantage of its 3D rendering engine, scene
management system, graphical user interface, and allowing
real time interaction with animations in final render quality.

By limiting to the cutout style we provide a simpler
interface, intuitive tools and an easy workflow for this
particular style of animation. The user can focus on artistic
aspects. The system does not provide drawing/modeling
functionalities, and is instead dedicated to animation. By
building upon a game engine, we ensure real time interaction
and facilitate the implementation of our features.

Keywords—Articulated Puppet Animation, Auto
betweening, Inverse Kinematics, Animation Retargeting

I.

In-

INTRODUCTION

Shadow puppetry is an ancient performative art that
usually uses flat articulated figures as puppets. The puppet
master uses his hands to control rods or strings connected to
the puppet. Originated from Asia, shadow puppetry is
popular in many cultures, including Indonesia and China. In
traditional animation [1], cutout refers to a style of animation
in which characters, props and backgrounds are flat. The
viewer is facing those elements and the animation is usually
restricted to one plane. This style is traditionally inspired by
shadow puppetry, which differs from the cutout animation
that it is a performative art focused on articulated characters.
We developed a system for users to intuitively create
cutout animations with flat articulated characters. 2D
animation software such as Animate CC and Toon Boom
and 3D animation software such as Maya and 3D Studio
Max are powerful tools for creating animation. As they cover
the entire production pipeline from modeling to final
animation, their UIs need to handle complex functions. It is
sometimes not trivial to achieve a particular style of
rendering, and it requires many hours of learning to master
these systems.
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We developed our system alongside an animation
production to get quick feedbacks for improvements. The
animation is inspired by the Indonesian shadow puppetry
called Wayang Kulit, from which we derived the name of
our system: WaKu Engine (shortened WaKu). This paper
discusses the technical design and implementation of our
system, compared to an earlier paper [2] describing the
aesthetic choices based on the affordances of animation
software.
We present our proposed workflow and set of tools.
Section II describes the related work in the field. Section III
analyzes the different components of our system. In Section
IV, we provide some results of the application of our system
and conclude with topics for future research in Section V.
II.

RELATED WORK

A. Puppetry and Cut Out Animation
Ghani [3] describes the design for a game character
inspired by Wayang Kulit. He uses a video game as his
medium; we instead use animation to convey an original
story in Wayang Kulit style. We also opted to render the
puppets in a cutout style for a closer match to the real
puppets whereas Ghani modeled his character in 3D.
Talib et al. [4] propose an interactive virtual shadow
puppet play using texture mapping and blending techniques
in Adobe Flash (now, Animate CC). This is done in a 2D
environment while our setting is in a 3D environment, which
allows us to have a 2.5D system.

More recently, Huang et. al [5] propose a method to
transform scanned data of 3D human bodies to 2D puppet
figures for shadow puppets. Our method gives artists the
flexibility to design and create their own puppets.
Barnes et al. [6] propose a system for cutout animation,
which focuses on performative animation in real time, where
a user manipulates physical materials made of paper. A
video-based interface captures the motions of the puppets
and renders them on a new background with the puppeteer’s
hands removed. This method presents an alternative to
traditional puppetry. However, the focus on real time
animation and the computer vision techniques involved make
it difficult to animate complex scenes with precise motions.
Reeth [7] uses 2.5D modeling techniques for the creation
of computer animation sequences which have the look and
feel of traditional hand-drawn animation productions. 2D
characters and scenery can freely be positioned in 3D space.
Characters are designed using Bezier curves. Since this
system focuses on a hand-drawn animation look and feel, the
techniques used for designing and animating characters are
not suited to cutout animation.
B. Animation Systems and Game Engine
Commercial animation packages such as Animate CC,
Toon Boom, Maya or 3D Studio Max pioneered the area of
key frame animation interfaces and are the main inspiration
for the design of our user interface. Several helpful features
common to key frame animation systems such as onion skins
(i.e. ghost images of previous key frames), or many
operations on the timeline are adopted in our system.
However, since they are designed as generic animation
systems and often also provide modeling capabilities, their
interfaces are very complex and difficult to learn. Moreover
they lack the dedicated tools useful for cutout animation.
Game enthusiasts use game engines to create animations
called Machinima. These animations are however limited to
pre-designed contents and therefore do not offer enough
creative freedom. We used the GF Engine [8] for the
development of our system, allowing us to focus our efforts
on features specific to flat articulated puppet animation. The
GF Engine can easily be extended to implement various 3D
interactive applications. It provides 3D visualization and
scene management using the open source 3D graphics engine
Ogre, user interface using the Qt library and physics
simulation with NVIDIA PhysX.
III. WAKU ANIMATION
There are many similarities between shadow puppetry
and traditional cutout animation. In shadow puppetry,
puppets are articulated links of flat rigid parts. Puppeteers
manipulate puppets via rods attached to various parts of the
puppets. In traditional cutout animation, shapes are cut out
from different materials. These shapes are then moved in
small steps for each frame to be captured by a camera. We
can generalize our system to be a key frame cutout animation
system in which the puppets are articulated characters.

Our approach is based on modeling the scene in 3D
space, simulating a theatre stage. The organization is similar
to a multiplane camera with textured billboards representing
the backgrounds and characters, see Figure 1. The 3D space
is organized as a tree structure with each layer being attached
to a node that controls its position and orientation with
respect to origin of the 3D space. The depth order of the
layers is automatically solved and post-processing effects
naturally fit into the rendering pipeline of shaders.

Figure 1: Puppet rigging by loading the textures of the puppets’ parts into
the system and applying them to billboards. Then, the user assembles the
puppet. Red circles indicate the joints’ positions.

A. Articulated Character Animation
Our system handles forward and inverse kinematics
control. In this section we refer to a rendering frame as the
rendering output of the 3D engine’s graphics pipeline, and
therefore not a frame from the produced animation.
Given a pivot joint and a pressed part of the puppet,
forward kinematics computes which body parts should be
rotated, see Figure 2.

Figure 2: The user selects a pivot (the blue joint) and presses the body part
indicated by the red cross. The forearm and the hand will be rotated since
they are not connected to the pressed part other than through the pivot joint.
The rest of the body parts will remain fixed.

For animators, inverse kinematics (IK) is a more intuitive
way of animating an articulated character and is similar to
controlling a puppet. The joints on our puppet model only
have 1 DOF, i.e. rotation and in most cases the number of
joints involved is very limited. Hence, we do not require
advanced IK methods, such as those in [9][10]. Instead, we
use a naive optimization strategy, with an iterative solver that
allows us to control the amount of computation done per
rendering frame. Based on our observations on the way most
people manipulate puppets, we define constraints and
priorities on the joints, depending on the dragging position,
making the control more intuitive and allowing us to do
without a skeleton hierarchy. The user enables several joints
to be allowed to rotate in the IK. We define the dragged part
as the part of the puppet’s body being dragged by the user. A

dominant joint is defined as follows. Let 𝐽 be the subset of
joints connected to the dragged part (green and yellow joints
in Figure 3, left) and 𝑝𝑗 be the position of a joint 𝑗 . We
define 𝑇𝑔 and 𝐷𝑔 as being the target position and the
dragging position, respectively, in the global coordinate
system. The dominant joint 𝑗 is defined as:
𝑗 ∈ 𝐽, max𝑗 �𝑝𝑗 − 𝐷𝑔 �
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(1)

Figure 3: Constraints and priorities defined in regards to the dragging
position. The user enabled the three joints of the arm. The green joints are
automatically disabled according to the dragging position (the angle between
their two linked parts will remain constant). The blue joint can rotate but is
given a lower priority than the dominant joint.

This is illustrated in Figure 3. Next, we disable the joints
connected to the dominant joint through the dragged part, i.e.
these joints will not be able to rotate although their positions
can change. We iterate through the remaining user-enabled
joints, ordered from near to far by their distances to the
dominant joint, and we rotate each joint to minimize the
distance between 𝑇 and 𝐷. The rotation angle 𝜃𝑗 from 𝐷𝑗 to
𝑇𝑗 with respect to joint 𝑗 is defined as:
𝜃𝑗 = cos −1 �

𝐷𝑗 ∙𝑇𝑗

�𝐷𝑗 � �𝑇𝑗 �
2
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�

(2)

By reiterating this process, 𝐷 converges towards 𝑇 . We
spread the computation across multiple rendering frames by
limiting the number of iterations to 𝑁 per rendering frame
and the algorithm stops when no rotation of the enabled
joints can decrease the distance between 𝐷 and 𝑇 or if the
user stops the dragging. This results in a smooth motion of
the puppet. In practice, setting 𝑁 to 10 gives a comfortable
feel to the interaction. In most cases animators need only to
enable a few joints, e.g. 3 joints (shoulder, elbow and wrist)
for the arm. The computation is therefore not intensive.

and 𝑝𝛽𝑗 ,𝑘𝑛 , of 𝛼𝑗 and 𝛽𝑗 with respect to 𝑗 (here we consider
the center of the billboard as the position for the body parts).
We define 𝑞𝛼𝑗 ,𝑘 and 𝑞𝛽𝑗 ,𝑘 as the quaternions representing the
rotation for parts 𝛼𝑗 and 𝛽𝑗 , respectively, from 𝑘1 to 𝑘 with
respect to 𝑗 (determined by Slerp [11]). A fixed joint is
defined as a joint for which either: 𝑔𝑗,𝑘1 = 𝑔𝑗,𝑘2 or 𝑝𝛼𝑗 ,𝑘1 =
𝑝𝛼𝑗 ,𝑘2 and 𝑝𝛽𝑗 ,𝑘1 = 𝑝𝛽𝑗 ,𝑘2 . Our goal is to find 𝑔𝑗,𝑘 , 𝑝𝛼𝑗 ,𝑘 and
𝑝𝛽𝑗 ,𝑘 for all joints 𝑗 at frame 𝑘.

(a) We start by looking for a fixed joint 𝑗 ′ to linearly
interpolate 𝑔𝑗,𝑘 if necessary and set 𝑝𝛼𝑗 ,𝑘 and 𝑝𝛽𝑗 ,𝑘 by
Slerp[11]. If no fixed joint is found, we start by linearly
interpolating the body part of the puppet 𝜔 for which
�𝑔𝜔,𝑘1 − 𝑔𝜔,𝑘2 � is the smallest. This first step is to ensure
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that the puppet’s position is consistent across all this
sequence of frames.

(b) Let us assume that 𝑔𝛼𝑗 ,𝑘 has been determined. We can
deduce the position of the joint 𝑔𝑗,𝑘 and therefore the
position of the second linked part in the global coordinate
system, 𝑝𝛽𝑗 ,𝑘 , using the following equations:
𝑔𝑗,𝑘 = 𝑔𝛼𝑗 ,𝑘 − 𝑞𝛼𝑗 ,𝑘 × 𝑝𝛼𝑗 ,𝑘1
𝑝𝛽𝑗 ,𝑘 = 𝑞𝛽𝑗 ,𝑘 × 𝑝𝛽𝑗 ,𝑘1
𝑔𝛽𝑗 ,𝑘 = 𝑔𝑗,𝑘 + 𝑝𝛽𝑗 ,𝑘

(3)
(4)
(5)

Since the skeleton is a connected graph, by knowing the
position of one part as described in (a), we can solve the
positions of all parts by iteration of the equations in (b). This
algorithm effectively preserves the structure of the puppet’s
skeleton, i.e. distances between the joints.
C. Animation Retargeting
Some common animation sequences like walk cycles or
jumps differ only by a few variations for morphologically
similar characters. Animators can therefore save a lot of time
by reusing generic animations. A generic animation file will
contain a series of key frames, and for each key frame, the
rigged puppet model information. Figure 4 shows an
example application of our retargeting method.

B. Automatic In-betweening
We use the information in our rigged puppet model to
calculate its interpolation. The puppet is a graph with the
body parts being the vertices and the joints, the edges (the
leaves of the graph are always vertices, i.e. body parts). We
assume that the puppet is a connected graph, i.e. there is a
path from any vertex to any other vertex in the graph.
Let 𝑘1 and 𝑘2 denote the key frames between which we
are interpolating, and 𝑘 a frame between 𝑘1 and 𝑘2 . Each
joint 𝑗 is linked to two body parts 𝛼𝑗 and 𝛽𝑗 . At each key
frame 𝑘𝑛 we know the positions 𝑔𝑗,𝑘𝑛 of each joint 𝑗 in the
global coordinate system, and the relative positions, 𝑝𝛼𝑗 ,𝑘𝑛

Figure 4: Retargeting of a cartwheel animation to a topologically similar
character. The generic animation was created using the character on top. No
editing was done to the second character at the bottom.

For our purposes, in most cases we want to reproduce the
“feel” of an animation rather than the exact position of the
character. For this reason, we retarget an animation
according to the relative orientation of parts with respect to
their joints. However we still need to consider the differences
of positions of the parts from one key frame to another in
order to ensure consistency in the motion, otherwise issues as
shown in Figure 5 will arise. Hence, we define two joints on
two different characters as similar if they link the two same
body parts (one joint can only link two body parts together).

Figure 5: This is what happens if we only consider the orientations of the
joints. The original animation is illustrated with the character on the left.
When retargeting to the second character, the posture of the puppet is correct
but the global position from key frame 1 to key frame 2 is inconsistent
(appropriate position highlighted in red).

We start by manually calibrating the character’s pose to
be similar to the first key frame of the animation. The rest of
the algorithm is similar to the interpolation in Section IIIB
with a few modifications.
(a) For each key frame of the generic animation, we start
by looking for a fixed joint to set its global position and the
positions and orientations of its linked parts. Similarly to the
interpolation, if no fixed joint is found, we start by the part of
the puppet with the smallest distance between its positions in
the current and previous key frames. Again, this first step is
to ensure that the global position of the puppet will be
consistent across the animation.
(b) We use the positions of the already set parts to
determine the position of other joints they are linked to and
deduce the positions and orientations of all the parts linked to
those joints. We iterate process (b) until all the joints are
solved.
IV.

RESULTS

Our system has been used to create an animation inspired
by the Indonesian shadow puppet art of Wayang Kulit. The
complete scenes, some of which are shown at the top of this
paper, have been animated and rendered with high resolution
textures. Feedbacks from our animators show that WaKu is a
fast to learn and intuitive system capable of rendering high
quality cutout animations. As the user interface is much
clearer and simpler, a professional animator can familiarize
with our system within a few hours.
V.

CONCLUSION AND FUTURE WORK

The fast growing development of computer aided
animation has led to more and more powerful generic
systems. While most usages only require a subset of these

systems capabilities, users have to cope with increasingly
complex interfaces, when they should be focusing on artistic
aspects. We have presented a system dedicated to cutout
animation of articulated puppet. Our system improves the
workflow and speed of production of such animations due to
the dedicated tools. We found that using a game engine to
develop our system presents many benefits from a
developer’s point of view. We took advantage of the entire
rendering pipeline, scene management and interactivity
capacities. In the future we could even make use of the
integrated physics engine for procedural animations, e.g.
collisions, or a more performative animation system by
simulating in real time the physics of the puppets. We hope
to extend our system to make it even more intuitive with the
use of novel interfaces, e.g. multi-touch screen. Finally we
consider different possible spin-off applications like cutout
animation for games, or interactive virtual puppetry using
physical simulations.
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