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Abstract—Legged robots have achieved impressive feats in
dynamic locomotion in challenging unstructured terrain. How-
ever, in entertainment applications, the design and control of
these robots face additional challenges in appealing to human
audiences. This work aims to unify expressive, artist-directed
motions and robust dynamic mobility for legged robots. To
this end, we introduce a new bipedal robot, designed with a
focus on character-driven mechanical features. We present a
reinforcement learning-based control architecture to robustly
execute artistic motions conditioned on command signals. During
runtime, these command signals are generated by an animation
engine which composes and blends between multiple animation
sources. Finally, an intuitive operator interface enables real-time
show performances with the robot. The complete system results
in a believable robotic character, and paves the way for enhanced
human-robot engagement in various contexts, in entertainment
robotics and beyond.

I. INTRODUCTION

Legged robotic platforms have gained widespread accessi-
bility and are often envisioned as versatile mobile platforms
suitable for navigating challenging and unstructured environ-
ments. Consequently, most robotic systems are engineered
and controlled with utility and efficiency as the primary
objectives [13]. This has led to remarkable achievements in
dynamic legged systems that can now hike up mountains
and conquer obstacle courses [13].

Nevertheless, robots are increasingly being deployed beyond
isolated environments, in places where they engage directly
with humans. A rich set of applications can be found in
collaborative robots [48]], companion robots [36], art [22],
and entertainment [[7]]. These applications introduce additional
challenges to the design and control of robots, as the success of
the robot is additionally dependent on the subjective perception
of humans. Legged systems must perform these expressive
motions while simultaneously satisfying the already complex
kinematic and dynamic balancing requirements inherent to
whole-body locomotion.

Animators have mastered the art of breathing life into digital
characters [29], and a long-standing aspiration has been to
endow robots with an equivalent level of expressiveness [43].
Learning-based approaches to physics-based characters have
made it possible to learn control policies from animation
or motion capture input [32 [33]]. Still, significant effort is
required to translate such a performance from simulation to
the real world. Meanwhile, other studies explore how robots
can spark an emotional response through facial expressions,
visual cues, or body language, although many of the robots
used have limited mobile capabilities [47].

Fig. 1.
show. Apart from their theming, they are identical. Each robot is remote-
controlled by a separate operator.

Three instances of our robotic character performing an unscripted

In this work, we aim to bring expressive and dynamic
motions onto a bipedal robotic character, and explore the
intersection of legged robot design, control, and character
animation. We present a new robot character, shown in
Fig [I] with a mechanical design that is primarily driven by
creative intent and simplicity rather than functional require-
ments. Additionally, we present a complete pipeline centered
around reinforcement learning to bring animations onto the
physical system. Our pipeline allows the robot to imitate
artistic motions, and, based on user input, blend or seamlessly
transition between them while remaining robust to uncertainty
and external disturbances. Finally, we propose an intuitive
puppeteering interface that combines direct motion control
with expressive animations. Through this interface, an operator
is able to author believable interactions in real-time. The com-
plete system allows us to rapidly explore robotic performances
in an entertainment context. Similar building blocks could be
used to create more expressive autonomous robots.

Succinctly, in addition to the presented system as a whole,
contributions of this work include:

o A workflow that integrates animation content, design,
control, and real-time puppeteering, and enables the rapid
development of custom robot characters

e A new robot whose morphology and kinematics are
driven by creative intent, rather than by function.

I'The presented robot was developed by the authors in less than a year



Fig. 2. Our character design and control pipeline consists of animation, mechatronic design, reinforcement learning, and run-time tools. Animation and
mechatronic design form an iterative process to de ne the character and its motion repertoire. These inputs are used in reinforcement learning which, through
imitation rewards, results in control policies that robustly execute the intended motions, conditioned on external commands. During run-time, the animation
engine combines user-inputs and animation content and interfaces with the control policies. In parallel, the animation engine synchronizes show-functions
with the motion.

A breakdown of different motions into separate categorigsinciples outlined in these works. However, we do not present
and control policies, switched between at runtime. a fully autonomous system that plans and executes long-
A puppeteering interface that leverages conditional pdierm behaviors. Instead, we leave such high-level decisions
icy inputs, and enables robot performances by layerintp a puppeteer. With the proposed puppeteering interface
blending and switching between different motion eleand control policies that accept high-level inputs, we strive
ments. for a balance between the imitation of xed artist-created
motion and real-time interactive show authoring. We compose
IIl. RELATED WORK continuous inputs like the robot gaze, triggered animations,
Several robots, initially intended for high-performance dyand autonomous stylized motion that is embedded in our low-
namic locomotion, have been used to perform expressive m@vel controller.
tions [24], particularly in the context of dancing [3, 1]. On the ,
other hand, various robots have been purposefully designed for Controlling Legged Systems
social interaction with human$ [1B,120]. Notably, humanoids A key challenge in controlling legged robots are the com-
such as iCuli[27], NAC [9], and PeppEkr[31], have been wideptex requirements related to the kinematics and under-actuated
used in the research community, serving both as platforms féynamics of the system. To navigate the constrained space of
motion control and human-robot interaction (HRI) researchfeasible solutions, model-based optimization approaches have
However, these robots in previous studies were conceiveelen proposed as a tool to convert animations into dynamically
as general-purpose platforms, and their demonstrations wésrasible reference trajectories [41, 30, 24, 10]. Still, an online
often conducted as part of distinct projects or by entirely diffegontroller is needed to stabilize the system as it inevitably
ent organizations. Furthermore, their humanoid form naturalfigviates from the planned trajectory, for example through
drives the mechanical design and comes with abundant hunid@del Predictive Control (MPC) [4]. We use model-based
reference motions to be used for control. In this work, wols during the design phase to study the performance of the
introduce a robot where both the mechanical design and gfearacter and interpolate animated walk cycles.
motion that it performs are co-developed and driven by anAlternatively, Reinforcement Learning (RL) has become a

artistic vision to create a uni ed character. popular choice for synthesizing closed-loop control policies
o directly from imitating reference motions [32, 33, 12]. In a
A. Animating Robots similar spirit, RL has been used to imitate solutions from a

The in uence of a robot's movements on human perceptianodel-based motion planner [19] or gait library [25]. Clus-
has been widely studied and acknowledded [46]. Van Breemgening motions and learning a mixture-of-experts have been
proposed to apply the principles of animation to bring robofgroposed to scale these methods to a large and diverse set
to life [45], and presented asnimation enginghat executes, of motions. Alternatively, an adversarial reward can be used
composes, and blends multiple animations based on exterimatead of tracking rewards to imitate behaviors from unstruc-
commands|[[44]. Similarly, Fujitat al. outlined a software tured large scale human motion datasets [34, 5]. However, for
architecture for entertainment robats [8], applied to robots likeur unique character such a dataset is not readily available.
the quadrupedal AIBO [7] and the humanoid SDR-4X [6]. While most related work strives for a single control policy,
Later, for the NAO platform, a graphical tool was introducedve adopt a divide-and-conquer strategy and train separate
to make behavior programming more accessible [35]. In thi®licies to imitate artist-authored walking, standing, and short
paper, we leverage the motion composition and blendimgimation sequences, conditioning the individual policies on
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