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1 Abstract
Our project focuses on improving interaction capabilities in humanoid robots, specifically targeting
the facial expression system of Sophia, a sophisticated humanoid developed by Hanson Robotics.
Although Sophia is capable of mimicking a broad range of human facial expressions, her control
systems lag in real-time, dynamic expression replication, relying heavily on artist-created, prede-
fined expressions. We address these limitations by developing a transformer-based architecture to
map ARKit parameters to motor parameters for accurate reproduction of facial expressions from
videos or live captures. Additionally, we are establishing a real-time translation pipeline from text
to facial expressions, enabling Sophia to converse with dynamically generated expressions. These
advancements enhance Sophia’s responsiveness in interactions, contributing to the broader field
of robotics by improving humanoid robots’ interactive capabilities and facilitating more nuanced
human-robot communication.

2 Introduction
The intersection of robotics, artificial intelligence, and human-computer interaction has yielded
extraordinary developments in recent years, among which humanoid robots stand as a milestone of
technological advancement. Sophia, a humanoid robot developed by Hanson Robotics, encapsulates
these advancements. Since her debut in 2016, Sophia has been considered as one of the most
human-like robots by the public and researchers, symbolizing the potential of the humanoid robots’
capabilities to interact with human beings. Her ability to mimic human facial expressions through
a sophisticated array of motors embedded beneath a skin-like material called ”Frubber” places her
at the forefront of interactive robotics. This innovative design allows Sophia to exhibit a range of
emotions and reactions, making her one of the most lifelike robots in existence.

Sophia’s expressiveness is facilitated by an advanced facial motion system with 33 Degrees
of Freedom (DoF). This system enables her to display a spectrum of emotions with remarkable
nuance, from joy and sorrow to curiosity and contemplation. Each movement is powered by
precisely coordinated actuators that replicate the actions of human facial muscles, such as the
zygomaticus major for smiling or the orbicularis oculi for blinking. These actuators presents the
robot’s mechanical sophistication and represent a significant step towards creating robots capable
of genuine human-like interactions.

Despite these advancements, a critical challenge persists: the gap between Sophia’s mechanical
capabilities and the sophistication of control systems needed for dynamic, real-time expression
replication. Currently, Sophia’s expressions are primarily pre-defined and created by artists, with
her control system limited to executing these preset expressions. This approach, while effective for
demonstrating a range of facial movements, falls short of achieving the spontaneous and responsive
interaction that characterizes genuine human expression.

Recognizing this gap, our project aims to pioneer a new frontier in humanoid robotics by
developing an expression control system for Sophia that leverages cutting-edge AI techniques for
real-time, dynamic expression generation and replication. Specifically, we propose to:
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• Develop a facial expression generation scheme using Deep Learning and other self-supervised
learning methods, enabling Sophia to autonomously generate expression driven by humans
in real-time.

• Create a control method capable of reproducing facial expressions from videos or live captures
with high fidelity, thus enhancing Sophia’s interactive capabilities.

• Establishing a real-time text-expression translation pipeline. Integrating ChatGPT’s AI
response text and neural models to translate audio into expressions, this pipeline will allow for
real-time conversational capabilities, enabling Sophia to respond with dynamically generated
expressions during interactions.

This dual approach seeks not only to augment Sophia’s expressive abilities but also to con-
tribute to the broader field of robotics by exploring novel methods for improving the interactive
capabilities of robots. By advancing the underlying technology for expression control in humanoid
robots, our project endeavors to enhance human-robot interaction, paving the way for robots to
engage more naturally and effectively with humans. This initiative holds the promise of transfor-
mative impacts across diverse domains, including education, healthcare, and entertainment, where
enhanced human-robot interaction can deliver significant benefits.

3 State of the Art
The foundational work by Chuang et al. [CB02] introduces a method for generating realistic facial
animations using blendshape interpolation driven by performance data. This approach leverages
motion capture or keyframe animation to enhance the naturalness of facial expressions by interpo-
lating between different blendshapes. The methodology involves aligning performance data with a
character’s facial rig, mapping this data to blendshape weights, and generating smooth transitions
between expressions, forming the basis for realistic and expressive facial animations.

To be specific, the paper provides an overview of blendshape interpolation techniques, which
involve creating a set of ”blendshapes” or key shapes representing different facial expressions (e.g.,
smile, frown, raised eyebrows). These blendshapes are then linearly interpolated to generate inter-
mediate facial expressions. The paper introduces the concept of performance data, which includes
motion capture data captured from human actors or keyframe animation created by animators.
Performance data provides realistic motion and expressions that can be used to drive the blend-
shape interpolation process. The paper describes the proposed methodology for performance-driven
facial animation using blendshape interpolation. This involves aligning the performance data with
the target character’s facial rig, mapping the performance data to blendshape weights, and inter-
polating between blendshapes to generate smooth and natural facial animations. In our Sophia
system, one of our assumption is that we use blendshapes as a proxy to the movements of the
actuators in the Sophia’s face. We collect our data in the format of blendshapes of Apple’s ARKit,
and then map them into Sophia’s motor movements. This paper gives the fundamental theory of
how we might manipulate the blendshapes to create different facial animations initially.

Building on this foundation, Thambiraja et al. [THA+23] delve into personalized speech-driven
3D facial animation with their system, Imitator. This research focuses on the dynamic generation of
facial expressions synchronized with speech inputs. By analyzing speech signals and mapping them
to facial expression parameters, the system enables real-time animation, enhancing the interactivity
and expressiveness of digital avatars.

Shi et al. [SWJD23] further explore motion generation through deep reinforcement learning
(DRL), presenting a sophisticated method for producing diverse and high-fidelity human motion
sequences. This paper highlights the potential of DRL in controlling and generating complex
motion patterns, providing a robust framework for various applications in animation and robotics.

In the realm of mobile manipulation, Xia et al. [XLMM+21] propose ReLMoGen, an innovative
approach integrating motion generation with reinforcement learning for mobile manipulation tasks.
By defining tasks as time-discrete Partially Observable Markov Decision Processes (POMDPs) and
using subgoals for motion generation, this method improves the efficiency and effectiveness of visuo-
motor control in complex environments.

Specifically, the paper presents a new trajectory learning scheme for a limb exoskeleton robot de-
signed to assist patients with lower limb disabilities. This approach combines Dynamic Movement
Primitives (DMP) with Reinforcement Learning (RL) to generate walking motions. The exoskele-
ton has six degrees of freedom, focusing on the hip and knee and the ankle. A five-point segmented
gait planning strategy is employed for trajectory generation, ensuring stability via a Zero Moment
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Point margin. The method effectively addresses joint uncertainties and interferences, enhancing
motion generation for exoskeleton-assisted walking.

The Deep Reinforcement Learning (DRL) in the study is used to refine the walking trajectories
generated by the Dynamic Movement Primitives (DMP) for an exoskeleton robot. RL helps in
adapting to uncertainties in joint movements by learning from interactions with the environment
to achieve optimal motion. This process involves iteratively improving the policy that dictates the
robot’s actions based on feedback from the environment, aiming to minimize errors and enhance
the stability and efficiency of the exoskeleton’s walking patterns.

Shifting the focus to robotics and exoskeletons, Zhang et al. [ZZ22] address the development
of walking exoskeleton robots by combining Dynamic Movement Primitives (DMPs) with rein-
forcement learning to enhance motion generation capabilities. This study aims to optimize the
walking patterns of exoskeletons, significantly contributing to the field of rehabilitation robotics
by improving the safety and effectiveness of these assistive devices.

Zhang et al. [ZXCC23] investigate multi-objective optimal trajectory planning for robotic arms
using deep reinforcement learning. This research addresses the challenges of balancing multiple
objectives, such as accuracy, energy consumption, and smoothness of motion. By integrating these
factors into the reinforcement learning environment, the study showcases enhanced precision and
efficiency in robotic arm movements, pushing the boundaries of what can be achieved in robotic
trajectory planning.

Furthermore, Chen et al. [CHL+21] presents a significant advancement in animatronic robotics
and facial expression mimicry by developing Eva 2.0, an animatronic robotic face with soft skin
and flexible control mechanisms, capable of learning and imitating diverse human facial expressions
through a vision-based self-supervised learning framework. Previous works in animatronic robotics
have primarily focused on hardware design and pre-programmed facial expressions, as seen in
systems like Kismet [BBM+98] and Albert HUBO [OHK+06], which are limited by their reliance
on fixed sets of expressions and extensive human effort. Recent studies have introduced more
general motion control mechanisms, such as Affetto’s motor displacement modeling and XIN-
REN’s [RH16] facial feature tracking, but these approaches also face limitations in generalization
and online inference.

Significant progress in synthetic video generation and character face animation has focused
on motion re-targeting, with methods like Face2Face[TZS+16] and X2Face[WSKZ18] transferring
motions across different subjects or domains, though these are restricted to digital avatars and
require detailed 3D knowledge. Imitation learning research typically centers on manipulation,
locomotion, and navigation rather than facial mimicry, posing unique challenges for achieving
precise and varied expressions. The authors of this paper propose a novel two-stage learning
framework comprising a generative model that synthesizes a robot self-image from normalized
human facial landmarks and an inverse model that outputs motor commands from the synthesized
image. This framework enables the robot to learn from a single motor babbling dataset without
requiring human labels or predefined expression sets, demonstrating accurate and diverse facial
mimicry with real-time response capabilities. Comprehensive evaluations show that this method
outperforms nearest-neighbor search-based algorithms and direct mapping methods, effectively
generalizing to diverse human subjects and expressions. The contributions of this work include an
advanced animatronic robotic face design, a vision-based self-supervised learning framework, and
a comprehensive human facial expression dataset, paving the way for more natural and engaging
human-robot interactions. Future research directions include incorporating additional modalities
such as speech signals to enhance interactive social behaviors in robots.

Specifically, it addresses similar challenges as our project in facial expression control and dy-
namic, real-time expression replication. Our project aims to enhance the interaction capabilities
of the Sophia Robot by bridging the gap between its advanced mechanical design and the sophis-
tication of its control systems. The approach taken in the paper, which utilizes a vision-based
self-supervised learning framework to enable real-time, adaptive facial mimicry, aligns closely with
our goal of developing a more responsive and nuanced control system for Sophia. By leveraging
techniques such as Deep Reinforcement Learning and self-supervised learning, we can draw on the
methodologies and findings presented in the paper to inform our development of a facial expres-
sion generation scheme. The dual-stage learning framework proposed in the paper—comprising
a generative model and an inverse model—offers a viable pathway for creating a control method
capable of high-fidelity expression replication from videos or live captures. Thus, the insights and
results from this paper provide a foundational basis for addressing the critical issues identified in
our project, paving the way for more advanced and effective facial expression control systems in
humanoid robots like Sophia.

Each of these studies contributes to the broader field of robotics and animation by advancing our
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understanding and capabilities in motion generation, facial animation, and reinforcement learning.
The insights gained from these works provide a solid foundation for future research and development
in creating more realistic, efficient, and interactive robotic systems.

Also, there are several relevant ros packages to our project controling Sophia’s facial movement.
One way we would like to explore the Sophia’s facial expression control is to use the
package to do deep reinforcement learning. The package serves as a crucial bridge
between ROS and OpenAI’s Gym interface, facilitating the development and training of AI models
within the robotics context. This integration package allows us to apply state-of-the-art reinforce-
ment learning algorithms and techniques, provided by OpenAI Gym, directly to physical robots or
simulations in a ROS environment. The package abstracts the complexities involved
in connecting ROS with the Gym interface, thereby enabling developers to focus on designing, train-
ing, and evaluating their models without worrying about the underlying communication layer. By
leveraging this package, developers can simulate real-world scenarios within a controlled environ-
ment, test their algorithms with various robotic sensors and actuators, and iterate rapidly through
the development cycle. This accelerates the process of creating intelligent behaviors for robots,
making it an invaluable tool for robotics research and development.

For the project aimed at enhancing the expression control of Sophia Robot, the
package presents a powerful platform for training and evaluating deep reinforcement learning or
self-supervised learning models. Utilizing this package, we can simulate Sophia’s facial expression
mechanisms and the associated control system within a ROS environment, allowing for extensive
experimentation and optimization. Furthermore, the ability of to integrate with
real-world data and feedback loops enables the trained models to be finely tuned for accuracy and
responsiveness.

Besides, we can also leverage ROS RL packages to enhance the control of Sophia’s facial ex-
pressions. By setting up a ROS environment, we’ll simulate interactions with Sophia’s control
system and create a structured learning environment. Here, actions (altering facial expressions),
observations (feedback from expression motors or sensors), and rewards (expression accuracy) will
guide the development of a reinforcement learning model. This model will iteratively learn to
optimize Sophia’s expressions for increased accuracy and responsiveness, benefitting from the rich
resources and examples provided in ROS RL documentation.

4 System Description
4.1 Problem Statement

Figure 1: (1) shows the captured Sophia image , which is driven by motor parameters through
the forward kinematics process F . (2) shows the animated results of facial expression detector
MetaHuman N . (3) is the visualization of the distribution and magnitude of blendshape parameters

.

Given an input image of a real human, we want to achieve a robust expression transfer from
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the real human to our humanoid robot Sophia.
To digitalize expression and the process of transfer, we use a reliable commercial facial detector

N (in our case, it is MetaHuman) to obtain the blendshape parameters from captured image .
Since Sophia is fully controlled by motors. Her expression is described by motor parameters .
Taken motor parameters as input, we can drive Sophia by a forward kinematics process F , then
use a camera to capture the expression on Sophia. To simplify, we denote the output of F is the
captured expression image driven by the motor parameters . The core problem lies in solving
the mapping from the blendshape params to the motor parameters. We denote the mapping to be
learned as �.

We can use the following equations to formulate our problem:

N (x) = b (1)
�(b) = m (2)

F( ) = (3)

Figure 2: In this figure, we show our captured expression dataset. It contains the captured RGB
frames and the corresponding blendshape parameters detected by MetaHuman. We visualize the
blendshape parameters in the Unreal Engine, as shown in the second row.

4.2 Algorithm
We developed an facial expression generation scheme for the humanoid robot Sophia based on a
deep learning method. Furthermore, we create a pipeline for automatic expression generation from
text, while Sophia is chatting with humans, she can talk with various generated facial expressions.

In this stage, we adopt a Transformer network as the mapping �. It takes in the blendshape
parameters and predicts the motor parameters .

To perform the training process, we first captured an expression dataset, as shown in 2. The
dataset has ground truth motor parameters and pair-wise blendshape parameters detected by
MetaHuman. We use about 50 preset animation clips of Sophia. The total lengths of the clips
amount to around 1 hour. Plus that, we randomly sampled Sophia’s motor space to generate more
expressions. The distribution of the sampled motor parameters is shown in 3. Then we put an
iPad in front of the humanoid robot Sophia to capture the animation videos in 30 fps.

The first problem we have overcome is the synchronization of blendshape parameters and motor
parameters. Since there are accumulated errors in the timestamp and the motor parameters. Every
10 seconds, we perform a synchronization using the ”Eye Blink” expression as an obvious signal.
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Figure 3: The distribution of training motor parameters.

Once in the parameter graph, we detect the ”Eye Blink” signal, we can automatically align the
motor parameters and blendshape parameters. The error of our synchronization is around 1-2
frames. Once we have successfully synchronized the data, we can capture the ground-truth dataset
of Sophia’s expression in a long sequence without any stops.

Next, given the recorded dataset, we trained an Transformer network, with embedding size
64, to learn the mapping between blendshape parameters to the motor parameters. We split the
dataset into a training set and a testing set by a ratio 7:3. The network’s forward process can be
formulated as:

pred = �( )

The loss function we use is:
L1 = MSE(�( ), gt)

The loss function L1 directly supervised the predicted motor parameters using the captured ground
truth dataset.

Figure 4: The transformer network architecture.

6



To enable real-time facial expressions for Sophia while chatting with humans, we utilize a method-
ology inspired by the FaceFormer model[WZZ22]. FaceFormer is a state-of-the-art approach for
speech-driven 3D facial animation using a Transformer-based autoregressive model. It processes
raw audio input and generates a sequence of animated 3D face meshes by encoding long-term audio
context and autoregressively predicting facial movements. Key features of FaceFormer include the
use of self-supervised pre-trained speech models for robust audio feature extraction and specialized
attention mechanisms to align audio and facial motion modalities effectively.

Our pipeline builds on these principles to generate facial expressions from text inputs. Here’s
how our pipeline works:

• Text to 3D Mesh Conversion. We employ a text-to-3D mesh model similar to FaceFormer,
where the input is text rather than audio. The text input is processed using a pre-trained
language model, such as GPT-4, to generate intermediate embeddings that capture the se-
mantic content of the text. By post-processing, we can get ARKit parameters from 3D face
meshes.

• Real-Time Expression Generation. With the ARKit blendshape parameters, Sophia’s fa-
cial motor system can generate real-time expressions. This process is synchronized with the
conversational responses generated by ChatGPT, providing a seamless and interactive expe-
rience for users. As humans chat with Sophia, they can see her facial expressions change in
real-time, reflecting the emotional tone and content of the conversation.

This pipeline leverages advanced deep learning techniques and the principles of the FaceFormer
model to enhance Sophia’s interactive capabilities. By bridging the gap between textual input and
dynamic facial expressions, we aim to create a more engaging and lifelike interaction experience
with humanoid robots. The results are shown in 6.

4.3 ROS package and code explaination
For the project aimed at enhancing the expression control of Sophia Robot, the
package presents a powerful platform for training and evaluating deep reinforcement learning or
self-supervised learning models. Utilizing this package, we can simulate Sophia’s facial expression
mechanisms and the associated control system within a ROS environment, allowing for extensive
experimentation and optimization. Furthermore, the ability of to integrate with
real-world data and feedback loops enables the trained models to be finely tuned for accuracy and
responsiveness.

For the mapping network from blendshape parameters and motor parameters . We use the
PyTorch framework to do the training optimization and evaluation. The network is Transformer
with embedding size 64,and the optimizer is Adam. We set the learning rate at 1e-5. The total
learning epoch is 1000. For our recorded expression dataset, there are around 108k pair-wise data.
In the end, there are around 75.6k frames for Stage I’s training. We use ROS’s recording function
to record the values of Sophia’s motor parameters and their corresponding timestamps.

5 System Evaluation
5.1 Expression Accuracy

We trained our model using a dataset of approximately 30,000 expressions, each
with corresponding ground truth motor parameters and ARKit parameters. The dataset was split
into an 80% training set and a 20% test set. For evaluation, we recorded Sophia performing a set
of predefined expressions and captured the corresponding ARKit parameters. We compared these
parameters with the target ARKit parameters using mean absolute error (MAE) as the similarity
metric.

The primary measure of performance was the similarity score
between Sophia’s expressions and the target ARKit parameters, quantified by the MAE.

Success was defined as achieving a low loss (e.g., >0.9) between Sophia’s
expressions and the ground truth ARKit expressions, indicating accurate reproduction of facial
movements. We can see that, the mae loss in the table and figure is relative small to the motor
params’ range from (-1, 1). This indicates that our training is a success.
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