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Fig. 1: We demonstrate our end-to-end physical conversational face system across diverse multi-round interactions: (a)
reenactments of Star Wars (Yoda—Luke Skywalker) and (b) Titanic (Rose—Jack); (c) a dialogue between a real elf and a virtual
elf; (d) a three-character encounter from the Chinese folktale Legend of the White Snake; and (e) human—robot dialogue.

Abstract—Animatronic faces are a central component of so-
cially interactive robots, enabling rich nonverbal communication
through facial articulation. However, state-of-the-art animatronic
faces are typically tailored systems: each new facial geometry re-
quires extensive manual mechanical redesign, making large-scale
personalization prohibitively slow and costly. In this work, we
pursue automated and scalable mechanical face synthesis, aiming
to rapidly generate a physically realizable facial mechanism for
a wide range of facial geometries. We introduce a parametric,
linkage-driven mechanical face template whose topology and
actuator layout are explicitly parameterized to support systematic
scaling and retargeting across diverse facial morphologies. Build-
ing on this template, we propose a hierarchical automatic design
algorithm that takes a single 2D portrait as input, reconstructs a
target 3D face, and synthesizes a collision-free, manufacturable
internal mechanism. The algorithm combines anatomy-guided
feasible motion volumes, Action Unit (AU)-derived trajectory-
based expressiveness objectives, and a collision-driven outer-
loop refinement strategy. Beyond hardware synthesis, we argue
that future mechanical faces deployed at scale must engage in
bidirectional, multi-turn conversation, rather than functioning
solely as speaking or listening heads. To this end, we develop a
dual-identity conversational facial motion synthesis framework

that jointly models speaking and listening behaviors from audio,
producing temporally coherent 3D facial motion suitable for
physical execution. We validate our system through extensive
experiments, including (i) quantitative evaluation of automatic
mechanism synthesis across diverse facial geometries, (ii) com-
parisons against manual mechanical design, (iii) benchmarks on
conversational facial motion synthesis and real-time deployment,
and (iv) perceptual user studies.

I. INTRODUCTION

Imagine a future where thousands of robots coexist with
humans, each endowed with a distinct face, identity, and
personality. Rather than sharing a single canonical appearance,
these robots would exhibit thousands of unique mechanical
faces (from realistic human likenesses to stylized fictional
characters) capable of engaging in rich, multi-turn conversa-
tions. As illustrated in Fig. 1, such animatronic faces would
not merely speak, but participate in bidirectional dialogue,
react as listeners, and sustain expressive interactions across
diverse narratives and social contexts. Realizing this vision of
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massively personalized, conversational mechanical faces rep-
resents a foundational step toward socially integrated robotics.

However, despite decades of progress in animatronic face
design [51, 52, 10], today’s state-of-the-art systems remain
fundamentally tailored [4 1, , ]. High-fidelity platforms
achieve impressive realism through carefully engineered ac-
tuation layouts, transmission systems, and handcrafted link-
ages [08, 24, 58]. Yet each of these faces is designed for a
single fixed geometry. Adapting such systems to a new facial
morphology typically requires extensive manual mechanical
redesign, iterative prototyping, and expert intervention. As a
result, current approaches scale poorly: they cannot feasibly
support the rapid creation of hundreds or thousands of mechan-
ically distinct faces, let alone support the diverse characters
demonstrated in Fig. 1. This reliance on custom mechanical
design forms a critical bottleneck that prevents animatronic
faces from scaling beyond isolated demonstrations.

To overcome this limitation, we argue that animatronic
faces must be treated not as handcrafted artifacts, but as
automatically synthesizable systems. Our core design principle
is simple: instead of redesigning mechanisms from scratch for
each face, we start from a parametric mechanical face template
whose topology, actuator layout, and kinematic structure are
explicitly parameterized. Given this template, we seek an au-
tomated pipeline that can rapidly adapt the internal mechanism
to any given facial geometry, producing a collision-free, man-
ufacturable design with minimal human intervention. In this
paradigm, mechanical face design becomes a computational
problem [21, 17, 94, 54].

Building on this principle, we introduce an end-to-end
automated mechanical face synthesis pipeline. Starting from a
single 2D portrait, our system reconstructs a 3D facial geome-
try and initializes a modular linkage-driven face template. We
then perform hierarchical optimization to adapt the template to
the target face. At the module level, we synthesize kinematic
structures that maximize expressiveness under anatomy-guided
feasible motion volumes and AU-derived trajectory objectives.
At the assembly level, we resolve spatial conflicts using a
collision-driven outer-loop refinement strategy that iteratively
adjusts base poses or schedules expression amplitudes. This
hierarchical design tightly couples kinematic synthesis with
engineering validation, enabling the automatic generation of
high-DoF facial mechanisms that are both expressive and
physically realizable. As demonstrated in Fig. 1, this approach
generalizes across human, stylized, and non-human faces,
including characters with drastically different morphologies.

Crucially, scalable hardware alone is not sufficient. If anima-
tronic faces are to be deployed at scale in human environments,
they must function as conversational agents, not merely as
talking heads. Yet most existing facial motion generation and
mapping methods are designed for a single face and single-
speaker setting [117, , 42, , 58]. They generate speech-
driven expressions without modeling listening behaviors or
multi-turn interaction, and are often ill-suited for physical
execution. In contrast, we posit that future mechanical faces
should participate in dialogue, alternating naturally between

speaking and listening roles. To this end, we introduce a dual-
identity conversational facial motion synthesis framework that
jointly models speaking and listening behaviors from audio,
producing temporally coherent 3D facial motion suitable for
real-time robotic actuation. We further develop a semantic,
region-wise mapping strategy that robustly translates synthe-
sized facial motion into actuator commands, bridging the gap
between digital animation and physical execution.

We validate our approach through extensive experiments
spanning both hardware and software. On the mechanical
side, we quantitatively evaluate the success rate, convergence
speed, and expressiveness of our automated design pipeline
across diverse facial geometries, and compare against man-
ual design and alternative optimization strategies. On the
interaction side, we benchmark our conversational facial
motion synthesis against state-of-the-art talking-head methods
in both speaker and listener roles, and demonstrate real-time
deployment on physical robots. Finally, perceptual user stud-
ies confirm that our end-to-end system delivers more natural,
engaging, and socially convincing interactions. Together, these
results demonstrate that our framework provides a scalable and
practical path toward the vision of thousands of personalized,
conversational animatronic faces.

II. RELATED WORK
A. Mechanical Face Platform

The evolution of mechanical face design has transitioned
from early exploration of actuation modalities to today’s
hyper-realistic platforms. Early research established the fea-
sibility of FACS-based motion using pneumatic muscles and
micro-actuators [51, , , 36, 37, 5, 46, 78], later in-
corporating bio-inspired materials and tendon-driven mech-
anisms to improve compliance [35, s s s ]. Sub-
sequent efforts focused on system integration, embedding
dense DoFs into full-body humanoids [48, 75, , 1, 64]
and android heads [34, , 31], while investigating social
engagement through developmental platforms like Cog and
Affetto [7, 72, 44, 2]. Recently, the field has shifted toward
high-fidelity architectures with refined transmission systems,
exemplified by platforms such as Abel, Ameca, Nikola, and
EMO [16, 77, 26, 10, 41, s ]. Latest designs further
explore diverse points in the design space, from robust hybrid
actuation schemes (Morpheus) to low-cost soft solutions [90,

, , , ]. Despite these advancements, a critical
limitation persists: state-of-the-art systems are bespoke designs
engineered for a single fixed geometry. Adapting these so-
phisticated architectures to new 3D faces typically necessitates
substantial manual redesign, a scalability bottleneck our work
aims to resolve.

B. Automatic Robot Design

Computer graphics has extensively explored synthesizing
mechanisms from motion specifications, ranging from planar
linkages and characters [17, 3, 94] to automata derived from
motion capture [9, ]. Complementary tools have facilitated
rapid fabrication [74, 8] and template retargeting [107], though



these methods typically prioritize kinematic feasibility over
the internal interference required for physical operation. In
robotics, optimization extends to dynamics, with task-based
methods tuning cable-driven mechanisms [59, 49, 45, 86]. Fur-
thermore, morphology-control co-optimization utilizing differ-
entiable, RL, and graph-based frameworks [101, 32, 89, 38,

R , 50, 62, 93] has been applied across domains including
locomotion [28, 33], soft robotics [60, 40], manipulation [73,

, 29, , 54], and multicopters [21, ]. However, these
strategies often yield coarse topologies, lacking the precision
to embed complex linkages into constrained facial volumes.
Specific to facial robotics, seminal works [0, 43] address the
coupling of rigid actuators and deformable skin. Yet, they treat
the kinematic structure as fixed, optimizing only placement.
In contrast, our framework unifies kinematic synthesis with
engineering validation to automate the design of high-DOF
facial mechanisms.

C. Talking Head Generation and Expression Mapping

While 2D audio-driven generation offers visual fidelity [87,
, 55, 85, 65, ], its high latency and limited perspec-
tive robustness [1 14, R , 42, ] make 3D synthesis
preferable for robotic actuation [18, 88, 14, ]. 3D syn-
thesis has evolved from deterministic lip-sync [25, 99, 63] to
emotional expressiveness [81, 19, 67] and cross-identity gen-
eralization [70, 23, 11]. Crucially, recent research shifts from
monologue [80, 82, 84] to dyadic interaction, employing dual-
turn frameworks to model reciprocal dynamics and listening
behaviors [83, 76, 95, 15, 12]. To bridge the gap to physical
robots, mapping approaches have progressed from geometric
correspondence [10, S S s ] to semantic representa-
tions and data-driven optimization [69, 60, ) s , 58].
Unlike prior works restricted to single-speaker generation or
frame-wise mapping, we strictly enforce a joint modeling
of dual-turn synthesis and semantic region-wise mapping to
enable robust multi-turn conversational interaction.

III. AUTOMATED SCALABLE MECHANISM DESIGN

In this section, we present an end-to-end pipeline for
automated hardware design of a scalable robotic face. We
first introduce a scalable hardware template derived from
a canonical mean face model, where the actuator layout and
linkage topology are parameterized to support rapid adaptation
across diverse facial morphologies (Sec. III-A). Building on
this template, we then propose a hierarchical automatic
design algorithm (Algorithm 1) that takes a single 2D portrait
as input, reconstructs the target 3D facial geometry, and
progressively optimizes the template parameters under man-
ufacturability and non-interference constraints (Sec. I1I-B).

A. Parametric Face Template Design

We develop a modular, parametric mechanical-face template
that serves as the starting point of our automated design
pipeline. The face template is composed of four modules:
eyebrow, eyes, mouth, and jaw (Fig. 2). The eyebrow module
contains two kinds of motion: the vertical movement of the
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Fig. 2: Mechanical face template. (a) Full assembly of the
linkage-driven robotic face with a soft skin and a 3-DoF
neck module. (b) Exploded view of the four modular facial
mechanisms—eyebrow, eyes, mouth, and jaw.

eyebrow ridge and the brow center. Both are realized by
a spatial six-bar mechanism with 2 DoF. The eye module
contains 8 DoF. It comprises four eyelid linkages (upper/lower
lids for both eyes) and two rotational DoFs per eyeball. The
mouth module integrates mechanisms for the upper/lower lips
and mouth corners. Both the upper and lower lips are actuated
by spatial four-bar linkages whose end-effector motions fol-
low vertical trajectories to match the predominant anatomical
direction of lip deformation. The mouth corners are driven
by a five-bar mechanism that supports three principal motion
modes: upward raising, lateral translation, and downward
pulling. The jaw module is actuated by a four-bar mechanism.
Finally, head pose is produced by a neck module consisting
of a 2DoF parallel mechanism for nodding/tilting and an
additional rotational DoF for yaw.

B. Hierarchical Automatic Design

1) Coarse initialization: Given an input RGB portrait im-
age I, we use the framework [ 18] to construct a normalized
3D facial mesh M together with a set of semantically labeled
3D facial landmarks P. We then import M into a CAD
environment and apply a scaling factor to bring the head
geometry into a physically plausible metric range. These 3D
semantic points are then used for the subsequent module-level
coarse initialization (Fig. 3(a)).

Using the scaled semantic landmarks, we perform a module-
level coarse initialization to obtain the initial base poses p**.
The eyes and jaw modules are fully determined at this stage.
Specifically, the eye geometry is directly computed by peri-
ocular landmark subsets, and the jaw module is anchored
by the jawline landmarks, yielding a fixed initialization. In
contrast, the eyebrow and mouth (mouth corners and lips)
modules require further kinematic synthesis. We initialize
their base poses pPa¢ and pbase, by scaling the template
anthropometric offsets according to the reconstructed head
scale: pP™© < ppase + B Ap,™"', where Ap;™"' denotes the
corresponding relative offsets in the mean-face template, and
[ is the global scaling factor applied to M. Their structural
parameters are initialized with the template values, which
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Fig. 3: Overview of the hierarchical automatic design pipeline. (a) Initialization: From a 2D portrait, we reconstruct a
3D head mesh, semantic landmarks, and initialize module base poses. (b) Inner loop: We perform module-wise kinematic
synthesis under anatomy-guided feasible volumes and AU-derived trajectories to maximize expressiveness (illustrated with
the mouth-corner five-bar mechanism). (c) Outer loop: We assemble the global CAD model, detect interferences, and apply
MTV-guided base-pose updates (or, if necessary, reduce the amplitude limit) until a collision-free assembly is obtained.

serve as the starting point for the module-wise kinematic
design optimization in the next step (see App. D1 for details).

2) Module-wise kinematic design optimization: With the
rigid modules (eyes and jaw) geometrically determined in
the coarse initialization phase, this step focuses on the kine-
matic synthesis of the eyebrow and mouth modules. The
core challenge lies in synthesizing mechanism parameters that
maximize expressive amplitude while strictly adhering to the
anatomical spatial constraints imposed by the facial skin.

Anatomy-guided feasible motion volumes. To ensure the
synthesized mechanisms operate within bio-plausible limits,
we define the feasible workspace (.5 for the eyebrow,
mouth corner, and lip regions (Fig. 3(b); details in App. D2),
following the evidence from [20, 13]. We construct ge,s as
the maximal anatomically valid envelope, so that the optimizer
retains sufficient freedom to maximize expressiveness. Simul-
taneously, strictly confining the solution to this valid manifold
acts as a regularization term. This accelerates convergence by
pruning the search space of physically impossible poses and
mitigates the risk of the solver getting trapped in invalid local
minima, thereby guiding the optimization toward realizable
solutions.

Trajectory-based expressiveness objectives. We derive
module-specific motion trajectories from facial Action Units
(AUs) [22] to ensure that the designed mechanisms follow
anatomically consistent patterns of human facial motion.
Concretely, we define a set of canonical target trajectories
B = {T4,...,Tk}, where each T} is represented by a
sequence of M sampled points in the local workspace (details
in App. D3). We reformulate the goal of maximizing expres-
siveness as a trajectory scaling problem. For each trajectory
T}, we introduce a scalar amplitude coefficient ;. Crucially,

this scaling is directional: rather than isotropically enlarging
the mechanism, it linearly extrapolates the waypoints along
the trajectory path Ty (Fig. 3(b)). By optimizing for larger
{ag}_, values, we aim to synthesize mechanisms capable of
executing high-amplitude expressions while strictly preserving
the semantic direction of the original human movements.
Optimization formulation. For each mechanical structure
k, we perform kinematic design optimization in its local
coordinate frame. Specifically, using the module base pose
Pbase from coarse initialization, we transform T to each local
frame. We formulate the module-wise mechanism synthesis
as a constrained non-linear optimization problem. Given the
target trajectories T, we seek to determine the optimal
structural parameters ®;, (link lengths), the set of discrete joint
configurations ®;, and the expression amplitude coefficients
a. We define a unified cost function £ to balance expressive
range, tracking accuracy, and kinematic manipulability:

@m(_i)n L= wampﬁamp + wit Lt — WmanLman
S.t. P(Qk,m) C Qfeas, VM € {1,...,M}, (H

0<ap <af™ Veke{l,. .. K},
where Wamp, wit, and wi,an are user-defined weighting factors.

The individual objective terms are defined as follows: Lopp =
Yok Lo = Xy [FOkm ®) — Prm(0n)[3, where
Prm € Thi Lonan = >y /Aet(T(04n)I (Or.m) | ). Here,
m denotes the waypoint index along the trajectory. 0y .,
denotes the instantaneous joint configuration at step m, f(-)
represents the forward kinematics, and J is the geometric Ja-
cobian matrix utilized to maximize workspace manipulability
(see App. C for explicit derivations).
3) Global CAD assembly and collision-driven refinement:

This step integrates all modules into a global CAD assembly




Algorithm 1 Hierarchical Automatic Design

Require: 2D portrait image [; template face design
Ensure: Final assembly A

1: (M, P) < RECONSTRUCT3D(I)

2: {p"**°} + COARSEINITIALIZATION(M, P)

3: for iteration s =1 to S do

> Initialization

4:  for mechanism k € {brow, mouth} do > Inner loop
5: {T%} < GLOBALTOLOCAL({T4}, pp™*)

6: (P, O, a) + SOLVEEQ. 1(Qeas, { Tk}, {a™"})
7: end for

8- limit

afi™t  min(al™t o), VE

9: A< ASSEMBLECAD({pp*°},{®:})
10: ~ C < COLLISIONDETECTION(A, {©})
11:  if C =( then

> Outer loop

12: break

13: end if

14: for each mechanism k& with constraints Cx do

1s: ({n,,6,} jec,)  MTV(Ci)

16: Apy, < SOLVEEQ. 2({n;, d;};ec,€)

17: if ||Apk|l2 > Dmax then > Amplitude scheduling
18: a}gimit — ,yakimit

19: continue > Skip update, re-optimization next iter
20: end if

21: pRe < pbase L Apy, > Pose adjustment
22: end for

23: end for

24: return A

via API and resolves spatial conflicts through a collision-
driven outer-loop refinement strategy. For a mechanism &, we
sample discrete configurations {6}, ,,, }2/_, along its optimized
trajectory and utilize a collision detection library FCL [79]
to identify interferences between the k-th module and the
environment (skull and adjacent mechanisms). For every active
collision constraint j € Cy, we compute a Minimum Trans-
lation Vector vy, = J;-n;, where J; is the penetration depth
and n; is the separation normal (Fig. 3(c)). To resolve multiple
simultaneous collisions while minimally perturbing the design,
we solve a QP problem:

IAnin |Apk|?  s.t. n;-rApk >d;+e VieCly (2)
Pk

where ¢ is a safety clearance margin. We accept the pose up-
date only if Apy, falls within a threshold Dy,.y; otherwise, we
contract al™it via a decay factor y € (0, 1). The updated pp2s®
is fed back to the inner-loop optimization phase (Sec. I1I-B2),
where @, and @, are re-optimized in the new local frame.
The outer loop iterates until all collisions are satisfied (C = (),
outputting the final assembly A.

IV. INTERACTION SYNTHESIS AND CONTROL

Following the automated mechanical-face adaptation de-
scribed above, we present the algorithms that drive interactive
expressions on the physical robot. We first generate 3D facial
motion for multi-round dialogue, modeling both speaking and
listening behaviors under conversational context (Sec. IV-A).
We then map the synthesized digital facial motion to robot-
actuable commands (Sec. IV-B). Together, these modules
bridge conversational interaction, 3D facial animation, and
embodied execution on the mechanical face.

A. Interactive Talking Head Synthesis

Unified dual-speaker interaction framework. The frame-
work (Fig. 4(a)) takes the audio from Speaker-A and Speaker-
B as input and directly outputs a temporally coherent sequence
of blendshape parameters that drives the synthesized facial
motion. First, we use a pre-trained audio encoder Wav2Vec
2.0 [4] to map Ay € RT*F and A € RT*F into a shared
latent space, where T  is the sequence length and F' is the
sampling rate. We then apply a learnable linear projection W,
to align both streams to a shared feature dimension d:

ZA - Wa (Eaud(AA))a ZB = Wa (Eaud (AB))a (3)

where Z 4, Zp € REX? serve as the unified audio feature. We
add temporal positional encoding and style embeddings to get
Za,Zp. Since the two speakers are largely non-overlapping
in speech, we regulate the contribution of the two audio
streams via a turn-aware gate derived from speech activity. Let
ga(t) € [0,1] indicate whether Speaker-A is speaking at frame
t. We form a turn-conditioned audio memory for Speaker-A as:
M(t) = ga(t) Za(t)+ (1 —ga(t)) Zp(t). Then we adopt a
Transformer backbone. Specifically, an encoder models long-
range dependencies of the turn-conditioned memory. To fur-
ther stabilize speaking-listening transitions, we apply a turn-
aware alignment attention. We decode the full motion using
T learnable motion queries with positional encodings. Finally,
a regression head predicts Speaker-A blendshape parameters
Y € RT*55 (details in App. F).

Dataset construction. While recent conversational inter-
action datasets [83, ] utilize FLAME [61] parameters,
its expression coefficients are not aligned with semantically
interpretable Blendshape [57] controls, which complicates the
mapping process. We therefore build a dataset of paired two-
speaker audio and per-frame blendshape coefficients.

We collect raw conversation videos from YouTube, and Re-
alTalk [47]. Each video is first segmented into temporally co-
herent clips using TransNetV2 [92]. For each clip, we separate
the two-speaker audio streams with SAM Audio [91], obtain-
ing synchronized audio A 4, Ap. On the visual side, we run
MediaPipe [71] to extract per-frame Blendshape parameters
b € R°2 and head rotation R € R3. The final dataset consists
of synchronized tuples D = {(A4,Ap,B4,Bs, R4, Rp)}.

B. Human-to-Robot Facial Expression Mapping

Mapping network. At each frame ¢, the synthesis network
predicts y; = [Bt;f't]. The head motion is realized by the
neck module; given r;, we compute the corresponding motor
targets ul*d via an inverse-kinematics (IK) solver. For the
facial expressions, we exploit the semantic structure of the
blendshape basis by partitioning the coefficient vector into
region-specific subsets, denoted as b, = {f)gk)}ke;g with
K = {eyebrow, eyes, mouth, jaw}. For each region k, we
train a lightweight inverse-mapping MLP that maps the local
blendshape coefficients to the corresponding actuator com-

(k)

mand vector: u; ' = (BE’”). Each regressor is trained

with a standard Mean Squared Error objective over paired
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Fig. 4: Overview of interaction synthesis and control. (a) Given dual-speaker audio, the talking-head model predicts multi-
round facial motion for both speaking and listening. (b) The predicted coefficients are mapped to robot motor commands via
region-wise regressors and neck IK, enabling physically feasible multi-round expressions on the mechanical face.

TABLE I: Comparison of optimization strategies for au-
tomatic mechanism design. We report success rate (SR),
convergence time (CT), expressiveness score (Exp = & Ok)s
and intersection volume (IV). CT and Exp are reported only
for successful runs; IV is 0 for successful runs and otherwise
computed from the final design at the maximum iteration.

Method | SR(%) 1t CT(s)L Expt IV (mm®) |
Ours w/o outer loop 20.0 25.7 8.69 2050.7
Global Joint-Opt 0.0 - - 9690.5
Local + Heuristic 33.3 1098.2 8.57 1690.6
Ours 66.7 591.3 8.53 460.4

data {(bgk),ugk))}: ﬁﬁ,’fgp = wk(bgk)) - ugk)‘ 2. Then the
final motor command u; at frame ¢ is obtained (I%ig. 4(b)).
Data collection. For each physical head, we first calibrate
the valid actuation ranges. We then generate 3000 motor
command vectors using Latin hypercube sampling within
these bounds to ensure broad and uniform coverage of the
feasible actuation space. For each sampled command u;, we
capture a synchronized image I; of the face. From each image
I;, we estimate the corresponding facial parameters (b;,r;)
using MediaPipe [71] and obtain the final supervision tuples
{(u;,b;,r;)} for training the inverse mapping networks.

V. EXPERIMENT
A. Experimental Setup

Hardware platform. Each robotic head provides 21 in-
dependently actuated facial degrees of freedom, driven by
GuoHua 9g digital micro servos with a 180° operating range.
To support higher-torque head orientation, the neck is actuated
by three NEMA 17 stepper motors. All structural components
were fabricated using Polylactic Acid (PLA) via FDM 3D
printing. The silicone skin is magnetically attached to the
underlying frame, enabling rapid installation and replacement.

Onboard deployment. All inference runs on an NVIDIA
Jetson AGX Orin (32 GB). For actuation, the Orin commu-
nicates via the I?C protocol with cascaded PCA9685 PWM
drivers, updating servo commands at 30Hz. The Orin also
interfaces with an eye-mounted camera, a microphone for
audio capture, and an onboard speaker for audio playback.

B. Evaluation of the Automatic Design Flow

Hierarchical optimization efficacy. We evaluate our hi-
erarchical optimization framework on 15 heads with diverse

facial geometries. We compare against three baselines: (i)
Ours w/o outer loop (local-only optimization), which performs
module-level optimization but disables the outer-loop assem-
bly refinement; (ii) Global Joint-Opt, which jointly optimizes
all design variables using a single objective that combines
position-keeping and collision-penalty terms; and (iii) Local +
Heuristic Repulsion, which augments local optimization with
a hand-crafted repulsion vector to resolve collisions during
assembly (App. D5). All methods are optimized using L-
BFGS. Tab. I summarizes the mean performance over 15
design instances, where all methods share the same initializa-
tion. Local-only converges rapidly (25.7s) but fails in compact
geometries, validating the indispensability of assembly-level
refinement. The Global Joint-Opt baseline fails in all cases:
the coupled objective is highly non-convex, and collisions lack
informative gradients for complex assemblies, leading to poor
convergence. While Local + Heuristic improves feasibility
(5/15), its reliance on suboptimal centroid-based repulsion
significantly prolongs convergence (1098.2s) and fails to re-
solve complex interlocks requiring amplitude scheduling. In
contrast, our hierarchical framework achieves the highest suc-
cess rate (10/15) and converges 1.9 faster than the heuristic
baseline. Notably, the runtime difference between Local-only
and Ours (25.7s vs. 591.3s) indicates that collision resolution
dominates the computational cost; however, this investment is
strictly justified by the substantial gain in realizability while
maintaining comparable expressiveness.

Fig. 5(a) shows qualitative results across diverse face ge-
ometries. We highlight two heads that deviate substantially
from the template in both morphology and scale. Left: Jack
exhibits a sharper, more pointed chin than the template, which
leaves less internal clearance and imposes stricter placement
constraints for the mouth-corner and lower-lip mechanisms.
Right: Yoda has a markedly non-human facial structure;
nevertheless, our pipeline successfully synthesizes a feasible
internal mechanism layout. These examples demonstrate that
our automatic design flow can handle large geometric vari-
ations and generalizes beyond human-like faces, indicating
broad applicability and robustness.

Comparative efficiency against manual design. We fur-
ther compare our automatic design flow with expert manual de-
sign on a compact head geometry (scaling factor 8 = 0.84 rel-
ative to the template), which leaves limited internal volume for
mechanisms. Two senior mechanical designers independently
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Fig. 5: (a) Algorithm design versatility: CAD Assemblies
for Jack and Yoda. (b) Algorithm vs. Manual: Comparison
of mouth-corner mechanisms (red circles) on a compact head.

TABLE II: Comparison under speaker and listener modes on
our dataset. “RT” means whether real-time use is supported.

Method | Speaker | Listener | RT
| LVE, MSE| PDD| SID{|FDD| PDD| |
FaceFormer 4.25 0.69 7.32 0.71 - - v
EmoTalk 2.98 0.68 6.88 3.03 - - v
SelfTalk 5.34 0.73 7.03 2.98 - - v
DualTalk 3.79 0.57 8.74 3.36 29.77 9.45 X
Ours 3.04 0.38 5.63 3.29 21.12 5.81 v

performed manual layouts and iterative adjustments, including
rework triggered by interferences discovered during assembly.
The average manual design time is 22.8 h, substantially longer
than our optimization runtime (11.7 min). Fig. 5(b) compares
the resulting mouth-corner mechanism behaviors. Manual de-
signs, driven by trial-and-error and implicit design heuristics,
achieve weaker upward mouth-corner expressiveness and less
skin-conforming motion trajectories, leading to reduced visual
fidelity. In contrast, our method explicitly optimizes expres-
siveness under geometric constraints and produces a tighter,
more consistent upward expressiveness.

C. Evaluation of Conversational Motion Synthesis

Baselines and metrics. We compare against three speaker-
only methods (FaceFormer [25], EmoTalk [81], SelfTalk [80])
and a speaker-listener baseline [83]. All methods are trained on
our dataset. For the speaker, we evaluate lip synchronization
(LVE), overall expression accuracy (MSE), head-pose dynam-
ics (PDD), and motion diversity (SID). For the listener, we
evaluate upper-face motion dynamics (FDD) and PDD.

Quantitative results. As shown in Tab. II, our framework
demonstrates superior performance across both conversational
roles. In speaker mode, we achieve the lowest MSE and PDD,
indicating that our generated expressions are both geometri-
cally accurate and temporally stable while maintaining lip-
sync quality. In listener mode, we outperform the dyadic
baseline [83]. Crucially, [83] relies on the partner’s future
motion, restricting it to offline processing. In contrast, our
model infers reactive behaviors solely from the two speakers’
audio, thereby enabling real-time inference.

TABLE II: Comparison for mapping grouped by facial
representations. FPS is measured on Jetson AGX Orin.

Metric ‘ Landmarks ‘ FLAME ‘ Blendshapes

| NNR  Norm. [10] + MLP  Norm. [4I] + MLP | MLP | MLP Ours
LSE-D | | 15.59 14.52 13.74 13.06 12.68 10.61
LSE-C 1 | 0.34 1.94 2.39 242 2.58 3.19
FPS 1 6.36 6.31 6.19 2408.55 | 2478.26  2396.31

D. Evaluation of Expression Mapping Results

Baselines and metrics. We compare our semantic region-
wise mapping against baselines spanning three common fa-
cial representations. Landmarks: (i) nearest-neighbor retrieval
that matches each avatar landmark to the closest sample
in the robot dataset, and two learning-based variants that
reduce the avatar-robot gap via (ii) [10] normalization and

] normalization followed by an MLP regressor. FLAME:
an MLP that maps per-frame FLAME parameters to motor
commands. Blendshapes: per-frame blendshape parameters to
motor commands. All learning-based methods are trained with
an MSE loss. We assess the robot’s audio-lip synchronization
using Lip Sync Error Distance (LSE-D) and Lip Sync Error
Confidence (LSE-C) [87], as well as on-device FPS. Full-face
expression fidelity is evaluated via our user study (Sec. V-F).

Quantitative results. Tab. III shows comparisons across
the baselines. Our semantic region-wise mapping achieves
the best audio-lip synchronization while maintaining high
throughput sufficient for real-time conversational interaction.
Normalization-based landmark methods [111, 10, 41] reduce
the sim-to-real gap, but their performance is highly sensitive
to the robot’s facial geometry and the camera viewpoint. In
addition, landmark pipelines introduce extra inference latency
because they require rendering a 2D avatar frame and running
landmark detection before generating motor commands. In
contrast, FLAME and blendshape parameters provide identity-
agnostic representations. However, a single per-frame MLP
underperforms our approach because it must learn cross-region
correspondences implicitly from data. By encoding semantic
correspondences as an explicit prior, our network achieves
superior synchronization with a smaller model.

E. End-to-End Conversation Demonstration

We show our end-to-end system in two interaction scenarios
(Fig. 6). Human-robot interaction. We integrate the Doubao
Voice Model as the conversational engine, enabling fluid, low-
latency spoken dialogue with human users (Fig. 6(a)). Dyadic
robot-robot dialogue. We stage a hypothetical reunion scene
from Titanic. Driven by input audio, the system generates
high-fidelity lip synchronization for the speaker (Rose) while
synthesizing contextually congruent reactive expressions for
the listener (Jack) (Fig. 6(b)).

End-to-end build time breakdown. Tab. IV details the
mean time required to realize a new character, from mech-
anism synthesis to a fully deployable robot. Our framework
significantly compresses the mechanism design and mapping
(Stages 1, 5, 6), which have traditionally served as the primary
temporal bottlenecks in robotic customization. While the phys-
ical realization (Stages 2, 3, 4) currently occupies the majority



Fig. 6: End-to-end system visualization across interaction scenarios. (a) Human-Robot Interaction: Real-time conver-
sational gestures during a user-robot dialogue. The top row is the expression synthesis. (b) Dyadic Role-Play (Titanic):
Reenacting the scene dynamics with expressions corresponding to the dialogue between Rose (speaker) and Jack (listener).

TABLE IV: End-to-end time breakdown. 1: automatic design
optimization; 2: 3D printing; 3: silicone face skin; 4: assembly;
5: mapping dataset collection; 6: mapping network training.
The total time assumes parallel execution of Stages 2 and 3.

Stage | 1 2 3 4 5 6
Time (h) ‘ 0.16 2147 2050 3.83 0.25

| Total
0.13 ‘ 25.84

of the timeline (measured with a single operator and machine),
these processes are inherently parallelizable and can be further
accelerated through scaled manufacturing resources.

F. User study

To evaluate the perceived quality of our real-time interaction
pipeline, we conducted a perceptual study using four rep-
resentative dialogue excerpts. We recruited 100 participants.
For each excerpt, participants were shown the reference clip
together with five robot interaction variants: Ours, speaker-
only, no neck motion, random neck motion, and mouth-only
mapping. Participants then rated the overall performance
on a 10-point scale. Fig. 7(a) shows that Ours achieves the
highest overall scores. The ablations suggest three consistent
findings: (i) listener backchannel cues and subtle facial re-
sponses substantially improve perceived interaction quality, (ii)
coordinated neck motion makes the delivery more natural than
facial motion alone [ 1 1], and (iii) realism cannot be explained
by lip synchronization alone [42, 102], as full-face expressions
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Fig. 7: User study results. (a) Overall interaction performance
on four excerpts. (b) Mapping quality on three sentences.

provide essential cues beyond the mouth region.

We also evaluated mapping quality using three sentences.
Fig. 7(b) shows that our mapping produces more realistic
and natural expressions, with a smaller gap to the reference
motion(details in App. I).



VI. CONCLUSION

We present a unified framework that enables scalable syn-
thesis for animatronic personalization. By coupling a collision-
driven automated hardware design pipeline with a real-time
conversational motion engine, we achieved rapid 2D-to-3D
physical realization and immersive bidirectional interaction.
This work lays the critical groundwork for a future where
thousands of robots with distinct identities can be efficiently
manufactured and integrated into human society.
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