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Abstract— Mobile manipulation in the mid-2020s is defined
by a paradox: locomotion has achieved remarkable agility
across legged and wheeled-legged platforms, while Vision-
Language-Action (VLA) models enable semantic manipulation
with increasing generalization. Yet, a fundamental ‘“Loco-
Manipulation Disconnect” remains a critical barrier yet to be
surpassed for deployment in high-utility environments. This
disconnect-the architectural segregation of the floating base
from the manipulation chain-results in robots that must stop
to act, failing in forceful scenarios where body momentum
could be exploited. We propose Impulse-Aware Whole-Body
Control (IA-WBC), a framework that transitions from quasi-
static interaction to Dynamic Whole-Body Impulse Control.
Our approach unifies a monolithic RL policy with certified
stability guarantees, enabling floating-base robots to reason
about impulse (J = f F' dt) as a resource rather than force as a
disturbance. The framework targets deployment on humanoid
and quadruped platforms with manipulation capabilities, with
experimental validation planned on dynamic tasks such as
door breaching, cart pushing, and dynamic lifting—scenarios
requiring peak forces beyond the robot’s static actuation limits.

I. INTRODUCTION

Mobile manipulation research in the mid-2020s exhibits a
paradox of capability. Locomotion on legged and wheeled-
legged platforms has achieved high agility and robustness,
as demonstrated by recent systems [1], while manipula-
tion has advanced through large-scale imitation learning
and VLA models, enabling generalized semantic tasks [2].
Despite these advances, floating-base robots remain limited
in performing high-force, high-utility tasks in the real world,
revealing a persistent “Loco-Manipulation Disconnect.”

This disconnect originates from the architectural separa-
tion between the floating base (legs and torso) and the manip-
ulation chain (arms and end-effectors). In most state-of-the-
art control stacks, locomotion serves primarily to position the
upper body within a task workspace, while manipulation is
treated as a disturbance to be rejected by the base. As a result,
physically demanding tasks are executed under quasi-static
assumptions, with control strategies designed to suppress
whole-body coupling to satisfy stability criteria.

We argue that achieving human-level utility requires mov-
ing beyond conventional “Force Control”—limited by actuator
and contact constraints—toward “Impulse Control,” in which
the kinetic energy of the floating base is deliberately ex-
ploited to amplify manipulation performance.
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Fig. 1. Conventional quasi-static loco-manipulation (top) requires sequen-
tial base positioning followed by end-effector actuation. Impulse-Aware
Whole-Body Control (bottom) coordinates base and manipulator motion
simultaneously, exploiting body momentum to generate forces beyond static
actuation limits.

II. THE LOCO-MANIPULATION DISCONNECT
A. Limitations of Quasi-Static Stability Metrics

Stability of floating-base robots has traditionally been gov-
erned by quasi-static criteria such as the Zero Moment Point
(ZMP) and Center of Pressure (CoP), which constrain motion
within a capture region [3]. While effective for locomotion
and light manipulation, these metrics fundamentally limit
performance during forceful dynamic interactions.

Humans routinely violate static stability to generate mo-
mentum during high-exertion tasks, relying on contact im-
pulses or future steps for recovery. In contrast, robotic
controllers are explicitly designed to prevent such violations.
As observed in recent door-opening systems [4], controllers
prioritize maintaining a centered ZMP, causing the robot to
reduce applied force or retreat when reaction forces shift the
ZMP, thereby opposing task dynamics.

This results in overly stiff and conservative behavior. For
lightweight platforms such as the Unitree G1 (~35 kg), static
arm torques are insufficient for many real-world tasks. The
core limitation is the inability of existing controllers to reason
about impulse (J = f F dt) as a controllable resource,
treating force (F') solely as a disturbance.

B. Hardware Realities: Humanoids and Quadrupeds

Legged Humanoids: Modern lightweight humanoids,
such as the Unitree G1 [5], employ high-torque-density
electric actuators that enable dynamic motion but suffer from
limited thermal capacity. Sustained high-torque interaction



TABLE I
COMPARISON OF LOCO-MANIPULATION FRAMEWORKS

Feature | Thor FALCON

WholeBody VLA GentleHumanoid ‘ IA-WBC (Ours)

Control Architecture
Primary Objective
Impulse Handling
Coupling Inertia Hy,,,
Peak Force / Static Limit
Sim-to-Real Strategy

Decoupled (3 Agents)
Stability (ZMP/FAT?2)
Reactive (Resist)
Suppressed (Disturbance)
~48%

Domain Randomization

Dual-Agent

Suppressed
~30%

Robustness (Curriculum)
Reactive (Brace)

Force Curriculum

End-to-End Latent VLA
Semantic Task
N/A (Latency Limited)
Implicit (Black Box)
Low (Quasi-static)
Visual Transfer

Monolithic Tracking
Compliance / Safety
Absorb (Yield)
Modeled as Spring
Low (Safe limits)
Reference Tracking

Monolithic Hybrid
Impulse Shaping
Proactive (Utilize)
Exploited (Resource)
>100% (Dynamic)
Tactile Hallucination

is therefore infeasible, making ballistic, momentum-driven
behaviors a hardware necessity rather than a design choice.

Quadrupeds and Wheeled-Legged Variants:
Quadrupeds with manipulation capabilities exhibit similar
constraints, where impulse-based interaction allows forces
beyond static actuation limits [6]. Wheeled-legged systems
shift the limiting factor from joint torque to tire friction,
with aggressive impulses causing slip rather than thermal
throttling. Consequently, quadrupeds are better suited
for sustained transport tasks, while humanoids excel at
short-duration, high-power interactions enabled by stepping
dynamics.

C. Algorithmic Divergence: Decoupled vs. Monolithic

Decoupled RL: Control frameworks such as Thor [7] and
FALCON [8] decompose locomotion and manipulation into
separate policies. Although stability-aware, these architec-
tures are inherently reactive: lower-body control compensates
for upper-body motion rather than initiating energy transfer.
This decoupling prevents coordinated impulse generation
along the full kinematic chain.

End-to-End VLA: Monolithic Vision-Language-Action
models [2] map sensory inputs directly to joint commands
but suffer from a severe temporal mismatch. Typical infer-
ence rates (< 10 Hz) are incompatible with contact dynamics
occurring on millisecond timescales. Moreover, the absence
of explicit stability constraints yields behavior that appears
natural yet degrades rapidly under contact variations outside
the training distribution.

III. THEORETICAL FOUNDATIONS

The dynamics of a floating-base system are governed by:
(D

where H(q) is the inertia matrix, C captures Coriolis effects,
g is gravity, 7 are joint torques, and f.,; are external
forces. The inertia matrix H decomposes into base inertia
(Hpp), manipulator inertia (H,,,,), and the Coupling Inertia
Matrix (Hy,,) linking base and arm dynamics. Decoupled
controllers minimize Hy,,’s effects, treating the base as a
fixed anchor. In Impulse Control, we maximize its utility—
transferring momentum from the heavy base through Hy,,
to the end-effector.

We redefine the control objective from force tracking
to Impulse Integral optimization, allowing deviation from
precise force profiles as long as total momentum transfer

H(q)v + C(q,v)v +g(q) =S 7+ J . fou
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meets task requirements [9]. Learning Variable Impedance
Control (VIC) via RL requires constraints to a Certified
Stability Manifold [10] to prevent passivity violations.

IV. PROPOSED APPROACH: IA-WBC

We propose Impulse-Aware Whole-Body Control (IA-
WBC), a framework that exploits coupling inertia rather than
suppressing it. Table I positions IA-WBC against existing
approaches.

IA-WBC uses a Monolithic RL Policy controlling the
entire floating-base system, constrained to a Certified Sta-
bility Manifold [10] to guarantee passivity during variable
impedance control. The policy optimizes an Impulse Shaping

Reward:
2
) (2
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Unlike force tracking, this rewards momentum accumula-
tion—the robot can be “late” or “early” with peak force,
as long as total energy transfer matches task requirements.
A Tactile Hallucination network [11], [12] predicts contact
states from proprioception, enabling low-latency impact de-
tection for sim-to-real transfer.

Planned Validation: We target two scenarios requiring
forces beyond static actuation limits: (1) Dynamic door
breaching—opening a spring-loaded door (Fpreqr, = 200N)
that exceeds static pulling capacity (~167N [7]), and (2)
Heavy cart pushing—overcoming static friction on a 100kg
cart by exploiting body momentum.

Expected Contributions: A hybrid architecture exploiting
H,,,; certified stability for learned VIC; tactile hallucination
for sim-to-real; and empirical validation that legs must initi-
ate forceful manipulation, not merely react to it.
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V. CONCLUSION

This work addresses the “Loco-Manipulation Discon-
nect” by proposing Impulse-Aware Whole-Body Control (IA-
WBC), a framework that exploits coupling inertia rather
than suppressing it. By shifting the control objective from
force tracking to impulse shaping, IA-WBC enables floating-
base robots to generate peak contact forces exceeding static
actuation limits. The integration of certified stability guar-
antees with learned variable impedance control, combined
with tactile hallucination for sim-to-real transfer, provides a
principled approach to dynamic whole-body manipulation on
lightweight platforms.
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