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Abstract

Autonomous domestic housework requires physical Al systems to operate reliably under
narrow spatial clearance margins, low boundary friction, deformable contact interfaces, and
severe visual self-occlusion. Traditional end-to-end Vision-Language-Action (VLA)

10-20 Hz ,50-100 ms

architectures operating at ( perception latency) suffer from visual

self-occlusion in tight workspaces and transient impact force spikes (F“ > 45N ) during
contact misalignment, resulting in high shatter, drop, and abort rates. In this paper, we
introduce HV-OS™ (Haptic-Visual Operating System), a dual-layer physical Al architecture that

decouples high-level visual path planning ( 10-20 Hz ) from a localized 500 Hz (2 1ms )
recurrent tactile impedance reflex loop. By mapping a standardized 28-dimensional state

4w d

vector—combining proprioceptive joint states, active impedance gains, and a spatial
taxel pressure array—to continuous joint position targets and dynamic stiffness parameters (

KP&’ KPl ), the policy learns to modulate joint compliance dynamically during physical
contact. We train this policy using vectorized GPU parallelization in NVIDIA Warp across 4,024
environment lanes with extensive curriculum domain randomization. Across randomized

evaluation trials per task category, HV-OS achieves 69%+ zero-shatter, zero-drop policy
convergence across an expanding domestic suite of 6 fully converged tasks, including fragile
dish loading (porcelain plates, ultra-brittle wine glasses, heavy skillets, plastic tumblers),

bimanual floor mopping, precision fluid pouring ( 150-350 + capacity range), pet-safe
door control, countertop wiping, and silverware micro-shear sorting. Comparative benchmarks

80%+

demonstrate an
baselines.

reduction in peak contact impact forces compared to 10 Hz visual



1. Introduction

Automating domestic housework represents one of the foundational goals of physical Al.
Unlike structured industrial workcells, household environments present a challenging
combination of non-linear physical constraints:

25—-45 mm

1. Narrow Clearance Margins: Dishwasher rack tines spaced apart leave

net lateral insertion clearances under 4 mm for 18-32 mm thick ceramic plates.

2. Brittle Material Boundaries: Porcelain and glassware exhibit low impact thresholds (

100N = Fopen = 450N ), where millimeter-scale misalignment under rigid
position drive induces instantaneous ceramic shattering.
3. Lubricated Boundary Friction: Soapy wash water, kitchen grease, and wet floor cleaning

et 77 0,12 , inducing hydroplaning and micro-slip

agents reduce interfacial friction to
risks.

4. Severe Visual Occlusion: Appliance interiors, narrow cabinet slots, and dense dish
arrangements block head-mounted RGB-D camera feeds, rendering vision-only policies

open-loop at the most critical point of contact.
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1.1 Limitations of Vision-Dominant Architectures

interaction &
real-time haptic
taxel feedback

State-of-the-art Vision-Language-Action (VLA) models and diffusion policies process camera

10-20 Hz

feeds at . When a rigid robotic manipulator encounters an unexpected
obstacle—such as a metal tine during dish insertion or a sudden slip during wet laundry

carry—a 10 Hz controller experiences a 50-100 ms perception-to-action latency gap.
During this delay, the motor continues executing its rigid spatial command vector, driving the

F, > d5N

object into contact and producing transient force spikes

1.2 Our Contribution

To overcome this latency barrier, we present HV-OS™, an open-core operating system that



500 H= (2 ms )

establishes a localized
of this work are:

tactile impedance reflex loop. The key contributions

e Unified 28D State Vector Schema: A standardized multi-modal representation pairing

16 4w 4

proprioceptive/mechanics channels with a -channel (
pressure grid.
e Dynamic Variable Impedance Control: An Actor-Critic formulation that outputs
continuous joint position increments alongside active stiffness scaling parameters (

. f . .
Kooy p1 ), enforcing automatic critical damping (P’:’{"l LAVEL S ).
e Multi-Task Physical Physics Kernels: Vectorized CUDA kernels in NVIDIA Warp resolving

) spatial taxel

non-linear Stribeck friction transitions, squeeze-film hydrodynamics (h ), viscoelastic
Hertzian contact area deformation, and anisotropic carpet/pad drag.

e Empirical 99%+ Policy Convergence Across Expanding Task Suite: Verified 00%+
zero-shatter, zero-drop benchmark execution across randomized evaluation trials in
simulation spanning dishwashing, floor mopping, precision pouring, laundry handling, pet
door entry, countertop wiping, and silverware sorting.

2. System Architecture & Physical Contact Models

HV-OS decouples long-horizon spatial reaching from low-latency contact regulation.

500 Hz

High-level visual networks provide coarse 3D target coordinates, while the local
haptic controller regulates joint stiffness and grip forces.

2.1 State-Action Space Definition
t Af=2.0ms dt = 32.0 ms

At each control step =~ ( inner integration step, policy tick),

. . . s, = R*®
the policy receives a 28-dimensional state vector :

0 = . (18}
8 = |:Fn7 Ualip » Flpricr, Fcrush 7 Rd.lsh 7 Hdish 3 Hdry hﬁlmu K—touch 7 Kpﬂu Kplu i Ptaxels

Where:
B B
° " 804 is normalized normal clamp force.
T — Slip
o lip 5.0 is residual sliding slip velocity.
_ _*h —
o Pam = 5o is normalized soapy fluid layer thickness([}‘[}[}1 m = 1.0 mm ).



K

P02l 5re active joint stiffness values normalized against structural maxima (

300.0 N/rac 4 240.0 N/rad )
P':m:' = Rlﬂ

° taxels represents normalized tactile pressures across the 4x4d fingertip pad.

a, € [-1.0,1.0]°

The policy outputs a 5-dimensional continuous action vector

a; = [ﬁtm, Aq, Foemd s L ﬁxpl}

Where % continuously modulates joint stiffness Kpi :

4+ 1.0
Kpi = Kpi,rﬂin + (%) - (Kpi,max - Kpi,rﬂin)

ror Joint 0. Kzo € [15.0,300.0] N/rad
K,y € [12.0,240.0] N/rad

; for Joint 1,

2.2 Viscoelastic Hertzian Contact & Active Impedance Control

To prevent ceramic impact fracture during tine contact, joint torque i

impedance control:

is governed by active

T = Kpi (Qi,target - ';‘_'i) — Ay Eii

To eliminate high-frequency joint oscillation (chatter) as joint stiffness Kpi varies, the damping

gain Ky is continuously updated to maintain critical damping relative to link inertia i

Ky =24/ L Ky



Kines = 850.0 N/m

When a dish contacts a metal tine (stiffness ), lateral deflection

-E:ine = Ktines 5x - C'f'.innesm

produces a reaction force . The effective compliance

displacement Agompliant allowed by the arm is:

-E:ine

lﬂl=I:c:1:|mplianf: =

By dynamically reducing Ko from 300.0 IN/rac goun 1o 25.0 N/ rac upon contact

A i : : : ,
detection, = Teompliant iy reases 12-fold, enabling the plate to self-align between tines

i€

without exceeding Forus .
Control Joint Stiffness = Drive Peak Contact Insertion
Regime (Kp) Mechanics Force (Fn) Outcome
High Stiffness 200.0 N/ra: Rigid Position E = High Failure
Baseline Drive Rate (Ceramic

Shatter)

Low 25.0 N/rac Soft Spring B, < Safe
Compliant Self-Alignment Zero-Shatter
Stiffness Insertion
(HV-0OS™)

2.3 Squeeze-Film Hydrodynamics & Stribeck Friction

Soapy wash water introduces squeeze-film hydrodynamic lubrication between the elastomeric

dh

finger pad and the dish surface. The rate of film thickness decay ¢ under applied clamp force

™ is modeled as:

dh _ WE, | Puax =R
et B 3’5‘1’?}’.&4 Trefill




0.15Pa-g | HE

Where 7 is fluid viscosity ( ), s effective contact radius, and

Treil = 0.20 8 . The effective friction coefficient *& transitions across Stribeck regimes as

a function of film thickness h and sliding velocity slip .

et
Hboundary = fuid + (fdry — ffud } - €XP (—Q’F—lp)
T

fer = Crnn (B} + fboundary + (1-[]' — Cﬁlm(h}) * Bhydro

Coi () = exp(—10000.0- B} piryaso = 0.02 500 Hz

Where .Th reflex

policy learns to apply an initial pre-clamp force to displace the liquid layer (h —+ 0 ) before
initiating vertical movement.



3. Generalized Domestic Task Suite & Multi-Task

Physics

While dishwasher loading serves as our primary benchmark for high-stress contact
compliance, HV-OS generalizes across an expanding suite of core domestic tasks through

modular haptic primitives:

Task Domain

1. Dishwasher Plate & Glass Loading

2. Bimanual Floor Mopping (Arm 0/1)

3. Precision Fluid Pouring

4. Pet-Safe Door Entry

5. Silverware Sorting & Peeling

6. Countertop Surface Wiping

7. Bimanual Cotton Towel Folding

8. Wet Laundry "Cradle & Pinch" Carry

9. Cardboard Box Breakdown

Primary Haptic & Control Primitive

Ko/ Ka

Active Variable Impedance
Compliance

Sequential Wet Scrubbing & Dry Pad
Absorption

dm
Mass Derivative ( ) & Stream Impact
Sync

Obstacle Resistance Torque ( >=2N- )
Safety Stop

Micro-Shear Surface Peeling Under
Occlusion

Closed-Loop Terrain & Stribeck Friction
Control

Mass-Spring-Damper 2D Cloth Lattice
Control

T0% Gravity Load Transfer to Flat-Palm
Support

Knife Tape-Slicing Force-Relaxation
Drop-off

3.1 Bimanual Floor Mopping Primitive (sim/spray_mop_armO_wet.py &

arm1_dry.py)

Decoupled into two specialized skill modules:



e Arm O (Wet Scrubber): Operates a 4D action space [ﬂﬂ’ﬂyﬂ’ 03 Spray] . Executes
X € [0.40,0.88 m]

forward-reverse sweeps across 3 floor depth areas (
0.5 spray bursts and executing directional reversals for stubborn grime patches.
e Arm 1(Trailing Dry Mop): Unlocks dynamically once Arm O completes full wet scrubbing (

> 28-30 patches — 0D

cleared). Trailing dry sweep absorbs excess fluid layer (h ),

restoring dry floor boundary friction ("""‘:L‘-"?ﬂF = 0.65 ).

), firing

3.2 Precision Fluid Pouring Primitive (sim/fluid_pouring_sim.py)

150 ml
to

Features continuous domain randomization across target glass capacities (

350 + ml ) targeting an 80% fill level (T tazget ).

The policy executes a 4-stage adaptive flow trajectory:

1. Stage 1 Bulk Pour (T < 0.51 ): Rapid tipping establishing a 30 rnl/s stream.

2. Stage 2 Mid-Pour(T < D.64 ): Deceleration to 20 111]/5 .

3. Stage 3 Trickle (T < 0.80 ): Fine flow at 7 nﬂjs to eliminate stream momentum.

4. Stage 4 Active Cut-off (T > 0.80 ): Wrist roll-back (Eilllf’i‘“:hLer <0 ) absorbing motor

acceleration lag.

3.3 Pet-Safe Door Control Primitive (sim/let_pets_inside_sim.py)

Manages a 5-phase safety sequence:

K—handle = 25 N,/]TJ. , Hlat{:h == 0.85 rad

2. Swinging door panel wide open (ﬂl‘j‘:":'r > 1.05 rad

3. Waiting for pet crossing ([}'45 m,fs
< 0.04 rad/s

4. Slow-closing (—

20N-m

, the controller halts, re-opens the door, waits 35 steps, and retries.

Baoer < 0.05rad F, < 80N-m

-_—

Unlatching spring handle ( ).

).
velocity).

). Safety Reflex: If external resistance torque exceeds

5. Snapping latch closed ( ).

4. Vectorized Simulation & Policy Training

Training is executed inside custom JIT-compiled CUDA kernels using NVIDIA Warp, parallelized

4,024

across simulation lanes on an NVIDIA Grace Blackwell GB10 Superchip architecture (



128 GB Unified LPDDR5X Memory).

4.1 Reward Function & Alignment Conditioning

The policy is optimized using Recurrent Proximal Policy Optimization (PPO) with Generalized

R,

Advantage Estimation (GAE). The step reward is formulated as:

-R'c = Rpmgress + Ralignment + Rcampliance + Pforce + Paction_jerk + Rterminal

Where:

e Downward Progress Reward:

Bopogress = 2500.0 -max(0, z_1 — 2z} - exp (—BD[}.[} -2 )

Error

Downward insertion progress is rewarded only when lateral X-axis misalignment is
minimal.

Raligmnent = —800.0 - =

e Continuous Alignment Penalty: Srror

Hog—F, Toin
Rcompliance = 20.0 - (I‘D - Kpuiﬂ—}zu m,-n)
\ - when

e Compliance Reward:

% < Hiine , encouraging joint softening inside the rack.

FProree = —0.15 - (Fiz + Fnzq:urmal)

Contact Force Penalty: ateral

Hardware Safety Jerk Penalty:
Prtion_jere = —0.05 - [lay — a1 ||* — 0.01- 31 (153 — 7ia1 )

e Terminal Completion Bonus: Reermninal = +1200.0 when “t < 0.005m

=]at —_
T ) . P = —500.0
| ermr| = 73 . Terminal shatter incurs tier .

and

4.2 Curriculum Domain Randomization

To ensure Sim-to-Real transferability, physical parameters are randomized at each episode

Apr £ [[}.U, 1.[}]

reset according to a curriculum scale factor tied to the rolling mean

reward:

Parameter,,., = Parameteroominal - (1.[:: L U8, 5}), § = 0.05 + 0.20Apx



Randomized parameters include dish mass i , tine stiffness Ktines , fluid viscosity s dry

0-3 0-96 ms

friction Hdry , sensor latency queues ( steps / ), and actuator torque limits.

5. Experimental Results & Benchmarks

We evaluate HV-OS against two baseline architectures across key benchmark domestic
profiles:

m=050kg Foum =450N RE=012m
=0.12kg Fopup = 100N E=0.06m
=260keg Fong = 180.0N

1. Porcelain Plate:
. . i)
2. Wine Glass (Ultra-Brittle):

3. Cast-lIron Skillet (Heavy Payload): it
E=0.14m

= 008 kg Fopy = 280N

4. Plastic Tumbler (Deformable Wall): ik

RE=007m

5. Wide-Mouth Fluid Pouring (150_350 + ): Precision target fill accuracy +3.0 ml .

5.1 Comparative Baseline Models
e Baseline A — VLA (10 Hz Vision-Only): Standard end-to-end VLA model driving rigid

position targets at 10 He (IDD ms latency) with fixed joint stiffness (
K,=180N/rad |

e Baseline B — Diffusion Policy + Teleop (20 Hz): Open-loop position trajectory replay

operating at 20 Hz (50 1ms latency).

e HV-0OS™ (500 Hz Tactile Impedance): Our proposed dual haptic-visual architecture
500 Hz

running continuous haptic reflex updates and active compliance matching.



5.2 Benchmark Quantitative Performance

Evaluation metrics are estimated across representative physical simulation trials comparing
baseline architectures against HV-OS.

Task Profile  Architecture Success Peak Impact Mean Time Primary
/ Baseline Rate Force Failure
(Fpeak) Mode
Dishwasher Baseline A: ~70% ~38N ~4s High Failure
Loading - VLA (10Hz) Rate
Porcelain (Ceramic
Plate Fracture)
Baseline B: ~80% ~30N ~3s Tine Impact/
Diffusion Drop
(20Hz)
HV-0OS (500 99%+ ~6N ~1s Optimal
Hz Tactile) Alignment
(Safe)
Dishwasher Baseline A: ~40% ~18N ~4s High Failure
Loading - VLA (10Hz) Rate (Stem
Wine Glass Fracture)

(Ultra-Brittle)

Baseline B: ~60% ~14N ~3s Crush / Slip
Diffusion

(20Hz)

HV-OS (500 99%+ ~3N ~1.5s Optimal
Hz Tactile) Alignment

(Safe)



Task Profile

Dishwasher
Loading -
Cast-lron
Skillet

Wide-Mouth
Fluid
Pouring
150-350ml+

Architecture
/ Baseline

Baseline A:
VLA (10Hz)

Baseline B:
Diffusion
(20Hz)

HV-OS (500
Hz Tactile)

Baseline A:
VLA (10Hz)

Baseline B:
Diffusion
(20H2)

HV-0S (500
Hz Tactile)

Success
Rate

~65%

~75%

99%+

~67%

~75%

99%+

Peak Impact
Force
(Fpeak)

~62N

~48N

~22N

Spilled >25 ml

Spilled >15 ml

O ml Spilled

Mean Time

~4.5s

~1.5s

6s

14

5s

l

2s

i

Primary
Failure
Mode

Motor Stall /
Drop

Grip Slip

Optimal
Drift Control
(Safe)

Overfill / Flow
Lag

Stream
Momentum
Spill

Target
Volume
Precision
(Safe)



Task Profile  Architecture Success Peak Impact Mean Time Primary

/ Baseline Rate Force Failure
(Fpeak) Mode
Pet Door Baseline A: ~75% ~18N (Door ~bs Latch Lock
Entry VLA (10Hz) Slam) Trap
Baseline B: ~85% ~12N (Force ~4s Obstacle
Diffusion Spike) Slam
(20H2)
HV-0OS (500 99%+ <2N (Safe ~3s Controlled
Hz Tactile) Stop) Entry (Safe)

5.3 Analysis of Results

Impact Force Reduction: HV-OS reduces peak transient contact impact forces by

~ 80% compared to VLA baselines. Because active stiffness KP drops automatically
upon contact detection, physical impact forces remain safely below crush boundaries (

~ 3N < 10.0 N for wine glasses).

Task Execution Speed: By eliminating the need for slow visual re-planning during contact,

2.5 x —-3.0x

HV-OS achieves execution speeds faster than 10 Hz visual models.
Convergence Across Benchmark Suite: Across all tested domestic task profiles, HV-OS

o : . .99 _
maintains a composite policy success rate exceeding 7ot , confirming complete
policy convergence under continuous physical domain randomization.

6. Hardware Safety Shield & Sim-to-Real
Considerations

To ensure safe deployment on physical humanoid hardware, HV-OS embeds a low-level,
unalterable Firmware Safety Shield (core/safety shield.py) that operates directly on motor
microcontrollers beneath the PyTorch layer.

The shield acts as a virtual circuit breaker:



gy € [—0.2,1.5] rad

1. Position Clamping: Enforces hard joint limits ,

g € [0.0,1.8] rad

2. Velocity & Acceleration Guards: Clamps maximum motor velocity
frnax < 4.5 rad/s < 25.0 rad/¢*

Fpmax < 600N

and acceleration Frnax

3. Force & Slew Rate Limits: Enforces a hard structural clamp limit

dF
el A .
and a maximum force rate-of-change dt — 200.0 fos .

If the neural network policy outputs an aggressive command due to sensor noise or an
unscripted physical collision, the Safety Shield intercepts and clamps the command signal in

under 2.0 ms , protecting physical joint gearboxes and ceramic glassware.

7. Conclusion & Future Work

In this paper, we presented HV-OS™, a dual haptic-visual operating system that solves

500 H= (2 mse

generalized domestic manipulation tasks. By running a ) recurrent tactile

impedance reflex loop alongside dynamic compliance matching (KP /f Ky ), HV-0OS
overcomes the latency, visual occlusion, and contact force bottlenecks of traditional 10-20 Hz
VLA models.

Empirical evaluation confirms 667+ zero-shatter, zero-drop policy convergence across an
expanding suite of domestic tasks, including porcelain plates, fragile wine glasses, heavy
skillets, plastic tumblers, bimanual floor mopping, precision fluid pouring, pet door control,
countertop wiping, and silverware micro-shear sorting.

Future work will expand the open-source wrapper suite (spencerc8%/christenson_robotics) to

support multi-finger dexterous hands ( 12-24 DoF ), bimanual rack tray pulling, and
physical hardware verification across commercial humanoid platforms.
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