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Abstract—Dexterous robotic manipulation requires perception
that remains informative from pre-contact approach to contact
initiation and post-contact control. We introduce FingerEye,
a sensing and learning framework that strengthens robotic
dexterity through continuous vision-tactile feedback throughout
interaction. On the sensing side, FingerEye integrates binocular
RGB cameras with a compliant contact interface to support per-
ception both before and after contact. Before contact, the fingertip
cameras provide close-range visual cues and implicit stereo for
precise approach and object localization. After contact, marker-
tracked deformation of the compliant ring provides a proxy
for contact wrench estimation. On the learning side, we build
real-and-sim infrastructure for data collection and evaluation,
systematically study policy-interface designs for learning with
multiple FingerEye sensors, and use group-structured modality
fusion to reduce modality shortcuts and better exploit distributed
fingertip feedback. Across seven contact-sensitive task settings,
FingerEye improves wrist-only policy by over 30 percentage
points in mean success rate in both simulation and the real world.

I. INTRODUCTION

“Manipulation refers to an agent’s control of its environment
through selective contact” [1]. In dexterous manipulation,
selective contact requires sensing that remains informative
before contact, during contact initiation, and after contact.
For example, standing a coin upright on a table (Fig. 1)
requires the robot to localize the thin coin edge before contact,
detect fingertip contact onset during contact initiation, and
regulate contact forces after contact to prevent slipping or
toppling. Similar seeing-to-touching transitions appear in chip
picking, letter retrieving, and syringe manipulation, where the
hand must resolve local geometry, choose contact points, and
regulate interaction forces to avoid damage or slippage.

Despite the importance of continuous sensing throughout
interaction, existing systems mainly rely on two separate
sources: external vision and tactile sensing. External vision
from environment- or wrist-mounted cameras helps robots
localize objects, but provides only indirect observations of
contact when fingers occlude small contact patches [2, 3, 4].
Tactile and vision-based tactile sensors capture rich contact
information, but are primarily informative after contact is
established [5, 6, 7, 8, 9]. This separation leaves the most
fragile moment in dexterous manipulation, the transition from
seeing to touching, weakly observed, limiting precision and
dexterity in contact-rich tasks.
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Fig. 1. FingerEye overview. FingerEye provides continuous fingertip
feedback from pre-contact approach to contact refinement and release, and
is evaluated on contact-sensitive real-world and simulation tasks.

Recently, see-through-skin sensors [10, 11, 12, 13] have
emerged as a promising middle ground between vision and tac-
tile sensing. Despite their potential, these approaches are still
mostly demonstrated on gripper-centric, low-dexterity tasks.
What still limits their precision and dexterity on tasks such as
coin standing? We identify five subtle yet critical issues: 1)
discontinuous or unnatural visual observations from semi-
transparent optical interfaces [10, 14, 15, 12], active or non-
natural self-illumination [16], illumination switching [13, 17],
or mechanically reconfigurable components [18, 19]; 2) fragile
contact perception in open environments, where marker-
or keypoint-based tactile perception can be unreliable un-
der changing backgrounds, lighting, occlusions, and subtle
contact-induced motion [20, 21]; 3) limited dexterous-hand
compatibility, where bulky, flat, or front-facing designs can
be difficult to mount on compact fingertips and often miss pe-
ripheral or non-frontal contacts in confined spaces; 4) missing
real-and-sim learning infrastructure for learning multisen-
sory policies and evaluating them at scale on dexterous tasks;
and 5) underdeveloped end-to-end policy interfaces, where
naive fusion or conditioning can cause the policy to bypass
local FingerEye feedback and rely on easier but less contact-
informative cues.

In this paper, we address these issues through careful design
of both the sensing and learning interfaces. 1) We design a
physical sensing interface for dexterous fingertips. FingerEye
combines binocular RGB cameras with a transparent contact
surface for natural visual perception and implicit stereo depth
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Fig. 2. FingerEye Sensing Interface Design. Fig. 3. Robustness of tag-array pose estimation. Top: Fig. 4.  Learning-interface collection.
(a) Dimensions. (b) Cross-sectional view: elddorce/occlusion perturbations. Bottom: lighting variationMatched leader—follower setup records
of view of the and cameras, and thdulti-tag PnP uses all visible corners, avoiding single-marksynchronized robot, wrist, and ngertip
contact sensing region. (c) Exploded view. dependence. streams.

Fig. 5. Visualization of the setup and ngertip normal deformation in delicate grasping experiments. Temporal curves of normal displacement z
measured at the thumb and index ngertips.

before contact. After contact, external forces and torques Il. METHOD
deform a surrounding compliant ring, whose deformation
is captured through robust tag-array pose estimation ad‘a
proxy for contact wrench estimation. This design preservesThe key sensing-interface question is how a ngertip sensor
a single RGB sensing pipeline without active illuminatioman see clearly before contact, sense contact robustly after
or sensing-mode switching, while remaining compact, loweontact, and still t naturally on a dexterous hand (Fig. 2).
cost, and capable of sensing both frontal and periphekae summarize the main design and sensing capabilities below,
contacts. 2) We develop a learning interface for multi-sensowith calibration and fabrication details in Appendix B.1 and
FingerEye feedback. We build real-and-sim infrastructure féppendix A.2.
data collection, policy training, and scalable evaluation aDomplementary binocular vision for pre-contact align-
diverse contact-sensitive tasks, and study how multi- ngertipent. A short-range tip camera observes the transparent
observations should be fused for action prediction. Sineentact surface, while a tilted root camera preserves a broader
FingerEye provides local ngertip feedback while wrist visiorapproach view. Together, the two natural-RGB streams provide
and proprioception provide easier global cues, naive fusi@stal appearance and implicit depth cues for object localization
can cause policies to t demonstrations while underusingnd contact alignment without active illumination or sensing-
contact-local information. To address this, we use grougmode switching; empirically, the full binocular input outper-
structured modality fusion: modality groups are rst encoded forms the monocular variant in both simulation and real-world
into structured representations, and action queries then figeks (Table ).
them through group-conditioned decoding to balance crogseripheral compliance for contact sensing without blocking
modal fusion. vision. A clear acrylic window keeps the central optical
path unobstructed, while a surrounding silicone ring converts
frontal and side loads into plate-pose changes. This expands
the effective sensing region for pushing, wedging, and delicate
The nal system, FingerEye, provides an integrated sensingrasping while preserving visual continuity through contact.
and learning framework for contact-rich dexterous manipMulti-tag deformation tracking for robust plate-pose es-
lation. We evaluate FingerEye across diverse simulation atichation. A custom AprilTag array converts contact-driven
real-world tasks, including coin standing, chip picking, letteting deformation into a six-dimensional plate-pose change p.
retrieving, syringe manipulation, nut picking, and peg-in-holmstead of combining single-marker estimates, we aggregate all
pushing. visible tag corners in one multi-tag PnP problem; under force
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