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Abstract— We present the design, implementation, and eval-
uation of RF-Grasp, a robotic system that can grasp fully-
occluded objects in unknown and unstructured environments.
Unlike prior systems that are constrained by the line-of-sight
perception of vision and infrared sensors, RF-Grasp employs
RF (Radio Frequency) perception to identify and locate target
objects through occlusions, and perform efficient exploration
and complex manipulation tasks in non-line-of-sight settings.

RF-Grasp relies on an eye-in-hand camera and batteryless
RFID tags attached to objects of interest. It introduces two main
innovations: (1) an RF-visual servoing controller that uses the
RFID’s location to selectively explore the environment and plan
an efficient trajectory toward an occluded target, and (2) an RF-
visual deep reinforcement learning network that can learn and
execute efficient, complex policies for decluttering and grasping.

We implemented and evaluated an end-to-end physical pro-
totype of RF-Grasp. We demonstrate it improves success rate
and efficiency by up to 40-50% over a state-of-the-art baseline.
We also demonstrate RF-Grasp in novel tasks such mechanical
search of fully-occluded objects behind obstacles, opening up
new possibilities for robotic manipulation. Qualitative results
(videos) available at rfgrasp.media.mit.edu

I. INTRODUCTION

Mechanical search is a fundamental problem in
robotics [1], [2], [3], [4]. It refers to the task of searching
for and retrieving a partially or fully-occluded target object.
This problem arises frequently in unstructured environments
such as warehouses, hospitals, agile manufacturing plants,
and homes. For example, a warehouse robot may need to
retrieve an e-commerce customer’s desired item from under
a pile. Similarly, a robot may need to retrieve a desired tool
(e.g., screwdriver) from behind an obstacle to perform a
complex task such as furniture assembly [5].

To address this problem, the past few years have seen sig-
nificant advances in learning models that can either recognize
target objects through partial occlusions or actively explore
the environment, searching for the object of interest. Recent
proposals have also considered the geometry of obstacles or
pile [1], [2], [6], [7], [8], demonstrating remarkable results
in efficiently exploring and decluttering the environment.

However, existing mechanical search systems are inher-
ently constrained by their vision sensors, which can only
perceive objects in their direct line-of-sight. If the object of
interest is behind an obstacle, they need to actively explore
the environment searching for it, a process that can be
very expensive and often fails [6]. Moreover, these systems
are typically limited to a single pile or pick-up bin [1],
[3], and cannot generalize to mechanical search problems
with multiple piles or multiple obstacles. They also cannot
perform tasks like prioritized sorting, where a robot needs
to retrieve all objects belonging to a specific class (e.g., all
plastic bottles from a box) and then declare task completion.

In this paper, we draw on recent advances in RF (Radio
Frequency) perception [9], [10] to enable novel and highly-
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Fig. 1: RF-Grasp grasping fully-occluded objects. (a) Even though the
camera and RF sensor have no line-of-sight to the object, RF-Grasp uses
RF perception to identify and locate the target object through occlusions.
(b) It employs RF-visual servoing and RF-visual manipulation to efficiently
maneuver toward the object and declutter its vicinity. (c) Successful pick-up.
efficient mechanical search tasks in unstructured environ-
ments. Unlike visible light and infrared, RF signals can
traverse everyday occlusions like cardboard boxes, wooden
dividers (and walls), opaque plastic covers, and colored glass.
This “see through” capability enables a robot to perceive ob-
jects tagged with passive 3-cent RF stickers (called RFIDs),
even when they are fully occluded from its vision sensor.
RFID systems can read and uniquely identify hundreds of
tags per second from up to 9 m and through occlusions [11].
The key challenge with RF perception is that unlike vision,
it cannot produce high-resolution images with pixel-wise
precision. Rather, it only obtains the 3D tag location with
centimeter-scale precision [9]. Moreover, because standard
(visual) occlusions are transparent to RF signals, a robot can
neither perceive them using RF sensing nor reason about the
visual exploration, collision avoidance, and decluttering steps
that may be necessary prior to grasping the target object.
We present RF-Grasp (shown in Fig. 1), the first robotic
system that fuses RF and vision information (RF+RGB-
D) to enable efficient and novel mechanical search tasks
across line-of-sight, non-line-of-sight, and highly cluttered
environments. This paper provides three main contributions:
It presents the first system that bridges RF and vision
perception (RF+RGB-D) to enable mechanical search and
extended mechanical search.
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Fig. 2: RFID-based Perception. RF-Grasp uses a customized reader that
can identify and accurately localize RFID-tagged objects through occlusions.

¢ It introduces two novel primitives: (1) RF-visual servoing,
a novel controller that performs RF-guided active explo-
ration and navigation to avoid obstacles and maneuver
toward the target object, and (2) RF-visual grasping,
a model-free deep reinforcement learning network that
employs RF-based attention to learn and execute efficient
and complex policies for decluttering and grasping.

* It presents an end-to-end prototype implementation and
evaluation of RF-Grasp. The implementation is built using
a URS5e robot, Intel RealSense D415 depth camera, and
a customized RF localization system on software radios.
The system is evaluated in over 100 physical experiments
and compared to a baseline that combines two prior sys-
tems [6], [4]. The evaluation demonstrates that RF-Grasp
improves success rate by up to 40% and efficiency by
up to 50% in challenging environments. Moreover, it
demonstrates that RF-Grasp can perform novel mechanical
search tasks of fully-occluded objects across settings with
obstacles, multiple piles, and multiple target objects.

In comparison to vision-only systems, RF-Grasp’s design
requires target object(s) tagged with RFIDs. However, we be-
lieve that given the widespread adoption of RFIDs by many
industries (with tens of billions deployed annually [12]), the
system can already have significant practical impact. We also
hope this work motivates further research bridging RF and
vision for novel (and more efficient) robotic tasks.

II. BACKGROUND & RELATED WORK

RFIDs and their Applications in Robotics. Radio Fre-
quency IDentification (RFID) is a mature technology, widely
adopted by many industries as barcode replacement in retail,
manufacturing, and warehousing [12]. Recent years have
seen significant advances in RFID localization technolo-
gies [13], [14], [15], which not only use the tags for identi-
fication, but also locate them with centimeter-scale precision
even in cluttered and occluded settings [16], [9], as in Fig. 2.

Prior work leveraged RFIDs as location markers for
robotic navigation [17], [18], [19] and to guide mobile robots
toward grasping [14], [20], [21], [22], [15], [23]. But because
occlusions are transparent to RF, these systems could not
perceive them to declutter or maneuver around them. In
contrast, RF-Grasp demonstrates, for the first time, how RF-
visual fusion enables complex tasks like mechanical search.

Mechanical Search and Grasping in Clutter. Object ma-
nipulation in cluttered environments has received significant
attention and achieved remarkable success via supervised and
unsupervised methods [24], [25], [26], [27]. Our work is

motivated by a similar desire to grasp in clutter and builds
on this line of work but focuses on the problem of grasping
a specific target object rather than any object or all objects.

Recognizing and locating target objects in occlusions has
also received much attention [28]. Various techniques have
been proposed including perceptual completion [29], [30]
and active/interactive perception where a camera is moved to
more desirable vantage points for recognizing objects [31],
[32], [33]. In contrast to this past work, which requires a
(partial) line-of-sight to an object to recognize it, our work
uses RF perception to directly identify and locate objects
through occlusions, and without requiring any prior training.

RF-Grasp is most related to recent prior work on mechan-
ical search of partially or fully occluded target objects [6],
[1], [2], [34]; this includes both one-shot and multi-step
procedures for search and retrieval [4], [3], [35], [36], [37].
Unlike RF-Grasp, this prior work first needs to search for
the object to identify its location, which does not scale well
with the number and size of piles, or the number of target
objects; in contrast, by exploiting RF perception, RF-Grasp
can recognize and locate RFID-tagged objects to perform
highly efficient active exploration and manipulation.

III. SYSTEM OVERVIEW
We consider a generalized mechanical search problem

where a robot needs to extract a target object in an un-

structured environment. The object may be in line-of-sight or

non-line-of-sight; it may be behind occlusions and/or under

a pile, and the environment may have additional occlusions,

piles, and clutter, similar to Fig. 1. Moreover, the robot may

need to extract all target objects from a semantic class.

We assume that each target object (but not necessarily
other objects) is tagged with a UHF RFID and kinematically
reachable from a robotic arm on a fixed base. We also assume
the environment is static. The robot is equipped with an eye-
in-hand camera, mounted on a 6-DOF manipulator, which
starts from a random initial location and orientation. The
robot is aided by a fixed-mount RF perception module in
the form of an RFID micro-location sensor with multiple
antennas. The robot knows the target object(s) RFID number
but no additional information about its geometry or location.

RF-Grasp’s objective is to extract the target(s) from the en-
vironment using the shortest travel distance and the minimum
number of grasp attempts. It starts by querying the RFIDs
in the environment and using its RF perception module to
identify them and compute their 3D locations, even if they
are behind occlusions [9]. It divides the mechanical search
problem into two sub-problems as shown in Fig. 3 and
addresses each of them using a separate subcomponent:

e RF-Visual Servoing: The first aims to maneuver the
robotic arm toward the target object. It uses RGB-D
images to create a 3D model of the environment and fuses
the RFID’s location into it. It then performs RF-guided
active exploration and trajectory optimization to efficiently
maneuver around obstacles toward the object. Exploration
stops when it can grasp the object or declutter its vicinity.

* RF-Visual Grasping: RF-Grasp’s second sub-component
is a model free deep-reinforcement learning network that






