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Abstract—Quantum robotics arises at the intersection of ad-
vanced robotic systems and rapidly evolving quantum technolo-
gies. This paper introduces the concept of quantum robotics on
how quantum computing augments perception, planning, and
control in robotic systems. This paper clarifies the structure of a
quantum robot as a classical robotic stack enhanced by quantum
resources. Furthermore, this paper introduces and analyzes rep-
resentative applications of quantum computing in robotics, which
include kinematic optimization, navigation, and control based
on quantum reinforcement learning (QRL). Furthermore, the
paper suggests various future directions for developing quantum
robotics. In conclusion, the paper provides a compact entry point
for understanding current approaches and future directions in
quantum robotics.

Index Terms—Quantum Computing, Quantum Robotics, Quan-
tum Sensing, Quantum Reinforcement Learning (QRL)

I. INTRODUCTION

Robotic systems are rapidly shifting from ideal industrial
environments to dynamic, uncertain real-world settings. As
robots are deployed in autonomous navigation, healthcare,
and human–robot interaction, the computational cost of per-
ception, planning, and control continues to grow. However,
high-dimensional sensor data for long-horizon decision-making
and real-time constraints expose fundamental limitations in
classical algorithms. Additionally, quantum technologies, such
as quantum computing, quantum sensing, and quantum com-
munication, have progressed from theoretical constructs to
experimentally accessible platforms. Furthermore, it motivates
a re-examination of how robots can sense, train, and make
decisions with quantum resources [1]. Early works have studied
how quantum algorithms, quantum machine learning mod-
els, and quantum-enhanced sensing could be embedded into
robotic architectures to improve performance. Recently, quan-
tum robotics has highlighted that novel algorithmic frameworks
are beginning to appear across navigation, manipulation, and
human–robot interaction [2]. These developments suggest that
quantum robotics is transitioning from a speculative concept
to a research area with identifiable trends and benchmarks [3].
Quantum sensors can provide precise measurements of inertial,
gravitational, or electromagnetic fields, such as atom-based in-
terferometric gravimeters and spin-based magnetometers. When
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Fig. 1: Overall architecture of the quantum algorithm for robots.

embedded into robotic systems, such devices can improve local-
ization and mapping accuracy. In principle, quantum-enhanced
inertial measurement units and gravimetric sensors can support
long-term drift reduction and robust simultaneous localization
and mapping (SLAM). More practically, quantum sensing can
provide robots to perceive weak signals, such as subtle vibra-
tions or minute changes in gravity that are difficult to detect
with classical hardware. Therefore, it enables new classes of
inspection, exploration, and medical-assistance tasks. Moreover,
quantum computing and quantum machine learning are used
in robotic decision-making. Quantum-enhanced learning frame-
works employ parameterized quantum circuits (PQCs) and
hybrid quantum–classical models as function approximators for
policies or value functions. In many cases, the quantum part
serves as a compact, expressive feature map, while the classical
part performs gradient-based optimization [4]. Such hybrid
systems have been investigated for robot navigation, manipula-
tion, and continuous control tasks. Therefore, the systems can
achieve competitive performance with fewer trainable param-
eters or faster convergence than purely classical baselines. In
addition, quantum algorithms for search and optimization, such
as Grover-type search and quantum approximate optimization
algorithms, are being explored to accelerate path planning, task
allocation, and motion planning in high-dimensional spaces [5].
In conclusion, this paper analyzes quantum computing methods
for robotics and quantum machine learning algorithms which
used in robot systems.
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II. THE CONCEPT OF QUANTUM ROBOTICS

Quantum computing for robotics is currently realized mostly
through hybrid quantum-classical pipelines, where PQCs or
quantum optimization routines are embedded into learning and
planning modules. Rather than replacing the entire robotic
stack, recent works use quantum processors to handle sub-
problems that are combinatorial or representation-heavy, such
as policy approximation, motion planning, or multi-robot co-
ordination. Quantum robotics is an emerging interdisciplinary
field at the intersection of robotics and quantum technologies.
It studies how quantum mechanics, quantum computing, and
related quantum information processing methods can be incor-
porated into robotic systems to enhance capabilities. In contrast
to classical robotics, which relies solely on conventional sensors
and digital processors, quantum robotics assumes that robots
can access quantum resources, such as quantum processors or
quantum sensors [6]. From a high-level perspective, quantum
robotics can be viewed as a robotic system stack augmented
by quantum technologies. At the physical layer, a robot is still
composed of sensors, actuators, communication modules, and
embedded controllers [7]. On top of this, perception, planning,
and control algorithms define the robot’s behavior. Quantum
sensing can replace or complement classical sensors, offering
higher precision or access to new physical signals. Furthermore,
quantum computing can provide new algorithms for perception,
learning, and decision-making. Quantum robotics is described
through the structure of a quantum robot system. A typical
model includes three interacting components: 1) a set of multi-
quantum computing units, 2) a quantum controller, and 3) clas-
sical actuators. The quantum computing units execute quantum
algorithms or PQCs to process information about the envi-
ronment or the robot’s internal state. The quantum controller
converts measurement outcomes into control signals or higher-
level decisions. Finally, the actuators implement these decisions
in the physical world. This structure highlights that a quantum
robot is not only a classical robot with a faster processor, but
a system where quantum and classical information are tightly
coupled in the perception–action loop.

In practice, most quantum robotics approaches follow a
hybrid quantum–classical design. For example, quantum ma-
chine learning models can be trained or evaluated on cloud-
based quantum devices or simulators, and their outputs are
then used by classical controllers. This hybrid design reflects
the reality of current noisy intermediate-scale quantum (NISQ)
hardware and the strict timing constraints of real-world robotic
systems. It also shows that quantum robotics is not only about
designing new algorithms, but also about integrating quantum
components into robot architectures in a way that respects
latency, reliability, and resource limitations. In summary, the
concept of quantum robotics can be understood as a classical
robotic system augmented by quantum computing. Therefore,
quantum computing mainly affects how robots learn, plan, and
make decisions.

III. QUANTUM COMPUTING FOR ROBOTICS

Quantum computing provides new computational models for
robotic systems. Instead of classical bits, quantum computers
use qubits, which can exist in superposition and become en-
tangled. Quantum algorithms apply unitary operations to these
qubits and measure them to obtain classical outputs. In current
NISQ devices, the number of qubits and the allowable circuit
depth are limited, but small and medium-scale quantum circuits
are already available through cloud platforms and simulators. In
this context, quantum computing for robotics focuses on how
to map robotic problems, such as perception, planning, and
control, into quantum or hybrid quantum–classical models that
can be executed on NISQ hardware [8].

Quantum computing has been used to accelerate kinematic
and motion optimization for robotic manipulators. A recent
quantum-native framework combines quantum machine learn-
ing with Grover’s algorithm to solve high-degree-of-freedom
(DoF) kinematic optimization problems [9]. A PQC is trained
to approximate the forward kinematics of a manipulator, and
its output is embedded into an oracle that marks configurations
satisfying task constraints. Grover’s search is then applied over
a discretized configuration space to amplify feasible solutions.
Demonstrations on 1-DoF, 2-DoF, and dual-arm setups indicate
that the quantum approach can reduce search complexity and
runtime compared to classical gradient-free optimizers. More-
over, quantum reinforcement learning (QRL) has also been
explored in more complex robotic scenarios. A representative
example is a hybrid double deep Q-network (DDQN) frame-
work in which a PQC acts as the Q-network for a mobile
robot [10]. Classical robot states are encoded into quantum
states, processed by a shallow circuit, and then measured to
obtain Q-values. Reported experiments show that such quantum
deep RL agents can learn collision-free navigation policies with
notably fewer trainable parameters than classical neural network
baselines. Furthermore, the quantum agent can achieve compa-
rable performance when models are matched by capacity [11].

In addition to value-based QRL for navigation, policy-
gradient and actor–critic formulations have been considered for
robotic control. In these approaches, the policy network, the
critic network, or both are implemented as PQCs and trained
using variants of policy-gradient or actor–critic algorithms.
Continuous state and action spaces are handled by mapping
classical state vectors into quantum feature spaces, and some
works also investigate using quantum modules for representa-
tion learning from high-dimensional sensor inputs [12]. Fur-
thermore, QRL has been integrated into robotic systems in
a modular way. One method is to rely on quantum models
during training and then distill the learned policy into a purely
classical network for deployment so that real-time control does
not depend on quantum hardware. Another method is to use
quantum components only in specific parts of the pipeline; for
example, a quantum critic network can be used to shape the
reward, or a quantum exploration module can propose candidate
actions, while the main controller remains classical.
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IV. DISCUSSIONS AND FUTURE DIRECTIONS

Quantum robotics exhibits significant progress, and various
algorithms are now available. However, several open research
issues remain as below.

• NISQ hardware constraints and integration with
robotic systems: Recent studies primarily validate al-
gorithmic feasibility using cloud-based NISQ devices or
simulators, rather than executing quantum modules di-
rectly on physical robots. Practical deployment on real
robots must additionally consider communication latency,
measurement noise, decoherence, and the overhead of
error mitigation at the system level. As a result, it is
necessary to discuss not only raw computational speedup
but also how to schedule quantum computations within the
robot control cycle. Furthermore, it is essential to discuss
how to design safety mechanisms that can tolerate noisy
or failed measurements.

• Scope of performance gains and lack of benchmarks:
Papers on robotic navigation, path planning, and manip-
ulator control report that QRL and quantum optimization
can reduce the number of trainable parameters or alleviate
search complexity when compared with classical baselines.
Nevertheless, most experiments assume small grid-based
environments, a limited number of robots, and simplified
dynamics. There is no systematic benchmark that clarifies
under which conditions and noise levels quantum methods
provide practically meaningful advantages. A standardized
evaluation framework is therefore required to assess the
true contribution of quantum robotics methods.

• Hybrid architecture design and modularization strate-
gies: Existing research generally adopts hybrid architec-
tures that introduce quantum modules only for specific
subtasks instead of constructing fully quantum robots.
Some approaches employ quantum models only dur-
ing training and then distill the resulting policy into a
lightweight classical neural network for deployment. These
designs indicate that the key question is where in the
perception–planning–control pipeline quantum resources
are most effective. Future work needs systematic method-
ologies to determine the placement and role of quantum
modules based on task characteristics, state and action
dimensionality, and admissible latency.

• Expansion of application domains and ethical and soci-
etal implications: Current quantum robotics applications
mainly target navigation, path planning, and manipulator
optimization. However, recent papers attempt to extend
quantum methods to social robots, swarm robots, and
logistics robots. At the same time, the combination of
AI, robotics, and quantum computing raises ethical and
societal concerns, including unclear responsibility for de-
cisions and concentrated energy and hardware resource
usage. Therefore, research on quantum robotics needs
to consider not only performance improvement but also
design principles and guidelines that account for the long-
term impact.

V. CONCLUDING REMARKS

Quantum robotics emerges as a promising research direction
that augments conventional robotic systems with quantum com-
puting to address the complexity of perception, planning, and
control in real-world environments. Existing studies demon-
strate that quantum computing can be embedded into robotic
pipelines through hybrid quantum–classical architectures. At
the same time, current results mostly rely on NISQ-era hard-
ware, small-scale simulations, and heterogeneous experimental
setups. The discussions on hardware constraints, benchmark
design, architectural modularization, and ethical implications
indicate that quantum robotics is still in an exploratory stage
that requires careful system-level and societal considerations.
As quantum hardware and evaluation frameworks develop,
quantum robotics has the potential to evolve from demon-
strations into a systematic methodology for designing robotic
systems that leverage quantum resources.
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