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A Structure-Aware Reactive Motion Planner for
Autonomous Nano-UAV Navigation in Confined 3D
Tunnels Using Minimal Range Sensing

Abner Asignacion Jr; and Satoshi Suzuki
Chiba University, Japan

ABSTRACT

Inspection of confined tunnel environments re-
mains challenging for small robotic platforms.
While snake and soft robots can operate in
highly constrained spaces, their effectiveness de-
grades in long, elevated, and vertically struc-
tured tunnels.  Micro- and nano-UAVs of-
fer a compelling alternative, but their deploy-
ment is severely constrained by limited sens-
ing and onboard computation, rendering map-
based planning impractical. This paper presents
an autonomous structure-aware motion planning
(SAMP) strategy for nano-UAV navigation in
narrow tunnels using only sparse range sens-
ing. The proposed method explicitly exploits
short-horizon structural regularities in the sensed
environment. A wall-extended local referenc-
ing mechanism is introduced to construct a vir-
tual target ahead of the vehicle, enabling antic-
ipatory motion while preserving a fully reactive
and lightweight formulation. The approach re-
quires no mapping, memory, or global optimiza-
tion, making it suitable for resource-constrained
aerial platforms. Extensive simulations and real-
world experiments using a nano-UAV in modu-
lar tunnel environments demonstrate that SAMP
achieves significantly improved traversal robust-
ness compared to representative reactive base-
lines, particularly in scenarios involving horizon-
tal-vertical transitions and complex junctions.

1 INTRODUCTION

Unmanned aerial vehicles (UAVs) have become widely-
used for inspection and exploration in environments that are
hazardous, inaccessible, or structurally complex. In partic-
ular, confined infrastructures such as tunnels, ducts, chim-
neys, and underground facilities present strong application
demands for autonomous inspection [1, 2, 3, 4]. While
ground-based platforms such as snake robots and soft robots
can effectively traverse highly constrained spaces [5, 6, 7],
their deployment becomes increasingly limited in long, ele-
vated, and vertically structured tunnel networks. In contrast,
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micro- and nano-UAVs offer superior mobility and the abil-
ity to access multi-level structures, making them promising
candidates for confined-space inspection.

Despite this potential, autonomous navigation of nano-
UAVs in narrow tunnels remains fundamentally challenging.
The severe size constraints of these platforms limit both sens-
ing and onboard computation, often restricting the available
perception to sparse range measurements and lightweight op-
tical flow. At the same time, confined environments impose
tight geometric constraints and complex aerodynamic inter-
actions, including ground, ceiling, and wall effects, which
significantly influence flight stability [8, 9]. These fac-
tors render conventional navigation pipelines impractical for
nano-UAV systems, typically based on mapping, localization,
and global planning.

Existing motion planning approaches in robotics, such as
graph-based search, model predictive control, and map-based
local planning, generally rely on dense sensing and compu-
tational resources [10, 11, 12, 13, 14, 15, 16]. While such
methods have demonstrated success in larger UAV platforms,
they are not directly applicable to resource-constrained nano-
UAVs. Recent works have explored lightweight naviga-
tion strategies using minimal sensing, including optical-flow-
based control and reactive obstacle avoidance [17, 18]. Re-
active methods such as Bug algorithms and wall-following
strategies offer computational simplicity, but they are in-
herently myopic, relying on immediate obstacle interactions
without exploiting higher-level environmental structure. As a
result, their performance degrades in tunnel environments in-
volving junctions, vertical transitions, or extended corridors.

This paper argues that confined environments such as tun-
nels exhibit implicit structural regularities that can be ex-
ploited even under minimal sensing. Unlike general unstruc-
tured environments, tunnel-like spaces possess locally consis-
tent geometric patterns (e.g., corridor continuity, wall align-
ment, and directional openings) that can provide navigational
cues beyond instantaneous obstacle avoidance. However, ex-
isting lightweight planners largely fail to incorporate such
structural information in a computationally efficient manner.

To address this gap, we propose a Structure-Aware Mo-
tion Planning (SAMP) strategy for nano-UAV navigation in
confined environments using only sparse range sensing. The
key idea is to introduce a short-horizon geometric interpreta-
tion of the environment by constructing a wall-extended local
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reference ahead of the vehicle. This virtual reference point
acts as a directional guide, enabling anticipatory motion while
maintaining a fully reactive and lightweight formulation. Un-
like conventional approaches that rely on wall contact, cen-
terline balancing, or cautious probing, the proposed method
explicitly leverages local structural cues to improve naviga-
tion consistency and robustness.

The proposed planner operates without mapping, mem-
ory, or global optimization, making it suitable for platforms
with strict sensing and computational constraints. To evalu-
ate its effectiveness, we conduct comparative simulation stud-
ies against other known motion planners. Validation is per-
formed through both simulations and real-world experiments
using a nano-UAV platform equipped with optical flow and
multiranger sensors in modular tunnel environments with hor-
izontal and vertical segments.

The main contributions of this work are summarized as
follows:

* A novel structure-aware reactive motion planning
framework for nano-UAVs operating under minimal
sensing constraints.

¢ A wall-extended local referencing mechanism that
enables anticipatory navigation without requiring map-
ping or global state estimation.

* A systematic comparative evaluation in confined tun-
nel environments, including real-world validation.

The remainder of this paper is organized as follows. Sec-
tion II presents the proposed structure-aware motion planning
method. Section III describes the simulation setup and eval-
uation framework. Section IV presents experimental results
and discussion.

2 METHODOLOGY

We propose a Structure-Aware Motion Planning (SAMP)
framework for nano-UAV navigation in confined tunnel en-
vironments using minimal range sensing. The approach is
designed to operate under strict sensing and computational
constraints, without relying on mapping, memory, or global
optimization.

The key idea is to exploit short-horizon structural regu-
larities in tunnel-like environments by constructing a local
geometric reference ahead of the vehicle. This enables antic-
ipatory motion while preserving a fully reactive formulation.
The planner operates in two main components: (i) a structure-
aware local planner based on wall-extended referencing, and
(i1) a mode-switching framework for handling mixed horizon-
tal and vertical tunnel geometries.

2.1 Structure-Aware Local Planning

Unlike conventional reactive methods such as wall fol-
lowing or centerline balancing, the proposed SAMP explic-
itly interprets the local corridor geometry to guide motion.
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Instead of reacting only to instantaneous obstacle measure-
ments, the planner constructs a short-horizon virtual refer-
ence point (carrot point) ahead of the vehicle.

2.1.1 Frontal Structure Evaluation

To determine whether the local environment exhibits suffi-
cient structural regularity, the controller evaluates the tem-
poral consistency of forward range measurements. Let
{rgﬁ) N | denote the recent forward measurements. Their
mean and standard deviation are computed as

1 () 1 ) 2
e o=y o ()

i=1

(D

A structure-aware mode is activated when the forward ob-
stacle is both within a relevant range and temporally stable:

dsafe + 0 < TR < Tmax Orp < Oth- (2)

This condition ensures that the detected corridor geome-
try is sufficiently consistent to support short-horizon extrapo-
lation.

2.1.2 Wall-Extended Local Reference

Once activated, the planner constructs a local reference point
ahead of the UAV. The forward extent is defined as

I'= Clip(’I“F - dstop> 07 Fmax)> (3)

while the lateral offset is determined by the imbalance be-
tween left and right wall distances:

Yo = ky(rL —rr). “)
The resulting carrot point is given by
(xm yc) = (F, yc)~ ©)

This construction can be interpreted as a short-horizon ex-
tension of the corridor geometry, enabling the UAV to steer
toward an anticipated free-space direction rather than reacting
purely to local measurements.

The desired heading toward the carrot point is computed

as
¥ = tan™! (y ) , ©)
max(Z, )
and the planar velocity commands are defined as
Vg = VCOSY, Uy = vsiniy, @)
with speed
v = Clip(k)cl‘c, 0, 'Unorn)- ()

The yaw rate aligns the vehicle with the reference direc-
tion:
w, = clip(kypt, —Wmax, Wmax)- 9)
This formulation enables smooth, anticipatory motion
while maintaining computational simplicity.
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2.1.3 Fallback and Safety Behavior

When the forward structure is not sufficiently stable, the plan-
ner reverts to a simpler reactive strategy based on forward
clearance and lateral centering. Additionally, velocity com-
mands are modulated based on proximity to obstacles:

Vg min(vxa ’Uslow)v if rp < dslow~ (10)

All commands are further constrained by instantaneous
safety envelopes derived from current range measurements,
ensuring collision avoidance under all conditions.

2.1.4 Mode Switching for Vertical Tunnels

To enable navigation in tunnels with vertical shafts, the pro-
posed method extends the same structure-aware logic through
a mode-switching and virtual frame formulation. The planner
operates in three modes: horizontal (H), ascending (ASC),
and descending (DESC). Transitions are triggered based on
the availability of free space. For example, ascent is selected
when forward motion is constrained while sufficient upward
clearance exists:

rr < diurn, TU > dopen~ (11)

Similarly, descent is selected when downward clearance
dominates. Transitions back to horizontal motion occur when
vertical motion becomes constrained and horizontal openings
reappear.

A key component of the proposed framework is the use
of a virtual navigation frame. Regardless of the active mode,
the progress direction is always treated as a virtual forward
direction:

(T%,T%,T%,T%), H7
(re,sre,ro.rr) =9 (rd,r%, 7%, r%),  ASC, (12)
(r%,rd%, 7%, r%), DESC.

This allows the same structure-aware planning logic to be
reused across horizontal and vertical motion without modi-
fication.

The computed velocity commands are mapped back to the
physical frame by swapping the progress axis:

('Unomy ’Uglt)’ H,
(v +vpom), ASC, (13)
(v —vpom), DESC.

(Vzy v2) =

Safety constraints are enforced in the physical frame to
guarantee collision avoidance.

The proposed SAMP framework combines reactive con-
trol with short-horizon structural reasoning, enabling robust
navigation in confined environments using minimal sens-
ing. By integrating wall-extended referencing with virtual
frame remapping, the method achieves consistent perfor-
mance across complex tunnel geometries while maintaining
low computational cost.
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Table 1: Control parameters used in both simulation and ex-
periment.

Parameter Symbol Value
Forward gain ky 1.2
Lateral gain ky 1.8
Vertical gain k. 1.5
Yaw gain ke 0.9
Nominal velocity Vnom 0.16 m/s
Maximum velocity Umax 0.25 m/s
Maximum yaw rate Wmax 1.2 rad/s
Creep velocity Ucreep ~ 0.06 m/s
Stop threshold dstop 0.18 m
Turn threshold diurn 0.24 m
Slowdown threshold dslow 0.36 m
Open-space threshold dopen 0.50 m
Maximum look-ahead distance Thax 0.35m
Maximum vertical dwell time thax 1.0s
Future horizon N 8

3 SIMULATION RESULTS

The simulation results were obtained using a MATLAB-
based implementation of the proposed and baseline motion
planning algorithms. The design parameters are summarized
in Table 1.

The simulation environment consists of a narrow tunnel-
like structure with multiple turns, representing confined in-
spection scenarios such as building ducts and underground
passages. The tunnel has a square cross-section of 0.5 m x
0.5 m and a total length of approximately 11 m. The UAV
starts from an initial location outside the tunnel and is re-
quired to navigate through the corridor toward the goal while
avoiding collisions with the surrounding walls.

3.1 Velocity Profile Analysis in Horizontal Navigation

Figure 1 compares the trajectories generated by the eval-
uated motion planners, including Rapidly-exploring Random
Trees (RRT), local grid-based A* reached the goal and a
lightweight bug MP from [17]. The lightweight reactive plan-
ners maintained a smooth and centered trajectory through the
corridor and successfully negotiated the turns using only lo-
cal sensing information. This behavior is desirable in narrow
tunnel environments, where maintaining clearance from the
walls is critical for safe flight.

Table 2 summarizes the quantitative performance of the
planners. The lightweight reactive planner achieved the short-
est completion time and the lowest computational cost while
maintaining a competitive path length. In contrast, RRT and
local grid-based A* required substantially longer computa-
tion times due to repeated local replanning. Standard RRT
and A* implementations generally assume access to an occu-
pancy grid or geometric map; however, such information is
difficult to obtain on nano-UAVs equipped only with sparse
range sensors. Therefore, in this study, RRT and A* were
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Table 2: Performance comparison of motion planners in MATLAB simulation

Planner Time Completed Path Length Clearance Ave. Speed Comp. Time (us) Strength/Weakness
SAMP 90 s 12.5m 0.10 m 0.1384 m/s 63.6 Minimal sensing, Fast
Bug 88's 12.5m 0.05 m 0.1429 m/s 72.2 Fast but low clearance
RRT 179 s 13.3 m 0.08 m 0.0744 m/s 217.0 Slow and inefficient
A* 133 s 16.6 m 0.08 m 0.1250 m/s 47.3 Poor at corners

implemented in a receding-horizon manner, where candidate
waypoints were sampled within a locally inferred free-space
corridor derived from range measurements. Instead of ex-
plicitly constructing a map, tunnel boundaries were imposed
as feasibility constraints. Although this modification allowed
both planners to progress toward the goal, their computa-
tional burden remained significantly higher than that of the
lightweight reactive planner.

Figure 1 also shows the forward (v;) and lateral (vy) ve-
locity profiles for representative planners. These profiles pro-
vide insight into the control behavior and motion characteris-
tics of each method under confined navigation. These obser-
vations are worthy to note:

* SAMP (Proposed) The proposed SAMP exhibits a
smooth and structured velocity profile. The forward ve-
locity v, remains close to the nominal value for most
of the trajectory, with only brief reductions near turns
or constrained regions. The lateral velocity v, shows
gradual and continuous variations, corresponding to
anticipatory steering toward the local reference (car-
rot point). This behavior reflects the structure-aware
nature of the planner: instead of reacting abruptly to
obstacles, the UAV adjusts its motion based on short-
horizon geometric inference. As a result, SAMP pro-
duces smooth transitions through corners and main-
tains stable forward progress with minimal oscillation.

* Bug In contrast, the Bug-based planner exhibits highly
oscillatory lateral velocity v, characterized by rapid
switching between positive and negative values. This
behavior is a direct consequence of wall-following
logic, where the controller repeatedly corrects its po-
sition relative to the wall without anticipating future
geometry. The forward velocity v, also shows inter-
mittent drops, particularly near corners, indicating hes-
itation and inefficient progress. These oscillations lead
to increased path inefficiency and reduced stability, es-
pecially in narrow passages where frequent corrections
are required.

* RRT The RRT-based planner produces irregular and
discontinuous velocity profiles. Both v, and v, ex-
hibit sudden changes and spikes, reflecting the discrete
and replanning-based nature of the algorithm. As the
planner generates new waypoint sequences, the control
commands change abruptly, resulting in non-smooth
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motion. Although RRT is able to reach the goal, the
velocity profile indicates poor suitability for real-time
control on nano-UAVs, as the lack of continuity can in-
troduce instability and increased control effort.

e Local Grid A* Similarly, the local grid-based A*
planner shows high-frequency fluctuations in both v,
and v, particularly during replanning phases. Large
bursts in lateral velocity are observed when the planner
updates its path, causing abrupt directional changes.
These discontinuities arise from the grid-based repre-
sentation and frequent local replanning, which do not
explicitly enforce motion smoothness. While the plan-
ner successfully reaches the goal, the resulting mo-
tion is less stable and more computationally demanding
compared to lightweight reactive approaches.

Overall, the velocity profiles highlight a key advantage of the
proposed SAMP: it achieves smooth, continuous control be-
havior while maintaining reactivity and low computational
complexity. In contrast, Bug suffers from oscillatory correc-
tions due to its purely local nature, while RRT and A* intro-
duce discontinuities due to replanning. These results demon-
strate that incorporating short-horizon structural awareness
enables more stable and efficient motion in confined environ-
ments under minimal sensing.

3.2 Velocity Profile Analysis in Mixed Tunnel Navigation

The velocity profiles in Fig. 2 further highlight the differ-
ence in motion behavior between SAMP and the Bug-based
planner, particularly in the presence of vertical transitions.

The proposed SAMP exhibits smooth and coordinated ve-
locity profiles across all three axes. The forward velocity v,
remains close to the nominal value, with only moderate re-
ductions near turns and transition regions. Hence, the lateral
velocity v, varies gradually, reflecting continuous steering to-
ward the wall-extended local reference. Importantly, the ver-
tical velocity v, shows structured and intentional activation
only during vertical transitions. The transitions between hor-
izontal and vertical motion are smooth and temporally con-
sistent, indicating that the planner can anticipate and commit
to vertical motion based on local geometric cues. This re-
sults in stable traversal of vertical segments without oscilla-
tory switching.

In contrast, the Bug-based planner exhibits highly dis-
continuous velocity profiles in all axes. The lateral veloc-
ity v, shows rapid switching behavior, corresponding to re-
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Figure 1: Comparison of motion planners in the MATLAB
tunnel simulation environment. The proposed structure-
aware motion planning (SAMP) and the Bug-based planner
are highlighted as lightweight methods suitable for nano-
UAV deployment. SAMP achieves a smoother and more cen-
tered trajectory through the corridor, while the Bug planner
exhibits oscillatory behavior near turns due to its purely reac-
tive nature.

peated wall-following corrections. This oscillatory behavior
becomes more pronounced near corners and junctions. The
vertical velocity v, exhibits frequent sign changes and in-
termittent activation, indicating instability in selecting and
maintaining vertical motion. Rather than committing to a
clear ascent or descent, the planner repeatedly switches be-
tween directions, leading to inefficient and prolonged traver-
sal. The forward velocity v, also shows frequent interrup-
tions, reflecting hesitation and reduced progress due to the
lack of anticipatory behavior.

These results demonstrate that purely reactive strategies
such as Bug are insufficient for mixed horizontal-vertical
tunnel navigation, where consistent mode commitment is re-
quired. In contrast, SAMP leverages short-horizon structural
awareness to generate smooth, coordinated motion across all
axes. The resulting velocity profiles are significantly more
stable, enabling reliable traversal of complex confined envi-
ronments under minimal sensing.
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Figure 2: Comparison between the proposed structure-aware
motion planning (SAMP) and a Bug-based reactive planner
in a mixed horizontal-vertical tunnel environment. (Top)
3D trajectories from start to goal. SAMP achieves smooth
and consistent traversal, including stable vertical transitions,
while the Bug planner exhibits oscillatory behavior and ineffi-
cient motion, particularly near corners and vertical junctions.
(Bottom) Corresponding velocity profiles in the forward (v,,),
lateral (v,), and vertical (v.) directions. SAMP maintains
smooth and continuous velocity variations, whereas the Bug
planner shows frequent switching and high-frequency oscil-
lations due to its purely reactive wall-following behavior.

4 EXPERIMENTAL VALIDATION

Real-world flight experiments were conducted using a
Crazyflie 2.1 nano-UAV to evaluate the proposed lightweight
motion planners under minimal sensing conditions. The plat-
form has a mass of approximately 28 g and a motor-to-motor
distance of 0.08 m. The UAV is equipped with onboard IMU
and pressure sensors, together with a Multiranger deck and
Flow deck for sparse range sensing, optical-flow-based ve-
locity estimation, and altitude stabilization. No global map,
motion capture system, 3D LiDAR, or vision-based localiza-
tion was used during autonomous navigation.

Figure 3 shows the experimental tunnel environments and
representative flight trajectories. The navigation task in all
experiments was to autonomously traverse the tunnel and
reach the end of the course using only onboard sparse sensing.
Two tunnel configurations were considered: a horizontal-
to-ascending tunnel transition (Environment A, 2.0 m) and
a mixed horizontal-vertical tunnel (Environment B, 3.5 m).
Figures 3(A.2) and (B.2) compare representative trajectories
generated by SAMP and the Bug-based planner. In both en-
vironments, SAMP maintained smoother and more centered
trajectories, while the Bug-based planner exhibited larger de-
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Figure 3: Experimental validation of lightweight motion planners in confined tunnel environments using a Crazyflie nano-UAV
equipped with sparse onboard sensing. (A.1) Horizontal-to-ascending tunnel environment. (A.2) Representative experimental
trajectories for SAMP and the Bug-based planner in Environment A. (A.3) Corresponding velocity profiles showing forward
(vz), lateral (v,), and vertical (v,) motion components. (B.1) Mixed vertical-horizontal tunnel environment. (B.2) Representa-
tive experimental trajectories for SAMP and the Bug-based planner in Environment B. (B.3) Corresponding velocity profiles for
the evaluated planners. The proposed SAMP maintains smoother trajectories and more continuous velocity behavior, whereas
the Bug-based planner exhibits stronger oscillatory corrections due to purely reactive wall-following behavior under sparse

sensing.

viations and oscillatory corrections, particularly near tunnel
transitions and corners.

The corresponding velocity profiles in Figs. 3(A.3) and
(B.3) further highlight the behavioral differences. SAMP pro-
duced smoother forward, lateral, and vertical velocity tran-
sitions, whereas the Bug-based planner showed frequent os-
cillations caused by purely reactive wall-following behavior
without anticipation of tunnel geometry.

The experimental success rates also demonstrate the ad-
vantage of incorporating short-horizon structural awareness.
In Environment A, the Bug-based planner achieved a success
rate of 5/10, while SAMP achieved 8/10. In the more chal-
lenging Environment B, Bug achieved only 1/10 successful
runs, whereas SAMP achieved 6/10. Failures were mainly
caused by aerodynamic disturbances inside the tunnels, im-
perfect range measurements, and local interpretation errors.
Some runs resulted in wall collisions, while others caused the
UAV to retreat toward previously traversed regions instead of
progressing toward the goal.

Overall, the experimental results demonstrate that incor-
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porating lightweight structural awareness significantly im-
proves navigation robustness and motion smoothness for
nano-UAV tunnel navigation under sparse sensing conditions.

5 CONCLUSION

This paper presented a Structure-Aware Motion Planner
(SAMP) for nano-UAV navigation in confined tunnel envi-
ronments using only sparse range sensing. The proposed ap-
proach introduces a wall-extended local referencing mecha-
nism that enables anticipatory yet lightweight reactive nav-
igation without requiring mapping, memory, or global op-
timization. Simulation and real-world experiments demon-
strated that SAMP achieves smoother motion, improved sta-
bility, and higher traversal success rates compared to con-
ventional reactive baselines. Overall, this work demonstrates
the feasibility of autonomous tunnel navigation for resource-
constrained nano-UAVs using minimal onboard sensing and
highlights the potential of lightweight structure-aware plan-
ning for confined and GPS-denied environments.
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