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Safety-critical Autonomous Inspection of Distillation Columns using
Quadrupedal Robots Equipped with Roller Arms
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Abstract— This paper proposes a comprehensive framework
designed for the autonomous inspection of complex environ-
ments, with a specific focus on multi-tiered settings such
as distillation column trays. Leveraging quadruped robots
equipped with roller arms, and through the use of onboard
perception, we integrate essential motion components including:
locomotion, safe and dynamic transitions between trays, and
intermediate motions that bridge a variety of motion primitives.
Given the slippery and confined nature of column trays, it is
critical to ensure safety of the robot during inspection, therefore
we employ a safety filter and footstep re-planning based upon
control barrier function representations of the environment.
Our framework integrates all system components into a state
machine encoding the developed safety-critical planning and
control elements to guarantee safety-critical autonomy, enabling
autonomous and safe navigation and inspection of distillation
columns. Experimental validation in an environment, consisting
of industrial-grade chemical distillation trays, highlights the
effectiveness of our multi-layered architecture.

I. INTRODUCTION

As robots and their locomotion capabilities continue to
advance, they have become integral in various applications
such as logistics [1], [2], inspection [3]-[5], and rescue
operations [6]. Particularly in industrial settings, there is
a growing demand for autonomous robotic systems to un-
dertake hazardous missions, replacing human workers in
dangerous, complex, and spatially constrained environments.
The challenges posed by such environments necessitate a
heightened focus on ensuring the safety of robotic deploy-
ments, especially in intricate spaces that may contain unsafe
regions, exemplified by distillation column trays [5], [7].

Autonomous robotic systems are crucial in scenarios
where human workers or operators cannot be present, and
ensuring the safety of these systems becomes paramount.
This paper introduces a comprehensive framework designed
for the autonomous inspection of legged robots equipped
with roller arms in multi-layered trays, as illustrated in Fig.
1. Building upon the results from our previous work [5], [7],
we integrate planning and control stacks with a state machine
and perception package to enhance the autonomy of the
robot. Our proposed architecture enhances the locomotion
stack by incorporating considerations for multiple safety
conditions within the column tray. Intermediate motions are
introduced to bridge the gap between the locomotion stack
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Fig. 1.
system consists of a quadruped robot, roller arm, perception package, and
tether system, as shown in the left figure.

Robotic system and industry-grade column tray: Our robotic

and transition motion primitives, which is essential for nav-
igating between different column layers. The implemented
state machine empowers the robot to autonomously exe-
cute inspection missions autonomously, utilizing perceptual
information in conjunction with the planning and control
stacks. This unified approach ensures seamless planning,
control, and perception integration for effective autonomous
inspection in complex and confined spaces.

A. Related Works

Safety-critical control plays a crucial role in guiding
robotic systems, including quadrupeds [5], [8]-[10], bipedal
robots [11], [12], drones [13], and others. Specifically,
control barrier functions (CBFs) [14] lead to the notion
of of safety filters [15], represented as quadratic programs
(QPs), to effectively regulate control inputs and ensure safety.
Moreover, CBF-based safety filters have been successfully
implemented in robotic systems using reduced-order models
like the double integrator [8], [10], [16], [17] or single-rigid
body systems. This approach enables the implementation of
safety filters through low-dimensional state variables, en-
suring efficient computational performance. The application
of CBF-based approaches extends beyond generating safe
velocity commands for quadruped robots; it also includes
the ability to switch gait types in legged robots, enhancing
safety during locomotion [5].

After obtaining body velocity commands through the
aforementioned safety filters, the subsequent step typically
involves the utilization of either whole-body control (WBC)
[18]-[21] or inverse dynamics control (IDC) [22], [23] to
compute the actuator commands. To enhance robustness
in the face of uncertain disturbances, adaptive approaches

9093



Safe velocity Foot

Locomotion Stack

Actuator
torque command

command trajectory
RoM-based | Safety .| Footstep | Inverse Dynamics >
Steering ) Filter Planner Controller
'y \Velocity T
S
command — Actuator Low-level
= _' traieco torque command| Actuator
g > / Transition Planner \: 5 Controller
5 @'é\ Joint Space
e (\(,0‘Q Controller
2 (\5)\‘\@ 4| Intermediate Motion
El <& o] Planner Joint - -
2 postS trajectory Transition Stack Perception &
S} Pre
i State Measurements
Manway vertices (from Perception)

A

State Machine

Fig. 2.

Joint state, Floating base state, Perception state

S

Overall structure of the proposed framework: The proposed framework consists of a locomotion stack, transition stack, and state machine for

autonomy. In addition, the perception part provides the manway vertices to ensure the safety in the planning parts.

[24], [25] and task-space decomposition strategies [26] are
commonly employed, bolstering the robot’s behaviors. While
there is a growing interest in exploring the synergy between
whole-body control and learning techniques for simpler tasks
like walking [27] and push-recovery [28] in legged manipu-
lators, sophisticated and consecutive motions often benefit
more from a verifiable model-based whole-body control
approach, particularly when augmented with a well-designed
state machine.

An additional imperative in safety-critical planning and
control involves the integration of a perception stack within
a feedback loop. By incorporating the uncertain state data
acquired from sensors, advancements have been made in
enhancing CBF-based safety filters by utilizing measurement
robust CBFs, as demonstrated and validated using Segway
in [29]. In the context of bipedal locomotion, point cloud
data is transformed into regions comprising convex polygons,
effectively delineating safe and unsafe zones in challenging
terrains [30], [31]. Quadruped robots similarly leverage per-
ception packages to facilitate more responsive and secure lo-
comotion [32], [33]. As demonstrated in the aforementioned
studies, ensuring reliable perception guarantees safety during
locomotion in diverse environments, encompassing both the
wild outdoors and confined indoor spaces. This becomes
particularly critical when controlling a robot within complex
and limited spaces, such as our industry-grade column tray.

Autonomy stands as a pivotal factor in the successful
execution of inspection missions using robotic systems.
Without autonomy, manual control by human operators or
direct access to monitor the robots’ status becomes necessary.
Traditionally, the significance of autonomy has been high-
lighted in scenarios involving multiple robots or agents [34],
[35]. Even in the context of a single agent, autonomy plays
a crucial role in the seamless execution of complex missions
guided by a predefined logic, often represented by a control
graph of activities, as exemplified in [36]. In this context,
practical demonstrations with autonomy are facilitated using
behavior trees or finite state machines [37], [38]. The key lies
in designing the state machine with meticulous consideration
of the specific robotic applications and the given missions.

This paper aims to develop a full safety-critical autonomy

stack for the inspection of chemical distillation columns.
To this end, we leverage novel hardware consisting of a
quadrupedal robot with an attached roller arm [7]. This
hardware was designed with a view toward operating in
the confined spaces of these column trays and, importantly,
transitioning between the trays. Yet utilizing this hardware
in an autonomous fashion has yet to be demonstrated.

B. Contributions

The primary innovation presented in this paper lies in
introducing a comprehensive framework designed for the
autonomous inspection of robotic systems illustrated in Fig.
2. This framework is specifically tailored for deployment
in industry-grade trays encompassing multiple columns and
consisting of locomotion stack, transition stack, perception
part, and state machine, as shown in Fig. 2. Compared with
our prior research efforts in [5], the specific contributions
achieved in this work are outlined as follows:

« A state machine has been specifically crafted to enhance
the autonomy of robotic inspection within the distilla-
tion column tray.

Intermediate motions are meticulously generated to fa-
cilitate smooth transitions between the locomotion and
transition stacks.

The incorporation of a perception package enables
autonomous navigation, allowing the system to avoid
unsafe regions during the execution of safe locomotion
intelligently.

Safeguarding the integrity of the columns is prioritized
through the simultaneous consideration of two CBFs in
the planning process, leveraging a reduced-order model
for enhanced efficiency.

The efficacy of the proposed architecture is empirically
validated through a series of experiments conducted in
an industry-graded environment.

The structure of our paper is as follows. In Section II, we
provide a concise overview of rigid-body dynamics, reduced-
order models for robotic systems, and the fundamental con-
cept of CBFs. Section III details the proposed framework,
encompassing safety-critical planning, footstep replanning,
full-body control, intermediate motions, state machines, and
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perception packages. In Section IV, we validate the effec-
tiveness of the proposed framework through autonomous
inspection scenarios involving a quadruped robot equipped
with a roller arm in an industry-grade column tray.

II. PRELIMINARIES

This section briefly overviews the system models em-
ployed in the proposed framework, including both full-body
and reduced-order models. In addition, we introduce the
fundamental concept of CBFs.

A. System Models

When considering the full-body dynamics of the legged
robots, the equation of motion is expressed as follows:

D(q)g +H(q,4) =S'T+J.(q) " F. (1)

where ¢ € Q and 7 € T represent the joint variable and
the control torque input, respectively, with a configuration
space Q@ C R™ and control input space I' € R"~6. D(q),
and H(g,q) denote the mass/inertia matrix and the sum
of Coriolis/centrifugal and gravitational forces, respectively.
S € R("=6)x7 and F, € R™ represent the selection matrix
for the actuation joints and the contact forces, where n.
denotes the dimension of the contact forces under a certain
supporting phase. J.(q) € R™*™ is the contact Jacobian
associated with the contact force. This full-body dynamics
model computes the joint control command given reference
trajectories.

Since the above full-body dynamics model is high-
dimensional, we have frequently utilized reduced-order mod-
els for safety-critical planning, such as the inverted pen-
dulum, lumped mass, double-integrator, etc. Similar to our
previous work in [5], we choose the 2-dimensional double
integrator system with a state ¢ = [ps,p,] € R% We
represent the corresponding state-space model as follows:

Ey, = foTy) + go(Tp)V (2

where v € R? denotes the input of the double-integrator sys-
tem, which is the velocity command of the robot’s base. It is
important to figure out the bounds of the velocity commands
Vmax and v, for realizable safety-critical commands.

B. Control Barrier Functions

Let us consider a control affine system described with a
state £ € X and control input u € U as follows:

& = f(z) +g(z)u 3)

where f and g are Lipschitz continuous. With an assumption
that a safe set C .= {x € R" : h(x) > 0} is given where
h is a continuous and differentiable function, we can define
control barrier functions according to [14].

Definition 1. Given a safe set C = {x € R"* : h(x) > 0},
h : R"™ — R is a control barrier function (CBF) if there
exists a function o € K, such that for all x € C:

sup h(w, u) > —a(h(z)).
uel

Fig. 3.

Two CBFs for safety-critical planning in the tray: h; and ho
are the CBFs to avoid the manway and the edge of the tray, respectively.

If all states in C satisfied the above inequality for inputs in
U, C is forward invariant.

In this paper, we employ the defined CBFs to generate safe
control velocity of the robot’s base based on the perceptual
information of the environments by leveraging the double-
integrator system.

III. THE PROPOSED FRAMEWORK

In this section, we explain the meticulous update and
specifications applied to the safety-critical planning, footstep
replanning, and full-body control modules for the confined
space within the column tray. Moreover, we introduce novel
components, including intermediate motions facilitating the
connection between locomotion and transition stacks, a state
machine, and the perception modules, contributing to the
comprehensive evolution of our framework.

A. Safety-critical Planning

In the industry-graded column tray, the safe space is
limited due to the manway. For this reason, we need to define
two safety conditions for ensuring safety in the planning
process using the reduced-order model. Let’s assume that
the manway is rectangular and all vertices are given as v,
V9, v3, and vy where the lengths of long and short sides are
L; and L, respectively. In addition, the radius of the column
plate is r,. First, to avoid the manway, which is an unsafe
region, we designed the CBF in an ellipsoidal shape as we
proposed in [5]:

hi(z,) =p  Ap +Bep +c. 4)

The detailed A, B, and ¢ are expressed as follows:

2 s 2 .
A = 0 4 o 0 (a% - b%) cos fsin 6
- 1 1 : sin? 6 cos?

(afszfz)coseslno 74’7
B=—25'A, ¢c=3% Ap-1

where a = L;+¢;, b = L+ €4, and 0 are the lengths of the
major and minor radii and the orientation of the ellipse. In
addition, @ denotes the center of the manway. Second, the
robot’s base must be inside the column plates. For simplicity,
we can define the CBF for this condition as follows:

ho(@y) =—(p—@) (e—@)+(rp—¢)? (5

where e denotes the offset for considering the body frame of
the robot’s base.
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Based on the above two CBFs, a QP problem is formulated
to ensure the safety of the robotic systems as follows:

arg min ||kd(:n<p,£) — IJ||2,
veV

S.t. le(w@,u) > —ay(hi(zy)), (6)
ha(xy,v) > —as(ha(z,))

where k¢ : X, x R* — V is the controller to track the
desired position . The reference controller can be designed
as a simple P controller k%(x,) = K (£ —x,) where K, =
diag(k, , k,,) with the proportional gains in the x and y
direction, k., and kwy- o1 and ay denote the K¢ functions
associated with hy and hs, respectively. In this work, we
assume that the goal positions or waypoints of the robot base
are reachable. Otherwise, we need to modify L; and Ly to
adjust the CBF h; or relax one of the conditions as [10] to
make the QP (6) feasible.

B. Footstep Replanning

Since the column tray has really limited space, we imple-
ment a quasi-static walking gait, which involves only one
leg move, and the rest of the feet maintain solid contact
during the swing phase. The walking gait is composed of
four phases, wgr, wpr, Wrr, and wgr, whose the swing foot
is front left, back right, front right, and back left. We repeat
iterating the phases in a sequence:

WFRL — WBR — WFR — WBL —> WFL —> * ** @)

while executing the quasi-static walking. Based on the cur-
rent position and orientation of the robot’s base, it is possible
to compute the goal position of the swing foot p¢ with the
Raibert heuristics. If the goal position of swing foot pJ
is near the manway or inside the manway, the position is
modified according to [5].

In addition, we modified the goal position of the swing
foot when it is near to the edge of the column tray or outside
the tray. The modified goal position p7 is obtained by scaling
the position vector with respect to the center of the tray:

n __ o~ ™ —€ =
Pl =T, + ——(p? —T,). )
ot pg — g P )

It is important that the support polygon with the replanned
foot location is conservative to maintain the CoM inside it
while executing the next swing phase. In addition, we tested
the modified foot location to be kinematically feasible within
ROM. After that, the swing foot trajectories are designed by
using cubic interpolation with the swing time interval.

C. Full-body Control

In this paper, we leverage two types of full-body control
employed for locomotion control and joint-space control
during the transition and intermediate motions. First, the
locomotion controller is formulated in a QP problem. After
computing joint configuration and velocity, g and ¢¢, based
on the swing foot reference trajectories by solving an inverse

kinematics problem, we can formulate the inverse dynamic
control QP as follows:

d{nin. 6% — QH%VQ + ||T||%VT + ||FC||%VC
st. D(q)¢d+H(q,q) = STr4+ Jc(Q)TFC,
Je(@)g +Je(q,4)q =0, ©)
F.e FC, Te€T,

i =K,(q" — q) + Ka(¢" — q)

where K, and K, are proportional and derivative gains to
design the nominal joint acceleration ¢¢. In addition, Wy,
W, and W, denote weighting matrices assigned to the
terms associated with joint acceleration error, control torque
input, and contact force, respectively. FC is the contact
wrench cone for the given contacts.

By using the optimal solution to the above problem g*,
we can compute the reference joint position and velocity, g"
and q", with Euler integration as presented in [5]. Then, the
following joint impedance controller is utilized to compute
the command torque.

Tema = 75+ K™ (q" — q) + K(¢" — q) (10)

where K" and K;"" represent the proportional and deriva-
tive gains for the joint impedance controller. 7* denotes the
optimal solution to the QP problem in (9). For the transition
stack, we make the full-body controller much simpler by
replacing q" and ¢" to g and ¢? (10). In addition, the
gravity compensation torque 7, is plugged into the feedfor-
ward torque command instead of 7*. Since the transition and
intermediate motions, such as locomotion, are not dynamic,
this simplified version of the full-body controller is fairly
effective in tracking the reference trajectories.

D. Intermediate Motions

Since the transition trajectories are designed offline with
respect to a specific joint configuration, it is necessary to
change the configuration smoothly by changing the contact
sequence. Let’s suppose that N = {1,---,¢} is the dis-
credited horizon and g; is the ready configuration for the
transition. Then, we can formulate the following mixed-
integer quadratic program (MIQP):

(@ — )" Qq(a: — a“)

min
Cli:01,9(1:0]

5

s.t. chl) =0,
i=1

y cgk) =2,

c:(Lj), cij)7 céj) € {0, 2}, céj), ng) € {0, 1},
C,Ej)si(Qt _ q(j)) =0, ie{l,---,5}

cy) =0,

hE

=1

kef{2, -, 0—1),

(1)

where ¢7) denotes the j-th configuration. The decision
parameters ¢ = [¢), e e, ), ] is defined

for the j-th step where ci, co, c3, ¢4, and c5 indicate the
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Fig. 4. Experimental result generating Pre-motion for downwawrd transition: By strategically planning intermediate motions prior to initiating the
downward transition, the sequence of contact points ensures smooth joint configuration adjustments for the transition. CoM is maintained within the support

polygon throughout these intermediate motions.

Fig. 5.

Experimental result generating Post-motion for downward
transition: (a) final configuration post downward transition, (b) front
legs realigned to adjust the support polygon, (c) arm slightly folded to
detach from the upper layer, (d) arm length adjustment, (e) arm fully
folded in preparation for subsequent locomotion, (f) configuration for next
locomotion.

integers for contacts of wheel, front-left, front-right, back-
left, and back-right legs, respectively. In addition, Cyy. =
{C(l), - 7C(é)}, qu. = {q(l)’ .. ’q(z)} and S; is the
selection matrix for the leg associated with ¢;. The mean-
ingful solution is Cpy., which is a contact sequence for the
intermediate motions.

Once the optimal contact sequence of the intermediate
motions is obtained, we generate continuous trajectories to
reach the initial continuation of transition or locomotion
by avoiding unexpected collisions. The intermediate motion
before the transition requires control of the roller arm to
make stable contact with the tray before making sequential
motions determined by (11). Fig. 4 shows the experimen-
tal validation of intermediate motions before making the
downward transition behavior. Based on the optimal contact
sequence, the CoM remains inside of support polygon while
changing configuration to ready the downward transition.

After making the downward transition behavior, we need
to consider additional constraints to be ready for next lo-
comotion tasks. The arm must be folded while controlling
the CoM inside of the support polygon. As shown in Fig.
5, if needed, we change the foot locations to enlarge the
support polygon. These processes are helpful to make smooth
swapping between the locomotion and transition stacks.
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Fig. 6. State machine for autonomy while performing inspection
missions: From the initial state to the completion of inspection. In the event
of failed transitions, the state machine halts the robot’s actions.

E. State Machine

To enhance the autonomy of robots within a column
tray, we introduce a state machine based on both state and
perception measurements. Seven distinct tasks are defined to
efficiently execute inspection missions as follows:

o Searching: The robot adjusts its body orientation and
height at the initial position to obtain the manway
vertices.

o Locomotion (Inspection): Safely navigating the robot
through a single column, ensuring the completion of
the inspection mission while avoiding unsafe regions.

o Locomotion (Go to the manway): Directing the robot to
the manway in preparation for an upward or downward
transition.

o Intermediate Motion (Pre-motion): Modifying the
robot’s configuration to prepare for a transition within
a specified contact sequence.

o Transition (Up/Down): Executing a smooth and safe
transition between columns.

o Intermediate Motion (Post-motion): Adjusting the
robot’s configuration to be ready for locomotion again
after completing a transition.

o Locomotion (Go to the safe location): Navigating the
robot to a pre-defined safe location.

These tasks form the basis for a defined state machine, as
depicted in Fig. 6. Starting from the initial state, the robot
autonomously inspects a single-column tray, capable of re-
peating the inspection task when goals are added or modified.
Following completion of the inspection, the robot positions
itself on the manway for upward or downward transitions.
Trajectories for the transitions between the column trays are
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Fig. 7.
designated location, (d) inspection task completion, (¢) resuming manway search, (f) moving towards waypoint, (g) approach to transition-ready position
on the manway, (h) intermediate motion for downward transition preparation, (i) downward transition execution, (j) completion of downward transition.

generated by the optimization approach proposed in [7] with
additional CoM constraints for enhancing the balance during
the transitions [5]. It is terminated if a stable transition is not
achieved during the process. Upon successful transition, the
robot readjusts its configuration for subsequent locomotion.
The process concludes if the robot reaches the pre-defined
safe location or repeats based on pre-defined conditions. This
state machine significantly enhances the autonomy of robotic
inspection within multi-column trays, minimizing the need
for human intervention.

F. Perception in a Loop

Utilizing a Kinect package, we implement a perception
stack to discern the manway within the column tray. The
primary function of this perception stack is to furnish crucial
data regarding the vertices of the manway, denoted as v1, vo,
vs, and v4. To optimize efficiency and mitigate computation
delays in the planning and control loops, we meticulously
specify the locations where perceptual data is acquired.

To enhance the precision of our measurements, we conduct
100 data collections and leverage their avera%e. Assuming the
relative positions of the manway vertices, 'vlp}, véP}, vé{P}
and vip}, are determined with respect to the perception
frame, we convert these positions into the global coordinate
system:

>

G} _

4 ol (12)

Ripicyvy
where ’U]EG}, Rip|c}, and ¢§G} represent the position of
the k-th vertex in the global coordinate system, the rotation
matrix from the global to perception coordinates, and the
position of the Kinect package with respect to the global
frame, respectively.

Based on the obtained vertices ’UIEG}, we compute the
base’s velocity command and determine the landing location
of the swing foot, as detailed in Sections III-A and III-B. The
center of the polygon formed by these vertices is considered
as the center of the column tray. Additionally, we make the
assumption that given the radius of the column layer and
the dimensions of the manway, it is feasible to ascertain the
accuracy of the perceptual information.

ol Vk € {1,2,3,4}

Snapshots of Autonomous Inspection: (a) initial position establishment, (b) manway search, (c) locomotion execution (inspection) towards

IV. EXPERIMENTS

In this section, we show the results of our experiments
demonstrating the autonomous inspection capabilities of the
Unitree Al quadruped robot equipped with a roller arm
within an industry-grade column tray. The roller arm, boast-
ing 5 DOFs, incorporates 4 actuators and a bidirectional lead
screw for arm extension. Experimental setups employed Intel
NUC and Nvidia Jetson AGX Xavier devices, connected to
the robot via network switches, to execute and demonstrate
the experiments.

Concurrently, trajectory computations for transition and
intermediate motions were carried out using FROST [39]
and MATLAB on a laptop with a 3.4 GHz Intel Core i7
processor. The optimization solver OSQP [40] was employed
for solving the QP problem of safety-critical planning and
full-body control, executed on the Intel NUC. This integrated
approach ensured efficient planning and control mechanisms
throughout the inspection process.

The column tray is structured with three layers, each
separated by a 22-inch gap, with a tray radius of 35 inches.
The manway, a crucial component, features dimensions of
27.5 inches in length and 15 inches in width. Notably, each
layer of the tray is distinguished by unique stud patterns.

A. Autonomous Inspection

The overall inspection scenario is depicted in Fig. 7. We
describe the detailed inspection process corresponding to the
snapshot. Initially, the robot is positioned arbitrarily on the
top layer of the column tray for autonomous inspection,
facing the manway (Fig. 7(a)). To conduct the search motion,
we control the robot’s body yaw angle within a range of
+0.3 radians for a duration of 2 seconds. If perceptual data
(vertices of the manway) is not acquired, the robot repeats the
search motion until the vertices data is received from the per-
ception stack (Fig. 7(b)). Subsequently, the robot engages in
Locomotion (inspection) to reach the predetermined position
on the opposite side (Fig. 7(c)). Throughout the inspection
task, both CBF constraints h; and hs are considered in our
locomotion control alongside the footstep re-planning.

Once the inspection task is completed (Fig. 7(d)), the
robot is directed towards the manway and repeats the search
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Fig. 8. Experimental results: In the upper portion, color-coded zones

delineate distinct stages of locomotion: Blue for inspection, green for
approaching a waypoint, red for transition-ready location, yellow for pre-
motion before downward transition, and purple for the downward transition.
In the lower section, circular markers denote the positions of the front-left
(blue), front-right (black), back-left (red), and back-right (purple) feet.

motion to acquire perception data for the manway (Fig.
7(e)). The Locomotion (Go to the manway) phase comprises
two stages: movement towards the waypoint with orientation
alignment (Fig. 7(f)) and approach to the transition-ready
position on the manway (Fig. 7(g)). While navigating to-
wards the waypoint, the CBF constraints persist to prevent
unsafe motions within the manway by ensuring safe foot
placement. However, as the robot approaches the transition-
ready location, the CBF constraints are lifted, activating only
the footstep re-planning component.

Following this, Intermediate motion (Pre-motion) is ex-
ecuted to align the joint configuration with the initial value
of the transition trajectory (Fig. 7(h)), which is same as the
process illustrated in Fig. 4. The robot then moves to the
lower column tray through Transition (Down), as depicted
in Fig. 7(1) and (j). In the event of a successful transition,
the robot proceeds to execute Intermediate motion (Post-
motion), described in Fig. 5. However, if the transition fails,
the robot halts, and an additional tether system is employed
to pull the robot back to the upper column layer.

B. Discussion

Fig. 8 presents the experimental results of autonomous
inspection conducted within the industry-grade column tray.
In the upper segment of Fig. 8, the robot’s base position
is precisely controlled through full-body control within the
confined space without any jerky or unstable motions. In
addition, the CBF values for h; and hy are always greater
than 0 within the blue and green zones, ensuring the robot’s
safety. Since we remove the safety filter within the red,
yellow, and purple zones, negative CBF value (h;) does not
mean any safety violation.

Furthermore, the lower portion of Fig. 8 shows the footstep
planning during the inspection. To make footstep re-planning

more conservative, we expand the unsafe region based on
the geometry of the manway (blue box) and include a 5
cm buffer margin (red box). All foot placements during
autonomous inspection are located within the safe region
delineated by the boundary of the column layer (black circle)
and the red box, excluding during transition behavior. These
results distinctly show that the proposed framework enables
safety-critical autonomy of our robotic system within an
industry-grade column tray.

However, in the hardware experiments, challenges arose in
locomotion control due to the uncertain friction coefficient
of the column tray. Initially, we adopted a baseline value
of © = 0.7, which had proven effective for locomotion
on flat ground. However, the column tray is much more
slippery than the flat ground so we need to tune parameter,
resulting in a revised value of p = 0.4 after iterative
hardware experiments. Moreover, the limitation of space
rendered the trot gait impractical, leading us to employ the
quasi-static gait. Nonetheless, in scenarios where the column
tray provides more wider space, employing the trot gait could
be feasible instead of the quasi-static gait. To enhance the
alignment of transition-ready positions and generate safer
motions, it is crucial to achieve more accurate and frequent
updates of the perception stack.

V. CONCLUSION

This paper proposes a comprehensive framework for the
autonomous inspection of a quadruped robot equipped with
a roller arm within an industry-grade column tray featuring
multiple layers. Building upon our prior work, we achieve
full autonomy in executing inspection missions by employing
a state machine to determine a sequence of the robot’s
behaviors. Additionally, contact sequences for intermediate
motions, connecting locomotion and transition stacks, are
derived through the solution of a MIQP problem. The
manway and tray dimensions are accurately measured using
a perception package, and this perceptual information is
leveraged to tailor the safety-critical planning and footstep
replanning components for operation in confined spaces.

Looking ahead, our future plans involve integrating gen-
erative Al with the proposed safety-critical framework to
enhance autonomous inspection capabilities across diverse
environments. Rather than manually specifying state ma-
chines or behavior trees, our goal is to develop a wrapper
that bridges the outputs of generative Al with the framework,
adapting to dynamic environments that may involve moving
objects or unexpected events.
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