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Abstract—Visual inspection of confined spaces such as aircraft
wings is ergonomically challenging for human mechanics. This
work presents a novel crane robot that can travel the entire span of
the aircraft wing, enabling mechanics to perform inspection from
outside of the confined space. However, teleoperation of the crane
robot can still be a challenge due to the need to avoid obstacles
in the workspace and potential oscillations of the camera payload.
The main contribution of this work is to exploit the differential flat-
ness of the crane-robot dynamics for designing reduced-oscillation,
collision-free time trajectories of the camera payload for use in
teleoperation. Autonomous experiments verify the efficacy of re-
moving undesired oscillations by 89 %. Furthermore, teleoperation
experiments demonstrate that the controller eliminated collisions
(from 33% to 0%) when 12 participants performed an inspection
task with the use of proposed trajectory selection when compared
to the case without it. Moreover, even discounting the failures due
to collisions, the proposed approach improved task efficiency by
18.7% when compared to the case without it.

Index Terms—Telerobotics and teleoperation, collision

avoidance, inspection robots, manufacturing.

I. INTRODUCTION

ONFINED-space inspection is a major aspect of aerospace

manufacturing and maintenance, especially inside aircraft
wings (where fuel is stored), which are ergonomically challeng-
ing, hazardous environments to work in. For example, mechanics
need to don protective suits and respirators for safety in such
spaces, which makes the work cumbersome [1]. Moreover,
ensuring safety requires regular check-ins from an outside part-
ner. These difficulties of operating in confined spaces motivate
the development of robotic solutions that allow mechanics to
perform their work from outside the confined space. A challenge
with typical robotic inspection solutions is that they require
repeated time-consuming installation and removal for each of
the many separated internal structure segments (bays, see Fig. 1)
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Fig. 1. The crane robot can inspect the entire wing by traversing stringer
channels. (Top-left) Partial view of an aircraft wing bay with crane robot moving
inside the channel between two stringers, suspending a camera payload for
inspection. The wing bays are partitioned into separate spaces by ribs and
each space is typically accessed through narrow access holes. (Center) A two-
dimensional schematic of the wing with a sample stringer channel highlighted
in yellow, spanning the length of the wing, which provides access (over the ribs,
with the camera stowed) between adjacent bays. (Bottom left, Section A-A)
Cross section with the stowed crane robot in the stringer channel (highlighted in
yellow) formed below the upper skin and between adjacent stringers enabling
passage over the ribs. (Bottom right, Section B-B) Crane robot in the stringer
channel (yellow highlight).

of the wing in commercial aircraft architectures. An additional
challenge is that teleoperation (which takes advantage of human
expertise to perform complex tasks) can be slow since it is diffi-
cult for humans to manage multiple tasks such as (i) inspection
of the space and (ii) avoiding obstacles — especially, in complex
confined spaces. This work presents a robotic inspection system
that can move through the entire wing without re-installation in
each bay and develops a control system to aid collision avoidance
and thereby, improve teleoperation performance.
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The current work avoids the problem of installation/removal
in each of the separate bays by designing a compact robot that can
fit and move inside the channel between stringers, and thereby,
access the entirety of the wing operating akin to a gantry crane
with a suspended camera as the payload. The camera can be
retracted to cross the ribs that separate adjacent bays. Addi-
tionally, to aid teleoperation, this work reduces motion-induced
oscillations and automates collision avoidance during teleoper-
ation of the crane robot. In particular, the differential flatness of
the crane-robot dynamics is used to design reduced-oscillation,
collision-free time trajectories of the camera payload. The re-
sulting teleoperation controller allows the operator to directly
specify camera payload trajectories while autonomously avoid-
ing large oscillations and potential collisions. Experimental eval-
uations show that the teleoperation assistance reduces undesired
oscillation by 89% and user trials of 12 participants demonstrate
the mitigation of collision and an 18.7% improvement in task
completion time when neglecting collision compared to the case
without the teleoperation assistance.

II. RELATED WORKS
A. Design of Robots for Confined Spaces

Currently available confined space robotic solutions cannot
access the entire wing during manufacturing of the commercial
aircraft architecture. For example, conventional manipulator-
based, continuum-type, and snake robot architectures for con-
fined space inspection [2], hole cleaning [3], and multi-tasks [4]
within aircraft wings cannot move between bays through the ribs
over the span of the wing and require manual installation and
removal for each bay. Movement between bays is achieved with
the Eeloscope [1] by swimming through holes in the ribs when
fuel is present inside aircraft wing tanks. However, this solution
is notapplicable in the absence of fuel, e.g., during initial aircraft
manufacturing. Another approach is using mobile robots that
drive through rib cutouts in aircraft wings if the driving surfaces
are smooth [5], but this solution does not apply to larger aircraft
with uneven surfaces due to stiffening stringer structures on
the inner-skin. The crane robot overcomes the challenge of
traversing separated bays by using a small cross-sectional area to
traverse the bays through narrow (6.5 in X 3 in) stringer channels
that span the entire wing. Previous works have introduced robots
to move in narrow spaces such as pipes and channels, e.g.,
snake [6] and inchworm [7] robots. However, these designs rely
on the entire cross section to be continuous, but the stringer
channels tend to be open away from the skin. Therefore, this
work presents a novel crane robot that uses wheels to stay
inside the stringer channel, similar to wheeled pipe crawling
robots [8]. Moreover, the crane robot exploits the opening in the
stringer channel to suspend a camera via a pulley mechanism to
perform inspection tasks, as shown in Fig. 1. In inspection tasks,
trajectory tracking is critical to move the payload camera along
a desired path, which is different from the goal in traditional
gantry cranes used in the aerospace industry that seek to move
objects from one point to another.

B. Assisting Teleoperation in Complex Environments

The crane robot (with controls to position on the stringer
channel and the camera position) is analogous to a variable-
length gantry crane [9]. Therefore, it shares similar chal-
lenges in teleoperation as industrial crane systems, where the

T

operator controls both the cart position and the cable length in-
dependently [9]. This conventional control approach, where the
operator specifies trajectories that do not cause undesired oscil-
lations of the payload, can be challenging and require extensive
training to learn how to manage the gantry-crane dynamics.
To avoid such challenges in teleoperation, this work develops
a semi-autonomous teleoperation control for the crane robot,
which can make teleoperation easier as shown in [10]. The
human operator only specifies a reference point to generate
trajectories for the camera payload, and handling of control
complexities such as obstacle avoidance and unwanted oscil-
lations (due to payload dynamics) is managed autonomously to
assist teleoperation. Input shaping is a widely used method to
reduce residual oscillations in crane positioning [11]. However,
input shaping does not ensure payload trajectory tracking, which
is important near obstacles in confined spaces. Alternatively,
gantry cranes have been shown to be differentially flat, allowing
all states and inputs to be represented as functions of the output
and its time derivatives [12]. This work leverages the differential
flatness property of the crane-robot dynamics as the basis of the
teleoperation assistance where camera payload coordinates are
considered as the output [13], [14]. Previous work has shown that
flatness-based control can reject undesired payload oscillations
caused by disturbances during autonomous trajectory tracking
and positioning [15]. In addition to crane applications, differ-
ential flatness has been widely applied to a variety of systems,
including cable-suspended UAV path planning [16], UAV-UGV
cooperative landing [17], and aerobatic trajectories of VTOL
aircraft [18]. These autonomous applications are based on pre-
defined trajectories or objectives but do not address real-time
trajectory generation to assist avoiding obstacles during human
teleoperation. Specifically, the proposed crane-robot assistance
modulates the operator’s reference input to avoid collisions, and
additionally, since the low-order polynomial trajectory is tracked
accurately, the approach also reduces unwanted oscillations.
Previous works have used the flatness-based approach for gantry
crane teleoperation using sufficiently-smooth online S-curve
velocity trajectory generation. However, this approach is used in
an environment without obstacles [19]. Moreover, this approach
relies on a fixed-length payload and a linearized model, which
may not be sufficiently accurate for crane robot operations,
where varying payload lengths and rapid movements can cause
larger swing angles. Therefore, this proposed work develops a
trajectory generation approach for the gantry-crane model using
the differential flatness of the dynamics, which accounts for
both (i) the nonlinearity due to the swing dynamics and (ii)
the variable length. Thus, the proposed approach enables easier
(collision-free and reduced-oscillation), semi-autonomous tele-
operation of the crane robot, which in turn, improves operator
performance during confined-space inspection.

III. CRANE ROBOT DESCRIPTION

To deploy inside the narrow stringer channel formed by the
flanges of the stringer and the wing skin, in Fig. 1, the crane
robot frame is segmented into two smaller pieces which are
subsequently attached (once inside the stringer channel) with a
threaded rod. This allows installation through the narrow gap
of the stringer channel while being wide enough to drive on
the flanges as as depicted in Fig. 2(a). Once installed, the crane
robot drives through the channel on four vertical wheels with one
wheel driven by a motor. The crane robot has four side wheels,
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Fig.2. Installation of the crane robot in the stinger channel. (a) The crane robot
frame segmented in two pieces with widths w1 = 3.75inand wo = 2.75inand
thickness less than 2.5in so each segment can be installed diagonally through
the channel opening of width w. = 3.5 in. (b) The installation is completed
by connecting the segmented frame with a threaded rod (red). The width of the
connected segments is larger than the channel opening width, w,, enabling the
crane robot to drive on the stringer flanges with its vertical wheels (cyan) while
its side wheels (blue) contact the stringer web to correct channel misalignment.
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Fig. 3. Crane-robot’s control scheme. The external camera at the access hole

measures the cart position, x, the payload length, [, and the swing angle, 6,
from the fiducial markers at a sampling rate of 33 Hz, which intermittently
updates feedback collected from the motor encoders at a sampling rate of 1.3 kHz
to construct the crane robot’s states, X. From the operator workstation, the
feedforward input, F'y ¢, and desired states, X, are specified through a joystick
interface by the operator observing the external camera and camera payload
image. The combined feedforward force, F'y ¢, and feedback force, F'yy, is the
applied crane-robot input, F'.

shown in Fig. 2(b), which can contact the stringer webs and help
realign the crane robot with the stringer channel.

The crane robot performs inspection tasks by suspending a
camera into the confined space using a pulley mechanism. To
traverse adjacent bays, the camera payload is stowed and re-
leased from the channel by wrapping and unwrapping the camera
around the pulley. The crane robot deploys a wireless 360 camera
payload, enabling the operator to perform remote inspection in
any direction by panning a tablet application, similar to such use
in other applications such as power-line inspection robots [20].

Operators receive overall perspective of the environment us-
ing an external camera to reduce disorienting effects associated
with system movement of the robot’s onboard camera [21].
Specifically, an external camera, located at the access hole,
provides an external view of both the crane robot and obstacles,
delivering situational awareness to the operator shown in Fig. 3.
The external camera also provides vision-based state and output
feedback using fiducial markers (Apriltags [22]) located on the
crane-robot’s cart and camera payload along with a reference tag
located in the confined space for tracking control, e.g., as in [23].
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Fig. 4. Comparison of residual oscillations for slow and fast trajectories,
without swing-dynamics compensation. (a) The crane-robot schematic: inputs
are the force on the cart, f1, and the force on the payload, fo; outputs are the
horizontal and vertical payload-positions, y; and y2, respectively; and states are
are the cart’s position, x, the payload length, [, and the payload swing angle,
0, along with their time derivatives. (b) Snapshots of the crane robot prototype
traversing a ramp-like trajectory which transitions the camera payload over a
pipeline obstacle near an inspection location. (¢) Comparative time responses
of the outputs y1, y2, for two different transition times, 73 = 4 and 73 = 40
seconds, plotted against normalized time, 7, = ﬁ. (d) Residual oscillations
at the inspection point for the two transition times.

Measurements from the fiducial markers provide swing angle
information and global-correction updates for crane-position
and payload-length estimates from motor encoders. Operators
use camera feedback to visualize the pose of the crane robot and
use ajoystick, as inindustrial crane control [24], to send wireless,
horizontal-and-vertical, camera-payload velocity commands.

IV. CONTROL PROBLEM FORMULATION

The dynamics of the crane robot resembles those of a variable-
length gantry crane, as depicted in Fig. 4(a). Under low-speed
operations, it is feasible to neglect the payload swing, 6, dy-
namics. Without the swing dynamics, the horizontal position,
y1, of the payload (inspection camera) corresponds to the cart
position, z, and the vertical camera position, y», corresponds to
the payload length, [. As a result, the outputs (the horizontal ¥,
and vertical y, positioning of the camera) are decoupled from
each other and can be controlled independent of each other.

The decoupled approach, without compensating for the swing
dynamics (i.e. assuming x = y; and [ = —ys9), can lead to
acceptable tracking during low-speed operation. To illustrate,
tracking is studied for a ramp-like trajectory to move across the
confined space over a pipeline obstacle, as shown in Fig. 4(b).

The nominal desired trajectory, Y = [§i(7) gjg(T)]T, is
defined by

OST<Tt

TtST<%Tt

T
2 (T~ Tt)}
T )
~2(r—2Ty)| T <7 <M

2Tt <7< 4Tt
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where the transition time, 7}, defines the duration of movement,
Ay; defines the change in the camera’s horizontal position
over Ty, and Ays defines the change in the camera’s vertical
position over % before returning to the initial position within

%. The nominal time trajectories ¢, and ¢» are smoothed by four
cascaded first-order low-pass filters with a cutoff frequency, Q,
as y1(7) = Fyyh and yo(7) = Fyyp, with Fiy = (25 —)* where
A represents the Laplace variable.

The response of the crane robot with cart mass, M =
0.815 kg, and payload mass, m = 0.225 kg, when following
the time trajectories y; (7) and yo(7), parameterized by Ay, =
0.75 m, Ays = 0.15 m, and a = 10 24 (1.59 Hz) at a slow
transition time of 7} of 40 seconds, by tracklng the decoupled
commands of the cart and payload length are shown in Fig. 4(c).
Residual oscillations, present after reaching the inspection point,
are small and remain below a magnitude of 1.4 degrees, as shown
in Fig. 4(d). However, this decoupling of the payload positioning
is only valid at low speeds and accelerations, and rapid changes
in the positions (e.g., needed for faster movements to speed up
inspection) can excite the swing dynamics, inducing significant
oscillations, which in turn, can make teleoperation challenging.
The swing dynamics are excited as the same ramp-like trajec-
tory is tracked with a smaller transition time, 73 = 4 seconds,
with a 6.5 times increase in residual oscillation magnitude to
9.1 degrees, as shown in Fig. 4(c) and (d). Such large residual
oscillations need to be avoided to enable fast teleoperation.
Therefore, the research problem is to compensate for the swing
dynamics to reduce residual oscillations.

V. FLATNESS-BASED SEMI-AUTONOMOUS CONTROL

A. Flatness-Based Feedforward Inputs

The dynamics of the crane robot can be modeled in state space

X as [15], [25]
-+ 1 [o 0 |
1 —s
0 M ™
d ¢ 0 0 fﬂ
—X = + | =c sc ) 1
dt —210 — 95 bl Ml [fz M
j 0 0
| 162 + gc | 3 (%—i—%)

where where M is the mass of the cart, m is the mass of
the payload, f; is the cart force, f, is the payload force, g
is the gravitational acceleration, s = sin(6(t)), ¢ = cos(0(t)),

state vector X = [m i 0 0 1 Z}T and it is assumed that
the rolling friction on the cart is negligible, or has been com-
pensated. The outputs of the system are the camera’s horizontal
position, y1, and vertical position, y-, which can be expressed
in terms of the crane-robot states (x, [, 0) as

v {yl} B {x—i— ls} . )

Yo —le

To enable tracking of the outputs (1, ¥2), an expression relating
the input forces (f; and f3) to the outputs is found by differ-

entiating the outputs until the inputs appears [14]. Specifically,
differentiating (2) twice results in

. U1 i+ s+ 10c
Y = = . .
ng] [ —lc+10s ®)
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Vo [91] _ [sc+ls+2l6‘c+l€c 10 s} @

o —le+210s + 10s + 162c
The second time derivative Y’ depends on the inputs (f1, f2)
since substituting for the second derivatives of the states from

(1) lntO (4) I'eSllltS m
C 61 ) (5)
—_ = f2 _g

A

where 3 is defined as the matrix of terms preceding the input

AR

from (5) since the matrix /3 is not invertible. Therefore, assuming
that the input f5 is sufficiently smooth, and redefining the new

input to be fo (with fo considered as an extended state), the
output expression in (5) is differentiated again to obtain

(3) 1 [f20c f
y@ || Z L |20 ! 6
[ G m Lfabs +5 fa]” ©
where the superscript in brackets (¢) indicates the ith time deriva-
tive, e.g., y,g) denotes ith time derivative of yy, for k € {1,2}.
Again, the redefined input ( f1, fg) cannot be found from (6)

since the matrix  is not invertible. Therefore, the input is

further redefined to be fo, with extended states (fa, f2), and
differentiating (6) again to obtain
y@ _ i _ 1 [ fg.8+2f2.9.?+f29.§—f29'2.8

ys! —fac+ 2fols + fobls + fo07c
Substituting for the second derivatives of the states from (1) into
(7), and arranging yields

[
—c| Lf2

-5
yé4) m |-
1 2folc + fo02 5 — 1 250 +2f2190+gf25c
a { 2f20s — fob2c — o f3s2c + 2f2103+ 9 fo5? }
(8)
The final redefined input (f1, fg) can be found from (8) if the
matrix (3

vector F' = . However, the force F' cannot be found

]. @)

1 2
i f2¢

1
meCS

1 2
am f2c¢ Sc] ©)

6:[:1

Wil 2CS

preceding the input vector [ f fg] " is invertible. The deter-

minant of /3 is 1\ 22, making it invertible provided the un-stowed
payload length is nonzero, [ # 0, the payload swing angle does

not become horizontal, ¢ € (-7, %), and the payload force

remains negative, fo < 0 to ensure that the cable remains taut.
Given the desired outputs’ fourth derivatives, Yd(4) , the redefined
input f1 and fs, can be found by settling the right hand side of
(8) to be [v; M=o, sY

Here, the feedforward inputs f1 s and f27 ¢+ can be found by

setting v; = yﬁ% and vy = ZU§4C)1

] leading to the system 7, = vs.

fugs =g (mlety + suiid) + 270

1 ..
+ 57 f3se~ fzw—*;’fzs>, (10)
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Fig. 5. Illustration of collision prevention algorithm when the nominal ref-
erence point (cross), Y;., specified by the operator lies within an obstacle’s
bounding box. The corrected reference point (diamond), Y., is specified at a
distance e towards the current position from the closest intersection point (plus),
Yp*, of the reference line segment (dashed), /., and the set of bounding box walls
(dotted), L.

Fopr = m(syt) — cysh) + fo0? an

and then integrating twice over time to find the feedforward
input f5 ¢, with initial conditions f>(0) = —mgand f2(0) =0
when starting from rest. The desired state X; and feedforward
Frp = [f1.15 fo.r7]" satisfies the system dynamics

Xg=f(Xa)+ 9(Xa)Fyy

in (1), and the corresponding desired system states X, can be
computed as [13]

12)

1,dY2,d

Tq=Yia— = : (13)
! Y2.d + g

. . yﬂyzd +91,dY2.d yLdyQ,dygE

Tq=1Y1,d — ~ — — > (14)

o,a+ 9 (2,a + 9)
1,4y ? :

lg= (W) + 2 ’ (15)

( natg) "

1
. 2 2
; Y1,dY2,d 2 Y1,dY2,d
la= ( ) +y Y2,dY2,d + ()
( 2.0+ 9 2 ij2.a+ 9

y y§ ,;yz d+1,d92,d ﬂl,dyz,dyéf% (16)
ina+g (foa+9)? ) )
0, = tan ! ( ) ) . A7)
¢ Y2+g
(3) /.. .o (3)
- At 9)+ i,
§, — Ui (2,0 + 9) + ¥1,0Ys g (18)

(2.0 + 9)* + 177 4

(13)—(18) impose the condition of 32 4 > —g to maintain posi-
tive cable tension and prevent slackening.

B. Stabilizing State Feedback

The crane robot will exactly track any four times differen-
tiable, desired-output trajectory Y, with the feedforward input

Fyyin(12). A state feedback Firp = [f1.55  f2,10] T needed to
stabilize the desired trajectory X in response to perturbations,
is described next.

IEEE RO
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Lemma 1 (Stability without time variations): The feedback
law

ki ko ks ks O O
X 19
0 0 0 0 ks kel (19

stabilizes the system in (1) about the equilibrium state, X, =

Fpp=—KX = —

[xo 0 0 0 Il O]T, and corresponding equilibrium in-

put, Foq = [0 —mg]T, at any given cart position zy and
positive payload length [y, by selecting gains as k1 > 0, k3 > 0,
ks <mg, ks =0,ks >0, kg > 0.

Proof: Linearization of the system model in (1) about the
equilibrium in the lemma results in

X = AX + BF, (20)

where applying the input as the feedback F' = Fy;, in (19) to
(20) with k4 = 0 results in the closed-loop dynamics

0 1 0 0 0 0
4 ok omek ol 0 o
. 0 0 0 1 0 0
X = . X
M whm CGre 0] 0 0
0 0 0 0 0 1
0 0 0 0| -k _ke
[ A1 Ougo
- X. @1
0224 Ao

Conditions on the gains in K for stability can be derived from
the blocks, A; and As, separately. The characteristic equation
of Aj is given by

MIgAt + kglor® +

+kggk+klg:O (22)

and the conditions for the stability of A; can be obtained
using the Routh array as k1 > 0, kalg > 0, k1lo + (mg — k3) >

, % > 0 [25]. The characteristic equation for A, is

given by mA? + kgA + ks = 0, resulting in conditions k5 > 0
and k¢ > O for stability. The lemma follows. |

Lemma 2 (Stability with time variations): The origin of the
error £ = X — X dynamics with the feedforward input Fy s
augmented with feedback F'y;,

F = |:fl’ff] + [fl’fb:| =Frp+Fpp
fa.ry fa.po

is stable provided the desired-output trajectories Y are suffi-

(k1lo — k3 + (M 4+ m)g)r?

(23)

ciently slowly-varying, i.e., the time derivatives Yd(z) for ¢ =
{1,...,4} are sufficiently small, with sufficiently small devi-
ations in payload length, i.e., max;(|l4(¢) — lg|) is sufficiently
small.

Proof: This follows from standard slowly-time-varying ar-
guments. Essentially, the linearization of trajectory tracking has
the form E(t) = A(t)E(t) + B(t)Fy(t), which can be shown
to be a vanishing perturbation of (20), that can be made small
under the conditions of the lemma, and A(¢) is bounded along
with its gradient with respect to the time-varying parameters.
See [25] for a detailed proof. ||

Output tracking can be achieved by combining the feedfor-
ward (from (12)) and a stabilizing feedback (from (19) with
ks = 0) as

fi = frpr —ki(w —2q) = ko(& — 2q) — k3(0 — 0a), (24)
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(a) Camera Coordinates (b) Residual Oscillations
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Fig. 6. Tracking comparison (see supplementary material for video) of the
fast ramp-like trajectory (transition time of 73 = 4 s) described in Section IV
with compensated (C) and uncompensated (U) swing dynamics. (a) Horizontal
camera position, y1, and vertical camera position y2, and (b) residual oscillations
at the inspection location.

Fig. 7. The experimental setup for the fastener inspection task. Participants
move the crane robot from an initial position over the pipeline obstacle to the
inspection location with three fasteners. The sample inset image shows fasteners
1 and 2 with gaps (which can be observed visually), while fastener 3 is properly
seated and has no gap.

fo= (/ forry d2t> + f2(0)t + f2(0)

— ks (1 — la) — ke (I — lq). (25)

Remark 1 (Exponential tracking): A specified trajectory-
tracking performance, i.e., a desired characteristic equation for
the error dynamics, say A% 4 Z?:o a 2" = 0 where the er-
ror is ex, = yr — Yk,a. k € {1,2} can be achieved by selecting

the controller vy, k € {1,2} as v, = y,(;% -0 au(y,(j) -
y,(;zi) [25]. However, this requires higher-order time derivatives
of potentially noisy output measurements, which is avoided by

the state feedback in (19).

C. Semi-Autonomous Controller

In semi-autonomous control, the operator’s reference com-
mand (output velocity, Y,) from the joystick interface is used
to autonomously plan a snap-continuous (i.e., C* continuous)
trajectory, Yy (t), designed (i) to avoid collisions, and (ii) to
be sufficiently smooth for output tracking using the differential
flatness property.

1) Reference Specification: The reference output-velocity,
Y,, is specified by the operator as Y, = [J1, a,]’ =
[151 aaja]T, where oy and ay are gains scaling the joystick
inputs, j1 and jo, respectively. The velocity reference, Y7(t) at
time ¢ is used to define the nominal reference point, Y,.(t + T'),
to be reached within the time horizon, 7', from the current
time, t, i.e., Y. (t + T) = Y (¢) + Y;.T. The nominal reference
point Y;.(t + T') acts similar to velocity commands, as larger
operator-inputs (j1, j2) will generate higher-speed trajectories.

2) Collision Avoidance: Collision is evaluated through pro-
jection from the crane robot [26]. Intersection between obsta-
cles and the projected path of the crane robot, [,., connecting
the output, Y (¢), to the nominal operator-specified reference
point, Y,.(t + T'), indicate imminent collision. If the projected
path falls inside an obstacle, then a corrected reference point,
Y,.(t+T), is selected to be outside the obstacle. Obstacle lo-
cations in the manufacturing environment are assumed to be
known, so obstacles are modeled by bounding boxes extending
to the floor to prevent the camera payload from moving below
obstacles, as illustrated in Fig. 5.

An intersection between the projection and an obstacle in-
dicates imminent collision, as the projection predicts that the
planned trajectories will pass through the bounding box. The
set Ly = {lw,0,lw1,---,lwn} of N line segments consisting
of the confined space’s wall line segments and the obstacles’
bounding boxes, is checked for collision with the projected
reference line segment, /.. The set of intersection points, P =
{Yp | Y, =0Nlynne{0,1,...,N}},is used to obtain the
corrected reference point, Y,., located at a distance offset € (to
account for disturbance) along the projection, /,., towards the
current state, Y, from the closest intersection point, Y, if there
is an intersection (see Fig. 5), such that

* Yi-Y(t) . . .
Y, = §~/p — E\YZ**W’ ?f P+o (1nterse?t10n)7 26)
Y., if P = @ (otherwise).

where Y = arg miny, . p[|Y), — Y (2)]].

3) Trajectory Generation: From the corrected reference
point, Y;,, a snap-continuous, desired output-trajectory Yy(+) is
planned over the time interval ¢ < 7 < ¢ + T'. Five initial bound-
ary conditions at time 7 = ¢ are found from the outputs and time
derivatives of the outputs, Yd(z) (t). Additionally, five final bound-
ary conditions at time 7 = ¢ + 7" are defined by the corrected
reference point as Y (¢ +7') = Y,, with final output deriva-
tives set to zero (i.e. Yy(t +T) = Yy(t + T) = Yd(d)(t +7T)=
Yd(4) (t +T') = 0) such that all desired trajectories are planned to
reach aresting output state in the case of imminent collision [26].
Moreover, selecting the final time trajectory derivatives to zero
(especially, Yy(t + T') = 0, Yd(3) (t +T) = 0) results in zero fi-
nal swing angle 6,4(t + T') = 0 and zero swing-angle velocity
04(t + T) = 0from (17) and (18), and thereby, removes residual
oscillations at time ¢ + 7. The minimal order polynomial is
ninth-order with ten coefficients, i.e., ¢y 0-ck 9, to satisfy the

ten boundary conditions on each output trajectory Yk(g(t) and

Yk(z (t+T) for 0 <i <4, ke {1,2}. Therefore, the desired
trajectory for each output, yi q4(7) (k € {1,2}), is selected
independently as

Yi,a(T) = Ck’ng + Ck787'8 + . F kT + Cho- (27)

Given the desired output trajectory, Yy, as in (27) the control
inputs, f; and fo, can be found from (24) and (25). Fig. 3 shows
a block diagram of the crane robot’s control and Algorithm. 1
summarizes the semi-autonomous controller, which generates
a new polynomial trajectory at each control timestep based on
joystick inputs, similar to [19].
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(a) Q1: ‘T experienced undesired oscillations’
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(b) Q2: ‘It was easy to avoid collisions’
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(c) Q3: ‘I performed the task efficiently’ (d) Quantitative Results
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Results from 36 teleoperated inspection trials. (a)—(c) Histogram of response density from subjective questionnaire on a 7-point Likert scale (1: Strongly

disagree; 4: Neutral; 7: Strongly agree) comparing responses collected after using VC (without swing-dynamics compensation) and SC (with swing-dynamics
compensation). Solid lines are response-density trends with a squared exponential kernel smoothing (bandwidth of 0.7). (d) Quantitative measures of task completion
time (CT) and collision rate (CR) for decoupled velocity control (VC) and semi-autonomous control (SC).

Algorithm 1: Semi-Autonomous Controller.
1: Given: Input gains «y, ais; Time horizon T;
Bounding-box line segments L,,; Distance offset ¢;
i € {0,...,4}; Cart mass M; Payload mass m; Feedback
gains K
2: while true do
Get joystick inputs ji, j2
Get state feedback X (¢) from external camera

Y7 (t) + Egs. (), 3. 5. ©.®)
]

Y, + [aai aojo
Y, « Y(t)+Y,T
I, — Y(t)Y,
P—{Y,|Y,=0LNlynne{0,1,...,N}}
10: Y, < Eq. (26)

11:  Y\7(r) « Eq.27)

12: X4(7) + Egs. (13)—(18)

13: f1, f2 <Egs. (24)—(25)

14: Apply f1 and f5 to actuators

15: end while

R AN U

VI. EXPERIMENTAL RESULTS AND DISCUSSION

A. Flatness-Based Input Validation

Compensating for the swing dynamics substantially improves
tracking of the desired trajectory when compared to the un-
compensated case. To illustrate, the proposed flatness-based
input in (24) and (25) is applied to the fast ramp-like trajectory
presented in Section IV with a transition time of 7; = 4 seconds
to compensate for the undesired residual oscillations. Fig. 6(a)
compares the time trajectories of the uncompensated response
(neglecting the swing dynamics) to the compensated response
(accounting for swing dynamics) for the horizontal y; and
vertical yo camera positions. The maximum amplitude of the
residual oscillations upon reaching the inspection location are
reduced by 89%), as the oscillation magnitude remains below 1.0
degrees in the compensated case, compared to 9.1 degrees in the
uncompensated case, as shown in Fig. 6(b).

B. User Trials

Evaluated against the conventional industrial gantry crane
control approach of decoupled velocity control (VC) [9] with-
out swing-dynamics compensation, which relies on operator

compensation of oscillations and collision avoidance, the semi-
autonomous control (SC) improved efficiency and safety for 12
participants in a fastener inspection task.

1) Fastener Inspection Task: The fastener inspection task
asks participants to move across the confined space over a
pipeline obstacle to identify whether three fasteners are properly
seated (i.e. no gaps under the fastener), as depicted in Fig. 7. Each
participant performed three trials; in each trial, the participant
performed the task twice in a single-blind manner, once with VC
and once with SC. A pseudorandom number generator specified
the order that each controller was used as well as the fastener
gap configuration. To complete the task, participants recorded
which fasteners contained gaps before capturing an image from
the camera payload and confirming task completion. In the event
of collision, the task was recorded as a failed attempt, and
the participant restarted the task. After each task, participants
completed a questionnaire.

2) Experiment Parameters: Experiments were completed by
moving the camera payload from rest at initial output coor-
dinates, (y1,y2), of (0,—0.72) m to inspect three fasteners

seated at (0.88, —0.72) m. The reference velocity, Y, was gen-
erated by scaling the joystick inputs, 7; and j» ranging from
[—1,1], by gains o; = 0.12 and ay = 0.04, respectively. The
cart mass, M, and camera payload mass, m, were 0.815 kg and

0.225 kg, respectively. VC tracked [x i]T =Y, using feed-
back control, while SC applied Algorithm 1 to plan trajectories
over a time horizon, 7' = 1.5 s, ensuring trajectories remain in
the confined space bounded virtually by y; € [0,0.88] m and
y2 € [—0.75,—0.3] m and avoided collision with the pipeline
obstacle modeled as a bounding box parameterized by y; €
[0.575,0.65] m and y, € [—0.75, —0.5] m using a distance offset
of € = 8 cm for a conservative buffer. Gains, satisfying condi-
tions in Lemma 1, were experimentally selected by increasing
them to improve tracking without oscillations or overshoot as
k1 = 0.8 N/mm, ko = 0.8 N/mm-s, k3 = —0.05 N/rad, ks =
0 N/rad-s, ks = 0.2 N/mm, and kg = 0.2 N/mm-s.

3) Reduced Oscillation: Participants reported a decrease in
undesired oscillations when using SC compared to VC, as shown
through responses to Q1 in Fig. 8(a), supported by a Wilcoxon
signed rank test, which revealed a statistically significant
difference between the two controllers, rejecting the null hypoth-
esis (p < 0.05). Experiencing an increase in undesired oscilla-
tions while using VC compared with SC is consistent with the
autonomous experiments of Section VI-A, as VC leaves unac-
counted residual oscillations for participants while SC leverages
the differential flatness to remove oscillations.
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4) Safer Inspection: The use of SC resulted in safer inspec-
tion for both the crane robot and surrounding aircraft structure
with a collision rate of 0% compared to a collision rate of 33%
under VC (Fig. 8(d)). The combination of reduced uncontrolled
oscillation and reference point corrections led to participants
reporting an ease of avoiding collisions through Q2 while using
SC compared with VC (Fig. 8(b)). A Wilcoxon signed rank
test confirmed this perception, rejecting the null hypothesis
(p < 0.05).

5) Improved Efficiency: Even neglecting failures due to col-
lisions with VC, SC improved inspection efficiency by reducing
mean task completion time by 18.7% (Fig. 8(d)) to 51.2 s
compared to a mean task completion time under VC of 63.0s. A
paired-t test demonstrated a statistically significant difference
between responses collected from VC and SC, rejecting the
null hypothesis (p < 0.05). Participants also perceived improved
task efficiency using SC as opposed to VC through Q3 of the
subjective questionnaire (Fig. 8(c)), where a Wilcoxon signed
rank test confirmed this perception, rejecting the null hypothesis
(p < 0.05).

VII. CONCLUSION

This work presented a crane robot for teleoperated in-wing
confined space inspection. To remove undesired oscillations
during teleoperation, the swing dynamics of the crane robot
are accounted for by exploiting the differentially-flat dynamics
to generate sufficiently smooth trajectories for tracking, while
avoiding collision with surrounding obstacles. This enabled
semi-autonomous control with reduced undesired oscillations,
eliminated collisions, and enhanced inspection efficiency during
teleoperation.
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