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Abstract: Pallet-type end-effectors robots are widely used for airport baggage handling,
because of their better adaptability to different types of baggage. A novel attitude-variable
high acceleration motion planning method is presented for improving the handling effi-
ciency, which is to move a pallet with non-fixed baggage as fast as possible under a given
path, such that the baggage does not slip at any time. Firstly, the motion state model, which
focuses on the friction force between the pallet and baggage during handling, is established.
The influence of handling attitude on maximum handling acceleration is analyzed, which
is verified by a real robot system made up of an IRB-6700 robot and a pallet. Then, a
high acceleration motion planning method is proposed by changing the pallet attitude
to avoid relative sliding. Finally, three numerical simulations are implemented to verify
the proposed motion planning method. The results show that this method can at least
improve handling efficiency by 17.64% in linear motion and up to 34.55% in curved motion
compared with the horizontal fixed-attitude handling.

Keywords: baggage handling; non-fixed handling; pallet-type handling robot; motion
planning; attitude-variable

1. Introduction

The transportation of passenger baggage is an important part of airport business [1,2].
After the baggage checks in, there are two key tasks in the terminal: sorting and handling.
Sorting refers to allocating the baggage to designated slots or carousels through the sorting
system [3,4]. Handling refers to moving the baggage from the designated slots or carousels
to the baggage-trailer or Air-Mode Cargo Containers (AKE) of the corresponding flight.
Compared with sorting, the handling work is still in the manual stage in many airports [5],
and it brings great security risks to the staff [6].

To improve handling efficiency, several semi-automatic handling methods with dif-
ferent types of end-effectors have been adopted by airports [7]. Among them, Srivastava
et al. [8] combined the recognition technology based on voltage ID mapping with robot tech-
nology, thereby enhancing the sorting and recognition capabilities of baggage. Hentschel [9]
summarized and prospected the handling methods of airport logistics, and indicated that
robots with end effectors have a huge application space in baggage handling. Zhai [10]
designed an underactuated end-effector for grabbing baggage, achieving over 90% of bag-
gage grabbing and handling. In Amsterdam Airport [11], a pallet-type end-effector robot is
utilized to pick up baggage from slots and stack it onto AKE. Compared with grabbing,
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handling with a pallet-type end-effector has better adaptability for different baggage [12],
and it can avoid the risk of damage or detachment due to excessive grab force.

The essence of handling efficiency is the robot’s time-optimal motion planning [13,14].
And the non-fixed handling of the object has been visualized as the waiter motion prob-
lem [14-16]. Obviously, using the constraint trajectory planning method under deep learn-
ing is a feasible method [17], but the friction force is the key factor to ensure that the object
and the pallet do not have relative slip [18]. The friction force is determined by the friction
coefficient between the pallet and the object. The estimation of the friction coefficient is
affected by illumination, surface roughness, temperature, etc., so it is difficult to estimate
accurately by using deep learning [19,20]. Therefore, previous studies have been carried
out under the condition that the friction coefficient of the object is known. Brei et al. [21]
proposed a framework named Wrench Analysis for Inertial Transport using Reachability
(WAITR). The framework uses reachability analysis to construct over-approximations of the
contact torque applied to unsecured objects, which captures uncertainties in the manipula-
tor dynamics, the object dynamics, and contact parameters such as the friction coefficient.
Gattringer et al. [22] used an optimized continuous excitation trajectory for parameter
identification to build a reliable robot dynamic model. Then, the multiple shooting method
is utilized to optimize the path parameters and wrist angles when the pallet moves with
four non-fixed cups. Gattringer et al. [23,24] utilized the B-spline curve to parameterize the
expected path during the cup handling process. The slippage of the cup and the limitations
of the robot system are considered to solve the time-optimal and energy-optimal trajectories
by using the multiple shooting method. Simulation and experiment are carried out by mov-
ing the cup with water on the pallet, which verifies that attitude-variable motion planning
can improve the handling efficiency. Zhang [25] used a time-optimal trajectory planning
algorithm based on reachability analysis to solve the robot’s time-optimal trajectory that
satisfies the dynamic constraints during the non-fixed handling process.

Previous studies on the waiter motion problem have mostly focused on the application
of light-load handling on experimental scenarios, lack practical adaptation, and rely heavily
on the known information of objects. Inspired by the waiter motion problem, this paper
solves the applicability in heavy-load handling scenarios, and focuses on the pallet-type
baggage handling in busy airports and proposes a novel attitude-variable motion planning
method to improve the handling efficiency. The main contributions are as follows:

(1) The motion state model of pallet-type baggage handling is established for the
typical plane motion and spatial motion, which focuses on the friction force between
the pallet and baggage. Then, the influence of pallet attitude on the maximum handling
acceleration and stability is discussed.

(2) A novel attitude-variable high acceleration motion planning method for the pallet-
type airport baggage handling robot is presented under a given path. This method considers
the velocity and acceleration limits of the pallet in Cartesian space and introduces the safety
boundary to avoid relative sliding. On this basis, considering the time optimization, the
attitude change of the pallet is minimized to reduce the energy loss. Three typical baggage
handling paths are selected to verify the planning method. The results show that the
method can improve the handling efficiency while ensuring stability.

After the motion state model is established, verified, and discussed in Section 2, and
experiments verified in Section 3, the novel attitude-variable high acceleration motion
planning method is presented in Section 4. In Section 5, three numerical simulations are
implemented, and Section 6 draws the conclusion.
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2. Motion State Model Establishment
2.1. Pallet-Type Handling Robot System

As shown in Figure 1a, the robot is configured with a pallet-type end-effector, which
has a small conveyor to translate baggage from slots to the baggage trailer. The baggage
handling process is conducted with the assistance of a vision system. It is notable that
the baggage handling considered in this paper refers to the baggage moving process and
does not involve the picking up and stowing. For the convenience of system modeling
and analysis, the coordinate systems between the ground, robot, pallet, and baggage are
established as shown in Figure 1b, where {O} refers to the base coordinate system and {Or}
refers to the pallet coordinate system and is located in the center of the upper surface of the
pallet. The baggage coordinate system is named as {Og}, and it is established at the center

of mass of the baggage.
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Figure 1. Pallet-type airport baggage handling robot system: (a) a typical work station and (b) the
coordinate systems.

The pallet-type airport baggage handling can be treated as a waiter motion problem,
i.e., moving a pallet with non-fixed baggage under a given path. It is notable that slip,
twist, and tip over are three types of failure in handling processes. For airport baggage
handling, the slip between the baggage and pallet is the main factor that causes baggage to
fall off the pallet. Therefore, this paper focuses on only the slip between baggage and pallet,
while the twist and tip over are not considered. Because the friction and support forces
between the pallet and baggage are the key to maintaining stable handling, establishing the
motion state model, which focuses on the friction force during handling, is the foundation
of motion planning.

Additionally, in a general case, the rotation of the pallet around the Zr-axis does
not affect the friction in the Xp-Or-Y71 plane. Therefore, for simplicity, this paper only
considers the effects of the pallet’s rotations around the Xt-axis and Yt-axis on the stability
of baggage handling.

2.2. Plane Motion State Model

Here, plane motion is the simplest case of baggage handling, which refers to moving
parallel to the Zp-O-Yg plane. The plane motion state model is used to establish the
relationship between friction, support force, and inertia force, which can reflect the influence
of pallet attitude on maximum handling acceleration, as shown in Figure 2.
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Baggage

Pallet

(b)
Figure 2. Plane motion state model: (a) coordinate systems and (b) force and acceleration relationships.

When there is no relative slip, the attitudes of the baggage and pallet are the same.
Therefore, the force balance relations for the baggage can be established according to the
attitude of the pallet. According to D’Alembert’s principle, the force balance relations for
the baggage can be expressed as follows:

Yom = Npzsina + fgy cos (1)

zom = Npzcosax — G — fpysina (2)

where v, zo represent the acceleration of the pallet along the Yp-axis and Zp-axis, respec-
tively. m is the mass of the baggage. fpy represents the friction exerted on the baggage
by the pallet along the Yg-axis. Npz is the support force. G = mg is the gravity of the
baggage, and g is the gravitational acceleration. « is the rotation angle of the pallet around
the Xp-axis. It is notable that zo and g are parallel to each other, then the effects of zg can be
treated as the increment of the gravitational acceleration. In other words, for simplicity, we
can get an equivalent motion station, i.e., 70 = 0 m/s* and g = g + Zo. When zo = 0 m/s?,
the pallet moves horizontally along the Yp-axis.

When the frictional force reaches its limit, the relationship is obtained as fgy = £1Npz,
and yq gets its maximum value in this case. From Equation (2), Npz can be derived

as follows: c
Npg= —0 3)

cosx F usina

By combining Equations (1) and (3), when the angle of the pallet around the Xo-
axis is &, the maximum acceleration of the baggage along the Yp-axis can be obtained
as Equation (4). Equation (4) can also be treated as the plane motion state model, which
reflects the influence of pallet attitude on maximum handling acceleration. When the
practical acceleration is out of this range, a relative slip between the pallet and baggage
would occur, which would damage the stability of baggage handling.

. ina + %
yO:g(smtx Jcosw) )

cosa F pusina

where y is the friction coefficient between the pallet and baggage. Finally, in order to ensure
a reliable contact between the pallet and baggage, the support force acting on the baggage
should be greater than zero; this constraint can be expressed as follows:

Npz = Gcosa + yomsina > 0 (5)

To verify the correctness of the plane motion state model, a simulation model is
established in the ADAMS 2020 software, as shown in Figure 3. For the sake of clarity, the
main parameters of the baggage are shown in Table 1. In software, the friction is set by
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creating contact forces between the baggage and the pallet. The friction coefficient y is
set to 0.4 based on our experience. Then, the slip would be determined by measuring the
relative displacement between the baggage and pallet.

Xo(X1) Y

Figure 3. Simulation model in the ADAMS software.

Table 1. Main parameters of the baggage.

Parameters Meaning Value
L The length of baggage 579 mm
W The width of baggage 413 mm
H The height of baggage 265 mm
m The mass of baggage 20 kg

In this simulation, the pallet would conduct a linear motion along the Yp-axis. And «
is sequentially set to 0° and 10°, while i, would increase or decrease gradually. Figure 4
shows the measured relative slip between baggage and pallet in the simulation. Here,
when the measured relative displacement is greater than 0.5 mm, the acceleration would
be treated as the maximum value, i.e., the slip point. For the sake of clarity, the maximum
accelerations derived by the plane motion state model, i.e., Equation (4), and the simulations
are summarized in Table 2. From Figure 4 and Table 2, the simulation data and the
theoretical values are well consistent, and the relative errors are all smaller than 3%, which
verifies the correctness of the constructed plane motion state model.

15— Relative slip ) ‘ 15— TRelative slip
>  Simulated slip point i >  Simulated slip point E
0] .. Theoretical slip limi 10
eoretical slip ot |4+ _ "7 Theoretical slip limit

ST i
[ Vomin ==2.02 |

Relative slip(mm)
[}
T

=l Voma =392 Voms =598

Relative slip(mm)
S

L
=)
o

-10!} 1 i
L -2.02 5.97
-15 . —3.84 . ?‘81 -15 . . .
=75 =5 2.5 0 2.5 5 7.5 -7.5 -5 -2.5 0 2.5 5 7.5
Acceleration i, (m/s”) Acceleration i, (m/s”)
(a) (b)

Figure 4. Relative slip between baggage and pallet in plane linear motion: (a) x = 0° and (b) & = 10°.

Table 2. The maximum accelerations for the plane linear motion.

Attitude Theoretical Value Simulation Value Relative Errors
o =0° —3.92m/s? —3.84m/s? 2.06%

o =0° 3.92 m/s? 3.81 m/s? 2.84%

a =10° —2.02m/s? —2.02m/s? 0.00%

x = 10° 5.98 m/s? 5.97 m/s? 0.16%
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Ground

2.3. Acceleration Boundary Under Plane Motion

According to Equation (4), the maximum acceleration is a function of a. A similar
conclusion can be drawn in the above simulation, i.e., the maximum acceleration of the
pallet along the Yp-axis changes along with a. To further analyze the influence of & on
the maximum acceleration, i.e., acceleration boundary under plane motion, a series of
simulations are conducted. The maximum accelerations of the pallet along the Yp-axis
with different « are shown in Figure 5.

15| __ .. slip boundary
10 | —  Vomn slip boundary
& »*  Simulated slip point
g 5
3 L
=
g0
E s
=
Q
g L
< -10
-15 I . I . I . I . I
-40 -20 0 20 40
Attituder(deg)

Figure 5. Acceleration boundary changing with «a.

In Figure 5, the red line represents the upper boundary of the pallet’s acceleration
along the Yp-axis, the black line represents the lower boundary of the pallet’s acceleration
along the Yp-axis, and the blue points represent the slip points when relative slip between
the baggage and pallet occurs in the simulations. As « increasing, the acceleration range of
the pallet that can stably handle baggage will shift upwards, and it will shift downwards
when « decreased. These results indicate that the handling acceleration can be improved
by adjusting a, increasing the handling efficiency.

2.4. Spatial Motion State Model

Without loss of generality, the motion state model of the pallet should be extended
from plane motion to spatial motion. The coordinate systems, force, and acceleration
relationships are shown in Figure 6.

Baggage

Pallet Xo 0 Y, Pallet
Ground

(@) (b)

Figure 6. Spatial motion state model: (a) coordinate systems and (b) force and accelera-
tion relationships.

Compared with plane motion, the spatial motion introduces the rotation around the
Yo-axis to describe the attitude of the pallet, i.e., 8. As mentioned in Section 2.1, the rotation
of the pallet around the Zp-axis is neglected. Therefore, if the pallet attitude is expressed
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by Z-Y-X Euler-angle in base coordinate system {O}, the rotation around Zp-axis is set to 0°.
The pallet attitude can be represented as Equation (6).

cos B 0 sin B cos &
%)R = 0 cos —sinw (6)
—sinf cosfBsina cospPcosa

During the handling or motion process, the support force and friction of the baggage
with respect to frame {Og} are expressed as Equations (7) and (8), respectively. The gravity
with respect to frame {O} is expressed as Equation (9).

Ng = (0,0, Npz]" (7)
f5 = [fox, fov, 0]" (8)
G =1[0,0,-G]" )

According to D’ Alembert’s principle, the force balance relations for baggage can be
established as follows:

T
fom ijom ,'z'om] = G + ORNj + ORfp (10)

By combining Equations (7)—(10), the reaction forces, i.e., frictions and support forces
acting on the baggage, can be derived as follows:

fBX Xom 0 Xom cos ,BMXQ —sin ,B(ZQTH + G)
fey | = (B)R_l yom | — gR_l 0| = gR_l Yom = cos ayjom + cos a sin B(zom + G) (11)
Nz zZom -G zom+ G sin B cos axom — sinayqm + cos B cos a(zom + G)

To avoid a relative slip, the total friction should be less than or equal to the maximum

\ fox” + fey” < 1Ngz (12)

Then the reaction forces acting on the baggage should meet the constraint condition

value, i.e., Equation (12).

as follows:

\/fo2 + foy” + Npz* < \/(1 + 42)Npz’ (13)

By combining Equations (11) and (13), two constraint equations on the acceleration
and support force are derived as follows:
(om)” + (fiom)” + (Zom + G)” < (1+ %) Ngz? 1
Ngz >0

where Nz = Xom sin fcosa — yomsina + (Zom + G) cos B cos « is the support force.

Similarly, to verify the correctness of the spatial motion state model, i.e., Equation
(14), numerical simulations are conducted based on the simulation model in the ADAMS
software. Here, y is set to 0.4, the acceleration of the pallet along the Zp-axis is neglected,
ie., 20 = 0 m/s? and the acceleration boundary when a = = 0° and « = 8 = 10° are
shown in Figures 7a and 7b, respectively.

In Figure 7, the black line represents the theoretical slip boundary, i.e., maximum
acceleration of the pallet along Xp-axis and Yp-axis to ensure that no relative slip between
the baggage and pallet occurs under different attitudes, while the blue and red dots repre-
sent the critical point when relative slip between the pallet and the baggage is observed
in the simulation process. The red dotted line is selected for further analysis and verifica-
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tion, which indicates that the pallet moves with the same acceleration along the Xp-axis
and Yp-axis, i.e., Xo = . For comparison, two attitudes of pallet, i.e., # = f = 0° and
« = B =10°, would be studied. The changing relationships of the relative slip and accelera-
tion are shown in Figures 8 and 9, respectively.

10.0 - ‘ 7.5 .
H —— Slip boundary H —— Slip boundary
751 > Simulated slip point E 501 > Simulated slip point e
U Simulation with ¥, = j, o e Simulation with ¥, = j,
E sor 1 £ 25¢ .
o r ~ L
B =)
§ 251 - = 0.0 L i
kS [ S L
s | J =250 i
% 0.0 % [ )
3 st i 2’ =5.0 il
=50 I s s s s s =73
75 =50 2500 25 5075 -75 =50 25 00 25 50 15
Acceleration ¥, (m/s”) Acceleration ¥, (m/s’)
(a) (b)
Figure 7. Acceleration boundary when (a) « = = 0° and (b) « = 8 = 10°.
15— Relative slip 15| — Relative slip
loH >  Simulated slip point ; 4 10 * SimulaFed slip pf)ir}t ‘ i
e Theoretical slip limit ! R Theoretical slip limit !
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Figure 8. Relative slip when « = g = 0°: (a) Xp and (b) yo.
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-5.0 -2.5 0.0 2.5 5.0 15_5_0 25 0.0 25 5.0
. . 2 2
Acceleration X, (m/s”) Acceleration ji, (m/s)
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Figure 9. Relative slip when & = g = 10°: (a) Xo and (b) .

For the sake of clarity, the maximum accelerations derived by the spatial motion
state model, i.e., Equation (14), and the simulations are summarized in Table 3. From
Figures 8 and 9, and Table 3, the simulation data and the theoretical values are well consis-
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tent, and the relative errors are all smaller than 4%, which verifies the correctness of the

constructed spatial motion state model.

Table 3. The maximum accelerations for the spatial motion.

Attitude The Acceleration Theoretical Value Simulation Value Relative Errors
2§ = 0° B =0° X0 —2.77 m/s? —2.38m/s? 3.30%
o —2.77 m/s? —2.68 m/s? 3.67%
= 0° B = 0° Xo 2.77 m/s 2.71m/s? 2.19%
Vo 2.77 m/s? 2.67 m/s? 3.61%
by _ 2 _ 2 0,
& =10° B = 10° ?fo 2.08 m/s2 2.14 m/s2 0.970/0
Yo —2.08m/s —2.02m/s 0.96%
Y 2 2 0
€ =10° B = 10° X0 2.08 m/s2 2.01 m/s2 3.420/0
Yo 2.08m/s 2.06 m/s 2.92%
2.5. Acceleration Boundary Under Spatial Motion
To further explore the influence of &, 8, and zp on the maximum acceleration, i.e., ac-
celeration boundary under spatial motion, a series of simulations are conducted. Firstly, a
and B are set to 0°, and the acceleration zg is the only variable. The acceleration boundary
along the Xp-axis and Yp-axis is shown in Figure 10a. From Figure 10a, with the increase
in zp, the maximum acceleration will be greater, and when zg decreases, the acceleration
boundary will also decrease.
1250 — 5 =0 m/s® — a=0°4=0°
_ —— i =5m/s 1 15— = a=0.f=10° .
”éﬂ 15 T T E=-Smi| q NE —— a=0°8=-10° ]
20 R 1 =2ast 1
5 25| 15"
5] \ —
g -2.5¢ . 1 B-2s- .
< N, <
-7.5 : - : -7.5 ‘ ‘
-10.0 -5.0 0.0 10.0 =15 2.5 2.5 7.5
Acceleration i, (m/s”) Acceleration i, (m/s”)
(@) (b)
1250 — a=0°,4=0° 1251 — a=0°,8=0°
_ —— a=10°8=0° ] 1—— a=10°,8=10° ]
L 75 —— a=-10%4=0° 1o 75— — a=-10%5=-10° ]
g 1% e .
o) ) = _ ~< i
N .0 N
g 257 1 & a5t .
: 1 £ /
2 s [ e e ]
8 = ' -7
g-25) 1 8-2asr o ]
i 1< L~ — ]
15 : : =15 I ‘
=75 2.5 2.5 7.5 75 25 25 75
Acceleration X, (m/s) Acceleration ¥, (m/s”)
(o) (d)

Figure 10. Acceleration boundary changing with (a) zo, (b) B, (¢) « and (d) « = B.

Secondly, when « and z are restricted, with the decrease in f, the acceleration bound-

ary shifts to the right as shown in Figure 10b. Then, when g and Zo are restricted, with the

decrease in «, the acceleration boundary shifts upward as shown in Figure 10c.
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Finally, from Figure 10d, the acceleration boundary shifts when & = g = +10°, which
reflects the comprehensive influence in Figure 10b,c. To summarize, by adjusting the
attitude of the pallet in spatial motion, the acceleration range can be improved.

3. Verification Experiments

In Section 2, the motion state models are verified and discussed by the simulation
model. In order to further verify the availability of the constructed motion state models
and simulation model in practical application, a pallet-type robot system based on the
IRB-6700 industrial robot is utilized to conduct a practical baggage handling experiment.
And the experimental data would be compared with that in the simulations to verify the
consistency between the simulation model and the practical baggage handling system. It
is notable that the friction coefficient has a significant effect on the stability of the system.
For consistency of experimental conditions, the friction coefficient would be measured
and taken into the simulation model. In the experiment, the IRB-6700 industrial robot was
controlled by the RAPID command in RobotStudio 6.08 software, and the position accuracy
of the TCP (Tool Central Point) position motion was 0.1 mm. The TCP position, seed, and
acceleration information of the robot are also monitored by RobotStudio 6.08 software, and
the signal sampling time is 20 ms.

3.1. Measurement of Friction Coefficient

The friction coefficient would be obtained by measuring the friction angle, as shown
in Figure 11a,b. The pallet slowly rotates around the Yp-axis and Xp-axis, respectively,
until the baggage slip occurs. Due to the influence of the controller observation accuracy
and the maximum static friction force of the baggage, to improve measurement accuracy,
the measurement of friction angle & and p should be repeated three times, and the mean
value will be retained. The results are summarized in Table 4.

(b)

Figure 11. Measurement of the friction angle along (a) Yp-axis and (b) Xp-axis.

Table 4. Friction angle between pallet and baggage.

Measurement Number Friction Ang?l Along Friction Ange‘:l Along
Xt-Axis Yr-Axis
1 34.90° 35.16°
2 34.32° 34.21°
3 34.36° 34.36°
Average value 34.52° 34.57°

The friction coefficient can be derived as the tangent of the corresponding friction
angle. From Table 4, the friction coefficient along the Xt-axis is 0.6879, and the friction
coefficient along the Yt-axis is 0.6892. The relative error is 0.1%, which shows that the
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friction coefficients along the Xt-axis and Yr-axis can be treated as the same, and the
average value is used as the value of the friction coefficient, i.e., 4 = 0.688.

It should be pointed out that the friction coefficient is related to the material of
the baggage, and it can be predicted based on vision measurement and deep learning
technology [19,20]. Limited by the length of this paper, this study only focuses on the slip
phenomenon for simplicity, while the friction coefficient is treated as known. Then, the
measured friction coefficient would be used in the following experiments and studies.

3.2. Acceleration Boundary Under Different Attitudes

In this experiment, the pallet is gradually accelerated in a fixed direction until relative
slip occurs, as shown in Figure 12. Here, T = [—4,5, —3]T is the direction vector of the
given linear path. For comparison, three typical attitudes of the pallet, i.e.,, « = g = 0°,
a = p = —10° and &« = B = 10°, would be tested and analyzed. The relative displace-
ment or slip between the baggage and pallet is recorded and judged through the high-
speed camera.

Figure 12. Motions of the pallet with three typical attitudes.

For three typical attitudes of the pallet, the maximum acceleration, i.e., the experi-
mental slip points, is shown in Figure 13a. Here, the acceleration of the pallet along the
direction Tt is denoted as Aline- The brown dots represent the acceleration when the relative
slip occurs. For comparison, the same friction coefficient, attitudes, and motion path of the
pallet are also brought into the simulation model in the ADAMS software. The simulated
and experimental slip points are shown in Figure 13b. The green dots represent the simu-
lated slip points for three attitudes of the pallet, while the brown dots are the experimental
slip points. From Figure 13b, when o« = § = 0°, the relative error between the simulated
and experimental values is 0.14%. When « = B = —10°, the relative error is 2.24%, and
when « = = 10°, the relative error is 0.88%. The experimental and Adams simulation
errors are affected by the vibration of the robot during acceleration in the real world, the
smoothness of the baggage surface, the mass distribution of baggage, and the air resistance.
Although the uncertainty factors affect the error of the experiment and simulation, the
relative error of both is less than 3%. The experimental results not only prove that the
constructed motion state models are effective in the practical handling process but also
show that the simulation model is well consistent with the practical robot system. Therefore,
for simplicity and security, the following analysis and verifications will be conducted based
on the simulation model.
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Figure 13. Slip points in (a) experiments and (b) simulations.

4. Attitude-Variable Motion Planning Method

According to the analysis in Section 2, the maximum acceleration can be improved by
adjusting the attitude of the pallet. In this section, a novel attitude-variable high acceleration
motion planning method is proposed to improve the efficiency of baggage handling, as
shown in Figure 14. This method can be divided into three steps.

[ Give handling path |
____________ 1
Step 1
IStep Pallet acceleration | —————3%=7
[ planning L e
Lo ==g—=== =1
Step2 ¥ — " 71
| Pallet at.t1tude I\ [Reduce maximum
| planning I | acceleration

Figure 14. Flowchart of attitude-variable motion planning.

Firstly, the acceleration definition of the pallet or robot under a given handling path is
made. The shortest time of baggage handling is determined according to the maximum
acceleration and velocity of the robot TCP, which is generally limited by the handling
environment. Secondly, the planned acceleration is taken into the motion state model,
i.e., Equations (4) and (14), to obtain the attitude range of the pallet without relative slip.
Then, the attitude of the pallet would be planned. Finally, it is determined whether the
planned attitude exceeds the limit of the pallet attitude. If the planned attitude function
fails to meet the conditions, it is re-planned by reducing the maximum acceleration and
velocity of the TCP. For the sake of clarity, the first two main steps will be described in the
following sections.

4.1. Acceleration Definition Under Given Path

The given path is denoted as P(u), which can be expressed by a parametric equation,
i.e.,, Equation (15). Then, the total path length L can be calculated by Equation (16).

P() = [xo() yolu) zo(w)] (ue[o01) (15)
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1
L:/O P/ ()| du (16)

where P’ (u) represents the velocity along the path. If the acceleration along the motion path
increases or decreases with constant gradient, the actual acceleration can be obtained ac-
cording to maximum acceleration amax and maximum velocity vmax, as shown in Figure 15.
It is notable that when L > 20max2/ amax, the given path is long enough. The whole motion
can be divided into three sub-processes: acceleration, uniform velocity, and deceleration, as
shown in Figure 15a. When L < 20max?/ Amax, the uniform velocity process will not occur,
as shown in Figure 15b.

Acceleration (m/s”)

Acceleration (m/s”)

7 S

min

Time (s) Time (s)
(a) (b)

Figure 15. Pallet acceleration planning (a) with uniform velocity and (b) without uniform velocity.

After the acceleration is defined, the relation function between the path length and
time, i.e., L(t), can be derived. Because L(t) should be consistent with Equation (16), a
constraint function can be obtained as follows:

L(t) = /0”'”||P'(u)|| du (17)

where uins is the path parameter corresponding to time t. Finally, the trajectory function
P(t) can be derived as follows:

P(H) = [x0(t) o(t) z0()] (¢ € [0bmi) 18)

where tpi, is the minimum total motion time. Then, the acceleration can be expressed as

”

T
P'(1) = [fo(t) io() Zo(t)] -

4.2. Attitude Planning of the Pallet

If the accelerations along three axes in frame {O}, i.e., Xo(t), Yo (t) and zp(t) are
obtained in Section 4.1, the feasible attitude of the pallet, i.e., « and 5, can be derived
according to the motion state model, i.e., Equation (4) or Equation (14). It is notable that
two parameters should be determined by only one equation; in other words, the multi-
solution problem exists. In order to solve this problem, an equivalent expression of the
attitudes is proposed to convert the pallet spatial motion along the given path to a plane
motion, as shown in Figure 16. From Figure 16, the attitude of the pallet is described by
two parameters, i.e., 7 and «, where 7 is the rotation angle around the Zp-axis, and « is
rotation angle around the Xp-axis. In other words, the attitude of the pallet can be treated
as the result of two rotations with respect to frame {O}: rotate y around the Zp-axis and
then rotate a around the updated Xp-axis.



Machines 2025, 13, 343

14 of 21

Ground

Baggage 7,

Pallet

Figure 16. Pallet attitude and acceleration: (a) attitude parameters y and « and (b) force and
acceleration relations in Zg-Op-Yp plane.

For the pallet-type baggage handling task, the relative slip between pallet and baggage
is in the Xp-Og-Yp plane. And when the sum vector of accelerations xo(f) and y(t) is in
the Zg-Og-Yp plane, the relative slip can be avoided by adjusting only the attitude angle
«. Therefore, for simplicity, the sum vector of accelerations xo(t) and i/ (t) is assumed to
be in the Zg-Op-Yp plane. Under this assumption, the attitude angle oy can be derived as
Equation (19). In this equivalent motion state, there is no force along the Xg-axis is applied
to the baggage. The acceleration and force relationships between the baggage and pallet
can be analyzed in the Zg-Op-Y3 plane, as shown in Figure 16b.

v = —atan(%—o) (19)
Yo

From Figure 16b, the force balance relations for the baggage can be derived as follows:

m 5&02 + yoz = fpy cos(a) — Npzsin(«) 20)
mzo = Npgz cos(a) — mg + fpy sin(a)

Additionally, when the friction between the baggage and the pallet reaches the limit,
we can obtain the following:

fBy = £1Npz (21)

To sum up, when xo(t), 5 (t), and zo(t) are obtained in Section 4.1, the attitude angle
7 can be derived from Equation (19), while the minimum attitude angle « should be derived
by combining Equations (20) and (21). Then, with the motion of the pallet, v and & would
be functions of time, i.e., y(¢) and a(t). Here, it is notable that the value of « should be set to
the minimum, i.e., the above derived «(t) for energy saving. However, in order to increase
the security redundancy, the practical attitude angle & should be appropriately increased,
ie, a(t) = a(t) + Aa. Here, Ax is the security margin, which is generally determined by
trial and error. Finally, all the discrete points should be interpolated to ensure the continuity
and smoothness of the pallet’s motion. The pseudocode of the planning method is shown
as Algorithm 1.
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Algorithm 1 Attitude-variable high acceleration motion planning method

Input: A given parametric path P(u), the TCP maximum acceleration of robot amax, the
TCP maximum velocity of robot vmax

Output: The planning trajectory P(t), the pallet attitude planning function-y(t), a(t)
1: L; // Calculate the length of the path according to Equation (16)

2: if (L > 20max2/max) then // Determine whether the path length has a uniform
motion time

3: tmin = tadd + tuni + tdec; // Calculate the minimum time to move along the path

4: else tmin = tagd + fdecs

5: end if

6: P(t); // Transformed the parameter path into time variable path using the minimum
time according to Equations (17) and (18)

7: P" (t); // Take the second derivative of the trajectory to get the acceleration of TCP
8: v(t); // Solve the TCP attitude rotating around Zg-axis according to Equation (19)
9: a(t); // Solve the TCP attitude rotating around Xg-axis according to Equations (20)
and (21)

10: a(t) = a(t) + Aw; // Introduce security margin on the basis of attitude planning
11: return P(t), y(t), a(t);

5. Numerical Simulations and Discussion

In order to verify the proposed attitude-variable high acceleration motion planning
method, three numerical simulations are conducted based on the simulation model in
the ADAMS software, i.e., plane linear motion, spatial linear motion, and spatial curved
motion. For consistency, the friction coefficient is set as 0.688. The maximum acceleration
and velocity of the TCP are amax = 10 m/ s? and Umax = 2 m/s, respectively.

5.1. Plane Linear Motion

Plane linear motion means that the pallet moves in a single direction along the Yp-axis,
as shown by the blue line A to B in Figure 17. The given path can be expressed as follows:

P(u) = [xo(u) yo(u) zo(u)}T uel0,1] (22)

where yo(u) = 2u, while xo (1) and zp(u) are constant values. Then, according to deriva-
tion in Section 4.1, the acceleration along the Yp-axis can be defined as shown in Figure 18.

1.0
08 T
0.6
04 |
02 |
0
-02 1
=04 |
-0.6 |
-0.8 |

! ! ! ! !
l.0—0.2 0 0.5 1.0 1.5 2.0 22

Yo(m)

Zo(m)

Figure 17. The plane linear motion.

For this plane linear motion, only one attitude angle «, i.e., the rotation around the
Xo-axis, needs to be planned. According to the acceleration and Equation (4), the minimum
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|
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0
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attitude angle «(t), i.e., the theoretical boundary, can be derived as shown in Figure 19a.
In order to increase the security redundancy, the security margin Aa = 5° is introduced.
Then, the danger boundary can be derived by increasing the theoretical boundary by
Aa. Additionally, limited by the mechanical structure, the rotation around the Xp-axis is
constrained as shown by the two red dotted lines in Figure 19a. Finally, the planned «(t) is
derived as shown by the blue curve in Figure 19a. For comparison, the motion parameters
derived by the proposed attitude-variable motion planning method and horizontal fixed-
attitude method are brought into the simulation model. The relative slips between baggage
and pallet are shown in Figure 19b, where the black curve represents the relative slip of the
proposed attitude-variable method, while the red curve represents that of the horizontal
fixed-attitude method.

(=}
T
L

W
L

Acceleration j, (m/s*)
H o

|
(=}
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L

| | | | | |
0 0.2 0.4 0.6 0.8 1.0 1.2 14
Time(s)

Figure 18. Acceleration definition for the plane linear motion.
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Figure 19. Attitude planning and simulation verification for plane linear motion: (a) attitude o
planning and (b) simulation results.

From Figure 19b, for the horizontal fixed-attitude motion planning method, when the
acceleration reaches the theoretical boundary, i.e., time is 0.2 s, a relative slip between the
baggage and pallet occurs. In contrast, by smoothly adjusting the attitude of the pallet,
the proposed attitude-variable motion planning method can effectively avoid relative slip.
This result shows that the proposed attitude-variable planning method can improve the
stability of baggage handling under high acceleration.

5.2. Spatial Linear Motion

Without loss of generality, the motion of the pallet is extended from plane motion to
spatial linear motion, as shown by the blue line A to B in Figure 20. The given path can be
expressed as follows:
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xo(u) 0.89542 — 0.89542u
P(u) = |yo(u)| = 1.11803u (u € [0,1]) (23)
zo(u) 0.67082 — 0.67082u

-0.2

0
04 02
14 19 08 06 7y m)

Figure 20. The spatial linear motion.

Then, according to derivation in Section 4.1, the accelerations along three coordinate axes
can be defined as shown in Figure 21a. The two planned attitudes are shown in Figure 21b and
¢, respectively, and the relative slips between baggage and pallet are shown in Figure 21d. From
Figure 21d, for the horizontal fixed-attitude motion planning method, when the acceleration
reaches the theoretical boundary, i.e., time is 0.16 s, a relative slip between the baggage and
pallet occurs. By smoothly adjusting two equivalent attitudes of the pallet, the proposed
attitude-variable motion planning method can effectively avoid relative slip. This result also
shows the feasibility and effectiveness of the method presented in this paper to convert the
attitude planning of spatial motion into that of an equivalent plane motion.
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(0) (d)

Figure 21. Attitude planning and simulation verification: (a) acceleration definition, (b) attitude vy
planning, (c) attitude « planning, and (d) simulation results.
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5.3. Spatial Curved Motion

In order to further verify the proposed attitude-variable motion planning method, a
spatial curved path is analyzed in this section, as shown in Figure 22. The given path can
be expressed by Equation (24). The accelerations along three coordinate axes are defined as
shown in Figure 23a. The two planned attitudes are shown in Figure 23b and c, respectively,
while the relative slips between baggage and pallet are shown in Figure 23d.

2
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Figure 22. Spatial curved motion: (a) axonometric view and (b) top view.
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Figure 23. Attitude planning and simulation verification for spatial curved motion: (a) acceleration
planning, (b) attitude y planning, (c) attitude « planning, and (d) simulation results.

From Figure 23d, for the horizontal fixed-attitude motion planning method, when the
acceleration reaches the theoretical boundary, i.e., time is 0.05 s, a relative slip between the
baggage and pallet occurs. By smoothly adjusting two equivalent attitudes of the pallet,
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the proposed attitude-variable motion planning method can effectively avoid relative slip,
improving the stability of baggage handling under high acceleration. This result shows that
the proposed attitude-variable planning method is effective for a general spatial motion.

xo(u) 2sin((mu/2) — 1)
P(u) = |yo(u)| = |2cos((mtu/2)—1)| (u € [0,1]) (24)
zo(u) 0

5.4. Results and Discussion

To more intuitively demonstrate the advantage of the proposed attitude-variable high
acceleration motion planning method, the total motion time of the proposed attitude-
variable motion planning method and the horizontal fixed-attitude method for the above
three paths are compared, and the results are summarized in Table 5. It is notable that
for the horizontal fixed-attitude method, the maximum acceleration of the TCP is set
t0 Amax = 6M/ s* based on the experience, to avoid relative slip between the baggage
and pallet.

Table 5. Comparison of handling efficiency.

Handling Time of Horizontal =~ Handling Time of Proposed

Handling Path Fixed-Attitude Method Attitude-Variable Method Efficiency Improvement
Plane linear motion 1.7s 14s 17.64%
Spatial linear motion 1.71s 1.19s 30.40%
Spatial curved motion 3.01s 1.97 s 34.55%

From Table 5, for the plane linear motion, the handling efficiency of the proposed
attitude-variable motion planning method is increased by 17.64% compared with that of
the horizontal fixed-attitude method. For the spatial linear motion, the handling efficiency
has increased by 30.40%. And for the spatial curved motion, the handling efficiency
has increased by 34.55%. These results indicate that the proposed attitude-variable high
acceleration motion planning method for the pallet-type airport baggage handling robot in
this paper can effectively improve the efficiency.

Although deploying robots in real-world airports for validation is difficult, several
brief sets of data, as shown in Table 6, are organized to clarify the practical benefits of the
proposed method in baggage handling. The data in Table 6, taken from part of the baggage
carousel at Guangzhou Baiyun Airport’s T2 terminal, show the number of baggage on a
single flight and the time it takes to load them manually. To compare the efficiency of the
proposed method, it is assumed that the handling efficiency of the robot under horizontal
handling attitude is the same as that of a man. And the efficiency improvement under the
plane linear motion is assumed as the overall efficiency improvement of handling.

Table 6. Airport baggage handling data.

Aircraft Type Number of Baggage Manual Handling Time of a Single Piece
Narrow-body aircraft 70 145s
Narrow-body aircraft 47 17.6 s
Narrow-body aircraft 64 16.2s
Wide-body aircraft 297 15.7 s
Wide-body aircraft 310 194s

Wide-body aircraft 106 18.1s
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According to the data presented in Table 6, the average processing time for baggage is
recorded at 16.9 s. For narrow-body aircraft, the average baggage load amounts to 60 pieces,
while wide-body aircraft carry an average of 237 pieces. With an efficiency improvement of
17.64%, there has been a notable reduction in loading times: The average loading time for
narrow-body aircraft has decreased by 2 min and 58 s, and for wide-body aircraft, it has
decreased by 11 min and 46 s. These reductions are instrumental in minimizing ground
operational time for flights.

6. Conclusions

The handling of rigid baggage by pallet-type end-effector robots was formulated as a
waiter motion problem and solved using an attitude-variable motion planning method. The
formulation mainly accounts for the friction force between the pallet and baggage under the
unilateral contact conditions. Particularly crucial is the modeling, verification analysis of the
motion state model. Experimental results demonstrate the accuracy of the proposed motion
state and simulation models. Numerical simulations further reveal that the acceleration
range can be improved by adjusting the pallet’s attitude during general spatial motion.
Based on the motion models, a novel attitude-variable high acceleration motion planning
method is proposed to improve the efficiency of baggage handling, considering acceleration
and velocity limits. It is worth noting that this method transforms the problem of solving
attitude spatial boundaries into planar boundaries.

To verify the effectiveness of the proposed motion planning method, three typical
baggage handling motions are selected for numerical simulations. The simulation results
are compared with results obtained with horizontal fixed-attitude handling. The handling
efficiency of the proposed method is increased by 17.64% for plane linear motion, 30.40%
for spatial linear motion, and 34.55% for spatial curved motion. Based on this, a simple
flight baggage loading statistic is used for efficiency benefit analysis; the results clearly
show that the method can effectively improve the stability of baggage handling under
high acceleration and shorten the waiting time of the aircraft in the baggage loading link.
To promote the engineering application of the pallet-type airport baggage handling robot
system and the proposed motion planning method, our further work will focus on the
adaptive measuring of the friction coefficient and robust control strategy by considering
multiple uncertainties.
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