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Abstract: Gantry robots are still used in wide application areas, especially pick and
place applications. However, there is a gap in the utility of these robots in the building
sector, particularly for the pick-and-place application of building blocks from and to a
predefined location. The Gantry-based robot is considered a parallel manipulator
because, unlike serial manipulators, the load is divided among its multiple links/legs or
arms; this is just so because it is made up of more than one link. Hence, this research
presents a study in the field of linear and nonlinear model fit system identification on
the aforementioned robot through an attempt to provide a better design to take care of
the limitations of parallel manipulators, small workspace problems and robot mobility
problems. In this study, Arduino Mega was used for the control system. Other materials
included bipolar nemai17 stepper motors, MG996R servo motor, A4988 driver, sprocket
and chain, belt, pulley and buggy wheels, while SolidWorks was used for the system’s
design and simulation. Aluminium (Al alloy 6061) was used for the robot construction
due to its excellent properties and suitability. Actuators and parts were analyzed and
modelled to gain knowledge of the kinematic behaviour, and the analyses established
the linear and nonlinear identification of model fitness. This study used a compact
model fit system and a two-method validation identification procedure. The results
show that the system model can be successfully identified and validated from the
measured data and provide a near-accurate estimate between hypothetical and
measured data. Two experimental validations gave 94% using the first setup and 97%
using the second setup. This provides a 0.8% progress increment from previous studies.

Keywords: Gantry robot, Robot manipulator, Simulation, Validation, Linear and
nonlinear model, Model fit.
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1. Introduction

In this century, the development and success of a country are highly dependent on its
technological level and that its industries are using for construction. Robots are the top
building equipment, and robotic arms have become widely used and economical in
manufacturing, medicine and other industries [1]. Specifically, contour crafting (similar
to 3D printing) is applied in construction, but its principle is unlike bricklaying; rather,
it’s like choking of mortar [2]. The manual bricklaying process has been linked with
significant health hazards or problems due to the use of human labour and the slow rate
of construction activities [3]. Furthermore, Semi-Automated Mason (SAM) bricklayer is
also applied, but being a serial robot, it has the following demerits; less payload, less
accuracy and less dynamic performance [4]. Generally, gantry robots used for
bricklaying applications in construction are usually mounted and fixed in one place and
equipped with parallel manipulators with small workspaces [5].

Parallel manipulators are seen as a new kind of robot other than serial manipulator [6];
it has the following merits: higher stiffness, strong bearing capacity, a small error, high
precision, small weight-load ratio, very good dynamic performance, easy-to-control, etc.
[7]. However, parallel manipulators have small workspace areas compared to serial
manipulators. The serial manipulator has a larger workspace area, is less rigid, has a
large weight-load ratio and is slower than the parallel manipulator [8]. To put this into
context, the construction industry heavily relies on technological advancements and
robots, particularly robotic arms. However, traditional bricklaying processes involving
manual labour are associated with health hazards, slow construction rates, and limited
efficiency. This study aims to address the limitations of existing gantry robots by
proposing the development and performance evaluation of a novel bricklaying gantry-
based parallel robot manipulator that offers enhanced flexibility, mobility, and
dexterity. Specifically, the research objective includes designing a gantry-based parallel
robot manipulator through the simulation of the system and the implementation of its
control algorithm and evaluating the performance of the proposed robot manipulator in
terms of speed, accuracy, and payload capacity to determine its effectiveness in
replacing manual labour and enhancing construction rates.

The goal of this study was built on the literature review to consider some of the
limitations of gantry robots, particularly regarding the lack of mobility and adequate
workspace and the need to compare to footprint and the utilization of manual labour.
Reviewing previous studies on robot manipulators included the study of Afolayan et al.
[9], who developed a biomorphic carbon-filled natural rubber hyper-redundant joint
mechanism robot. The researcher modelled a fish of teleost species (a 394.1cm
Mackerel) using the biomorphic hyper-redundant joint developed. The study’s control
algorithm uses built-in motion patterns, and the path planning algorithm is sensor-
based, and both were hosted within a single PIC18F4520 microcontroller. Furthermore,
three Futaba 3003 servo motors were used to drive the joints under the control of the
microcontroller control algorithm.
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Karam et al. [10] also presented a study on the design, implementation and automation
of a multi-robotic processing station. Two robot manipulators, serial and parallel robot
manipulators of multi-degree of freedom, were presented. The design was to develop
and test an integrated PRM and SRM system for capping plastic bottles in a scale
processing line. Panda et al. [11] developed a gantry material handling robot for use in
the bottling industry in food plants.

The design was to replace manual labour with an automated system to increase these
plants’ accuracy, safety and production rate. The design was also analyzed from various
angles like material selection, cost and simplest and best selection of configuration.
Also, Gunnar [12] developed the dynamical analysis and system identification of a
Gantry-Tau parallel robot manipulator. The design was to determine the maximum
stiffness of the Gantry robot manipulator. The study intended to determine the
maximum in the z-direction, accomplished at the end of the research.

Also, Toby [13] proposed a robotic gantry with an end-effector for product lifting. The
researcher developed a method that permits the selection of varying portions of a stack
of products with the end-effector and protects the selected portions of products using a
movable floor. Ye et al. [14] developed a variable-scale modular 3D printing robot for
building interior walls. The design was to improve the efficiency of construction. The
modular robot consisted of a mobile lifting module and a beam printing module. The
robot can fully print complex curved interior walls under different working conditions.

From the literature review, it was observed that gantry robots are mostly mounted fixed
at a place. Also, parallel manipulators have a common small workspace to footprint
problem, which has got great attention and needs to be taken care of. However, this
work thus considers a solution to the gap of mobility and workspace regarding current
parallel manipulator designs and manual labour replacement by introducing a different
gantry design with greater flexibility, mobility and dexterity. Furthermore, this study is
a modification to previous studies by Gunnar [12], who considered dynamical analysis
and system identification of a gantry-tau parallel manipulator, and the study of Panda et
al. [11], who considered a gantry material handling robot for use in the bottling industry.

2. MATERIALS AND METHODS

2.1 Operation Principle of the Gantry Robot

The robot’s structure, as seen in Figure 1, is a four-frame/stands figured device with
dimensions of 550 x 450 x 300 mm. Each leg of the mobile robot platform is considered
a serial kinematic chain (KC) made of four-link joints. The y-axis mobile platform is
linked to the body frame through a sliding rail situated under; the mobile platform is
driven to and fro along the y-axis by a stepper motor fixed/mounted under at both sides
of the y-axis. The x-axis mobile platform is directly linked to the y-axis with the help of 2
rails situated at the 2 opposite sides of the y-axis; the platform slides horizontally along
the 2 rails horizontally. The gripper is connected to the x-axis mobile platform and
manipulated via the manipulator guide’s aid. The end-effector guide ascends and
descends along the x-axis mobile platform through the help of a toothed sprocket and
chain drive.
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The chain drive is driven by a toothed sprocket, driven by a stepper motor drive at the 2
adjacent sides of the x-axis mobile platform. The whole structure is movable by four 85
mm-long wheels located at the lower end of the four legs.

Y - meaber Frame Belt X metiber
Rail
Sprocket
Z - member
Chain
Stepper motor
Y-axis follower
Wheels Toothed pulley
Gripper

Figure 1: Gantry—based parallel robot manipulator (isometric view)

The operational user guide is shown in Figure 2 as a flowchart. It consists of switching
on the device, feeding design data, defining the pick/drop spot, and going to the next
working area when the current design segment is done.

Feed in designed
bricklaying data

Designed bricklaying
complete

Define x, v &
=z coordinates

1

Go to pick up, and
then drop spot

"133

Figure 2: Flow chart showing the principle of operation of the Gantry robot
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2.2 Design Consideration

The design considerations are: the robot is expected to lift a block of max. load of 100 g,
a simplified control system of the joints, simplified and functional design of the joint,
capturing the prototype design/geometry, material selection (e.g., speed range and
power output of motor), due to cost, space and other related factors, the design is going
to be a prototype, thus, a suitable multiplication scale factor must be included for
enlargement to model type. Other design considerations are structure, workspace,
singularities and link inference.

2.3 Material Selection

Some factors that must be considered in material selections include availability,
strength, weight, ease of manufacture, damping property, etc. for stability, and system
equilibrium should be observed; forces and moments should be counterbalanced [15].
Factors to consider regarding links material are strength and weight ratio since they add
weight to the manipulator’s actuators. Furthermore, heavy materials should be avoided
as they are associated with a reduction of payload capacity. According to Meena et al.
[16], aluminium alloy (Al 6061) is one of the materials that qualify for use because of its
associated mechanical properties and hence qualify for use. Table 1 gives the properties
of Al 6061.

Table 1: Mechanical and physical properties of Al 6061

Properties Value
Density 2.70 g/cm3
Young’s Modulus 68.9 GPa
Yield Strength 276 MPa
Ultimate Tensile Strength 310 MPa
Elongation at Break 12%
Hardness (Brinell) 95 HB
Thermal Conductivity 167 W/(m-K)
Melting Point 582-652°C

2.4 Manipulator Specifications

The specifications of the parallel manipulator imply the initial design specifications and
conditions imposed on it and are given in Table 2. These conditions are the dimensions,
constraints, work environment, the object and weight and dimensions of work, and the
required performance criteria also included.
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Table 2: Specification of the objective of the design

Specification RM Range
The magnitude of each connector/joint deflection +0.1 mm
The maximum magnitude of workload 1N
Motion range magnitude in the X-direction +330 mm
Motion range magnitude in the Y-direction +360 mm
Motion range magnitude in the Z-direction +300 mm
Rotation angle about X, Y-axes +90°

2.5 Manipulators Dexterity Measurement

Due to space limitations or design in manipulators, joints are constrained, and an
inequality of the form is used for the measurement. q* < q; < q7 where q" is the lower
limit, gV is the upper limit and i = 1, 2... n. Due to geometric constraints, there are
conditions for manipulators shown in Table 3 and the workspace specification shown in
Figure 3.

Table 3: Workspace boundary conditions of the RM

0i Upper Limits Lower Limits
1 o T
2 21 /2
T T,
Y, . W ork Volume
» Manipulator
Work Space
4
| _» Convevor Belt

Figure 2: RM Workspace specification
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2.6 Kinematic Synthesis

Typical manipulator operates in 3-D planes; this mostly requires 6-DOF. Therefore, the
length of the links and actuators must be determined based on the needed workspace
area and trajectory. Table 4 shows the reference.

Table 4: Specification of the length of links

Link Numbers Lengths of Links (mm)
1 330
2 360
3 360
4 300

2.7 Robot Manipulator Mobility Analysis

The number of DOF of a robot is the number of independent parameters that must be
specified for determining the position of the link relative to the body frame [17].
According to Grubler’s criterion and Euler’s equation, the DOF of a structure or
mechanism/device can be obtained from Equations (1) and (2) [18].
m=An—-j-D+X_.f (1)
L=j—n+1 (2)

For the considered parallel manipulator, A = 6, n = 14, j = 15 and fi = 15, therefore, m=3
(i.e. for motion along x, y & z coordinates).

2.8 Design of the Manipulator Mechanically

The method to be adopted for the design is that the components will be designed
individually and separately, that is, the modular design method. According to Hoover et
al. [19], a dynamic model is a significant tool for the mechanical design of a structure,
the ability to choose actuators, control system determination and simulation of the
motion of the parallel robot manipulator. The kinematics formulations form the general
basis for deriving the manipulator’s dynamics. Table 5 shows the design calculation of
the robot.
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Table 5: Design Calculation

Initial Data | Design Calculation Remark
Maximum | Design for y-axis rotating shaft (y-axis |7, =r1,,}
length follower)
sideways The maximum bending moment on the shaft
movement T
=180 mm
Length = a1 o0 c Jaomn] =
450 mm Shaft analysis diagram
Since the pulley on the stepper motor = pulley on
the shaft;
Vplatform X 60
Ngpp =
7poulley
Ngm = Nypr
180mm 60mm
Vpr = TP = 0.06m/s
=(1 20) ——
6 = (180 — 2a) — 0
Tpr — T,
a = sin~! [—m pz] =0
x .
According to the
Taking 6 = nrad, u = 0.25, K, = 2.5, and K, = 2.25 | ASME shaft design
Shear force and bending moment diagram code, dy,, = 8mm

Obtaining shear force as well as bending moment
for the shaft section, we have;

o L B
4
/ s F
SC == RB - TB == 5802N

Sa =Ry, S5 =Rp
MC = R X 0.01 =290.11 X 0.01 = 29 Nm = M4,

yr,r

\/ﬂ(56 % 106) V(2.5 % 2.9)% + (2.25 X 0.974)2
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Consider Effective Torque Required Ths = 0.342Nm
nema17, Ths = 0.36Nm 1 =95%
Sprocket Tps = 0.36 X 0.95
standard The maximum mass of the prototype block
pitch dia. = | = ¥ T, = (m + my,,)gh mp; = 0.77kg
55mm . = 2(0.342) = (1 +my;) X 9.81x 0.3 2 T. = 0.27Nm
Assuming Force required to hold & retain the grip
N =95% =>Force necessary would be thus: my; = 0.09kg
h =300mm | Assuming the efficiency of the arm is 25% = Y T, =
Atssume 210.25x 1.08 = 0.27Nm
steppers Ty 027
pp Hence my; = i—h = Seieos = 0.09kg
Density of | Length of Block (modelled)
MDF wood | my; = pp; X vp;
= 800kg/m3 | 0.09 = 800 X vy, X 0.035 X 0.016 = v,; = 0.234mm
Vp = = VUp; = 200.89mm
lp1x byix hy; | For the convenience of the grip, this length is
divided in 3 vy = 200.89mm
= size for the downscale = 65mm X 35mm X
16mm
p = pitch = | The speed required for the stepper motor
6mm — pzn . — vX1000 — 6X1000
(chain) 1000 pPXz 6X28
2 = no of = N = 35.71rpm = N = 40rpm N = 40rpm
teeth = 28
mass Z-axis required torque
= densityx | % n, = 0.15 x 2.5 = 0.375kg
volume
m, = 2.5kg T,=Y»m, X gxXh, =0.375%x9.81x%x0.3
h, = 0.3mm | Iz = 110Nm T, = 110Nm
The Z- | X-axis required torque
component | Mass of x-axis members; m, = 0.97kg
also added | ¥ m, = ux m, = 0.15 x 0.97 = 0.15kg
0.375kg to | Hence torque required => Ym,Xxgxh=
the mass. 0.15x9.81x 0.3, T, = 0.44Nm
Hence, Provided 1 motor provides 0.36Nm; hence 2 motors T, = 0.68Nm
2 steppers | are required for x-axis motion.
motor YT, = (036 X 2) X1, = 0.36 X 2 X 0.95 = 0.68Nm 2 T, >T,
would  be| YT, >T,, henceis suficient.
sufficient
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The X- | Y-axis required torque

component | Mass of x-axis members; m, = 1.2kg

also added | ¥m, =pux m, =0.15x 1.2 = 0.18kg

o};15kg t0 | Hence torque required = ¥Ym,Xgxh=

themass. 118 x9.81x 036, T, = 0.64Nm

Hence, . . T, = 0.66Nm
Provided 1 motor provides 0.36Nm; hence 2 motors y

2 steppers . X .

notor are required for x-axis motion.

e 1| =T = (036X 2) X7, = 036 X 2 X 0.95 = 0.66Nm z T, >T,

sufficient X T, > T,, hence is suficient.

Motor (viil) Motor selection criterion

selection From belt calc., Power req. = 7.792W

Stepper motor phases = 4. Each phase draws 1.7A at
2.8V

I (total) =1.7x 4 = 6.8A, V(total) = 2.8 x 4 = 11.2V
Thus, Power =I1xV =6.8x11.2

P =76.16W
= 0.07616KW

Total power
input, used
& lost

(ix) Total power required & loss
Stepper input & used current = 5A
Stepper input & used voltage =
respectively.

Servo input & used current = 50mA
Servo input & used voltage = 5V & 4.8V respectively
Stp. Tpower-input = 5 X 12 = 60W x 6 (6steppers) =
360W

Belt Tpower-input = (7.792 X 2) + 7.792 / 2) = 19.48W
Servo Tpower-input = 5 X 50mA = 0.25W

Tpower-input = (360 +19.48 + 0.25) W = 379.73W

12V & 11.2V,

Tpower-input

379.73W

Stp. Tpower-used = 5 X 11.2 56W x 6 (6steppers) =
336W

Belt Tpower-used = 19.48W

Servo Tpower-used = 4.8 X 50mA = 0.24W

Tpower-used = (336 + 19.48 + 0.24) W = 355.72W
Tpower-loss = Tpower-input - Tpower-used = 379.73 — 355.72

Tpower—used = 35572W

Tpower-loss= 24.01W

2.9 Circuit Diagram Showing Motors Connection

The microcontroller used for system control was Arduino Mega. The stepper motors 1 &
2 were used for x-axis motion drive, motors 3 & 4 for y-axis motion and motors 5 & 6 for
z-axis motion control. From the circuit diagram shown in Figure 4, the servo motor at
the bottom of the circuit was used as the gripper for picking and dropping the bricks.

82




The Islamic University Journal of Applied Sciences (JESC) Volume V, Issue I, July 2023

T
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1
u‘¢|u| |u=‘g
II\III\| L (T

Figure 4: Circuit diagram showing motors connection

A4988 was the driver for the stepper motors, but in the proteus environment, L293D
was used as a substitute. The A4988 driver requires two capacitors, 47uf, 50V and
1oouf, 25V but L293D contains those capacitors embedded, so none is shown on the
circuit diagram.

The power supply unit used was digital Tektronix, capable of providing the required 6A
and 12V power as stated in the design calculation table (Table 5).

3. Results and discussion

3.1 Simulation Results of the Gantry Robot and Discussion

From the result obtained in Figure 5(a), (b), and (c), the constructed robot material (Al
alloy) has a yield strength of 276 MPa, the Z-member maximum load produced 12.57
MPa, the X-member maximum load produced 4.814 MPa, and the robot frame
maximum load produced 13.34 MPa. All the 3 members were subjected to stresses
below the design yield strength of the robot material. Furthermore, for any good and
acceptable design, the design yield strength should never be more than 25% of the yield
strength of the material under any given condition [20]. Since the material yield
strength is 276 MPa, the design yield strength is 15% of the material yield strength by
conversion. Thus, the device would function effectively from a strength point of view.
Thus, this result represents good and acceptable structures or members’ designs
mechanically.
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Medel name: ZMember for simulabon
Study narme: Z-member holder simulztion(-Oefauit-)
Plot type: Static nodal stress Stress1
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Study name: Frame simulation(-Default.)
Plottype: Static nodal stress Stess!
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— Vield stiength: 2177207

Figure 5: Stress simulation result of (a) Z-member, (b) X-member, and (c¢) Robot frame

3.2 Performance Efficiency Measuring Procedure of the Gantry Robot

In conducting a performance efficiency test for the device, a 2D planer map having a
series of uniform rectangular boxes (i.e., x-y plane) was constructed using 2D cardboard
paper, as seen in Figure 6. Hence, the gantry robot was placed on the map on the floor to
such an extent that it occupied half of the planer map. These uniform rectangular boxes
were the same size as the width of the scaled building blocks. Previous studies such as
Zou et al. [21] and Sonar et al. [22] employed a similar approach.
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Figure 6: 2D planar map

The first approach was keeping y-values fixed on level one. Block placement graph boxes
are drawn on a plain sheet titled a 2D planar map for each evaluation procedure carried
out while increasing level values of x in ascending order. The boxes were numbered as
follows; first box value = level 1, second box value = level 2.......... nth box value = level n.
Figure 7 shows the obtained result. The second approach was keeping in ascending
order increasing both level values of x and y exclusively and correspondingly at a time.
Figure 8 illustrates the results of the procedure. Results obtained in Figures 7 and 8
showed that the best-fit lines on the x and y axes are linear.

X Yy
.
6
5 — —— —= -— 4%
4
%)
X
< 3
>
2
1
0
1 2 3 4 5
X -AXIS

Figure 7: 15t setup of the 2D planar map of the robot under constant y-values
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Y - AXIS
w

0 1 2 3 4 5 6 7
X - AXIS

Figure 8: 2nd setup of the 2D planar map of the robot under varying x and y-values

3.3 Model Fit and Validation

Ljung [23] developed an ideology, later developed into a method called System
Identification. It involves feeding a system or system joints with data (e.g.,
displacement, velocity, torque, etc.), then building a hypothesis by predicting the output
and measuring the actual output. Hofer and D’Andrea [24] and Gale et al. [25]
employed the same approach to improve a robotic manipulator model based on
multivariate residual modelling. The validation of this model is given in Equation (3).

fit =100 [1 _ 1/2t (y®-9@®) ] (3)

z” L(®)-¥)2

Where from Figure 7,

y(t) = measured value = 5.13mm
y(t) = predicted value = 5mm

y = mean value of Y(t) =3.06mm
And from Figure 8,

y(t) = measured value = 5.14mm
y(t) = predicted value = 5mm

y = mean value of () =3.08mm
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Hence, from Equation (3), for the 15t setup, fit =94%; for the 2nd setup, fit=97%. From
the results obtained, it can be justified that the model is well-fitted with values of 94%
and 97% from the first and second approaches, respectively. It is important to note that
these approximately 3-6% fitting errors can be attributed to several factors, including
measurement inaccuracies, inherent system noise, and modelling assumptions. The
slight deviations between the predicted and measured values are within an acceptable
range considering the complexity of the system and the inherent uncertainties involved.
These results were obtained from the average of the methodology repetition as a means
of cross-evaluation. Comparing this result (with an average model fit of 95.5%) with that
of the cross-validation of the study by Gunnar [12], an average model fit of 95.16%, it
can be observed that the developed model shows promising results of manipulator
mobility; hence, it can be said to be logically and technically justified as it falls within
the expected and acceptable range of literature.

4. Conclusions

In this study, a novel gantry-based parallel robot manipulator was developed and
evaluated for bricklaying applications in the construction industry. The objective was to
design and simulate the robot manipulator, implement a control algorithm, and
evaluate its speed, accuracy, and payload capacity. The gantry-based parallel robot
manipulator was designed and analyzed using appropriate design considerations,
material selection, and kinematic synthesis. The robot’s operational principle and
design specifications were carefully defined, and the necessary calculations and
simulations were performed to ensure the structural integrity and performance of the
manipulator. Simulation results demonstrated that the robot design met the strength
requirements, with stress values well below the yield strength of the chosen material.
The performance efficiency of the robot was evaluated through a 2D planar map test,
where different setups were assessed. The results indicated linear relationships and
demonstrated the robot’s ability to perform bricklaying tasks effectively.

Furthermore, the model fit and validation were carried out using a system identification
approach. The developed model showed good fitting with measured values, achieving
94% and 97% fit for the first and second setups, respectively. These fitting errors of
approximately 3-6% can be attributed to various factors but still fell within an
acceptable range considering the complexity of the system and inherent uncertainties.
The study successfully designed and evaluated a gantry-based parallel robot
manipulator for bricklaying applications. The developed robot demonstrated enhanced
mobility, workspace utilization, and promising speed, accuracy, and payload capacity
results. The findings of this study contribute to the advancement of robotic systems in
the construction industry, offering potential benefits in terms of efficiency, safety, and
productivity.
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