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Abstract— A robot is a mechanical or virtual artificial
agent, usually an electro-mechanical machine that is
guided by a computer program or electronic circuitry.
Robots can be autonomous or semi-autonomous. In this
thesis, design optimization strategies and synthesis for
robotic arm are studied. In the design process, novel
optimization methods have been developed to reduce the
mass of the whole robotic arm. The optimization of the
robotic armis conducted at three different levels, with the
main objective to minimize the robot mass.

At the first level, only the drive-train of the robotic armis
optimized. The design process of a robotic arm is
decomposed into selection of components for the drive-
train to reduce the weight

At the second level, kinematic data is combined with the
drive-train in the optimization. For this purpose, a
dynamic model of the robot is required. Constraints are
formulated on the motors, gearboxes and kinematic
performance

At the third level, a systematic optimization approach is
developed, which contains design variables of structural
dimensions, geometric dimensions and drive-train
COMPOSES.

Constraints are formulated on the diffness and
deformation. The dtiffness and deformation of the arm
are calculated through FEA simulation.

The main objective of the thesis is to design optimization
and synthesis analysis of robotic arm. The corresponding
deflections, stresses and strains for that load will be find
out by suing the method of finite element analysis.
Keywords— robotic arm, inverse kinematics, dynamics
Jacobian method, motor selection and drive train
optimization

I. INTRODUCTION
A robotic arm is a type of mechanical arm, usually
programmable, with similar functions to the humam;a
the arm may be the sum total of the mechanism grima
part of a more complex robot. The links of such a
manipulator are connected by joints allowing either
rotational motion (such as in an articulated robaot)
translated (linear) displacement. The links of the
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manipulator can be considered to form a kinematairc

of the manipulator is called the end effectors @nis
analogous to the human hand.

In this section, | look at some basic arm geometides |
said before, a robot arm or manipulator is compaxfeal
set of joints, links, grippers and base part. Taiet§ are
where the motion in the arms occurs, while thediake

of fixed construction. Thus the links maintain aefil
relationship between the joints. The joints may be
actuated by motors or hydraulic actuators.

[I. ROBOT OPTIMIZATION AND SYNTHESIS

* DRIVE TRAIN OPTIMIZATION

A general method of motor and gearbox selection and
optimization of servo drive system was introduc&€te
method automated the solution procedure for thgoser
drive design problem by virtue of the normalizatioh
torques, velocities, and transmission ratios. oee,
and selection criteria separated the motor chaistits
from the load characteristics and its graphical
representation facilitated the feasibility checkaofertain
drive and the comparison between different systems.
These methods above are applicable to the desigmn of
single joint combining a motor and a gearbox, amelyt
do not address the discrete nature of the seleptioress.
For design of robotic drive train consisting of tiple
joints, the challenge is that not only the chanasties of
motor and gearbox at a single joint, but also tyreadhics

of the robot should be taken into account. Anyearl
attempt on drive-train design optimization can dend in
which Chasmal and Gautier proposed a method for the
optimum selection of robot actuators of minimize tbtal
mass of all actuators. The modeling of the systeak t
into account the inertia of the links and actuateiscous
and Coulomb friction effects, and the thermal moalel
the actuators as well.

» Dimensional Optimization

Dimensional optimization can contribute to the
improvement of robotic performance, either kinemati
performance or dynamic one. An integrated strueture
control design optimization method of a two-linkXible
robot arm was presented, where the structural antta
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parameters were optimized simultaneously. The naetho
used a genetic algorithm and the performance was
compared with that of an arm with uniform links aand
optimized control system. The simultaneous optitiozra
yielded a design with higher bandwidth and lesgiedf
the arm system. An optimal design of manipulator
parameter using an evolutionary optimization methad
proposed in which a modification in differentialdution
optimization technique was proposed to incorpotthe
effect of noises in the optimization process antiobthe
optimal design of a manipulator. An optimum robot
design method based on a specified task was prdppnse
which dimensions were optimized based on dynamic
analysis. Three evolutionary techniques were agptie
minimize the torque required to perform the defined
motion subject to constraints on link parameters tie
end-effectors deflection.
e Structural optimization
Single arm robot design of structural parts mayl leaa
significant reduction in the weight of the roboedarding
structural optimization, finite element analysisEff is
widely used. FEA was utilized to conduct structural
topology optimization in the design of humanoid atsh
Multimode system simulation (MBS) was employed to
investigate the dynamics of the robot. By integmti
MBS simulation into structural optimization process
components in mechatronic systems could be optimize
regarding the interaction between parts of meclanic
properties and the overall system dynamics. FEAedbas
design optimization was conducted on a 2-dof rabot
minimize the vibration frequency. The optimized idas
was compared with an experimental investigatiorihef
structure vibration frequencies design obtained tlom
actual manipulator. The utilization of FEA in rolmoarm
design and structural optimization can be found.

The above robotic optimization technologies are

summarized in Table 1.1.

N  Objectiv Design  Constrai Optimizat
0 e Variabl nts ion
es algorithm
1 Total Motor Minimize  KTNC!
mass mass motor
torques
2 Mass, Motor Motor,
cost torques joint Complex
dynamics
3  Control Controll  Dynamic Pattern
performa er, drive s search,
nce train GA?
4 Dynamic Motor Motor ---
s selectio torques -
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performa n
nce
5  Control Structur  Control
performa al GA
nce dimensi
ons
6 Kinemati Geometr Boundar
cs and ic y limits GA
dynamic dimensi
performa on, link
nce mass
7  Joint Structur  Stiffness,
torques  al deflectio GA
dimensi n
ons

1 Kuhn-Tucker Necessary Conditions

2 Genetic Algorithm
» Design considerations
The robotic arm is an anthropomorphic arm as ibfes the
nature design of a human arm. A human arm congfsts
seven dof, three at the shoulder, two at the eltzmd, two
at the wrist. The concept design of the robotic arm
includes 5 dof, which reduces one dof in the sheéhd
one in the elbow. When the concept design has been
determined the physical properties from the desagnbe
used to recalculate motions and torques. Thesethem
again be used to redesign the first concept tova ared
better one. This iteration process would be efficte put
inside an optimization procedure, where motors,
gearboxes and structural desigmould be optimization
factors.
The robotic arm will be used to handle daily tasis
people assistance applications. The total readhrdis is
1 m (without the gripper), which is a bit longematha
human arm. The workspace of each joint is basethen
corresponding joint workspace of the human arm.

Table: Joint workspace of the robotic arm

Jointi  Max Workspace Constrained Workspace
1 0~ 21 O~

2 0 ~ 37/2 0~ 37/2

3 0 ~ 37/2 0~ 3r/4

4 0~ 21 0~ 21

5 0 ~ 37/2 0~ 3n/4
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Kinematics

Robot kinematics is the study of the motions (kiats) of
robots. In a kinematic analysis the position, cigfoand
acceleration of all the links are calculated withmansidering

the forces that cause this motion.

Robot kinematics deals with aspect of redundancy,
collision avoidance and singularity avoidance. Mhi
dealing with the kinematics used in the robot walde
each parts of the robot by assigning a frame aregice

to it and hence a robot with many parts may hawe an
individual frames assigned to each movable pafsr
simplicity we deal with single manipulator arm dret
robot. Each frames are named systematically with

numbers, for example the immovable base part of the

manipulator is numbered 0, and the first link jairte the
base is numbered 1, and the next ink 2 and simitdirin

for the last nth link.

In the kinematic analysis of manipulator positidinere
are two separate problems solve: direct kinemataosl,
the inverse

kinematics.  Direct kinematics involves solving the
forward transformation equation to find the locatiof

the hand in terms of the angles and displacements

between the links. Inverse kinematics involvesisg
the inverse transformation equation to the find the
relationships between the links of the manipuldtom

the location of the hand in space.

[1l. BASIC MANIPULATOR GEOMETRIES
In this types of the arm, mechanics of a manipulatn
be represented as a kinematic chain of rigid boiiglss)
connected by revolute or prismatic joints. One efithe
chain is constrained to a base, while an efidctor is
mounted to the other end of the chain.

Fig.1: Shows an open chain serial robot arm
Open chain manipulator kinematics

In the open chain robot arm, The resulting motien i
obtained by composition of the elementary motiofis o
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each link with respect to the previous one. Thatgi
must be controlled individually

Closed Chain Manipulator Kinematics

Closed Chain Manipulator is much more difficult tha
open chain manipulator. Even analysis has to take i
account statics, constraints from other links, Etarallel
robot is a closed chain. For this type of robotg best
example is the Stewart platform. Figure-3.2 shows
Stewart platform.

Platform

Base
‘\h"\.

Fig.2: Sewart platform
Homogenous Transfor mation
Homogeneous transformation is used to calculatedine
coordinate values for a robot part. Transformatiatrix
must be in square form. Figure-5.4 shows the
transformation matrix.

) 1) (1) |
IX3rotation matrix 1, . 1, | Ay 3xl translation

. () (1) | G

[x3 perspective (0 (0 (0 |1 globalscale

Fig.3: Homogeneous Transformation matrix.

3x3 rotation matrix may change with respect to tiota
value. 3x1 translation matrix shows the changinyea
between the coordinate systems. Global scale valfie

and Also 1x3 perspective matrix is fix.

Inver seKinematics (1K)

Inverse kinematics is the opposite of forward kiaéins.
This is when you have a

desired end effector position, but need to know|tfet
angles required to achieve it. The inverse position
kinematics (IPK) solves the following problem:"Give
the actual end effector pose, what are the qoorating
joint positions?" In contrast to the forward predol, the
solution of the inverse problem is not always ueidhe
same end effector pose can be reached in several
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configurations, corresponding to distinct joint pios
vectors.
kinematics, this calculation is much more compédat
too.

Fig.4:Inverse kinematics
The problems in IK ;

[0  There may be multiple solutions,

[ For some situations, no solutions,

[0 Redundancy problem.
Solving The Inver seKinematics
Although way more useful than forward kinematid¢sst
calculation is much more complicated. There areisdv
methods to solve the inverse kinematics.

Cos(a)-ALw (Cosine Law.)

using the cosine law angles are found

X
Cos@y) = Teane

-1 X
s (m?

L1%4+X24Yy2
Cosf,-07) = 2"
1/Xx24Y2
1, L% 4X2%4y2-1,2
0, cos I (Z—2) + 0,

2le/X2 +Y?2

Li2+Ly%—(Xx2%+Y?

Cos(180_6,) —#(LZ)

6, = 180<cos~ 1 (AtX 22k’
2L, raye

I nver se Jacobian M ethod

It is used when linkage is complicated. Iterativéthe

joint angles change to approach the goal positiod a

orientation.

Jacobian is tha by m matrix relating differential changes

of q to differential changes oP(dP).

)

Jacobian maps velocities in joint space to velesiin
cartesian space
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Although way more useful than forward

JO)6=V
f(6) =P
J©)do = dP

ofi
]l] _l

An example of Jacobian Matrix,

] [f1(9)] [ll CosO; + 1, CosO, + 13 Cosb;
y

fz(e) ll Sln01 - lz Slnez + l3SlTl03
J 9
[y] 2
65
J=
0£1(6) 9£(6) 9/1(6)
36, 30, 265 |_
£(0) 3f06) LG
26, 30, 365
_llslngl —ZZSITLQZ —l3SlTl93
_llcosel _1260562 _1360563
1

0 f TP, VOIO)E, HuJul(J)V

In the Jacobian method, the solving can be linebl&
aboutd,, locally using small increments

Dynamics

Dynamics deals with the forces and torques thase e
motion of a system of bodies. Analogously to diraat
inverse kinematics analysis, there is direct anderige
dynamic analysis.

Jacobian matrix

The joint angular velocity can be calculated witte t
Jacobian matrix.

6 =],

Whereé= [0, ,6,, ... .....0,] denotes an n-dimensional (n
denotes the number of dof) vector of the joint dagu
velocities, J is the Jacobian of the robotic arnd g sthe
velocity of the end-effectors.

j = []1 :jz PRTITS ]n] Ji=lZi-1 Pi4]
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Zi1=Ri_1[0 0 1]", Py =Ri_y Gi—1 + Py

I nver se dynamics
The computation of the inverse dynamics is a prasie
for evaluating any given design with given load and
prescribed trajectory. Here we briefly recall thegtange-
Euler formulation. The Lagrange equation is

d (oL oL _ . .

E(a—ei)—a—ei—’[i, l—1,.....7’l

Where the Langraingian L= K-Ug“,(K;_U;). For
the ith link the K.E and P.E is given by

Ki- %mchT,i' Vei + %wiTIiwi

M(8)6 +V(6,0) + G(O) =t

Uy = mg"pe;

M =3 g Midvi + T ili)w)

Wherej, ; andJ,, ; are 3*n matrices. For revolute joints
the Jth coloumn vectors @f; and/,, ; can be easily
calculated.

o Zj—l*Pc].i_I'i;,i: -1 forj <i
JL=Jl,=[0 0 0] fori<j<n

m;— msri + mm_i + mg_i

IV. FORMULATION OF DESIGN PROBLEM

For formulating the design problem let we consider
drive train model for the single joint and for tharmonic
drive gearbox, the gear efficienggries depending on the
output torque. With the inertia of motor and gete
required motor torque for the ith joint is derivasl

)

Fig.5: Schematic view of drive train model for a single
joint.

T = [m +Jg}0(O)p + %]i ©i=1,...5
where i is the gear ratio
Jg is the gear inertia with respect to the inputamexis
Jm is the motor inertia
g is the gear efficiency
4.1 Motor Selecting Criteria
The criteria for selecting motor and gearbox are
applicable to each single joint, Motor selectioitecia
Motors for robotic arms are usually selected fromo t
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motor groups, brushed and brushless DC motors. In
selecting motors, the following three constraintsstmot
be violated:

* Nominal torque limit. The nominal torque is
the so-called maximum continuous torque. The
root mean square (RMS) value.,of the
required motor torqué&,has to be smaller than

(5.28) equal to the nominal torque of the motor Tm

Trms < Tm

(5.26)

A
Where Tps = [— [0 Ty dt

o with At being the
duration of characterstics of working cycle.
¢5.28all torque limit. The stall torque is the peak
torque of the motor. The required peak torque
7, has to be smaller than or equal to the stall

torquet/i** of the motor

Wheret,, = max|Ty|

e Maximum permissible speed limit. The
maximum permissible speed for DC motors is
primarily limited by the commutation system. A
further reason for limiting the speed is the
rotor’'s residual mechanical imbalance which
shortens the service life of the bearings. The
required peak speed, corresponding to the
motor has to be smaller than or equal to the
maximum permissible spe@gi** of the motor

n, < Np'**
Wheren,, = max {|2n6(f).p|}

The inequalities (6.1) to (6.3) represent the aeists
that must be fulfilled by any motor in the drivaitr.

4.2 Gearbox selection criteria
In the selection of gearboxes, the following three
constraints are considered:

» Rated output torque limit. It is recommended
by the Harmonic Drive gearbox manufacturer
to use the RMC value for calculating rated
torque. The RMC value is a measure of the
accumulated fatigue on a structural component
and reflects typical endurance curves of steel
and aluminium. It is therefore relevant to
gearbox lifetime, and this criterion has also
been used in robotic applications. With this
criterion, a constraint is derived
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as

Trms = Tg

Where 7,,,, = 3/% ['t3 de  with 7(t) being the

required torque from the gearbox outpdj.is the limit
for rated torque of the gearbox.

e« Maximum output torque limit. The required
peak torquer, with respect to the output side
has to be smaller than or equal to the allowable

peak torqud"**of the harmonic drive

max
g <Tyg

Where 7, = max{|t(t)|}
e« Maximum permissible input speed limit. The
required maximum input peak spereg has to
be smaller than or equal to the maximum

permissible input speed;*** of a gearbox

n]_n < Nmax

Wheren;,, = max {|0(t).p|}

4.3 Objective function formulation

The objective of the optimization is to minimizeetass

of the robotic arm. In this formulation, we minirainnly

the mass of the power transmission, while the ro&asise
arm structures remains constant. Therefore, the
optimization task is to find the lightest combiwati of
motor and gearbox for all five dof that fulfill all
constraints associated with the motors and geaghdtee
objective function, f(x), is defined as the sumntloé mass

of the motors and gears, as shown in the abovetiBgua

m;” f(X)= [,2 (1M () + Mg ()}

X = [up, Ugy
subject to

T = JE {(m 00+ 1, 000) 0 O + 22t

‘r(t X)

i

T 2 (|00 + g + C0)8Op +

N79* > max {|210(t). p|}i

31 (At
Tyi 2 \/Efo 73 (¢, x)dt
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Tgi™ = max {| 7(¢, x)dt |};
Nmex £B4hhx (|6(0).p )

where design variables in x includes the index renmlof
MOtOrs Up, = [Upq, ... Upp] and gearboxesu, =
[Ug1s een oee ugprelative to databases containing
commercially available components. So far, we have
formulated the design problem as a discrete optititn
problem, which can be solved by commercial avadlabl
codes. We select a non-gradient method called Goampl
for this purpose. The implementation is outlinedtie
next section.
4.Proced@r® of optimization
The optimization method is developed as a Matlath an
MSC.ADAMS co-simulation
platform. The optimization algorithm is based ore th
Complex method, which is briefly discussed.

e Optimization by Complex
The Complex method is a non-gradient based
optimi _t{i_)gn method, first presented by Box. In the
Complex method, several possible designs (design
population) are manipulated. The method is base@ on
feasible domain, containing a design populatiora a®t
of design points. The number of design points loabet
greater than the number of independent designblaga
The starting design points (initial population) are
randomly generated, and evaluated through the tilgec
function to check performance and constraint viotat
Among all populations, the set of design varialiiaging
the minimal objective function is denoted as thestbe
point xb, while the one having the maximal objeetiv
function is denoted as the worst point xw. Their
corresponding values of objective function are doas
the best and worst values. The centroid point lsutated

as
(6.7)

— m
Xc_m 1 1Xl'

X = Xp
Xi = [Xxq, X, wer e X

The main idea of the Complex method is to repldee t
worst point by a new and better point. The new pa&@n
found by the reflection of the worst point throutite
centroid with a reflection coefficient, yielding eh
following expré6s®n for the new design point

Xeana = X + <10 w)

The coefficient _" = 1:3 is used in this study, as
recommended . The candidate pdiptand is checked
through explicit and implicit constraints. When it
conforms to the constraints{, and replace¥,. This
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method cannot handle the situation when the cehimi
trapped in a local minimum. Therefore, the methed h
been modified such that the point moves towardbidst
point if it continues to be the worst one. To avtie
collapse of the algorithm, a random value is atidea to
the new point. The modified method to calculate the
reflection point is given as

1
tema =5 (Xoama+€ X + (1-€)X,+(X, — X,) (1—€
)2k —-1)

where k is a random number varying in the intef@atl],
with

nr+kr-1
ny )—nr
Ny+kpr+1

e=(

Here kr is the number of times the same point has
repeatedly been identified as the worst point, anég a
tuning parameter which is set to 4. The convergence
criterion of the Complex method in this work is the
difference between the best and worst objectivetfan
values is less than a user defined tolerance.

e Dynamics model with MSC.ADAM S
The drive requirements of the whole robotic armtesys
are determinedfrom inverse kinematic and dynamic
analysis within MSC.ADAMS. Thaverse kinematic and
dynamic analysis is developed as a simulation pgeka
which will be called by the optimization prograno This
end, themass of motors and gearboxes are parameterized,
while the trajectory of theobotic arm is prescribed.
For each variation of motors and gearboxes,réogiired
motor torques are accurately calculated. The mdss o
distributionis updated during the optimization procedure.
The inverse kinematic and dynamic analysis of the
robotic arm in ADAMS follows a so-called mastervsa
approach. The basic concept of this approach isvilea
make two models of the robotic arm in ADAMS, a reast
model and a slave one. In the master model, thersev
kinematic analysis is executed to record the jointions
corresponding to the prescribed end-effector ttajgcin
the slave model, the joint motion data is imporsedi
imposed on the joints, and payload is also attathete
end-effector. Then the inverse dynamic calculatisn
performed to solve the required joint torques ftiuating
the robotic arm.
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Master model Slave model
End_effector Payload
Trajectory
I
Master model I Slave model
in ADAMS | in ADAMS _
~Inverse - | inverse ™
kinematic - | i dynamic
analysis | . analysis.
Solved Joint | Solved joint
mations | torques
1
SR |

Fig.6: The procedure of inverse kinematic and dynamic
analysis
In the master-slave approach, we can define differe
trajectories and payloads for the robotic arm model
which makes the model more flexible for different
simulation conditions. This approach can be apple#o
other serial and parallel robot systems.
* Matlab-ADAM Sco-simulation platform
The design optimization is mainly concerned of two
tasks: the optimization routine and creation of a
parametric dynamic simulation model. Both tasks lean
performed on a Matlab-ADAMS co-simulation platform
developed in this work. As shown in Fig. 3.6, the
platform works with two modules. The ADAMS module
is used to simulate the inverse kinematics and mycg
of the robotic arm. The Matlab module implements th
Complex method to call the ADAMS simulation in Hatc
mode.
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Stop No i
Yoy
!
1

Fig.7: Diagram of the optimization routine in the co-
simulation platform

V. CONCLUSION
The main scope of this work is the development of a
novel optimization approach for the design of rabot
arms. A new optimization approach was developed for
robot optimization to handle selection of motorsd an
gearboxes, geometric and structural dimensions Whi
achieved through stepwise optimization in threeslev
starting from the constraints of motors and geagBpx
then the constraints of kinematic performance, farally

|
Robotic theory <
ﬂ Dynamics

Structural
design

Arm Trajectory

planning

Control system

Involved in

Control theory

structural strength constraints.

Fig.7: Different fields of technology involved in the
architecture of robotic arms.
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Scope of work
The aim of this project is to design robotic arnheT
works involved in the thesis are summarized in &bov
Figure.
To reduce the weight of the robotic arm, optimizati
method will be developed in the design process. The
approachofthe projectis summarized in the foltaygteps:
Study basic kinematics and dynamics of robotic arms
Model and design a 5-dof robotic arm.
1. Optimize the robotic arm to reduce the weight.
2. Optimize the drive-train components (motors
and gearboxes).
3. Optimize the link lengths together with the
drive-train.
4. Optimize the structural dimensions, link lengths
and the drive-train.

VI. CONTRIBUTIONS
Within this project, the following contributions tthe
design and optimization
of robotic arms were made

» New robotic optimization methods were
developed. It is the first time to integrate the
drive-train, kinematics and structural dimensions
together in the optimization design of robots for
minimal mass.

» Three extensible simulation platforms for robot
simulation were developed. The platforms
integrate numeric programming software with
commercial dynamic simulation and FEA
simulation software. The platforms could be
easily expanded to contain more design variables
on different robotic parameters and the
corresponding constraints.

» A prototype of the 5-dof robotic arm was built to
validate the optimization approaches. The
prototype can be used to validate the different
simulation models developed within the project.

VII. FUTURE WORK
The optimization approach in this thesis focusedttan
mechatronic part of the robotic arm. Robot contsoh
key competence for robot manufacturers and is very
important in order to getas much performance asibles
out of a robot. Tuning of control parameters i®asucial
for a robotic arm.
One possible direction of the future work is to daome
the mechanical system design together with therobnt
system design in the whole system optimization. tf@bn
parameters could be taken as design variables én th
optimization.
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