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ABSTRACT

This final report documents the Advanced Highway Maintenance and
Construction Technology (AHMCT) Research Center’s efforts to refine a robotic system
for stenciling of general roadway markings. In accordance with the AHMCT’s mission to
develop and deploy highway technology that saves lives and reduces costs, this was an
effort to minimize the traffic exposure for the working crew. Over a two year period, a
research prototype of an articulated robotic system for potential use in the process of
stenciling roadway markings was developed. At the end of the project, the deliverable
was a demonstration of the robotic arm (without the end-effector) capable of producing
markings with end-point deviations within an inch with no abrupt changes and the paper
design of an end-effector performing its function with proper coordination with the
robotic arm without degrading the end-point accuracy of the system.
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EXECUTIVE SUMMARY

This research project deals with refinements of a general robotic system for use in
roadway markings and stenciling operations. Painted roadway markings are usually
applied using a mechanical stenciling procedure by the maintenance crew working on the
roadway surface. The process involves transverse marking of the pavement with word
and symbol markings, limit lines, cross walk lines, shoulder markings, parking stall
markings, railroad crossing markings and so on. The operation involves laying down
mechanical stencils, manually painting through the stencils, and finally removing the
mechanical stencils. The operation exposes the roadway crew to on-going traffic
requiring them to perform delicate work directly on the roadway.

At the AHMCT center, we have developed (over a two year period) a research
prototype of an articulated robotic system for potential use in the process of stenciling
roadway markings. The testing of the system had indicated that modifications are
necessary before the system can be considered for potential application on the roadway.
Test data indicated that there are a minimum of four areas where the articulated robotic
system needed modifications due to the coupling effects of the dynamics and the end
point accuracy required for proper edge definition in painting of roadway markings. The
first area was related to the dynamic effects of the hydraulics used to power and control
the robotic arm. We had found that flow of hydraulic fluid through the lines produced
dynamic effects that influenced the end point accuracy as well as the waviness of the
paint markings, making the system performance not desirable. The second item was
handling the undesirable structural dynamics of the arm due to its long reach articulated
design needed to reach two lanes of the roadway as specified in the original design
specifications. The third area was the control system that needed to be modified since
end-point trajectories showed undesirable performance. Finally, the fourth area was the
new design of the end-effector. The end-effector control for its rotational axis used a
stepper motor design producing less than desirable accuracy in tracking since it was not a
servo drive system. The structural design of the end-effector also did not have the
necessary stiffness for rapid motions around curved portions of a trajectory in painting
highway markings. There was a need therefore for modifications of the end-effector
design to improve its control system performance as well as its structural performance.

The hydraulic system was modified by adding a hydraulic fluid accumulator to
improve power delivery to the hydraulic actuators. Additionally, supply check valves
were inserted to minimize fluid back-flow between the actuators. Testing the system it
was found that there is a need to provide a damped motion for the arm swing. Counter
balanced valves were therefore added on the exhaust side of the motors to provide the
needed damping. These modifications reduced and eliminated the undesirable dynamics
of the hydraulic fluids degrading system tracking and painting performance. _

Initially we thought that waviness observed in the edge definition for roadway
markings produced by the robotic arm could be eliminated or reduced by
counterbalancing the robotic arm. We thought that the control system cannot properly
keep track of all the dynamics due to the high weight of the arm when it is painting in its
articulated position. A four spring counterbalance system with friction plates and swivel
mounts was designed and implemented on the robotic arm. The arm was used to draw
the letter S which exerts the highest demand on system dynamics. Testing the system, it
was found that although counterbalancing does improve the tracking accuracy the
waviness error still appeared in tracking the letter S. It was therefore decided
counterbalancing would not be used in the robotic arm.

Testing and trouble shooting the overall control system of long reach stenciling
robot constituted most of the planned effort in this project. It involved testing the control

v
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system of the arm looking at the performance of the actuators, sensors, and the control
software. In this part of the project the arm was tested without paint distribution using a
felt pen at the end of it for making marks on sheets of paper for evaluation. We were
seeking a desired accuracy of less than % of an inch with no abrupt deviations. We found
that the entire control system for the arm had to be changed from a dedicated
microprocessor type control to a PC based system with QNX real time operating system.
This new PC architecture enables us to develop a robust method for control of the arm
based on scientific technique developed as part of a basic research task order within
AHMCT research center. This involved using a time delayed control system where the
system disturbances could be modeled and fed back into the overall control system
therefore reducing tracking error. Testing indicated that the letter S could be drawn with
high tracking accuracy. The waviness error was found to be less than Y inch throughout
the trajectory. A new interface board was developed and the control system was
implemented and demonstrated showing the feasibility of this approach.

The early end-effector of the robotic system utilized a stepper-motor to change the
orientation of the paint spray fan. This stepper-motor setup held a2 maximum rotation rate
of approximately 0.25 revolutions/second that limited the linear speed of the arm during
painting of tight curves. An example of a tight curve is the top and bottom of the letter
"0". Additionally, the end-effector unit itself had undesirable rigidity and vibratory
characteristics that limited the accuracy of painted marks. The end effector was modified
to a servo based unit. After the modification was performed a notification was received
by AHMCT from a company in the Bay area that the system infringed on their patent on
using a rotational joint to provide a tilting motion of the spray gun for painting a surface.
A redesign of the end effector was therefore considered where a rotational joint would not
be used to provide the necessary tilting motion for the spray gun. The detailed design of
the new system was developed that would use an innovative four bar linkage design with
a linear motion providing the tilt type action for the end-effector. The ground link of the
four bar mechanism is attached rigidly to the arm of the robot. The platform link carries
the spray gun and its motion supplies the tilt necessary to paint uniformly when the
stenciling process requires sharp turns. Special consideration of the link lengths during
the initial design led to the synthesis of a special four bar mechanism known as Robert's
Mechanism. Robert’s Mechanism possess a near straight line motion of a point located
upon the platform link. The straight line motion was exploited to create a direct way of
controlling the motion of the four bar mechanism using a ball screw mechanism. A servo
motor with encoder feedback drives the rotation of the ball screw. The servomotor drive
interfaces with an onboard Intel personal computer to determine proper position
commands for the tilt mechanism servomotor based upon the trajectory planning and
current positions of the other robotic joints.

The deliverables in this project involved a demonstration of the robotic arm
(without the end-effector) capable of producing markings with end-point deviations
within % of an inch with no abrupt changes and the design of an end-effector performing
its function with proper coordination with the robotic arm without degrading end-point
tracing accuracy of the system.
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DISCLAIMER/DISCLOSURE

The research reported herein was performed as part of the Advanced Highway
Maintenance and Construction Technology (AHMCT) Research Center, within the
Department of Mechanical and Aeronautical Engineering at the University of California,
Davis, and the New Technology and Research Program at the California Department of
Transportation. It is evolutionary and voluntary. It is a cooperative venture of local, state
and federal governments and universities.

The contents of this report reflect the views of the author(s) who is (are)
responsible for the facts and the accuracy of the data presented herein. The contents do
not necessarily reflect the official views or policies of the State of California, the Federal
Highway Administration, or the University of California. This report does not constitute
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Introduction

The mechanical design and construction of the AHMCT's Long Reach Roadway
Sign Stenciling Robotic Arm was completed in a previous contract. During operational
testing, it was determined that the edge definition accuracy in painting certain roadway
markings exceeded the path following accuracy of the robotic arm. This project was
aimed at providing modifications to address the path following accuracies of the robotic
arm and developing an operational end-effector for the robotic arm.

Painted roadway markings are usually applied by roadway maintenance crew
members using a mechanical stenciling procedure. The process involves transverse
marking of the pavement with word and symbol markings, limit lines, cross walk lines,
shoulder markings, parking stall markings, railroad crossing markings and so on. The
operation involves laying down mechanical stencils, manually painting through the
stencils, and finally removing the mechanical stencils. The operation exposes the
roadway crew to on-going traffic requiring them to perform delicate work directly on the
roadway. In an effort to minimize the traffic exposure to the working crew, AHMCT
research center at the University of California at Davis have started the development of a
research prototype of a long reach robotic system for roadway sign stenciling. This
roadway sign stenciling robotic arm is shown in Figure 1 and is intended to remove the
working crew from the roadway surface during the process of painting roadway

Figure 1. A view of AHMCT’s roadway sign stenciling robotic arm.
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markings. This robotic system was developed over a two year period as a research
prototype for evaluation of using long reach robotic arm technology in painting roadway
markings.

During operational testing, it was observed that there was coupling of the
dynamics associated with lohg reach articulated structure of the robot and its end-effector
and that associated with the movement of the hydraulic fluid used to control and power
the arm motion. This project was therefore launched to assess some of these issues and
develop the control and design technologies that would pave the way for use of
articulated robotic arm technology for roadway maintenance operations in general and
painting roadway markings in particular. At AHMCT research center, we have
successfully developed, in the past, gantry type robot technology for painting on the
roadway surface [1-2]. Such gantry technology has also been developed commercially [3-
5]. There has however been no reported development in using articulated arm technology
for such a purpose. The gantry robotic technology has a major drawback in its utility for
roadway maintenance applications requiring long reach such as painting within two
roadway lanes. The drawback is really associated with the size of the gantry system
making its foot print comparable to its workspace. This makes it difficult to have the
robotic system carried by a vehicle for deployment on the roadway. The articulated
system however can be easily mounted and carried on the maintenance vehicle as shown
in the AHMCT’s robot design in Figure 1.

In this project we have explored modification of the robotic system of Figure 1 in
four areas namely hydraulic system improvements, structural design of the system,
control system design, and finally the design of an operational end-effctor. These are
described in the remaining of this report.

Hydraulic System Improvements:

In the initial testing of the AHMCT long reach robotic arm, we found that flow of
hydraulic fluid through the lines produced dynamic effects that influenced the end point
accuracy as well as the waviness of the paint markings, making the system performance
not desirable. The hydraulic system was therefore modified by adding a hydraulic fluid
accumulator to improve power delivery to the hydraulic actuators. This smoothed out
pressure variations in the line. Additionally, supply check valves were inserted to
minimize fluid back-flow between the actuators. Testing the system it was found that
there is a need to provide a damped motion for the arm swing. Counter balanced valves
were therefore added on the exhaust side of the motors to provide the needed damping.
A schematic diagram of the modified hydraulic system for the robotic arm is shown in
Figure 2. This figure shows the complete system including the hydraulic sub-system
used for stabilizer feet on the maintenance vehicle used to fix the position of the
maintenance truck while the arm is in operations (see Figure 1). These modifications
reduced and eliminated the undesirable dynamics of the hydraulic fluids improving
system tracking and painting performance. The improvements however were not
sufficient to meet the design specifications of the robot as being capable of producing
markings with end-point deviations within ' of an inch with no abrupt changes.

LFY)
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Figure 2. A schematic of the Hydraulic System of the AHMCT’s Sign Stenciling Robotic Arm.
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Structural Dynamics and Control System Improvements

Initially we thought that waviness observed in the edge definition for roadway
markings produced by the robotic arm could be eliminated or reduced by
counterbalancing the robotic arm. We thought that the control system cannot properly
keep track of all the dynamics due to the high weight of the arm when it is painting in its
articulated position. A four spring counterbalance system with friction plates and swivel
mounts was designed and implemented on the robotic arm. The arm was used to draw
the letter S which exerts the highest demand on system dynamics. Testing the system, it
was found that although counterbalancing does improve the tracking accuracy the
waviness error still appeared in tracking the letter S. It was therefore decided
counterbalancing would not be used in the robotic arm. The details of the work on
counterbalancing and the test results associated with it are documented in the attached
appendix A.

Testing and trouble shooting the overall control system of long reach stenciling robot
constituted most of the planned effort in this project. It involved testing the control
system of the arm looking at the performance of the actuators, sensors, and the control
software. In this part of the project, the arm was tested without paint distribution using a
felt pen at the end of it for making marks on sheets of paper for evaluation. We were
seeking a desired accuracy of less than Y4 of an inch with no abrupt deviations. We found
that the entire control system for the arm had to be changed from a dedicated
microprocessor type control to a PC based system with QNX real time operating system.
This new PC architecture enables us to develop a robust method for control of the arm
based on scientific technique developed as part of a basic research task order within
AHMCT research center. This involved using a time delayed control system where the
system disturbances could be modeled and fed back into the overall control system
therefore reducing tracking error. Testing indicated that the letter S could be drawn with
high tracking accuracy. The waviness error was found to be less than Y inch throughout
the trajectory. A new interface board was developed and the control system was
implemented and demonstrated showing the feasibility of this approach. The details of
the scientific aspects of this method are described in the attached appendix B. A user
guide was also developed for the final control system implemented on the robotic arm.
This user guide is provided as a separate document entitled: Controller User Guide and
it is attached.

End-Effector Improvements

The current end-effector of the robotic system utilized a stepper-motor to change the
orientation of the paint spray fan. This stepper-motor setup has a maximum rotation rate
of approximately 0.25 revolutions/second that limited the linear speed of the arm during
painting of tight curves. An example of a tight curve is the top and bottom of the letter
"O". Additionally, the end-effector unit itself had undesirable rigidity and vibratory
characteristics that limited the accuracy of painted marks. The end effector was modified
to a servo based unit. After the modification was performed a notification was received
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by AHMCT from a company in the Bay area that the system infringed on their patent on
using a rotational joint to provide a tilting motion of the spray gun for painting a surface.
A redesign of the end effector was therefore considered where a rotational joint would
not be used to provide the necessary tilting motion for the spray gun. The detailed design
of the new system was developed that uses an innovative four bar linkage design with a
linear motion providing the tilt type action for the end-effector. The new end-effector
design is depicted in Figure 3 below.

Tilt Mechanism

‘ Paint Line Paint Fan Pattern

Figure 3. The new proposed End-Effector Design using Four Bar Linkages to achieve a tilt motion for the
paint spray gun.

Deliverables

The deliverables in this project involved a demonstration of he robotic arm
(without the end-effector) capable of producing markings with end-point deviations
within % of an inch with no abrupt changes and the design of an end-effector performing
its function with proper coordination with the robotic arm without degrading end-point
tracing accuracy of the system. It also included the user guide and the documentation for
the controller as attached as well as this final report.
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Section II:

Nonlinear control of the AHMCT’s Long-Reach Roadway Sign Stenciling Robotic
Arm

Copyright 2011, AHMCT Research Center, UC Davis



Nonlinear Control of the AHMCT’s Long-Reach
Roadway Sign Stenciling Robotic Arm

1 Introduction

The mechanical design and construction of the AHMCT’s Long Reach Roadway Sign Sten-
ciling Robotic Arm was completed in a previous contract. During operational testing, it was
detemined that the edge defintiion accuracy in painting certain roadway markings exceed
the path following accuracy of the robotic arm. As part of a new project aimed at developing
the end effector and addressing these accuracy problems, development of a more advanced
nonlinear control system was undertaken for this robotic system. This report describes the
details of the new control system. This control system was implemented on the robotic arm
and showed that it overcomes all previous inaccuracy problems.

The kinematic structure of the mechanism used in the long reach stenciling robotis arm is
shown in Figure 1. This is a pantograph mechanism with a rotatable base. The use of the
pantograph mechanism allows localizing the actuators for the tip motion at the base and
there fore reducing the overall weight of the long reach portionof the system. It also provides
for amplification of the motion at the end as compared to the actuator stroke needed at the
base. The stronke at the base is the input to the system and is the linear motion g, of
the hydraulic cylinder, which yields a scaled linear motion of the end-effector E in the same
direction. Together with the rotation ¢; of the hydraulic motor the System has two degrees
of freedom i.c. free translational motion of the end-effector E in a plane perpendicular to
the axis of the hydraulic motor.

o

hydraulic cylinder

encoder

hydraulic motor

encoder

g=gk+te

Figure 1: System
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2 Hydraulic System

The hydraulic system for the long reach stenciling robot consists of an oil supply unit and
two actuator units (hydraulic cylinder and hydraulic motor), which are shown in Figure
2. For the devel:opment of the new control system, it is assumed, that the oil supply unit
always provides a constant pressure pp. Each of the actuator units consists of an actuator,
a servovalve and two relief valves for the two sides A and B of the actuator. For the
implementation of the new controller each actuator unit has two pressure-transducers, again
for side A and B.

hydraulic motor

hydraulic cylinder

I

Pr pr pr

Al X

. + J e
Control = us1  pg “pr Control =us py “pp

afe

Figure 2: hydraulic actuator units

3 Dynamics of the several Components

3.1 Equations of Motion for the Mechanical System

As shown in Figure 3, for the derivation of the equations of motion it is assumed, that only the
main-arms of the robot and the end-effector have mass properties (m,, ©g,, ms, @s,, ms, Og,).
The other masses are neglected, because they are very small in relation to the main-arm-
masses.

The investigation of the kinematics in the x, y, z coordinate sysiem (sce Figure 3) yields the
following relations:

1 kgs cos qy 1 3kgo cosqy {kqa + ¢) cos qy
ri=-| k@sing | ;rp=-| 3kgsing | ;r3=| (kg +e)sing (1)

> - 4 : .
k /48 — g2 kAZ = 2 -f
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mag

Figure 3: system for equations of motion

L [ =98 =3 L[ 6192v48 - 63 0
wy =< 2£2G2 jwa =< —285, jwg=|[ 0 (2)
41(465 — 63) q1(445 — ¢3) 7
with ¢ = 2£,,/483 — g2.
The gravity forces decomposed in the z.y, 2 system are:
0 0 0
F1 = 0 B F-z = 0 H F3 = 0 (3)
—m g —Mmag —Mag
The next step is to formulate the Lagrange Equations of the Second Class
d (9T oT
—|=]-=—=Q, ; j=1,2 4

where ¢; represents the components of the vector q = [gy, q2]T of generalized coordinates of
the system.

To evaluate this equation the kinetic energy T and the generalized forces Q have to be
calculated.

Kinetic energy:

3 3
1 , 1 -
T= S E] mit? + 5 El w! Ogiw; (5)
= iI=

10
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Generalized forces:

3
5A = Z Ebdri + Mpogy + Frigs (6)

=1
On the other hand
2
SA=1"Q;y; ()
=1

Comparison of the coefficients between equations (8} and (7) yields @; and Q2. Fpr and
Mpg (see Figure 3) are the resulting force and moment respectively acted from the hydraulic
actuators to the mechanical systein.

Evaluating equation {4), the equations of motion can be brought in the following form:

A{Q)g+Clq,a)q+gl@)=7—I"f. +d (8)

with

A mass inertia matrix

C matrix of Coriolis and centrifugal terms

£ vector of generalized gravity forces

T vector of generalized joint forces; T = [Mpy, F, R]T

f. vector of external forces on the end-effector

d vector of unknown generalized disturbance forces

For the simulation of the system it is assuined, that f, and d are negligible.

3.2 Hydraulic Actuators

The dynamics of the hydraulic components are described in a lot of publications. The here
specified equations are from [2]. Becausc of the similarity between hydraulic cylinders and
motors, here only the equations for the hvdraulic cylinder are discussed. The cylinder shown
in Figure 4 produces a resulting force Fp

Fp=(pa—app)A - FF (9)
with
Pa : pressure in chamber A
pp : pressure in chamber B
A : piston area in chamber A
a : ratio of piston areas of chambers A and B
Fr o friction force

The model of the friction force Fr consists of a constant Coulomd friction Fg, an exponen-
tially decreasing part of stiction Fp and a part di viscous friction:

Fr =di+ Fesign(z) + Fryexp (—l-ﬂ) sign(f) (10)
(.

11
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A

pa | Fr Fp E
Dt
'l' gl

foa 2z}

Figure 4: hydraulic actuators

Neglecting leakage in the actuator, the differential equations for the pressure variables p4

and pp are:
E:, ;(I’-\)
' — [Qy— A — 11
Pa Toa + Are PR 1 QDA(PA)] (11)
, Loulps) :
Pp = -—[“—{ |QH +adr — QDB(PB)] (12)
1L][; — ol
with
Qa. @s : flows [rum the servovalve to chamber A and B
respectively (see section 3.3)
E, substitnte flnid bulk modulus (see equation (13))
Voa. Your ¢ oil volume of chimber A and Bby 2 =0
including pipe ad dead volumina
Qpa, Qpy ol flows through relief valves on side A and B

(see equation (11))

/ _— 1 5 g Fe
oil — EL‘"IIUH 164 U..);;:'F0.0?)

_ ("”"a !'rnu; ) fOl' pc > pmas:
QDc =

0 for De < Pmex
with
E.i : fluid bulk modulus of pure oil
Dr . pressure constant
G : flowgain
Pmaz ¢ maximum pressure of relief valve
index ¢ : for chamber A or B

Copyright 2011, AHMCT Research Center, UC Davis
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—_—— ] _-_-I_U_: ..... =
AN A ARSI A

Py PT o

Figure 5: Servovalve
3.3 Servovalve

Neglecting leakage in the valve, the flow @, and @Qp into sides A and B of the actuator is

05 = { Byy,sign(po — pa)VIpo —pal  for y, 20 (15)
Byyssign(pa —pr)VIpa—prl  for y, <0

QB — { - vyssign(pB _pT) |pB - pTl for Ys 2 0 (16)
—Byyssign(po — pi)v/Ipo — psl  for y, <0
with
B, :  valve orifice coefficient
Ys : spool position (see Figure 3)
Pa, P ¢ pressures in chamber A and B
Do :  supply pressure
PT ! Teservoir pressure

As in [4], the spool valve displacement y, is related to the control input u, by a first-order
system given by

Tsls = —¥ys + Ksu, (17)
where 7, and K, are the time constant and gain of the servovalve dyvnamics, respectively.

4 Block Diagram of the Robot without Controller

Assembling all the components discussed in sections 3.1, 3.2 and 3.3, results in the block
diagram shown in Figure 6 for the robot, which has been implemented in SIMULINK. Each
servovalve includes one and each hydraulic actuator two integrators for the the pressures in
chamber A and B. Furthermore. the mechanical system possesses four integrators, two for
each generalized coordinate. The inputs of the robot are the two control inputs u, of the
servovalves. The output is the resulting motion of the robot. The measured feedback mag-
nitudes for the here investiagated controller are the joint-positions and actuator-pressures.
labeled as outward arrows in Figure 6.

13
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Figure 6: block diagram of the robot without controller
5 Controller

The controller shown in Figure 7 consists of two parts. (1) A so-called Simplified Cartesian
Computed-Torque {SCCT) controller ([1]). which calculates the desired force and moment in
the actuators and (2) a nonlinear controller for the hydraulic subsystem to reach the desired
forcc and moment ([3]).

5.1 Simplified Cartesian Computed Torque (SCCT) Control

This controller yields the equivalent linearizing dynamic cancellation of the well-known
Cartesian computed torque controller, vet is far simpler to compute. and at the same time
inherently robust with respect to manipulator dynamic parameter uncertainty. This SCCT
controller requires only knowledge of the bounds of the manipulator joint inertia matrix.

The robot dynamic model in equation (8) can be rewritten as

Ag+nlq.q.a.t)=1 (18)

where A is a constant approximation to the configuration dependent inertia matrix A(q),

L4
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and n(q, q, q, ) represents a composite disturbance and joint coupling term given by
7q,4,8.t) = (A(q) - A)4 + Clq,0)q+gl@) + I7 /. — d(t) (19)
Application of control law
T=Au+n(q.4,4,1) (20)

vields joint acceleration q = u

To simplify the controller computation, and reduce the need for a priori knowledge of the
robot dynamics, it is assumed that %(q, §,q,t) £ n(t) is a continuous function with respect
to ¢, and can be approximated by a time-delayed version as

7(t) = n(t - A) =~ () (21)

'The last approximation arises from the assumption of continuity, and the choice of a small
time delay A. For the here presented simulations we used A = 10 ms, which is the same than
the control sampling time.

With this estimate for 57 the control law is now computed as

T =Au+7(t) (22)
and

() =7t = ) — At - X) (23)

This estimation scheme relies on previous values of 7 and §. ¢ is estimated by a central
difference algorithm from samples of the joint position g.

The next step is to calculate the desired joint accelerations u in equation (22). Given a
desired Cartesian path, ry = {74, yag]rl with associated desired velocity and acceleration, to
achieve a desired second-order error dvnamic, we choose

v=ris+Kury — I‘) + Kp(l'd r) (24)

where K; and K, are positive definite gain matrices selected to provide the desired gain and
damping. With this, the desired joint acceleration can be calculated as

u=J"'w-Jq (25)
where J is the robot Jacobian matrix.

The so computed force vector 7 is the desired input vector 74 = [F; rgr Mp d]T for the nonlinear
controller of the hydraulic subsystem (see Figure 7).

15
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5.2 Nonlinear Contrgller for the Hydraulic Subsystem

Because of the similarities of the hydraulic cylinder and the hydraulic motor, here only the
cylinder is investigated. Differentiating the fluid force Fry on the piston of the hydraulic
cylinder (see sections 4 and 5) vields

Fre= (pa — app)4 (26)

For the derivation of the control law it is assumed, that the control u, applied to the spool
valve is directly proportional to the spool position y;, i.e. that the time constant 7, in
equation (17) goes to zero. This makes sense. if the dynamics of the valve motor/flapper are
fast enough to be neglected (see [2]).

‘Together with equations (11), (12), (13). (16), (17), neglecting the flows through the relief
valves Qpa and Qpp, assuming a constant fluid bulk modulus E,; and only positive pressure-
differences in the roots of equations (15) and (16), we have

1 o? 1
— .pB, Vit .
‘/E]A+.‘1.L+ vhn_f-l'.“ij_[:) +N($aPA.PB )Ul ( 7)

Al

Fre= —i EyA? (

-

o~

where

1 EwwAB. K, (m Vo —Pat+ 5 5m Ve — ‘Pr) for u, >0

N\ B.ABK, (v VI =i+ e VR =) for u, <0 (28)
Choosing u, as

g = N (FM — kp(Fre — Fre,) + j:.u) (29)
vields

Fpe = Fre, = ke(Fre — Fiee,) (30)

‘This guarantees exponential force stabilization, as shown in [3]. kr is a positive force error
gain and Fy, is the desired fluid force

Fpgd=FRd+FF (31)
where Fr is an cstimate of the friction forces in the cylinder and Fp, is the component for the
hydraulic cylinder of the desired vector 74, which is the output from the SCCT controller.

This nonlincar controller was found to provide a path following capability for the stenciling
robotic arm that met the edge definition stenciling requirement of Caltrans for all roadway
markings. The system was tested in our laboratory with Caltrans project monitors and would
provide path for setnciling theletter S which would meet all the edge definition requirements.

16
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SECTION III

USER GUIDE AND DOCUMENTATION FOR THE NEW CONTROLLER
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Refinements of a Robotic System for Stenciling of General Roadway Markings

User Guide and Documentation for the New Controller

Principal Investigator: Professor B. Ravani
AHMCT (Advanced Highway Maintenance and Construction Technology) Research Center
Depariment of Mechanical & Aeronautical Engineering
University of California-Davis
Davis, CA 95616
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Controller for the stenciling robot
The controller consists of:

a) aPC with a QNX real time operating system
b) a motion control input/output board (within the PC) with:
¢ 38 channels of encoder input
* 8 channels of analog output
e 8 channels of analog input
e 32 bits digital input and output
¢) an interface board for the connection between robot and motion control input/output board. This board
contains also the necessary amplifiers (see Figure 1)

The robot comprises a set of joints: (1} a prismatic joint for the transverse motion of the base of the
pantograph mechanism, (2) a revolute joint for the rotation of the base, and (3) a further prismatic joint for
the extension of the robot. All three joints contain a encoder to get the actual joint position. Joints (2) and
(3) comprise also pressure transducers, two for each joint (for the two chambers of the hydraulic actuators).
All three joints are connected to the interface board, but only joints (2) and (3) are currently used in the
control program. For safety reasons the prismatic joint (3) also comprises a additional valve that only
opens, if it is connected to a 12 V voltage. If it is closed, no extension of the robot arm is possible. To open
the valve, the control program must write TRUE to a certain digital Qutput channel, the switch on the
interface board has to be ON (see Figure 1) and the limit switch on the extension joint must not be
interrupted.

Interface board

Plugs for
sar ! connection
satetlv valve ]
— with robot
i Prismalic ioint {1}
Ampiifier
servo valves —
Revolute ioint (2)
0D !
safety valve Prismatic ioint (3}
OFF T ON Encoder
— | [ [ T T T I
B pC Analog Innut Digital Qutput
us 1o
- A L LT T T T 1]
I Analoe Qutput
LT T | L1 [ ]
— Power sunnlv

Figure 1. Interface board
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The interface board is the connection between the robot and the motion
control input/output board. On the right upper corner the wires from
the valves, encoders and pressure transducers are connected via plugs.
On the left lower corner the bus to the input/output board is drawn in.

Furthermore there are the necessary amplifiers for the safety valve
(includes also the switch for this valve) and the servo valves mounted.
On the right lower corner all the connectors are mounted. Only a few
are used now, so if there are any additional axis to control, they can be

connected to the free places. Caution, the labeling is not always correct,
so the best way is to write a voltage to an channel and to measure it on

the board to find the right connector, or the opposite way, attach a

defined voltage to an connector an read all channel from the program to
see, which is the right one

Control program

There are four different control algorithms implemented, which can be found in the directories:
/home/six/robot/sjct
pid
dynInv
scct

In the directory /sjct the implemented control algorithm is a
combination of a PID controller for the extension and a so called
Simplified Joint Computed Torque (SJCT) method for the rotation.
This algorithm yields the most stable and accurate behavior. In the
/pid directory, PID controllers are realized for either joints. The result
is also a stable behavior, but with lower accuracy. The directory
/dynInv comprises a combination of a PID controller for the extension
and a simple form of Dynamic Inversion for the rotation. The result is a
very accurate but for large extensions not very stable controller. The

last implemented controller can be found in the directory /scct This

is a so called Simplified Cartesian Computed Torque (SCCT) controller.
The resulting behavior is very unstable, hence, this controller should not

be used without changes!!

As mentioned before, the combination PID with SICT in the directory /sjct yields the best results.
Hence, the code of this controller is shown bellow and will be explained. The other programs have the
same structure, the only difference is the code in the function void controlLaw ().

The control program SjctPid.cpp is a C++ program with two threads. A timer is attached to each of the
threads. One of the threads is used only to write actual data on the screen every second. in the second one
all the necessary operations to control the robot are performed. That means, that the timer of the second
thread is responsible for the sampling frequency. To change the sampling frequency you have to modify the
two lines:

-
I3
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const double T = 0.005; //sampling time -> see Timer

timer.it_value.tv_nsec = 5000000; //5 msec or 200 Hz sampling frequency
At each sampling step, the control-thread processes the following code:

int PIDthread (void* arg)

{
for (;;)
{
Receive (proxy, 0, 0};
readValues () ;
if (LAW_ON)
controlLaw() ;

writeDA () ;

}
}

The function void readvalues {} has the following form:

void readvalues ()

{

//Pressures -> from analog inputs, channels 2, 3, 4, 5
pAl_a= {stg.pollReadVoltage{3)-1.0)*5.175e6; // [pascall
pBl a= (stg.pollReadvVoltage{2}-1.0)*5.175e6;
pA2_ a= (stg.pollReadVoltage(4}-1.0)*5.175e6;
PB2_a= {(stg.pocllReadVoltage(5}-1.0)*5.175e6;
/ /Encoders
//read gl_a (rotation} -> channel 1
stg.resetIDL({1};
stg.latchEncoder (1) ;
gl_a=(stg.readEncoder (1)}*7.1399%e-5;//2Pi=88000 Pulses -»>[rad]

//read g2_a (extension)-> channel 3

stg.resetIDL{3};

stg.latchEncoder (3) ;

g2_a=1.55 + (1.05833e-4* (stg.readEncoder(3})}); // 0.105833 mm/pulse

In this function at first the actual pressures of the joints (2) and (3) are
read via the input/output board (asnalog input channels 2, 3, 4, 5).
Afterwards the encoder values of the joints are read (channels 1, 3) and
converted into radians and meters respectively. Caution, the value g2 a

is the extension of the endeffector and not the position of the hydraulic

cylinder.
If the variable LAW_ON is TRUE. the function controlLaw () is the next to be processed. How to set the
variable LAW_ON to TRUE or FALSE will be explained later. The function has the following form:
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void controlLaw()
{
//desired trajectory generation
if (LIN_EXE) //linear motion to point

{ .
if (step<steps)
{
step++;
X _d=x_h+step*dx;
y_d=y bi+step*dy;

else
{
LIN _EXE=0;
X _d=x_e;
y_d=y_e;
cout << "endpoint reached" << endl;
}
}
if(S_EXE} // 'S' motion
{
if (step<steps)
{
step++;
¥_d=x_ b+R*sin(step+*dphi) ;
if (step< (steps/2))
y_d=y b+R-R*cos (step*dphi) ;
else
y_d=y b+3*R4R*cos (step*dphi};

else
{
S_EXE=0;
x_d=x b;
y_d=y_b+4*R;
cout << "endpoint reached" << endl;
}

}

//calculate ysl and ys2 [+/- 1]
if(gl_a<0.7854 || gl_a»2.3562) //for safety
{

ysl=zerol;

ys2=zero2;

}

else

{
//torque joint controller for hydraulic motor
gl_d=atan2({y d,x_d);
d2_d=sqrt{x_d+*x_d+y d*y d);

gl D 1t
gl D

qi_D;
{ql_a - g1_1) / T ;
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gl 1 = gl _a;
qgl_DD (g1 D - q1. D 1) / T;

e gl 2=e_gl 1;
e gl _1l=e_gl_0;
e_ql_0=qgl_d-gi_a;

Al =m * gz2_a;
ql_DD_d += {al0*e_g1_0 + al*e gl 1 + a2%e gl 2); //desired

accelleration

Q1_d 1 = Q1_d;
Q1 d += Al*(gl_DD_d-ql _DD); //desired torque

//nonlinear pressure control law (Bobrow)

Ql_a = (pAl a - pBl a) * €.214e-5;

VAl _a = 5e-4 + (gl _a * 6.214e-5);

VBl _a = B8.04e-4 - (gl_a * 6.214e-5);

numl = ((Q1 d - Q1 d1) /T) - kF gl * (Q1 a - Q1 _d)

+6.1782 * gl D * ({1.0/vAl_a) + (1L.0/vB1_a});

ysl=0;
if (numi >= 0.0}
{

if({(2.069e7-pAl_a) &&(pBl_a-1le5) >= 0)
{
2l = 2.379e-2 * (sqgrt (2.069e7 - pAl_a)/vAl a +
sqgrt (pBl_a - le5) / vBl_a );
ysl=-numl/z1;
}
}
else
{
if ((pAl_a-le5) &&(2.069e7-pBl_a} »= 0)
{
zl = 2.379%e-2 * (sqgrt (pAl_a - leS) / VAl a +
sqrt (2.069e7 - pBl_a) / vBl_a);
ysl=-numl/z1l;
}
}

if {ys1>0.2)
ysl=0.2;
else
if {ysl<-0.2)
¥sl=-0.2;

//PID controller for hydraulic cylinder
e g2 2=e_¢2_1;

e g2_l=e g2 0;

e_g2 0=g2 d-g2_a;

ys2+= kP_g2+*{e_q2 0O-e_g2 1)

25
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+kI_g2*{e_g2_0)
+kD_g2*(e_q2_0-2.0%e_qg2_1l+e_g2_2);

if (ys2>1)
ys2=1.0;
else
if(ys2<-1)
ys82=-1.0;
}

}

The first part is responsible for the generation of a desired trajectory, depending on the variables LIN EXE
and S_EXE . There are two kinds of implemented trajectories, (1) linear motion between two points and (2)
S-motion. How to set the variables LIN_EXE and S_EXE to TRUE will be explained later. As mentioned
before, the here implemented control algorithm is a PID controller for the extension and a SICT controller
for the rotation. The PID controlier calculates from the actual error between the desired and actual position
of the extension joint and the errors from one and two sampling steps before directly the desired voltage
ys2 [+-1] to the servo valve. The SICT controller calculates from the error in the position at first a
desired acceleration g1_DD_d with a PID law. With this acceleration a desired torque is calculated with
the SICT method including a variable inertia estimate A1:

-%1 =m * g2_a;
01 d 1 =9Q1 d;
Q1 _d += Al*(gl_DD_d-gl DD); //desired torgue

The next step is to calculate the necessary voltage to the servo valve to get the desired torque. Therefor a
nonlinear control law from G. A. Sohl and J. E. Bobrow is used. The paper is attached to this
documentation.

The last function call in the control-thread is writeDA () ,

void writeDA()

{
stg.writeVoltage(6,5.0*ysl); // valve hydraulic motor
stg.writeVoltage(5,5.0*ys2); // valve hydraulic cylinder

}

which writes the necessary voltages to the servo valves via input/output board (analog output channels 5
and 6).

To communicate with the program, the program waits in an endless loop for commands via keyboard. The
possible commands can be found in the void help () function:

void help()
{
//commands
cout << endl;
cout << "Enter the following characters:" << endl;

COUL € Mommmmmmemm e maaaa " << endl;

cout << "'h' -»> for help” << endl;

cout << "'i' -> to enter value ysl (hydraulic motor)" << endl;

cout << "'z' -» to reset encoders {when retracted " << endl;

cout << " endeffector is in symmetry plane of vehicle}" << endl;
cout «< "'r' -» to turn controller ON" << endl;

cout << "'s' -> to turn controller OFF" «< endl;
cout << "'p' -> to move linear to a point" << endl;
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cout << "'1' -» to perform a 'S' motion" << endl;

cout << "'e' -»> to exit from execution of linear and 'S' wmotion" << endl;

cout << "'g' -> to it the program (turn hydraulic OFF first!!}" << endl;
qu Y

}

By entering r, the variable LAW_ON will be set TRUE and the control law is turned on. Entering p asks for
the desired end position coordinates and sets the variable LIN EXE to TRUE. Entering 1 sets the variable
S_EXE to TRUE and yields a S-motion.

The variable vel defines the path velocity for linear and S-motions. All control gains and constants can be
found a the head of the program.

How to use the robot

A) Turning it on

1.} Tumn switch on Interface board for safety valve off (see Figure 1)

2.) Turn on all electric devices on the table (power supply, transformer, PC, monitor)

3.) Login as user six, no password is necessary

4.) Type su to get the necessary super user rights

5.) Chance to the directory /home/six/robot/sct and start the program SjetPid (if you make
chances and want to compile the program type: make SjctPid)

6.) Remove the chain from the robot and make sure, that the end limit switch on extension joint (3) is
activated with a screw

7.) Turn switch on Interface board for safety valve on (see Figure 1). Look carefully to the robot. If it is
extending, turn the switch off and start program new.

8.) Turn power for the hydraulic on (switch is mounted on the wall). The result is, that the robot is
retracting and maybe rotating very slow. The reason therefor is, that the offset voltage of the two
valves is a little bit temperature depending. You can change this offsets by modifying the variables;

const double zerol = 0.03; //valve offset revolute jeint (2}
const double zero2 =-0.37; //valve offset extension joint (3)

zero2 =-0.37 yields the desired retraction of the robot arm.
There is a emergency stop switch next the table, to turn off the power. During
the power is on, leave always one foot near this switch!!

9.) Bring retracted robot in middle position (symmetry plane of the vehicle). To reach this, type i and
press return. Now you are asked for a desired voltage to the valve for the revolute joint (2). Caution,
enter only values of +-0.05. Positive voltages vield clockwise rotations.

10.) If retracted robot is in middle position and not moving any more, enter z to reset the encoders. With
this command you also set the origin and orientation of the world coordinate system. The z-axis is
collinear with the axis of the revolute joint(2), and the y-axis is aligned to the endeffector

11.) Now you can start the control law by entering r.

12.) Enter p to move linear to a desired point

13.) Enter 1 to perform a S-motion in positive y direction

B) Turning it off

1.) turn of the power first (with emergency stop)
2.) very important, turn of the switch for the safety valve on the interface board (see Figure 1). Otherwise
the robot begins to extend until end limit switch is interrupted

3.) at last enter g to exit from the program
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Section I'V;

Appendix A
Mechanical Designs for Generating Smooth Trajectories for a Roadway Painting
Robot
Appendix B

Kinematic Study of the Big Articulated Robotic System (BASRS)

Appendix C

Mechanical Redesign of Big Articulating Stenciling Robot End Effecter Employing
a Novel Mechanism for Paint Spray Gun Orientation Control
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Section IV:
Appendix A

Mechanical Designs for Generating Smooth Trajectories for a Roadway Painting
Robot
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Mechanical Engineering

Mechanical Designs for Generating Smooth Trajectories for a Roadway

Painting Robot

Abstract

This paper consists of two parts. In Chapter 2, a possible counter-balancing
technique for a large-scale articulating robot is examined. Chapter 3 discusses the
mechanical redesign of a shaft system on the robot end-effector to minimize existing

deflections during operation.

Chapter 2 contains a complete description of how to investigate the counter-
balancing of a robot. It begins by discussing the need for such a mechanism, and then
proceeds to analyze what the necessary output of such a balance would be, and by what
possible methods it might be mounted to the robot. The chapter concludes with the
analysis of a counter-balance that was actually built, and the effects it had on robotic
performance. Throughout the analysis, an emphasis was placed on safety, as the
operation of such a large robot presents many possible safety hazards in the event of an

unexpected failure.

In Chapter 3, a redesign of the current end-effector shaft system is proposed to
increase lateral stiffness. This is to minimize observed deflections that occur when the
shaft is rotated at high speeds. First, the current level of deflection is determined

vii
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analytically, and then a potential redesign is analyzed in the same manner, to provide a
comparison of potential before-and-after results. The design is then fabricated, and
examined experimentally, to determine what changes have actually occurred in the

deflection of the shaft system.

viil
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Chapter 1

Introduction

The Advanced Highway Maintenance and Control Technology (AHMCT)
department at the University of California, Davis, is currently developing a system of
automating the creation of roadway markings. The current method of producing these
markings consists of laying stencils on the pavement, and applying paint via spray gun.
This system has a number of disadvantages, including lack of accuracy, lack of speed,
and lack of safety for the workers involved. The system under development by AHMCT
seeks to remedy these problems by creating a robotic system capable of recreating these
roadway markings. This system, the Big Articulating Stenciling Robot (BASR), has a
reach of approximately 18 ft., and is situated in the back of a large flat-bed truck.

The arm itself is a simple three degree-of-freedom system, allowing for extension
of the arm, rotation at the base, and translation of the base horizontally (Figure 1.1). The
translation of the base is used solely to position the arm between successive markings,

and is not used during the actual painting process. This reduces the effective number of
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Figure 1.1: Degrees of Freedom of the BASR Arm
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Figure 1.2: Degrees of Freedom of End-Effector

DOF of the arm to two. At the end of the arm sits an end-effector, which holds
and manipulates the paint gun. The end-effector allows vertical translation of the paint
gun, as well as rotation about the vertical axis, and rotation about a horizontal axis (used

for tilt). The arm joints, as well as the vertical translation of the paint gun, are powered
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by hydraulics. The two rotations on the end-effector are achieved through electric
stepper motors.

BASR is currently .in the testing and trouble-shooting stage of development. The
primary problem currently under investigation is low-quality performance. The robot
will paint markings, but the markings have not yet achieved the smoothness of those
generated by the current stenciling process. The edges of the markings appear jagged,

. and the overall shape of the markings, while recognizable, falls far below what is deemed
acceptable.

Of a number of possible factors that could influence markings quality (including
lack of control system optimization, lack of stiffness in the robot arm, and inability of the
hydraulic actuator controlling extension to move such a large mass), the two that will be
addresses in this thesis are the lack of counter-balancing of the robotic arm, and

deflection of the shaft upon which the paint gun is mounted.
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Chapter 2

Development of Counter Balance

2.1 Current Problems with the Robot

2.1.1 Performance Issues

The performance specifications, as dictated by CalTrans, require that the
markings made by the stenciling robot be indistinguishable from (or as close as possible
to) the markings currently in use. This mandates that the motion of the robot be smooth
and accurate. It is undetermined exactly what tolerances are required to achieve “smooth
and accurate” motion, but it is suspected, given previous data, that errors in extension be
less than 5 millimeters, and errors in rotation be within a few tenths of a degree. The data
shown in Figure 2.1, for example, represents maximum rotational errors of approximately
0.08 degrees, and maximum extension errors of 10 mm. The data is taken from sensors

mounted at the base, and has been extrapolated into Cartesian space to give a better
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representation of what the robotic motion actually looks like. Even these small errors
generate unacceptable markings. There are two possible ways in which this motion may
be improved: by reducing the net error in either rotation or extension (or both), or by
forcing the overall quality of the motion to be smoother (reducing the “wag”).

Reducing the net error may be possible in a number of ways. One is to reduce the
speed of the robot. Unfortunately, there is a lower limit to the speed of the robot. As the
robot moves more and more slowly, the paint is laid on more and more thickly. If the
robot moves too slowly, the paint begins to run, producing very unsightly markings. The
robot is currently running at speeds very close to this minimum, and therefore this is not a
viable option. Another way to reduce error may be to adjust the control system itself.
Many modifications have already been made, however, and the data shown represents
what is believed to be the optimum condition of the control system.

Reducing the wag is what I believe to be of greater importance. As the
performance requirements of the robotic motion are rather subjective (it is required that
the markings created be “indistinguishable” from current markings), net errors of a
centimeter here and there may not be of supreme importance, as longs as the motion is
smooth and steady. Upon close examination of the test data (Figure 2.2), it is apparent
that a great deal of wag is present. This problem of wag may be addressed much as the
problem of net error, as mentioned above; however, the limitations of those methods
were already discussed. Another way in which this problem may be approached is from a
mechanical standpoint, i.e., making changes in the mechanical system itself, to alleviate
some of the strain on the hydraulic actuators. It is this final method that will be discussed

for the remainder of the chapter.
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2.1.2 Safety Issues

Another problem with the current robotic system is its level of safety. In its
current state, a failure of the hydraulic system would allow the robot to extend to its full
capacity at a high speed, which could cause serious injury to anyone standing in its path.
It is desired to remedy this safety hazard to minimize the risk of injury during unforeseen

failures of the system.

2.2 Evidence Justifying the Need for a Counter Balance

It is believed that some sort of counter-balancing system for the robotic arm
would alleviate some of the wag (and possibly some of the net error) found in the robot’s
motion. This belief is based upon both observations of the robot’s movement, and the
nature of the mechanical design of the arm itself.

From a mechanical standpoint, the arm suffers from a great mass imbalance. If
left unsupported, it is obvious that the arm will extend, under it’s own weight, as far as its
design allows (approximately 17.5 feet, from base to end-effector). At its full extension,
the arm requires an enormous amount of force to pull it back in. At full retraction, it
requires substantially less force to hold it in position, but it still has a tendency to extend.

Looking at test data for the robot’s movement, as well as observing the results of
painting experiments, the robot appears to perform better while extending than while

retracting. From Figure 2.3, it can be seen that the performance during extension is
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marginally smoother than that during retraction. This could be the result of the added
strain on the hydraulic actuator of having to pull in the massive weight of the arm. The
strain would be lessened during extension, as the actuator would have the assistance of
gravity to help move the arm along. The strain on the actuator would still exist during
extension, however, as it would need to slow the extension. A counter-balance would
absorb some of this tendency towards extension, lessening the burden on the actuator,

and improving the overall performance during both extension and retraction.

In addition to performance improvements, a counter-balance would dramatically
improve the safety of the robot. It would either slow the extension to the point where it
could no longer do serious harm. or stop it altogether, by providing an equilibrium point

for the arm somewhere between the extremes of full extension and full retraction.

2.3 Development of Necessary Counter-Balance Forces

Before a successful counter-balance can be designed, it is necessary to determine
what type of force output is desired. This can best be achieved by plotting the force
required to keep the arm in equilibrium as a function of its extension. In addition, the
force required will depend on where the force is applied, and how it is oriented. Two
different scenarios were examined in an attempt to find the most efficient and cost
effective means of producing a counter-balance. (Figure 2.4) The first scenario involved
a base-mounted counter-balance, which provided a force directly along the axis of the
hydraulic actuator. The second scenario used a counter-balance attached to both the base,

and the arm itself.
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2.3.1 Base-Mounted Scenario

In order to determine the force required to keep the arm in static equilibrium, the
Lagrange method was used. The equations of motion were found in the case of the robot
extending under the force of its own weight, with a force F being applied in the x-
direction at point C. After the equations were determined, it was assumed that the robot
was stationary, i.e., x =% =0. It was then possible to solve for the applied force, F, in

terms of the position of point C.

Figure 2.5: Schematic of the Robotic Arm Linkage

Above is a diagram of the BASR arm configuration. The robot consists of five
links: BC, DF, CE, and two at AD. Each arm has a mass, m, a moment of inertia, I, and a

length. The lengths of links AD and DF are equal, and will be assigned the variable L.
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The length of link BC will be given the variable d. From the geometry, it can then be

determined that link CE has length (L — d).

In order to apply the Lagrangian method to this problem, it is necessary to
determine the kinetic energy, T*, of the system, as well as the potential energy, V. It can
be shown that T* can be expressed as a function of x and x, and further, that the
expression for T* is linear in %2, that is,

T*=[f(x)}%* )]

The potential energy of the system can be expressed as

V=2m,pghc ap + Mpcghc e + Meg8he o + Mpr8he pr 2

where m;; is the mass of link i-j, and hc j is the height of the center of gravity of link i-j.

For link AD, the height of the CG is given as

hyp = -;—Lsine. 3)

(see Figure 2.6)

Copyright 2011, AHMCT Research Center, UC Davis



15

Figure 2.6: Schematic of Arm Link AD

sin6 can be found by examining link BC, shown in Figure 2.7:

y A=/} 44
- d

sinf =

“4)
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L N

x/2

Figure 2.7: Schematic of Arm Link BC

Substituting (4) into (3) yields

_2m,,glN4d’ - x*
4d

he sp=

©)

Similar expressions can be found for hc e, hece and he pr.  Placing these expressions

back into (2) and simplifving.

1%

[4&{ (2m,, L+ myed + me(L—d) + mDFL)]«/4d2 - x (6)
[4
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The bracketed term is a constant, dependent upon the physical dimension of the robot.

For the sake of simplicity, it will be referred to as the constant B, that is:

V=Bad - 7

From these two terms, the kinetic and potential energies, the Laplacian can be

found,

L =T*-V = f(x)i’ - B\4d* - x* 8)

The equation of motion can then be determined as follows:

(%)%=, ©
dt\ox) ox

where Z, in this case can be shown to be —F. Performing the necessary operations upon

(8) and substituting into (9),

. df ) Bx _
2f(x)x—ax —sz—:?——F (10)
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This equation may be further simplified, since we are interested only in the static
behavior of the system. If the arm is in equilibrium, i.e., not moving, then all time-

derivatives of x are equal to zero. Thus, equation (10) simplifies to

F=—B% (11)

44% - x*

Finally, by using the values for L, d, and the various masses, the final form of the force
equation may be given:

709.9x

W, 75<x<255 (12)
M- X

F(x)=

where X is in inches and F is in pounds. This equation represents the force that needs to
be applied to point C in order to keep the arm from extending under its own weight. The
range for this equation, 7.5 to 25.5 inches, represents full retraction and full extension,

respectively, as measured between point A and point C.

2.3.2 Arm-to-Base Mounted Scenario

For this case, a set-up such as that seen in Figure 2.8 is assumed. The counter-
balance would be attached at points G and H, such that the force would be tangent to the
line GH. The method of Lagrange may be applied in this case, as well. The only

difference in the equations would be in the value of Z,. To determine its value, it is
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necessary to re-evaluate the amount of work done by the counter-balance when the

extension of the robot is displaced a small amount, A.

Figure 2.8: Schematic of Base-Arm Mounted Counter-Balance

First, it should be noted that a simplification can be made. It is apparent that any
force applied tangent to the arm, i.e. along the link AD, will provide no help in balancing
the robot. Therefore, it is necessary only to analyze a force normal to the arm at point H.
The work performed by the counter-balance over a small displacement, 4, is given by

=, =Fad6, (13)
F, being the component of force normal to link AD, and a6 being the displacement of

point H. From Figure 2.9,
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Figure 2.9: Detail Geometry of Base-Arm Mounted Counter-Balance

it can be shown that

sin@ = A/1-(x/2d)?, (14)

and further, that

60:4—;24-—2. (15)
- X

The amount of work done by the force F, when point C goes through a displacement A,
then, is

- aF,
=T 4d2—x2' =
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Using this new value for Z, equation (10) may be modified, yielding

25— Ly - B L

a'l
dx” sl -x¥ 4 -x*

Applying the same conditions as before (i.e. all accelerations and velocities are zero) and

(17)

simplifying presents the surprisingly simple result:

F=2x, (18)
a

which, when supplying values for B and a (assuming point H to lie at the midpoint of
AD), becomes

F,=129Ix1bs.,7.5” <x<25.5" (19
The geometry of the counter-balance makes it prohibitively difficult to find an explicit
equation for the total force output required, or at least an explicit function that is simple
enough to be meaningful; however it is simple to produce a plot showing the required
force as a function of extension (see Figure 2.10). Note that although equation (19) gives
a linear relation between force and extension, this represents only the normal component
of the required output force. Due to the geometry of the counter-balance, the actual

output force is non-linear.

2.4 Design of Counter-Balance

There were four major stages in the design of the counter-balance, once the
required forces were calculated. First, the pros and cons of each mounting scenario

needed to be weighed, to determine the most efficient and cost-effective method.
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Second, a conceptual design was to be established, and its feasibility examined. Third, it
was required to create a failure-based design of the counter-balance. Lastly, the
conceptual and failure-based designs needed to be combined to create a working

prototype for the counter-balance.

2.4.1 Selection of Mounting Method

There were three primary factors in selecting an acceptable mounting method for
the counter-balance. One is, of course, the effectiveness of the balance in reducing the
mass imbalance of the robotic arm. Another factor is the cost of the balance. It was
desired to produce the counter-balance as inexpensively as possible, to allow for easier
mass-production of the robots. Lastly, and perhaps less obvious, the counter-balance
needs ta be easily mounted and dismounted, preferably with as few changes to the robot
as possible. It is also required that the counter-balance be mountable without dismantling
the robot, in whole or in part. Each of the two methods presented various strengths and
weaknesses.

Before discussing the benefits and drawbacks of each method, it is first necessary
to discuss possible ways of developing the counter-balance force. The two ways
examined were springs and air-cylinders.

Springs possess the inherent benefit of being inexpensive. Large springs, suitable
for our purposes, may be purchased for approximately $15 - $40. Miscellaneous costs for
the creation of the mounting construct would most likely be in the neighborhood of $200.

They are relatively easy to connect and disconnect, and it is simple to determine with
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great accuracy what behaviors they will demonstrate. Their force output is linear,
however, which would make them a poor choice for the base-mounted scenario, as the
required force output in the case is extremely non-linear. They would, though, be well
suited for the arm-to-base mounted case, in which the force needed as relatively linear.
Figure 2.10 shows a sample comparison of the force needed and the force supplied by
springs, assuming a spring constant of 60 1b/in.

Air cylinders, on the other hand, are considerably more expensive. A search of
various air-cylinder manufacturers revealed a price for air-cylinders to be in the area of
$800 - $1200 each. The cost of constructing the mount would, again, likely fall in the
realm of $200. They are considerably more bulky, and would be more difficult to mount
in the arm-to-base scenario; however, in the base-mounted situation, they would be
comparatively simple to fix to the arm. Perhaps the greatest benefit of using air-cylinders
is in the nature of the supplied force output. Figure 2.11 shows a comparison of force
supplied to force required in the base-mounted case. In this comparison, the ends of the
cylinders have been sealed, trapping the air in the cylinders’ .compartments. Pairs of both
5”- and 4”-cylinders have been shown. Pairs of cylinders are chosen over a single-
cylinder solution to provide a symmetry in the counter-balance’s design, as there would
not be enough room to mount a single cylinder along the axis of the hydraulic actuator
(there would be interference with the end-effector during full retraction). As far as ease
of mounting, it would be simple to design a suitable mount for the cylinders; though it
would most likely be necessary to weld mounting brackets onto the base of the arm. This
is because drilling into the steel base with hand-drill would be required otherwise, and it

would be difficult to perform this task accurately, given the lack of space in that region.
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From these facts, it can be seen that the question of “base-mounting or arm-
mounting?” is in fact a question of “springs or cylinders?” While the cylinders have the
advantage in the performance area (as can be seen from a comparison of Figures 2.10 and
2.11), the springs have a much greater advantage in the area of cost effectiveness, being
up to a couple thousand dollars less. The springs also have an advantage in the field of
mounting simplicity, as no modifications would need to be made to the robot, other than
a few holes drilled in the base (unlike the cylinders, they there is ample access to the
region that needs to be drilled). And, the springs are simple to disconnect, coming off in
a matter of minutes, and the entire mechanism could be far more petite, as lower forces
are generated (up to 700 lbs, as opposed to upwards of 2500 lbs). From this analysis, it
appears that a spring-based counter-balance mounted from base to arm is the best choice,

and the rest of this section will focus on the design of such a solution.

2.4.2 Conceptual Design of the Counter-Balance

There are two major design criteria for the counter-balance: it needs to be strong
enough to withstand the stresses produced by the force of the springs; and it needs to be
capable of fitting within the confines of the current robot design, without interfering the
robot’s performance. To mount the balance to the base is relatively simple, as the sturdy
nature of the base (consisting of 1.5” steel plates) makes it an ideal mounting surface. To
mount the balance to the arm, however, requires a more thoughtful plan, as the region of
the arm to which the balance would be fixed consists of nothing more than 1/4” thick
aluminum tubing, which is unsuitable for drilling. Also, hydraulic lines run along the

length of the arm, approximately 3/4” above the surface, restricting access.
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To solve the problems of both limited access and limited material strength,
friction plates were decided upon. Two 1/4” plates were mounted on the top and bottom
surfaces of the arm, and bolted together tightly enough such that the friction generated
during operation of the balance would fix the plates in place. The springs themselves
could then be fixed to the plates (see Figure 2.12).

To construct the section of the balance that fixes to the base, a tower constructed
of steel plate was decided upon. The plate could be bent into a U-shape, which would
prove sturdy, while allowing access to the mounting bolts in the base of the tower. To
further strengthen the base mounting, tensile straps may be fixed to the top of the tower,
and attached to the base of the robot.

Another issue that needs to be addressed is the fact that, as the robot undergoes
extension, the orientation of the springs changes with respect to both the base and the
arm. For this reason, swivels need to be placed on both mounting constructs to allow for
re-orientation of the springs. These swivels will also ensure that the springs will undergo
the same displacements. which will provide symmetry in the distribution of the forces

(see Figure 2.12). The final conceptual design can be seen in Figure 2.13.

2.4.3 Failure-Based Design of the Counter-Balance
Looking at the preliminary design of the counter-balance, there are two critical

areas that need to be designed for possible failure, both from fatigue, and from yielding.
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Friction Plates

Swivel Mount

Robotic Arm

Figure 2.12: Detail of the Counter-Balance Friction Plates
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Figure 2.13: Conceptual Design of Counter-Balance
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The first is the mounting of the tower; the second is the swivel rod that holds the

mounting construct for the springs.

2.4.3.1 Design of Tower

A free-body diagram of the tower appears below:

24”

3”

F, l
| 5.25”

Figure 2.14: Free-body Diagram of the Counter-Balance Tower

In this diagram, the forces R represent the reaction forces on the bolts that hold the tower

in place, and F, is the tensile force in the tension straps. Summing moments and forces

yields the following system of equations:
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R, —Fsin@—Fcosa =0
Ry —Fcos@+ Fsina=0 20)
24(F cosf)—5.25(F cosa)+3(Fsina) =0

The value for F will reach a maximum of 2300 lbs when 6 is equal to 13.2 degrees.

Using these numbers, as well as the value for o of 6.3 degrees, the reaction forces are

found to be:
R, =5700 Ib
R, =4920 Ib 21
F =46% Ib

The reaction force Ry will be a compressive force upon the base of the tower, and will
not present a problem. Similarly, the force Rx will be held by 3/8” hardened steel bolts,
and is not critical. However, the 4694 b tensile load in the tension straps may present a
problem, and a failure analysis should be performed here, both for yielding and for
fatigue.

To design for yielding, it is first necessary to determine the critical stresses in the
strap. Since the strap is of uniform shape and thickness throughout, it is simply necessary
to find the tensile stress at any point along the strap’s length. The equation for tensile

stress in a beam is given by

a

F
o ==t 22
7 (22)

where A is the cross-sectional area of the strap. To assure that the strap does not fail

under yielding, it is required that

Gut s . 23)
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where n is the factor of safety desired. For safety purposes, a factor of safety of 5 will be
used in this analysis. Using the maximum tensile stress for hot-rolled AISI 1040 steel
(74kpsi), and the previously determined value for the tensile force, and solving for the

arca.

nF, _ (5)(46941b)
o,  14000psi

A> =0.317in* 24

Therefore, any strap with a cross-sectional area greater than 0.317 in” will be sufficiently
safe.

To design for fatigue, it will be necessary to determine the yield strength of the
material, by applying several modifying factors (based on the nature of the loading) to the
tensile strength. The tensile strength, as stated above, is 74 kpsi. The equation for the
yield strength, then, is

S, =k kkkk.S

eOur (25)
where:

Sut = tensile strength of the material

k, = surface factor (determined by the finish of the material)

ky = size factor (determined by the geometry of the material)

ke = loading factor (determined by the nature of the load)

kg4 = temperature factor (determined by temperature conditions)

ke = misc. factor (includes factors such as stress concentration, corrosion, etc.)
The temperature factor will be 1.0, since the counter-balance will not be used in extreme

temperatures. The miscellaneous factor will also be 1.0, due to the absence of any

relevant conditions. The size factor will be 1.0, as well, because it does not apply to
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tensile loading. The loading factor will be 0.923, which corresponds to tensile loading.
The surface factor is defined as

k,=aS,’ (26)
with a = 14.4 and b = -0.718 (values defined for hot-rolled steel). Using these values
yields a surface factor of 0.655. Substituting these modifying factors into equation (25)
provides a yields strength of S, = 44.7 kpsi.

The value of maximum axial load used for the fatigue analysis will be different
than the one used in the yielding analysis. This is because the arm rarely extends so far
as to generate these stresses. The maximum extension the arm will experience during
normal operation is roughly 2/3 of its full range. Therefore, a load value of 2551 lbs,
corresponding to this extension, will be used.

The Goodman criteria will be used in this analysis, as it is a good example of a

conservative analysis, and is suitable for a situation such as this, in which safety is of

prime concern. The Goodman criteria is as follows:

%oyl 27
S, S, n

€ ut

In this equation, 6, and o, represent the amplitude and mean of the stress fluctuations,
respectively. In this case, since the stress varies between 0 and the maximum stress, each
of these stresses will be equal to half the maximum stress. Substituting equation (22) for

the axial stress, and solving for the area,

A> -'-(S—+—) (28)
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which yields a minimum area of A = 0.229 in>. Since the minimum area determined in
the yielding analysis is the greater than that in the fatigue analysis, it will be used. Straps

with dimensions of 1.5” x 0.25” will suffice, and were used in the final design.

2.4.3.2 Design of Swivel Rod
Similarly to the tower, the swivel rods need to be designed for both yielding and
fatigue. From the diagram of the spring mount below, it can be seen that rod B is the

critical member, as it will be susceptible to twice the load of rods A and C.

Figure 2.15: Counter-Balance Spring Mount
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Because of this, it will only be necessary to design rod B, as all rods will be identical.
From the free body diagram of the rod shown below, with a known maximum
force F on the spring mount of 2300 Ibs., and using the symmetry of the problem, the

reaction forces (R1 and R2) at the pins may be determined to be 1150 lbs. It is apparent

k2 F/2

RI 4.5 . R2

0.5”
Figure 2.16: Free-Body Diagram of the Swivel Rod

that the critical stresses will occur in the pins, at the junction of the pin and the body of
the rod. The moment at this point will be equal to 575 lb-in., and the stress here may be

calculated as for a simple beam with cross-sectional moment, I, as

=22, 29)

where M is the moment, and y is the distance from the center axis of the rod. Since the

maximum stress will occur at the surface of the pin, and I may be given as I=nd*/32,
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_M(d/2) _16M
w132 md®

(30)

Using this equation for the stress in equation (23), and assuming a value for the allowable

stress of 11 kpsi (2024 aluminum alloy), and a safety factor of 5,

16 Mn
o,y

d>s

=0.698in 31).

To find the minimum radius for fatigue, equation (25) is again used to find the
endurance strength. In this case, k, = 0.973 (machined finish), ky, = 0.901 (using the
equation ky = (d/0.3)%!"*3, and guessing a value for d of 0.75 in.), k. = 1.0 (for bending),
kq = 1.0, and ke = 0.755 (due to stress concentration at the junction of the pin and the
body of the rod). Inserting these numbers into equation (25), a value of S, = 29.8 kpsi is
found.

The Goodman criteria (equation (27)) will again be used, with the amplitude and

mean of the loading once again equal to half the maximum stress,

8M
c,=0

«=On=—73 (32)

Plugging everything into equation (27), and solving for the diameter, d:

d=33md| L1 L (33)
o \S Sa

Inserting values reveals a minimum value for the diameter of d = 0.742 in. A diameter of

d = 0.750 will be used for the pins, which satisfies both yielding and fatigue criteria.
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2.4.4 Final Design of the Counter-Balance

From the failure analysis above, the final design pictured in Figure 2.17 was
developed. The spring mounts are designed to hold up to four springs, but a two spring
configuration may also be used, with one spring on each rod instead of two. Of special
interest is the friction plate, which is most likely the weakest element of the counter-
balance. It is believed to provide sufficient friction force to keep from sliding, based on a
previously built counter-balance (designed by Richard Blank) that contained similar
friction plates, and was able to keep from sliding. The plates in this design have been
made wider along the axis of the arm, to provide additional friction force. Even in the
event that the plates cannot supply enough force to remain stationary, they will simply
slide down along the arm. and will neither cause damage to the structure of the robot, nor
present any safety risk to people in the surrounding area.

As an added precaution, the rods in the swivel mounts that are in contact with the
base and arm mounts have been made from steel, rather than aluminum. It was decided
that these were of critical importance, as a failure here could cause the springs to fly from
the robot, possibly causing injury. The rods in contact with the springs are still
constructed of aluminum. as they face only half the load of the critical rods.

Cables have also been inserted through the length of each spring, and mounted to
the swivel mounts. This is to prevent a failure in the springs from sending broken spring
parts sailing into nearby persons.

Installation of the counter-balance required two people and a couple of hours.
Most of this time was spent securing the friction plates, so as to insure that the springs are

taut at full retraction. The installation can be performed by one person, but will take
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more time, perhaps on the order of three hours total. As an additional measure of
convenience, the springs are mounted with spring clips, such that they may be removed
without detaching the base or arm mounts. This allows testing or maintenance to be
performed without the springs, without having to remove more than necessary. Removal

of the springs requires about 5 minutes, and replacing them requires about 10.

2.5 Testing of Counter-Balance

Several tests were performed with the counter-balance on, in both 3- and 4-spring
configurations, to test the effects of various spring constants. There were three basic
geometry tests performed, as well as a test run of the letter ‘S°. The geometry tests
consisted of two arcs, drawn both during extension and retraction, and a circle (Figure
2.17). These tests represent extreme motions, and reflect performance requirements that
should not actually be necessary during normal operation. The test run of the ‘S’
represents the most demanding of the markings that will be painted in everyday use. It
uses three of the five primitives determined to be necessary for all roadway markings.
Other letters had not been optimized for testing as of this writing.

Results of the geometry tests occur in Figures 2.18-2.20, with details of the plots
shown in Figures 2.21-2.23. From these plots, two things are readily apparent. One is
that the counter-balance does little to reduce the overall level of error in the motion of the
robot. Therefore, it is difficult to discern any appreciable difference between the motions
on a large scale. Do determine whether or not the counter-balance eliminates any of the

wag of the robot, it is necessary to examine the detail drawings of these motions.
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From the details of the performance plots, it can be seen that the counter-balance appears
to have a beneficial effect on the robot wag. The balance does add a small amount of
error to the motion of the robot, but it does so in a manner that improves the overall
smoothness, while maintaining the integrity of the intended shape.

The plot of the letter ‘S’ appears in figure 2.24, with a detail plot in figure 2.25.
Here, some problems are encountered — most notably the large waves that occur
throughout the motion. There are three possible explanations for this: first, the waves
may be the result of the control system not being optimized for this particular mechanical
system; second, the springs may be enhancing the oscillations already present in the
motion, thereby causing large-scale vibrations when the robot moves near the springs’
natural frequency; or third, the hydraulic actuator may require loading, and the removal
of most or all of that loading may be causing the actuator to overcompensate during
motion. If the first case is true, then simply adjusting the gains would show a decrease in
these vibrations. If the second is true, then the springs may be adjusted such that their
natural frequency is substantially above that of the robot’s motion. This may cause
problems, though, as stiffer springs could generate more counter-balancing force than is
desirable. If the third case is the problem, then the springs may be made less stiff, to
allow some loading to remain on the actuator. If the problem is actually some
combination of these three cases, however, difficulties may arise, as the listed solutions to

cases 2 and 3 are mutually exclusive.
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Chapter 3

A Mechanical Redesign of the End-Effector
Rotary Shaft

3.1 Problems with Current Rotary Shaft System

The end-effector provides three degrees of freedom to the paint gun: translation along the
vertical axis (achieved via hydraulic actuator), rotation about the vertical axis (achieved via
stepper motor), and tilt along another axis (also achieved via stepper motor) (Figure 3.1). These
three degrees of freedom, in conjunction with the two provided by the robotic arm, allow the

paint gun to be placed in any position required for any roadway markings.

The current problem with the end-effector lies in the rotation about the current axis. The
center of gravity of the construct that holds the paint gun is offset from the axis of rotation by
approximately 3” (see Figure 3.2). This imbalance, in conjunction with the long and slender
nature of the rotary shaft upon which this construct is mounted, leads to a wobbling motion

apparent in the rotation about the axis. At low speeds, the wobble is
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Figure 3.2: Mass Imbalance in Paint Gun Construct of the End-Effector

negligible, but at higher speeds (approximately 1 rpm), the wobble is considerable. It is not
certain how much of an effect this wobbling would have upon the quality of painted markings,

but it is assumed that there would be some detriment. It is thus desired to minimize the wobble.

There are two obvious ways two fix this problem. The first is to redesign the paint gun
mount and tilting system so that the center of mass lies directly below the rotary shaft. The
simplest way to do this would be to add a counter-weight to the side of the mount opposite the
mass imbalance. The mass of this construct is about 12 lbs. At a distance of 3” from the axis of
rotation, this means a counter-moment of 36 Ib-in is required. In order to do this without adding
excessive bulk, though, the counter-weight would need to be placed relatively close to the axis of
rotation, i.e., within a few inches. This translates to an extra 10 lbs. or so being added to the

weight of the construct. This is undesirable, for two reasons: first, adding more mass to the end-
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effector will increase the amount of mass that needs to be manipulated by the robotic arm, and
could lead to lowered performance; secondly, and more importantly, it adds to the mass that
must be moved by the stepper motor, and the increased torque requirements would certainly
impact the quality of the rotation. If the paint gun mount, then is to be modified, it must be
completely redesigned. This is also undesirable, as it would lead to a considerable loss of time
and resources. This will therefore only be considered as a last resort.

The second approach to this problem is to increase the stiffness of the shaft system that
transmits the rotation from the stepper motor to the mount. This system consists of only three
parts (the shaft itself, and mounting constructs on either end), all of them fairly simple to create,
compared to approximately a dozen mating parts in the gun mount. It is also easy to access the
shaft system, and adding extra bulk will not interfere with the operation of the robot. Also, small
amounts of weight may be added to the system without appreciably increasing the torque
requirements of the stepper motor, as the torque required to spin the shaft is small compared to
that required to spin the gun mount. It is this method that will be approached in the remainder of

this chapter.

3.2 Design of a New Shaft System

In order to effectively design the new shaft system, two things must be known: first, what
deflections the current shaft system is undergoing; and second, what deflections are desired. To
determine what deflections are currently occurring in the shaft, the shaft will be treated as a

simple beam of varying cross-section, with constant forces being applied to the system. After
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the deflections are determined, it will be possible to determine a desired maximum deflection

based on a fraction of the current.

3.2.1 Deflections in the Current Shaft System

As stated before, the shaft system will be treated as a simple beam. All junctions
between mating pieces are very stiff; therefore it will be assumed that the matings of the pieces
are perfectly rigid, and that any deflections are due to bending in the shaft itself. An assembled
and disassembled drawing of the current shaft system appears in Figure 3.3. A free-body

diagram of the shaft system, shown as a single rigid piece, appears in Figure 3.4.
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Figure 3.4: Free-Body Diagram of the Shaft System
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In this diagram, W represents the weight of the paint gun mount (12.0 lbs.), F, is the side load
resulting from the centripetal acceleration of the mount, and the forces R are the reaction forces

from the shaft supports. The force F can be found simply as

F.=mo’r, (1)
where m is the mass of the paint gun mount, @ is the angular velocity of the shaft, and r is the
distance between the axis of the shaft and the CG of the gun mount. The maximum angular
velocity will be taken to be 1 rpm, or 6.28 rad/sec. This Figure represents a value moderately
higher than what the shaft needs to achieve during normal operating conditions. Using this

value, as well as those for the mass and distance, yields a maximum value of F¢ = 3.66 Ibs.

To find the deflection at C, it is first necessary to find the reaction forces at A and B.
Summing forces in the x- and y-directions, and moments about A, yields the following system of

equations:

IF . Ry+Ryx+F. =0
2F: Ry -W=0 (3)

M, Ry (5.5")+W(@3")-F.(20.5")=0

Substituting the values for F- and H’ gives the reactions:

R, = —10.481bs
R, , = 6.82lbs (4)
R,, = 12Ibs

These reaction forces may now be used to find the deflection at point C.

The deflection at a point due to bending may be found using the equation [McGraw]:

” M

== 5)

y
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Here it is assumed that the deflections are small. The moment at a point along the beam is

shown below in Figure 3.5, and can be determined explicitly as

6.82x Ib—in, 0"<x<S5.5"

= 6
M 37.51-1.876x Ib—in, 5.5"<x< 21" ©)

—— 37.51 Ib-in

—— 8.43 Ib-in

Figure 3.5: Moment Diagram of End-Effector Shaft System

The value used for E is 10.3 Mpsi, the standard for aluminum. The value for I, however, varies
along the length of the shaft system, as the cross section perpendicular to the shaft axis changes
several times. A cross sectional diagram along the axis, shown in Figure 3.6, shows this

variation. [ for each section is given by the following equations:

I= 3%(14 (for a solid cylindrical cross-section) @)
I= 3f’—z(d;j — d}') (for a hollow cylindrical cross-section) (3)
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Figure 3.6: Division of Shaft System into Sections of Constant /

Note that sections F and G are actually of the same cross section, and could be lumped into one
section. The same is true for sections C and D. They have been divided to provide a better
comparison between the old and new shaft systems in the following section.

For each section, equation (5) must be integrated twice, using the appropriate values for
M and I, and applicable boundary conditions. For section A, these boundary conditions are y=0
at each end, since the ends of section A are rigidly mounted. For each other section, the
boundary conditions will be that the displacement, y, and the slope, y’, at the right end of that
section match the respective values at the left end of the previous section. Using this method,
and working along the shaft from right to left, the displacement at point C may be determined.

Values for the displacement and slope at each end of each section appear in Table 3.1 below.
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Section 1 (in*) Vieg (in) Yright (in) dy/dxeq dy/dXigh
A 0.0311 0 0 0.000215 -0.000107
B 0.0980 0.000112 0 0.000233 0.000215
C 0.240 0.000234 0.000112 0.000248 0.000233
D 0.209 0.00139 0.000234 0.000314 0.000248
E 0.142 0.00408 0.00139 0.000528 0.000314
F 0.209 0.00687 0.00408 0.000709 0.000528
G 0.240 0.00780 0.00687 0.000930 0.000709

Table 3.1: Deflection of Shaft System in Each Segment

From this table, it can be seen that the deflection at point C is 0.0078”. However, this is not the
final deflection at the paint gun. Using the slope at this point, and assuming that the paint gun
mount is perfectly rigid,

d
ygun = yC + lC—gund_i (9)
C

with Ic_gn being the distance from point C to the end of the paint gun, about 15”. This results in
a total maximum deflection at the paint gun of 0.0218”.

Recall that this analysis treated the shaft system as a single piece. In reality, there is a
difference between the inner diameter of the shaft, and the outer diameter of the shaft mounts, of
approximately 0.005”. This allows small angles, 8, and 6,, to exist between the
shaft and its mounts, as shown in Figure 3.7. These angles may be determined to be

6, = tan"'(0.005/4.5) = 0.0011rad

(10)
6, = tan™'(0.005/5.0) = 0.0010rad
The deflection due to mechanical imperfection, then, may be calculated to be
5=16,+1,(6,+6,) (11)
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Figure 3.7: Imperfections in Shaft System Design

where /; is the length of the shaft (15”), and /; is the distance from the lower end of the shaft to
the paint gun (15”). Note that equation (11) makes use of small angle approximations. This
deflection, then, is 6 = 0.0482”. Combining this with the deflection due to bending, a total
deflection at the paint gun of 0.0700”, a little under 3/32”. If the distance between the spray gun
and the ground is also taken into account (approximately 20”), then the distance /,_changes, as
well as the bending deflection, yielding a net offset of 0,5 = 0.124 almost 1/8” of
displacement. There will be negligible deflection due to tolerancing concerns at the interfaces
between the lower shaft mount and the paint gun mount, and between the upper shaft mount and

the bearings with which it mates, as those are very snug fits.
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3.2.2 Proposed Changes in the Shaft System

There are three possible ways to decrease the deflection in the shaft system: first, the
shaft may be machined from a stiffer material, such as steel; second, the thickness of the shaft
may be increased; and third, the tolerances between the mating parts may be decreased. Using a
stiffer material would certainly decease bending deflection, but would also add to the weight of
the shaft system, which is undesirable, as stated previously. Changing the geometry of the shaft
may be done in such a way that the stiffness is increased, while the mass is kept the same. And
lowering the tolerances simply requires more care to be put into the machining of the parts.

In changing the geometry, the design shown in Figure 3.8 is proposed.

1.0” 4.0 5.5 40" 05" 05 55

Figure 3.8: Proposed Redesign of Shaft System

Of particular interest are the hollowed out sections of the upper and lower shaft mounts. These
allow their respective sections to maintain a higher stiffness while maintaining a minimal
increase in mass. The masses of the shaft mounts actually remain constant, while the mass of the
shaft itself increases by only 0.294 lbs. The total mass of the shaft system increases from 1.69

Ibs. to 1.99 Ibs. This should be an acceptably low increase in weight.
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Table 3.2 details the changes in I, as well as the change in deflection, for each section of

the system.

Previous Design Proposed Design
Section I (in*) W(in) I (in*) Y(in)
A 0.0311 0 0.0311 0
B 0.0980 0.000112 0.497 0.000108
C 0.240 0.000234 0.921 0.000219
D 0.240 0.00139 0.681 0.00117
E 0.142 0.00408 0.424 0.00284
F 0.240 0.00687 0.681 0.00435
G 0.240 0.00780 0.921 0.00479
Deflection 0.0218” 0.0114”
at Paint Gun
Deflection 0.0404” 0.0201”
at Ground

Table 3.2: Changes in Shaft Deflection Due to Geometry Changes

It is also recommended that tolerances in the mating dimensions be reduced from 0.005”
to 0.002”. Using the same analysis performed before, with these new tolerances, the deflection
due to tolerance could be reduced from 0.0820” (at the ground) to 0.0362”. The change in
tolerance, combined with the change in design proposed above, would ultimately reduce the

error at the ground from 0.124” to 0.0563”, a difference of approximately 55%.

3.3 Observed Results of Shaft System Alterations

Due to time constraints, no quantitative tests were performed prior to the replacement of

the old shaft system; therefore, no quantitative comparisons may be made between the two.
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However, from a purely qualitative standpoint, the performance appeared to improve greatly
upon installation of the new, more rigid system. The degree of wobble in the paint gun has been
reduced from very noticeable to barely noticeable. At higher speeds, there is still some evidence
of deflection, but it is much less pronounced, and the motion appears steadier; all significant
vibrations appear to have been eradicated. As no painting tests were performed before the
redesign of the shaft system, it is impossible to infer what degree of improvement has been made
to the quality of the markings; but it is assumed that other factors - such as vibration of the
robotic arm, errors in the control system, and irregularities in the paint gun pressure — will have a
more pronounced effect on the smoothness of the markings than will any remaining deflection in

the end-effector.
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Chapter 4

Conclusions and Recommendations

4.1 Conclusions

A large scale robot such as BASR has many complicated elements that must be
fine-tuned in order to insure maximum performance. For a robot of this magnitude to be
able to perform well enough to produce high quality roadway markings, the motion must
be very precise, a task that becomes more difficult as the size of the system increases.
Two possible sources of error — an inability of the robot to move precisely due to lack of
counter-balancing, and deflections in the shaft holding the paint gun — were addressed in

this paper.

In attempting to counter-balance the robot, it was determined that while it is
possible to reduce the load on the hydraulic actuator with a spring system, such a system
may introduce side-effects that can adversely affect the robot’s performance. The safety
of the system was increased, as the counter-balance eliminated the danger of a hydraulic
failure releasing pressure on the arm, and allowing it to extend unrestrained. However,

the spring system may have created unwanted tendencies towards oscillation, as well as
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removing too much load from the actuator. Further testing will be necessary to determine
which of these effects, if any, is actually present.

In redesigning the end-effector shaft, the stiffness of the system was increased,
which provided a noticeable but unmeasured lessening of wobble during paint gun
rotation. In addition, this extra stiffness was achieved with minimal increase to the mass
of the system — an important requirement in maintaining acceptable performance during
manipulation of the paint gun. It is assumed with a high degree of certainty that the
design of the end-effector is adequate for the purposes of the robot, and that any
perceived errors in the quality of roadway markings are the result of some other aspect of

the robotic system.

4.2 Recommendations

Further testing needs to be done to determine what effects the counter-balance
truly has on the robot’s performance. It is suggested that tests be performed with
differing numbers and stitffnesses of springs, so as to provide ample to data upon which to
base further conclusions. The critical characteristics of the counter-balance are the
effective spring constant of all the springs taken together, and the degree of pre-loading
that is placed on the springs. It may be that the current effective spring constant is too
high, and that a lower value is needed for optimal performance. It may also be that some

damping added to the counter-balance will improve the performance by damping the
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oscillations that appear during certain motions of the arm. Such dampers could be
mounted in a fashion similar to that in which the springs are mounted. Ultimately, the
counter-balance may provide more problems and solutions, and it may be better to seek
alternative solutions to the performance problems. In that case, it is highly recommended
that some sort of alternative safety precautions be added to the robot to eliminate

potential hazards that unexpected hydraulic failure could cause.
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ABSTRACT

This thesis deals with kinematic analysis of a long reach robotic system developed at The
University of California, Davis for painting of roadway markings. This robotic system is
referred to as BASRS (Big Articulated Stenciling Robotic System) and has a kinematic
structure consisting of two parallel linkages connected in series by a simple open loop

linkage.

The direct and the inverse kinematics of the entire BASRS, as well as some special

features of the robot end-effector are worked out and presented in this thesis.

A Partitioning Method is used for inverse kinematic analysis resulting in closed form

solutions.

In addition a full Kkinecmatic analysis from the task space to the actuator space is

presented.

vii
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1. INTRODUCTION

This thesis deals with kinematic analysis of the Big Articulated Stenciling Robotic

System (BASRS), performing road-painting operation.

BASRS is a long reach robotic system developed at the Automated Highway
Maintenance and Construction Technology (AHMCT) Research Center at UC Davis with
funding from California Department of Transportation (Caltarns). This robot is to be used

for painting operations of roadway markings.

The unique aspect of this thesis is that it includes the kinematics of the end-effector as
well as the roadway-painting task in the overall kinematic model of the system. The

results from this thesis can therefore be used for the direct kinematic control of BASRS.
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1.1. Scope of the thesis

For more systematic formulation of the kinematic analysis, a brief description of the

existing arm, as well as the main requirements for the painting operation are presented in

Chap.1.

The direct and the inverse kinematics of the entire BASRS are subject of Chap.2. The
kinematics of BASRS is discussed using a very convenient technique — so called

Partitioning method.

Based on the already defined kinematics of the BASRS, Chap. 3 gives the relation

between the road/task coordinate space and the manipulator actuator coordinate space.

Conclusions and some recommendations for future work are presented in Chap.4.

2
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1.2. Basic Description of the Stenciling Robot

The stenciling robot is responsible for positioning the end-effector in the roadway x and
y-axis positions (Fig.1.1). The robot has a pantograph type arm [1], which has been built
to produce a large planar workspace using a simple actuation mechanism. It has been
designed to orient the end-effector vertically with respect to the roadway surface at all

times when painting.

The purpose of the end-effector of the Stenciling robot is to adjust the position and the
orientation of the paint gun during the painting operation. While the end-effector is
operating in its workspace (a horizontal plane), it rotates about a vertical axis in order to
paint standard letters and shapes. By a vertical translation of the paint gun, the width of
paint being applied to the ground can be altered as well as it can compensate for the non-
flat .road conditions. For a smooth paint distribution while painting tight curves, with the
main idea of avoiding a build up of paint on the insides of the curves of the markings, the
end-effector tilts the paint gun about a horizontal axis (which passes along the paint guns
center of gravity). This type of motion reduces the paint build up in the insides of a

curved marking, producing visually appealing markings on the roadway.
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Fig.1.1. The Big Articulated Stenciling Robotic System (BASRS)
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2. KINEMATIC ANALYSIS OF THE ENTIRE BASRS

2. 1. Hybrid Structures

Most industrial robot manipulators are designed with serial kinematic chains, which
provide large workspaces. However, a robot with serial kinematic chain generally
provides less rigidity and load-carrying capacity in comparison to a robot with closed
kinematic chains. In general, the workspace volume of a robot arm with parallel
kinematic chain is relatively small. Recently, there has been an increasing interest in the
design of hybrid serial-and-parallel-driven robot manipulators [14]. The entire BASRS
represents a combination of two parallel configurations (one in the arm and one in the
end-effector), connected in a serial kinematic chain. This hybrid system consists of the
first two joints in parallel drive, resulting in a translation of the end point of the arm (Fig.
2.1), and the last four joints, representing the end-effector (a four-bar linkage) in fully
parallel configuration which combines good features of both the serial and the parallel

kinematic chains.
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Fig. 2.1. BASRS Pantograph-type arm
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2.2. Kinematic Equations for a Manipulator

Robot arm kinematics deals with an analytical study of the motion geometry of a robot
arm with respect to a fixed reference coordinate system, without regard to the
forces/moments that cause the motion [10]. It represents the analytical relationship
between the joint-variable space and the position and orientation of the end effector of a
robot arm [4, 11]. The solution set of kinematic equations can be obtained in direct or

inverse form [5, 8]:
1.Direct Kinematics Problem

The solution of the direct kinematics problem for a manipulator involves finding the
position and the orientation of the end-effector of the manipulator with respect to a
reference coordinate system with given joint angles and geometric parameters of the

robot. This is usually a simple problem which involves solving linear equations.
2.Inverse Kinematics Problem

The inverse kinematics solution involves solving for the joint variables given a desired
position and orientation of the end-effector. The inverse kinematic solution usually
involves solving nonlincar algebraic equations that can be transformed into polynomial

equations.

In general, the inverse kinematic problem can be solved by several techniques, one of
which, the Partitioning Method [13], will be the subject of interest of the following

chapter. Other commonly used methods are iterative or computational approaches.
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The homogeneous matrix T; which specifies the location of the i-th coordinate frame with
respect to the base coordinate system is the chain product of coordinate transformation

matrices A; and is expressed as:

i i ldi Rl d:
Ti= At Aseeron. A,.=[x Ve Z }:{ } @.1)

(2.2)

is the orientation matrix of the i-th coordinate system established at i-th link with respect
to the base (Appendix H);
d; is the position vector of the hand, pointing from the origin of the base coordinate

system to the origin of the hand coordinate system.

The transformation matrix A; and its inverse, are expressed as:

cosf; —cosa;sin@; sinaisin@; a;cos b,

sinf, cosaicosf; -—sinaicosf, a;sind;

A= 0 sin ¢ cosQl d; @3
0 0 0 1
cos; sin @, 0 -a;
o —cosa;sin@i  cosaicosf:  sina  —d.sina; 2.4)
sina;sinf;, —sinaicosf, cosa; —d.cosc
0 0 0 1
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where:

6; is the joint angle from x;., axis to the x; axis about the z;., axis (using the right
hand rule);

d;- the distance from the origin of the (i-1)-th coordinate frame to the intersection
of the z;.| axis with the x; axis along the z;.) axis;

a; - the offset distance from the intersection of the z;.; axis with the x; axis to the
origin of the i-th frame along the x; axis;

o; - the offset angle from the z;; axis to the z; axis about the x; axis (using the

right hand rule).

For a rotary joint d; , a; and ¢, are the joint parameters and remain constant for a robot,

while @, is the joint variable that changes when link i rotates with respect to link i-1.

For a prismatic joint &, a; and ¢ are the joint parameters and remain constant for a robot,

while d; is the joint variable.

The T; matrix, which specifies the position and the orientation of the end point of the
manipulator with respect to the base coordinate system, called “the hand matrix” can be

expressed in the following form:

o R (2.5)
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where:

n is the normal vector of the hand and is orthogonal to the fingers of the robot

o is the sliding vector of the hand, which is pointing in the direction of the finger
motion;

a is the approach vector of the hand, pointing in the direction normal to the palm
of the hand;

d is the position vector of the hand, which was already mentioned.

10
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2.3. Coordinate Systems for BASRS

In defining joint coordinate systems for BASRS, the kinematics of the robot is
determined by the relative positions of its joint axis and the common normals between
each pair of consecutive axes [6, 8, 13]. The relative position of two skew lines in space
is expressed by two parameters: the distance and the twist angle between the two lines.
For two consecutive joint axes of a robot, these two parameters are the link length and the
link twist. For two consecutive common normals, these two parameters are the joint

offset and the joint angle.

Having this in mind, an equivalent kinematic structure for the BASRS is presented in Fig.

2.1. In this structure the whole pantograph-type of the robot arm is configured as a single

prismatic joint. The coordinate systems are defined, using the following set of rules:

¢ One coordinate system is attached to each joint axis of the robot.

¢ The z; axis is attached to the i-th joint axis. The positive sign of z; is chosen
arbitrarily.

¢ The z;, axis lies along the axis of motion of the i-th joint.

¢ The x; axis is normal to the z;_; axis, and pointing away from it.

¢ The y; axis completes the right-handed coordinate system as required.

Denavit-Hartenberg representation of a rigid link depends on four geometric parameters
(8, di, a;, o) associated with each link, which completely describe any revolute or

prismatic joint. Referring to Fig. 2.2 these four parameters for BASRS are defined in

Table 2.1.

11
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Table 2.1

Joint i o a d
1.(base rotat.) o, -90 0 0
2.(arm translat.) 0 90 a; d>
3.(e-¢eff. translat.) 0 0 0 ds
4.(e-eff. rorat.) o, 0 0 0

The tilt motion of the end-effector will be discussed in the end of this chapter and will be

taken into consideration in the next chapter.

Copyright 2011, AHMCT Research Center, UC Davis
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T

a, (offset between the arm and the end-effector)

R1 (base rotation of the arm along Z1)
% >,
Y
K]
X
A 23! 24
dz

|
l T2 (arm translation along Y7)
ZZ=Y1
—

T3 (end-effector translation along Z3)

X, P (WCP)

R4 (end-effector rotation along Z4)

/

X2

< >

T AK 3

o e Ve

0, (tilt motion of the platform)

Fig. 2.2. A Kinematic Equivalent for BASRS with an Assigned Coordinate Frames
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2.4. Denavit —Hartenberg Matrices for the BASRS

The homogeneous matrix T; specifies the location (position and orientation) of the i-th
coordinate frame with respect to the base coordinate system. In order to completely
describe all revolute and prismatic joints of the BASRS, the Denavit-Hartenberg
representation is used and the A; transformation matrices and their inverse are expressed

as follows:

cosdy 0 —sing O
i 0 0
= sin &, cos @, 2.6)
0 -1 0 0
0 0 0 1
(1 0 0 4
4= 00 -1 0 27
*lo1 0 g4, '
00 0 1
1 0 0 ©
(01 0 0 2.8)
A0 0 1 ds '
00 0 1
_c0504 —-sinds 0 O
sinfs cosfds O O
_ 2.9
As 0 0 L o (2.9)
|0 0 0 1
14
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The inverse A,-'l matrices, respectively, are:

cosf, sing O O
.| o 0 -10
' | —sin@ cos® O O

0 0 0 1

1 0 0 —g
4. {0 0 1 -a
A%l 210 0

0 0 0 1

(1 0 0 O
L o010 o
A0 01 —a

0 00 1

[cosfs sinfs O O

A= -sin@s cosfs 0 O
0 0 1 0

0 0 0 1

Copyright 2011, AHMCT Research Center, UC Davis

(2.10)

(2.1
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(2.13)
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2.5. The Partitioning Method for Describing the Kinematics of

BASRS

The special feature for expressing the inverse kinematic problem for a robot using the
Partitioning Method [2] is that the robot has a partitioned geometry, i.e. at least three of
its axes have to be parallel to each other or to intersect. In such a case, the position of the
end effector can be expressed independently from the orientation and the Kinematic

solutions can be easily derived by “hand” even for highly complicated structures.

Due to the fact that BASRS has a partitioned geometry and 5 DOF, the origin of the 3,
4™ 5™ coordinate systems can be positioned at one point P, called the wrist center point
(WCP), in Fig.2.2. In this fashion, determination of the location of the center of the 5t
coordinate system with respect to the base coordinate system, only will require the

Jocation of the center of the 3™ coordinate system. This can be expressed as follows:

Xpl =A1A2A3Xp4 (2 14)

where the vectors x,; are the positions of the point P in the corresponding i-th coordinate

system:
Xp1=[%p ¥p 2p 17 (2.15)
%¢=[0 0 0 177 (2.16)

Taking into account the above mentioned, the direct kinematic problem for BASRS

states: Given 0,, d, ds ( the first three generalized coordinates), find x,, (the vector

16
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describing the position of point P in the first coordinate system). Since x,4 is known,
equation (2.14) can be solved for x,,.
The inverse kinematic solutions for the position and the orientation can be determined

from equation (2.14) and they are:

u4=A4u5 (2.17)

where u; are the orientation unit vectors with respect to the corresponding i-th coordinate

system:
us=[ttr Uy ug; 01" (2.18)
us=[I 0 0 O (2.19)

Expressing 8, dz, ds, with given x,;, is the task of the inverse kinematics.

17
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2.5.1. Direct Kinematic Solutions for the Position of the End-effector

Taking into consideration eqns. (2.14), (2.15), (2.16) and the results from the first three
transformation matrices for BASRS, eqns. (2.6), (2.7) and (2.8), the following matrix

equation could be obtained:

x, cos§ 0 =—sing, Ofjl 0 O a,|fl O O 040
Yo |_ sind 0 cosg, 0|0 O -1 O}J0 1 O OO (2.20)
z, 0O -1 0 0§01 O 4,0 O 1 4,)0
1 0 0 0 Ijo 0 o0 1}(0 0 0 1|1
Multiplication of the matrices on the right-hand side of eqn. (2.20) leads to:
x, a,cos 8, —d, sin 6,
. (2.21)
Y, |_|a,sin6, +d,cos6,
zZ, d,
1 1

The matrix (2.21) represents a system of three equations for the position of the end-

effector with respect to given joint parameters and geometric link parameters:

x, =a,cosf —d,sin6, (2.22)
y, =a,siné, +d, cosf, (2.23)
z, =d, (2.24)

Expressing sinf, and cos; as tangents of half angles, yields to the following equations:

1-tan*(6,/2) 2tan(d, /2)
xX,=a -d

> > > > (2.25)
P “l+tan’(6,/2) < l+tan~(6,/2)

18
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. 2tan(6, /2) g 1-tan*(6,/2)
*1+tan’(6,/2) ' l1+tan*(6,/2)

(2.26)

z, =d, (2.27)

Note: The translational motion along the z-axis, assumed to be constant here, will be

considered in Chap.3.

MATLAB simulations (Appendix C) of the direct kinematic solution for the position are

shown on Fig. 2.3 with the base rotational angle 8, in the range from O rad. to 7/2 rad.
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Fig.2.3. Direct Kinematic Solutions for the Position
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2.5.2. Direct Kinematic Solutions for the Orientation of the End-effector

The direct solution for the orientation of the end-effector of BASRS can be easily

expressed from the following matrix equation:

u4=A4u5 (228)

by accounting for the equations (2.9), (2.18) and (2.19):

u,, cosd, -sing, 0 0|1
sind, <cosf, O 00
Hay 1 2| 311 Y ! (2.29)
u,. 0 0 1 0|0
0 0 0 0 L}oO
Multiplication of the right side of (2.29) yields to:
U, cosf,
sin8
Hav | o | PP (2.30)
u,. 0
0 0

The three equations, representing the orientation of the end-effector along x, y and z axes

are:

u, = cosb, (2.31)
u,, =sind, (2.32)
u, =0 (2.33)
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Expressing sin8, and cos6, as tangents of half angles, leads to the following equations:

_ 1-tan’(6,/2)
1+tan’(@, /2)

(2.34)

", = 2tan(264 /2) (2.35)
' 1+tan*(6,/2)

Note, that the tilt angle will be included in the kinematics of the BASRS in the next

chapter.

Fig. 2.4 shows the MATLAB results (Appendix D) of the direct kinematic solution for

the orientation of the end-effector for 6, in the range from 0 rad. to /2 rad.
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2.5.3. Inverse Kinematic Solutions for the Position of the End-effector

Pre-multiplication of both sides of eq. (2.14) by (A1A,)"! yields the following equation:

-1 4-1 _
Ay A X, = A,

(2.36)
which can be solved for 8, do, d;.
Eq. (2.36) leads to:
1 0 0 -a,|[cos6, sing 0 O}fx,] [1 0 0 0]j0
0O 0 1 -d, 0 0—10yp01000
- ‘ = (2.37)

0 -1 0 O ||-sing cosf 0O 0]z, 0 0 I 4,4|0
0 0 O 1 0 0 0 1 1 0 0 0 1|1
[ cos6, sinf, 0 —a,|[x, 0
-sing, cosf, 0O —d, 0

ne ‘ 2| V|2 (2.38)

0 0 1 0 z, d,
. 0 0 0 1 1 1
The following three equations describe the position of the end-effector:
cosfx, +sinfy, —a, =0
-sinfx, +cosby, —d, =0 (2.39)

As in the previous two cases, sinf,; and cos8; will be expressed as tangents of half angles.

24
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Finally, the inverse kinematic solution for the position of the end-effector of the BASRS

can be expressed as:

y, £ylvi = -x2)

6, = 2arctan (2.40)
x, +a,
o) _ 2
d, = - 2tan(:9, /12) X, + 1 tan7(¢9l /2) y, (2.41)
1+tan”(6,/2) l+tan~(6,/2)
dy=z, (2.42)

The inverse kinematic solutions for the position of the end-effector, visualised in

MATLAB (Appendix E). are shown in Fig.2.5.

25
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2.5.4. Inverse Kinematic Solutions for the Orientation of the End-effector

Following the logic of equation (2.16) and taking into account the fact, that the tilt
motion will be considered in the kinematics of the BASRS in the next chapter, the

orientation of the end-effector depends only on 04:

A u, =ug (2.43)

In matrix form, eqn. (2.43) can be expressed as:

cosd, sinf, 0 Ofju,, 1
—-sinf, cosf, 0 Of|u,, _ 0 (2.44)
0 0 I Of|u,, 0
0 0 0 1|| 0 0
The matrix eqn. (2.44) represents the following equations:
cosB,u, +sinfu,, =1
—sin@,u,, +cosGu,, =0 (2.45)

u4: =0

Expressing sin0; and cos@,; as tangents of half angles, leads to the inverse kinematic

solution for the orientation of the end-effector of BASRS:

27
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g, £l + (el ~D)]

(2.46)
u, +1

6, = 2arctan

The change of 64 with respect to given unit vector orientation coordinates, is shown on

Fig.2.6. The code is attached in the corresponding Appendix D.

theta4 [rad]

0o -
udy [rad] 1 udx [rad]

Fig.2.6. Inverse Kinematic Solutions for the Orientation
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2.6. Kinematic Analysis of the BASRS End-effector Tilt Motion

The end-effector of the’ Stenciling robot utilizes a parallel structure (three-dimensional
four bar linkage), with the main idea of increasing the rigidity of the painting gun while

providing orientation control using a tilt motion.

For the four-bar linkage (Fig.2.7), the present work shall refer to the fixed link with the
longest length as a base/input link r; and to the tilted link as a platform/output link r,.
Links r; and r3 (r;=r3 and r,=r4/2) are considered to be the lengths of the intermediate/side
links. In this case rj+ r3 = 12 + 14, i.e. the sum of shortest and longest links are equal to the
sum of the other two links. The structure has been designed in a way that the triangle
DPC = DP1C is equilateral. The advantage of this is the straight-line motion Ax (within
a certain range), of the middle point P on the fixed base, while tilting the platform [7].
This structure allows the application of a very simple and convenient actuation system — a
ball screw drive, embedded in the base of the four-bar linkage and rigidly connected to
the tilting platform. The center of the tilt motion points always towards the center of the
painted curvature, which leads to high accuracy of the painting process and simplifies the
control strategy. By alternating the ratio of the height of the structure to its width, the
accuracy of the tilt motion has been improved and that way, the uncontrolled translations

in real x and y directions, apparent while tilting, can be minimized. The tilt angle is

determined as 6,, .
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Fig.2.7. The Four-bar Linkage for the End-effector of BASRS in 2D
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2.6.1. Special Plane Motion

A plane motion is in general determined if the paths of two points are prescribed [2, 3].

For the four-bar motion, the two given points A and B (Fig. 2.7) describe circles.

Since the vector sum of a closed polygon is zero it could be written:

AB+BC+CD+DA=0 (2.47)

This vector equation is equivalent to the system of two position loop equations:

11C0801+12C0802.+13¢0803.-14=0 (2.48)

1810 +1281N02.+1381N63.-14=0,

where:

r; (1i=1,2,3,4) are the link lengths;

0, are the four angles of the linkage.

These equations state that the sum of the x and y projections of the vectors in a closed
vector polygon vanishes. For the particular case, link r; is the driving link. Therefore the
angle 0. is known and the system of eqns. (2.48) provide two equations in the unknown
variables 6. and 63, which may be solved if the link lengths are specified using the
Grashof’s criteria [7] or if a prohibited angle for 8,. is presented. That way the system of
eqns. (2.48) can be solved for explicit algebraic expressions for 0, and 03, as functions
of 8,.. The two loop equations provide sufficient information to define the configuration

if one input (or driving variable) is defined. Thus the system has a single degree of

31
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freedom.Simplifying, using some of the advantages of the proposed structure, such as
equal side link lengths, the position equations (2.48) yield to the following system of

complex vector equatior;s:

116%'® 41,6 14= ;e (2.49)
PP LI LR

Multiplying the first equation in (2.3) by r3.67%%¢ leads to:

13679 ( 1,61 +1,6%%1,)= 13> (2.50)
Substituting for r3.e‘j‘63 (from the second equation in (2.49)) in eqn. (2.50):

(r1€7% 426797 1) ( 116/ +126/%%14)= 15° (2.51)
Multiplying the terms and opening the brackets:

112412 2ory 2 rary (¢ 92601904 @ 0102y 1 ( e392¢1 6192y rir (e 91e4e%19)=0 (2.52)
Presenting the complex terms as trigonometric functions:
r12+r22+r42—r32+2r2r1(cos(92e-9,c))—2r4r2c0562€-2r4r|cosB1e=0 (2.53)
Using the trigonometric equalities for tangent of a half of an angle leads to:

r12+r22+r42-r32 -2r4120802.+2121 08021 -tan9|e2/( 1+ tanelez))+

2ro1,5in02(2tand /(1 +tand¢>))-2rars (1-tand, . /(1+tand . 2)=0 (2.54)
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From equation (2.54), tan (8,/2) can be directly expressed as:
tan(8,./2)=(-b+Vb*-4ac)/2a (2.55)

where:
_2,.2,.2.2
a= 1) 41y 414 -13°-21412C0805¢ -21or1 08056 +2141)
b= 4r2rlsin625

2,22
c= r12+r2 4132141208020 +21711C0S02.-214T]

Finally, the equation for the output/tilt angle 65, as a function of the input angle 0. is:

0)e=arctan[(-b 4/ (b* - 4ac i/a] (2.56)

Note: 0, has real values if the following set of constraints is satisfied:

(4ror sin626)2-4[(r1 2+r22+r42-r32-2r4r2costC)2 -(2r41y -2r2rlcoseze)2] >0 (2.56a)

r,2+r22+r42-r32—2r4rzcos62e -2ror1c080. 421411 2 0 (2.56b)

Knowing the range of 6, and the size of the links, the relation between the input and the

output (Appendix A) of the proposed structure, visualized in Fig.2.8, can be completely

defined.
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Fig.2.8. MATLAB Simulations of the Tilt Angle as a Function of the Input Angle
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2.6.2. Straight-line Motion

As it was previously mentioned, the linear motion Ax (Fig.2.7) of the input link 14, in the
end-effector four-bar linkage is driven by a ball-screw. The relation between the tilt angle
and the straight-line motion of the end-effector is given by eqn. (2.57) and can be seen in
Fig.2.9. It is clear, from this figure, that for small values of O, this relationship is

approximately linear.

AX =14/2 150805+ 12/2C0804.+151NO1¢ taneze-sqn[rlz-( 1>8in05.+1] SinOy, )2] 2.57)

0.6

0.4-

0.2:

o

delx [cm]

-0.4 - -

-0.81—
-0. -0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4

theta2e [rad]

Fig.2.9. Relation between the Tilt Angle 0, and the Straight-line Motion Ax of the End-

effector
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At that stage of the thesis, the following could be outlined:

¢ The pantograph-type structure of the robot arm allows the end-effector to be
positioned vertical to the road surface, making the task of painting roadway markings

easier.

¢ A four-bar linkage is used as an end-effector of the BASRS, providing a tilt-type

motion of the painting gun and that way improving the painting process.

¢ The direct and the inverse kinematic solutions for the BASRS had been obtained,

without accounting for the tilt motion, which will be considered in the next chapter.

¢ The tilt motion is provided by the translatory motion of a ball screw, placed at the
fixed base and rigidly connected to the moving platform. The relation between the tilt

angle 6, and the straight-line motion of the end-effector had been obtained.
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3. TASK ANALYSIS FOR ROADWAY PAINTING

3.1. Task Determination

A typical robot manipulator allows the user to input cartesian locations describing the
end-effector position and orientation. The inverse kinematic solutions are then used to

determine the joint variables for the purpose of programming a robot trajectory.

The task for the BASRS is usually described in terms of paint stripes on the roadway in
the form of letters or signs. In previous work, a C-code has been written [1] to generate
Cartesian locations for the end-effector of BASRS from the roadway markings. In
addition, in order to produce certain visual quality, these roadway markings set specific
restrictions, such as the tilt angle of the paint nozzle. These requirements are simplified
and described [9, 12] by introducing three coordinate spaces - the cartesian coordinate
space, the task coordinate space and the manipulator base coordinate space (Fig.3.1). The
relation between the task coordinate space, which is assumed to be the known quantity,
and the actuator space, which will be the solution of the inverse kinematics problem, are

the subject of this chapter.
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Fig.3.1. Relation between the Base Coordinate Space (x5, Y5, 25), the End-effector

Coordinate Space (x,, Ya Za) and the Task/Road Space (x,, y;)
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3.2. Kinematic Equations for the Arm and the End-effector

Considering the standard form of the homogeneous transformation matrix 7T;, the
corresponding transformation matrices (Fig.3.1) ®T. (representing the relation between
the road and the base coordinate systems) and “T, (describing the road coordinate system

with respect to the arm coordinate system), have the following form:

1 0 0 °p,
b
op =010 Por (3.1)
001 °p,
000 1
100 “p,
010 °
T = Por (3.2)
001 “p,
000 1

b b b
where “p_, Py

p., are the position vectors of the road coordinate system with
respect to the base and “p_., “p,,., “p., are the position vectors of the road coordinate

system with respect to the end-effector coordinate system.

The homogeneous transformation matrix °7, (representing the relation between the arm

and the base coordinate system for BASRS) is equal to the product chain of the four

coordinate transformation matrices A;, derived in Chap.2:
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cos(@, +6,) sin(f, +6,)

0 a,cosf —d,sing,
—sin(f, +6,) cos(@, +6,) 0 a,sinf, +d,cosb,

1

0

’T, = A /A, AA, = (3.3)

0 0 d,
0 0 1

where (see Fig.2.1):

6, is the rotation of the base of the robot-manipulator along z, axis;

a, is the offset between the arm and the end-effector;

d, is the arm/end-effector translation along y, axis;

6, is the end-effector rotation along z, axis;

d, is the distance, between the end-effector and the road, which alternates in order to

compensate for the tilt motion.

Note: The robot arm structure has been constructed as a pantograph mechanism, where

the extension length is amplified 8.33 times the actuator movement.

The homogeneous transformation matrix ‘T, is expressed as:
r

°T. ="T,)"'T, (3.4)
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where:

cos(6,+6,) sin(@, +6,) 0 —a,cosf,—d,sinf,
—-sin(@, +6,) cos(@,+6,) 0 a,sin@,—d,cosf,
0 0 1 -d,
0 0 0 1

Ty = (3.5)

Finally, the transformation matrix of the road coordinate system with respect to the arm

coordinate system has the following form:
T ="T,)""'T, = (3.6)

cos(d, +6,) sin(6,+6,) 0 °p_cos@ +6,)+"p, sinf, +6,)—d,sinb, —a,cosb,
—sin(@, +6,) cos(d, +6,) 0 —’p_sin(6, +6,)+'p,, cos(6, +6,)—d,cosb, +a,sinb,
0 0 1
0 0 0

' bp:r _d3
1

The two matrices (3.2) and (3.6) lead to the following system of kinematic equations:

cos(f,+6,)=1 3.7
sin(6, +6,) =0 (3.8)
“p, = "p,cos(@ +6,)+'p, sin(f, +6,)—-d,sinb, —a, cosb, (3.9)
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“p,, = —'p,sin( +6,)+"p,, cos(8, +6,)-d,cosb, +a,sinb, (3.10)

a

p.='p, —d, G.11)

The spray distance“ p_, in eqn. (3.11) is a function of the width of the painted line w and

the fan angle o (Fig. 3.2):

“ v (3.12)

P, = o
2 tan(—)
2

The paint volume on a surface is equal to (Fig.3.2):
V = uot (3.13)

u is the flow rate on the nozzle;
o is the paint transfer efficiency;

t is the spray time.

The average coating thickness & (Fig.3.2) is a function of the paint volume V and the

painted area A and can be expressed as follows:

uot (3.14)
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The spray time ¢ in eqn. (3.14) depends on the width of the sprayed area w, eqn. (3.12),

and the velocity v of the nozzle along a defined trajectory as follows:

(04
2tan| — |°
P [2j 2,

t=— = —— (3.15)

v 14

The translational motion d, of the end-effector along its z-axis is a function of the length

of the moving platform r, and the tilt angle 6,, , written as:

d3

r
_z.s'n67 316
- in, (3.16)

43
Copyright 2011, AHMCT Research Center, UC Davis



u

spray nozzle

—a
init — pzr

road level

——//

4—%—>

Fig.3.2. Geometry of the Spray Nozzle
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Fig.3.3 presents the relations described in eqns. (3.12) and (3.16). The code can be found
Appendix G. Note, that®p_, is equal to Z;;, and that Z,. is the difference between Zi,;
and d;.

The first plot presents the relation between the tilt angle and Z,,,. The second plot shows
the necessary vertical translation of the end-effector in order to compensate for the tilt

motion, chosen to be in the range of (-0.4)rad and (+0.4)rad for this particular case.

0.2 : T 1 : : 1 }
R R S R S Sy SSP St
E ol L E— B — . S -
[«p] t b 1 1 '
© : Z i | | :
O e e R e bl S bbbl s -
0.2 : I : X i : :
0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
_ 025 .' : 5 z
E L | \ |
g 02 A e ARRRE g
= : i :
5 015p------ T T - =TT
- G L) TP
E Plp==asvilew
F 005 -t e i
Q ' i 1 1
N 0 ; ; A :
-0.4 0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
theta2e [rad]

Fig.3.3. Relation between the Tilt Angle and the Vertical Translation for Compensating

the Tilt Motion
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3.3. Inverse Kinematic Solutions for the Roadway Painting Task

Considering the aforementioned, the equations describing the actuator space with respect
to the task space, can be presented as a system of four equations with four unknown

variables (4,,0, .d,.d,):

6, =-6, (3.17)
“p,="p,—d,sing, —a,cosb, (3.18)
‘py, = "p_‘,, —d,cosf, +a,siné, (3.19)
d,="p,~p., (3.20)

The unknown actuator space variables d, and 6,can be expressed from the following

system of two nonlinear equations:

, 6
tan” 0_24( PPy =)+ 24y n=tp, —'p, +ay =0 (3:21)

tan’ 0—24(0 Dy _bp,vr -d, )_ 2a, tan %+ap>" _bp,\'r +d, =0 (3.22)

Factoring d, from eqn. (3.22) yields:

T*"p,-T*'p, ~2a,T+'p,~'p,,

d, -
: 8.33(T* —1)

(3.23)

46
Copyright 2011, AHMCT Research Center, UC Davis



where:

T =tan— (3.24)

Plugging the expression for d, into eqn. (3.21) leads to the following solutions for 6, :

P ="2,) + (P ="P.) +(P,~"p,)  + )’ )

6,, = 2arctan p . (3.25)
( p.\’r_ pxr +a2)
“p..~"p,) - J\¢p.—"P.) +Cp,—P,)’ +a,’
8,, = 2arctan| — =~ ‘/( — Byr” P, = ) (3.26)
( pxr— p,rr +a2)
6, has real values, if the following condition is satisfied:
Cp,~"p,)* +(p,~P,) +a; 20 (3.27)

The tilt angle 8,,is derived from equations (3.11), (3.12), (3.16) and has the following

form:
__1 1___4 a ) __[) ) 2
6,,, = 2arctan +\/( . ( pb”’ Pe) ) (3.28)
2(°p,~'p.,)
_1_ 1_4 a ) __I) ) 2
6,,, = 2arctan ‘/( . ( p;”' Pe) ) (3.29)
2°p,-"p.)
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0,, has real values, if:

(3.30)

The relation between the tilt angle and the ball-screw drive motion (Ax) expressed in

Chap.2, can now be written as:

0 6 6
.y l-tan®—2L | 2r tan—“tand,, 2r,tan—2% 2, tan—*
A=l 2|+ 2 |’ - — 2| (3.31)
1+tan® 2L 1+tan® < 1+tan2% l+tan2—é‘—

The relation between 6,,and 6,,is given in Chapter 2. The straight-line motion Ax has

real values if:

2el

2r,tan—=  2r tan
ro> 92 + > (3.32)
1+tan” 22 1+ tan® —<
2 2

le

Finally, eqgns. (3.17), (3.20), (3.23), (3.25), (3.26) and (3.31) completely present the
relation between the robot manipulator actuator space variables and the task space

variables.
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Two practical examples of the application of the derived inverse kinematics solutions for

the actuator space variables 8,, 6, and d, is given in the next section. Particular values
for the other two actuator space variables d,and Ax, with respect to the tilt angle, had

been already shown in Chapter 2.

3.4. Expermental Results

The section describes the results for inverse kinematic solution for BASRS end-effector
position, while painting the letter “S” of a “STOP” in a roadway marking. The letter “S”
(Fig. 3.4) is chosen for the example provided here, since it has the most varying curvature

as compared to other commonly used letters in roadway markings.

-
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-
(A3
=

T
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«43 26

-
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T
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-+ ¥
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L T
i

8

8

X tinchoa]

Fig. 3.4. Trajectory in X and Y coordinates
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The roadway markings are specified by “Standard Alphabets for Highway Signs and
Pavement Markings” printed by the U.S. Department of Transportation. The letters are in
the two dimensional space of the road and are required to be applied at heights not shorter
than 2.44m (8 feet). This allows a roadway marking to be read clearly by the drivers from
sharp angles. As it was mentioned, a sample of the standard letter “S” in proper
coordinates is shown in Fig. 3.4. The robot end-effector has to trace this letter, which
means that the coordinates of every point of “S” should be used in describing the
Cartesian location of the robot end-effector. The coordinates of fifteen points (Pxra, Pyrb)
of the letter “S” are generated and substituted in equations (3.17), (3.23), (3.24), (3.25),

(3.26). Data for two examples are provided in Appendix L.
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4. CONCLUSIONS

The present work dealt with a kinematic study of the Big Articulated Stenciling Robotic

System (BASRS) from the roadway-painting task to the joint actuators of the robot.

For more systematic formulation of the analysis and synthesis of the stenciling robot,
special attention had been paid to the tilt motion of the end-effector. Some important
features of the four bar linkage — its special plane motion and straight-line motion, have
been discussed. The incorporation of the tilt motion, along with the vertical translation
for its compensation in the entire kinematics of BASRS, will introduce a consistent paint

thickness in painting roadway markings.

The overall kinematic analysis of the system, from the roadway painting task to the
actuator motion, has been presented facilitating the future control algorithms. The
obtained results can be used for a kinematic control and.can provide the basis for further
work on Trajectory generation and smoothing methods that can enhance the performance

of BASRS in painting roadway markings.
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Appendix A

MATLAB Program for 0, Calculation as a
Function of 0O,

This appendix includes calculation of the input angle 0, for the four bar linkage of the
end-effector of BASRS, with respect to the tilt motion 0;.. The links of the four bar
linkage are marked as ry, r2, r3 and r4 and their size is given in meters. Alpha is the angle
of the spray nozzle and is given in radians. The MATLAB program for the calculations

and the results are as follows:

global theta2e thetalel a b c

rl=0.
r2=0.
r3=0.
rd=1.

N O oYW

alpha=8*pi/18

reszz=zeros(21,2);
i=1;

for thetal2e=-pi/9:p1/90:p1/9

a=(rl)"2+(r2)"2+{rd4)"2-(r3)"2-2*rd*r2*cos (thetale) -
2*r2*rl*cos(thetale)+2*r4"rl;
b=4*r2*rl*sin(thetale);
c=(rl)"2+(xr2)"2+{rd) " "2-(r3)"2-
2*rd*r2*cos(thetale)+2*r2*rl*cos(thetale)-2*rd*rl;

thetale=2*atan( (-b+sqrz{((b~2)-4*a*c))/(2*a));

reszz (i, :)=[thetale thetale];
i=i+1;
end

reszz

plot(reszz(:,1),reszz(:,2),'*")
xlabel ('thetal2e')

ylabel (‘thetale")

grid
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Results (Appendix A)

rl

0.9
2=

0.6
3=

0.9
4 =

1.2
alpha =

1.3963

reszz =

02 Ose

-0.34907 1.5023
-0.31416 1.4842
-0.27925 1.4638
-0.24435 1.4412
-0.20944 1.4165
-0.17453 1.3898
-0.13963 1.3611
-0.10472 1.3307
-0.069813 1.2987
-0.034907 1.2654
0 1.231
0.034907 1.1957
0.069813 1.1598
0.10472 1.1235
0.13963 1.0872
0.17453 1.0509
0.20944 1.0151
0.24435 0.97971
0.27925 0.94505
0.31416 09112
0.34907 0.87828
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Appendix B

MATLAB Program for Ax Calculation as a
Function of 0.,

This appendix includes calculations of the tilt motion 6, with respect to the straight-line
motion Ax of the four-bar linkage, which represents the end-effector of BASRS. The

links of the four bar linkage are marked as ry, 2, r3 and 14 and their size is given in meters.

The MATLAB program and the results are given below:

global theta2e a b ¢ thetale delx

1

la}

)

K
= O O o

2=0.
3=0.
rd=1.

I N WO O W

N
= wouon

eszz=zeros{21,3);

(=N

for thetale=-pi/9%9:pi/9%0:pi/9

a=(rl) 2+ (r2)"2+(r4)~2-(r3)~2-2*rd*r2*cos(theta2e)-...
2*r2*ri*cos(theta2e) +2*rd*rl;

b=4*r2*rl*sin(thetale);

c=(rl) "2+ {xr2)"2+(rd)"2-(r3)"2-2*rd*r2*cos(thetale)+. ..
2*r2*rl*cos(thetale)-2*rd*rl;

thetale=2*atan( (-b+sqgrt((b”2)-4*a*c))/(2*a));
delx=r4/2-r2*cos(theta2e)+r2/(2*cos(thetale))+...
rl*sin(thetale) *tan(theta2e)-...

sgrt ((rl)~2-{r2*sin(theta2e)+rl*sin(thetale))"2);

reszz (i, :)=[theta2e thetale delx];

i=i+1;
end

reszz

plot(reszz(:,1),reszz(:,3),"'*")
xlabel('therale')

yvlabel ('delx")

grid

55
Copyright 2011, AHMCT Research Center, UC Davis



Results (Appendix B)

rl =
09
2=
0.6
r3=
09
4 =
1.2
reszz =
02 01 Ax

-0.34907 1.5023  -0.54599
-0.31416 1.4842  -0.49804
-0.27925 14638  -0.4484
-0.24435 1.4412  -0.39704
-0.20944 14165  -0.34402
-0.17453 1.3898  -0.28943
-0.13963 1.3611 -0.23342
-0.10472 1.3307  -0.1762
-0.069813 1.2987  -0.11802
-0.034907 1.2654  -0.059181
0 1.231 2.2204e-016
0.034907 1.1957 0.059181
0.069813 1.1598 0.11802
0.10472 [.1235 0.1762
0.13963 1.0872 0.23342
0.17453 1.0509 0.28943
0.20944 1.0151 0.34402
0.24435 0.97971 0.39704
0.27925 0.94505  0.4484
0.31416 09112 0.49804
0.34907 0.87828  0.54599
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Appendix C

MATLAB Program for the Direct Kinematics
Solution for the Position

This appendix includes the direct kinematic solutions for the position (xpl, ypl, zpl) of
the end-effector of BASRS. The base rotation angle is 8,.The offset between the arm and
the end-effector is a2 and its value is given in cm. The arm extension length d; and the
translation of the end-effector along its z-axis ds, are also given in cm. The MATLAB

program and the results are provided below:

global thetal xpl ypl zpl

az2=1
dz2=10
d3=10

zpl=d3;

resdp=zeros (21,4);

i=1

for thetal=0.0:pi/40:pi/2
xpl=a2.*(1l-(tan(thetal)).”2)/(l+(tan(thetal)) .”2)-
d2.*(2.*tan(thetal))/(1+(tan(thetal))."2);
ypl=a2.*(2.*tan(thetal))/(1l+(tan(thetal)).”2)+d2.*(1-
(tan(thetal)).”2)/(l+(tan(thetal)).”2);

resdp (i,:)=[thetal xpl ypl zpll];

i=i+1;

end

resdp

subplot (3,1,1),plot (resdp(:,1l),resdp(:,2),'*")
title ('Direct solutions for the position')

ylabel ('xpl')

grid

subplot (3,1,2),plot (resdp (:,1),resdp (:,3),'*")
ylabel ('ypl!')

grid

subplot (3,1,3),plot (resdp(:,1l),resdp(:,4),'*")
xlabel ('thetal')

ylabel ('zpl')

grid
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Results (Appendix C)

a2 =
1
d2 =
10
d3=
10
i=
1
resdp =
6, xpl ypl zpl
0 1 10 10
0.07854  -0.57666 10.033 10
0.15708  -2.1391 9.8196 10
0.23562  -3.6489 9.3641 10
0.31416  -5.0688 8.678 10
0.3927 -6.364 7.7782 10
047124  -7.5024 6.6869 10
0.54978  -8.4561 5.4309 10
0.62832  -9.2015 4.0412 10
0.70686  -9.7204 2.552 10
0.7854 -10 L 10
0.8639%4 -10.033 -0.57666 10
0.94248 -9.8196 -2.1391 10
1.021 -9.3641 -3.6489 10
1.0996 -8.678 -5.0688 10
1.1781 -1.7782 -6.364 10
1.2566 -6.6869 -7.5024 10
1.3352 -5.4309 -8.4561 10
1.4137 -4.0412 -9.2015 10
1.4923 -2.552 -9.7204 10
1.5708 -1 -10 10
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Appendix D

MATLAB Program for the Direct Kinematics
Solution for the Orientation

This appendix includes the direct kinematic solutions for the orientation (u4x, udy, u4z)
of the end-effector of BASRS. The angle of rotation of the end-effector around its z-axis

is 4. The mATLAB program and the results are given below:

global ud4x udy udz thetad
udz=0;

resdo=zeros (21,4);
i=1;

for thetad4d=0.0:pi/40:pi/2
udx=(1l-(tan{thetad4)).”2)/(1l+(tan(thetad)) .”2);
udy=(2.*tan(thetad4))/(1l+(tan(thetad)) .”2);

resdo(i, :)=[thetad udx udy udzj};
i=i+1;
end

resdo
subplot (3,1,1),plot (resdo(:,1),resdo(:,2),'*")

title ('Direct solutions for the orientation')
ylabel ('udx')

grid

subplot (3,1,2),plot (resdo (:,1),resdo (:,3),'*")
ylabel ('udy')

grid

subplot (3,1,3),plot (resdo(:,1l),resdo(:,4),"'*")
xlabel ('thetad')

yvlabel (‘udz')

grid
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Results (Appendix D)

resdo =
0, udx udy udz

0 1 0 0
0.07854 0.98769 0.15643 0
0.15708 0.95106 0.30902 0
0.23562 0.89101 0.45399 0
0.31416 0.80902 0.58779 0
0.3927 0.70711 0.70711 0
0.47124 0.58779 0.80902 0
0.54978 0.45399 0.89101 0
0.62832 0.30902 0.95106 0
0.70686 0.15643 0.98769 0
0.7854 1.1102e-016 1 0
0.86394  -0.15643 0.98769 0
0.94248  -0.30902 0.95106 0
1.021 -0.45399 0.89101 0
1.0996 -0.58779 0.80902 0
1.1781 -0.70711 0.70711 0
1.2566 -0.80902 0.58779 0
1.3352 -0.89101 0.45399 0
1.4137 -0.95106 0.30902 0
1.4923 -0.98769 0.15643 0
1.5708 -1 1.2246e-016 0O
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Appendix E

MATLAB Program for the Inverse Kinematics
Solution for the Position

This appendix includes the inverse kinematic solutions for the position (xpl, ypl, zpl) of
the end-effector of BASRS. The angle of rotation of the base of the arm is 0;, d; is the
extension length of the arm and a; is the offset between the arm and the end-effector. The

MATLAB program and the results are given below:

global resdp resip xpl ypl zpl thetal d2 d3 broi a2

a2=0.1
xpl=resdp(:,2);
ypl=resdp(:,3};
zpl=resdp(:,4);
d3=zpl;

broi=length (xpl);
resip=zeros(broi, 6);

for j=1:broi
thetal (j)=atan((ypl(j)-sqart((ypl(j))."2-((a2)."2-
xpl(J).”2)))/(xpl(j)+a2));

d2(j)=-(2.*tan(thetal(j)).*xpl(j))/(1+(tan(thetal(j)))."2)+(1-
(tan(thetal(3j))).”2) .*ypl(j)/(l+(tan(thetal(j)))."2);

resip(j, :)=[xpl(j) ypl(j) zpl(3j) thetal(j) d2(j) d3(j)l:

end

resip

subplot (3,1,1),plot3 (resip (:,1),resip (:,2),resip (:,4),'*")

title ('Inverse solutions for the position')

$xlabel ('xpl')

$ylabel ('ypl')

zlabel ('thetal')

grid

subplot (3,1,2),plot3 (resip(:,1),resip (:,2),resip (:,5), ' *")
$xlabel ('xpl’)

$ylabel ('ypl"')

zlabel ('d2')
grid
subplot (3,1,3),plot3 (resip (:,1),resip (:,4),resip (:,6),'*")

xlabel ('xpl')
ylabel ('ypl')
zlabel ('d3')
grid
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a2 =

resip =
xpl

1
-0.57666
-2.1391
-3.6489
-5.0688
-6.364
-7.5024
-8.4561
-9.2015
-9.7204

-10

-10.033
-9.8196
-9.3641
-8.678
-71.7782
-6.6869
-5.4309
-4.0412
-2.552
-1

ypl

10
10.033
9.8196
9.3641
8.678
7.7782
6.6869
5.4309
4.0412
2.552
1
-0.57666
-2.1391
-3.6489
-5.0688
-6.364
-7.5024
-8.4561
-9.2015
-9.7204
-10

zpl

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
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6,

0
0.07854
0.15708
0.23562
0.31416
0.3927
0.47124
0.54978
0.62832
0.70686
0.7854
0.86394
0.94248
1.021
1.0996
1.1781
1.2566
1.3352
1.4137
1.4923
1.5708

d;

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

d;

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
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Appendix F

MATLAB Program for the Inverse Kinematics
Solution for the Orientation

This appendix includes the inverse kinematic solutions (u4x, udy, u4z) for the end-effector
of BASRS, where 0, is the angle of rotation of the end-effector around its z-axis.

The MATLAB program and the results are given below:

global resdo resio udx udy udz thetad broi
udx=resdo(:,2);

udy=resdo(:,3);

udz=resdo(:,4);

broi=length(u4x) ;

resio=zeros(broi,4);

for j=1l:broi

thetad (j)=atan(udy(j)/ (udx(j)+1));

resio(j, :)=[udx(j) udy(j) udz(j) thetad(j)l;
end

resio

plot3 (resio(:,1),resio(:,2),resio(:,4),'*")

title('Inverse solutions for the orientation')
xlabel (‘udx')

yvlabel ('udy’)

zlabel ('thetad')

grid
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Results (Appendix F)

resio =
udx udy udz 0,

1 0 0 0
0.98769 0.15643 0 0.07854
0.95106 0.30902 0 0.15708
0.89101 0.45399 0 0.23562
0.80902 0.58779 0 0.31416
0.70711 0.70711 0 0.3927
0.58779 0.80902 0 0.47124
0.45399 0.89101 0 0.54978
0.30902 0.95106 0 0.62832
0.15643 0.98769 0 0.70686
1.1102e-016 1 0 0.7854

-0.15643 0.98769 0 0.86394
-0.30902 0.95100 0 0.94248
-0.45399 0.89101 0 1.021
-0.58779 0.80902 0 1.0996
-0.70711 0.70711 0 1.1781
-0.80902 0.58779 0 1.2566
-0.89101 0.45399 0 1.3352
-0.95106 0.20902 0 1.4137
-0.98769 0.15643 0 1.4923
-1 1.2246e-010 0 1.5708
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Appendix G

MATLAB Program Giving the Relation between
the Task Coordinates and the Robot-manipulator
Actuator Space Variables

This appendix includes calculations of the end-effector translation along its z-axis (zres),
for compensating the tilt motion 6. The width of the painted line, w, is given in cm.
The size of the second bar of the four-bar linkage of the end-effector of BASRS is r2
and is given in cm. The initial length, between the road and the painting nozzle, which

is rigidly connected to the end-effector, is zinit, given also .in cm. Alpha is the spray

angle and is measured in radians. The MATLAB program and the results are given below:

global theta2e zres zinit d3

r2=0.6
w=0.2

alpha=8*pi/18

zinit=w/ (2*tan(alpha/2))
reszz=zeros(21,4);

i=1;

for thetal2e=-pi/9:pi/90:pi/9

d3=(r2/2) *sin(theta2e);
zres=zinit-d3;

reszz (i, :)=[{theta2e zinit d3 zres];
i=i+1;
end

reszz

subplot(2,1,1),plot(reszz(:,1),reszz(:,3),"'*")
ylabel ('d3(*)")
grid

subplot(2,1,2),plot(reszz(:,1),reszz(:,4),'*" ,reszz(:,1),reszz(:,2),'0’
)

xlabel ('thetale’)

yvlabel ('zres(*) zinit (o} ')

grid
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2=

0.6000

0.2000

alpha =

1.3963

zinit =

0.1192

reszz =
0.

-0.3491
-0.3142
-0.2793
-0.2443
-0.2094
-0.1745
-0.1396
-0.1047
-0.0698
-0.0349
0
0.0349
0.0698
0.1047
0.1396
0.1745
0.2094
0.2443
0.2793
0.3142
0.3491

zinit

0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192
0.1192

d;

-0.1026
-0.0927
-0.0827
-0.0726
-0.0624
-0.0521
-0.0418
-0.0314
-0.0209
-0.0105
0
0.0105
0.0209
0.0314
0.0418
0.0521
0.0624
0.0726
0.0827
0.0927
0.1026

zres

0.2218
0.2119
0.2019
0.1918
0.1815
0.1713
0.1609
0.1505
0.1401
0.1296
0.1192
0.1087
0.0982
0.0878
0.0774
0.0671
0.0568
0.0466
0.0365
0.0265
0.0166
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Appendix H

Link Coordinate System and its Parameters

This appendix presents a general description of a link coordinate system and its

parameters.

Jointi + 1

9:+|

Joint ¢
"l l‘,e

S——-

Linki + 1

X -1

Link coordinate system and its parameters.

The Denavit-Hartenberg representation of a rigid link depends on:

. - joint angle from x, | axis to the x; axis about the z;.| axis;

d;- distance from the origin of the (i-1)-th coordinate frame to the intersection of
the z;.; axis with the x, axis along the z;.| axis;

a; - the offset distance from the intersection of the z;.; axis with the x; axis to the
origin of the i-th frame along the x; axis;

o; - the offset angle from the z;., axis to the z; axis about the x; axis (using the

right hand rule).
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Appendix I

Examples of the Inverse Kinematics Solutions
for Markings of the Letter “S”

In this appendix, data for two different examples, outlining the changes in location of the
end-effector, while painting the letter “S” are provided. The input of each case in these
two examples are the coordinates of a particular point of the letter “S” (Pxra, Pyra), as well
as the position of the base of the arm, which remains constant throughout the painting
process of the letter. The Mathcad simulations, shown in this appendix, calculate the
respective values for the end-effector location (base angle and extension length) for each

of these points.

In the first example the position of the base of the arm with respect to the road coordinate
system (Fig. 3.4) is chosen to be px, = 0.1905m (8 inches), pyw = Om and, as mentioned,
remains constant throughout the whole painting process of the letter. In that case the base
angle changes its sign two times due to the correlation between the chosen arm base

coordinates and the varying curvature of the letter.

The second example describes a different position of the arm base (-1, 0.762) meters,
which is equal to (-40, 30) feet. That means, that the arm base has been positioned further
away on the left of the letter coordinate space. That is the reason why the results for the
base angle show much higher values. In this example the base angle does not change

sign, due to the chosen position of the arm.
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Both examples show also the arm extension length for each point with respect to the
already calculated base angle. All angles have two values, which represent one and the
same angle in both first and second quadrant. The same holds true for the lengths of the

arm extension, which are directly calculated from the respective base angles.

Note that all the calculations, as well as the experimental results concerning the tilt

motion of the end-effector are shown in Chapter 2.
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FIRST EXAMPLE

CASE 1:
Coordinates of the first point of the letter "S":  Coordinates of the truck wrt the road:
Pxra := 0.3175m _
Pyra := 3.3528m Pxrp = 0.1905m
Offset value between the arm and Py = Om
the end-effector:
as:= 0.0I.m

The rotation of the end-effector around z-axis (see Fig.2.1):

1
[2'(_pxm + Pap + al):l

- - -,| -
' z.pyfb 2.Fyl'il 2. (pxrb Fxm) ( Fyrn Fyl’b) a..

ol

'["Zpyrb + z'pyr..\ - 2'[(pxrb - pxra)z + ("Pyra + pyrb)2 - a‘.’]

04,1 = 2-atan

l
[2'(_pxra + Pam t al)]

04,2 := 2-atan

04 =-178.002deg B4 ,=2.34deg Seeeqns (3.25) and (3.26)

0 , n:=1
The base rotation of the arm: To:= m"( 5 )
0

0 1,1= 178002ng 9[_2 = —234d€g see eqn. (317)
T=|-3285x 10° |deg

The translation of the arm along y-axis (see Fig.2.1): . 1.17
d - -[_(Tn)z'pym + (Tn)z'Pyrb +2-ayTy - Py ¥ Pyrb]
o 833{(1,)* - 1]

d, ; =0403m d, > =-0.403m see eqn. (3.23)

Note, that the relation between the tilt motion éZe and the ball-screw drive A x as well as the

compensation for the tilt, Zres, are given in Chap.2.

All the angles and lengths are presented in degrees and in meters, respectively.
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CASE 2:
Pxra := 0.3048m
Pyra := 3.556m

a,:= 0.0lm

1

Pxeb = 0.1905m

Pyrb *= Om

0, (= 2-atan|

1

L[Z'(_pxm + Pap t+ a2)]

-[-Zpyﬂ, + 2pya+ 2{ (Pro = Pars)” * (-Pyra * Pyet)” = ar’)

i

8,,2:= 2-atan

64‘ 1= -178.32 ng

0, := 178.32deg

L [2'(_pxm + Parb + al)]

'['2'pyrb + 2'pym - 2'[(pxrb - pxm)2 + (_pym + pyrb) - 322]

84 2= 2.002deg

T, = tan 5
8, = —2.002deg n=1..

0

T=|-3908x 10° |deg
1.001

'{—(Tn)z'pyra + (Tn)z'pyrb + Z'aZ'Tn ~ Pyra + pyrb]

d2.n =

d, ; =0427m
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8.33{(T.) - 1]

d> , =-0427m

(B
w

2
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CASE 3:

Pxra = 0.1905m Pxib := 0.1905m
Py = 3.81m Pyt = Om
a,:= 0.0im

64’1 = 2-ata

1 ..

2 (L 2
[2'(—pxm + Pxp t 33)] 'l:_z'pyrb + zpyra + 2[(px,-b - pxra) + ( Pyra t+ p)'l’b) a-]

1
[2'(—pxm + Pxp t a'_’)]

6]

'[_Z'Pyrb + z'pyra - 2'[(pxrb - pxra)z + ("Pyra + pyrb)2 - 322]

64'2 = 2-atan

T, := tan O4.n
04,1 =179.85deg 04,2 =0.15deg n 2

6, := —179.85deg 0,5 := —0.15deg
T =| 4366x 10* |deg
0.075

-[_(Tn)z'pyra + (Tn)z'pyrb + z'aZ'Tn ~ Pyna + Pyrb]

833{(1,)° - 1]

d, ; =045Tm d; 5 =-0457m
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CASE 4:

Pxra = 0.0508m
Pyra == 3.556m
a,:= 0.0lm

1

64 = 2-at
4t : anL [2'(_pxm + Pxp + a2)]

1
L[z'("pxra * Pxb t a2)]

04,5 := 2-atan|

04,1 =177.589 deg

8,,1:= —177.589deg

.|:_2.p),rb +2:pmt 2'[(erb - ern)

'l:_z'pyrb + 2y~ 2] (Pars = Pr)” + (~Pyra + Pys) - ]

Pxrb == 0.1905m

Py == Om

2

+ (~Pyra * pyrb)z - 332]

64' 2= -2.089 deg

0

6, 5= 2.089deg T=|2723x 10° |deg

~1.044

'{_(Tn)z'pym + (Tn)z'Pyrb + 2'aZ'Tn ~ Pyn + pyrb]

ds pi=

dz' 1= 0.427m
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CASE 5:

Pxra -= 0.0381m Pxrb = 0.1905m
Pyra := 3.302m Py = Om
a;:= 0.0lm

- -

I
L[z'(_pxm * Pxp t a2)] -

04, := 2-atan,

— —

1
L [2'(_pxm + Pxrb a2):'

04,5 := 2-atan,

94,1 =177.184 deg 94,2 =-2.469deg

8, 1:= —177.184deg 0 »:= 2.469deg

_[_(Tn)z'pym + (Tn)z'pyrb +2-axTy

2
) —z'pyrb + 2'pym + 2'[(pxrb - pxm)- + (_pyra + pyrb)z - al-] R

1 2Py + 2Py~ 2 (Prev = D) + (P * Py - a’ |

0
T, = tnn( 2. n)
2

0 n=1.2

T=|2331x 10° |deg
-1.235

~ Py + Pyrb:l

dz'n =

8.33{(T.)* - 1]

d2’1 =0.397m d2.2 =-0.397m
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CASE 6:

Pxra := 0.0508m
Py = 3m
a,:= 00lm

Pxp = 0.1905m

Pyrp == Om

' all
0,4 = 2-atan| C -|:—2-p +2:pya + 2-[(px,b - pm)2 + (-—pm + pyﬂ,)2 - azz] ? :l
4'1 U:Z'("pxrn + Pxp t a2)_] ™ g ]
— (l)]j
1 2 1 S
84.2= 2-atanL [2'(‘Pm + Pa + a:)] '[—Z'Pyrb + 2Py — 2'[(erb - Pm)7 + ("Pym + Pyrb) - 32] |

0,,) = 177.143 deg

0 1,1 = 179168deg

e-t,n
8, 5 =-2.475deg T, = tanf ——
2 n:=1.2
8, 1:= —1.24deg 0
T ={2298x 10° |deg
-1.238

'['(Tn)z'Pym + (T) Pyo + 222 T = Pyra + Pyrb]

d» n-=

ds  =036lm
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dz'z =-0.361m
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CASE7:

Pxrb = 0.1905m
Pxm = 0.1905m
Py := Om
Pyra = 2.794m
a,:= 0.0lm
1 2 2 2]
04,1 := 2-atan | =2Pyp 2Py + 2'[(erb - pm) + (—pym + py,.b) -a

L[z'(_pxm + Pxp * a2):'

1 2 2 2
64'3 = 2-atan -|:—2-py,b + 2-pym - 2'[(erb - pm)‘ + (—pyrn + py,b) - a;]

L[z'("pxra + Pxib t a2)]

94‘1 = 179.795 deg 94’2 = 0205deg
T, = tan| —
0, ;= -179.637deg 8, 5= —0.047deg 2 ni=1.2

T=|3202x 10* |deg

0.103
4 o= {_(Tn)z'Pyra + (Tn)z'pyrb +2:arTy = Pyra + pyrb]
o 8.33{(T.) - 1]
dy 1 =0335m dy 5 =-0335m
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CASE 8:

Pxep := 0.1905m
Pxna == 0.254m Pyrb = Om
Py = 2.54m
a, = 0.0lm
)]
2 ]
64-‘ = 2-an l '[—2'pyrb + z‘pym + 2'[(erb - pxm)- + (_pyra + pyrb) - a‘l]

[2'(_pxm + Pxp t a2):'

i

'\:‘2'pyrb + 2'pyra - 2'[(pxrb - pxm)2 + (_pym + pyrb)z - al-]

19| =
N
—

1
[2'(-pxm + Parb t aZ)]

6,4 ,:= 2-atan

0
Ty = tnn(——'—)
04 =-178.793 deg 84, = 1.658deg 2
) n:=1.2
0
0, 1:= 178.793deg 8, ,:= -1.658deg

T=| -5.441 x 10° |desg
0.829

_['(Tn):'l"yu * (Tn):'pyrb + 2-83-Tn ~ Pyna + pyﬂ:]

833(T,) - 1]

da =

d, ; =0305m dy »=-0305m
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CASE 9:

€

Pxn == 0.3048m Pxb == 0.1905m
Pyra = 2.286m Py = Om
a,:= 0.0lm
: 2
94,1 = 2-atal [2.(_p + P a’)] ~[-—2-Pyﬂ, + 2'Pyra + 2'[(erb _ me)z + (—Pyra " Pyrb)z _ 32]
xra xrl )

-[—z-p,,., + 200~ 2] (paso ~ Par)’ + (Pyra + Pys) = 32

1
94'3 = 2-ata
[2'("pxm + Pxrb t 2\3)]
0
Ty = tan(-%)

94'1 =-177.388 deg 94,2 = 3113deg n=1.2
0

6,,) = 177.388deg 0y 5:= —3.113deg

T=|-2513x 10° |deg
1.557

‘[_(Tn)z'pym + (Tn)z'pyrb + 2'aZ'Tn ~ Pym + Pyrb]

833{(1,)?- 1]

dZ,l =0.275m dz’z =-0.275m
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CASE 10:

Pxra = 0.3175m Pxeb = 0.1905m
xra - .
Pyra := 2.032m Py := Om
a,:= 0.0lm
all
l 2 5 9\2
94,1 = 2-ata [2-(—p +Pxp t+ @ )] -[_Z'F’yrb + Z-Pym + 2'[(pxrb - pxm) + (—pym + pyrb)" B a:] —
Xra X 2 ]

ol

-[-2-pyrb + 2-Pyra — 2-[(pm, - Pr)’ + (Pyra + Pyr)” — azz] ]

1
0,4, := 2-au
[2'(-me + Pxib t al)] J
e-t.n
84,1 =-176.705deg 6, > =3.858deg T, := tan —2—-
0, := 176.705deg 6, >:= -3.858deg ne=1.2

0
T=|-1992x 10° {deg

1.93
JHT) Py + (T By + 202 Ta = Pyra* Py
dsy = S ]
8.33-[(Tn)’ - 1]
dy ; =0244m d, , =-0244m

Copyright 2011, AHMCT Research Center, UC Davis

79



CASE 11: Pub = 0.1905m

Pxma == 0.254m Pyb = Om
Pyra = 1.778m
a,:= 0.0lm
- - (l)--
1 2 x _3\?
64.1 = 2-atan 'L—z'pyrb + z'pym + 2'[(pxrb - pxm) + (_pyra + pyrb) - al] i

_ ’ 6

1 2 2
'L_Z'pyrb + 2'pyra - 2'[(pxrb - pxm)2 + ("pym + pyrb)’ - a;’] ]

84, ,:= 2-atan

L [2'("pxrn * Pxb t a'.’.)] R

L[Z‘(-me + Py + 23] |

]
84, =-178277deg 6,5 =2.367deg T,:= mn(_%)
8,,,:=178277deg 8, 5:= —2.367deg n:=1.2
0

T=|_3.809x 10’ |deg

1.184
d — {_(Tn):'pym + (Tn)z'pyrb + z'al'Tn ~ Py + pyr]
- 833{(1,)* - 1]
dz'l =0.214m d3'2=—0.214m
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CASE 12:

Py = 0.1905m Py = 0.1905m
Pyra:= 1.7272m Py -= Om
a,:= 0.0lm

l =
1 l: 2 2 2](5):‘
04,1 = 2-ata [2'(‘Pm P az)]. 2Py + 2Py + 2-[(p,“.b - pm) + (—pym + py,b) ) _
[ (l)F
1 2 s a2
85,2:= 2:ata [2‘(‘Pm + Parp + az):l. ~2:Pyb + 2Pyra ~ 2'[(pxrb - Pxm) + (-Pyma + Pyrb) - 32] |
64.n
84,1 = 179.668 deg 04,5 = 0.332deg n=1.2 T, = tan -—2—
)
8, ,:= —179.668deg 6, »:= —0.332deg T=| 1979% 10* | deg
0.166
do = "['(Tn)z'Pyra * (Tn)z'wa +2:ayTy =Py + Pyrb]
o 833 (1,)* - 1]
dZ,l =0.207m dz'z =-0207m
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CASE 13:

Pxib = 0.1905m
Pxra := 0.0762m Py = Om
Pyra = 1.778m
a,:= 0.0lm
1
94'1 = 2-ata

[2(-Pxa * Paro * 22)]

1
84,2 := 2-atan
[2'(’pxm + Pxp t

04,1 = 176deg 64,2 =-3.35Tdeg
8, ,:= —176deg

0,2 := 3.357deg

‘["(Tn):'psn + (Tn):'pyrb + 2'aZ'Tn = Pyn + pyrb]

8.33[(T,)* - 1]

dz" =0214m d

[
(5

=-0.214m
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)]
L_z'pyrb + 2'Pym + 2-[(erb - pxm)2 + (_pyrn + pyrb)2 - 322] )

- | 2Py + 2Py = 2] (Pres ~ Para)” + (=Pyra * Pyt)

2 2

6
Ty:= tan(-—“'—rl)
2

n:=1.2
0

T=| 1.641x 10° {deg

-1.679
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Pxrb = 0.1905m

CASE14:
Pxra .= 0.036m Py = Om
Pyra := 2.032m
a, = 0.0lm
(1)]
1 2 BT A
04 y:= 2-at -[—Z-p + 2Pt 2 (p = pm) + (_pym+ pyrb) 32]
4,1 ata [2'("me + P + 32)] yrb yra [ x
(1)]
1 [ 2 23PN
5= 2 o =2- +2-Pyra— 27| {Pxo — P +(—p +py,t,) az]
04,2:= 2-ata [2-(—[),‘” Pt az)] Pyb yra [( xrb xra) yra
(%]
T, := tan
94 1= 175.371 deg 64'2 = —4067ng 2
' n=1.2
0
0, ;= ~175.371deg 0, = 4.067deg \
' T=|1418x 10° {deg
-2.034
4o = {_(Tn)z'pyra + (Tn)z'Pyrb +2-ayTy —pym + pyrb] '
o 833{(T.)> - 1]
d2,l =0.245m dz'z =-0.245m
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CASE 15:

Pxra := 0.036m Pxrb = 0.1905m
Pyra *= 2.159m Py == Om
a,:= 0.0lm

L 4]

2 2 2
= 2. g =2 2. 2. - iy g +p -a>
B4,1:=2 atanL [2'(—Pm A az)] | —2Pyp + 2'Pyra t [(erb era) ( Pyra yrb) ]

] 49

| =2 2. - 24(pe - L Pyra *+ P -2,
L_[z'(_me + Pxp t az)] L= Pyd ¥ £'Pyra [(p tb me) ( yra Yl'b) ]

. B4.n
Tp= tan(——z—)

0

0,4,5:= 2-atan

84, = 175.642deg 84,2 = —3.828deg ni=1.2

0= -175.642deg" 0,2 := 3.828deg T=| 1.506x 10° |deg
-1915

-[—(Tn)z'Pym + (Tn)z'Pyrb + 2'32'Tn =~ Pyra + pyrb]

8.33{(T.)* - 1]

d2,l =0.26m d2,3=—0.26m
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SECOND EXAMPLE

CASE 1.
Coordinates of the first paint of the letter "S":  Coordinates of the truck wrt the road:
Pxrz := 0.3175m
yra '= 3.3528m ' Pxr = —1m
Ofiset value between the arm and Py = 0.762m

the end-effector:

a;:= 0.0lm

The rotation of the end-effector around z-axis (see Fig.2.1):

- (l
1 3 :

|:2.(--pxm + Pary + a:)]- “2:pyy + 2Py + 2'[(erb - era)- + (—pym + pyrb)- _ 32.] |

o , ol

04, = 2-atan

r

'L_"z'pyrb + 2'pyra - 2'[(erb - pxm)- + (_pyra + pyrb)- - 322] ]

04 - := 2-atan
4 [2'(_pxm + Pxp t al)] ]

0,4 1 =—153.242deg 04 ,=27.152deg  see eqns (3.25) and (3.26)
T,:= tan —— n
The base rotation of the arm:
-240.898 |deg
13.836

0, 1= 153.242deg 0,2:= -27.152deg  see eqn. (3.17)

The translation of the arm along y-axis (see Fig.2.1):

{_(Tn)z'pym + (Tn)z'pyrb + z'aZ'Tn ~ Py + pyrb]

833{(1,) - 1]

dy ;=0.349m d; »=-0.349m

dz'n =

see eqn. (3.23)

Note, that the relation between the tilt motion @,, and the ball-screw drive A x as well as the

compensation for the tilt, Zres, are given in Chap.3.

All the angles and lengths are presented in degrees and in meters, respectively.
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CASE 2:

Pxra = 0.3048m
Pyra = 3.556m
a,:= 0.0lm

1

0, (:=2-at
1 anL [2'("me + Pxp t a'.’.)]

i

'[_2'pyrb + z'pym + 2'[(pxrb - pxra)2 + (—pym + pyrb)z - 322] |

8,4, - = 2-atan

L[Z’('me + Pxib + aZ):l

04 1 = -155.153 deg

0,1 := 155.153deg

‘[’(Tn):'pyra + (Tn)2

Pxrb = -im

Pyrb := 0.762m

~

'[_z'pyrb + 2'pyra - 2'[(pxrb - pxm)2 + (_pym + pyrb)‘2 - al-:l |

64’2 = 25218deg

0,4,
Tp= tan( > n)

0
-260.09 |deg
12.817

0, 5= —25.218deg n:=1.2

T=

Py + 2-a, T, - Pyra + pyr]

dy q=

dl,l =037m

Copyright 2011, AHMCT Research Center, UC Davis

8.33{(T.)* - 1]

86



CASE 3:

Pxra := 0.1905m Pxrb = —1m
= 0.762
Py = 3.81m Py m
a,:=0.0lm
)
1 2 2 2] 2
04,1 := 2-ata - —2-py,.b + 2-p),m + 2'[(erb - pm) + (‘Pym + pyrb) —-a,

[2'(‘Pm + P + 82

1
[2'(_pxra + Pxrp T aZ):I

'I:_z'pyrb + 2'pyra - 2'[(pxrb - pxm)z + (_pyrn + pyl'b)2 - a22]

6
T, := tan( 4'")
2

6, 5= -21.51deg 0
T =| -306.754 |deg

10.883

04,2 = 2-atan

04,1 = -158.84deg B4 2 =21.51deg

n:=1.2
0, := 158.84deg

_[—(Tn)z'pym + (Tn)z’pyrb + 2-ay Ty - Py t+ pyrb]

833 (1,)* - 1]

d>;=0393m d> » =-0.393m

(B}
[

»
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CASE 4:

Pxra := 0.0508m Pxib = —lm
Pyra = 3.556m Py := 0.762m
a,:= 0.0lm

1
L [2'("pxm + Pxib t 32)]

84,1 := 2-atan '[_z'pyrb + 2Py + 2-[(pm = Pxra)” + (~Pyma * Pyw)” - af]

1

64,2 = 2-atan ’[-2'pﬁb + z'pym - 2'[(pxrb - pxm)2 + ("pym + pyrb)z - alz:l

L[z'("pxm + Pxep T+ a:’.)]

04,1 =-159.581 deg 6,4, 5 =20.803deg

n:=1.2
0
0, ;= 159.581deg 8, 5:= -20.803deg T=| -318.135 |deg
10.517
d _ '[—(Tn)z'pym + (Tn)Z'Pyrb + 2'aZ'Tn ~ Py + Pyrb]
. 8.33{(T.) - 1]
dZ,l =0358m d2'2 =-0.358m
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CASE &:

Pxma := 0.0381m Pxrb == —1lm
Pyra = 3.302m Py := 0.762m
a,:= 0.0lm

1

84,1 1= 2-atan 1 =2Pyb + 2Py + 2-[:(px,b - pm)2 +(-Pyna + pyd,)2 - nzz]

L[z'('me + Prb + az)]

] i

| -2 2.0 = 2- - 24 (- 2 )
L[z.(_pxra + Pxp t 33)] - 2 Pyo + ZPym [(pxrb pxra) * ( Py * pyrb) a']

04,2 := 2-atan|

0
64‘1 = —157.979 deg 94'2 = 22'439 deg Tn = tan( ;’n)
0, 1= —177.184deg 8, 1= 2.469deg n:=1.2
0
T =| -294.472 |deg
11.365

~ (T Py * (Ta) Py * 222 Ta =Py p,r]

833{(T.)* - 1]
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CASE 6:

Pxm = 0.0508m Pxb = —lm
Py = 3m Pyrp = 0.762m
a,:= 0.0lm

2 2(
20 - +a)]‘L‘z"”"’”“’m*2’[("“‘%)2*(-Pm+Pm) -a] ]
L ‘\"Pxna xrb 2 ]

_ _ (1
1 . a\2

{ =2:Pyib + 2Py = 2'[(pxrb — Para)” *+ (Pyra *+ Pym) ~ az‘] ]

04, := 2-atan

04,7 = 2-atan

L[z'("me + Pxrp a‘_’)] - ]

e-i,n
04,1 = —155.08deg 84,2 =25.383deg T,:= tan( 5 ) 1
01,1 := 155.08deg 8,2 := —25.383deg 0
T = -259.306 |deg
12.903
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CASE 7:

Pxeb = —lm
Pxra == 0.1828m
Py == 0.762m
Pyra i= 2.794m
a,:= 0.0lm
[ 1
l 2 L) - 5
84,1 := 2-ata L =2 Py + 2Py t 2'[(pxrb - Pxra) + (~Pyra + Pyw) ~ 32-]

[2:(-Para + Pxe + 22)]

— (l
-
+ I\~

0,4 ,:= 2-ata L -L—2-pyﬂ, + 2Py — 2'[(erb - pm)2 + (—pyﬂl + pyﬂ,)2 - a,‘]
” [2'(_pxm + Pxep + aZ)] ™ )
0,4, =—150.041deg 04,2 =30.447deg 0
T, = tan( - )
8,1 = 150.041deg . 0y, 5:= -30.447deg ni=1.2
0
T =] -214.134 |deg
15.592
{_(Tn)z'Pym +(To) Py + 285 To = Py pyrb]
dz'n = ]
8.33-[(T,,)' - 1]
dl,l =0.282m d‘_)_“_)' =-0.282m
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CASE 8:

Pxra := 0.254m Pxrp = —1m
Pyra i= 2.54m Py := 0.762m
a,:= 0.0lm
!
! 2 k] b 5
84,1 := 2-atan 1 2Py *+ 2Py + 2'[(pxrb - Pxra) + (-Pyat Pyb) — a:']

[2-(—pm + Parb + a:)]

1

5]

‘[—Z'Pyrb + 2Py — 2'[(erb - Pm)2 + (_pym + Pyrb)2 - 322]

94"_7 = 2-ata
[2'(_pxm + Pxrb t 32)]
94 n
T, := tan
04,1 = —145.069 deg 04,5 = 35.458deg 2
n:=1.2
8, ;= 145.69deg 0, 5= —35.458deg 0
T =1 -182.099 |deg
18.317

{'(Tn):'p\m + (Tn):'pyrb +2-a>Ty - Py t pyrb]

833 (1) - 1]

d> =

ds ; =0.261m dy o =-0261m
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CASE 9:

Pxra = 0.3048m J Pxb = —1lm
Pyra °= 2.286m Pyrb -= 0.762m
a):= 0.0lm

1

04,1 = 2-atan

1

L[z'(_pxm + Pxp t+ aZ)]

04,2 := 2-atan

64,1 =-139.717 deg

5] 1.1 = l39717deg

—["(Tn)z'Pym + (Tn)z'pyrb + 2'aZ'Tn ~ Py + pyrb]

L_[Z'(—pxm * Pxeb T al):l

'l:_z'pyrb + 2'pyrn + 2'[(er’b - pxra)z + (_pym + pyrb)2 - 322]

'[_2'pyrb + 2:pyra = 2] (Puro = Prra) * (“Pyra + Pyee)” - ar’

64,2 =40.855deg

0, 2= —40.855deg

dZ,n:=

d2.l =024Im

Copyright 2011, AHMCT Research Center, UC Davis

d,,

833{(1,) - 1]

[N]

=-0.241m

T=|-156.215 |deg
21.339
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CASE 10:

Pxra == 0.3175m Pxrb -= —Im
Pyra = 2.032m Py = 0.762m
a,:= 0.0Im

. 2 ]

2 b
.[—2. + 2D + 2- - + (=pua + Do)’ — 22
L [2'('pxra + Pxib t az)] Py Pyra [(p’“'b me) ( Pyra yrb) ]

. e

| [2:(-Paca + o + 23] '[’Z‘Pyrb + 2Py ~ 2-[(erb —Pxna)” + (“Pyra + Pyrv) — az]

04, = 2-atan

0,4, ,:= 2-atan

0
04, =-134261deg 6, =46.365deg T, = mn(_‘;ﬂ)
91,1 = 134.261d€g 61.2 = —46'365deg L 12
0 = 1.
T =| -135.841 |deg
24.536

_ {"(Tn)z'Pyrn + (Tn)z'pyrb + z'aZ'Tn = Pyna + pyrb]

833{(1.)7 - 1

d- 1 =022m d2‘2=—0.22m
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CASE 11:

Pxm = 0.254m Pxb = —lm
Pyra:= 1.778m Py == 0.762m
a,:= 0.0lm

l

2

64,1 = 2-atan] '[—z'pyrb + 2pym + 2[(pxrb - pxm) + (_pym + pyrb)2 - 822]

1 '|:"2'pyrb + 2Pyra = 2‘[(erb - pm)2 + (—py,;l + pyﬂ,)2 - azz]

04,7 := 2-atan

L_[z'(_pxra + Pxp T al)] .

L[z'(—pxm + Pxrb t a'.’)] J

840
04,1 =-129.37 deg 64 > =51.34deg Tp:= tan(—z—-)
n:=1.2
0, 1:= 129.37deg 6, 2:= =51.34deg
0
T=|-121.127 |deg
27.538
{—(Tn):'pm + (Tn)-'pyrb + z'aZ'Tn ~ Pyna + Pyrb]
d>ni= S
s.33~[(T,,)- - 1]
dz'l =0.194m d3.3=—0.l94m
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CASE 12:

Pxra := 0.1905m Pxrb = —1m
Py = 1.7272m Pyrp := 0.762m
a,:= 0.0lm

1
[2‘(—pxm + Pxrb t+ a‘_’)]

04,1 := 2-ata -l:—z-py,b + 2Py + 2'[(erb - pm)z + (~Pyma + pyﬂ,)2 - azz]

<

1
[2'(—pxm + Pxb t aZ)]

2

'l:—z'pyrb + 2'pym - 2'[(pxrb - pxm)2 + ("pym + pyrb) - 32.]

04,1 := 2-atan

0,1 =-129407deg 8, ,=51.34deg ni=1..2 T, = tan(e;“)
0
0y,1:= 129.407deg 8, .= —51.34deg T=|-12123 |deg
27538

{_(Tn)z'pyrn + (Tn):'Pyrb +2-ayTy =Py t+ pyrb]
8.33[(T.) - ]

d, , =0.184m dy ,=-0.184m
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CASE 13:

Pxm = 0.0762m
Py = 1.778m

a,:= 0.0lm

1

Pxib = —1m

Py == 0.762m

04,1 = 2-atan|

i

L[z'('pxra + Pxp + a2)]

04,2 = 2-atan

94’ 1= -133.739 deg

Bm = 133739deg

L[Z'(—me + Pxp a2)]

94’2 = 47.035 deg 04
T, := tan =
2
0, 2:= —47.035deg
0
T=|-134.13 |deg
24.934

-[_(Tn)z'pyra + (Tn)z'pyrb + z'a‘_"Tn ~ Pyra + Pyrb]

dy 1 =0.178m
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dz'z =-0.178m

'L_Z'Pyrb + z'pym + 2'[(pxrb - pxm)2 + (_pym + pyrb)z - 322]

120y + 2Py = 2 (Paro = Prs) + (P * Pye) - ar’)
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CASE14:

Pxp = —lm
Pxra = 0.036m Py i= 0.762m
Py = 2.032m
a,:= 0.0lm
5]
2
1 2 2 3N
0, 1= 2-ata -[—Zpyﬂ, + 2Py + 2-[(pm = Pxw) + (Pym + Pyos) - “2]

[2'(-me + Pxo + az)]

2

Sl

+ (Pt pyrb)z - "‘32]

04,2:= 2-atan 1 '[—Z'Pyrb + 2'pym - 2'[(pxrb - era)

) [2'(_pxm + Pxrp aZ)]

e4,n
T, = tan| —
04 | =-141.144 deg 04,5 =39.555deg 2
' n:=1.2
8, | := 141.144deg 0, »:= —39.555deg 0
' T =| -162.446 |deg
20.603

dZ,l =0.197m d2'2=—0.197m
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CASE 15:

«ra = 0.036m
Pym = 2.159m
2,:= 0.0lm

1

84,1 := 2-atan

1

L [2'(_?xm + Pxb T al)]

04,1 = —143.769 deg

6,1 = 143.769deg

L[z'(_pxm + Pxb t 33)]

Pxib = —lm
Dy := 0.762m

2 2 3
‘L_z'pyrb + z'pym + 2'[(pxrb - p.\m)- + (_pym + pyrb) - al]

{ =2Pyp + 2Pyra = 2 (Pase ~ Para) * (P * o) - ar|

04 2 = 36.89deg

0, 1= —-36.89deg

ey
=

= -1731 ‘}d&.
19.11

=1.2

"[_(Tn)z'pyra + (Tn):'pyrb + Z'aZ'Tn ~ Py + p)Tb]

d‘_v'n =

d.’.,l =0.209m
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1
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Section IV:
Appendix C

Mechanical Redesign of Big Articulating Stenciling Robot End Effecter Employing
a Novel Mechanism for Paint Spray Gun Orientation Control
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CHAPTER 1: INTRODUCTION

The need to improve the safety and efficiency of highway maintenance motivated the
work performed by the Advanced Highway Maintenance and Construction Technology
Research Center (AHMCT) to develop the Big Articulating Stenciling Robot (BASR). Each
year highway maintenance workers suffer injuries caused by accidents with passing motor
vehicles. Automation of roadway marking operations will reduce the possibility of injury by
removing the maintenance worker from hazardous roadside situations and placing the worker
within the security of a maintenance vehicle. Section 1.1 describes the technique presently
employed by state highway maintenance workers to create roadway markings on state
highways. Section 1.2 presents the results of a search for current automated roadway
marking systems. Section 1.3 describes the approach taken by the AHMCT to design an
automated roadway marking system.

Much of the work presented in this master thesis is a continuation of the work

performed in [1].

1.1 Description of Current Methods of Roadway Marking

Presently, the highway maintenance worker is required to perform roadside work to
create roadway markings. The maintenance worker uses a set of large wood, plastic or metal
stencils to mask patterns on the roadway in the shape of letters in preparation for painting.
The maintenance worker pushes a cart equipped with paint spraying equipment over the
stencils to mark each letter. After the painting is completed, the maintenance worker loads
the stencils and painting equipment onto a truck to be transported to the next work site. The
labor-intensive method of roadway marking exposes the worker to injuries due to the

strenuous nature of the work and from accidents involving high-speed vehicular traffic.
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1.2 Description of Current Methods of Robotic Roadway Marking

A search of literature yielded three approaches to automated roadway marking
currently developed to pain.t roadway symbols. Additional automated roadway marking
systems exist for the marking of dividing lines and limit lines on roadways. The simplicity
of these line-marking systems limits their relevancy to the design problems encountered in
the robotic painting of complex roadway symbols and therefore this section will only discuss
those systems that create roadway symbols. Section 1.2.1 features a description of a gantry
robot used to create aerial survey markings for state highways. Section 1.2.2 describes the
efforts to produce a low cost marking system capable of being mounted to a telerobotic

vehicle or an automobile. Section 1.2.3 describes the previous BASR design.

1.2.1 Stenciling Robot for Aerial Surveying Premarks

Markings such as the one shown in Figure 1.1 are employed to aid in the aerial
surveying of state highway systems. A gantry style robot was constructed by AHMCT to
make these markings using a standard paint gun spraying system. The gantry robot consists
of two linear robotic actuators orientated perpendicularly. Each actuator controls the position
of the spray gun in one direction. The entire robotic system is entirely contained within a
trailer that can be towed behind a highway maintenance vehicle. A maintenance worker
positions the gantry robotic system over the marking area. The gantry system then guides the
spray nozzle to form the appropriate roadway marking. Since the size of the trailer limits the
available painting workspace, the workspace cannot exceed more than one highway lane

width due to limitations on trailer size imposed by California vehicle code.
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Figure 1.2 - Stenciling Robot for Aerial Premarks [2]

1.2.2 Telerobotic Graffiti Writer

The telerobotic Graffin Wnter vehicle was designed and built by the Institute for
Applied Autonomy (IAA). The IAA designers incorporated common hobbyist remote
control vehicle technology to create a moving platform to carry a linear array of standard
paint spray cans. Each paint spray can was controlled individually by a solenoid that
received commands from a microcontroller located on board the vehicle. The operator
guided the vehicle to the targeted marking location by remote control and as the robot passed

over the targeted location, the operator triggered the painting operation. A microcontroller
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controlled the firing of the solenoids to allow individual spray cans to paint for a specific
period of time to form letters. The choice of spray cans and duration of painting determines
the shape of each letter. The robot’s method of marking is similar in function to a dot matrix
printer. The demonstration vehicle was capable of creating letters using a five dot tall dot
matrix with each letter three dots wide. This technology has been successfully demonstrated
to spray paint messages with two-foot tall letters as the vehicle moves at a rate of 15 kph.
Encoder feedback allows the microcontroller to adjust the spray paint triggering pattern to
account for the speed of the vehicle. A larger version of the this roadway marking
technology was scheduled to be implemented on a standard automobile by July of 2000 to

produce the letters with a height equal to the width of a car [3].

1.3 Description of Proposed Robotic Roadway Marking System

The design of the BASR employed a five-degree of freedom serial manipulator
robotic arm to control the position and orientation of a standard spray gun similar to those
used currently in stenciling operations. Mounted to the bed of a Caltrans maintenance truck,
the arm could be easily transported to and from each worksite. From the safety of the cab,
the operator would position the back of the truck in front of the stenciling area. The operator
would issue commands specifying the types and scale of the roadway markings. From these
commands, the robot would reference a preprogrammed trajectory for the spray gun to follow
to paint each marking. The markings would be painted without the aid of a stencil since the
orientation and position of the gun determine the width of the painted line as well as the paint
distribution. By following these programmed descriptions the robot would paint each letter

onto the roadway in a single pass.

Copyright 2011, AHMCT Research Center, UC Davis



Placing all of the required duties of the operator inside the truck would better protect
the highway maintenance worker from the hazards of working in a high-speed traffic
environment. The versatility of the robotic arm would also eliminate the need to carry
stencils. Finally, the automating of the painting process reduces the physical demands placed
upon the operator.

This thesis will detail the redesign of the BASR end effecter to incorporate a novel

four bar mechanism for orientation control of the paint spray gun. Additional design
modifications were made to the rotary joint and vertical extension joint to accommodate
changes in design parameters created by addition of the four bar mechanism. Chapter 2
describes the design method followed to create the four bar mechanism. Chapter 3 details the

rotary joint design while chapter 4 details the vertical extension joint design.
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CHAPTER 2: SPRAY GUN ORIENTATION MECHANISM DESIGN

The design of the spray gun orientation mechanism of the BASR end effecter
progressed through three phases. Section 2.1 describes a search for ideas to create a simply
actuated tilt motion. With the selection of a four bar mechanism, the mechanism was sized to
fit functional requirements such as tilt rotation range and nozzle tip translation. Section 2.2
details how components were selected to meet specifications developed during the
mechanism sizing phase. In Section 2.3, the structure of each of the mechanism links was

designed to accommodate the chosen components.

2.1 Four Bar Mechanism Concept Design

This section describes the work undertaken to develop a four bar mechanism concept

designed to provide tilt motion to the robotic system.

2.1.1 Spray Gun Orientation Mechanism Subsystem Requirements

The robot system design specifications required that the tilt system be mechanically
simple to improve reliability and decrease cost. Additionally, to minimize the control system
complexity, the spray gun orientation mechanism should employ one actuator to control a
one-degree of freedom tilt motion. A simple revolute joint was initially designed to provide
tilt motion. To meet these specifications a four bar mechanism was chosen to provide the tilt

motion for the robot system.

2.1.2 Use of Four Bar Mechanism Within BASR End Effecter

A four bar mechanism is commonly used to simulate the motion of a revolute joint
when the point of rotation of the revolute joint is located in an inconvenient spot for the

design [4]. The motion of the coupler created the tilting motion of the paint spray gun as the
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coupler tilts. Nina Patarinska performed this initial design work. Figure 2.1 shows the initial

concept for using the four bar linkage with the paint spray system.

-15° Configuration 0° Configuration 15° Configuration

s\ e/ N\ |

Paint Spray Cone

Figure 2.1- 3 Tilt Configurations
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2.1.3 Description of Configuration of Four Bar Mechanism

A four bar mechanism consists of four links connected by simple revolute joints. The
links are given names based upon their motion. The ground link is stationary and forms the
base of the mechanism. The rocker links pivot about the joints they share with the ground
link. The two rocker links support the coupler link. The coupler link follows the motion of
the two rocker links. The four bar mechanism has a single degree of freedom motion. A four

bar mechanism is shown in Figure 2.2.

Ground Link I l |

/ Rocker Links \

Coupler Link

@® Revolute Joint

Figure 2.2 - Four Bar Mechanism Configuration

2.1.4 Configuration Equation for a Four Bar Mechanism

Equations (2.1) and (2.2) were used to analyze the motion of the nozzle tip and the

motion of the connection point of the coupler. The equations describe the configuration of
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the four bar mechanism and its geometric inversion. Figure 2.3 shows the definitions of the

link lengths and angles used in the derivation of the configuration equation.

All angles measured
counterclockwise from
horizontal

Figure 2.3 - Link Length Labels and Angle Labels

Configuration Equations

i6, i6;

ne +r2e”’2 -r, =ne (2.1

rle‘w' + rze_“g2 -r, = r3e""’J (2.2)
From (2.1) and (2.2), Equation 2.3 was derived to find the angular position of one of

the rocker links given the angular position of the coupler link.

Angular Position of Rocker Link Equation

0, = 2tan" (20 =Vb" ~dac, 2.3)
2a

where
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_ .2 2 2 2
a=n"+r"—r" +r, —2rr,cos8, —2rr cosf, +2r,n,
b=4r,rsind,

=rt+r -rl 4} -2 6, + 21,1, cos 6, —2
C=n 765 =1 1, 2N, Co80, + 2n,n CosU, —2nn

_ 2,2 2 2 _
c=n+r, —r; +r; —2rr,cos6, +2r,r,cosd, - 2r,r,

2.1.5 Concept Generation of Actuation Methods for Four Bar Mechanism

Concept generation yielded two approaches to actuate the motion of the four bar
linkage that differed depending upon whether the actuator drove one of the rocker links or if
the actuator drove the coupler link.

Driving the rocker link with an actuator is the most common method of actuating a
four bar mechanism especially if the motion of the linkage is continuous. The actuator would
control the rotation of the rocker link and through this motion would cause the coupler to
rotate. Analysis of the configuration equation indicated that the amount of rotation of the
rocker link was of the same magnitude as the rotation of the coupler link. Because path
planning requirements required only 30° of rotation of the coupler, this implied fine control
would have to be exerted upon the motion of the actuator to assure the required precision of
positioning the spray nozzle.

Driving the motion of the coupler link was another possibility for actuating the spray
gun orientation mechanism.  An actuator mounted to the ground link would provide the
power to move the coupler. Use of a straight-line mechanism would simplify design
considerations though utilization of the straight-line motion of its coupler link. Directly

driving the coupler would allow for easier precise motion of the coupler.
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2.1.6 Review of Straight-line Mechanisms

A review of literature resulted in the consideration of the Level Lofting Crane [5],
Watt’s Mechanism [4], Robert’s Mechanism [5], Evan’s Mechanism [4] and Hoeken’s
Mechanism [4]. Figure 2.4 shows the configuration of the links of each mechanism and the
regions where approximate straight-line motion occurs. Robert’s Mechanism was chosen
because of its compact configuration of linkages and its symmetry of motion whether the
coupler was tilting to one side or to the other. Robert’s Mechanism was also favored due to

the relative location of the straight-line motion zone to the location of the coupler.
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Watt's Mechanism Level Lofting Crane

Robert's Mechanism Evan's Mechanism

O  Straight Line Point
Path of Straight Line

Point
® Revolute Joint

Hoeken's Mechanism

Figure 2.4 - Examples of Straight-line Mechanisms

2.1.7 Robert’s Mechanism

Robert’s Mechanism is a four bar mechanism that exhibits an approximate straight-

line motion for a particular point located on the coupler. Figure 2.5 shows the relationships
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between the link lengths required to achieve the approximate straight-line motion. Robert’s
Mechanism requires that the ground link be twice the length of the coupler link. This choice
of link lengths forms two identical isosceles triangles, ABP and CDP. Point P represents the

region on the coupler that exhibits approximate straight-line motion.

Length &
Ground Link
Point P

Pivot

Point A Pivot

Point D

Platform

Pivot Point B Pivot Point C

Length 1/21:

Figure 2.5 - Robert's Mechanism

2.1.8 Derivation of Position Equations for the Straight-line Motion Point on Coupler

Figure 2.6 shows a diagram used to derive the position equations of the approximate
straight-line motion point P as a function of tilt angle. Equation (2.4) and Equation (2.5)
describe the position of point P given the lengths and orientations of the links of the four bar

mechanism. The distance h is the distance from the midpoint of the coupler to the point P.
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The angle y is formed from the tangent of the distance h and the distance equal to half the
length of the coupler.

n

cos(6, +7)

2cos ¥ Point P

Figure 2.6 - Calculation of Position of Point P

Horizontal Position of Point P Equation
r

p, =rcos(f,)+ cos(6, +7) (2.4)
2cosy
Vertical Position of Point P Equation
p, =rsin(8,) + —2—sin(@, + ) (2.5)
! 2cosy

Figure 2.7 shows the relationship between the motion of point P and the angular tilt
motion of the coupler and spray gun. The relationship between the linear displacement of P

along the x-axis and the angular tilt motion of the coupler is nearly linear. A linear
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relationship helps to eliminate problems that may occur due to calibration errors in the tilt
positioning of the spray gun. The rotation rate of the coupler versus linear displacement of
point P is nearly constant throughout the designed range of motion of the mechanism.
Therefore, any angular calibration error will remain constant independent of the tilt motion.
Equation (2.6) shows the results of a linear regression performed on the four bar motion over
the + 15° range of the coupler link.

Linear Regression and R Squared Value Equation
P, (m) =—-0.00736, (°) + 0.0005

, (2.6)
R” =0.9998
X Displacement vs. Tilt Angle
6:15
S 0.1

E
c
L
8 0.05-]
k-]
2 .
£ X Axis
3 Displacement of
£ © Point P
2 15 -10 -5 0 5 10 13
€
g
8 aWal=y
H 665
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< o1

0:15
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Figure 2.7 - Displacement of Connection Point vs. Tilt Angle
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2.1.9 Selection of Rocker Link Lengths

The rocker, coupler and ground lengths were varied subject to the restrictions set by
the Robert’s Mechanism’s criterion to determine the approximate ratios of the rocker link
lengths to ground link and coupler link lengths. Both rocker link lengths were kept equal to
produce a symmetrical motion whether the spray gun was tilted to one side or the other. The
ratio between the ground link length and the rocker link length was varied to determine

~values that would produce the greatest tilt rotation with a minimum translation of both the
nozzle tip and the coupler connection point. Reducing the translation of the nozzle tip in the
end effecter minimized the motion requirements that the robotic arm would have to
compensate for to maintain the nozzle tip path. Minimizing the translation of the coupler
connection point would reduce the drive requirements of the tilt actuation system by reducing
the required speeds and accelerations required by the tilt actuator.  Additionally,
consideration was made regarding the magnitude of the vertical translation of point P since a
large vertical translation during the tilt motion would increase the difficulty of designing a

suitable actuation method for the four bar mechanism.
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Comparison of Connnection Point Motions
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Figure 2.8 - Comparison of Connection Point Motion
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Comparison of Nozzle Tip Motions
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Figure 2.9 - Comparison of Nozzle Tip Motion

Examination of Figure 2.8 and Figure 2.9 shows the tradeoff between straight-line

motion of the connection point and the translation of the nozzle tip. While shortening the

rocker links will decrease the translation of the nozzle tip during the tilt motion, the shorter

links create more vertical translation of the connection point.

A trade must be made to

determine the optimum length of the rocker links while also considering other factors in the

trade decision such as size of the spray nozzle that must fit within the four bar mechanism.

Copyright 2011, AHMCT Research Center, UC Davis



19

0.23 m [97] rocker links provided the best compromise of minimum nozzle tip and

connection point motion.

2.1.10 Grahof’s Range of Motion Criterion for a Four Bar Mechanism

Grashof’s criterion specifies the range of motion of a four bar mechanism for a given

set of link lengths [5]. Grashof’s criterion is shown in Equation (2.7). 8, represents the
angular limit of motion of the rocker link as defined in Figure 2.3. This criterion was

- examined to determine if the proposed mechanism design had an adequate range of motion.
Figure 2.10 and Figure 2.11 show plots of the range of motion. Areas toward the limits of
range of motion exhibit undesirable behavior. In these regions, the relationship between the
angular tilt motion and the translation of the connection point becomes nonlinear and the
straight-line motion of the mechanism is lost defeating the purpose of choosing Robert’s
Mechanism. Therefore, during the design of the mechanism all required motion of the spray
gun orientation mechanism’s connection point was kept within the approximate straight-line

motion zone of the four bar mechanism.

Grashof’s Criterion Equation

2, 2
A +r,7 ~(r, +r2)2

ifn+r,>r+rn 2.7)
2r,n -

Copyright 2011, AHMCT Research Center, UC Davis



Full Motion of Four Bar Mechanism
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Figure 2.10 - Full Motion of Four Bar Mechanism
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Figure 2.11 - Full Motion of Four Bar Mechanism

2.2 Spray Gun Orientation Mechanism Linear Actuation Specifications for Components

Component selection began the next stage of the spray gun orientation mechanism
design. At this point the design included only the lengths of the four bar mechanism lengths
and the location of the paint spray nozzle tip. Determining the type, size and orientation of
the individual components such as the spray gun, the ball screw and servomotor would allow

for the completion of the structural design of the four bar mechanism’s links.
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2.2.1 Creation of Technical Specifications for Spray Gun Orientation Mechanism
Actuation

The choice of link lengths of the spray gun orientation mechanism required that the
actuator provide a minimum stroke of 0.22m [8.5”] to allow for a + 15° tilt motion as
required by the paint path planning requirements.

Other requirements included minimal weight, ease of providing position and velocity
feedback and precise movement. The methods investigated included a belt and pulley

system, a ball screw system, and a rack and pinion system.

2.2.2 Comparison of Spray Gun Orientation Mechanism Actuation Methods

The use of an approximate straight-line mechanism necessitated a linear actuation
method to drive the coupler’s tilt motion. The evaluation of several linear actuation methods
determined the most suitable method to actuate the spray gun orientation mechanism design.

Figure 2.12 shows a sketch of a proposed belt and pulley system used to control the
position of the straight-line point on the coupler. The belt and pulley system is capable of
meeting the requirements for speed and stroke length. Other.advantages include flexibility in
placement of drive components and simplicity in its mechanical design. Positional feedback
of the linear translation could also be easily accomplished through an encoder attached to
motor shaft. The belt pulley system also offered a solid connection to the coupler because of
the elastic nature of the belt. Disadvantages included a need to preload the belt and
compliance due to the elastic nature of the belt that could reduce the positional accuracy of

the paint nozzle.
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Figure 2.12 - Belt and Pulley Actuation System

Figure 2.13 shows a sketch of a proposed rack and pinion system used to drive the
coupler and create tilt motion. The rack is rigidly mounted to the ground link while the
pinion and motor would be mounted to the coupler. The rack and pinion system would
provide a more rigid connection between the coupler link and ground link than the belt and

pulley system. Analysis of the design revealed several disadvantages. The rack and pinion
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system would require a larger motor drive due to the increased inertia of the coupler because
the motor would be moving with the coupler. The increased moving mass would also create
unwanted vibrations that would degrade the accuracy of the nozzle aiming. Backlash within
the rack and pinion gears would also be a problem because of the approximate straight-line
motion of the mechanism. Backlash depends upon the spacing between the center of the
pinion and the rack. Some backlash would be present if a straight rack were used because the
pinion would follow an approximate straight-line motion and could not maintain a constant

spacing between the rack and pinion.
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Figure 2.13 - Rack and Pinion Actuation System

Figure 2.14 shows a sketch of the ball screw used to actuate the spray gun orientation
mechanism. The spinning of the ball screw would cause the ball nut to translate. The ball
nut mates with a specially designed yoke mounted to the coupler to control the coupler’s tilt
angle. The ball nut can also be configured to provide almost zero backlash. Use of a ball

screw would provide an attractive method of actuating the spray gun orientation mechanism.
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Use of a ball end joint to connect the coupler to the ball screw would allow for the slight

vertical translation inherent in the approximate straight-line motion.

Connection

Point Ball Screw

-]

Ball Nut

Connector
Link

Connector
Link

Platform with
Spray Nozzle

@® Revolute Joint

Figure 2.14 - Ball Screw Actuation System

2.2.3 Ball Screw Specifications

The selection of a ball screw depends upon a combination of linear speed, load, and
stroke length requirements for the application. In addition, the rated speeds of the bearings
used to support the ball screw must be considered in the design to ensure that these speeds

are not exceeded. The manufacturers of ball screws provide tables for load and length
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calculations [6]. Because of the light loads a small diameter ball screw would provide
adequate strength to withstand axial loading. Minimizing the ball screw diameter also would
minimize the torque requirements upon the motor drive. Based upon these tables, a 0.0095 m
[3/87] dia. ball screw was selected. Equation (2.8) calculates the maximum linear velocity
of the ball nut given the stroke distance and the times of acceleration and deceleration. A
trapezoidal motion profile was assumed in the velocity calculations. Equation (2.9) was
used to calculate the ball screw angular velocity given the ball screw’s pitch and linear
velocity of the ball nut. Calculations revealed that a ball screw with a pitch of 0.0032 m
[1/8”] could provide the needed linear translation speed while not exceeding the maximum

rated angular speed of 2500 rpm of the bearings holding the ball screw.

Velocity (m/sec)

Time to Accelerate

Constant Velocity Time to Decelerate

t, t. ty
Time (s)
Figure 2.15 - Trapezoidal Motion Profile
Maximum Velocity Equation
y = 25moke 110 ms 2.8)
t,+t, +2-1.

where ¢, andt, =1/50" sand t, = 24/25"s and stroke = 0.108 m [4.25”]
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Maximum Angular Velocity of Ball Screw Equation

1%
@ = e = 2080 rpm 2.9
™ Ball Screw's Pitch P 29)

where V_ =0.110m/s

and Ball Screw Pitch =0.0032m/ rev
The ball screw will also provide precise tilt position of the robotic end effecter. 1
revolution of the ball screw will create about .5° of end effecter tilt. Equation (2.10) shows

the relation between ball screw turns and tilt motion.

Degrees of Tilt per Revolution of Ball Screw Equation

degrees/revolution = 137 degrees/m - Ball Screw Pitch =.5 deg/rev (2.10)

137 degrees/m was derived from the linear regression of the slope of the motion
found in Figure 2.7. Appendix A details these calculations.

The length of the ball screw includes the required stroke length with an additional
length to provide clearance for the ball nut.

In addition, the ball screw was designed with an end protruding outside the spray gun
orientation mechanism enclosure to allow hand positioning of the spray gun orientation

mechanism during diagnostic work.

2.2.4 Torque Transmission for Tilt Motion Specifications

The actuation method employing a ball screw required a motor to drive the ball
screw. Usually, an inline configuration of the motor and ball screw is used where the motor
shaft is directly attached to the ball screw by means of a shaft coupler. This inline

configuration would add an additional undesired length to the spray gun orientation
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mechanism. To reduce the overall length of the spray gun orientation mechanism and reduce
the end effecter’s weight and inertia, a side-by-side configuration of the servomotor and ball
screw was used. Figure 2.16 shows a comparison of the side-by-side and inline
configurations. A belt and pulley system and a gear system were analyzed to determine
which system would provide better drive capabilities. The systems are displayed in Figure
2.17. The belt system was rejected because of previous experience with an elastic belt
_introducing too much compliance into the system. This compliance would lead to errors in
positioning and sluggish system response. Transmitting the torque through a set of gears
would create a much more responsive system because the compliance would be smaller.
Therefore a gear train was chosen to provide the torque transmission from the motor to the

ball screw.
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/

Ball Screw Ball Nut Shaft Coupler
Side By Side
Ball Screw Balt Nut Motor

Motor

l—""1

Gears or Belt and
Pulley System

Figure 2.16 - Comparison of Motor And Ball Screw Configurations

Ball Screw

Motor

Belt and Pulley System

Ball Screw

Motor

Gear System

Figure 2.17 - Comparison of Belt and Pulley System and Gear System
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2.2.5 Ball Screw Gear Specifications

Mechanical strength and fatigue calculations were performed to select the proper gear
material and pitch. Gear tooth bending and surface stresses were considered in the selection
of gear material and pitch. Results from the calculations indicated steel gears with a
diametrical pitch of 32 would be appropriate to this application. To prevent the gear teeth
from pairing with each other and reducing the gear train life, the gears were chosen so that
the gear ratio was a non-integer value. Other design factors, such as the spacing required
between the ball screw and the motor and the size of the enclosure constrained the individual
gear choices to roughly equal sized gears. A gear ratio of 1.1:1 provides a slight mechanical
advantage for the motor. To reduce backlash in the gear train, the largest gear pitch that
could withstand the expected forces was chosen while maintaining a contact ratio of 1.85.

Appendix A shows calculations for the determination of the gear parameters.

2.2.6 Tilt Servo Motor Specifications

The design of the spray gun orientation mechanism assigned the torque, speed and
required precision of positioning. To find the torque required to create 15°/s of tilt, the spray
gun orientation mechanism was approximated as a 15 kg mass pushed linearly by a ball
screw a distance of 0.108m [4.25”] in 1 second. The mass was used to simulate the loadings
both from mass of the moving coupler and rocker links and forces due to friction and cabling.
Angular kinetic energy of the coupler and rocker links was ignored due to the low angular
speeds of the coupler and rocker links.

A trapezoidal velocity profile was assumed with an acceleration period of 1/50"s.
Equation (2.11) shows how the required torque was calculated for sizing the motor. With

these assumptions the required motor torque was calculated to be 0.32Nm [450z-in]. Factory
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specifications indicated that a Compumotor SM231 AE servomotor would provide the
necessary torque. With a continuous torque rating of 0.43Nm [6loz-in] and peak torque
rating of 1.28Nm [181o0z-in] the servomotor should provide enough torque to position the

spray gun orientation mechanism.

Tilt Motor Torque Calculation Equation

[—J"""’ +J e +J

] screw
e screw motor m
— G
T, = (2.11)
tﬂ
where
2 2
J — Mlond i psrrew ) mG
load —
o 27
4 7
Tl-p-r-mg
J oy =P Mo

screw
2

m, = Gear Ratio

I =length of ballscrew

r =radius of ball screw

p© = density of ball screw
= pitch of ball screw

Dicrew
An encoder mounted to the servomotor shaft will provide position feedback. At 1000
points per revolution, the encoder will provide adequately sensitivity to position the nozzle
tip of the end effecter. Although theoretically the encoder feedback could give a nozzle tilt
position resolution of about * .005°, the precision of the design is limited because of other
design limitations involving the backlash in the ball screw. Appendix A shows calculations

for determination of these servo motor parameters.
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A Gemini GV-L3E servo drive provided the power to the servomotor and received
encoder feedback. The servo drive received commands from an Intel Celeron PC on board
the BASR truck.

The servomotor was configured with an electrically activated brake to help the motor
maintain position during periods of inactivity. The brake will receive commands from the

servo drive.

2.3 Structural Design of Spray Gun Orientation Mechanism Links

This section details the design of the structural parts used to mount the components
and create the four bar mechanism. Their design emphasized ease of manufacture and
lightness while meeting all required functions of the spray gun orientation mechanism
design. Because loading on these parts was expected to be small, no strength calculations
were performed. Each of the subsections explains the major features of the individual parts.
The subsections are broken into parts that roughly divide along the individual links of the

four bar mechanism.

2.3.1 Ground Link

The ground link design incorporates the needs of providing a connection to the rotary
joint of the end effecter of the robot, supporting the servo motor and ball screw, protecting
the ball screw, gears and servo motor from environmental contamination and supporting the
joints of ground link of the four bar mechanism.

A rectangular box provided the simplest geometry to incorporate the spray gun
orientation mechanism’s functions. The thicknesses of the sides of the box were sized

according to the anticipated loading that each side would take. All parts of the box were
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designed for ease of manufacture. The enclosure size was then minimized to reduce the
weight of the spray gun orientation mechanism.

The ground link enclosure provided support and protection to the ball screw. Two
elbow brackets provided support for the ball screw. To allow for the ball screw to turn a
Conrad style ball bearing was press fit into each elbow bracket. The ball bearings had a
maximum rated speed of 2500 rpm. Socket cap screws were used to affix the brackets to the

roof of the ground link enclosure.

Elbow Bracket

Ball Screw | | Ball Nut Trunnion Elbow Bracket

J

Servo Motor
Gears

Figure 2.18 - Bottom View of Ground Enclosure with Bottom Panel Removed
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Elbow Brackets
Cap Screws

Ball Nut Servo Motor Gears
Screw

Figure 2.19 - Side View of Ground Enclosure with One Side Removed

The ground link enclosure also provides support and protection for the servomotor.
An elbow bracket was used to mount the servomotor. The same elbow bracket was used to
mount the ball screw to ensure that the distance between the ball screw and servomotor was
tightly controlled. To allow for electrical access for the servomotor a small slot was cut into

the side of the enclosure.

2.3.2 Revolute Joint Design

The joint design for each of the eight pin joints of the spray gun orientation
mechanism consisted of a shoulder screw, a bronze thrust bearing and a bronze flange

bearing. This selection of materials provided a close allowance fit between the shoulder
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screw and the flange bearing and low friction during movement.

components will provide an inexpensive precision assembly.

Bronze Flange
Bearing

Shoulder Screw

Bronze Thrust
Bearing

Figure 2.20 - Revolute Joint Components
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Bronze Flange Bronze Thrust
Bearing Bearing

Shoulder Screw

Figure 2.21 - Revolute Joint Components Exploded View

2.3.3 Rocker Link Design

The rocker links provided the connection between the ground link and the coupler
link of the four bar mechamsm. Each rocker link had two parallel bars and a perpendicular
bar that connected the two parallel bars. With the small joint clearances and the large

spacing of the parallel bars. the design allowed for only negligible out of plane motion.
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Bronze Flange
Bearings

Perpendicular Bar

Cap Screws 1/4"
x 20 x 3/4"

. -

Connector Links
—/ \

Figure 2.22 - Rocker Link

2.3.4 Coupler Design

The coupler link provided support for the nozzle and acts as the coupling link in the
four bar mechanism. To fulfill these functions the coupler was designed as a rectangular
plate that could provide a mounting surface for the nozzle elbow bracket and connection
points at the plate’s corners for the joints of the four bar mechanism.

The coupler provided support for the nozzle with an elbow bracket mounted to the top
of the coupler with the use of socket cap screws. The nozzle aimed down through a square
opening of the coupler. The nozzle was centered and in line with the rotary axis of the end

effecter when the coupler was aligned parallel to the ground.
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The coupler provided mounting surfaces at the four corners of the coupler to
accommodate the joints of the four bar mechanism. The spacing between opposing joints
helped to reduce the extent of possible out of plane motion by the four bar mechanism. Out

of plane motion would decrease the accuracy of the paint system.

Paint Spray

Elbow Bracket
Nozzle

Mounting Pin

Platform Link

Cap Screws

Figure 2.23 - Coupler Design

2.3.5 Yoke Design

The yoke provided the conneqtion between the coupler and the ball screw. To
accomplish the task, the yoke must provide mounting surfaces for both the coupler and the
trunnion attached to the ball nut.

The yoke was nigidly attached to the coupler with the use of an elbow bracket.

Socket cap screws secured the yoke to the coupler and assure a rigid connection.
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To accommodate the small vertical translation inherent in the approximate straight-
line motion, a ball end joint was used to couple the ball nut and the yoke. The ball end joint
could accommodate the small vertical translation because it was offset from the center of
rotation of the ball nut. As the coupler and ball nut moved, the ball end joint allowed the ball
nut to rotate as needed to accommodate the small vertical translation in the coupler motion.
The rotation of the ball nut could accommodate the small vertical translation of the yoke
while not placing loads on the ball screw that could cause the ball screw to bind. A HDPE

sleeve bearing provides the bearing surface between the trunnion and the ball end joint.

Yoke Link
Ball End Joint
Cap Screws
Elbow Bracket
Platform

Figure 2.24 - Yoke Design with Coupler
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Servo Motor

Nozzle

Yoke

Figure 2.25 - Yoke Design with Spray Gun Orientation Mechanism
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CHAPTER 3: YAW ROTATION JOINT DESIGN

The yaw rotation joint controlled the orientation of the spray gun’s spray pattern in
relation to the direction of motion of the robotic arm. Section 3.1 describes the development
of the concept design of the yaw rotation joint. Section 3.2 lists the specifications for this
joint and the components selected to fulfill these requirements. Section 3.3 describes the
structural members designed to accommodate the chosen components and to provide support

for the tilt mechanism.

3.1 Yaw Rotation Joint Concept Design

Because of the spray gun’s rectangular fan pattern, the orientation of the paint gun
relative to the motion of the robotic arm was important to painting an accurate roadway
marking. The function of the yaw rotation joint was to maintain controi of the orientation of
the spray gun in relation to the direction of motion of the robotic arm. To achieve this
functionality, the yaw rotation joint was based upon the previous concept design for the end
effecter that employed an electric motor to turn a shaft that the tilt mechanism was mounted
to. Because the previous yaw rotation joint design could not meet several performance
targets and because of changes with the vertical extension joint, several improvements to the
rotation joint’s motor and structure were incorporated into the new design to improve the

rotation joint’s function.

3.2 Specifications and Selection of Components for the Yaw Rotation Joint

Based upon the path planning requirements of the robotic system, the yaw rotation
joint must be capable of rotating the tilt mechanism at a maximum rate of 30° per second to

maintain control of the orientation of the spray gun relative to the motion of the robotic arm.
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The system should provide this performance with quick acceleration and minimal overshoot
of the targeted rotation to assure accurate nozzle tip placement.

Ease of control and integration with the existing control hardware were also
considered in the selection of components for the yaw rotation joint. The yaw rotation joint
components should provide a simple control interface for the on board control computer.

Additionally, the yaw rotation joint needed to provide structural support for the tilt
mechanism assembly to assure that the robotic system would be able to position and orientate
the spray gun accurately within the desired painting region.

Figure 3.1 shows the rectangular paint pattern of the spray nozzle and its orientation

relative to the paint spray line.

Tilt Mechanism

Paint Line Paint Fan Pattem

Figure 3.1 - Paint Fan Pattern
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3.2.1 Torque Specifications for Yaw Rotation Joint Motor

Calculations for the torque specification for the yaw motor used several performance
targets. The yaw rotation joint system should be able to create a 30°/s yaw rotation of the tilt
mechanism with an acceleration time of 0.1 s to reach maximum speed during this move.
From a CAD based simulation of the design of the tilt mechanism and cylinder, the tilt
mechanism’s inertia was estimated to be .138 kgm®. With these assumptions and
performance targets, the torque calculations using motion profile and equations found in
Section 2.2.6 yielded a peak torque of 0.092 Nm [13 in-oz] for the actuator. To account for
unknown forces from friction and cabling the calculated torque was tripled to reach a torque
specification of 0.28 Nm [39 in-oz]. Appendix A includes calculations detailing the selection

of a servo motor for the yaw rotation.

3.2.2 Gearbox vs. Pulley System

Another design decision involved the choice between a gearbox and a pulley system
to transfer torque from the electric motor to the shaft upon which the tilt mechanism was
mounted. Based upon the superior performance of the gearbox in regards to inertia
matching, packaging size, and system compliance, a planetary gearbox was chosen to
provide the transfer of torque between the motor and the shaft.

Inertia matching involved matching the motor’s rotor inertia to that of the load’s
inertia. Close matching helped to assure stable system behavior. Gearing down the motor
through the use of a pulley system or gearbox would reduce the apparent load’s inertia felt by
the motor. A comparison of available motors indicated that a 10:1 reduction would provide a
reduced load inertia to motor rotor inertia ratio of 75:1. Manufacturer specification

recommended an inertia ratio of 10:1 for high-speed applications. Although the design’s
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inertia ratio was higher than recommended, it would not impact performance because of the
low motor speeds.

The gearbox and pulley systems’ sizes also influenced the design decision between
the gearbox and pulley system. For a large gear reduction, a pulley system would be large.
A planetary gearbox would provide a more compact packaging solution because of its inline
configuration of the shafts.

Consideration of the angular positioning compliance provided additional guidance in
the selection of the planetary gearbox. Positioning compliance would reduce the accuracy of
the paint line pattern by causing the paint pattern to overshoot or undershoot the desired
orientation of the paint nozzle. The belt and pulley system would have much more

compliance than the gearbox system due to the elastic nature of the belt.

3.2.3 Selection of a Servo Gear Motor

A review of motor specifications of available servomotors indicated a Compumotor
SM231 AE servomotor with encoder feedback and a 10:1 planetary gearbox would
adequately actuate the yaw rotation of the end effecter. The servomotor can provide 0.43
Nm [61 in-0z] of continuous input torque of and 1.28 Nm [181 in-oz] of peak input torque.
Because of the low rotational speed of the tilt mechanism of the end effecter, a 10:1 gear
reduction would not cause the servomotor to exceed its maximum rated speed.

The SM231 AE servomotor was favored over other servomotors and gearbox
combinations because of its integrated design of the gearbox and servomotor. The
servomotor and gearbox integration reduced the overall length of the assembly by

eliminating the need for a separate shaft coupling between the servomotor and gearbox.
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Precision of the servomotor encoder system was evaluated to ensure adequate
position sensitivity. The encoder feedback had 1000 points per revolution of the motor shaft.
A 10:1 planetary gearbox increased the resolution to 10000 points per revolution on the
output shaft. This level of resolution cannot be realized because of a 6 arc-minute of
backlash within the gearbox. The design would yield an accurate rotational position of the
tilt mechanism because the required positioning tolerance derived from the path planning of
the previous design is +1°. Appendix A shows how the position sensitivity was determined
for these components.

A Gemini GV-L3E servo drive provided the current to the servomotor and received
encoder feedback from the motor shaft. The servo drive received commands from an Intel
Celeron PC installed on the BASR vehicle.

The servomotor was configured with an electrically activated brake to help the motor
maintain position during periods of inactivity. The brake will prevent the motor from
overheating by eliminating the need to charge the coils during periods of inactivity. The

brake will receive commands from the servo drive.

3.2.4 Yaw Rotation Joint Shaft Coupler

A helical beam coupling connected the servomotor shaft to the yaw rotation shaft.
The helical beam coupling will allow for slight angular and positional misalignment between
the servomotor shaft and the yaw rotation shaft. By allowing for the slight misalignment of
the shafts, loading on the shaft support bearings will be reduced. The helical beam coupling
was favored over other coupling designs because of its low cost, high torsional rigidity, and

mechanical simplicity.
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3.3 Detail Design of the Yaw Rotation Joint

The detail design of the rotation joint involved the design of a platform, a cylinder
and shaft. The platform served as the interface plate between the pillow block bearings and
the carriages of the vertical extension joint. The cylinder and shaft interfaced the pillow
block bearings, gear motor, and tilt mechanism. The design of these members emphasized

ease of manufacture and structural strength.

Platform

Servo Motor
Cylinder

Pillow Blocks

Figure 3.2 - Yaw Rotation Joint

3.3.1 Shaft Assembly

The shaft met the design needs of transmitting the motor torque to the tilt mechanism
and securing the tilt mechanism to the end effecter to endure loads due to gravity and

accelerations of the robotic arm.
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A close tolerance clearance fit between the pillow block bearings and the shaft
assured a secure fit of the shaft. The top of the shaft was threaded to allow a nut to be
tightened to secure the lateral position of the shaft within the pillow blocks. Flats on the
shaft surface allowed for the pillow block bearings’ set screws to be tightened to prevent
shaft slip within the bearings.

The top of the shaft was designed to fit the helical beam coupling.

]

Coupler Shaft 3/4x16 Thread : Flats

1
|

1/4" Holes for
Shoulder Bolts

Figure 3.3 — Yaw Rotation Shaft

Two bearing pillow blocks provide support for the thrust and axial loading from yaw
rotation shaft. A separation of .254 m [10”] of the bearing pillow block assemblies provided
precise alignment of the shaft. The small loads on the bearings allowed for the use of deep

groove Conrad style ball bearings. Fafnir SAS 0.019 m [34”] pillow blocks will provide
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adequate support for the thrust and axial loads and ample resistance to environmental

contaminants.

3/4"x16 Nut Washer

Pillow Blocks

Platform

Washers

Figure 3.4 - Shaft Assembly

3.3.2 Cylinder
The cylinder design incorporated the need to provide a mounting interface between
the shaft and cylinder and between the cylinder and the tilt mechanism. Additionally, its
length spanned the distance between the bottom of the robot and the paint position of the
nozzle above the ground.
The cylinder and shaft were assembled through a close tolerance clearance fit
between the inside diameter of the cylinder and the outside diameter of the shaft. Two

shoulder bolts hold the cylinder and shaft securely together.
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3/4"x16 Nut

Pillow Blocks

Nuts

Cylinder

Cap Screws

Washers

Shoulder Bolts

Figure 3.5 - Cylinder Shaft Assembly

To mount to the tilt mechanism, the cylinder was designed with a circular bolt bracket
welded to the cylinder’s base. Four cap screws fasten the cylinder and tilt mechanism

together.
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Circular Bracket

Cylinder

Cap Screws

Tilt Mechanism

Figure 3.6 - Tilt Mechanism/Cylinder Interface

The location of the robotic arm also necessitated that the cylinder span 0.30 m [12”]
to properly position the spray gun above the ground. To assure accurate positioning of the
spray gun deflection calculations were performed to size the cylinder to ensure adequate
rigidity. Through these calculations shown in Appendix A, a inside diameter of 0.0445 m

[1.75”] and an outside diameter of 0.0508 m [2”] were chosen for the cylinder design.

3.3.3 Platform
The platform acted to provide an interface between the servo motor mount, bearing
pillow blocks, and the carriages of the extension joint rail system. A rectangular aluminum

plate was selected and sized to create a mounting surface for these components.
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3.3.4 Servomotor Mount Assembly

An elbow bracket supported the servomotor and acted as an interface between the
servomotor and platform. The servomotor was held to the elbow bracket with the use of four
cap screws and nuts and washers. Four cap screws secured the elbow bracket and

servomotor to the platform.

SM 231 AE 10:1 Servo Motor
Servo Gear Motor Bracket

Helical Beam
Shatft Coupler

Cap Screws

Figure 3.7 - Servo Gear Motor Assembly
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CHAPTER 4: VERTICAL EXTENSION JOINT DESIGN

The vertical extension joint provided precise vertical positioning of the nozzle tip
above the ground to control paint line thickness, and compensate for unwanted vertical
motion of the nozzle tip caused by the tilt motion of the spray gun orientation mechanism and
vibrations and deflections of the robotic arm. Section 4.1 describes the general concept of
the design. Section 4.2 describes the required specifications and component selection.

Section 4.3 details the design of several structural components.

4.1 Concept Design of Vertical Extension Joint

The vertical extension joint must maintain precise control over both the spray gun
orientation mechanism’s vertical position and its orientation while accurately measuring the
relative vertical position of the spray gun orientation mechanism. The joint should be strong
enough to resist loads and large enough to provide mounting surfaces for both the
components of the yaw rotation joint and the robot arm. To meet these specifications, a rail
carriage system was proposed where the carriage would carry the spray gun orientation
mechanism and yaw rotation joint while riding upon a rail system. The rail system would
allow the carriage to translate vertically and would maintain the alignment of the spray gun
orientation mechanism with the robotic arm. An actuator would supply force to lift and

lower the carriage.
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Figure 4.1 - Concept Design for Vertical Extension Joint

4.2 Vertical Extension Joint Component Specifications and Selection

The specifications for the vertical extension joint must be met to provide the
trajectory of the spray gun to paint the roadway markings. The specifications were generated
in response to the anticipated operation environment of the robot end effecter.

The vertical extension joint should have a vertical stroke of 0.254 m [10”] to

accommodate the positioning needs of the nozzle tip according to the path planning

requirements.
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Force specifications for the actuator resulted from a need to compensate for vibrations
of the robotic arm. The actuator should be able to correct for positioning errors caused by
vibrations of 10 Hz and amplitude of 0.013 m [.5”]. Additionally, the force system should
provide easy integration with existing control and power systems aboard the BASR truck.

The vertical extension joint design should also incorporate components that provide a
simple means of sending vertical positional feedback about the location of the spray gun
orientation mechanism to the onboard control computer. The positional feedback system

should be rugged to operate in hostile outdoor environmental conditions.

4.2.1 Comparison of Actuation Methods for Vertical Extension

The previous design had incorporated a hydraulic actuator to supply force for
actuating the vertical extension joint. The system performed less than adequately due to
flaws in its positioning feedback system. The previous vertical extension design was
reexamined to determine the necessary improvements to meet specifications derived from the
path planning requirements. To accomplish this goal, ball screw and hydraulic actuation

methods were examined to determine the possible advantages of each.

4.2.1.1 Ball Screw Actuation Method

A ball screw actuation method was considered due to the ease of feedback control.

The rotation of the ball screw could be used to calculate the platform’s translation and would

be easy to measure since a rotary encoder could be mounted directly to the ball screw shaft.
The encoder feedback could provide positional feedback to the control computer easily.

Torque calculations as shown in Appendix A were used to size the ball screw and

servo motor system. Analysis of the loading conditions indicated that the rejection of robot

arm vibrations would provide the largest torque demand on the servomotor. Therefore this
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loading case was considered in the selection of a servomotor to power the proposed ball
screw system. Torque calculations revealed that a required torque of 2.12 Nm [300 oz-in]
was necessary to provide éhe motion to reject the expected vibrations of the robot arm.
Inspection of manufacturer’s servomotor specifications showed a Compumotor SM34 motor
with a GV-U6E drive was required to meet this torque specification. A GV-U6E would
require a 240VAC bus that would add additional complexity and expense to supply on a
mobile platform such as a truck since only a 120VAC bus was currently available on the
truck at the time of the anal.ysis.
Torque Calculations [6]

T,
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m. = Gear Ratio

I =length of ball screw

r =radius of ballscrew

p = density of ball screw
Do = Pitch of ball screw
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Figure 4.2 - Ball Screw Actuation Method

4.2.1.2 Hydraulic Actuation Method

The other design option for actuation of the vertical extension joint was to use the
previous design’s hydraulic actuator. To meet the system performance requirements, the

hydraulic actuator must be able to correct for disturbances caused by vibrations in the arm
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and provide the necessary travel to position the arm at the correct height above the roadway.
Calculations and experimental work from the previous design showed the hydraulic actuator
was capable of providing the necessary force to actuate the joint for the previous design.

The force needed to counteract the accelerations from vibrations within the arm was
calculated assuming the same vibrations as in the ball screw specification phase. With a
necessary acceleration of 24 m/s® and an estimated system mass of 35 kg, the required force
of 840 N was within the 1.949*10* N force ability of the Rexroth MS2 hydraulic actuator [1].
These calculations are shown in Appendix A.

The nozzle tip trajectory calculated from the path planning indicated that a 0.254 m
[10”] stroke length would adequately position the nozzle tip above the roadway for all
painting conditions encountered for roadway letter stenciling. The proposed design shared
many similarities to the previous design. Because of the similarities the existing actuator
should perform well if a new means of providing vertical position feedback is available. The

use of existing hardware would also reduce the cost of modifications for this project.
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Figure 4.3 - Hydraulic Actuation Method

4.2.2 Cable Extension Transducer

The previous design used a rack and pinion system with encoder feedback to provide
measurement of relative position of the vertical extension of the hydraulic actuator on the end
effecter. The rotation of the pinion was transferred to the encoder shaft through a gear train.

The resulting backlash from the use of a gear train introduced positioning errors that often
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caused the previous design to vacillate as the end effecter moved up and down seeking the
command position.

To improve the control of the hydraulic actuator a Celesco cable extension transducer
would provide relative position information. The cable extension transducer measured
translation through the extension and retraction of a cable. The cable’s extension caused a
shaft with a rotary encoder to turn. By attaching the cable to the moving sled, the encoder
fed the sled’s positional information to an Intel Celeron PC that was coordinating the motion
of the robot. For this application a Celesco PT8150 cable extension transducer with a 0.635
m [25”] stroke range was chosen. The PT8150 had a resolution of 0.00013 m [.005”’] and an
accuracy of 0.00051 m [.02”]. The PT8150 could withstand hostile weather and vibration
environments. Because the cable transducer was capable of highly accurate position sensing
of the hydraulic actuator, the vertical translation joint should perform its motion without

vacillation.
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Figure 4.4 - Vertical Extension Joint with Cable Extension Transducer

4.2.3 Rail and Carriage System

The vertical extension joint’s rail system accurately guided the vertical translation of
the yaw rotation joint and spray gun orientation mechanism. To maintain control over the end
effecter orientation the rail carriage system components were chosen based upon their ability

to resist the expected moments about the extension axis. The use of two carriages allowed
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the system to resist moments about axis perpendicular to the extension axis. Moment
calculations as shown in Appendix A revealed that the assumed maximum side load on the
spray gun orientation mechanism would not exceed the maximum load rating of the carriage
bearings.

To resist contamination and rust, the carriages employed flouronyliner bearings. The
flouronyliner feature a low friction journal type-sliding surface. The flouronyliner bearings
will have a superior life over standard ball bearings because of the elimination of the moving
parts susepetical to jamming from environmental debris. The flouronyliner bearings will also

are resistant to rust and corrosion.

4.3 Vertical Extension Joint Structural Design

Several structural components serve as mounting interfaces for the components of the
vertical extension joint. The connector bracket serves as the connection between the
hydraulic actuator and the platform that the yaw rotation is mounted to. The cable extension
transducer mount provides a mounting surface for the cable extension transducer. Finally, a
rectangular plate provides the mounting surface for the components of the extension joint as

well as a mounting surface to the robot arm.
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Figure 4.5 - Vertical Extension Joint Detail Design
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4.3.1 Clevis Bracket and Clevis Pin

The clevis bracket connected the hydraulic actuator with the sled of the vertical
extension joint. Because the piston of the hydraulic actuator would travel between the rails of
the rail system, special considerations were taken to assure fit within these tight confines.
The bracket mounts to the hydraulic actuator with a clevis pin. The clevis pin was held into
the clevis bracket by two low head cap screws. The low head cap screws allowed for
additional clearance of the rail system. Shear tearout calculations were performed to assure
an adequate margin of safety to protect against failure. These calculation are shown in

Appendix A.

Clevis Bracket
Hydraulic

Actuator

Low Head Cap
Screw

Rail System

Figure 4.6 - Clevis Connector Design Detail
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4.3.2 Cable Extension Transducer Mount

The cable extension transducer mount provided a mounting surface for the cable
transducer. The mount was needed to rotate the transducer 90° to align the cable extension

transducer’s cable output with the motion of the sled.

| le Extension
Cable Extension Ll izl
Transducer

Tran: r
e Bracket

Large Mounting
Plate

4.3.3 Large Mounting Plate

The large mountuing plate provides a mounting surface for the components of the

vertical extension joint and for connections to the robot arm.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The design of an end effecter tilt mechanism and its integration into the BASR end
effecter design formed the basis of this thesis. A major design constraint was to not use a
rotary actuator to achieve the tilting motion of the spray gun. An innovative design based on
a four bar linkage was developed where a translatory motion was used to produce the
necessary tilt motion. The actuation was performed using a ball screw mechanism.
Additional modifications to the design were incorporated to improve end effecter
performance and assure compatibility with other design changes.

The four bar mechanism supplied the orientation to control the paint distribution of
the paint gun. The tilt motion allowed the paint distribution to remain acceptably constant
even when the arm must paint letters containing sharp curves. The four bar mechanism
provided a robust and easy to control tilt motion while maintaining a compact and light
design. A servomotor with encoder feedback actuated the mechanism.

To provide for orientation control around the yaw axis of the end effecter, a rotation
joint actuated by a servo gear motor was designed. The joint featured easy control and
integration with existing hardware and simplicity in design.

A rail and carriage system actuated by a hydraulic cylinder controlled the spray gun’s

height off of the ground. A cable extension transducer provided position feedback.

5.2 Recommendations

Several improvements to the mechanical design of the end effecter could further
increase performance of the end effecter by removing excess weight and reducing the

complexity of assembly and cost of fabrication.
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Since the arm was mounted to the bed of a Caltrans maintenance truck and the
position of the paint gun during painting was between 0.3 m and 0.6 m [1’ and 2’] off the
ground, a substantial amount of structure was needed to span the distance between the base
of the robot arm and the painting region. Substantial weight savings could be realized if the
arm were mounted to a trailer or to low bed truck to eliminate this unnecessary height off of
the roadway.

The design of the four bar mechanism added additional weight to the robot arm.
Weight at the end of the arm decreases the arm’s performance because of the increased arm’s
inertia. Further work could be done to simplify the mechanical design of the four bar
mechanism to consolidate the functions of the mechanism onto fewer parts. Additionally, the
overall size of the four bar mechanism could be minimized to reduce unwanted nozzle tip
translations during tilt reorientations of the nozzle.

If a 240 VDC electric bus becomes available on a future design of the BASR the
hydraulic actuator controlling the vertical extension of the end effecter should be replaced
with a ball screw system. The substitution of a ball screw for hydraulic actuator would
reduce the weight of the end effecter while also eliminating the need to run hydraulic supply

lines to the end effecter.

Copyright 2011, AHMCT Research Center, UC Davis



68

BIBLIOGRAPHY

[1] McGrew, Richard A., A Robotic End-Effector for Roadway Stenciling, Masters Thesis,

UC Davis, Ca., 1996.

[2] http://www.ahmct.ucdavis.edu/other/mark.htm

[3] http://www.appliedautonomy.com

[4] Molian, S., Mechanism Design: The Practical Kinematics and Dynamics of Machinery

2nd ed., Elsevier Science, Kidlington, Oxford, UK, New York, NY, 1997.

[5] Erdman, A.G., Sandor, G.N., Mechanism Design Analysis and Synthesis Vol I 2nd ed.,

Prentice Hall, Englewood Cliffs, N.J., 1991.

[6] Thomson, Thomson Advanced Linear Motion Systems, Thomson Industries, Port

Washington, NY, 1990.

[7] Norton, Robert L. Machine Design, Prentice Hall, Upper Saddle River, N.J., 1998.

Copyright 2011, AHMCT Research Center, UC Davis



69

APPENDIX A: ENGINEERING CALCULATIONS

TABLE OF CONTENTS -

Ball Screw Torque and Angular Velocity Calculations.......c.cccveeeevereeennncecenncnes 70
Tilt Position Resolution Calculation.........cccceevuiiinieiniiiiirccniecnnieccresesaceonns 71
Gear Tooth Bending Stress Calculation........ccccevereieinieiiiienrieenrceececereresassnss 72
Gear Tooth Surface Stress Calculation........cccceveeeeiniiiianicrncacecntesessacessesaons 72
Torque for Yaw Rotation Servo Gear Motor Calculation........ccccceeeieiieieeincninnen 73
Yaw Rotation Position Resolution Calculation.........ccccceveeiiverecerninennreciecananenns 74
Cylinder Design Calculation.......cccccviieriinieinreieierroiercsesserarosescecnsescnsananens 75
Vertical Actuator Ball Screw Torque Calculation........cccocvuiieinieninierieiiciaennen. 76
Hydraulic Actuator Force Calculation......c.cccecieiiernrrerenceecneceececseesccocscscscnses 77

Moment and Force Calculations for Side Loading of Linear Slide Bearings [6]..... 78

Clevis Pin Shear Tearout Calculations [7]..eceeeeeeeererereteeerressscesssssnsssosesscnsees 81

Copyright 2011, AHMCT Research Center, UC Davis



70

Ball Screw Torque and Angular Velocity Calculations

Torque and angular velocity calculations were performed to define technical
specifications for the servo motor system to power the tilt mechanism. Parameters were
defined from path planning requirements and from the design characteristics of tilt
mechanism assembly.
Assumptions:

Load on ball screw modeled as a linear slide pushing a 15 kg mass.

Angular motion of load neglected due to small angular velocity. Angular kinetic
energy of platform and links is small.

Friction forces and forces from cabling neglected due to uncertainty of size. Sizing of
motor by multiplying top calculated torque by 3.

Parameters:

g : Acceleration of Gravity :9.8m/s?

p : Ball Screw Pitch :0.003175m/rev

1: Ball Screw Length : 0.445m

r : Ball Screw Radius : 0.0048m

p : Density of Steel :7800kg/m*

I_ :Inertia of Motor Rotor :1.80x10 kg /m>
m, : Mass of Load :15kg

h : Height Load Raised : 0.01m

d : Horizontal Distance Travel :0.0107m
t, : Total Time of Move :1s

t, : Time of Acceleration :0.02s

e : Effiency of Ball Screw :0.9

mg :Gear Ratio:1.1:1

Calculations:
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4

baliscrew — zlr = 2-8x10—6 kg/m3
2
Lo = 2L = 77210 kg /m?
2.

2-1

vV, = =0.11m/s
2:((t, =2-1,)+2-1,)

|4 t
wballsrrew = ;‘ = 218rad/s
w
_ ball _
@ ey = 2222 =198 rad/ s
mg

— p2 — -6 2
Ireglertedbnllsrrew =p - I ballscrew — 3.4x10 kg / m

Ireﬂerledlond = pz ) IIoad = 9‘3x10_6 kg/’n2

I
reflectedload
( + Ireﬂerledbnlls('rew + I motor )

T = p =0.32 Nm

a
wmol(/
ta

Tilt Position Resolution Calculation:

Tilt position resolution calculation was performed to assure adequate resolution of tilt
motor encoder. Tilt mechanism parameter was taken from linear regression of calculated

horizontal position of connection point and tilt position of the platform of the 4 bar linkage.

Assumptions:
No backlash present
Parameters:

e, : Encoder Resolution : 1000 prs/rev
p : Ball Screw Pitch :0.0032m/ rev
m. : Tilt Mechanism Parameter : 137 °/in

mg, :Gear Ratio:1.1:1
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Calculations:

Tilt Resolution=2""_ = 0005°/ rev
mG .er

Gear Tooth Bending Stress Calculation

These calculations were performed to assure adequate life of the gear train under
anticipated loading by examining the bending stress.
Assumptions:

Transmitted torque assumed to be maximum torque servomotor capable of
generating.
Parameters:

T :torque:11.3lb —in

p, :diametrical pitch : 32

N :#of teeth:84

J : AGMA bending geometry factor :0.4
F: Face Width:0.187

K, : Dynamic Factor :0.75

Calculations:

2-p, T

Tangential Force: W, = =8.6lb

W -
Bending Stress: o, = i Pa 4910 psi
K, -F-J

Gear Tooth Surface Stress Calculation:
These calculations were performed to assure adequate life of the gear train under
anticipated loading by examining the bending stress.

Assumptions:
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Transmitted torque assumed to be maximum torque servomotor capable of
generating.

Parameters:
T :torque:11.3lb —in

p, :diametrical pitch : 32

N :#of teeth:84

J : AGMA bending geometry factor : 0.4
F: Face Width:0.187

C, : Dynamic Factor :0.75

¢ :Pressure Angle:0.349rad

d, : Pinion diameter

C : Center distance : 2.875in

C, :Elastic Coefficient = 2300

Calculations:

2-p,T

Tangential Force: W, = =8.6lb

Curvature of Pinion: p, = \/(rp +L)2 —(r, cosg)? ~Z cosg =48

d Pa

Curvature of Gear: p, =Csing—p, =.49

cos @
L + _1_ . dp
Pe Py
, W, .
Surface Stress: 0, =C, m = 36600 psi
-1-d,-C,

Torque for Yaw Rotation Servo Gear Motor Calculation:

Surface Geometry Factor: I = =.0803

Torque calculation performed to find torque specification for yaw rotation servo gear

motor. Moment of Inertia of Tilt motor found from CAD simulation of design.
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Assumptions:
No friction

Parameters:
1,, : Inertia of Motor Rotor :1.80x107° kg /m*

t, : Total Time of Move :1s

t, : Time of Acceleration :0.1s

1,, :Inertia of Tilt Mechanism:1.38x107% kg /m’
6 : Angular Step:0.528rad

mg :Gear Ratio:0.1

Calculations:
2.
wshaﬁ = 9 = 0698rad/s
2:(¢t, —2-1,)+2-t,)
Ireﬂerledlill = mé ’ Ilill = 00138kg / m3
motor — MG wshaft =6.98rad /s
Gy =220 = 68rad | 5
ta
Tmomr = ammor ) (I reflectedtilt + I motor ) = 0099 Nm

Yaw Rotation Position Resolution Calculation:
Yaw rotation position resolution calculation was performed to assure adequate
resolution of yaw rotation motor encoder.
Assumptions:
No backlash present
Parameters:

e, : Encoder Resolution : 1000 pts/rev
mg :Gear Ratio:10:1

Calculations:
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) ] e
Yaw Rotation Resolution=—=-

= 10000 pts / rev

mg
Cylinder Design Calculation:
Calculation performed to assure adequate strength of structural member.
Assumptions:
Cylinder modeled as a cantilever beam.
Deflection small.
Uniform isotropic material.

Uniform cross section.

P
Cylinder l
M X d i §|
o

id :inside diameter of Cylinder: 0.0445m[1.75"]
od : outside diameter of Cylinder: 0.0508 m[2"]

p :loading on cylinder:450 N [100lb]

[ :Length of Cylinder:0.33m[13"]

c :distance to outer fiber of cylinder:0.0254 m[1"]

Parameters:

Calculations:
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Moment at base of CylinderM =1 p =149Nm

-(od* —id*)

Moment of Inertia of Cylinder I = =.134.10"m*

Bending Beam Stress 0, = MI. © =28MPa

Vertical Actuator Ball Screw Torque Calculation:
Calculations performed to find technical specifications for servo motor selection for
the vertical extension joint.
Assumptions:
Friction forces neglected.
Parameters:

m; =Gear Ratio=3:1

[ :length of ball screw :0.254m

r :radius of ball screw :0.0127m

0 :density of ball screw : 7800kg / m’

1,, : Polar Moment of Inertia : 2x10° kg / m®
m, :mass of load :30kg

h :height load raised :0.0127m

t, : total time of move :0.06s

t, -efficiency of ball screw :0.9

g :acceleration of gravity :9.8m/ s’

Calculations:
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z-l-rt

1 =8.1x10"° kg /m®

ballscrew =

2

I, = ";’ P —9.8x10™ kg/m’
T

= 2 =

2-1
V. =
"2 -201,)+ 21, ]

=0.42m/s

\%
wballscrew = = 104r ad/ s

screw

w
— L ballscrew __
o, =Leatsres _ 3147047
mg
— 2 - -6 2
reflectedbaliscrew — Pscrew IbaIIscrew =9.0x10 kg Im

I =pl. L. =11x10"kg/m’

refleectedload

I, w
eflectedload screw
( +1 screw +1 motor |
T

e my )
acc — ; =1.57TNm[222in - 0z7]
Ty = 8 Pacren "6 _ 0 396 Nm [56.0in - 0z]
2
T ficiion = estimated = 0.5Nm[70in — oz}
Tloml = Tfrirrion + Tar(‘ + Tgravily = 25Nm [350"1 - OZ]

Hydraulic Actuator Force Calculation
Calculations based upon previous end effecter design with new end effecter weight
substituted into the mass of the load.
Assumptions:
Friction forces neglected.
Parameters:

m,,.. =35kg

2

Qg =24mls

Calculations:

F = ml(md ) aload = 840N
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Moment and Force Calculations for Side Loading of Linear Slide Bearings [6]
Calculations performed to assure that the anticipated loading does not exceed
manufacturer’s specifications for maximum load given a set travel life length. Several

loading situations were considered to find worst-case scenario.

Assumptions:
Load case assumed to be vertical application with simultaneous 1001b loads applied
in directions shown in figure.

Solutions to load cases superimposed to find extreme load case.
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Calculation for L, Loading Case

Parameters:
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Sled
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F,,
T
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h

:load in x direction :100/bs

, - separation distance of rails : 3in
. -z distance from center of sled to application of load : 20in
.y distance from center of sled to application of load : Oin

y

Q a8

o -separation between pillowblocks along bearing :14in

Calculations:

o
-
[}
——
_([“
+
—
o |_(“"
NS l Q
(] t
——
|
—
_‘P‘
-—-& "Q
~—
7
I
|
O
&
S
125

4 ' 2
L L d,\|
R T R T |
- 4 2 dO 2 d]
'L (L d L d)]
F3\r=_ | = = 46lbs
. _4 2 dO 2 dl
L (L 4 (L d)]
F, =— 4| =0 S 4] 2. 22 1 = —96bs
_4 2 0 2 dl .

Calculation for L, Loading Case

Parameters:
L, :loadin y direction : 100/bs
d, : separation distance of rails :3in
d_ :z distance from center of sled to application of load : 20in
d . :x distance from center of sled to application of load : 4in
d, :separation between pillowblocks along bearing :14in
Calculations:
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L
Zr 4 =671bs
2 d,

L,

(— d—} =—671bs
2
L,

d
L
{ (— d: j|= ~96lbs
2 d,

L, L‘ d.
F, =F,=—+ 7 2| = %6t

“
I

F, =

2x

N

4
Calculation for Weight of End Effecter Loading Case

Parameters:

W :loadin y direction : 80/bs

: separation distance of rails :3in

—

, - y distance from center of sled to application of load : Oin

. - X distance from center of sled to application of load : 4in

& A AR

o -separation between pillowblocks along bearing : 14in

Calculations:

F. =F, = -d—‘=lllhs
d,

M/
2
F, =F, =—{Ki—} =—11lbs
- ) 2 ¢

W d,
B

F =F, =F, =F, = _1._

L3S

=0lbs

Clevis Pin Shear Tearout Calculations [7]

Calculations performed to ensure that components were strong enough to perform
under expected loading with suitable safety factors. Loads assumed based upon mass and
expected accelerations of end effecter during use.

Assumptions:
Loading condition results from weight of mechanism
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Uniform isotropic materials

Clevis Bracket Clevis Pin

Clevis

e | L\\/+—-P>
\

Cap Screws

Parameters:

d,,, ‘diameter of #10 cap screw :0.190in

t :thickenss of clevis bracket side :0.155in

P :Load:200lb

h : distance from edge of hole to outside of part :0.5in

Calculations:

Direct Shear in # 10 Cap Screw
mZ

shear —

T = P = 7000 psi

X

=0.0284in*

shear

Direct Bearing of Clevis Bracket
Agpear =1d,,, = .03in’

P

shear

o= 6800 psi

shear

Tearout Failure for Clevis Bracket
A, =2-(t-h)=0.0778in>
7 = 2600 psi

Copyright 2011, AHMCT Research Center, UC Davis



APPENDIX B: ASSEMBLY AND DETAILED DRAWINGS

Copyright 2011, AHMCT Research Center, UC Davis

83



84

! | z, | £ [ v I g | 9 | A [ g

ysve marowl 10 ns| 8 321S)| 38Y3 13y
v _ ~ Ivos| Agdy
102 -ON3-¥SVE 10szesy | NISNIS43LS NYIS
SON_ON1MYY ALD Ve
00/02/¢ | NISNI4931E NVIE
ATEN3SSY ¥3103443 ON3 g 01530
EATYTY
500, 0% 00X "
SIAYQ ‘VINYOJITVO 30 ALISHIAINN SN ot
S30NVHII0L
YILNID LOAMY $03LON 351 MNIHIO SSITNN
YASDIT - afl _ o ‘ : ??B L1¢ "LRN|
v 7 i o
1K
pd
J
19 ADOL v L 7
RO DG A0 JOAI0S PRy 2D R 3
MO I UG6) PUdH N0 BISXZe-0uC 5
= TOUGDE i Q.
R 4 e '
U1 Gr% Pwa0% aelnans, g iR 7.
I T 2 (T
TIJR T of B Xn V.
; CGi0G B uet e 76,
U3t o L P
D V7 ls
YL LR A -
YT -
SYACT DG a1 0 g

PG g SO0

PRI NS

OOk &7 .

Ul G Ao,

SORON TN N A TRS LTRSS ORI
T0I0ON CAJOS L6 ep S GO G
J0TO0UU0S %un

ETRIECEE

JuediDI 9 DDLU (X

JURON J0pUoa

23015 ROV L iGoy [ 1VH p/Y S¥S 101
THALD Tuha ]

SO ONGS T OGS WhhE Dv 1 G

KT HNIRYE]

FER TS I I L A AT

i w1d

ToRabig 3 0GGNG & 72

D12s0N _ADAAg tul

98 di

HIEL

LAROL
/

) O o e A e e p

X

3
Qpo-dl

Gu-ON3 - CFEInN
FIOERAINE ST W0, 101y
b G- G2 - 2S Ve TIACH 14D et
LIEIG06E # V0 WoW TC1I05{] 38700, 52400 Lo dviiy
Cl¥ges9 #1vD Wov| DU To8E P3Uudly 198 374
Iz JUNO_JCICH Ohaokl T
El 7 ETANH A
A3 DO TBTTLBUGH| ]
LS IS-ROTAGYOL GLI0G J005 1 NOGAOR I S
DRI GOp02uSE 001 1ty UosWat 7 i
L O=-ON TUNCH JCIGR 11 L 5]
§ O~ EERC RIS O 74

| £ | 74 l ] 1 9 | L | 8

Copyright 2011, AHMCT Research Center, UC Davis



— ‘ \ @@ 2 PLACES

o m@qx ]
PART 50 GOL UD@(\ ' @(”

/@ 2 PLACES

TO PART 42
G
~®
| L
LI
iopE
]
E JC‘S} o
UNLESS or:imsc Nsorzn: ATMCT CENTER
—_— XX $0.01  ANGLES #1° UNIVERSITY OF CALIFORNIA, DAVIS
XX 0008
TTTLE
S srcrrosoy | 77300 End Effecter Assembly
SEAN BTEFFENSEN | 4/12/01 L:‘_Y DRA¥ING NO.
A o T BASR-END-201
RELEASE SIZE s sm ImJEcr BASR
8 | 7 | 6 | 5 | 5 :

Copyright 2011, AHMCT Research Center, UC Davis

<8



8 | 7 | 6 | 1 ] 3 ] 2 |
E
D
G
B
DETAIL VIEW OF YAW ROTATION AN
Jo' NT UNLESS 07:405:'!55 P:TED: AHMCT CENrER
| B 20.01  ANGLES 21 UNIVERSITY OF CALIFORNIA, DAVIS
XXX 20.00%
TITLE
A esrewsE 0 End Effecter Assembly
CRAWN Clad DRAWING NO.
SEAN STEFFENSEN 4s12701
A RPRRY Fu BASR-END-201
RELEASE. SITE SHT PROJECT
» [Torg[™T BASR
8 l 7 I 6 | | l 3 2

Copyright 2011, AHMCT Research Center, UC Davis

98



B
UNLESS OTHERWISE NOTED: AHMCT CE NTER
TOLERANCES
= X0 3001 ANGLES 210 UNIVERSITY OF CALIFORNIA, DAVIS
JXXX £0.003
TITLE
b " .
N ertnsiy | o000 End Effecter Assembly
QRAWN ary DRAWING NO.
SEAN STEFFENSEW 4/12/01
A AR SCAE BASR-END-201
RELEASE SI1ZE SHT PROJECT
» ["aot7| BASR
8 | 7 | | 3 2

Copyright 2011, AHMCT Research Center, UC Davis

L8



88

b | 4 | v | | ) | 9 | L 8
0

N_m<m -uuﬁoum_ Nw ME N 3218 3SYI1N

1 0Z~-0ON3~-dSvE 13| Auciety

(1 Z¢4v4 4 MISN34JI1IS NYIS

“ON_ON1AYIKI oy [ &M,//
Alquassy 1210243 pu3 ] T e & \
WA B
£00°0% XXX ] i
SIAVO 'VINYO4IIVD 40 ALIS¥3AINN L U S
........................ HILNID LOAHY susuzuo“_znx%wo $S3MN
30iS L b
dV4 AGNV ¥V3IN S30Vid m@@
3qIs ¢
YVY4 ONY ¥V3IN S33Vd ¢®
14
DA
¥€ Ldvd OL ¥
AVIINIS ATBNISSY D)
@
| | 4 | g | | g | 9 | L | 8

Copyright 2011, AHMCT Research Center, UC Davis



89

: _ 51— € [ | 20| 5 [ g ] 7
dsve Buso...; 1Hs ‘ u~¢ sV |
10Z-0ON3-¥4SY8 EUE =
[[-%A%4) NISNIJI318 Nvis
ononmvia] 10 b0 |
00704 | NISNIAALS NVIS
ATBANISSY ¥3103443 AN3 - avo 1530
§0070% 1001
SIAVQ YINYO41IVO 30 ALISHIAIND 13 SN 10708 XX
10!
HIINID LOWHY o aﬁwzuﬂ.u_znﬁ.wo ssamn |

ALITIEISIA HO4
NMOHS LON v OGNV L§
SLYVd HLIM WS INVHOIW
1711 40 M3TA VL3

\ \ i
25 1¥vd OINI L1d4 SS3ud \ \ /
61 L1dvd | ONV ZZ L¥Vd /]
OLNI 113 SS3¥d 61 Lyvd 1 / /
*} 310N

Copyright 2011, AHMCT Research Center, UC Davis



9

I 4

dsve _ouso{_ £ »Wn

L0Z-AN3-dsve

"ON ONIAVNA

ATTGNISSY ¥3103443 AON3

SIAVO "VINYOJITYD 40 ALISHIAIND
43LN3D LOWHY

»
zts £ ERE]
ATRS| Adidd¥
sy KIBNIS2LS NV
Al Nuvia
oL L N3ISN3I4J31$ NY3S
uvy Ne1s3g
33U
$00:0% X0
«i% SITONY e X’
$30MV¥I101

FU3LI0N IS1MNIHLD SSINN

ALITIBISIA

301AOHd OL NMOHS LON

$E ONV 62

£Z “LE '0¢

‘81 SLY¥Yd HLIM WSINYHOIN
L1l 30 M3IA 11vL30

= s ewend

L 01S ¥4
9 aNY ¥VIN SIOV1d ¥

Copyright 2011, AHMCT Research Center, UC Davis



8 I 7 | 5 | 3 1 2 ] 1
NOTES:
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NOTES
1. g ALL DIMENSIONS IN INCHES
. 2. § MATERIAL: 6061 AL
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8 | 7 ] 6 i 9 ] 4 | 3 i 2 ] 1
NOTES:
1. g ALL DIMENSIONS [N INCHES
2. ) MATERIAL: 6061 AL
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3 ‘ ae mmemRREm " «1 ’-»«3/8 STOCK
D. . A
| \ Ao
. 1
Lo 4 =
’ AR [
5 250 r ' * 5.000 s
4,625
4,375 s : - | 75
} 5.375
3.250
i | - T
0 a7 e % 4
1.500 -
1.250 — 4
.750 |
} oot bV dieos
1 o 2.875 f=—
— 4.000
- 5.125 =
6.500 —=
E 7.875 —=
11.000
12,500 —~|
S OTIE 52 MOrED: AHMCT CENTER
|| X 10.01  ANGLES a1 UNIVERSITY OF CALIFORNIA, DAVIS
XX 20,008
TITLE
o Ly GROUND ENCLOSURE TOP COVER
o e 4111701 a 1 ORAVING RO
A S e T BASR-END-053
RELEASE S1ZE s SHT [PROJEC\' BASR
1061
8 I 7 | 6 | 5 ] 4 | 3 I 2 | 1

Copyright 2011, AHMCT Research Center, UC Davis

601



8 | 7 | 6 | 5 | 4 | 3 ] 2 | 1
NOTES:
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