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Engineering
Development of an Articulating Robotic Arm for Spray Painting on Roadways
ABSTRACT
This thesis discusses the conceptual design of the Big Articulating Stenciling
Robot (BASR) Arm that is currently under devel‘opment, at the University of California,
Davis. This robotic arm is intended to be used to replace manual methods of spray
painting words and symbols on roadways. This will eliminate the hazards of exposing
maintenance workers to fast moving traffic and flying d.ebris. Automation of this procéss
can vastly improve maintenance worker safety and reduce restriction of highway traffic.
This thesis deals with mechanical design ‘of BASR which is a long reach
articulated robotic arm. A novel linkage design using a pantograph mechanism is used in
the design of this arm to eliminate the need for carrying actuators at each joint of the
robot. The entire system is designed to operate from the back of a maintenance vehicle

and does not need any additional mechanisms for stowing or operating it.
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CHAPTER 1 - INTRODUCTION

Highway maintenance operations are some of the most dangerous duties
performed to keep the highways safe and functional. Between the years 1972 and 1988,
in the state of California alone, there were 4800 highway workers seriously injured
enough to keep them out of work [1]. The risks are so great that between the years 1972
and 1991 there were 47 deaths of California highway maintenance workers. One such
death occurred on July 29, 1992, to a worker painting surveying markers on a section of
Highway 14 in Southern California. This was a manual job that requires a worker to exit
the vehicle and expose himself to traffic flow. In response to accidents like this, the
Advanced Highway Maintenance and Construction Technology (AHMCT) Center at UC
Davis has embarked on projects to automate highway maintenance tasks in order to
remove the worker from the pavement. This thesis presents a mechanical design that can
perform spray painting of words and symbols on the roadbed with the worker inside the
vehicle. Accordingly, the Big Articulating Stenciling Robot (BASR), designed and
developed as part of this thesis, will greatly reduce the risks to highway maintenance
workers.

This thesis presents the mechanical design and development of the robotic arm,
not the entire robot. To this end, parts of the robot not included will be mentioned for
clarity but not discussed in-depth.

The following document is broken up into five major sections plus appendices.
The first chapter will introduce the current methods for roadway stenciling that are

currently in use. Additionally, this chapter will detail the objectives of the thesis. The
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Figure 1.1 Big Articulating Stenciling Arm Design Flowchart

second chapter will cover the development of functional specifications and give a general
description of the BASR. Chapter three discusses the researching of different
configurations for the BASR arm and the acceptance -of the final design. Chapter four
covers the detailed design, assembly, testing, and modification of the BASR arm. Finally,
the last chapter discusses conclusions and recommendations of the project. Figure 1.1

shows the overall design flow chart.
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1.1 Literature Search

After a lengthy search, only two other stenciling robots were found to exist. One
was created here at the Advanced Highway Maintenance and Construction Technology
(AHMCT) Center and the other was created by the Pavement Marking Technologies.
They both use gantry type robots to move the end-effector through the painting path. The
configurations are discussed below.

The stenciling robot created by AHMCT was designed specifically for painting
the aerial surveying premarks [2]. The preniarks are 1.2 m x 1.2 m (4ft x 4ft) square and
all features of the mark are in a straight line. The premark has a black background with
white foreground. An example of a surveying premark is shown in Figure 1.2. This type
of mark is ideal for the gantry configuration due to the smaller mark which is much
narrower than the 2.4m (8.0 ft) vehicle width. The robot is housed inside a trailer along

with its support equipment. The Stenciling Trailer is shown in Figure 1.3.

Figure 1.2 Example of an Aerial Premark
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Figure 1.3 AHMCT s pre-existing Stenciling Trailer

The stenciling robot developed by Pavement Marking Technologies is designed to
spray paint words and symbols on the roadbed. Horizontal positioning of the paint head
is controlled by the gantry. Elevation and orientation of the end effector are controlled by
a linear positioner and rotary positioner respectfully. All motivation power is electric.
The frame of the gantry extends outside of the workspace due to the use of a gantry type

robot [3].

1.2 Current In-Use Spray Painting Methods

Many different words and symbols are painted on the roadbed to warn or inform
drivers of upcoming events. These words and symbols have a limited life due to
vehicular traffic and weather and must be periodically replaced or painted over. To do
this, the maintenance worker lays down a stencil of the symbol on the roadbed, aligns it

with the existing deteriorated symbol, and then either sprays paint or lays a liquid
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thermoplastic material over the stencil. The stencil is then removed and the media is
allowed to dry. An example of replacement using thermoplastic is shown in Figure 1.4.
The area remains coned off until the media is dry enough to resist automobile trafﬁc..
This operation is currently performed by a 2 person crew in one to two vehiclés. One
vehicle must carry a wide variety and size of stencils in order to maintain the wide variety

and size of words and symbols on the highway.

Figure 1.4 Example of Arrow Replacement Using Thermoplastic Material
1.3 Problem Description and Objectives

The purpose of this project is to develop a rd_botic arm to aid in the automation of
highway maintenance, specifically the painting of words and symbols on the roadbed. .
This arm will be designed around a set of specifications which will be defined in Chapter
2. The arm will be designed for static and dynamic loading with sufficient safety factors.
Concern will be placed on arm deflection but the arm will not be specifically designed for
deflection. Small amounts of deflections will be countered by the active height control

incorporated in the end-effector [4]. Numerous tasks performed on the roadway cover a
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large workspace requiring a large robot to cover all portions of the workspace. A robotic

arm that can efficiently reach all portions of the workspace and retract into a manageable

size would greatly increase the efficiency of highway maintenance automation.
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- CHAPTER 2 SPECIFICATIONS OF THE BASR-ARM ..
2.1 Functional Specifications

Specifications for the Big Articulating Stenciling Robot (BASR) Arm were
developed to ensure that the majority of words and symbols on the roadbed could be
painted with the same or better quality than is currently obtained manually using stencils.
Specifications include workspace size, end-effector speed, end-effector maximum weight,
arm rigidity, arm stowed envelop, and simplified control laws.

To effectively cover all words and symbols painted on the roadway, the
workspace must be large enough so that a majority of words and symbols vare included
within that workspace. The majority of words and symbols can all be contained within a
3.7 mby 3.7 m (12 ft x 12 ft) workspace. Some symbols, such as the type I direction
arrow [5], are 8 m (24 ft) in length, but these marks are much less prevalent than the
marks less than 3.7 m (12 ft) in length. Marks larger 3.7 m (12 ft) can be painted with the
support truck moving after the first half of the mark has been painted. Figure 2.1 shows

the workspace requirements.
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Figure 2.1 Workspace Requirements

Painting of words and figures on the roadway is done by high pressure (20.6 MPa
or 3000 psi) paint spraying out of an airless nozzle. Tests show that the necessary spray
head velocity is approximately 0.3 m/sec (1 ft/sec) with an acceleration of 2 m/sec’® (6
ft/sec’) [6]. Therefore, the BASR Arm must be designed to meet these speeds and
accelerations from a structural standpoint.

The BASR Arm will be mounted on a support truck and that truck will need to
conform with maximum vehicle dimensions. According to the California vehicle codes,
standard vehicles must be no wider that 2.4 m (8 ft) and no higher than 4.3 m (14 ft) [5].
The arm can extend from the maximum dimensions when it is in use but must be within
these dimensions when stowed. It is desired, but not required that the arm not need any
spécial stowége and handling equipment. Stowing must be performed automatically

without the operator exiting the support vehicle.

Copyright 2011, AHMCT Research Center, UC Davis



At the time the specifications were written, the spray painting end-effector had not
yet been designed and a weight had not been determined. Therefore, it was estimated that

the end-effector would weigh 890 N (200 1bf).

2.2 General Descriptions of the Big Articulated Stenciling Robot

In order to perform the desired spray painting tasks, the robot needs much more
than an arm. Much support equipment and structures must be developed and constructed.
The BASR is made up of a power unit which provides air, DC and AC voltage and
hydraulics for the robot and support systems. The paint i; provided by a hydraulically
powered positive displacement Binks paint pump. Only one color of paint will be needed
since all marks are only painted with one color. Reflective glass beads are provided to
the end-effector by placing them under a blanket of compressed air. The end-effector will
spray the paint and beads and is capable of three degrees of freedom [4]. The end-
effector also has the ability to for active height control. All of the support equipment is
mounted in the back of the support vehicle, a flat bed pickup truck. The arm can be
mounted on either the front or the back depending on the needs of the local maintenance
yard. The support vehicle has front and rear stabilizers to prevent the truck from moving
when the robotic arm is moving due to the flexibility in the vehicles suspension. Figure
2.2 shows a sketch of the completed stenciling truck. As discussed in the Introduction
(Chapter 1), this thesis presents the mechanical design and development of the robotic

arm, not the support equipment and support structures.
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CHAPTER 3 MECHANISM RESEARCH AND PROPOSAL

3.1 Mechanism Research and Configuration Benefits

There were three different configurations considered for the BASR arm. Because
of the weight, workspace and speed requirements, gantry, backhoe, and the pantograph
types were considered. The following section discusses the each type of configuration
and goes over the disadvantages and advantages of each _cbnﬁguration. All of the
“advantages and disadvantages are summarized in Table 3.1 near the end of this chapter.
3.1.1 Gantry Configuration

This configuration would use two sets of powcred linear slides oriented
perpendicular to each other. Thé linear slides would make up a frame around the
workspace with the end-effector inside the frame. Figure 3.1 shows the typical gantry
configuration. The linear slides can be powered by electric or hydraulic motors. This
type of configurations provides for simple reverse kinematics and good position accuracy
[3]. Additionally, the end-effector would not need any mechanism to maintain a vertical

orientation. The downfall is that the gantry frame must extend outside the workspace,

making the frame greater than both the maximum vehicle width (2.4 m or 8 ft) and

maximum lane width (3.7m or 12 ft). During transportation, a complex folding
mechanism could be employed to reduce the gantry width less than the maximum vehicle
width but the gantry would still be wider than the lane width during the painting

operation. The large gantry size causes problems with transportation and stowage.

Copyright 2011, AHMCT Research Center, UC Davis
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T T

Figure 3.1 Typical Gantry Frame Configuration

3.1.2 Backhoe Configuration

The backhoe type mechanism is a familiar sight at many highway maintenance or
construction sights. The backhoe operates‘in the radial coordinate system, thus making
the reverse kinematics more complicated than with the gantry configuration. Figure 3.2
shows the typical backhoe con.ﬁguration. Rotation is accomplished by a revolving base
which could be powered by al hydraulic rotary actuator. Displacement is accomplished by
a shoulder and a elbow joint. Rotation of tﬁese joints would provide for the radial
displacement and be accomplished by two'hydraulic linear cylinders or rotary hydraulic
actuators, one of which must be placed at the elbow joint. This arrangement does not
provide for straight line motion at the end-effector within the plane of the workspace.
Rotation of both shoulder and elbow joints must be closely coordinated through position
sensing and fine position control for straight line motion at the end-effector. This
coordination must be carried out by the controller which complicates the control scheme.
Additionally, this method requires an actuator at the end-effector to maintain proper end-
effector orientation with respect to the workplane. The backhoe does yield a proven

mechanical design that is popular in the manual control arena.

Copyright 2011, AHMCT Research Center, UC Davis
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Figure 3.2 Typical Backhoe Configuration

3.1.3 Pantograph Configuration.
Figure 3.3 shows a simple pantograph mechanism. Input motion is applied at
joint C and the output (end-effector, joint F) moves following the same path as the input

but this motion is scaled depending on the linkage configuration (see Section 4.1.1). If
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the input is constrained to move in straight line motion, then the output must also move in
a straight line motion greatly simplifying the reverse kinematics of the robot [7]. A
pantograph robot would use radial coordinates. The workspace coverage is shown in
Figure 374. The base could be rotated by a hydraulic rotary éctuator similar to the
backhoe configuration. Unlike the backhoe configuration, the pantograph would only
need one hydraulic linear actuator which could be located at the base to reduce the
moment caused by its weight and reducing the radial inertia. Since the arm is
articulating, it can reach long distances and then fold up to a small package in its stowed
position, as shown in Figure 3.3. In order to give the straight line motion and constant
ratio of output to input, the pantograph mechaﬁism m;ist be made to close tolerances

which could increase productions costs.

Copyright 2011, AHMCT Research Center, UC Davis
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Figure 3.3 Explanation of Simple Pantographic Motion

Figure 3.4 Workspace Coverage with a Pantograph Arm
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To summarize the advantages and disadvantages of each configurations, they are

listed in Table 3.1.

B -Linear motion -Frame is too large to fit in
B -Simple reverse kinematics traffic lane
S -1 ow height -Requires complex stowage
' mechanism
B -Mechanically proven design =~ | -Non-linear motion
& -Drivers passing by on the road are | -Difficult reverse kinematics
8 familiar with the backhoe shape -Elbow actuator not at base
-Requires actuator to maintain
end-effector orientation
-Linear motion : -Tall structure
-Simple reverse kinematics -Not a normal structure
-Stowes into small package
-All actuators located at base
-Simple mechanical linkage
provides end-effector orientation

Table 3.1 Advantages and Disadvantages of Each Arm Configuration

3.2 Configuration Proposal and Acceptance

On November 30, 1994, the different configurations were presented to the
California Department of Transportation (Caltrans). The relative merits and
disadvantages of each configuration were discussed and it was decided -that the

pantograph configuration would be accepted [8].
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CHAPTER 4 PROTOTYPE DESIGN AND ANALYSIS
4.1 Component Design and Analysis

Once the general configuration of the BASR arm was determined, detailed design
of the prototype could begin. The detailed design started with determination of the main '
link lengths but the design was an iterative process (reference BASR Design Flowchart,
Figure 1.1). With a chosen link length, the resultant forces had to be calculated and then
checked to see if they were acceptable. If not, the lengths had to be changed.
Additionally, stresses in the links had to be checkéd when the component design was in
process. If the stresses were unacceptable, either the component or the li;xk length had to
be changed, adding another iteration to the design process. The following sections show
each step of this iterative process.

For reference, Figure 4.1 shows the general configuration of the arm with the

letter designations given to each joint.

— R o — END
[ EFFECTOR

. ——

AT r——\J

-

Figure 4.1 General Arm Configuration with Joints Labeled
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4.1.1 Determination of Linkage Length and Spacing

In order for the BASR arm to reach all areas within the workspace, the arm
rotates and extends as discussed in Section 3.1.3. To further enlarge the workspace
without requiring a larger arm, the base of the arm can translate 61 cm (2 fr)

~ perpendicular the support truck centerline. Figure 4.2 shows the increase in workspace
coverage with and without a translating base. The translating base also helps in stowage

of the arm. Stowage of the arm will be discussed in section 4.4.2.
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Figure 4.2 Robotic Reach With and Without Translating Base

Determination of link length was an iterative process. The Arm is restricted from

retracting beyond a minimum angle. This restriction is caused by the interaction between

Copyright 2011, AHMCT Research Center, UC Davis
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the links, joints, and hydraulic cylinder. Experiments with different configurations

showed that the Arm should retract no less than 15° from vertical. This angle is defined
as Omis. With Oy known, the minimum retracted distance can be determined depending
on the length of links ABD and DEF. This distance is defined as Xpin. From X, the

Arm must be able to extend out to the farthest corner of the workspace. This distance is

defined as Xmax. Figures 4.3 and 4.4 help define these terms.

Xmin-———1

Figure 4.3 Explanation of Extension and Retraction in Terms of X and

Copyright 2011, AHMCT Research Center, UC Davis
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Figure 4.4 Explanation of Minimum and Maximum Arm Extension in Terms of X and Ol

Using these relationships, 8max can be determined for a given length of link ABD
and DEF. [terating through with different link lengths, Om.x can be examined to
determine the acceptable values for 6y, and length of links ABD and DEF. This iterative
process is shown on Table 4.1. The term #NUM! in the Theta Max column means that
the Qalue can not be calculated. In this case, the arm can not reach all areas within the
workspace. The column Max Height is the vertical height of the robot arm in the

maximum retracted position (6=15°).

Copyright 2011, AHMCT Research Center, UC Davis
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Theta Minimum (deg) 15.00 0.26 (rads)

Workspace Width (feet) 12.00f 144.00| (inches)|

Workspace Length (feet) 12.00 144.00! (inches)

Link Length (inches) {X min  |X max Theta Max |Alpha Max {Max Height

101] 52.28] 202.41] #NUM! 52.85 97.56
102 5280f 202.89 84.03 52.58 98.52
103] 53.32] 203.38 80.85 52.31 99.49
104] 53.83] 2083.87 78.56 52.04 100.46
105] 54.35] 204.35 76.68 51.77 101.42
106] 54.87] 204.84 75.07 51.51 102.39
107{ 55.39] 205.33 73.63 51.25 103.35
108| 5590/ 205.82 72.34 50.99 104.32
109] 56.42] 206.30 71.15 50.73 105.29
110f 56.94] 206.79 70.04 50.47 106.25
111] 57.46] 207.28 69.02 50.22 107.22
112] 5798 207.77 68.05 49.96 108.18
113| 58.49] 208.26 67.14 49.71 109.15
114] 59.01 208.74 66.28 49.46 110.12
115 59.53] 209.23 65.47 49.21 111.08
116) 60.05] 209.72 64.69 48.97 112.05
117f 60.56 210.21 63.94 48.73 113.01
118] 61.08 210.70 63.23 48.48 113.98
119 61.60 21119 62.54 48.24 114.95
120] 62.12 211.68 61.88 48.01 115.91
121 62.63 21217 61.25 47.77 116.88

Table 4.1 Determination of Link ABD and DEF Length and 6 m,,

From this data it can be seen that the main links (link ABD and DEF) must be at
least 2.60 m (102 in) long in order to reach all areas within the workspace. However, at
that link length, the robot arm is nearly horizontal (Bpma is 84°, 6° from horizontal). This
is not acceptable because the forces in the links and joints would be far too great that
close to the horizontal. Table 4.2 shows the forces in the links, joints and hydraulic

actuator (F,) if the links are allowed to extend close to the horizontal. Notice the forces

at E, D and C at an angle of 85° (5° from horizontal).

symbology used in Table 4.2.

Copyright 2011, AHMCT Research Center, UC Davis
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FORCE CALCULATIONS AT EACH JOINT {
CONSTANTS: (feet) (slugs) _l{pounds) -} —-—— {slugs*ft"2)
Ra= 4.34|Mabd= 6.24]|Wabd= 201.26{labd= 78.64
Rb= 3.24|Mce= 2.37|Wce= 76.35|lce= 20.41
Re= 3.63|Mdef= 3.12|Wdef= 100.63}Idet= 39.32
Rd= 4.83|Mefi= 621{Welff= 200.00
Rd1= 4.34
Re= 443 VARIABLE: (ft/sec”2) (f/sec)
Rel= 3.24 Aeff= 6.00| Vefi= 0.00
Ri= 4.83
Rlink= 9.17|
THETA  [Fex Fey Fdx Fdy Fex Fey Fbe Fax Fay Fact Fnomal
deg) (pounds) {({pounds) ](pounds) }{pounds) l{pounds) |(pounds} l(pounds} ](pounds) j(pounds) |(pounds) |(pounds)
15.00] 467.46] 1722.48] 416.41] 142315 47198 1798.06{ 443.34] -292.80] 1853.76] -357.24] 2226.29
20.00] 567.86] 1535.33] 516.80] 1236.49] 57238 1610.65] 716.16] -263.00] 1912.69| -327.44] 2283.62
25.00 674.76] 1420.60 623.71] 1122.27 679.28f 1495.64 905.20] -232.29] 1946.80] -296.73] 2316.03]
30.00 790.64] 1342.01 739.59] 104423 795.17) 1416.73] 1061.04] -200.21] 1968.23] -264.65] 2335.62
35.00( 918.71] 1283.99] 867.66] 986.81 92323} 1358.36{ 1207.46] -16623{ 1982.10{ -230.67] 2347.45
40.00] 1063.31] 1238.73] 1012.26 94223] 1067.84] 1312.71] 1359.18] -129.74] 1990.86] -194.17{ 2353.91
45.00] 1230.59) . 1201.88] 1179.54, 906.18] 1235.12] 1275.41] 1528.29 -90.02] 1995.70] -154.46] 2356.07]
50.00{ 1429.62] 1170.80| 1378.57] 876.05] 1434.14] 1243.79 1727.62 -46.28] 1997.10] -110.71] 2354.28
55.00| 1674.48| 1143.77| 1623.43] 850.18] 1679.01| 1216.10| 1973.80 2.27] 1994.96 -62.16] 234822
60.00] 1988.45f 1119.60] 1937.41 827.51] 1992.98] 119107} 2291.51 55.96] 1988.61 -8.48] 2336.82
65.00] 2413.14] 1097.36]| 2362.08] 807.30] 2417.66] 1167.66] 272129 113.11] 1976.37 48.67| 2317.73
70.00] 3030.96] 1076.23] 2979.91 789.15] 3035.48] 1144.84| 3336.31 164.06{ 1954.58 99.63| 2285.92
75.00[ 4032.09] 1055.23] 3981.04] 772.99] 4036.62 1121.06] 4282.12 164.03] 1914.36 99.59| 2229.35
80.00[ 5976.04{ 1032.36{ 5924.98 759.68] 5980.56{ 1092.72{ 5866.89 138.36{ 1828.72f 202.80] 2111.50
85.00] 11530.65; 999.23| 11479.60 754.94] 11535.17f 1043.36] 8094.65] 3406.89] 1561.72] 3471.33] 1748.86

Table 4.2 Forces in - the Links and Joints When Arm is Extended Past 70°

If the link lengths were 2.79 m (110 in) then the arm would only extend down to

70° from vertical which yields acceptable forces. Link ABD and DEF will be 2.79 m

(110 in) in length. It should be noted at this point that without the translating base the

main link lengths would have to be at least 3.05 m (120 in), a 10% increase in length.

The length of the shorter links, link AB, BC and DE can now be determined.

While the main links define the reach of the robot, the relationship between longer and

shorter links define the amplification factor (output/input) of the pantograph mechanism

[7]. When joint A is pinned and joint C (refer to Figure 4.1) is allowed to translate, joint

F will translate a distance according to the following linear relationship:
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LENGTH AD
OUTPUT = INPUT—————"— oy, ——
- LENGTH AB M

OUTPUT _ LENGTH AD
INPUT ~ LENGTH AB’ )

AMPLIFICATION FACTOR =

It would be ideal to have a very high amplification factor. To accomplish this, the
short links (link AB, BC and DE) must be much shorter than main iink. Unfortunately
there is a limit to how small the short links r;lay be made. If the short links are made too
small, the spacing between the parallel links ABD and CE will be too small when fully
retracted and extended, causing interference between the links. Figure 4.3 shows the arm
fully retracted and it can be seen if the arm was retracted any further, that link ABD and
CE would interfere. The short links must be big enough to allow for spacing and provide
for an. adequate amplification. If the amplification factor is not high enough, a long
stroke hydraulic cylinder must be used to provide actuation over the required travel of

joint C. Table 4.3 shows the trade off parameters for the determination of the short link

length.
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36.6 (14.4)

39.9 (15.8)

46.6 (18.3)

7.33 49.9 (19.6) YES

Table 4.3 Determination of Link AB, BC, and DE Length

From the information provided from Table 4.2, it was determined that the correct
length for the small links (links AB, BC and DE) would be 33.53 cm (13.20 in) providing
for an amplification factor of 8.33. |
4.1. 2 Linkage Dynamic Analysis

With the length of each link known and the specifications for workspace, end-
effector speed and accel.eration, and end-effector weight known, the forces in each link
can be found. To determine these forces, equilibripm equations were written for each
link resulting in twelve linear equations with twelve unknown variables. The equations
were solved for a given end-effector weight, acceleration and velocity while varying end-
effector position. The resultant forces in each link and joint were calculated along with

the maximum stresses in each link. The free body diagrams, equations and spread sheets
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containing the data are shown in detail in Appendix A. It is easily seen that the maximum
forces are caused at the maximum extension of the arm, so all links must be designed

with these values as worst case. The maximum stress in each critical position are shown

in Table 4 .4.

SRR I O Sk St B 2

35.53 (5157) 70° (extended)

_ Vel=anything
8.082 (1173) 70° (extended) Accel= -2 (-6)

4 Vel=anything
5.953 (864) 70° (extended) Accel= 42 (+6)
Vel=anything
19.23 (2971) 70° (extended) Accel= +2 (+6)
Vel=anything

Table 4.4 Maximum Stresses in the Critical Links

4.1.3 Linkage Type and Configuration

The links must maintain the proper distance bety\;een the joints and limit
deflections due to bending stress. Méintaining proper spacing between joints ensures that
the arm will provide output motion that is linear with respect to the input. Additionally,
the proper distance will allow the linkage configuration to remain intact providing for
straight line motion of the end-effector. If the links are allowed to bend or deflect, the
ability of the linkage to provide straight line linear motion will be degraded.

Since link weight was needed to be kept to a minimum, rectangular extruded
aluminum tubes were used. These tubes are one third the weight of steel tubes, with
almost the same strength, 340 MPa (50 kpsi) vs. 275 Mpa (40 kpsi) {9]. The main links

were made up of 10cm x [ Scm (4in x 6in) by 6.4mm (0.251n) thick stock.
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In order to fasten the shafts or bearing cups—to-the tubes, solid aluminum inserts

were connected to each end of the links in the area of the joint. These inserts were
bonded to the tubes by the use of high strength adhesive made by 3M Corporation. The
adhesive was 1838-L B/A Scotch weld two-part epoxy with a 21 Mpa (3.0 kpsi) [10].
Using adhesive to attach the inserts into the tubes precludes the deformation and stresses
associated with welding. Additionally, the long set up time of the adhesivé (8-12 hours)
allows the inserts to be placed in position and then verified for correct position before the
adhesive has set.

Link CE was made up of smaller outside dimension tubing since it is the only
link, besides link BC, that is in pure compression. The main portion of the link is made
up of lOCm x 10cm (4in x 4in) by 6.4mm (0.25in) stock. Link CE also has side arms so
_ that it can mount at joints C and E. Link BC is the shortest link and was made up of solid
aluminum for ease of manufacturing.

4.1.4 Joint System

An important part of maintaining the robotic motion linear and repeatable is the
pinned joints. Each joint must héndle the loading due to the weight of the links and the
end-effector while still allowing the joint to rotate with 2 minimum amount of friction.
Also, the joint must be resistant to any displacement or deflection other than rotation it is
designed to allow. To meet these requirements, opposed angular contact roller bearings

where used [11]. Figure 4.5 shows a typical bearing arrangement.
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Figure 4.5 Typical Bearing Arrangement.

Angular contact roller bearings are able to take both radial and axial loading. In
this bearing arrangement, the majority of the loading will come from the pin loading,
acting on the bearing in a radial direction. This is consistent with angular contact roller
bearing design since angular contact roller bearings are designed to carry the majority of
loading in the radial direction{11]. Axial loading of the bearing will come from any side
loading and joint preloading. Side loading comes from rotary acceleration or deceleration
of the robotic arm, end-effector and payload. Joint preloading is necessary to ensure that
there is no play in the joints. Play would allow for displacement of the joirts in a
direction other than rotation, reducing the placement accuracy of the end-effector.

4.1.5 Linear Slide
Joint C must be constrained to translate in only one degree of freedom in order for

the end-effector to maintain its straight line motion. This constraint is obtained by
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mounting the shaft at joint C on a carriage of a linear slide assembly. The linear slide

would have to be strong enough to withstand the vertical forcé created by the weight of
the linkage and payload at the end-effector. The force. was calculated to be 11,800 N
(2670 Ib). Various linear slides were investigated and a INA KUSE3S5L linear slide was
found to meet these requirements.

Joint C must also provide for an attachment point for the end of the linear
hydraulic actuator. The actuator is attached to the pillow block through a pin and rod end
system at joint C and a trunion mount at joint A. This allows the cylinder to rotate and
align itself due to ahy shifting or bending in the support which isolates the cylinder from
_ any bending moment which would degrade the seals.

4.1.6 Parallel Mechanism

The use of the pantograph mechanism allows the extension actuator 1o be
mounted at the base saving weight hydraulic lines running out the arm all of the while
giving straight line linear motion at the end-effector. This is very advantageous but does
not guarantee proper orientation of the end-effector with respect to the road surface. In
order to maintain the proper orientation, a mechanical linkage or actuator could be used to
maintain the orientation.

If the end-effector was hard mounted directly to link DEF, its orientation with
respect to the road surface would change as link DEF rotates as it is extended or retracted.
One way to maintain the proper end-effector orientation is to mount an actuator between
link DEF and the end-effector mount. The actuator would be given a position command

based on the angular displacement of link ABD. This would require more weight at the
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end of the arm and more electrical or hydraulic cables to be routed out to the actuator.
Additionally, any misalignmcnt caused by the actuator system would cause errc# in the
end-effector.

Another alternative is to use identical gears at joints A, C, and F. The gear at joint
A would be fixed to the base while the gears at joints C and F would be free to rotate with
respect to the links. If the gears are connected with chains, the gear at joint F would
maﬁntajn its orientation with respect to the gear at joint A and in doing so, maintain its
orientation with respect to the base. The gears aqd chains are heavy, adding foo much
weight to the arm. Some weight savings could be achieved by replacing the gears with
pulleys and chains with belts. This alternative would still weigh too much and be
susceptible to stretching. A better, lighter, and less complex systeﬁ was needed.

Further research discovered a reliable and simple system to maintain the end-
effector orientation. Based on the principle that ends of a parallelogram stay parallel due
to the opposite sides being equal length, a linkage mechanism could be mounted above
links ABD and DEF to maintain end-effector orientation. Light weight links made of
composite materials could be used to save weight and still provide the required strength.
No actuation would be necessary since the action of the arm would maintain the position.

Figure 4.6 shows the parallel linkage.
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Figure 4.6 View of the BASR arm with the Parallel Linkage Attached

The parallel links.were made from carbon graphite tubes with aluminum plugs
epoxied at both ends. The plugs were drilled and tapped to allow spherical rod ends to be
threaded into the plugs. This thread gives minor adjustments in length which is needed
when maintaining the links the same length. The shorter links of the parallel linkage
parallelogram, links AG, DH, and Fl are made up of links 43.18 cm (17.00 in) long. Link
AG maintains .the orientation of the parallel mechanism and is hard mounted to the inside
base pillow blocks. Link DH is mounted tb the shaft at joint D but is free to rotate
independently of the shaft. This rotation is accomplished by mo.re spheriéal rod end

bearings. The universal end-effector mount provides for the remaining side of the
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parallel linkage parallelogram. These parallel links maintain the end-effector in the

correct orientation without any control scheme or actuation required.

4.1.7 Universal End-effector Mount

The end-effector is moﬁnted to the end of link DEF through the universal end-
effector mount. This mount is made up of 6.4 mm (0.25 in) aluminum plate which is
fastened to two sets of pillow blocks. The lower set houses the tapered roller bearings at
joint F and the upper set houses the pin for joint I. The plate also provides for spacing of
the link FI in the parallel linkage. Four fasteners secure the end-effector to the universal
end-effector mount. Figure 4.7 shows the side and front views of the universal end-

effector mount.

PR SR

Figure 4.7 Universal End-Effector Mount
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4.2 Prototype Assembly

The first major parts of the BASR arm to be assembled were the main links.
Before the links could be assembled, the bearing cups were pressed into the ABD inserts
at joint D. In parallel with this, the aluminum tubes were accurately machined to length
in order to provide the correct spacing between joints. Once all of the aluminum tubes
were machined to length and the comresponding plugs were completed, tubes and plugs
were epoxied and clamped together to férm the main links. A jig was used to check and
maintain the correct distance between joints.

With the links assembled, the entire Arm could also be assembled. During the
first stage, links ABD and DEF were assembled horizontally. The left hand side link
ABD was first placed on the turntable bearing interface Iby securing the link to its pillow
blocks (Pillow Block, Joint A) and securing the pillow blocks to the interface. Joint D
shaft was fastened to link DEF and then attached to the left hand link ABD through the
bearings in Link ABD at joint D. The right hand link ABD was then attached at joints A
(by the pillow blocks), B (by the shaft at joint B), and D (by the shaft and bearings). The
link was not securely fastened yet because the shaft at joint B had to be slipped through
left and ﬁght link ABD and the bearings for link BC at joint B. Once the shaft was
| secured and the tapered roller bearings on link BC at joint B were properly preloaded by
shims, the remaining joints on link ABD could be secured.

Before anymore assembly could continue, joint D had to be raised so that the main
links were in the normal operating position and then held there until the remaining links

and joints were attached. With joint D raised such that link ABD was about 20° from
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vertical, joint C and the linear slide could be assembled by slipping the shaft-at joint C
through the sliding carriage and tapered roller bearings on link BC at joint C. Link CE
was then assembled by placing the two side arms on either side of the sliding carriage at
joint C and tightening the bolts that secure the joint. The side arms at joint E are placed
on the shaft at joint E and then the joint was secured to link DEF. The end plates are
secured to the side arms and then the tube between the end plates was secufed to the
plates which completed link CE and the assembling of the BASR arm.
4.3 Prototype Testing and Results

Once the Arm was assembled, testing to ensure that it met the design requirements
could be conducted. At the time of writing this thesis, the Arm had not been actuated
under closed loop electronic control. Testing was accomplished using static and some
open loop (manual) control.
4.3.1 Arm Deflection Under Design Loading

Deflection of the Arm was tested by incrementally extending the Arm with and

without the end-effector payload. To measure deflection, a laser level was shined

horizontally from the base interface (joints A and C) onto the end-effector. Any
deflection in the Arm was measured by noting the displacement in the laser light beam.

The results from the testing are presented in Table 4.5.
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0.16 (0.063)

0 (0) 0.48 (0.19)
0.078 (0.031) 0.40 (0.16)
0.16 (0.063) 0.64 (0.25)

0.32(0.13) 0.80 (0.31)
0.48 (0.19) 1.51 (0.60)
0.56 (0.22) 1.91(0.75)

Table 4.5 Results from the Arm Deflection Test

| Although the maximum under load deflection was not specified at the conception of this
project, the actual deflections fall well within practical limits. The largest deflection

recorded was 1.91 cm (0.75 in) which is well within the end-effector’s active height

control ability.

4.4 Prototype Redesign

Through design, assembly and testing, it was noticed that portions of the design
could be modified to improve performance and safety. Some modifications would
require significant redesign of the existing prototype design and therefore will be

postponed until the second stage prototype is designed. The following modifications will

be implemented to the existing prototype to improve performance and safety.
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4.4.1 Parallel Linkage Redesign A

Originally, the parallel links were placed above links ABD and DEF. This posed
a height restriction as the link DH was 43.18 cm (17.00 in) above joint D. See Figure 4.8
for an illustration of the overall height of BASR. If the parallel linkage could be placed
below the main links the §vera.ll height of BASR could be significantly reduced. It was

decided to move the parallel linkage mechanism below the main links.

Figure 4.8 BASR Overall Height with the Arm Retracted

Joint G was moved from above joint A to below Joint A. The parallel link GH is
mounted at joint G 22.84 cm (8.993 in) below joint A on the turntable bearing interface.
This is the maximum spacing between jdints A and G before the link GH will interfere
with the rotating base of the robot. Because of the smaller spacing between the main
links and the parallel links, larger tension and compressive forces will be seen in the links

therefore two sets of parallel links will be used, one on either side of the main links.
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Link DH must be free to rotate around the center of joint D but be constrained

from moving in other directions. The shaft at joint D already had a 5/8-16 UNF tapped
hole at both ends. If the proper mechanism could be found to use this thread and allow
the one degree of freedom (rotation about the axis of joint D), the lower parallel linkage
design would be essentially complete. It was found that a cam follower would thread into
the threaded joint D and if link DH was f)ressed onto the bearing surface.of the cam
follower, the link would be properly constrained. This approach was used with a 1.59 cm
bolt passing through joint H and holding links GH and HI. There is no connection
between the left and right hand sides of joint H because this connectioh would interfere
with the main links when the arm was retracted towards the stowed position.

There was not much change made to joint I. The universal end-effector mount
was rotated so that it was hanging below joint F. The pillow block for joint I were move
so that they met the same spacing from joint F as joints A and G were spaced. Since
there were two parallel links HI now versus one on centerline, the length of the shaft at
joint G had to be lengthened to accommodate the width of the spacing between both
links. Figures 4.9 and 4.10 show the final configuration of the parallel linkage

mechanism.
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Figure 4.10 Side View of Base, Joint H, and End-Effector Respectfully

An added advantage of placing the paréllel links below the main links is that the
universal end-effector mount is now mounted mostly below joint F. Rotating the mount
and mounting it below joint F lowers the center of the universal end-effector mount and
therefore also lowering the height above the pavement of the paint head. Additionally,

the universal end-effector mount does not have to be as long now that the parallel links
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are only spaced 22.84 cm (8.993 in) apart. Shortening the mount from 55.9 cm (22.0 in)

to 27.9 cm (11.0 in) reduces its weight by 50 percent.

4.4.2 End-effector Retraction for Stowage Redesign

It was decided that the BASR arm have the ability to stow the ‘end-effector within
the bed of the support truck. 'As BASR is transported between work sites, it would be
safer to have the arm rotated around and over the bed of the truck so that it is completely
within the confines of the truck bed and that the paint head is rotated to horizontal so that
it is not in danger of striking objects on the roadway. Different schemes were

investigated for merit. The optimum retraction scheme is shown in Figure 4.11.
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Figure 4.11 End-effector Retraction Mechanism

The end-effector is retracted by changing the length of parallel links HI. In the
normal working (non-retracted) position, link HI is thé original 27.94 m (110 in) length.
To rotate and retract the end-effector, link HI shortens 33 cm (13 in). When the end-
effector is needed in its working position, the link extends to its original length. This
extension and retraction is accomplished by an air cylinders imbedded in the end of the
two link HI's. When the cylinder is retracted, the link is short and whe;n the cylinder
extends to full stroke, the link expands to its full 27.94 m (110 in) length. The air
cylinders are actuated by 1.03 MPa (150 psi) air which was already available to the end-

effector. The status of the end-effector rotation is sensed by hall effect switches mounted
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on each pneumatic cylinder. When the end-effector is retracted over the truck bed, air to
the air cylinders is vented allowing the end-effector to rest in restraints provided in the

truck bed.
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5 CONCLUSIONS
-S.1 | Conclusions

This thesis discusses the multiple developmental stages involved in the
mechanical design of the Big Articulating Stenciling Robot (BASR) Arm. Current
methods and mechanisms used to paint words and symbols on the roadway are presented
to establish the direction that was taken towards the generation of overall conceptual
designs. The previous chapters include general descriptions of the individual systems that
constitute the BASR as well as more detailed descriptions of the BASR Arm. The
generation of multiple arm concepts and the impartial trade-off process provide a logical
means of selecting the most effective design while identifying the strengths and
weaknesses of each design. The development of the Arm as presented in Chapter 4 and
Appendix A is also presented to show the step by step process used to design the accepted

concept.

5.2 Recommendations

-During initial prototype testing, it was determined that the overall arm height
above the roadbed while retracted was too tall and should be reduced. Contributing to the
overall height was the parallel linkage mechanism. If the mechanism height could be
reduced, the overall performance of the arm would be greatly improved. Modifications to
the linkage were undertaken and the initial modifications are discussed in Section 4.4.1.

Further modifications could improve the parallel linkage even further. Experimentation

Copyright 2011, AHMCT Research Center, UC Davis

41



with othér mechanisms and geometry may yield a parallel linkage extends along link DEF
only, eliminating the linkages along link ABD.

Approximately 30 - 40% of the stress in the links and shafts is due to the weight
of the links and joint materials. To réduce this contribution to the overall stress, the Arm
wasl made from heat treated aluminum. Although aluminum is lighter than steel, it is not
as stiff as steel, lowering the natural frequency of the structure. Alternative materials to
aluminum should be investigated to further reduce the weight of the structure while

increasing natural frequency of the structure. An alternative material to aluminum is

carbon fiber composites.
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APPENDIX A _...
FORCE, MOMENT, AND STRESS CALCULATIONS
SR
z l I‘ -8
' S N\
C’_ , D —— @ ‘i ,
] & — &
l O ) et [ oot ~
= WBC
Ff‘.'w‘
_INE B

Figure A.1 Link BC Free Body Diagram

FORCE IN LINK BC
Assume that link BC is massless (less than 10Ibf)

Y F=M, A=(0)A=0

:ZF=O, 50,
(1
—>ZFX=O .
Fox —Fex =0 = Fp =Fy4 (2)
+T ) F, =0

—Fg+F, =0 = Fp = F,

Force acts along the link axis and the force is just Fy at angle © as shown

in Figure A.2.
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_ APPENDIX A
FORCE, MOMENT, AND STRESS CALCULATIONS

Figure A.2 Link BC Free Body Diagram Showing Forces in Line with Link

STRESS IN LINK BC
Since the link is just in compression without any bending moment, determine
just compresive stress due to Fac.

F
O, = AZ Where A ;. = Cross sectional area of link BC 3)

NOTE I: Cross sectional area of the link is defined as the minimum cross section
area minus material removed for the shaft or bearing at that joint.

NOTE 2: In this link, buckling is ignored due to its short length (low L/ k).
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APPENDIX A

FORCE, MOMENT, AND STRESS CALCULATIONS
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Figure A.3 Link ABD Free Body Diagram

FORCE AND MOMENT IN LINK ABD

5YF, =Ma,

Fax = Focsin(©) + Fyy = MABD(AABD)X

+T Y F, = M4,

—Fay + Fpecos(®)+ Fpyy = M 0 (App)y

EZMCG =1 45p©

—Fy Ry = Fiy Ry + Fyc Ry c0s(20-90)+ Fppy Ry — Fp Ry =1 ,5,0

STRESS IN LINK ABD Find the stress in link at joint B (tensile). Joint B has the

max stress due to max bending moment and minimum cross sectional area.

M. = Fpo cos(20-90)R , Ry,

B

RUNK

F, = Fp sin(@) + F,, cos(O)
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Where R,;, =R, —Ryand R,, =R, + R,

Where AABD = .Cross sectional area of link ABD

(without hole for joint)
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(5)

(6)

(7

(8)
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R
Y . o
B =Y /( ‘/'/
~, g -
RS 3 l 7
- - s
- - e

Fey

Figure A.4 Link CE Free Body Diagram
FORCE AN MOMENT IN LINK CE
5YF, =Ma,
Fox —Fe =My (A )y

+T X F, = MA,
Foy —Fgy =W = MCE(ACE)_\'

¥ Z Me =10
~FoRey + FoRey = Fex Ry + Fo Ry = 1.0
STRESS IN LINK CE (Compression)

Assume that F, is in line with link axis

FCE
GCE - ACE

Where A, = Cross sectional area of link CE

Buckling for this link is evaluated near the end of this section.

Copyright 2011, AHMCT Research Center, UC Davis
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FORCE, MOMENT, AND STRESS-CAEEULATIONS

Figure A.5 Link DEF Free Body Diagram

FORCE AND MOMENT IN LINK DEF

_)zFx =MA, .
—Fpy + Fex — Fix =M pee(Aper ) x

+TDF, = MA,

—Fpy + FEY —Fg = Woer = MDEF(ADEF)Y

ichc =150

FDXRDIY + ForRmx - Fax Rew - FEYREIX - MEEFAEEFRFY _WEEFRFX = [osfe

STRESS IN LINK DEF

Maximum stress occurs at joint E (tensile) due to max bending moment and force

at minimum cross section.

M = Rep (Fgy sin(@) + Fiy cos(©)) + R Wy sin(©@)  Where R, =R + R,

Fezensiony = Woer €08(0) — Fiy sin(0) + Fy cos(O)

_ MECCE + FE(TENSION)

GE(TENSILE) -
ICE ADEF

Copyright 2011, AHMCT Research Center, UC Davis

Where A . = Cross sectional area of link DEF
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—

SLiDER, JO

Figure A.6 Slider, Joint C Free Body Diagram

NT C

—

JOINT C SLIDER

Assume that the mass of the Slider is zero and no friction in the linear slide.

Additionally, assume that the Slider is constrained to move in X direction
only (A, =0).

> F=MA=(0)A=0
=>ZF=O so,

533 F =0
F o Sin(©) — Foy — Fop =0

+TZF,, =0
=Fgecos(@)-F, +F, =0

Copyright 2011, AHMCT Research Center, UC Davis
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\/
AY

e
lm- rT—
EFFECTOR

G'D | — S—=
|

.\
bl
—— g Y

|

FI.D—EFFECTOR

Figure A.7 End-Effector Free Body Diagram

END - EFFECTOR
Assume that the end - effector moves in X direction only due to the input (Slider)

constrained to move in X direction.
ZF)’ = Mg (Ager)y = Mg (0)=0
=) F,=0

—')ZFX =M e (Ager ) x> UL (Agep ) x = Ager

Foy = Mpgpr Ager (22)
+TDF, =0
Fop =Weer =0 = Fpyp =W (23)

Copyright 2011, AHMCT Research Center, UC Davis
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ér— 2.  Determination of angular velocity
. 1
/// " Vox =OR g c0s(B) and Vi, =7V,

i_\ S+ 2
{ ™ e yd ;
| s = Veer = 20R 5, cOs(B)
l ////:%f?;@. . Ve
’ P or... Gé——-—*—zkun p——s and
! /;3/ . )
R o = _ Ver
hd 4R} c0s*(O)
Aoy Determination of angular acceleration
_ : AN, Apy =OR y c0S(B)-O’R . 5in(@)
- 7 ' 1
i ~ Q/ /1/ and  Apy =7 Aggr,
R .’// 2
: ) } ‘_/wa = Agy =2OR y c05(0)~O’ R, sin(©))
é 3. L7 ./,”// or é _ AEEF + VEZEF tan(e)
s - 2R €0S(B)  4R7,, cos’(O)
/'@ Determination 6f link ABD accelerations
(A0 7 \
T e ) ' = 1 R,
) s AABD)X = -2- R AEEF = 02367AEEF
N RPN LNk
| o7 (Aup)y = —R,(Bsin(©) + 6’ cos(0))
Lo R
( /:\ Determination of link CE accelerations
= e, ‘ 132 . :
| ' Ace)x =7 g Aeer + Re (Ocos(©) — O’ sin(©))
: . \il,ﬂ/—* i, (Ag)y = =R (Osin(0) + 67 cos(©))
/
."D — :_fogAz:r
o Determination of link DEF accelerations
N (Roes ) Rm + RUNK V
{ . (Aper)x = (o ) Ager = 0737 A,
. e, 2R e

(Aper )y = —Rs (Bsin(©) + O cos(O))

Figure A.8 Determination of Link Velocity and Accelerations

Copyright 2011, AHMCT Research Center, UC Davis
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27)

(28)
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(30)
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(32)
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The previous free body diagrams give us twelve equations and twelve unknowns.
The values for link length, link weight, position, velocity and acceleration are known or
spgciﬁed. To detemljhe the unknowns, solve individual equations for one unknown and
substitute into other equations. This reduces equation (16) to one unknown, Force at E in

the Y direction. Equation (33) shows the relation.

_ B+7334(A) Wh
7 = l613sin@ % 33)
A= [MEEFAEEF + MDEF(ADEF)X]RDIY +[W£sr +Woer + MDEF(AI')EF)Y]RDIX + (34)
Meer Ager Ry + Wegr Ry + 15, ©
“And .
B=[C£é+MCE(ACE)XRCY_[MCE(ACE)Y+WCE]RCX : (35)

Substituting the value for F, found with equation (33) into a simpiiﬁed equation (16)
yields the following equation.

__ A 36
F,, L1c05(0) F,, tan(©) (36)

Substituting £, and F, into equations (14) and (15) respectfully yields the

following two equations.

Fox =Fex =M ger Agee — M pee (Apge ) (37
Foy = Fey =Wegr =Wper = Mper (Apgr )y . (38

Substituting F,, and F,, into equations (10) and (11) respectfully yields the

following two equations.

Foy =Fge + Mg (Agg) . (39)
Foy = Fey + M (Ae)y + W (40)

Copyright 2011, AHMCT Research Center, UC Davis
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To solve for F,., solve equations (4) and (5) for F,, and F .y fespectfully and then
substitute into equation (6) and solve the resultant equation for F,..

C+[~F,y cos(®) + F,, sin(®)|R,,

Fg. = ere

% 2R, [cos(©)sin(®)] + R, cos(20-90) (41)
C= IABDé+ R, {[MABD (Asp) x = Fox ]COS(G) + [—MABD (Aupp)y + For] Si"(@)} 42)
Substituting F,. into equations (4) and (5) yields the following two equations
which give the last two unknowns.
Fox =M 5p(Ausp) x + Fpc sin(0) - Fpy (43)
Foy =M 55 (Augp)y + Fyccos(©) + Fyy (44)

Copyright 2011, AHMCT Research Center, UC Davis
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RESULTS:

5157 psi 70° (extended) Accel= -6 ft/sec/sec
Vel=anything
1173 psi 70° (extended) Accel= -6ft/sec/sec
Vel=anything
864 psi 70° (extended) Accel= +6 ft/sec/sec
Vel=anything
2971 psi 70° (extended) Accel= 46 ft/sec/sec
Vel=anything

Table A.1 Maximum Stresses in the Links

The maximum stress in each critical location are shown in Table A.1 below.

Cbpyright 2011, AHMCT Research Center, UC Davis
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DETERMINATION OF CRITICAL LOADING FOR LINK CE

Since link CE is in compression without any external loads or bending moments,
buckling of the column is a concern that needs to be addressed. Determination of the -
critical loading is shown below. The calculations are taken ffom Mechanical Engineering
Design [8]. It must be determined if the column is a short or a long column and use the

appropriate equations to determine the critical load. The figure below shows the regions.

- __ Long
column
N
§.
= B__ Tangent
5
. Euler
: \\ .C
1 D

i
(/k},
Slenderness ratio, I/k

Figure A.9 Determination of Column Loading Type

J. B. Johnson formula: Euler Formula:

P S, Y1 YLY P, Cn’E

——=8 -l = 44) and (45
A o (Zn CE Ak A (L1k)? (44) and (43)
Where:

P, = Critical Loading
A = Cross Sectional Area of Link CE
S, = Yield Strength
C = Distance from Neutral Axis to Outside of CE
E = Modulus of Elasticity
L = Length of the Column (Length of CE) = R
AE AE (46)

k = Spring Constant of the Column = —=—
L R

Copyright 2011, AHMCT Research Center, UC Davis
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Assume that the link is the static case so that transverse (small) load causing

bending due to inertia loads can be ignored.

First we must determine (L / k),. From Mechanical Engineering Design

2n *CE
(L1k), = T : (47)
Sy
21 2(1)(10x10°) R
—‘/ 40x10° =702in"/1b
Now calculate (L/ k)
R R’
(LIk)=7x="F%
(A_EJ AE (48)
RCE
96.8*

= =2. @ << 702in* /b
(@2 —357Y(10x10° 249x10™ << 702 in

Since (L/ k) << (L/k),, we must therefore use J. B. Johnson formula

For ¢ |S¢ 2(_1_15)2
A " \2rn J\CE Ak
Sy 1 2 5
= I it S0 | ' _ _ | o
¥ (Zn )((lxloxloﬁ))(z“%‘o) Sy~ 5,(9.9x107™)
(49)

CR _
=S,

A
Use S, as the design stress with applicable factor of safety.

Copyright 2011, AHMCT Research Center, UC Davis
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FORCE CALCULATIONS AT EACH JOINT -

CONSTANTS: (foot) {shugs) {pounds) (slugs 2
Ra=|4.34 Mabd= 6.24] Wabd=] 201.26 labd=|  78.64
Rb=| 3.24 Mce=| 2371  Wce= 76.35 lce=| 2041
Rca 3.63[ Mdef=| 312]  Wdef=|  100.63 =] 39.32
Rd= 4831 Meff= 6.21 Wel= 0.00]

Rd1=i 4.34]
Re=| 4.43| VARIABLE: (R/sech2) {#/sec)
Rets 3.24) [ Aeft= 0.00 Veff= 0.00
Ri= 4.83}
Riink= 8.17}

Fdy

{pounds)

THETA Wb Stress B, ]srmac Stress CE |Me
deg) _|nl) lps) lipsi) (s
Y 451.17]  142.70
592.16 146.74
729.49] 15217
862200 15928
969.44 168.41
1110.42 180.11
1224.52 195.14
133129] 21469 g
143060 24062 10707
152278  276.06] 121.00
1609.11 326.66] - 141.16
1692.80]  403.73] 172.27

Table A.2 Link Forces and Stresses with Weef=0, Velocity=0, and Acceleration=0

Copyright 2011, AHMCT Research Center, UC Davis

58



APPENDIX A
FORCE, MOMENT, AND STRESSCALCULATIONS

FORCE CALCULATIONS AT EACH JOINT

CONSTANTS: _(foet) (slugs) (pounds) (stugs "2
Ra-] 434]  Mabd= 624] Wabd=l 20126 labd=|  78.64
Rb= 324] Mco= 2.37] Wee= 76.35 ice=| 2041
Rc=| 363]  Mdet= 3.12]  Wdef=] 10063 =] 39.32
Rd= 483]  Mefi= 6.21 Weff=]  200.00]
Rd1= 4.34]
Re=| 4.43} VARIABLE: ffsech?) Rfoac)
Re1z 324] [ Aeff:l o.ool Veﬁ:l o.ool
Ri=| 483]
Riink=| 9.17}
THETA |Fex Fey Fdx Fdy Fex Fey Fbe Fax Fay Fact Fnormal
(deg) (pounds) l{pounds) j(pounds) |(pounds) |(pounds) [(pounds) ) |(pounds) |(pounds) l(pounds) |(pounds)
15.00{ 281.00] 1014.92 281.00f 71429 281.00] 1091.27] 1441.07 91.98 210626 91.98] 248324

381.70] 71429] 381.70] 109127 1481.78] 125.10{ 2106.71 125.10] 2483.
489.02} 71429 489.02] 109127] 1536. 160.41) 2107001 160.41] 2483.
605.47] 71429] 60547| 1091.27] 1608.42| 198.74] 210722 198.74] 2484
73431 71429 73431 109127 1700.68] 241.16] 210740 241.16f 2484
879.97) 714 879.97| 109127] 1818. 289.12] 2107.55] 289.12] 2484.
104871 714 1048.71} 109127] 197059] 344.71] 2107.70] 344.71f 2484
1249.80{ 71429] 1249.80] 109127} 2168.00] 410.99] 210785 410.99] 2484
1497.71) 71429 1497.71| 1091.27| 2429.88] 492.73] 2108.01 492.73] 2484.
181641} 714.29] 1816.41] 109127} 2787.80] S97.89] 2108.18] 597.89| 2485.1
224896 714.29| 2248.96] 109127| 3298.76 740.74] 2108.40] 740.74] 2485.
2881.30] 71429 2881.30] 1091.27] 407699 949.82| 2100.70] 949.82| 2485.68|

/® Fcu '.o-"_"'@-.\
e
',/ F, —-@\
. A
3 ™~
F—— £
@ K1 py . k- §
. ) s (34 N = 4
N\ -
e l il AV |
—— A e Yoer ey I Feu
v T
) ——— oTcon
Fau Fac /g ? Fre ' i
~ Ve - 1
'-1 ——
- l B I ! e
"3 N [

Fac\ Fu " N -

% o < U‘_?—/:_ ~ F Weer
@ '

Table A.3 Link Forces and Stresses with Weef=200, Velocity=0, and Acceleration=0

Copyright 2011, AHMCT Research Center, UC Davis
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APPENDIX A
FORCE, MOMENT, AND STRESS CALCULATIONS

CONSTANTS: (fect) (slugs) (pounds) Q)
. Ra<|4.34 Mabd- 624] Wabd=| 201.26] labd=]  78.64
Rb= 324 Mce= 2.37]  Wee= 76.35] lce=| 2041
Re=! 3 Mdef=] 3.12]  Wdef=]  100.63] ef=]  39.32
R 483 Mefl= 6.21 Welf=]  200.00|
Rd1= 4.34]
Re= 4.43] VARIASLE: (Rfsec”?) {Nsec)
Rel= 324} [ aettc 6.00 Vefi=] 0.00)
Rt 4.83]
Riink= 9.17]
THETA |Fex Fey Fdx Fdy Fact Foomal
deq) (pounds) |(pounds) |(pounds) {(pounds) (pounds) {(pounds)
15.00] 467.46] 1722.46 416.41] 1423.15] -357.24] 222629
2000{ 567.86] 153533 516.80] 1236.49) -327.44| 2283
2500{ 67476 1420.60 623.711] 112227] -296.73] 2316.
30.00] 790.64| 134201 73959] 1044.23] -264.65] 233562
35001 918.71] 1283.99 86766 98681 -230.67] 2347.
4000{ 106331| 1238.73] 101226] 94223 -194.17] 2353.91
4500] 1230.59] 1201.88] 117954 906.18 -154.48] 2356.07
5000 142962| 117080 137857 876.05 . -110.71] 2354
55001 1674.48] 1143.77] 162343| 850.18 199496 -62.16] 2348
60.00] 1988.45] 1119.60] 1937.41] 82751 -8.48] 23%6.82
65.00] 2413.14] 109736] 236208 807.30 48, 2317.7;
70.00] 3030.96] 1076.23f 2979.91] 789.15] 99.63{ 2285.92
THETA |[Mb Stress B {Stress BC {Stress CE
deg) (@ tb) (psi) (psi) i)
15.00] 257492 641.22 10882] 495.73
2000 S34727F 96533 175.79] 45582
2500 8054.82] 129921 222.19] 43805
30.00] 1067377} 1632.59 260.44] 43323
35000 13179.95| 1959.65 296.38] 437.98
40.00| 15548.40] 2276.38 33362 451.25)
45.00{ 17752.60] 2579.68 375.13]  473.45
50.00{ 19763.12| 2867.05 424.06] 506.23
§5.00] 21544.94] 3136.56] 484.49] 55284
60.00] 23052.01] 338691 562.47] 619.14
65.00 2421s‘osl 3617.75 667.97] 71596
70.00] 24910.98] 3830.53 81893 865.12
io‘ T'
. S5 R0
i F“—bo\_
. . I .
- £
. |
™~ //q D ———Fy a )
N | =
Waao // Woer &
- 00~
[ ') P orrecTon
— . & o —r. l
l sk l 5 _’5" &
. ‘_ o, "ac( . i f
ec ar S
\5 F; ¥ oy ;A-‘.Y__tﬂ—_ FC! ;l-.' g

Table A.4 Link Forces and Stresses with Weef=200, Velocity=0, and Acceleration=6
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APPENDIX A
FORCE, MOMENT, AND STRESS CALCULATIONS

CONSTANTS: (tect) (stugs) {pounds) slugs*"2)
: Ra=[4.34 | Mabd= 624] Wabd=| 20126 labd=] ~ 78.64
Rb= 324]  Mce= 237 Wees| 7635 lce=|  20.41
Re= 363  Mdels] 3.12]  Wdefs] 10063 =] 39.32
Rd= 483  Mef 621 Weff=]  200.00]
Rd1=a 4.34]
Re= 4.% VARIABLE: | (rsec2) | {Nsec) ]
Relx| 32 ( Aofi=] 6.00] vefi=| 1.00
Ri= 483}
Riink=| 9.17]
Fey Fbe Fax Fay Fact
{pounds) (pounds) l(pounds) |{{pounds) |({pounds)
1722.43 442.73] -292.94] 185328} -35738
1535.30 71548 26322 1912.17f -327.65
1420.57 904.41| -232.60{ 194622 -297.03
1341.97] 1060.09] -200.64] 1967.56] -265.08
128394 1206.28{ -166.85] 1981.32] .231.29
1238.67] 1357.64] -130.64| 1969.90] -195.08
1201.81 1526.16] -91.39] 1934.48] -155.83
1170.70 1724.50] -48.46] 199547 -112.90
1143.64 1968.89 -1.41] 193267 6585
1119 2283.00 4921 1985.15] -15.22
1097.02 2704.63 99.27| 1970.65) 3483
1075.59, 3297.45] 130.62] 1943.78 66.18,
Stress 8
(psi) i)
640.78 108.67] 495.71] 9506.97] 1290.07]
964.68 17562] 45581] 1134857 1522.54
1298.32 22200 43803} 13103.80] 1743.4:
1631.37, 26021] 43321 14759.30] 1951.
1958.00 296.09] 437.95| 1630247 2143.
2274.12] 33324] 45121} 1772157 23202
2576.51 37461]  473.40 19005.80| 2479.
2862.48 506.16] 20145.38( 2618.
3129.66] 48328 552.72] 21131.64] 2738.
3375.87, 56038] 618.94] 21957.08 2838.09
3598.58 663.87] 715551 22615.42] 2915.64
3792.87 80339 864.23| 23101.63] 2971.00
&
S 4

61

Table A.S Link Forces and Stresses with Weef=200, Velocity=1, and Acceleration=6
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FORCE, MOMENT, AND STRESSTCALCULATIONS

FORCE CALCULATIONS AT EACH JOINT

CONSTANTS: (feat) (skugs) {pounds) slugs*f"2)
Ra=]4.34 Mabg= 624] wWabd=] 20126] fabd] 78.64
Rb= 324 Mca= 237]  Wee= 76.35 tce=]  20.41
Re= 3.63[  Mdet:] 312]  wdel=| 100.63 idef=] 3932
Rd=| 483  Mofi= 621 Weff=] — 200.00]
Rdi= 4.34]
Re= 4.43] VARIABLE: (Vsecn2) (Vsec)
Re1xz| 3.24) [ Al -6.00 Vefi= 1.00
Ri= 4.83]
Riink= 9.17}
THETA |Fex Fey  [|Fdx Fey Foc - |Fax Fay Fact Fnommna!
(deg) ____i{pounds) |(pounds) H{pounds) {pounds) Kpounds) i{pounds) i{pounds) }{pounds) |(pounds)
15.00] 9453 307.34 14558 384.42] 243820 476.61] 2358.27] 541.05] 2739.53
20.00] 19552 494.47 246.57] S571.82| 2246.73] 512.99] 230021] 577.43] 2683.05)
2500| 30325] 609.19 354.30 686.82] 216739 552.82| 2266.63] 617.25] 2651.15]
3000 42026 687.78* 43t 76572] 2154.86| 557.26] 224555| 66170 2631.89
35.00] - 549.86| 745.80 600.91 82408 2192.72] 647.92| 2231.91] 71296 26202
40.00] 696.54] 791.05 747.59 869.70] 2276.84] 70707 222329 77151 2613.87
4500 86669 827.88 917.74 90697 2410.76] 778.06] 2218.48] 84250 2611.
50.00; 1069.78] 858.83| 112083 938.55] 260527 866,06 2216.98] 930.50] 2613.18
ss00{ 130060 88592 137165 966.16] 2881.05| 979.51| 2218.76] 1043.95 2618.
60.00] 1643.74] 910.03] 1694.80 991.06] 327558 1133.08] 222431} 1197.52] 2628.
6500 208351f 63213 2134.56 1014.19] 3859.57| 135454] 2234.72] 1418.98] 264531
70.00 zm.ssi 95296  2779.61 1036.41] 4778.81] 170214 2252.02| 1766.58] 2670.
THETA [Mb Stress B [Stress BC
(deg) finld) (psi) {psi)
15.00 14161.05] 1819.14 588.48
20.00] 1677548{ 2200.05 561.48
25.00{ 1928628 255520 532,01
30.00| 21677.38] 2890.55 528.93
35.00] 23934.53] 3208.13 53822
40.00] 26045.00] 3508.88 55887,
45.00] 28003.42] 3793.87 591.74
50.00] 2980307 4065.05 639.49
§5.00{ 31447.98] 4326.17| 707.18
60.00 32951.55| 4584.24 804.02
65.00 3434391] 4852.51 947.37]
70.00] 35681.57] 5156.88] 1173.00
D——7,, F,J‘-—\f'_\_
r“—-T_
S - I Fx_‘.
o /,S - @ o
l P \’\\ "/‘I .
Yo 7 Poer \D
™ Fx ,T i ; —F
=~ ‘ Tee
:'n(\ fur e rx{‘(‘ o
® om0 e
3 [NUNNE E—
N t

Table A.6 Link Forces and Stresses with Weef=200, Velocity=1, and Acceleration=-6
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FORCE CALCULATIONS AT EACH JOINT

CONSTANTS: {slugs) _{pounds) siugs*fin2
434 Mabd=] 624] Wabd=| 20126] labd=|  78.64
Mce= 2.37 Wcee= 76.35 ice= 20.41
Mdel= 3.12]  Wdel=] _ 100.63 ldel=] 3932
= 621]  Wefl=] _ 200.00
VARIABLE: Ttvsecr2) [ ~ 1 (tseq) ]
[T Aeti=] 6.00{  Vefis|  -1.00|
THETA [Fex Fox Foy Foc Fax Fay Fact Fromnal
(deg) (pounds) ) {{pounds) |(pounds) |(pounds) is) l{pounds) | ) _|(pounds)
1500] 46744 142318 47197] 1798.00] 442.73] -292.94] 185328] -357.38] 222565
20.00] 567.84 123652 57236 161059 71548 -26322| 1912.17] -327.65| 228292
2500 674.73 112230 67926] 149557{ 90441 -232.60 194622
30.00{ 790.60 104426] 79513 141665] 1060.09] -20064| 1967.56
3500, 91865 986.84] 923.18] 1358.27| 120628| -166.85 1981.32
40.00} 106323 94228 1067.76] 1312.60{ 1357.64] -130.64] 1989.90
45.00] 12304 90623} 123499] 127527] 1s526.16] -91.39] 1994.48
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Table A.7 Link Forces and Stresses with Weef=200, Velocity=-1, and Acceleration=6
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FORCE CALCULATIONS AT EACH JOINT

CONSTANTS: (feet) (stugs) {pounds) Stugs #A2
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Table A.8 Link Forces and Stresses with Weef=200, Velocity=-1, and Acceleration=-6
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