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Abstract
The goal of this project was to design a tooling station consisting of three of the same

linkage mechanisms providing motion along three different axes. Each of the linkages needed to
be driven by a servo motor to achieve variable output stroke between zero and fifty six
millimeters and to reduce the replacement cost of cams in the sponsor’s production-line
machinery. Each mechanism is a six-bar linkage consisting of a slider, which is constrained
within a slot in the main rocker whose motion is guided by a crank. The rocker turns about a
ground pivot and is pivoted to a connecting rod which then drives a linear motion rail. The
mechanism was designed to handle the torque and friction forces that will be applied. A right-
angle gearbox and servo motor were chosen to drive the linkage. Three linkages were efficiently
packaged within the 250 mm x 250 mm x 1000 mm work envelope specified by the sponsor to

deliver motion along three different axes.



Table of Contents

N o1 = Tod RS PRPRRR I
TADIE OF FIGUIES ...ttt ettt e sttt se e sbe e te e s e et e e beeneeeneenteeneennes iv
TaDIE OF TADIES ..ot a bbb %
Ty T [N o1 A o] o PRSP RRPROPRSN 1
(10T I 21 (=] 1T o | ST RT 3
TaSK SPECITICALIONS ....ecvveseicit ettt e et et et eebeanaesteeeesreesreeneens 3
BACKGIOUNG ...ttt bbbt b et e et bbbt b ene s 4
DIBSIGN PIOCESS ...ttt e b bbbttt bt bbbt bt bt e e e b e bbbt b ere s 9
(Do o I L= LA ] RSP SURRS 9
Kinematic analysis of the preliminary deSign..........ocooiiiiiiiiieic i 16
Modeling of the crank’s angular position inputs with respect to time..........cceevverieiieesiieniinnns 22
Kinematic analysis of the finalized deSign ...........ccoov e 27
Inverse KinemMatiC EQUALIONS ........ccviiiiiciiecie ettt sre e ene e 31
TS USROS 34
Creating the Geometry for the Parts in Pro/ENQINEET ........ccccoveiveieiicie e 34
Material Selection for the PartS..........ccvoi i 35
Final Linkage DESCIIPTIONS .......cviiviiiiitiiiiciieieie ettt 35
CuStom MANUTACTUIEA PAITS .......oiuiiiiiiiiieieieie et et 36
STANAAIT PAITS ..ottt e et et e e bbb reenes 41
Creating the Assembly Within Pro/ENGINEET.........ccoi it 41
KINEMALIC RESUITS ...ttt bbb seesbesneeneas 45
PIVOUPIN FOITES ...ttt ettt bbbt et n e st et et e nbesbesbenneeneas 47
TOrQUE CalCUIBLIONS ... bbbt 49
Motor and GearhoX SEIECLION ...........coiiiiiiiee s 51
SEIESS ANAIYSIS ...ttt ettt r et et e et et e re e r e ra e reenteanaers 53
9 1T 1S3 o] USROS 58
(O] T 1115 o] o USSR PP PRR 59
BIDHOGIaPNY ..o 61
Appendix A — MathCad worksheets for kinematic analysis of the linkages and stress analysis of
LTI (0 10d T PSRRI 62
Appendix B — CUSTOM PartS DIAWINGS ......cc.ceerieieieiiesiesie ettt 82
Appendix C — Motor and Gearbox SPeCIfiCAtIONS...........ccccuriiiiiiieieieee s 87



Table of Figures

Figure 1: Adjustable pivot mechanism to change output stroke by Slater and Chironis................ 2
Figure 2: FOur bar SHAEr Crank ..ot 5
Figure 3: Naik and Amarnath's Reduced FIVe Bar ...........c.cooviiiiiiiieiciceeeee e 6
Figure 4: Adjustable-SHAEr AriVE .......ccviiiiieie et ns 7
Figure 5: Kinematic Diagram of the preliminary design ... 10
Figure 6: Preliminary Design of the mechanism ... 12
Figure 7: Kinematic diagram for the second iteration and the finalized linkage...............cc.cc...... 14
Figure 8: Final design of the linkage MechanisSm .............ccccoveviiie i 15
Figure 9: Preliminary design dimension labels............cocooiiiiiiiii 17
Figure 10: Slider displacement curves for different link length ratios with respect to crank
ANGUIAE POSTEION....c.i et e b bbbt bt et e e s b bbb ane s 19
Figure 11: Slider velocity curves for different link length ratios with respect to crank angular
(001 1 ([0 o OSSP PP PP TP PSP 20
Figure 12: Slider acceleration curves for different link length ratios with respect to crank angular
001 1 ([0 o TSP TP P PP PR PR 21
Figure 13: Slider position with respect to angular position range of the crank ................c..c........ 22
Figure 14: Definition of boundary conditions for the first Segment............ccccceveveieneniiennnnnn 24
Figure 15: Boundary conditions and resulting polynomial for the first segment ......................... 24
Figure 16: Definition of boundary conditions for the second segment ..........cccccevvveiencienennnn 25
Figure 17: Boundary conditions and resulting polynomial for the second segment..................... 25
Figure 18: SVAJ plot for both the SEgMENTS.........cciiiiiiii e 26
Figure 19: Final linkage dimension 1abels ... 28
Figure 20: Mathematical Crank Angle VS. TIME ..ot 30
Figure 21: Mathematical Slider position VS. TIME.......ccccoiiieiieiie i 31
Figure 22: Vector loop diagram for bottom SHAer ... 32
Figure 23: Vector loop diagram for top SHAET ..........cveiviii e 33
Figure 24: Final LINKage DESION ....c.oiuiiiiiiiiiieieie ettt 36
Figure 25: FINAIZEA ROCKET ........cuiiiiii ettt sttt e teenesreesae e e 37
Figure 26: Slider BlIOCK N the FOCKET ........c.ooiiiei e 38
Figure 27: Finalized Crank 0n SErVO MOTOF .........cc.oiiiiiiic et 39
Figure 28: Finalized MouNting PIAe ..........cooviiiiiiie e 40
Figure 29: Assemblies within the workspace (Front VIeW) .......ccccccvevveieiieiecie e 42
Figure 30: Assemblies within the workspace (ISOMEetric VIBW) .......ccccoervriiinicieie e 43
Figure 31: Assemblies within the workspace (Left VIEW) .......ccoeiieiieiiiicciecc e 44
Figure 32: Displacement curve for 0Ne CYCIE ........cooiiiiiiiicce e 45
Figure 33: Velocity curve for one CYCIE .......cov i 46
Figure 34: Acceleration curve for 0N CYCIE.........ooiiiii i 47
Figure 35: Pivot/Pin Forces on the different components of the final linkage.............c.ccccocn. 48
Figure 36: Required torque versus time curve (includes torque added by friction) ..................... 50
Figure 37: Siemens 1FK7 series compact motors - core type, natural cooling ............cccccceevneenne. 52
Figure 38: Free Body Diagram Of the FOCKET ...........cceiiiiiiiiiiieesc e 54
Figure 39: Shear diagram Of the FOCKEN ........c..civiiiii i 55
Figure 40: Moment diagram Of the TOCKET .........ccooiiiiiiiiic e 55
Figure 41: Stress CUbe OF POINT A ..o e 56
Figure 42: Stress Cube at POINE B ......cc.oiiiiiiiiiiie e 56



Figure 43: Strength - Life Diagram for the rocker............

Table of Tables

Table 1: Links and Stroke from mathematical analysis of the final linkage ............cc.cccccveveenne.

Table 2: Maximum Force magnitudes and their locations



Introduction
The sponsoring company for this project has high-speed production lines equipped with

assembly machines that contain many accurate cam driven linkages. The machine consists of one
or two camshafts that drive every tooling station along an indexing conveyor belt. The follower
train of each cam is connected to a linkage mechanism whose output is the end-of-arm-tooling
(EOAT). There is very accurate timing between the conveyor and the camshaft that runs at
constant speed. The multiple cams have different profiles based on the required output motion of

the linkage.

There are however, some disadvantages pertaining to the use of cam driven machinery
throughout the sponsor’s factory. One particular concern is with the problem of cam and
follower wear on many machines. The replacement of cams is expensive due to down time of the
machine and the cost of manufacturing the cam. One of the other major disadvantages is the lack
of flexibility of cam motion outputs. Once a cam profile has been generated for a specified

output motion, it cannot be used to carry out any other production operation.

One of the methods to improve flexibility is to operate each tooling station motion with
its own servo motor. There will be no longer a need to run the mechanism input at constant speed
and theoretically, numerous ranges of stroke for different segments of input rotation could be
obtained. Servo motors offer accurate control of the mechanism’s output position, velocity and

acceleration controlled with feedback loops.

The goal of this project is to design a flexible tooling station consisting of three servo
driven linkage mechanisms with different stroke outputs. Many linkage models with adjustability
factors have been researched and the optimal linkage that suits the project sponsor’s criteria was
chosen for further analysis and design optimization.

Two mechanisms were designed and kinematic, dynamic, and stress analyses were
conducted. A variation of the design shown in Figure 1 was used as the basic model for the
mechanism and was obtained from the “Mechanisms and Mechanical Devices Sourcebook”
(Sclater & Chironis, 2001). The linkage has an input crank attached to a slotted link via a slider
(point A). This link turns about a pivot at the opposite end, and it is connected to an output slider
(point C) near the middle of its length. The output slider is attached to the slotted link by a



sliding joint and thus produces a straight line motion. The longest link of the linkage shown as
the “Slotted link” in Figure 1 can also be adjusted by moving its pivot point vertically by turning

a crank at the bottom labeled as the “Adjustment”.

Slotted link~. ’

Pivol paiat~_

Adpusiment

Figure 1: Adjustable pivot mechanism to change output stroke by Slater and Chironis

0™ was extensively used for the design and

The software Pro/Engineer Wildfire 4.
analysis of the linkage. The geometric constraints and packaging requirements were provided by
the sponsor and guided the design of the linkage. An accurate model of the linkage was used for

the Pro/Mechanisms application to conduct kinematic and dynamic studies.

The servo motor’s input parameters were derived using data from program Dynacam ™
and MathCad. The slider served as the output of the linkage and its position, velocity,
acceleration and jerk equations were mathematically derived and tested. Dynamic analysis was
further conducted using Pro/Mechanism in order to show that the mechanism operated under the
safety factors provided by the sponsor. The design description and the results of the design along

with the iterative steps taken will be further described in the report.



Goal Statement
Design a tooling station with servo-driven linkages for variable stroke output and output motions

along three different axes

Task Specifications
1) A linkage mechanism for the desired output will be designed.

2) The linkage will be driven by a servo motor

3) One tooling station needs to fit within in an envelope of 250 mm by 250 mm by 1000
mm.

4) At least 3 mechanisms need to fit within the above envelope.

5) At least 2 mechanisms need to work on the product along one axis.

6) The output stroke of the end-of-arm-tooling (EOAT) needs to be adjustable, up to a
maximum of 56mm.

7) The absolute position adjustability of £ 30 mm relative to a reference fixed point is
needed

8) Static and fatigue failure safety factors of 2.0 will be used.

9) A minimum of 10-year life on all failure calculations of the mechanisms will be used.

10) All manufacturers’ engineering recommendations such as de-rating factors and service

factors will be considered.



Background
When creating a linkage there are many methods available to design the optimum linkage

for an application. The same holds true for designing an adjustable linkage. This section explores
several of these methods, both of an analytical and a physical nature. One can use analytical
methods and equations or graphical methods to design a linkage. Once designed, the linkage still
must be made, so a good design will incorporate both the best equations for the path to be

followed, and a reasonable method of production and construction.

There has been much work in the field of adjustable linkages, ranging from those that are
only adjustable when stopped to linkages that adjust link lengths while in motion. More
commonly occurring, are linkages that are set to one position, run, then stopped and reset before
moving again. These can be used to calibrate a machine, or to provide more variability to a

machine’s capabilities.

Some linkages can adjust their own lengths during movement to provide more accurate or
more flexible coupler curves. One type (Rastegar & Yuan, 2001) uses smart materials to adjust
the coupler link. Such materials, like piezoelectric ceramics, actively adjust size or shape in order
to keep the coupler point in a more accurate position. This and similar methods can reduce
vibration in the output motion and improve overall performance. A similar method is to allow the
link or pivots to flex, and their exact positions are then determined by external loads similar to a

spring in compression or tension.

A third type of linkage that can adjust during motion provides actuators on one or more
links. These can be used to shorten or lengthen a link and change the coupler curve. One likely
application of this would be in an assembly line or conveyor system where there are two possible
destinations for one object. A pick-and-place arm could pick up the item and deliver it to either

place simply by extending the length of one link during its motion.

Additionally, there are linkages not specifically designed for continuous automatic
adjustment. Although it is possible to attach an actuator to many of these, they are designed to be
discretely or manually adjusted. Beyond adjusting the link lengths, three methods for doing this

include adjusting the output pivot point, adjusting the crank pivot point (or another ground pivot



should the linkage contain more than four links), and creating a fifth link that locks with another

link at a variety of possible angles.

It is also possible to adjust the location of a fixed pivot. This is most readily seen on a
simple four bar slider crank. As can be seen in Figure 2 (Mechanism, 2007), the crank controls
the stroke of the slider and changing the distance between the crank and the slider can change the
top dead center position of the slider. Moving the ground pivot of the crank will result in a one to
one shift in the slider’s position. This is especially useful when a slight adjustment of location
along a single axis is needed; although, in more complicated systems, changing a ground pivot
(if there are more than 4 links it does not necessarily have to be the crank pivot) can change the

output motion in addition to its phase.
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Figure 2: Four bar Slider Crank

By moving the pivot between the ground (link 1) and the crank (link 2) a distance AX
along the horizontal axis, the slider will change location an exactly equal amount. In this manner
a small adjustment can be made to the output location by only changing the location of the
ground (link 1). Many methods are available for accomplishing this including, but not limited to,
an open slot with a locking mechanism (such as a nut and bolt), a ratcheting or geared

mechanism, and preset holes or slots in the ground link to accept the end of link 2.

It is also possible to have an adjustable linkage by adding more links. Creating a five bar
linkage will provide significantly more flexibility in terms of possible outputs. Naik and

Amarnath have developed a method by which five links are originally made, then one is locked



into place with another, creating a four bar linkage (Naik & Amarnath, 1989). This can be used
mathematically, with the equations they have laid out, but it works equally well physically where
one pivot can be locked into place to reduce a five bar linkage to four bars. When placed in an
assembly machine, for example, it can be adjusted to get the most efficient and accurate output.

Should the output need to be changed, it can be adjusted again at a future date.

For example, the five bar linkage in Figure 3 (Naik & Amarnath, 1989) can be reduced
to a four bar by locking joint C to make links b and ¢ a single link. Alternatively, joint D can be
locked to make links ¢ and d a single link. This would change the length of link BD and CE,
respectively, represented by the dashed lines in Figure 3. In a manufacturing setting, the most
likely use would be to adjust the output motion minutely when first setting up a machine. It could

also be used to readjust a machine if it developed a small error.

Figure 3: Naik and Amarnath's Reduced Five Bar

To solve this numerically, the five bar closed loop equations would be written with the
appropriate angle made a constant, instead of variable. The reason behind using five bar
equations is that when one angle becomes fixed, the five bar equation reduces to a solvable state,
but does not contain sums of squares. If four bar equations were used the two locked links would
be treated as one, but this would require the sum of the squares of the links and significantly
complicate the solution to the closed loop vector equations.

The “Mechanisms and Mechanical Devices Sourcebook” (Sclater & Chironis, 2001),

mentions a few adjustable-stroke mechanisms. Since the required type of motion for this project



is a straight line, the adjustable-slider drive proved to be most relevant. The adjustable-slider

drive (Sclater & Chironis, 2001) (left) with a kinematic diagram (right) is shown in Figure 4.
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Figure 4: Adjustable-slider drive

The output will always be a straight line along the x-axis. The crank and rocker pivots are
both pin joints; however, the joint between the crank and the rocker is a two degree of freedom
(DOF) joint — it can translate along the long axis of the rocker and rotate in the X-Y plane.
Similarly, the output slider is attached to the rocker with a two DOF joint. The output slider is
then connected to the grounded slider rail by a one DOF translating joint. Using the Kutzbach

equation shown below the degrees of freedom for the mechanism was calculated.

j
m=3-j-1D+) f

m=305-7-1)+10=1



where n =5 links, j = 7 joints, and the sum of degree of freedoms of the joints = 10.

In addition, this mechanism provides the user with the ability to adjust the rocker pivot
along the vertical axis in order to generate different output levels. The closer the rocker pivot is

moved to the crank pivot, the larger the range of the output slider will become.

A major shortcoming of this linkage is that the output range can never be greater than the
length of the crank. A simple way to overcome this difficulty is to switch the positions of the
output slider and the rocker pivot, as shown in Figure 5 and Figure 6. By placing the rocker
pivot between the output and the crank, the output range can be theoretically increased from the
length of the crank to infinity (although link lengths and vibrations would restrict it in practical

uses).



Design Process

Design Iterations

Looking at the three linkages that were previously analyzed, the adjustable slider drive
linkage shown in Figure 4 was chosen. This design was chosen because the size of the parts was
much smaller than the other designs while still getting the desired stroke length. The size of the
linkage is the most important aspect of our design considerations because it needs to be able to
fit three of the linkages in the same envelope on different axes.

Before running any analysis on the linkage, the link lengths that will be used in the
assembly needed to be initialized. A preliminary design as used for the kinematic and dynamic

analyses of the linkage. Design iterations were performed to alter the kinematics and dynamics.

The kinematic design of Figure 4 was modified initially and established the preliminary
design of the linkage. The kinematic diagram can be seen in Figure 5. As before the output
slider’s motion is constrained on the x-axis. The crank and rocker pivots are both pin joints; and
the joint between the crank and the rocker is a two degree of freedom (DOF) joint as before. The
main difference is that the grounded slider rail and the pivot of the rocker switched locations.
The previous design in the background research limited the output stroke of the slider to be less
than the length of the crank. With the modified design shown in Figure 5, greater stroke is
achieved for the same amount of crank rotation as before. The degrees of freedom for the linkage

in Figure 5 were calculated as follows:
m=3(05-7-1)+10=1
where n =5 links, j = 7 joints, and the sum of degree of freedoms of the joints = 10.

The degree of freedom is the same as that of the linkage in Figure 4. This is because the
only difference is that the location of the grounded slider rail and the rocker’s pivot were
switched. The equations defining the kinematics of the output slider will be later discussed in the

report.
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Figure 5: Kinematic Diagram of the preliminary design

The first iteration’s Pro/Engineer model is shown in Figure 6. There are two slider slots
that allow the crank to rotate and the slider to translate while the rocker is pinned to ground. The
link lengths for this model were chosen based on the drawing of the linkage found in the

background section.
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After finalizing the dimensions of the parts, the linkage was placed in its pre-determined
work space. Also, all the off-the-shelf parts were added into the model. The off-the-shelf parts
consist of the THK rail and slider, the thrust bearings, washers, bolts and the servo motor. The
THK rail was introduced as requested by the sponsor, as it is a common part used in their
assembly line machines. The THK slider is mounted to the ground as the rail is used to obtain the
desired output. This is the reverse specifications of its common use. The reason for this reverse
setup is because the sponsor uses the THK rail and slider as seen in the preliminary design. The
end-of-arm-of- tooling could also be mounted on any location along the rail giving the sponsor

additional flexibility to place the linkage away from the end effect.

The preliminary design in Figure 6 is a variation of the linkage from the background
research that in Figure 4. The differences between the two linkages are the position of the
ground pivot and the slider mechanism. In Figure 4, the ground pivot is at the bottom of the
rocker and the slider is located at the middle of the rocker, which moves up and down within the
rocker. The slider mechanism runs within the rocker similarly to the original linkage. This
change was made because the output stroke could never be greater than the crank length;

however, in the preliminary design iteration, the output stroke is longer the crank length.

11
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Figure 6: Preliminary Design of the mechanism

Once this design was complete, Pro/Engineer was used to run dynamic tests on the
model. After running dynamic tests on the design, it was observed that the slot at the bottom of
the rocker was prone to wear and fail often because a great deal of stress will be acting within

12



this slot. This was an issue considering the fact that this mechanism would be used in a

production line machine with extremely high number of cycles per day.

An alternate design was desired to avoid the problem of wear inside another slot on the
rocker. In addition, a better dynamic performance was also necessary. The second design
iteration’s kinematic diagram can be seen in Figure 7. According to the Kutzbach equation, the

degrees of freedom for the linkage were calculated as shown below.
m=35-9-1)+16=1
where n =5 links, j = 9 joints, and the sum of degree of freedoms of the joints = 16

The derivation of the kinematic equation defining the motion of the output slider will be
discussed later in the report. The main change in this design is that the slider joint between the
output slider and the rocker was replaced with a connecting rod. The output slider’s motion was
still constrained on the x-axis (grounded slider rail). This design reduced the wear in the slot of

the rocker.

An alternate design was proposed by the team to ensure less ware. This second design
shown in Figure 8 would replace the bottom slider with another crank which is connected to the
LM THK rail.

Similar to the initial design, the mechanism was also placed in its work space with all the
necessary parts. In this case the off the shelf parts consist of the THK rail and slider, the thrust
bearings, cranks to connect to the bottom of the rocker, washers, bolts and the servo motor. The
design also includes a plate that connects to the THK rail. This plate was designed to house the
unique rocker and double-crank system that is at the bottom of the linkage. The final version of

the linkage can be seen in Figure 8.

13
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Figure 7: Kinematic diagram for the second iteration and the finalized linkage
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Kinematic analysis of the preliminary design
The preliminary design was first analyzed and its kinematic equations for the slider’s
position, velocity, acceleration and jerk are as follows:

l,cos(0O)
ll+ lz Sln(e)

Position: x(6) = —h

Lo, _ _ 1,%cos(6)>2 1,sin(0)
Velocity: #(8) = w(8) = h(11+z2 sin(e))2 11+ I,sin(0)
L _ _ lpcos(6) 1,3 cos(0)3 _ 1,2 cos(0) sin(6)
Acceleration: ¥(6) = a(0) = h—llesin(e) Zh(ll+lzsin(6))3 3h (tL, sin(0))?
e . _ 1,* cos(0)* _ 1,2 cos(B)2 1,2 sin(B)2 _ I, sin(6)
Jerk: X(0) = j(6) = 6h (1141, sin(©))* (11 +1; sin(©))?2 + 3h(11+12 sin(6))2 hzl+l2 sin(6)

1,3 cos(0)? sin(0)
(l1+l2 Sin(e))3

12h
Where

© — angular position of the crank

I, — length of the crank

I, — distance between the two fixed pivots of the crank and the rocker

h — distance between the fixed pivot of the rocker and the fixed slider axis

These dimensions have been labeled in Figure 9. All the equations above are with
respect to the angular position of the crank, © and were derived with the help of the kinematic
diagram (Figure 5). The zero axis for angular rotation is the vertical line. The crank angle, © is
with respect to the vertical line between the pivots of the crank and the rocker. The adjustment
parameter in the above quantities is |, because the fixed pivot of the rocker is the point that can
be adjusted to achieve different stroke lengths. However, this change creates different profiles

16



for position, velocity and acceleration. An optimum ratio between I, and I, that resulted in steady
velocity and accelerations was found in the following analysis. In MathCad, the kinematic
equations were evaluated for small incremental values of angular positions, © from 0 to 360
degrees and for different I; values. The data was then exported to Microsoft Excel to clearly
show the position, velocity and acceleration trends. The lengths used for the other parameters are
as follows: I, = 15 mm and h = 25 mm. The |, values were incremented by 1.5 mm to obtain

different slider displacements, velocities and accelerations.

x(0) x=0

Figure 9: Preliminary design dimension labels

17



The functions for the position, velocity, and acceleration of the slider were plotted in
MathCad by applying the crank angle from zero to 360 degrees. The family of curves can also be

seen in

Appendix A — MathCad worksheets for kinematic analysis of the linkages and stress
analysis of the along with the calculations performed. These graphs were imported to Microsoft
Excel and were plotted for 8 different link length ratios between I; and I,. These graphs for the
position, velocity and acceleration of the slider can be seen in Figure 10 through Figure 12
respectively. As can be seen from the figures, there are 8 different curves for each kinematic

quantity representing 8 different link ratios.

The curves were plotted for one complete crank revolution. The curves helped identify
the dynamically unsteady ranges of operation of the slider. As can be seen by Figure 11and
Figure 12, there are huge sudden jumps in the velocity and acceleration. These spikes show
unsteady and dynamically unfavorable areas of operation. Lines A and B in all the graphs show
the smoothest range of operation where there are no sudden jumps in velocities and
accelerations. The middle red line shows the zero position of crank angle and slider position. The
slider does not see jumps in velocity and acceleration between -120 degrees and +120 degrees
(lines A and B). Any region outside of this range of crank angle would be unfavorable in terms

of jumps in forces and vibrations throughout the linkage.

As can be seen from the graphs, the “30” curve was the smoothest curve. The
corresponding |; value of 30 mm is shown in the “30” curve. After selecting this curve, all the
link lengths (labeled in Figure 9) were multiplied by a factor of 3 such that the desired
maximum stroke of 56 mm was achievable. For the CAD model, the link lengths that were
chosen were as follows: I, = 30 mm, I; =90 mm and h = 75 mm (see Figure 9 for labels). These
link length values and the range of crank angles were applied to the linkage in Pro/Engineer for

further kinematic and force analyses.
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Figure 10: Slider displacement curves for different link length ratios with respect to crank angular position
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Figure 12: Slider acceleration curves for different link length ratios with respect to crank angular position

The crank’s rotation follows a total path of 240 degrees or £120 degrees from the zero
(vertical) axis. As shown in Figure 13, the top portion of the crank’s rotation was categorized as
the smooth area of operation. For the 240 degrees of crank rotation, the link lengths were
modified to yield a stroke of 56 mm. At point x=0, the crank is vertically upwards at a crank
angle of zero degrees. The crank angular position can be controlled by a servo motor to avoid
rotation along the downward portion of the dashed circle shown in Figure 13. As mentioned
earlier, this area results in the spikes in slider’s velocity and acceleration, which will cause
unsteady vibrations throughout the linkage. Note that Figure 13 is not to scale and has just been

used to demonstrate a path for the crank’s rotation and the resulting position of the slider.
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Position A
x<0

Figure 13: Slider position with respect to angular position range of the crank

Modeling of the crank’s angular position inputs with respect to time

A servo motor was the desired motor type to be used to run the crank of the linkage. In
order to conduct a detailed kinematic, force and torque analysis on Pro/Engineer, a table of servo
angular position versus time (in seconds) was necessary. A convenient way to derive this input
function for the servo motor was to use program Dynacam™™. The angular positions for the
linkage’s motion from the previous analysis were taken to be 240 degrees. The desired cycle
time for the linkage was 0.25 seconds. In order to achieve a complete cycle of the linkage, a total
of 480 degrees of crank rotation was necessary. The following calculation was used to determine

the input rpm speed for program Dynacam ™.
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480 degrees deg 60sec 1rev
= 1920 * — * =
sec 1min 360deg

320 rev _ 320
0.25 seconds min rpm

The calculated speed of 320 rpm was used for the input rpm for program Dynacam ™.

The software simulates the follower motion based on desired user inputs for different
segments of cam rotation. These segments are based on different ranges of one full cam
revolution. One needs to specify the start and end conditions for the follower motion with respect
to segments of cam rotation. In order to simulate, the two segments of crank rotation for the
linkage mechanism, two segments were used in Dynacam™. This mechanism must rotate
through 240 degrees of crank rotation from position A to position B of the linkage as shown in

Figure 13.

In Dynacam ™, a complete cam revolution of 360 degrees was needed, and two equal
cam rotation segments were used. Polynomial functions were used for each of the segments in
order to set the boundary conditions such that a continuous acceleration function without infinite
jerk can be obtained. These boundary conditions represent the motion of a follower in the
software. To simulate crank rotation, these boundary conditions represented the rotation of the
crank. The start and end for the first segment was 0 and 240 degrees of crank rotation
respectively. For the second segment, the start and end positions were switched to 240 and 0

degrees of crank rotation respectively.

Figure 14 shows the boundary condition values for the first segment of motion. The
position values at start and finish are 0 and 240 degrees respectively. The velocity and jerk were
set as zero for start and finish. The acceleration was set to zero at start but was not specified for
the end condition. In Dynacam™, the required crank degrees were input as millimeters. As seen
in the right portion of Figure 15, the resulting polynomial function for this segment is a sixth

degree polynomial.
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Figure 14: Definition of boundary conditions for the first segment

Boundary Conditions Selected and Resulting Displacement Equation Coefficients
Boundary Conditions Selected :/;ET‘;S:};;&Y :fg:ﬁ:g?e
Boundary Condtions Imposed Equation Resulting

Function Theta % Beta Boundary Cond. Exponent Coefficient
Disp 0 0 0 0 0.000 000
Yeloc 0 0 0 1 0.000 000
Accel 0 0 0 2 0.000 000
Jerk 0 0 0 3 0.000 000
Disp 180 1 240 4 2,400,000 000
Yeloc 180 1 0 5 -3,360.000
Jerk 180 1 0 [ 1,200.000 000

Figure 15: Boundary conditions and resulting polynomial for the first segment

For the second segment whose boundary conditions are shown in Figure 16, the

start and end positions were 240 and 0; the velocity was zero at start and end; the acceleration
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was not specified at start and was zero at end; the jerk was again zero at both ends. The resulting

polynomial function for the second segment was a sixth degree polynomial as seen in Figure 17.

DYNACAM Plus - - by R. L. Norton - Copyright 2011 Release 10 Rev 2.2.0 2/13/11 Boundary Conditions Screen
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Figure 16: Definition of boundary conditions for the second segment

Boundary Conditions Selected and Resulting Displacement Equation Coefficients
Boundary Conditions Selected ﬁng?ﬁzgﬁfg;&" ::3::2%?8
Boundary Conditions Imposed Equation Resulting

Function Theta 9% Beta Boundary Cond. Exponent Coefficient
Disp 0 0 240 0 240.000 000
Veloc 0 0 0 1 0.000 000
Jerk 0 0 0 2 -1,200.000
Disp 180 1 0 3 0.000 000
“eloc 180 1 0 4 3,600.000 000
Accel 130 1 0 5 -3,840.000
Jerk 180 1 0 g 1,200.000 000

Figure 17: Boundary conditions and resulting polynomial for the second segment
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Figure 18: SVAJ plot for both the segments

The plotting tool in the program plots the position (S), velocity (V), acceleration (A) and
jerk (J) functions for all the segments. The SVAJ functions are represented by the plots in
Figure 18. The brown line in the middle of the curves indicates two equal segments of motion.
Due to the specified boundary conditions, the acceleration is a continuous polynomial function
and the jerk has a value of zero at the start and finish. The SVAJ plots have also been modified
for the reader so that the vertical axis shows the units in terms of degrees. For instance, the
position curve is in degrees and the velocity is in degrees per second. The horizontal axis shows
the units of time starting from zero to 0.25 seconds. These curves show the rotation of the crank
in the linkage mechanism as the crank rotates from zero to 240 degrees in 0.125 seconds and

returning to zero in 0.125 seconds.
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A dataset extracted from the Dynacam™ analysis in order to be used a set of angular
position inputs versus time. The modeling of the crank’s rotation over its necessary range with
respect to time allowed for a table of values that could be used for the servo motor in

Pro/Engineer.

This data table was imported into Pro/Engineer as a text format and was fed in as the
profile for the built-in servo motor. The quarter degree increments of crank angle were chosen in
program Dynacam™ due to the fact that the built-in servo motor application in Pro/Engineer
applies its own formula between position and time points. With quarter degree angle increments,
this error or noise was minimized. However, it can be seen later in the report how the curves for
the higher derivatives of displacement along with the torque and forces have noise. The analysis
for kinematics and dynamics was first conducted on the preliminary design. For the finalized
design, the same table was used but with different conversion factors. This will be discussed in

the following section.

Kinematic analysis of the finalized design

Similar to first design approach, a geometric method was taken to derive an equation for
the slider’s position with respect to one variable — crank angular position. The linkage model in
Figure 19 (along with the kinematic diagram shown in Figure 7) was used to derive an equation

for the motion of the slider. This equation is as follows:

l,cos(O) 2 l,cos(O)

[ Lsingey)] *+amtan™ =)

x(8) = J 1,> — [h — d(cos(tan—1

Where:
© — angular position of the crank
I, — length of the crank
I, — distance between the two fixed pivots of the crank and the rocker
h — distance between the fixed pivot of the rocker and the fixed slider axis

I, — length of the small connecting rod
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d — distance between the rocker’s fixed pivot and con-rod pivot

A
l,
v
A
h
L LT [ T 1 11 \1 v
- — flﬁ ]-B
X(0) X=0

Figure 19: Final linkage dimension labels

MathCad could only symbolically display the velocity function and was able to

numerically calculate both the acceleration and jerk, as shown in

Appendix A — MathCad worksheets for kinematic analysis of the linkages and stress
analysis of the

Since the final design was created after and based on the preliminary design, much of the
work could be used for both. The link lengths were already set, with only a small adjustment
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necessary to achieve the desired output length. The same methods were used in MathCad and
Microsoft Excel to produce a set of data points for the angular position of the crank. The original
link lengths for the crank, rocker and the distances between the pivots were used again with the
added connecting rod. This link caused a slight change in the locations of maximum and
minimum stroke. The shortened stroke only required the crank to move a total of 222 degrees,
instead of 240; however, the output stroke was not changed, and the crank angle has a one to one
relationship with the output position over this range. Therefore, the same time and position
results from Dynacam™ could be used, once the crank angle was reduced by a ratio of 222/240.

This was done in both Excel and Dynacam ™ to confirm the results.

The mathematical results found from the previous equations are shown in the successive
tables and graphs.
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Table 1 shows the link lengths used and resulting stroke. Figure 20 shows the crank
angle versus time with 0 degrees being the central vertical axis of the linkage. Figure 21 shows
the slider position over the same time, normalized about its own center (which is 31.89 mm from
the central, vertical axis of the linkage). It can be seen that the two functions are directly related.
Both functions reach their maximum, minimum, and zero values at the same time. The two
functions are not linearly related; however, the slider’s position has a “pseudo-dwell” at its max

and min, while the crank angle does not.
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Table 1: Links and Stroke from mathematical analysis of the final linkage

Dimension description Length
(mm)

Link 4 (added Con-rod) 32
Link 2 (Crank) 32
d (Rocker from pivot to Link 4) 80
Link 1 (Ground link between Crank and 90
Rocker pivots)
h (Rocker pivot to horizontal sliding axis of 77.39
output)
Max Slider Position (from central, vertical 60.34
axis)
Min Slider Position (from central, vertical 3.45
axis)
Slider Range 56.89
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Figure 20: Mathematical Crank Angle vs. Time



Slider Position vs Time
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Figure 21: Mathematical Slider position vs. Time

Inverse Kinematic Equations

The inverse kinematic equations are useful to allow the sponsor to select an output
function, and receive an input function. To do so, the output of the slider is defined and the input
crank angles necessary are found. A similar method to solving the regular kinematic equations
was used. In this case, the vector loop equations were solved for 6, (the crank angle) with respect
to X (the slider output). In order to do so, the linkage was broken into two separate crank-slider
mechanisms, as shown in Figure 22 and Figure 23. The linkage was split at the rocker’s ground

pivot and two mechanisms were evaluated.

In the bottom linkage, seen in Figure 22, X is the input and ¢, was the output. In the top linkage,
seen in Figure 23, ¢; was the input and was directly related to ¢, from the bottom linkage. ¢; was
the output of the top linkage and was related to 6, of the entire mechanism (the crank angle). The
equations were quite complicated, but took the form of a quadratic equation, as shown below. In
each case, the A, B, and C values correspond to known values, while the ¢ values were the
outputs, solved using the quadratic formula. These calculations can be seen in Appendix A —

MathCad worksheets for kinematic analysis of the linkages and stress analysis of the rocker. The
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procedure for the entire inverse kinematics work can be found in Design of Machinery (Norton,

2008).
£ b £ b A g [ g )
Al d}l | d}l 2 6| 6 -
Atan”| — |+ Btan — |+ C=10 Agtan | —- |+ Bytan| — |+ Cy=0
';‘_2__.-' ';‘_2__.-' I\'w-_'--'ll "«._'.-"I
A=d-K Ay=—etg
=2c By =-2K,
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Figure 22: Vector loop diagram for bottom slider
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Figure 23: Vector loop diagram for top slider
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Results

Creating the Geometry for the Parts in Pro/Engineer

The geometry for the parts must be defined before an analysis can be conducted in
Pro/Mechanism. Pro/Engineer will be used to model the individual components. Once the all of
the parts have been modeled, they will be statically assembled within the assembly package of
Pro/Engineer. The static assembly will then be imported into Pro/Mechanism where dynamic
conditions will be defined so an analysis can be conducted of the moving system. The material

properties for each of the components will be defined in the units of millimeters, grams, s, and N.

To create an Assembly in Pro/Engineer each solid part must be properly constrained
when it is placed. This requires reducing the degrees of freedom (DOF) of each part to the
appropriate level. For example, any ground part will have 0 DOF while a simple crank will have
1 DOF (rotation). The reduction of degrees of freedom is done by selecting assembly operations
such as mate, insert, align, offset, orient, coordinate system, and tangent from the assembly

menu. Multiple operations may be applied until all of the degrees of freedom are accounted for.

In addition to reducing DOF, redundancies must be eliminated. A redundancy occurs
when two constraints prevent the same motion from occurring, when either one of the constraints
would suffice. While Pro/Engineer can assemble and run a kinematic analysis on assemblies with
redundancies, Pro/Mechanism cannot run any dynamic analyses if a single redundancy exists.

Using Kutzbach’s Equation, the correct number of degrees of freedom was found to be 1,

and redundancies were eliminated. The Kutzbach Equation is:

J
m=3(n—f—1)+2fi
n=1

Where m is the DOF for the entire system, n is the number of links in the system, j is the
total number of joints in the system, and f; is the DOF for each joint, which are summed together.
This applies to any closed loop linkage, but by using the f; values from each joint added in
Pro/Engineer, the redundancies can be caught and eliminated. The linkage in Pro/Engineer

contains 5 links and 9 joints with a total of 16 DOF, making Kutzbach’s Equation equal:

m=35-9-1)+16=1
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Since the linkage should have 1 DOF (or one output for each input), there are no
redundancies. If m had been 0, the mechanism would not have moved in Pro/Engineer. Had m
been greater than 1, there would have been more than one possible output for any given input.
Pro/Mechanism was able calculate the forces that are acting on the rocker so the singularity

functions can be solved and stress analysis carried out on the rocker.

Material Selection for the parts

The material selection was based on criteria such as wear conditions and the standard
materials used in the sponsor’s production line. The material selected for the crank, the slider on
the rail mount and the rocker is A2 tool steel. This metal shows good machining characteristics
and offers higher strength than typical machining materials such as Aluminum 6061 and MIC 6.

A2 tool steel offers greater strength and wear resistance as well in a high speed environment.

The slider on the rail mount is attached to the end of arm tooling and might encounter
wear in terms of contact with other parts while the mechanism is in motion. Wear resistance is

important for such a part.

The rocker has a slider block translating inside its slot and hence, wear resistance is very
important in this high friction application. An alternate consideration would be to machine the
rocker out of Aluminum MIC 6 and fasten a steel insert inside the slot. This however, would be a
more expensive approach. A lower grade steel such as Carbon Steel 1040 could be used and
tempered and hardened. Post processes to increase hardness again add cost to the part. A2 tool

steel hence was the most suitable for this application.

Final Linkage Descriptions
The final design of the linkage has specific link widths and lengths that are required to
get the desired stroke output. There are also many standard parts that can be easily bought from a

number of manufacturers. Figure 24 shows the final design in wireframe using Pro/Engineer.
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Figure 24: Final Linkage Design

Custom manufactured Parts

Throughout the design process, ease of machining and fabrication of a part was kept in
mind. Some parts that the linkage uses are standard parts that the sponsor uses and the other
custom parts are variations of those designs. The custom parts are discussed in detail in this
section and there detailed dimensioning drawings can be found in Appendix B — Custom Parts

Drawings.

The width of the rocker, shown in
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Figure 25, is 20 mm, or about 0.787 inches, because it will have the most force acting
upon it throughout the motion. There is also an extension added to the back of the rocker, which
allows for the bearing to attach the rocker to the mounting plate without interfering with the
slider.

N

(4

@

Figure 25: Finalized Rocker

The slider, shown in Figure 26, in the rocker is a 15 mm wide block with rounded edges.
This block will slide within the rocker along a 5 mm thick wall that is left on the front of the

rocker for additional torsion prevention.
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Figure 26: Slider block in the rocker

The crank shown in Figure 27 is connected to the servo motor is 32 mm long from center
axis to center axis. It has two different widths, one being the same as the standard crank that is
used at the bottom of the assembly and one being 15 mm thick. There is a key way that attaches
to the servo motor shaft that is built in. This key way locks into place by a screw that is screwed
through the top of the crank above the hole. This screw pulls the slit, which is cut out of the top
of the crank, together as it is tightened. This locks the key hole into position and allows for a

secure grip on the servo motor shaft.
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Figure 27: Finalized Crank on Servo Motor

The mounting plate shown in Figure 28 is made out of steel and has two tapped holes on
the top that follow the same sizes as the clearance holes on the THK rail. It has the proper
amount of width for it to have five threads of the screw attached to it. The beams that are

extruded from the base are 10 mm thick and have large fillets and chamfers to handle the forces

that will be acting on them.
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Figure 28: Finalized Mounting Plate
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Standard Parts

The off the shelf parts consist of the THK rail and slider, the cranks connected at the
bottom of the rocker, bolts and the servo motor. The THK rail and slider that are being used
consist of a SHS-20C rail from the company THK. The cranks that are being used are the typical
cranks that Gillette uses and have the proper bearings inside of each hole. The bolts and pins are
from McMaster-Carr, which supplies products used to maintain manufacturing plants and large
commercial facilities worldwide, so they are very easy to get large quantities of them for a small
price. The product number of the screw that will connect the mounting plate to the THK rail is
92196A137 and has a 6-40 thread size per inch and a length of 0.5 inches or 12.7 mm. The
product number of the screw that will connect the servo crank to the servo motor shaft is
91292A410 and has a thread size of M6 with a 1 mm pitch and a length of 55 mm.

Creating the Assembly within Pro/Engineer

After a suitable linkage with the proper gearbox and servo motor was completed, three
such mechanisms needed to be placed in the workspace. The workspace is dimensioned to be
250X250X1000 mm and should contain all parts of the linkage. The servo motor and gearbox
were not required to fit within the designated workspace; however they will be attached to a
mounting plate in the future that will extrude from the machine. The final assembly with all the
linkages fit within the workspace is shown in Figure 29. Additional isometric views and a left

side vide can be seen in Figure 30 and Figure 31.
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Figure 29: Assemblies within the workspace (Front View)
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Figure 30: Assemblies within the workspace (Isometric View)
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Figure 31: Assemblies within the workspace (Left View)
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The placements of these linkages were taken from the drawings sent from our sponsor.
The three linkages are placed within the workspace, one on each axis, and their motions are

phased so that the end effectors do not collide with one another.

Though our linkage is compact, there is still room for improvement in terms of size.
There is only one axis that needs the full 56 mm stroke, which is the y-axis. The z-axis only
requires 28 mm and the x-axis only requires 10 mm. This allows us to shrink down the size of

the crank or the length of the rocker, which makes our assembly even more compact.

Kinematic Results

The desired range of crank angular positions was determined to be 111° to 222° and the
servo profile was established using the data obtained from Dynacam™. This data was phase
shifted to make the crank rotate from 111° to 222° and backward in a total of 0.25 seconds. A set
of angular positions with respect to time were the inputs for the servo motor on Pro/Engineer.
The software with its in-built servo motor application provided the displacement, velocity and
acceleration curves for the THK rail.

Displacement of rail (m)
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430.5 / \
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. / \
/ \

380.5
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0 0.05 0.1 0.15 0.2 0.25 0.3
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Figure 32: Displacement curve for one cycle

Figure 32 shows the displacement curve of the THK rail moving along a horizontal axis.
For the specified range of angular position inputs, approximately 56 mm of stroke from top dead

center to bottom dead center is achieved. This was the predicted results from the analysis done
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previously. As seen by the mathematical model, there are pseudo-dwells present in the

Pro/Engineer simulation as well.
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Figure 33: Velocity curve for one cycle

Figure 33 shows the plot of velocity of the THK rail versus time. The peak velocities for
the THK rail are approximately 13 m/s and occur right before the highest range is reached. The
velocity function has been calculated as the derivate obtained from the slider’s position function.
The velocities are zero at the top dead center and bottom dead center as the linkage dwells at
these points and switches direction.

The acceleration plot of the THK rail versus time can be seen in Figure 34 with many
peaks. The peak acceleration of the linkage is about 55 m/s?, which is close to 5.5 G’s. The
acceleration is a continuous function and will also result in continuous jerks. The noise in the
acceleration graph is caused due to the internal formulas that Pro/Engineer servo motor
application applies to run the simulation (between quarter degree angular position increments as
explained earlier) and to calculate the higher order derivatives.
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Figure 34: Acceleration curve for one cycle

Pivot/Pin Forces

To complete a dynamic analysis on both versions of the linkage Pro/Mechanism was
used. In order for the software to produce accurate results of the joint forces, the overall degree
of freedom of the linkage in the model had to be computed to one. This meant that in the
assembly, two coincident joint types could not be of the same joint type. For instance, the axis of
the water pump bearing and the pin hole in the rocker could not be both pin joints. Instead one
had to be a cylindrical joint and the other a pin joint. This analysis was conducted using the
Gruebler’s equation for a degree-of-freedom analysis. Once the linkage was not over

constrained, dynamic analysis was possible.
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Pivot/Pin Forces on the components of the linkage
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Figure 35: Pivot/Pin Forces on the different components of the final linkage

Figure 35 shows the internal forces (components on components) of the finalized
linkage. The force magnitudes are significantly smaller for this linkage, but the force trends
throughout the linkage’s motion remains similar. Again, the peak forces occur at the point of
turning for the linkage i.e. when the slider block reverses direction. This time is approximately t
= 0.1 second.
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Table 2: Maximum Force magnitudes and their locations

Force Type

Max Force Magnitude

(N)

Water Pump Bearing on
rocker

Rail Mount on the bottom
crank

Crank on the top slider
Servo's shaft on crank
Bottom crank on rocker

Top slider block on rocker

21.8

10.1

17.9
20.7
10.1
14.1
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Table 2, the maximum forces in can be seen. These numbers are smaller than those of version B.
The added crank at the end of the rocker, not only reduces wear on the inside of the rocker’s slot,

but also improves the linkage dynamically.

These pin forces enable stress analysis to be done on any of the parts in the linkage. Since
the rocker is the largest part and also sees the most amounts of forces, stress analysis will be
done on the part in the following section. The singularity functions will be developed to find the
critical cross-sectional area where the bending moments are the maximum and stress
concentration factors based on the geometry will be used to come up with the safety factors
needed to pass the design of both the linkages.

Torque Calculations

The axis of the servo motor and the crank was picked for the torque analysis. The peak
torque was 0.5 N-m and this would be the required torque to run the linkage. However, this
number did not include friction which was accounted for looking at forces at each of the joints.
The friction torque analysis is as follows:

Bearing on Rocker

Max Force =22 N

Torque = 22N * 0.15 * 5mm = 0.0165 N-m
Crank on slider (inside the lever)

Max Force =18 N

Torque = 18N * 0.15 * 5mm = 0.0135 N-m
Mounting Plate on Second Crank

Max Force =13 N

Torque = 13N * 0.15 * 5mm = 0.00975 N-m
Second Crank on Rocker

Max Force=11 N
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Torque = 11N * 0.15 * 5mm = 0.00825 N-m
Slider on Rocker
Max Force = 15 N at 0.10 sec

Torque = 15N * 0.2 * 32.38mm = 0.0974 N-m
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Figure 36: Required torque versus time curve (includes torque added by friction)

These torques were added to the torque at each time step which was obtained from
Pro/Engineer. The superimposed torque curve plotted in Microsoft Excel is shown in Figure 36
resulted in the peak input torque value of 0.645 N-m. The force analysis was used to find the
forces at each of these joints. These forces were then multiplied by friction coefficient of 0.15 for
the bearings and the radius of the bearing. For the force of the slider block on the rocker, the
friction coefficient of 0.12 was used. The distance used was the normal distance between the
slider and the crank pivot. This torque then helped with the selection of an appropriate gearbox

and servo motor.

Motor and Gearbox Selection
The motor and gearbox selection process required the study of the input torques needed
to drive the entire linkage for its range of output motions. The torque analysis was conducted

using Pro/Engineer and its results are shown in the succeeding sections of the report. The peak
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torque that was recorded was 0.645 N-m, which also included the torque required to overcome

friction in the slider joints and the bearings.

Rated Shaft Rated Stall torque Rated Rated 1FK7 Synchronous Motor Pole Rotor Weight
spoed height power torque ¥ curent  Compadt par moment (without brake)
SH Natural cooling num- of inertia
ber  (without
n h Py M, M, b Order No. brake)
with with with with Core type J m
AT=100K AT=100K AT=100 K AT=100 K
RPM mm kW Nm Nm A 10* kgm? kg
2000 100 7.75 48 37 16 1IFK71055AC7 1 - 1 BEE 4 156 39.1
J3000 0.82 3 26 1.95 1FK7042-5AF7 1 - 1 HEE 4 3.0t 49 |
63 148 6 47 37 IFK7060-5AF7 1 - 1 BEE 4 7.95 7
229 " 73 56 1FK7063-5AF7 1 - 1 HEN 4 15.1 15
80 214 8 68 44 1FK7080-5AF7 1 - 1 BEE 4 15 10
33 16 10.5 74 1FK7083-5AF7 1 - 1 HEE 4 273 14
100 377 18 12 8 1FK71005AF7 1 -1 B BB 4 553 19
487 27 15.5 1.8 IFK7101-5AF7 1 -1 BEE 4 799 21
537Y 3 205" 1659  IFK71035AF7 1 -1 EEE 4 105 29
8.17 48 26 18 1FK71055AF7 1 -1 BEE 4 156 39.1
4500 63 174 6 37 4.1 IFK7060-5AH7 1 - 1 B EE 4 7.95 7
2009 1 59 6.1%  1FK7063-5AH7 1 -1 MEE 4 15.1 15
80 2399 8 575 56% 1FK7080-5AH7 1 - 1 HE®W 4 15 10
304% 16 83% g 1FK7083-5AH7 1 - 1 BEE 4 273 14
6000 2 04 0.85 06 14 IFK70225AK7 1 - 1 BB E 3 0.28 18
3B 05 1.1 08 13 IFK70325AK7 1 - 1 mEm 3 0.61 27
063 16 1 13 IFK70345AK7 1 - 1Emm 3 0.9 37
48 069 16 11 1.7 IFK7TO40SAK7 1 - 1mEm 4 1.69 35
1.027 3 27 3470 1IFK70425AK7 1 - 1 EHEE 4 3.0t 49
+ Encoder systems: Incremental encoder sinicos 1 Vpp 2048 pulsesirevolution A
Absolute value encoder EnDat 2048 pulsesirevolution’?  E
Absolute value encoder EnDat 512 puseslrowm'on" % H
Simple absolute encoder EnDat 32 pulses/rev’ G
Multi-pole resolver ') S
2-pole resolver T
= Shaft end: + Radal eccentricy tolerance: * Holding brake:
With key and keyway N without A
With key and keyway N with B
Plain shaft N without G
Plain shaft N with H
* Dogree of protection: P64

IP6S and additional IP67 drive end flange
IP84, anthracite paint finish
IP65 and additional drive end flange IP67, anthracite paint finish
IP85 and additional drive end flange IP67, anthracite paint finish
and metal rating plate on motor

Figure 37: Siemens 1FK7 series compact motors - core type, natural cooling

In order to fit three linkages in the specified workspace of 250 mm x 250 mm x 1000 mm

a right-angle gearbox was chose for better packaging. The sponsor provided the company,

Wittenstein as a motor and gearbox vendor. After studying the torque-speed curves of some of

their motors, a rated torque and the proper gear reduction required for the linkage was deduced.

The selected motor is shown in red ink in Figure 37. The servo motor is from Siemens and the
product number is 1IFK7042-5AF71-1AAO0. The rated speed of 3000 rpm and rated torque of 2.6
N-m are favorable for the linkage as the linkage needs to be run at an average input speed of 240

rpm.

Hence, a 10:1 gear reduction was necessary and a Wittenstein right-angle gearbox of the

SKO060 series was chosen. The gearbox can handle a nominal output torque of 15 N-m,
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maximum torque of 20 rpm, nominal input speed of 3000 rpm, and maximum input speed of
5000 rpm. Based on the torque and speed measurements of the linkage and the ratings of the
motor, this gearbox seems to be the most suitable for the linkage’s operation and packaging
requirements. The details of the dimensions and specifications of the motor and gearbox can be

seen in Appendix C — Motor and Gearbox Specifications.

Stress Analysis
Based on the geometry and the study of forces done on Pro/Engineer, the rocker is the
most critical part of the linkage mechanism and is subjected to the maximum loading and

bending. Hence, in this sub-section, stress analysis on the rocker will be performed.

The force analysis from Pro/Engineer was used to obtain the forces acting on the rocker
which included the slider block on the rocker, the water pump bearing on the rocker, the con-rod
on the rocker. The forces were labeled with numeric subscripts for ease of calculations. These

force labels and magnitudes are as follows (The stress analysis calculations can be seen in

Appendix A — MathCad worksheets for kinematic analysis of the linkages and stress analysis of
the :

F; =15 N - Slider block on rocker
F, =22 N - Water pump bearing on rocker
F; =11 N - second crank on rocker

W =7.759 N - Weight of the rocker
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Figure 38: Free Body Diagram of the

Figure 38 shows the free body diagram of the rocker with labeled forces and their
locations. For the case of F1 (force of the slider on the rocker), the maximum force magnitude
from Pro/Engineer was taken and its location during the motion of the linkage was 105 mm. This

number gave us the worst case force that slider block exerts on the rocker.

Based on the loading conditions, the singularity functions for shear, moment, slope and

deflection were formulated (These can be seen in

Appendix A — MathCad worksheets for kinematic analysis of the linkages and stress
analysis of the ). Figure 39 and Figure 40 show the shear and moment diagram for the rocker.
The maximum bending moment occurs at 0.210 m which is at the exact location of the water
pump bearing. The maximum bending moment is of magnitude of 1.15 N and the maximum

shear force is of 15 m.
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Shear Diagram (N vs m)
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Figure 39: Shear diagram of the rocker
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Moment Diagram (N-m vs m)
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Figure 40: Moment diagram of the rocker

The loading condition for the rocker is also bending, as there is no torsion stresses that

would occur along its length. With bending conditions, the stress cubes at the critical points are

shown in Figure 41 and Figure 42.
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Figure 41: Stress Cube of point A

Figure 42: Stress Cube at point B

At the critical cross-section, there are stress concentrations due to geometry. The
geometry closely resembles that of a semi-circular notch. From the Peterson’s Stress
Concentration Factors by Walter Pikey, the stress concentration factor was found to be 1.029.
The maximum bending moment at the critical cross-section is 7.1 MPa and the calculated von
Mises stresses at points A and B are 7.1 MPa and 12.3 MPa. The safety factors found were
against the yield strength of A2 tool steel (=359 MPa) and these values for 50.6 and 29.2 for
cross-sections A and B. These safety factor values are for the rocker against yielding as they

were compared against the yield strength of A2 Tool steel.

The fatigue failure analysis was also performed for the rocker. The ultimate tensile
strength of A2 Steel is 723.95 MPa. The calculated endurance strength was then divided by 2 as
the tensile strength is less than 1400 MPa. There were several correction factors applied to the
endurance strength in order to construct a Strength-Life diagram. The correction factors are as

follows (calculations can be seen in
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Appendix A — MathCad worksheets for kinematic analysis of the linkages and stress

analysis of the ):

- Croap =1 (Bending)

- Ceze=131

- Csurrace = 0.788

- CremperaTure = 1

- CreuiasiLity = 0.659 (For 99% reliability)

- Cienorance = 0.7 (For any miscalculations)

The corrected endurance limit for the rocker was then found to be 172.3 MPa at 10° cycles.
Figure 43 shows the strength-life diagram for the rocker.

Strength-Life Diagram

700

AN
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AN
\
\

T ——

un
=]
=]

B
=]
[=]

(4]
=]
=]

ka
=]
=]

Endurance Strength (MP

=
=]
=]

=]

1x10° 1=10* 1x10° 1x10° =107 1x10°
Cycles, N

Figure 43: Strength - Life Diagram for the rocker

This has been plotted on a log scale on the horizontal axis. After 10° cycles, the rocker
will have an endurance strength of 172.3 MPa and its strength decreases from a maximum of 652
MPa at 10° cycles.

According to the 0.25 seconds per cycle, the mechanism will run 345600 cycles per day.
Therefore, the linkage will reach a million cycles in roughly three days. However, the rocker has
the maximum stress of 12.3 MPa and the infinite life endurance strength is 172.3 MPa. The
safety factor for infinite life is 14.
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The mean stress taken into account was zero because there was no information provided
by the sponsor about any impact forces on the end-of-arm-tooling. The mean stress is also zero
because the crank undergoes a symmetric rotation about its central axis. Although a safety factor
of 29 against yielding is high, it allows for plausible impact forces on the linkage on any
machinery. The current geometric design for the rocker does not need any change based on this

assumption.

Discussion
The original design uses a sliding and rotating, 2 DOF joint connecting the crank and the

output slider. This has the advantage of reducing the number of links. The output is centered
horizontally over the central axis of the linkage between the servo pivot and the crank pivot. This
means the average of error will be reduced. The second design replaces this joint with a small
connecting rod. The rocker has the advantage of reduced wear, and should it wear out, it is easier
and cheaper to replace than a larger link. The output motion is now shifted farther from the servo
motor and crank, which on its own is neither a benefit nor deficit. The con-rod now oscillates
evenly above and below the horizontal output axis, once again reducing the average error by

summing positive and negative error values.

Both designs of the linkage have a pseudo-dwell designed into the servo motor motion. This
means that the motor does not stop turning as it would in a normal dwell; however, the output
point on the slider moves only a negligible distance (less than 0.004 mm over 0.02 seconds).
Pseudo-dwells have several advantages. First, like a dwell, they allow the assembly line to do
work on a product still attached to the movable linkage. Unlike a typical dwell (with regard to
servo-motors), pseudo-dwells do not require the motor or linkage to completely stop. As a result,

accelerations are reduced, producing less force on the system.

To achieve a shorter stroke, the servo motor is simply run over a shorter range of input
angles. To achieve a larger stroke than 56mm, the linkage would have to be physically altered.
The links could be scaled up, which would require more material and space. Alternatively a
small portion of the linkages could be increased: the con-rod from the servo to the crank or the
length of the crank link below its ground pivot. These options would reduce the total space
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increase. Alternatively, the servo and crank pivots could be moved closer together; however, this

option would significantly increase accelerations.

The crank pivot can be moved in a straight line closer to the servo pivot to create a larger
stroke. Conversely, moving directly away from the servo pivot would produce a shorter stroke.
The crank pivot could also be moved perpendicular to this direction in order to achieve uneven
output and return strokes. This would produce a similar result to adjusting the length of the
output slider link, but without the same structural concerns. It could also be used to create several
preset positions, which would allow a dramatically altered stroke with a small, physical
adjustment to the linkage.

Several further developments could make the linkage even more flexible and capable. These
include moving the ground pivot of the crank and using the full rotation of the servomotor to
create a quick return mechanism. The latter possibility requires no change to the current design
of the linkage and would allow the motor to run at a constant speed and still create a quick return
mechanism, provided maximum stroke is used. Oscillating the servo motor provides some
advantages: the capability of less than maximum stroke, the capability of uneven output and
return strokes, and reduced accelerations in mm/deg (not necessarily mm/sec however). It was

chosen in this report to make the linkage as generic as possible.

Conclusion
The linkage mechanism was successfully designed to meet the requirements provided by

the sponsor. The linkage is driven by a servo motor coupled with a low ratio gearbox. The
linkage fits within the work envelope in the X (250 mm), Y (250 mm) and Z (1000 mm)
directions that were provided. The final design of the linkage meets the stroke length
requirement of 56mm .The servo profile can be changed thereby allowing different stroke
lengths using the same linkage. The stroke lengths can also be drastically modified by changing
the distance between the pivot point of the crank and the pivot point of the rocker. This would
require additional modifications to the tooling station; however it would still result in a lower
down-time than replacing a cam. The final safety factor was calculated to be of magnitude 29.
This is much higher than the required safety factor of 2. However no further modifications were
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done to reduce the large safety factor due to a few different reasons; mainly because very little

information was provided regarding the works load and any impact forces that would affect it.

The linkage mechanism was designed for the sponsor to incur minimal manufacturing
and fabrication costs. Many of the components used in the mechanism were off-the-shelf parts
that the sponsor provided. The custom parts were also mainly modifications of the off-the-shelf
parts, therefore allowing less time in manufacturing these parts. The servo motor and gearbox
were also selected from vendors that the sponsor already uses; again reducing any additional

time and expenses in using and finding a new vendor.

Further work can be done in a few areas of the project as mentioned earlier. Overall,
these would improve the performance in terms of flexibility of the linkage. This will require
additional analysis to provide the sponsor with added adjustability in order to have a versatile

linkage.
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Appendix A — MathCad worksheets for kinematic analysis of the linkages and
stress analysis of the rocker

Einematic Analysis of Design A for different link length ratios:
Vartables:

Distance between the two fixed pivats of the crank and the rocker
ly = 15mm

Length of the crank as a ratio of I

Distance between the fixed pivot of the rocker and the slider axis:
h = 25mm

Increments of input crank angle:
8 =0deg,ldeg. 360deg

Equation for the position of the slider with respect to crank angle and [y:
1y cos(8)

Derivate of position with respect to crank angle:

:-:le,lll =-h

d
wiE = =—xe,l
1 de 1

mecond derivative of position with respect to crank angle:

ale,lll = d—VIB,lll
dg

Third derivate of position with respect to crank angle:

jlegy )= %ale,lll
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Slider Displacement {mm) versus complete crank rotation (8}

1an T T T
soF .
xe ,11 | i i
I
— 50k i
— 100 1 1 1
0 100 200 300 400
&
deg
Slider velocity {mm/rad) versus complete crank rotation (8}
100 T T T
I:I - —
RN ,].1 |
wm 10r N
Tad
- 200r N
— 300 1 1 1
0 100 200 300 400
&
deg
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Slider Acceleration l[mm.-"rmI2} versus complete crank rotation (9)

1:10°

500

&Ia,lll

|§M|E

- 500

110

Tabular values exported to Microsoft

8. =

-22.727

-22,364

-22.015

-21.665

-21.32

-20.979

-20.641

-20.308

-19.973

-19.653

-19.33

-19.012

-18.697

-18.385

-18.077

100

200

deg

Excel:

VIB,III =

20.661

20,405

20,155

19.911

19.672

19,439

19,212

153.99

18,773

18.562

18.355

18,154

17.957

17765

17,578

300

rad

400

ale,lll

-14.838

-14.,496

-14,159

-13.820

-13.505

-13.157

-12.875

-12.569

-12.27

-11.977

-11.69

-11.409

-11.134

-10.865

-10.602

tad
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Einematic Analysis of the finahzed linkage design

This wersion has an additional con-rod between the slotted rocker and the output slider.

Definitions
d: Length from slotted rocker pivot to horizontal axis of the output slider d = 20mum
h: Length along the slotted rocker from ground pivat to the pin joint with b= 77 30tmam

the added con-rod (link 4)

l4: Length from crank ground pivat to slotted rocker ground pivat ly = S
ly = 32mm

l7: Length of crank

lg: Length of added conerod I = Jaman

Equations

This isthe equation for the position of the slider with respect to the inputted crank angle, while including
the added con-rod. Derived by hand from the geometry of the linkage.

5 Loy si(8) 2 _ Ly sin(8)
Hetider 8 = |y - | h - d-cos| atan| ————— + d-sin| atan| ——
5 Iy + 1y cos(&) Iy + 1y cos(8)

e = d_Xs]ider':e) “elocity of the slider with respect to the crank angle.
da

2
aleh = %Xshderiej Acceleration of the slider with respect tothe crank angle.

3
jlE = ':?Xs]ider(ej Jerk of the slider with respect to the crank angle.
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S, V, A, T Graphs

Position, velocity, acceleration, and jerk shown verse crank angle in degrees
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Slider Velocity

Velocity (in millimeters per degree) verse Crank Angle (in degrees)
1

100 . .
soF =
i &)
ntn
- 50k =
_ 1|:||:| | | |
0 100 200 300
5]
deg

Slider Acceleration

Acceleration (in millimeters per degree squared) verse Crank Angle (in degrees)
100 T T T

o)

- 50r N
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Shider Terk

Jerk {m mulhmeters per degree cubed) verse Crank Angle (n degrees)

200

100

- 100

0 100

200 300
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Inverse Kinematics of the final design

The linkage was broken into two portions: one sbove and one below the central
ground pivot of the tocker. The two were solved simultaneously to get an output
cratil angle with respectto the input motion of the slider.

Inverse Kinematic Analvsis of the hottom shder-crank

Cloged Loop Vector Equations

Diefinitions

Independent Input wariable (%), left as a constant
here for simplicity. =

Input position: Length of Rl =y

Length of F2 q=72

Length of B3 b= 20

Lengthof R4 g.= 7730
Angle of R b 1= 1]
Angle of B2 3
Angle of B3 3
Angle of R4 b 4= o0

R2+R3—R4+R1=D

Feal solution, along Z-axs
of linkage

Imaginaty solution, along
Yoaxs oflinkage, jwas
dropped.

Aguare both equations and
add them

Sitplifying

a-cos(fof +cosip gl - ccosld ) + deosld ) =0
acosifgf +bcosipgl +d=10

bcos| g = -acoslpql - d

aj-sinlp ol + bjsingg) - cjsind 4 + djsinldp =0

asin(fqf +besinldg/-c=0

besing4) = ¢ - asinlp 5|

1:12(1:1:15143312 + sinlE!Elz) = |-acos|d 4l - dlz + o= &-Siﬂlqlzllz

&2—h2+l32+d2

= c-sitid 4| - d-cos(fql
7 L L
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Substituting

Gives

Sitrplifiing

Suhstituting

Cives

Which can be solvedwith the
guadratic equation

L L
||:1—K1|-tan2(? + 2-o-tan ? +|—d—K1|:|:|

A= d- Ky
At

B=2c

Co=-d-K
Ay

Pa-tanz(q]—z] + E-tan(q]—z] +C=0
2 2
tm[d’_zJ B+ B -4AC

2
2 24

2
TEBAYE S ARC e adee
24
_B-JE - aac
= —130.251 deg
24

fqq= E-atan[

fog= E-atan[

71



Choosingthe positive angle and fo=tq
restating az definitions for MathCad '

o- a-sinlqazlJ

baldal = an:u:us( .

This solves the necessary parts of the bottom portion of the linkage, 4 3 will be usedin the top portion
aswell

dalfol =30924deg

Inverse Kinematics of top shder crank section
Definitions:

Length of RS g="50

Length of Ré g =37

Length of B7 £

Angle of BS 5=

Angle of BA s

#ngle of BT §7:= 50 5| + Pdeg

Closed Loop Vector Equations Rg-F7+Rg=10

Real Solution, or V-axis of linkage E-CDSI¢6| - f'CDSII:IJ-FI + g-cu:uanagu =10

ecos|f ) —foosig-l+g=10

Imaginary Solatiogn, of X-axs esinp gl - feinlpz + gsinlpgl =0

af linkage E-Si.ﬂldlﬁl—f-smldl';':u

e sind |
Solve the secondfor f f= — —

sjn|¢-F|

e-sinld |
Inzert solution into the first and ecoslf el - ———coslp7/+ g=10
solvefor § 6 st 7
o —&-cosi g
Substituting Ey=———=2401 % 1|:|4
S]Illq]?l
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Gives

simplifyring

Substituting

Cives

Vithich can he solved with the
fuadratic equation

e + gj-tan{?] + —EKz-tan(Z—ﬁ] +ih-g1=0

fy= (e + g = -122

4
By = —2Kq = ~4.303 x 10

Co=e-g=-18

g L

z
2
(%J -B2+ By - 44,0,
tah — | =
2 284
4
b q=2atan = -170709 deg
2
t 2-at I e i 0.138d
= 2-atan = -0 &
6.2 2hg g

B = 180deg + ¢ 4 | = 0.291 deg

73



Stress Analysis of the rocker

Free Body Diagram of the rocker

The free body diagram of the rocker above shows the loading on the rocker along one dimension.
The following analysis uses the above forces and dimensions to derive singularity functions
which serves as the basis for further stress analysis.
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singularity Functions for the rocker:

“ariables:

a = 0.105m b=0211m f = 0.290m 5= 0.155m k= 030Tm

Fy =154 Fy = 22H Fy:= 1IN W g = TT59H

Steel Elastic Modulus: B .= 190000000000 % Morent of inertia  1.=3.337.10° gkg-m2
i

Range of » ¥=0-m, 0005k &

Step Function Blxg) = if(xz 21,0

=hear Equation:
V(0 = Fy8Ce ) - Fpi(e ) + F38(a0) - W, 8(x,C0)
homent Equation:

M) = Fy-8(x,8)-(x - &) - F-80r,B)(x - 1) + Fa- 805, 0(x - ) - W, -5(x,00) (x - CO)

Slope Equation:
[F -F F

1 | Fi1 2 3 W
B = E ?-S(x,aj-(x - ajg + T-S(x,bj (x- hjz + ?-S[x,fj (x—-1

2

Deflection Equation:

F -F F

W
W = %-_?I-S(x,a:]-(x - a:]3 + ?E-S(x,bj (x- ‘r:::]3 + E-S(x,f‘) (x-1f)

3

=olving for ©3 and C4 in the deflection and slope equations:

at x=a, the deflection will be zero x="h
guess
] 3
Cq=0m kgs Cy=10
Given
F -F F W
1 1 2 3
0= —|—-3(x, 4 (x - ajz + — S W (- b)z + — - fjg - ﬁ-ﬂ(x,(ﬁ)-(x - CGJE
EIl 2 2 2 2
+C3
3
Find(Cy) = -0.072 % ¥
2
5
3
_ m kg
E&&: -0.112 —2
3
Given
F -F F W
1 1 2 3
0= | (x, 81 (x - )+ — S0, B) (%= B+ 80,0 (%= B~ —B 8k, 00 (x— O
EIl & @ @ @
+C3'X+ C4

- %-S(x,CGﬁl-(x _cg?

- %-S(x,CG‘)-(x oo’
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m4-kg

4 B
. m kg
ﬂuﬁ’f‘ﬁw.=|3.lj18—2
E
[F -F
1|1 2 2 2 03
B = —| — -3z, a(x-a +— 3 mlz-b + — 3z Dix-
MQJE_IEE)EJEE)EJEEMFJ
W
+— B30 00y (x- OO + Oy
[F -F

= Lsmam-o s —2 Sy s
e 21l g Slxa-(x- a4+ . Sl -t + p alxfite-£7

=T
+—8

(00 -(x - OO + Cqx+ Cy

F

F

Defining ® as a range frorm O to the end of the rocker:

Wi

Shear Diagram

2

%=0m0005k. L

20

Vg = |FC01Lm0 | = 15N

B |

02

0z
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Moment Diagram

Bz
M.m

X
m
My e = L15H -m
Slope Diagram

50 T T T
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Deflection Diagram
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The critical cross-section is the cross section that experiences the maximum armount

of bending amount and shear force. According to the above singulanty functions, this
crogs-gection is at the end of the rocker i.e. this cross-section has the maximum amaount
of bending mament.

Further stress analysis will be conducted an this cross-section, which will include the
stress concentration factors caused by the pin hole on the shaft, and the fatigue life cycle
analysis of the racker.

Bending and torsional stress concentration factors:
For the shape in consideration:

H = 0.034m d = 0020 t = Strun t = Sttt
Bending
B_ 1.172 L 1 From Peterson's Stress Concentration Factars by Walter Pikey
d r Motches and Grooves page 110
i
Dy o= — =0147
LT

For a semicircular notch:

2 2
Ky, = 3065 - 6.643-Dy, - 6.643 Dy + 02050y, - 4004.Dy° = 1.029
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For the cross-section, the geometric properties used are as follows:

. -3 1 Rectangular area cross-section right under the
Aurea = 538 mm-20mm = 1072 =« 10 "m hole of 10 mm diameter

325
o= 22 1625 mm
i
32 5m.tn-(1l:lrn.tnj3 -9 4
Ippss = —— e = 2708 % 107" m
12

Ml o
Tpend = Kip — e = 7.1 x 10°Pa

ICIDSS

Principal Stresses at point & of the cross-section:

Tys = Fand = 71w llilﬁPa

Gm =
Tty =
Gm + IJZA Um + Um
T4 = +*|:m2=?.1x1|] Pa
2 2
Tos = 0-IiPa
TO.n +0O o fa) 2
nd T wd T Fad
53‘51 = - + Tm = [0-1Pa
2 2
BlA T E3A
1:13‘&1 = =355 MPa
vonhises stresses at A
2 2
'jlﬁ = Ij]“'.éIl _Ulﬂ'53ﬁ+53ﬁ D"ﬁ=?1MPE

Principal Stress at pointB

T = 0-MFa GYE = 0-IPa

Tmax = “hend

Sp=———— + Ty = T1-MFPa



o) = 0-MPa

OXB + GyB
O3B = 5 - Tmax =T MPs

1B~ 93B
\’138 = '—2_,- = 7.1-MPa

*von Mises Stresses at point B

5
O’Bti GIB--GlB'OSB# 0332 dB- 12.3-MPa

Safety Factors
Sy = 359- 106Pa Yield Strength of A2 Tool steel annealed

%
Ny = —— = 50.562
- 6’-A

Sy
Np = — =29.192
°B

Fatigue Failure Analysis

Syt ™= 105000psi = 723.95-MPa for annealed A2 Steel
St = 0.5S, = 361.975-MPa For steels with S, < 1400MPa

Calculating the cormection factors, C's for size, surface finish, temperature, reliability, ignorance.
Cioag =10  Since there is bending loading

- )
Ags = 0.05-32.Smm- 10mm = 1.625 x 10 m"

Ags d, ., = 0.573in
Qo= [—— equiv = -
A~ ] 0.0766
-0.087
dequiv : : :
Cgize = 0.869- Since the egquivalent diameter is between 0.3 in and 10 in
m
Ceize = 131 Page 327 of Machine Design by Norton
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Amachined = *! bnachined = ~0-263

[ Sw

Copf = %med.a o =0.788 For a post-machined shaft
9.

)b |
From Table 6-3 Machine Design by Morton

Ctmp =1 Since temperalure never exceeds 450 C

Cogy = 0.658 For & relisbility of R=99.999 From Table 6-4 Machine Design by Norton
c._ =07 Based on our inaccuracy and misjudgment as first atfempt of design

Hence, corrected endurance limit:

SE = Cload'csi.:e'Csm‘f'ctemp'creli'cigﬂ'se' = 172.264-MPa .ﬂ Tx'fcﬁ GFGFQ‘S

Equation of the SN line => S¢ = gub From gg 6-10 of Machine Design by Norion

Table 6-5 of Machine Design by Norton: z= -3 at N = 106 cycles

1=3  Ny=110°
Sp = 0.9-5,;, = 651.555-MPa at 103 cycles For bending loading
! joal o Sm 3 i 0172
b=—-logl — |=-0.193 a= = = 2464 x 107-MPa Equation => S¢ = 147(N)™"-
Z & l 3
10°)

Plotting 5-M Diagram using a retumn function:

SeN) = |retum aN° i N < 10°
5, otherwise
3,48

where  N.=10",10".10
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SN Diagram for the Rocker
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Appendix B — Custom Parts Drawings
The following section shows dimensioned drawings of the parts that need to be machined.

These part drawings (in order) are as follows:

1. Crank
2. The rocker
3. Slider block inside the rocker

4. Rail mount on the THK rail
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Appendix C — Motor and Gearbox Specifications
The following section has the following information:

1. Specification sheet of the Siemens 1FK7 series servo motor (selected motor marked in
red)

2. Specification sheet of the Wittenstein SKO060 series right-angle gearbox (selected gearbox
marked in red)

3. Dimension drawing of the Wittenstein SK060 series right-angle gearbox
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Rated  Shaft Rated  Staltoque  Rated Rated  1FK7 Synchronous Motor Pole Rotor  Weight
spoed  height power torque V) curent  Compadt par moment (without brake)
SH Natural cooling num- of inertia
ber  (without
n, h P, M, M, © Order No. brake)
wih with with with Care type J m
AT=100K AT=100K AT=100 K AT=100 K
RPM mm kW Nm Nm A 10 kgm? kg
2000 100 7.7 48 37 16 IFK71055AC7 1 -1 RER 4 156 39.1
e
3000 0.82 3 26 1.95 IFKTM25AF7 1 -1 HEW 4 301 49
63 148 6 47 37 1FK7060-5AF7 1 -1 BER 4 7.95 7
229 " 7.3 56 1FK7063-5AF7 1 -1 HE N 4 15.1 1ns
80 214 8 68 44 1FK7080-5AF7 1 -1 HE N 4 15 10
33 16 10.5 74 1FK7083-5AF7 1 -1 HEN 4 273 14
100 377 18 12 8 1FK71005AF7 1 -1 EAN 4 563 19
4.87 27 155 18 1IFK7101-5AF7 1 -1 BN 4 799 21
5379 38 20.5% 165%Y  1FK7103S5AF7 1 -1 EEE 4 105 2
8.17 48 26 18 1FK71055AF7 1 -1 BER 4 156 391
4500 63 174 6 37 4.1 1FK7060-5AH7 1 -1 H R W 4 7.95 7
2009 11 59 619  AFK70635AH7 1 - 1 EEE 4 15.1 15
8 2399 8 575 569 1FK7080-5AH7 1 - 1 HER 4 15 10
3049 16 839 g 1FK70835AH7 1 - 1 BEE 4 273 14
6000 28 04 0.85 06 14 1FK70225AK7 1 -1 HEm 3 0.28 18
B 05 1.1 08 1.3 1FK70325AK7 1 -1 HEm 3 0.61 27
0.63 16 1 13 IFK70345AK7 1 - 1Emm 3 0.9 37
48 0.69 16 11 .7 IFK7O405AK7 1 - 1 BEE 4 1.69 35
1.027 3 2" 317 1FK70425AK7 1 -1 EEE 4 3.0t 49
+ Encoder systems: Incremental encoder sinicos 1 Vpp 2048 pulsesirevolution A
Absolute value encoder EnDat 2048 pulsesirevolution'’?  E
Absolute value encoder EnDat 512 pdso:lrov‘?lgbn“ % W
Simple absolute en%der EnDat 32 pulses/rev G
Muiti-pole resolver S
2-pole resolver )
« Shaft end: * Radal eccentricty tolerance: *» Holding brake:
With key and keyway N without A
With key and keyway N with B
Plain shaft N without G
Plain shaft N with H
* Dogree of protection: P64

IP65 and additional IP67 drive end flange
IP64, anthracite paint finish

IP65 and additional drive end flange IP67, anthracite paint finish 5§
IP85 and additional drive end flange IP67, anthracite paint finish 8
and metal rating plate on motor

wnNo




SK* 060 1/2-stage

1-stage 2-stage
Ratic @ i 3 4 1 T 10 12 16 20 25 28 a5 40 50 70 | 100
Max. acceleration torqus Hm 30 30 30 25 20 30 30 30 30 30 30 30 30 25 20
T,
[rrezx. 1000 yelas per hour] = in.lb 266 | 266 | 288 | 221 | 177 | 268 | 266 | 266 | 266 | 286 | 2868 | 266 | 288 | 221 177
Mominal output torqua - Nm 22 22 22 20 15 a2z 22 22 22 az 22 22 22 20 15
fwith ) =™ in.lo 195 195 195 177 133 195 185 185 195 195 185 195 195 177 133
Emergency stop torque + Nm 40 50 50 45 40 g0 50 50 50 50 50 50 50 45 40
[parrifiad 1000 fimoe duing tha soraca Ba of tha gaarbaad) | “ et | i | 354 | 443 | 443 | o5 | 354 | 443 | 443 | 443 | 443 | 443 | 443 | 443 | 443 | 398 | 354
Mominal input speed
it 7, and 20°G ambiant 1 atrg) 3+ n, rpm | 2500 | 2700 | 3000 | 2000 | 2000 | 4400 | 4400 | 4400 | 4400 | 4400 | 4400 | 4400 | 4800 | 5500 | 5500
Ma. continuous spaed
s 20% 7 ard 20°C arcbia » N rpm | 3000 | 3500 | 4000 | 2500 | 2500 | 5000 | 5000 ( 5000 | 5000 | 5000 | 5000 | S000 | 5000 | 5500 | 5500
Ma. input spaed . rpm | 8000 | S000 ( @000 | 6000 | G000 § S000 | OO0 | 6000 | @000 | G000 | G000 | 5000 | BOOO | G000 | E00O0
Maan no load nunning torque Nm 12 | 11 | 10 | 12 | 14 J o2 |02 | o2 [ 02 | 02 | 02 | 01 | B2 | 01 | B4
it m, - 3000 rpen andd 207G gaarhiad fempsaraturg) 3 Tora in.lo 10.6 8.7 8.9 106 a7 1.8 1.8 1.8 18 1.8 1.8 0.9 0. 0.2 0.8
Manx. torsional backlash i, arcmin =5
) e | 20| 21 22 | 2o | 18 ] =21 | 21 24 24 21 21 | 21 [ 22 | z0 | 18
Torsional rigidity C..
= e |48 19 18 18 18 19 19 18 18 12 19 18 18 18 16
¥ il Torwa * M 2400
. axial force
Fone [, 540
N 2700
Max. radial force @ F
ek, a0s
Ma, fi ant Nm 251
. tilting mom M,
" | in b 2230
Efficiency at full load n % 96 o4
Semvice lifa .
[For caloulasicn, 200 tha Chapter “infammation’] L, h 20000
Wieight incl. standard adapter plat ka = —
'sight incl. adapter plate m
¢ P Iby, 6.4 7.1
Operating noisa )
it 7, = 3000 rpem mi ko) Lo dBiA) = B4
“C a0
Max. permitted housing temperaturs b
F 194
. “C 0 to +40
Ambient temperature
F 32 to 104
Lubrication Lubricatad far lifa
Paint Blue RAL 5002
Direction of rotation Motor and gearhead opposite directions
Protection class IP 85
kgom?® 009 | 009 ( 007 | OOF | 0.08 | ODG | 008 | DOE ( 0.08 | D.08
Moment of inertia B [11]a g - - - - -
frelatas 12 the drive) ! 0kt 008 | 008 | 007 | OO8 | 0.08 | 006 | 0.05 | 0OS | 0.05 | D.05
Clampang hub diamater [mm] c | 1a kgome | 052 | 044 | 040 | 036 | 034 | 020 | 020 | 019 | 018 | 018 | OB | 047 | @AT | 047 | DAT
4 enks | 046 | 039 | 035 | 032 | 030 | 018 | @18 | 017 | 016 | 016 | 016 | 015 | @45 | 0.15 | D15
El|y kgom? | O8F | 079 | Q75 | 0.71 [ 07D
| winks | OFF | 070 | 086 | 063 | 0.62

= Orher ratios aveilable on reguest

4 Higher epeeds are possible if the nominal torque is reduced
9 For higher ambient temperatures, please reduce input speed
% |dling torgues decrease during operation

4 Refers to center of the output shaft or flange

Please contact us for information on the
31 conditions of use (continuous operation)

nfiguration for
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