
Indiana University-Purdue University Fort Wayne 

Department of Engineering 

 

 

 

ME 487-488 

Senior Capstone Project Final Report  

 

Project Title:  Automatic Gripper Arm 

Sponsor:   Cooper Standard Automotive 

Team Members: Isaac Ackon 
Jordan Knerr 
David McVay 
Craig Strickland  
  

Faculty Advisor:  Dr. Josué Njock Libii 

Date:   May 2, 2012 

 
 

 



Acknowledgements: 

The Cooper Standard design team sincerely appreciates the help that was given to us from all of the 
individuals and organizations that assisted us throughout the process of this on taking. In particular 
special thanks go to: 

Mike Lewis 

Thorton Maver 

Richard Meeks 

Dr. Josué Njock Libii  

Dr. Carlos Pomalaza-Ráez  

Dr. Steve Walter  

And Henry Waring 

 



 

Contents 
1 Chosen Design ............................................................................................................................................ 5 

1.0 Initial Problem Statement ................................................................................................................... 5 

1.1 Chosen Design Overview .................................................................................................................... 6 

2 Build and Installation ................................................................................................................................. 8 

2.0 Introduction ........................................................................................................................................ 8 

2.1 Quotation ............................................................................................................................................ 8 

2.2 Approval .............................................................................................................................................. 8 

2.3 Build .................................................................................................................................................... 9 

2.3.1 Alignment Forks ........................................................................................................................... 9 

2.3.2 The Gripping Jaws ........................................................................................................................ 9 

2.3.3 Spacer Bushings ......................................................................................................................... 10 

2.3.4 Center Rod ................................................................................................................................. 10 

2.4 Installation ........................................................................................................................................ 10 

2.5 Design Iterations ............................................................................................................................... 11 

2.5.1 Redesign of the alignment forks ................................................................................................ 11 

2.5.2 Straightening the frame after being damaged .......................................................................... 12 

2.5.3 Adjusting the gripping depth ..................................................................................................... 12 

3 Testing the new Design ............................................................................................................................ 13 

3.0 Introduction ...................................................................................................................................... 13 

3.1 Testing Parameters ........................................................................................................................... 13 

3.1.1 Original Project Requirements ................................................................................................... 13 

3.1.2 Added Project Requirement ...................................................................................................... 13 

3.1.3 Chosen Test Parameters ............................................................................................................ 13 

3.2 Testing methods................................................................................................................................ 15 

3.2.1 PLC Code Evaluation................................................................................................................... 15 

3.2.2 Video Camera Evaluation ........................................................................................................... 16 

3.2.3 Cooper’s Quality Control Systems ............................................................................................. 18 

4 Validation of Testing Results .................................................................................................................... 19 

4.0 Introduction ...................................................................................................................................... 19 



4.1 Validation by Parameter ................................................................................................................... 19 

4.1.1 Percentage of Failure ................................................................................................................. 19 

4.1.2 Number of strips per sheet ........................................................................................................ 19 

4.1.3 Position of Rubber Sheet on Festoon Bar .................................................................................. 20 

4.1.4 Bent Festoon Bars ...................................................................................................................... 21 

4.1.5 Contamination ........................................................................................................................... 22 

4.1.6 Piercing ....................................................................................................................................... 22 

4.1. 7 Thickness of rubber ................................................................................................................... 23 

4.2 Additional Notes concerning the Validated Results ......................................................................... 24 

4.2.1 Failure Trends............................................................................................................................. 24 

4.2.2 Lack of Significant failure statistics ............................................................................................ 24 

4.2.3 Correlation of data from PLC and video ..................................................................................... 24 

5 Conclusions .............................................................................................................................................. 25 

5.1 Project Outcome ............................................................................................................................... 25 

5.2 Points of Conclusion .......................................................................................................................... 25 

Appendix A: Total Bill of Materials ............................................................................................................. 26 

Appendix B: Results of Camera Data .......................................................................................................... 27 

B-1: Summarized Results ........................................................................................................................ 27 

B-2: Observed Camera Data .................................................................................................................... 28 

Appendix C: Revised Alignment Fork Dimensions ...................................................................................... 30 

Appendix D: Last Semester Report ............................................................................................................. 31 

 



 

1 Chosen Design  
 

1.0 Initial Problem Statement 
Cooper Standard Automotive [CSA] manufactures rubber products for automotive companies around 
the world. In order to be competitive in a world market, CSA would like all of its products to be 
produced safely, in a timely manner, with minimum effort and waste, yet without diminishing the 
quality of product that is shipped to the customer.  

One way of reaching this goal is improving or replacing the automatic gripper arm in the Auburn mixing 
department.   The overall process involved in producing the rubber sheets is shown below in Figure 1.  
The raw rubber material is flattened into the desired sheet dimensions through the mill rollers.  Next the 
sheets are moved along a conveyor belt into the chemical dip tank, and then covered with talc 
preventing the rubber from becoming stuck together during transportation.  After the chemical coating 
process the rubber is looped onto festoon bars and transported towards the gripper arm.  Once the 
rubber is in position the gripper arm lowers, lifts, moves forward, and drops the rubber sheet on to the 
take away conveyor.  After dropping the rubber onto the take away conveyor the arm returns to its 
original position and the process repeats. 

 

Figure 1: Overall process of production of rubber sheets 



 

Figure 2: Solid model of the current arm and gripping jaw 

The current assembly, as seen above in Figure 2, periodically fails to complete the cyclical action due to 
obstacles such as the gripper’s poor gripping mechanics.  These failures result in undesirable scenarios 
that range from delays in production to severe bodily injuries. Replacing this unit with a more effective 
system would reduce downtime and ultimately save Cooper money.    

By creating a new design using engineering principles, an improved method of picking up and 
transferring rubber was established. A new design should reduce the frequency of employee 
involvement, the likelihood of employee injuries, and ultimately, save CSA money. 

 

1.1 Chosen Design Overview 
The design that was able to best satisfy the requirements of the design, was determined to be an 
improved single jaw design.  This design takes the current design and improves upon it by adding new 
features that address the current design issues.  

 A new tooth profile was designed that allowed three teeth to make contact per cut strip.  This new 
profile also has a peak to valley mesh that should increase the contact area and reduce stress 



concentrations.  Alignment bushings have been added to prevent the slop in the current design that is 
allowing the jaws to align in a manner such that rubber can slip during lifting and transporting processes.   
New cylinders that have cushioned ends that provide a progressive start and stop will reduce the 
vibration the caused by the cylinder's actuation.  The alignment forks have been redesigned to allow the 
arm to better accommodate bent festoon bars.  Finite element analysis software allowed new geometry 
of major components to  better accommodate the stresses throughout the process.   

The above improvements to the design reduce the problems that Cooper Standard faces regarding their 
current gripper arm assembly.  The proposed design has safety factors of at least 2, for all sub process 
calculations.  The requirements of the design have all been met, and in most cases exceeded.  The 
budget for the project was set at $15,000 and our proposed design is estimated to cost just over 
$11,000, allowing room for unknown costs during the building and testing phase.  With all of the 
requirements met, the CSA design team is confident to move forward to building and testing phase of 
the project. 

Additional Information about the selection and design data can be found in Appendix A, a copy of the 
last report.  



 

2 Build and Installation 
 

2.0 Introduction 
At the end of the fall semester, the team had successfully created a complete design that cooper 
approved for further development. This meant that the gripper design would need to be (1) quoted, (2) 
approved, (3) built, (4) installed, and then go through a few (5) Improvement Iterations, before being 
tested and verified. 
 
 The quotation (1) was done to ensure that the entire design would be under budget based on time and 
material for both Cooper Standard and J&P Machine. With verifiable numbers, the gripper would then 
need approved (2) for build and installation by some of Cooper Standard’s engineers and managers. The 
approval process ensured that the team provided stellar customer service by allowing Cooper to choose 
what they would like to spend their money on. With the approval to build, a purchase order was written 
to support the build cost of the gripper. The build (3) was a tremendous on taking that involved creating 
the two alignment forks (3.1), two gripping jaws (3.2), six spacer bushings (3.3), and the center rod (3.4). 
When the build was completed the team then needs to test and try the gripper, which required it to be 
installed (4). With the installation completed, the final bugs and issues need to be removed in a 
troubleshooting procedure (5). This troubleshooting included removal of the old alignment forks (5.1), 
straightening the frame after being damaged (5.2), aligning the depth of the new pick (5.3), and 
rebuilding the new alignment forks (5.4). 
 

2.1 Quotation 
Quotation was done for both the build cost of the components, and the installation.  J&P Machine of 
Garrett, IN is a preferred supplier for Cooper Standard and was chosen to quote the project alone. J&P 
produced a quote to build the new design for a total cost of $6,000, comprised of $2,300 for the arm, 
$1,100 for two jaws, $570 for 6 spacer bushings, $325 for the center rod, and $410 for the two 
alignment forks.  
 
For the installation quote, the maintenance manager for Cooper Standard, Cliff Teller, was approached 
to estimate the time and number of mechanics that would be required to remove the old gripper 
assembly and replace it with the new one.  Teller estimated that it would take two men for about 4 
hours to complete.  $22.50 per hour for each mechanic yielded a total $180 to remove the old and 
install the new gripper. 
 

2.2 Approval 
The approval was a simple process of meeting with the engineers and management at cooper, then 
discussion what parts of the project should be pushed forward based on circumstances and cost. In the 
case of the gripper design, all of the components, with the exception of the arm, where approved to be 
built.   



The arm itself was not approved for two main reasons. First, the cost of the arm was the most costly 
member of the construction, and second, the new arm design did little to improve the design with the 
exception of being lower weight1. In this case the benefits didn’t significantly outweigh the cost and it 
was abandoned.  

With the design approved by the engineers, approval was also needed to procure the funds. To do this a 
requisition request for the needed parts was written by Cooper on behalf of the team. This requisition 
request was then circulated through the purchasing, accounting and plant manager functions, and 
approved. With the requisition approved, the purchasing department then issued a purchase order to 
J&P Machine, there for insuring the funds were available, and that they could begin building the 
equipment.  

 

2.3 Build 
The fabrication of each piece was done entirely at J&P Machine. Many hours were involved in cutting, 
machining, and inspecting each piece after sourcing and purchasing the material. Because many of the 
details were not witnessed by the group and because of the large amount of work put in, only a brief 
description of each part will be given. 

2.3.1 Alignment Forks 
The alignment forks where constructed from stainless steel as defined in the drawing. Each fork started 
as a simple steel block and was then placed into a 3 axis milling machine that placed the required bolt 
holes first, then used those holes as references to cut the exterior profile with the mill. In addition to 
what was drawn and designed, J&P also removed a little extra material from center hole that supports 
the rod end. A standardized size bronze bushing was inserted to hold the rod. This would be used to 
prevent sticking of the two steels and allow a new bushing to be inserted if the first one wears over 
time. 

Later in the design phases, the original alignment forks where modified and new ones were built (see 
2.5.1). When the new alignment forks where designed, it was essential they were completed quickly to 
increase the productivity of the plant. For this reason a prototype set where cut out of a moderate 
strength white PVC plastic by J&P. again, the forks started as a square block, and where placed into a 
mill. The mill was used to cut the adjustment slots out of the plastic, but was not used to cut the 
exterior. Instead it was faster and easier to cut the exterior profile of the plastic with a band saw, and 
hand finish the surface as needed. 

2.3.2 The Gripping Jaws 
The Gripping Jaws where constructed from stainless steel as defined in the drawing. Each jaw started as 
a rolled stainless steel angle and solid rolled stainless bar. The angle was used to form the body of the 
jaw, and was placed in a mill that simply removed the material to create the tooth profile. The rolled 

                                                           

1 The lower weight could potentially increase the life of the bearings and cylinders that it uses 



stainless bar was cut into the required lengths to create the mounting brackets that would be welded to 
the jaw. Each of the brackets cut in a 5 axis mill, where the initial hole for the rod was cut and then the 
mill was guided by a computer to cut the exterior profile. The three brackets where then hand welded 
onto the angle to create the jaws. 

In the set of processes to create the gripper there were two major problems. First, the immense heat 
from welding and cutting caused the metal to flex and bend. This caused the angle to bow and twist, 
which would render the gripper jaws useless. To combat this, the machinists of J&P reheated the jaw 
intentionally, and used a press to straighten the jaw.  The second problem’s cause was not totally 
known. Whether from heat warping or machinist error, the tooth profile on one jaw was off. This 
required all of the teeth to be cut off then welded into the correct position. Again, the extra heat of 
welding created problems and it was straightened again.  

2.3.3 Spacer Bushings 
The spacer bushings where built from nylon instead of the Teflon as defined in the drawing. This 
decision was made because of the similar properties of the materials, and nylon was readily available at 
J&P. The spacer bushings were fabricated from a simple round rod of nylon. The rod was placed in lathe 
that cut the exterior and interior dimensions of the bushings. It was then cut to width using a band saw, 
and then placed in a mill where the tapered set screw holes where placed.  

2.3.4 Center Rod 
 The center rod was constructed from a rolled and polished steel rod similar to that of the Thompson® 
brand rod. The new rod had a slightly softer surface layer that allowed for easier machining of the set 
screw holes. To form the center rod, it was simply cut to length, then placed in a 5 axis mill that drilled 
and tapped each of the set screw holes for the spacer bushings.  

 

2.4 Installation 
Perhaps surprising to some, the installation was much easier than many of the other required steps to 
get the gripper working. With each of the components built and fabricated, they were simply assembled 
into an assembled gripping jaw that could simply be swapped with the existing jaw assembly.  

Two Cooper Standard employed mechanics removed the old and installed the new gripper during a 
planned 4 hour maintenance window. The old gripper was removed by unbolting the rod end bushings 
and removing the clevis pins that connect the jaws and the cylinder. With nothing holding it in place the 
old jaw was dropped out and the team’s new modular assembly was placed in. The new alignment forks 
where bolted into the place at the rod end bushings, and the cylinder clevis were re-attached to the new 
jaw.   

With the new jaw in place, all that was left was troubleshooting the new design to work effectively.  

 

 



2.5 Design Iterations 
As with all great achievements, a few modifications are often required in early stages. While the new 
assembly went in with ease, a few problems became immediately apparent with our design. The 
following sections are a detailed account of the changes that took place in chronological order. 

2.5.1 Redesign of the alignment forks 
When the new design was installed, it had difficulty due to the new alignment forks. When the gripper 
went to drop the rubber onto the take-away conveyor, it lowered before the conveyor, but was unable 
to lower fully because the original alignment forks held the jaw. While the height of the drop is not 
critical, a roller beneath the gripper is designed to hold the stock to the take-away belt but was unable 
to make contact due to the additional height drop.  

The feasible way to solve this problem was to change the length of the alignment forks, to allow the 
gripper to set lower on the take-away belt. This was accomplished by generating the revised alignment 
fork seen below. In addition to the change in overall length, the angle of the bar position in relation to 
the jaw was slightly changed, and slots where designed that allowed for alignment forks’ vertical 
positions to be changed.  

When the new alignment forks were properly installed, the gripper went down properly onto the 
correct position for the take-away belt. In addition the pick point of the jaw then became adjustable, 
allowing for slightly more adjustability for maintenance mechanics. The new alignment forks where well 
received by cooper employees and made  a difference. 

 

Figure 3: Solid model of the old alignment fork (left) versus the new alignment fork (right) 



2.5.2 Straightening the frame after being damaged 
After the installation of the new assembly, there were two instances of the gripper being run 
underneath the take-away convey. These impacts are a result of the wigwag operators restarting the 
system without observing the grippers location or condition. The resulting action is the gripper moving 
too far forward, and becoming stuck under the take-away conveyor. Mechanics have been taught over 
the years to free the gripper using fork trucks and crowbars, this may be damaging the equipment while 
attempting to fix it. In each case, the gripper was left slightly twisted and out of alignment.  

To correct the problem it was necessary to re-align the gripper, as the failure rate increased dramatically 
after each of these cases. In each case, the bearings supporting the arms are moved forward to correctly 
align the gripper in the forward direction (towards the take-away conveyer). In addition, the bearings 
are used to keep the angular alignment of the gripper, in relation to the forward direction. By adjusting 
the bearings in relation to one another, the alignment of the gripper could be corrected. Finally, the 
depth of the cut could be additionally controlled by the cylinder mounts beneath the gripper. When the 
gripper is run under the belt, a common effect is that the assembly does not want to come down as low. 
When this happens, the cylinder mounts must be brought in to shorten the geometry of the lifting 
cylinders. 

In each case of damage, the gripper was successfully re-aligned to decrease the percentage of failures. 

2.5.3 Adjusting the gripping depth 
With the new designs, one of the common faults reported by the operator’s was that the gripper would 
not settle properly onto the festoon bars. While the alignment forks can be used to hold the jaws up 
from the bar, they cannot properly maintain the depth of cut if the gripper will not come down to the 
bar fully. This problem is also apparent on the two failures recorded during the early testing phase. The 
gripper has some twist and does not fully move down to the level of the festoon bars. 

In order to move the entire alignment, a decision was made to shorten the rod ends of each cylinder. 
This would force the gripper to complete a wider arch that, if unobstructed, would allow the jaw to pass 
beneath the festoon bars. This allows the alignment forks to control how high off the bar the jaw would 
set each time, and would prevent the jaw from slipping off the bars prematurely. It would also help to 
maintain the alignment of the jaws and the festoon bar if the line indexes while the assembly is trying to 
pick up rubber. 

The completion of this further decreased the failure rate. 

 



 

3 Testing the new Design 

3.0 Introduction 
While building and developing the first semester design concept, the team also focused on generating a 
method for testing the design. The design would be evaluated based on the initial requirements and 
constraints proposed in the first semester. This implies that, to be effective, the testing methods used 
would need to encompass and verify that the new design met the original requirements and worked 
within the constraints.  

To be concise the team developed a testing procedure by first, establishing (3.1) testing parameters that 
parallel the design requirements, then developing (3.2) testing methods that could collect data around 
the parameters. The data collected could later be used to validate the design and the teams work. 

3.1 Testing Parameters 
The testing parameters serve the purpose of establishing what will be collected and evaluated by our 
testing. As mentioned in section 2.0, these parameters must be linked to the 4 requirements (2.1.1) set 
in the first semester.  

3.1.1 Original Project Requirements 
1. Ensure the frequency of dropping rubber had decreased below 5% of cycles.  
2. Ensure that jaw accommodate festoon bars bent less than .75” about their center. 
3. Ensure the jaw doesn’t cut, pierce, or tear the rubber. 
4. Ensure the new assembly does not contaminate the rubber. 

3.1.2 Added Project Requirement 
In addition to the 4 design requirements the team also decided to use the time spent in testing to 
determine and observe if any failure trends existed based physical properties of any rubber blends. This 
created the 5th design requirement that will be referred to as 3.1.2.1 in the future: 

1. Observe if any correlation exists between the rubber properties and the failure.  

3.1.3 Chosen Test Parameters 
The following parameters were each chosen to be both useful and feasible when being used to evaluate 
the created prototype.  Each parameter contains a brief description and a statement of which 
requirements are satisfied by the design. 

3.1.3.1 Percentage of Failure 
 The frequency of dropping rubber strips vs. the total number of cycles. This parameter is the key 
concept of validating if the team had improved the design. This percentage would be based on a 
pass/fail for each gripping cycle, and is evaluated as the number of failures as a percentage of the total 
number of attempted cycles. 



This parameter is related to requirements 3.1.1.1, 3.1.1.2, and 3.1.2.1 

3.1.3.2 Number of Strips per Sheet 
The number of strips per sheet of rubber. The rubber sheet can be sliced into 1, 2, 3, 4, or 8 strips. The 
number of strips per sheet would be a physical property of the rubber blend. 

This parameter is related to requirement 3.1.2.1 

 

3.1.3.3 Position of Rubber Sheet on Festoon Bar 
The general location of the rubber on the bar. This parameter will observe how the prototype picks up 
sheets of rubber off general left, right, or centered position on the festoon bars.  

This parameter is related to requirement 3.1.2.1 

 

3.1.3.4 Bent Festoon Bars 
Accommodation of festoon bars bent up to .75” in any direction. This parameter validates the prototype 
can successfully pick up sheets of rubber of festoon bars that are bent up to .75”. Approximately 85% of 
the festoon bars are bent to varying degrees about their center.  In order to identify them, each severely 
bent bar was marked. This mark is placed in such a way that it will be clearly visible. 

This parameter is related to requirements 3.1.1.3 and 3.1.2.1 

 

3.1.3.5 Contamination 
Visual inspection for any debris on the rubber caused by the gripper arm process. This parameter 
validates the prototype can successfully transport the rubber sheets without contaminating the rubber 
with oil, oxidation, or any other chemicals. 

This parameter is related to requirement 3.1.1.4  

 

3.1.3.6 Piercing 
Visual inspection for tears, piercing, or rips in the rubber. Any visible light passing through the rubber 
when held up to a light  is cause for immediate of this parameter. 

This parameter is related to requirements 3.1.1.3 

3.1.3.7 Thickness of rubber 
This parameter will observer how the prototype handles rubber sheets varying in thickness from .138” 
to .380”. Each batch contains a thickness spec that the mill operator is responsible for maintaining, and 
our design should work with any of these.  



This parameter is related to requirement 3.1.2.1 

3.2 Testing methods 
The testing procedure consists of four individual tests listed below to verify that the gripper arm design 
successfully accomplishes the goals listed above.  

 

3.2.1 PLC Code Evaluation 
The gripper arm is controlled by PLC code. In order observer the failure rate of the gripper cycles, The 
PLC code was modified to count the number of attempts to pick the rubber off the festoon bar. The PLC 
Controller uses a system of sensors to detect stimuli about the position of rubber in the system. Among 
other tasks, these sensors tell the PLC controller when rubber is on the take away belt and what position 
the arm is in. 

To record the necessary data, the PLC code that runs the controller was modified to include a counter 
that would record the number of times the gripper rotates down to the bars, and the number of times 
the gripper rises up without rubber in the jaw. With these two counters in use the team could develop a 
usable percentage of failure.   

Despite the fantastic recording capabilities of this testing method, it may lack some precision. In any 
situation where the gripper is actuated outside of the intended conditions it will create a failure that will 
inflating the amount of failures without an actual failure occurring. Some of the common causes of 
these fails are expected to be operators test cycling the jaws, rubber swinging causing the gripper to 
come down prematurely, and rubber being hung flat over multiple festoon bars.  

The PLC code will be used to observer Parameter 3.1.3.1 

 

Figure 4: Diagram illustrating sensors placed around Gripper Arm 

 



 

3.2.2 Video Camera Evaluation 
A “GoPro Hero” digital video camera was mounted above the take-away conveyer as seen in the photo 
below. This camera records the rubber sheets approaching the gripper arm as the festoon bars index 
forward and the gripper arm cycle. This testing procedure identifies the parameters of the gripper arm 
cycle such as bent festoon bars, the position of the rubber on the festoon bar, and the number of strips 
per rubber sheet. Each camera video includes a time stamp to indicate the time of the cycle 
which can be cross referenced with the blending schedule to identify the rubber thickness and 
blend. The video footage is analyzed by the cooper team to verify the testing requirements and 
compiled into the table as seen below.  

The video camera was used to observer parameters 3.1.3.1-4 and 3.1.3.7 

 

Figure 5: Diagram illustrating GoPro Camera placed on top of take-away conveyor belt 

 

 

 

 

 



Number of strips 
per sheet 

Position of rubber on 
festoon 

Fail to grab Batch Compound Thickness Bent Festoon 
Bar 

2 Left No 103745 .16 -.24 Yes 
2 Center No 103745 .16 -.24 No 
2 Left No 103762 .16 -.24 Yes 
1 Left No 71xxx 0.134 No 
8 Center ?? 1100425 .32-.38 No 
8 Center no 1100425 .32-.38 No 

8 Left No 1100425 .32-.38 No 
8 Left No 1100425 .32-.38 Yes 
8 Center No 1100426 .32-.38 No 
1 left No 71xxx 0.134 No 
1 left No 102312 0.22 No 
1 left No 102312 0.22 Yes 
1 Center No 102326 0.22 No 
1 left No 102329 0.22 No 
1 left No 102488 0.22 Yes 
1 left no 102391 0.22 no 
1 left yes 102349 0.22 yes 
1 left no 102397 0.22 no 
1 center no 102399 0.22 No 
1 left no 102730 0.22 No 
1 center no 102407 .18-.22 no 
1 left no 102407 .18-.22 no 
1 left no 102997 0.22 yes 
1 left No 102997 0.22 no 
8 left No 100407 .14-.20 no 
8 left No 100997 .14-.20 no 
8 left No 100997 .14-.20 no 
8 left Yes 100997 .14-.20 no 
1 center no 181643 0.22 no 
1 left no 181643 0.22 no 
1 left no 181643 0.22 No 
1 left no 181643 0.22 no 
8 left no 103327 .21-.27 no 
8 left no 103327 .21-.27 no 
8 left no 103327 .21-.27 no 
4 center no 603792 .18-.24 no 
4 center no 603792 .18-.24 no 
4 Center no 603792 .18-.24 no 
1 right no 71xxx 0.134 no 
8 center no 100657 .22-.28 no 
8 left  no 100657 .22-.28 no 
8 left no 100657 .22-.28 no 
8 left no 100657 .22-.28 no 

Table 1: Data recorded from video analysis 

 



3.2.3 Cooper’s Quality Control Systems 
The quality control department at Cooper inspects the rubber sheets to verify that the rubber sheets 
have not been contaminated during the gripper process. If the quality department encounters a 
contamination, a rejection form is filled out and sent to the cooper team identifying the contamination 
that occurred. The cooper team then reviews the footage (if available) of that particular cycle to identify 
and trends related to the contamination and any corrective action that is necessary.   

Additionally, Cooper’s quality control department verified that the gripper arm does not cut, tare, or 
pierce the rubber sheets as it transports them to the takeaway conveyer. An operator watches the 
rubber as it is moves up the take away belt and checks for any problems. Assorted rubber samples are 
collected by the cooper team by cutting out and analyzing the area that the gripper jaw came contacted 
the rubber. Samples are taken from the thinnest and thickest rubber blends verify that the gripper jaw 
can accommodate the entire range of rubber sheets Copper produces. A rubber sample is shown in the 
figure below.  

Cooper’s Quality Control will be observing parameters 3.1.3.5 and 3.1.3.6 

 



 

4 Validation of Testing Results 
 

4.0 Introduction 
After the prototype had been built and successfully operating, the next the step is to validate and 
evaluate the operation of the gripper arm based on the objective goals it has to accomplish alongside 
the testing procedure and parameters generated. 

 As with the testing, it is vital that the validation procedure stresses on the set requirements2 to prove 
that the changes and new design were beneficial and worthwhile. Because the project must meet these 
goals, it then correlates that the testing results must provide details that will help validate the 
performance of the requirements.  

 

To help analyze and validate that these goals were met, a test procedure was generated which focused 
around test parameters that were set. With the results of the testing available, the validation will prove 
a successful design. The parameters that were set were the objectives for what we needed the test 
procedure to produce.  

4.1 Validation by Parameter 
 

4.1.1 Percentage of Failure  
The frequency of dropping rubber strips vs. the total number of cycles. This parameter will validates the 
frequency of dropping rubber has decreased below 5 %. 
 
The gripper arm’s PLC code was modified to a) count the number of intended cycles, and b) count the 
number of times he gripper fails to lift rubber up.  These program outputs, which are retrieved by the 
IPFW Cooper Standard senior design team through corporation of Cooper Standard management and 
engineers, can be used to determine the percentage of failure. Analysis from reviewed video footage 
showed that out of the 47 fully reviewed gripping motions, only two failed.  This shows a failure rate of 
4.2% which is an even better rate than what the 5% failure goal rate that was set. This in turn also 
further backs the statistical analysis collected by the plc code system where a failure rate of 4.8% (ratio 
of 201 failures to 4152 gripping cycles). 
 

4.1.2 Number of strips per sheet 
 The number of strips per sheet of rubber. This parameter validates the prototype can 
successfully transport up to 8 strips per sheet. This parameter will tested and validated using 

                                                           

2 See sections 3.1.1 and 3.1.2  



camera mounted above the gripper arm to identify any failure trends related to the number of 
strips per sheet. 

 
Figure 1:  Bar graph of gripping cycles in reference to the number of rubber strips 
 

From Figure 1, it is observed that from our video analysis of rubber sheets with multiple strips were 
recorded for successful pass completion. From the data acquired it is confident to say that failure rates 
cannot be attributed to a rubber sheet with a particular number of strips. Single gripping failure rates 
occurred during the process of transporting rubber sheets with 1,2 and 8 strips. Further analysis will 
have to be studied for a long period of time to develop a pattern of failure; if there is any at all to be 
attributed to this concept. 

 

4.1.3 Position of Rubber Sheet on Festoon Bar 
The general location of the rubber on the bar.  This parameter validates the prototype can successfully 
pick up sheets of rubber off any location on the festoon bars. This parameter will be tested and 
validated using a camera mounted above the gripper arm to identify any failure trends related to the 
rubber’s position on the festoon bars. Positions will be determined from the video tape to be left, right, 
or center justified. 

 



 

Figure 2:  Bar graph of gripping cycles in reference to the position of the rubber sheet on bar 
 

In Figure 2, analysis shows that the gripping arm is predominantly picking up rubber sheets skewed to 
the left side of the festoon bars when placed on them. Also in this case of studying the relation between 
the failed gripping cycles and the position from where the rubber sheet is picked up shows no clear 
conclusion can be made between them. With respect to the rubber’s position on the bars, the two 
failures occurred under when the rubber was justified to the left. This was not considered a trend 
however, as 70% of the total grips were made on the left, and it is there for much more likely that 
failures would occur when lifted from the left.  

 

4.1.4 Bent Festoon Bars 
Accommodation of festoon bars bent up to .75” in any direction. This parameter validates the prototype 
can successfully pick up sheets of rubber of festoon bars that are bent up to .75”. This parameter will be 
tested and validated using a camera mounted above the gripper arm to identify any failure trends 
related to bent festoon bars. In order to identify bent bars, each one will be marked prior to testing if 
bent significantly. This mark will be placed in such a way that it will be clearly visible to the camera. 

 



 

Figure 3:  Bar graph of gripping cycles in reference to the condition of festoon bar 

 

Figure 3 shows that failure to pick up rubber sheets by the gripper arm occurred at both bent and 
unbent festoon bars. No substantial correlation can be made in this case as to which condition of the bar 
causes problem during lifting. 

 

4.1.5 Contamination 
Visual inspection for any debris on the rubber caused by the gripper arm process. This parameter 
validates the prototype can successfully transport the rubber sheets without contaminating the rubber. 
This validation will be conducted through the Cooper Standard quality control personnel. In the event of 
contaminated batches, the form of contamination will be analyzed to determine the possible source. It 
will also be possible to determine from records when (date and time of day) the contamination occurred 
if produced by the gripper. 

 

4.1.6 Piercing 
Visual inspection for tears, piercing, or rips in the rubber. This parameter validates the prototype can 
successfully transport the rubber sheets without tearing, piercing, or ripping.This validation will be 
conducted through two methods: a) using the camera to observe damage taking place, and b) using 



Cooper Standards quality control personnel. If damaged rubber is observed from either source, data will 
be collected to observe and determine any trends or possible corrective actions. 

 

4.1. 7 Thickness of rubber 
The specific thickness of the rubber being picked up. This parameter validates the prototype 
can successfully transport rubber sheets varying in thickness from .150” to .380”. This 
parameter will be tested and validated using a camera mounted above the gripper arm to 
identify any failure trends related to thickness of the rubber. The camera’s time stamp will be 
cross referenced with the blending schedule to determine the thickness of the rubber during 
processing. 
 

 

Figure 4:  Bar graph of gripping cycles in reference to the thickness of the rubber sheet 

 

In Figure 4, the gripping cycles based on the thickness spec of each blend of rubber was analyzed. Again, 
the failures do not appear to have any consistent trend. This would correlate with a theory that the 
failures occurring are random and not linked to specific cause. More data recovery and analysis will have 
to be made to prove this concept. 
 



4.2 Additional Notes concerning the Validated Results 
 

4.2.1 Failure Trends 
The analysis of the independent camera data did not indicate any correlation of failure trends. In other 
words, the new gripper does not appear to fail more often because of the thickness specs, the condition 
of the bar, the number of strips or any other observed parameters. Collection of more video data could 
help to yield a more conclusive and evident case to this point, but the team felt it was unjustified. 
Having observed and worked with the system for many hours, the group feels that if the exact reason 
for failure is a combination of the parameters observed, as well as some that were outside of the scope 
of the initial testing. Variables such as excess slab dip, a short drying times, and even unseen 
misalignments create conditions that the new design can still not grip from.  

4.2.2 Lack of Significant failure statistics 
After review the results of the testing, the team certainly felt as though more video data would provide 
a more concrete conclusions about failure trends and PLC false positives. However, the amount of data 
that would be required to generate these conclusions was completely infeasible to do within the final 
semester. At a minimum the team would have liked to have reviewed at least 7 more failed cycles, but 
at 5.4 cycles per hour and a 4.6% failure rate this would mean the team would need to generate at least 
29 more hours of video. When it is considered that only 2 hours of video could be taken a day, due to 
the charging time and availability, and each hours equates to nearly 4gigabytes of memory, an 
additional two weeks would be needed just to collect the massive 116 gigabytes of video. Instead the 
team drew from the conclusions it could make with the data collected.  

 

4.2.3 Correlation of data from PLC and video 
The team was happy with the correlation between the PLC failure rate and that of the video. Given that 
the difference between the two results is less than .1% they worked as intended. Additionally the team 
was happy to that the PLC recorded a higher failure rate than the video. This was expected due to the 
possibility for false positives of the PLC code. The team feels strongly that had more video data been 
collected, the actual video failure may even decrease slightly and the only reason for the slightly higher 
ratio is because of the smaller sample size of the video data. 



 

5 Conclusions  
 

5.1 Project Outcome 
Both the students and the staff at cooper are very pleased with the outcome of the gripper’s new 
design. Each of the requirements and constraints from the first semester where met and in some cases 
exceeded. In addition the design, and all of its iterations, where completed ahead of schedule. The 
design was under budget and generated a fantastic rate of return. Additionally, the design was capable 
of being run in a production environment for a number of months, proving it is of sound design.  

5.2 Points of Conclusion 
The following is a complete list of all the major accomplishments and conclusions that the design team 
felt was noteworthy: 

� Installation was completed in January, 2012 
� Testing began in early April, after the design iterations and changes where completed 
� The design has operated in a normal production environment since its installation 
� The design met all 4 design requirements 
� The design functions within all 6 constraints  
� The new design’s end cost used $7,096.00 of the $15,000.00 budget supported by Cooper 

Standard.  
� The failure rate was reduced from 12.6% to 4.7% of cycles.  
� At 5 minutes of down time per failure, the new design saves Cooper Standard approximately 

$9,600/year, which results in an 8 month payback for Cooper Standard.  



Appendix A: Total Bill of Materials 
Item Material     /    Brand Cost Quantity Total Cost 

Experiment Stainless Steel Sled $     250.00 1 $     250.00 

Gripping Jaw Stainless Steel  $  1,100.00  2  $  2,200.00  

Alignment Forks (1) Stainless Steel  $     410.00  2  $     820.00  

Alignment Forks (2) PVC Plastic  $     300.00  2  $     600.00  

Alignment Forks (3) Stainless Steel  $     300.00  2  $     600.00  

Rod, Center  Thompson   $     325.00  1  $     325.00  

Bushing, Jaw Alignment Teflon  $        95.00  6  $     570.00  

Cylinder, Arm lift  Parker  $     398.86  2  $     797.72  

Labor  Cooper Maintenance  $     20.50 /hr  8 $   164.00 

Labor  Cooper Engineering $     31.00 /hr        6 $  186.00 

Camera & SD Card GoPro $    384.94 1 $    384.94 

Check valve Apollo $    12.58 1 $     12.58 

Accumulator  IHS $     186.73 1 $     186.73 

  Total Cost:   $  7096.97 

 

 

 

 

 

 



Appendix B: Results of Camera Data 
 

B-1: Summarized Results 
  position on bar 
  left center right Total 
Sucessful 
Grips 47 17 1 65 
Failed Grips 2 1 0 3 

 

  Number of Strips 
  1 strip 2 strips 4 strips 8 strips Total 

Sucessful Grips 25 7 3 30 65 
Failed Grips 1 1 0 1 3 

 

  Bent bar grips 
  Bent  Not bent Total 

Sucessful Grips 11 54 65 
Failed Grips 1 2 3 

 

  Thickness Specs 

  
0.134 

0.14 
to 

0.20 

0.16 
to 

0.24 

0.18 
to 

0.22 

0.18 
to 

0.24 

0.205 
to 

0.245 

0.21 
to 

0.27 
0.22 

0.22 
to 

0.28 

0.32 
to 

0.38 Total 

Sucessful Grips 4 15 3 6 3 3 3 16 4 8 65 
Failed Grips 0 1 0 1 0 0 0 1 0 0 3 

 

 

 

 

 

 

 

 



B-2: Observed Camera Data 

Number of 
strips per 

sheet 

Position of 
rubber on 
festoon 

Fail to 
grab 

Batch 
Compound Thickness 

Bent 
Festoon 

Bar 

2 Left No 103745 .16 -.24 Yes 
2 Center No 103745 .16 -.24 No 
2 Left No 103762 .16 -.24 Yes 
1 Left No 71xxx 0.134 No 
8 Center ?? 1100425 .32-.38 No 
8 Center no 1100425 .32-.38 No 
8 Left No 1100425 .32-.38 No 
8 Left No 1100425 .32-.38 Yes 
8 Center No 1100426 .32-.38 No 
1 left No 71xxx 0.134 No 
1 left No 102312 0.22 No 
1 left No 102312 0.22 Yes 
1 Center No 102326 0.22 No 
1 left No 102329 0.22 No 
1 left No 102488 0.22 Yes 
1 left no 102391 0.22 no 
1 left yes 102349 0.22 yes 
1 left no 102397 0.22 no 

1 center no 102399 0.22 No 
1 left no 102730 0.22 No 
1 center no 102407 .18-.22 no 
1 left no 102407 .18-.22 no 
1 left no 102997 0.22 yes 
1 left No 102997 0.22 no 
8 left No 100407 .14-.20 no 
8 left No 100997 .14-.20 no 
8 left No 100997 .14-.20 no 
8 left Yes 100997 .14-.20 no 
1 center no 181643 0.22 no 
1 left no 181643 0.22 no 
1 left no 181643 0.22 No 
1 left no 181643 0.22 no 
8 left no 103327 .21-.27 no 
8 left no 103327 .21-.27 no 
8 left no 103327 .21-.27 no 
4 center no 603792 .18-.24 no 
4 center no 603792 .18-.24 no 



4 Center no 603792 .18-.24 no 
1 right no 71xxx 0.134 no 
8 center no 100657 .22-.28 no 
8 left  no 100657 .22-.28 no 
8 left no 100657 .22-.28 no 
8 left no 100657 .22-.28 no 
8 left no 100559 0.14-0.20 yes 
8 left no 100308 .205-.245 no 
8 left no 100308 .205-.245 no 
8 center no 100399 .205-.245 yes 
8 left no 100398 .14-.20 no 
8 left no 100398 .14-.20 no 
8 left no 100400 .14-.20 no 
1 left no 71xxx 0.134 no 
2 left no 103719 .18-.22 no 
2 center yes 103719 .18-.22 no 
2 left no 103719 .18-.22 no 
2 left no 103719 .18-.22 no 
8 center no 100417 .14-.20 no 
8 left no 100997 .14-.20 no 
8 left no 100997 .14-.20 no 
8 left no 100997 .14-.20 no 
8 left no 100997 .14-.20 yes 
8 Center no 100997 .14-.20 no 
8 Center no 100997 .14-.20 no 
4 left no 1100425 .32-.38 yes 
4 left no 1100425 .32-.38 no 
4 left no 1100425 .32-.38 yes 

 

 



 

Appendix C: Revised Alignment Fork Dimensions 
 

 

 

Note: Thickness 0.375” 
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The IPFW/Cooper Standard Automotive (CSA) senior design team was requested to improve a 
gripping assembly used in the Auburn plant’s rubber sheet curing process.  The automatic gripping arm 
transports pre-cured rubber from hanging on a festoon bar to being dropped onto a take away conveyor 
belt. Because this gripping assembly fails on 10% of its cycles, CSA approached IPFW with the idea to 
assign this project as a senior engineering project, providing a real life design experience for the 
students. 

The currently implemented design for the gripper arm has degraded from operational use over time and 
needs to be updated.  The improved design should limit the occurrence of dropping the rubber sheets, 
and also be able to accommodate various sizes and cuts of rubber sheets CSA produces currently and in 
the future.  This should be accomplished without piercing or contaminating the rubber, and should 
integrate easily with the existing sensors and programming being used.  The budget that was decided 
upon for this entire project was $15,000. In addition, Cooper asked to be informed in all decision making 
process for this design to make sure the design was beneficial to both parties involved. 

Time was spent investigating the current design and its limitations and strengths.  Through these 
investigations the design team decided to focus on the “jaw” of the gripper arm as the main area of 
improvement.  The team came up with four conceptual designs to improve the equipment: modifying 
the current design, a vacuum suction gripper design, a motorized belt gripping design, and a multiple 
jaw gripping design.  These four major concepts were then evaluated using a decision matrix.  In order 
to evaluate the designs, the important considerations, such as safety, cost, and reliability, were 
established and the designs ranked on a scale of 1-10 for each consideration and the average of each of 
these rankings was determined as the final score.  Using this method, the design of modifying the 
current jaw, was selected to be the focus of a final design.  Cooper was approached with the designs and 
agreed with the team’s decision to keep the design simple and easy to integrate with the current 
system. 
 

Analysis of the jaw was broken down into a motion analysis and a component analysis. The 
motion analysis was used to develop quantifications and equations that would indicate damage to the 
rubber or rubber slipping from the jaw. The component analysis focused on the geometry of each part, 
the design of new equipment, and the selection of manufactured parts to satisfy the design 
requirements as needed. Because the original motion analysis was created using data and components 
from the existing design it was necessary to re-evaluate after each component change. 

The newest design incorporates a wider jaw, with more numerous teeth, and an asymmetric 
profile to hold the rubber and keep its alignment, alignment forks and bushings were added to improve 
the precision and reliability of the design, and additional small improvements were made to the 
materials, geometry and components to decrease the magnitudes of stresses at points of stress 
concentration. 

The proposed new design has a minimum safety factor of 2 for rubber slip, and a safety factor of 
almost 25 for pierce.  Each of the requirements of the design have been met, and in most cases 
exceeded.  The budget for the project was set at $15,000 and our proposed design is estimated to cost 
just over $11,000, allowing room for unknown costs during the building and testing phase.  With all of 
the requirements met, the CSA design team is confident to move forward to building and testing phase 
of the project. 



 
 

 

Problem Statement 

 
 
 
 
 
 
 
 
 
 
 
 

 



This section will show how the problem of the project was defined.  This includes defining the 
requirements, constraints, variables, and additional considerations for the design. 

 

Problem Statement 
Cooper Standard Automotive [CSA] manufactures rubber products for automotive 

companies around the world. In order to be competitive in a world market, CSA would like all of 
its products to be produced safely, in a timely manner, with minimum effort and waste, yet 
without diminishing the quality of product that is shipped to the customer.  

One way of reaching this goal is improving or replacing the automatic gripper arm in the 
Auburn mixing department.   The overall process involved in producing the rubber sheets is 
shown below in Figure 1.  The raw rubber material is flattened into the desired sheet 
dimensions through the mill rollers.  Next the sheets are moved along a conveyor belt into the 
chemical dip tank, and then covered with talc preventing the rubber from becoming stuck 
together during transportation.  After the chemical coating process the rubber is looped onto 
festoon bars and transported towards the gripper arm.  Once the rubber is in position the 
gripper arm lowers, lifts, moves forward, and drops the rubber sheet on to the take away 
conveyor.  After dropping the rubber onto the take away conveyor the arm returns to its 
original position and the process repeats. 

 

Figure 3: Overall process of production of rubber sheets 



 

Figure 4: Solid model of the current arm and gripping jaw 

The current assembly, as seen above in Figure 2, periodically fails to complete the 
cyclical action due to obstacles such as the gripper’s poor gripping mechanics.  These failures 
result in undesirable scenarios that range from delays in production to severe bodily injuries. 
Replacing this unit with a more effective system would reduce downtime due to problems that 
employees must fix.    

By creating a new design using principles from engineering, an improved method of 
picking up and transferring rubber was established. A new design should reduce the frequency 
of employee involvement, the likelihood of employee injuries, and ultimately, save CSA money. 

Design Requirements 
To measure the improvement in the gripping and transport process, requirements and 

specifications must be in place to measure its success.  The following design requirements were 
established between CSA and our group for this project: 
 

� Decrease frequency of dropping rubber 
o New design must drop rubber less than 5% of cycles on finish cuts 

� Accommodate bent festoon bars 



o New design must be able to operate with bars bent  0.75 in. forward or backward 
� New design cannot cut, pierce or tear rubber at any point during cycle. 
� Cannot contaminate rubber in any manner during cycle. 
� New design must integrate easily with current equipment 

 

Design Constraints: 
The design parameters are the parameters that are given as characteristics to the system 

that cannot be changed. Many of these design parameters are specified the existing equipment 
and components of the overall rubber curing process.   
 

� New design must maintain speed with festoon bars  
o Festoon bars index at a maximum rate of 2.5 seconds per index. 

� New design should utilize existing sensors and programming, with minimal modification. 
� New design must accommodate varying sliced section styles of rubber. 

o Up to 8 sections, 3.33 inches wide 
� New design must accommodate different rubber thicknesses. 

o 0.150 inches to 0.380 inches 
� New design must work within available space. 

o New design must not exceed the 50 inch radius from current arm 
o Must fit within the 52” space between the bearings 

� New design components must be constructed of stainless steel or approved material where in 
contact with rubber. 

� New design must be economically efficient and sensible 
o Limited to $15,000 

Design Variables: 
With the requirements and specifications known, it is important to identify what 

components can be changed to improve the design of the gripper arm.  The characteristics that 
can be altered in the system in order to satisfy the design concept’s requirements for success 
are called design variables.  Most of the variables are physical components associated with the 
gripper arm.  An additional variable that could be changed would be the program that runs the 
arm, but CSA specified they want minimal changes to the current PLC code, and prefer zero 
changes. 

 
� Gripping method  How the rubber and the jaw interact throughout the process, including teeth 

shape and position. 
� Materials of components  Potential changes to the materials used to construct the jaw, arm, 

or cart assembly could improve the system by decreasing weight or improving strength. 
� Pneumatic cylinders  Selecting a different size of cylinder to provide different amount of force, 

or a cylinder that operates more smoothly to help reduce vibration. 
� Bearings  Replacing worn bearings could help reduce friction and help extend operating life of 

the system. 
� Equipment geometry  Changing the shape of any of the involved components could help 

improve stability and strength and reduce vibration. 



� Dampers  Dampers could be added to reduce the vibrations experienced by the system during 
operation. 

� Path of motion  Changing the path the arm and rubber take during the process may help 
reduce the occurrence of dropping the rubber. 
 

Additional Considerations: 
These additional considerations involve basic goals for the CSA design team that should always 
be included in the design process.  

 
� Safety  The new design must be safe at all times to any person involved in its operation or 

repair and maintenance.   
� Reliability  The new design must be able to operate for extended periods of time without the 

need of repair.  Minimizing downtime is a consideration for nearly any manufacturing operation. 
� Maintenance  Along the lines of the aforementioned considerations the quantity and 

complexity of maintenance needed to keep the equipment operation should be minimized. 
� Environment The design should minimize any harm to the environment due to toxic materials, 

or any other harmful components. 

 

 

 

 

 

 

 

 
 



 

 

 

 

Conceptual Designs 
 

 

 

 

 

 

 

 

 

 
 



This section will show how and what ideas were considered in order to satisfy the 
requirements of the project.  Starting with how the problem was broken down into smaller 
components to consider, and ending with four conceptual designs. 

Conceptual Designs 
Developing conceptual designs was accomplished by utilizing an iterative technique.  

This process started with brainstorming as individuals then coming together as a group.  During 
the brainstorming session as many different ideas as possible, were recorded.  After the initial 
brainstorming session a follow up session took place where the ideas were categorized and 
initially evaluated. Due to the preliminary investigations and the requirements and constraints 
of the project, focus was placed mainly upon the gripping method of the process.  The 
reasoning is based upon the fact that the existing design performs its cycle successfully at a 
relatively high rate (around 90%).  Totally “reinventing the wheel” isn’t necessary to improve 
the design. This perspective is shared with CSA regarding this project.   

 Taking a closer look at the current design of the “jaw” of the gripping arm it was 
suspected to be a problem associated with alignment of the current teeth.  Below in figure 3, a 
possible alignment of the current jaw and rubber sheets can be seen.  In the figure it depicts a 
sheet of rubber that has been sliced into 8, 3.33 inch sheets, and a possible alignment relative 
to the teeth of the current gripping jaw.  From talking with CSA it is known that the most 
common occurrence of the jaw dropping the rubber is when dealing with sliced sections of 
rubber sheets, mainly when it is sliced into its maximum 8 sections.  Figure 4 provides an actual 
photo of the sliced sheet of rubber that has already been successfully moved to the take away 
conveyor belt.  The jaw can be seen in the middle of figure 4, at the end of the orange arm, in 
its resting area, not interacting with the rubber, but one should be able to correlate the 
alignment issue from figure 3’s technical drawing to the actual photo. 

 
Figure 5: Potential alignment of rubber and jaw teeth. 



 
Figure 6: Photo of actual equipment that is currently being used for production.  The festoon bars can 

be seen holding the rubber sheets as the take away conveyor pulls the rubber to the loading area. 

 

Areas of Focus 
 

 Since the problem consists of multiple components, the project was split up into 

different areas of focus.  Below is the listing of the problems and considerations regarding 

that area. 

 

 

Jaw: 
 

The jaw is the part of the design that actually grasps and secures the rubber.  The 
jaw is the area chosen to focus the most attention on for our new design.  This 
includes investigating different ways to provide the force necessary to secure the 
rubber in its transport from festoon bars to the take away conveyor belt. 

 

Arm: 
 



The arm structure is the beams that connect the jaw to the cart assembly.  The 
arm is currently constructed of two steel beams with one crossbar for support.  
The main areas for improvement for the arm include changing the material to 
either strengthen or lighten the rotating weight of the arm, and to add 
reinforcements or dampers to help reduce the vibration during the cycle. 

 

Cart: 
 

The cart is the section that supports the arm and provides the horizontal 
translation from the lift off point to the take away conveyor point.  The cart is 
essentially steel support beams fixed to 4 wheels that fit into rail slots along the 
assembly.  The areas considered to improve the cart assembly include upgrading 
or replacing the bearings and fixing dampers between the arm and the cart.  The 
cart itself is mostly out of the scope of the design. 

 

Cylinders: 
 

The jaw and arm are operated by pneumatic cylinders.  Part of the project 
includes investigating the type and sizing of the cylinders as they are directly 
related to the speed of the arm, and the amount of force the jaw can provide for 
supporting the rubber sheets.  It has also been requested to remove pressure 
regulators from the design to help minimize error due to adjustment by 
maintenance personnel. 

 
 

Bearings: 
 

The assembly components are connected by smooth pins or bearings.  If 
necessary, replacing or upgrading any of the connection points is considered. 

 

 
 
 

Four Conceptual designs 
 



After the brainstorming and initially discussion ideas, we consolidated the ideas into 4 major 
conceptual designs. 

 
 

 

Improved Single Jaw Design:  
 

The first design idea is to improve the tooth profile of the existing jaw. This design would mainly 
focus on redesigning the position of the teeth along the jaw allowing them to mesh better. The 
current teeth found on the jaw are damaged and don’t interlock properly along the length of 
the jaw.  This poor interlocking between the teeth causes only a few contact points between 
the rubber and the gripping apparatus.  This increases the potential for sliced sheets to align in 
a situation similar to the one shown in figure 3, where the few contact points are directly on 
top of the perforated slice.  Having the contact area to be small and located on the perforated 
strips allows the perforation to split and in turn the rubber sheets slip out of the jaw during 
transit.  The number of teeth, reinforcements to the jaw and teeth, and choosing a material 
that would help increase the life and durability of the teeth themselves.   

 
 
 

 
Figure 7: Conceptual design 1, improved single jaw. 

Suction/Vacuum Gripping Apparatus: 
 

The second solution would utilize a negative pressure differential to suck up and hold the 
rubber.  A simple vacuum pump could be used to create a suction force in a gripping apparatus. 



This apparatus would come into contact with the rubber on the festoon bar, in such a way that 
the rubber can be easily removed from the bar and then held in transit. This design will 
encompass the build of the new suction apparatus and the sizing and sourcing of a capable 
vacuum pump.  

 

 
Figure 8: Conceptual design 2 diagram depicting the rubber over the festoon bar being engaged by the 

suction arm 

 

 

Rotating-Belts Gripping Apparatus: 
A third solution is to use a system of belts to replace the gripper. The system would be 
comprised of two or more belts replacing the gripper jaw. The belts would be lowered around 



the front and rear of the festoon bar, and driven so that each belt would move upward where 
in contact with the rubber. The friction generated would pull the rubber up and off the bar.  

 
 
 

 
Figure 9: Conceptual design idea 3, shows the belt arm system engaging the rubber as it is 

looped over the festoon bar 

Multiple Jaw Gripping Apparatus: 
 

The fourth and final solution was to drastically improve the gripper jaw, but maintains the root 
idea. In doing so a design similar to the current jaw would be split into multiple flexible sections 
that are able to adjust when placed on a bent bar. In addition, the number, position, size, 



geometry, and material of the teeth could be changed. This design is similar to the first 
proposal but would not be limited to only utilizing the full length jaw. 

 
 
 

 
Figure 10: Conceptual design idea 4 showing how a jaw similar to the current design could be modified 

into multiple sections to allow flexibility. 

 
 
 
 

 
 

 



 
 

 

 

 

Evaluation of Conceptual Designs 
 

 

 

 

 

 

 

 

 
 

This section will show how the various conceptual designs were evaluated.  Starting with 
what considerations are important for the design, and showing how each conceptual design 
ranks relative one another. 



 

Evaluation 
Having created four potential design concepts, the team’s focus became determining 

the best of the proposed designs. Because each concept was already expected to improve the 
frequency at which sheets of rubber are dropped from the jaws of the gripping apparatus 
during the lifting from the festoon to the take away conveyor belt, other considerations were 
established to rate the proposed designs. Each of the four concepts was independently ranked 
on the design criteria by having each team member individually make educated opinions as to 
how well a concept met each consideration, researching when applicable. An evaluation table 
(seen in Table 2) was used by each group member to quantify their opinion by awarding points 
to each consideration from zero to ten. Additionally, the members noted the reasons for their 
opinions, the most common of which can be seen in the advantages and disadvantages section 
of each conceptual design. The points awarded for each consideration were then averaged for 
all of the group members. Finally, the concept with the highest average points, which was the 
improvement to the current gripper assembly, was chosen as the primary design. The multiple 
gripper jaw was then chosen as a backup design because it held the second highest average.  

  

Considerations 
Determining the considerations on which to evaluate the designs was the first step in 

evaluation. Each of the considerations was taken from either the design requirements, or was 
established as necessary elements in selecting the final concept. The considerations developed 
by the group were decided to be both relevant and quantifiable.  The final considerations that 
were used are listed below with brief descriptions. 

 
� Adjustability – The ability of the equipment to be adjusted to compensate for process 

changes and wear on the equipment. The more adjustability, the higher the rating. 
 

� Total Cost – The anticipated cost of each concept. Exact costs are not known, and any 
concept thought to drastically exceed the budget would be unacceptable. The lower the 
expected cost, the higher the rating. 
 

� Availability of parts – The ease and speed at which parts can be acquired. This also 
concerns size and cost of parts that may need to be stored on site (such as motors, 
pumps and cylinders). If parts could be easily stored, quickly built, or delivered, the 
higher the rating. 
 

� Durability – The quality of equipment after an extended period of time and usage. The 
longer it takes to break down, the higher the rating. 
 



� Ease of maintenance  the ability of a maintenance employee to work on the equipment 
without special equipment or knowledge. The easier it is to work on, the higher the 
rating. 
 

� Environmental concerns – The effects of the device on the environment, both in its 
production and use. The more negative effects, the lower the rating.  
 

� Flexibility – The ability to deal with common process variables such as bent festoon bars 
and the location of the rubber on each festoon bar.  The greater the ability to deal with 
these, the higher the rating. 
 

� Integration– How easily the new equipment can be interchanged with the existing 
equipment. The easier it would install, the higher the rating. 
 

� Manufacturability – The ease in which the equipment can be built and developed. The 
more simplistic the manufacturing, the higher the rating. 
 

� Performance – The expectation of how well the new device will pick up, hold, and 
transfer the rubber. The higher the expectation, the higher the rating. 
 

� Reliability – The frequency of needed maintenance interactions and adjustments. The 
higher the frequency, the lower the rating. 
 

� Safety – The extent or frequency that bodily injury may occur. The greater potential of 
injury, the lower the rating. 
 

� Simplicity – The absence of sophisticated equipment and motions. The more 
sophisticated, the lower the rating. 
 

� Space– The capability of the new equipment to fit into the available space. The higher 
the capability, the higher the rating. 
 

� Weight – The expected weight of equipment that would be on the arm or carriage of 
the gripper assembly. The lower the weight, the higher the rating.  

Each design concept was rated by awarding points based on each consideration. The points 
were awarded from zero to ten, with zero being completely unacceptable, and ten being 
exceptional. Table 1 below shows the complete comparison scale that used in ranking the 
considerations of each conceptual design.  These scores were then multiplied by the weighting 
factor.  The weighting factor is a scale from 1 to 10 that indicates how important each 
consideration is relative to one another. 



Table 1: The comparison scale table 

 

For example, the updated gripper jaw concept was awarded an average of 78 points for 
the integration consideration because existing equipment such as pistons, sensors, and 
bearings can be used. This stands in contrast to the belt assembly which received 30 points 
because it would require changes to the carriage and arm for the addition of belts, motors, and 
power transmission. 

 
 

Final Ranking Table 
Using these considerations, evaluations were performed using an evaluation table, 

Table 2. Each group member researched approximate costs, weights, and availability of 
required equipment, in addition to creatively thinking about each consideration, before 
awarding appropriate points. The consideration points of each group member were averaged, 
and used to create a final evaluation table (seen in Table 2) that was accepted by all of the 
group members. These ratings were then used to rank the concepts from best design, which 
was the improved single jaw, to the worst design, which was the vacuum cup assembly. 

 
 

 

 

 

 

Table 2: Evaluation table 

Evaluation Table   

Concept 
1 

Concept 
2 

Concept 
3 

Concept 
4 

    Single Suction Belts Multi-



Jaw Jaw 
            

Considerations Weight         
Adjustability 5 25.00 27.50 35.00 40.00 

Availability of Parts 3 26.25 13.50 15.00 20.25 
Durability 6 49.50 33.00 37.50 39.00 

Ease of Maintenance 4 30.00 24.00 24.00 30.00 
Environmental concerns 5 40.00 22.50 23.75 35.00 

Flexibility 7 64.75 42.00 49.00 64.75 
Integration with existing equipment 8 42.00 44.00 56.00 66.00 

Manufacturability 4 39.00 20.00 15.00 29.00 
Performance 9 78.75 40.50 47.25 63.00 

Reliability 9 67.50 67.50 67.50 74.25 
Safety 10 90.00 42.50 50.00 67.50 

Simplicity 9 74.25 65.25 51.75 72.00 
Space Limitations 7 68.25 36.75 24.50 47.25 

Total Cost 9 78.75 45.00 31.50 65.25 
Weight 3 21.99 12.00 9.99 18.00 

            

Total   53.07 35.73 35.85 48.75 
 

 

Final Ranking Advantages and Disadvantages 
The following advantages and disadvantages were determined from the decisions and 

research preformed in order to rank the considerations. Each of the concepts is presented in 
the order as ranked, from best to worse. 



Primary Design: Improved Single Jaw 

 
Figure 11: Figure representing primary design, an improved single jaw design interacting with the 
festoon bar 

 
Advantages: 
 

� This design utilizes the least complex, and least amount of new components, which will 
keep its cost low. 

� The major parts will be custom made, but spare parts such as pins will be small and 
easily stored by cooper. 

� With the fewest amount of parts, and being directly correlated to the existing jaw, 
maintenance would be easily learned and performed. 

� By choosing a durable material and proper design for the teeth, the durability should be 
the longest of the concepts. 

� The environmental impact would be negligibly different from the existing design. 
� The mounting equipment directly mirrors the current components, leading to seamless 

integration. 
� The design would fit efficiently into the current space used 
� The lack of motors, pumps, and other extra parts would decrease the weight of the 

system 
 
Disadvantages: 
 

� The design lacks the ability to adjust anything except the pressure and speed of the 
gripper jaw. 

� This design has the lowest ability to accommodate bent festoon bars. 
� If the new tooth profile is not properly analyzed, the rubber could be damaged, or drops 

could still occur. 
 

Back-Up Design: Multiple Gripping Jaw Apparatus 
 



 
Figure 12: Multiple gripping jaws shown interacting with the festoon bar 

 
Advantages: 
 

� The design would allow for adjustments of individual jaws, and could self-adjust to bent festoon 
bars well. 

� Environmental impact would be low 
� Suspension system may reduce vibrations, and help prevent dropping loose rubber. 

 
 
Disadvantages: 
 

� This is much more complex than just the single jaw, and offers only the advantage of being able 
to accommodate a wider range of bent festoon bars. 

� If the new tooth profile is not properly analyzed, the rubber could be damaged, or drops could 
still occur. 

� Gaps between jaws may need to be large and not sufficiently provide contact areas along entire 
width of the rubber sheets. 

� Each jaw would need separate controls for maintaining the pressure, which greatly increases 
complexity, and cost compared to the single jaw design. 
 



Third Choice Concept: Rotating-Belts Gripping Apparatus 

 
Figure 13: Diagram depicting the Rotating grips diagram interacting with the rubber on the festoon 
bar 

Advantages: 
 

� Multiple variables, such as belt tension, interior arm angle, belt speed, and gaps between 
pulleys could all be independently adjusted, improving the overall function. 

� The use of belts would help to maintain a constant and uniform force on the rubber placed over 
bent bars. 

� Environmental impact would be low. 
 

Disadvantages: 
 

� The need for a servo motors ($2000 to $5000), belts, pulleys, shafts, and actuators, would drive 
costs high. 

� Excessive tension or poor quality belts may have a short life cycle. 
� Any broken belts, motors, shafts or actuators could shut down the gripper for an excessive 

amount of time. 
� The design could become very complex and require additional sensors and programing. 
� There is a higher potential of injury from electrical shock, pinch hazards, and abrasion. 
� This design would likely be the hardest to fit within the space between bars. 
� The equipment required would likely make this the heaviest of the four concepts. 

 



Fourth Choice Concept: Suction/Vacuum Gripping Apparatus 

 
Figure 14: Figure showing the suction design interacting with the rubber on the festoon bars. 

 
Advantages: 

� This device could provide a high amount of suction force, with almost no possibility of 
puncturing the rubber. 

� This device could potentially use a new arm that would easily interchange with the old gripper 
arm as opposed to the rotating belt design. 
 

 
Disadvantages: 

� This requires extra machining and the use of a vacuum pump and other special equipment that 
would make the design more complex than other designs. 

� Specialty vacuum cups cost from $3 to over $30 each, and multiple could become expensive. 
� Machining of a custom vacuum jaw to hold the cups would have high tolerances, and be difficult 

to machine. 
� Misalignment and poor adhesion of cups could cause drops in air pressure that could result in 

dropping whole sheets of rubber. 
� Suction cup materials are not as durable as the materials of other designs, and would require 

more frequent maintenance and replacement. 
� Dirt and other debris could become a common contaminate and maintenance problem. 
� Creation and circulation of fine dust and particulates from the vacuum pump exhaust could 

become a health and environmental issue. 

 

 



 

 

Detailed Design 
 

 

 

 

 

 

 

 

 

 

 



This section will detail the chosen concept and all that is involved in its design.  Starting with the 
analysis of the process, and then showing how the components of the project were designed. 

Analysis 
The Analysis section of this report for the gripper assembly will focus on the general motion of the 
system, why the original design fails and detailed study of the teeth profile. 

 In order for the gripper arm and jaw assembly to transport the rubber sheet from the festoon 
bar to the take away conveyor belt, the normal force of the jaw must be great enough to secure the 
rubber from slipping, and yet low enough to not pierce the rubber. 

The rubber festoon/transport process was divided into the following five sub-processes: 

1. The rubber moving on the festoon bars  
2. The gripper jaw picking the rubber up off the festoon bars  
3. The gripper arm rotating upward  
4. The gripper arm translating forward  
5. The gripper jaw dropping the rubber onto the take-away conveyer and returning to the 

home position  
 

Sub-processes 2, 3 and 4 were each analyzed independently to find all of the static and dynamic 
loads in the rubber transport process.  Sub-processes 1 and 5 were not analyzed due to the fact that the 
gripper jaw does not contact the rubber in sub-process 1 and the gripper jaw drops the rubber onto the 
take-away conveyer and returns to its home position without problems in sub-process 5.  
 

Static and dynamic analysis was done to determine the minimum and maximum forces needed 
to be in the gripping assembly for the total transport process.  The minimum force correlates to the 
smallest amount of friction that will support the rubber during transport.  The maximum force correlates 
to the maximum amount of stress that can be applied to the rubber without piercing it or tearing it.  
From the calculations of the maximum stress allowed to be applied to the rubber, a tooth profile was 
designed to provide enough contact area such that there is no piercing or tearing the rubber.  Another 
consideration of the tooth profile is to provide a pattern that will limit the possibility of the contact area 
aligning along perforations in the rubber sheets. 

The gripper jaw utilizes a normal force created from the cylinders, and directly correlates to 
friction force to transport the rubber from the festoon bars to the take-away conveyer.  The friction 
created by the gripper jaw must overcome all of the static and dynamic loads encountered while 
transporting the rubber from the festoon bars to the take-away conveyer.  The equation for the force of 
friction to impede motion is given below by equation 1 and is determined by the product of the normal 
reactant force and the coefficient of static friction that exists between the stainless steel of the gripper 
jaw and the rubber (Equation 1).  

        (1) 

          

N = Normal force        



Determining Coefficient of Friction: 
 

The coefficient of friction (CoF) was determined experimentally using the angle of repose. The 
CoF experiment made use of a base board (2x3 ft), a flat surface (table top), a steel block, multiple 
samples of the rubber and a tape measure.  A free body diagram of the experiment set up is seen below 
in Figure 13.  The sample rubber was fixed to the base board and the steel block placed on it.  The base 
board was then placed on the flat surface and raised up at an angle until the steel block started to slide.  
Once the block started to slide, the height, h, was recorded.  The experiment was repeated four times 
with multiple pieces of rubber.  This average is used in the force of friction calculations.  To find the CoF, 
the angle formed between the baseboard and the flat surface at which the steel block just starts to slide, 
θ, is found using equations of motion.  The coefficient of friction can be calculated using equation 2.  The 
results were calculated at an average value of .82 was found.  

�� tan� (2) 

 

Figure 15: Diagram depicting layout of the angle of repose experiment used to determine CoF. 

 

 

 
 
 

 

 

Sub-process 2: The gripper jaw picking the rubber up off the festoon bars 
 



The objective of the analysis in sub-process 2 is to determine the maximum force of friction the 
gripper assembly can apply to the rubber sheet without rupturing it. The maximum normal force in the 
friction calculation is supplied by the cylinder that attaches to the gripper linkage at point A, and is 
transmitted through the gripper jaw linkage seen below in Figure 15. The force is created by the 
pressure applied to the inside of the cylinder and the area of the cylinders bore, equation 3. The rubber 
has yield strength of 17 MPa, which is considered in the design of the tooth profile. 

 

Figure 14: Diagram depicting the rubber on the festoon bar and jaw interaction 

Due to the tooth profile of the gripper jaw (seen in Fig 14), the maximum stress in the rubber 
transport process will occur when the gripper jaw grabs the rubber on the festoon bar.  This is due to 
the fact that the smallest contact area between the gripper jaw and the rubber occurs while the rubber 
is on the festoon bar.  The stress is determined by the force created by the gripper jaw divided by the 
sum of all the individual tooth areas, and is calculated below in equation (3).  The force “N” in equation 
(3) will be calculated from the normal force needed for friction to overcome all of the static and dynamic 
loads throughout the rubber transport process.  

 

 

                                                                       (3) 

 

 

 

 

The maximum normal force in the friction calculation is supplied by the cylinder that attaches to 
the gripper linkage at point A, and is transmitted through the gripper jaw linkage seen below in Figure 
15. Due to the gripper jaw linkage geometry, the linkage has a mechanical disadvantage of 5.5%.  Point B 



in Figure 15 is considered to be a smooth pin. The force is created by the pressure applied to the inside 
of the cylinder, Pcyl and the area of the cylinders bore, Abore, equation (4). 

 

 

 

Figure 15: Free body diagram of side profile of gripping jaw linkage  

The normal force supplied by the Gripper jaw can be determined by applying Newton’s second 
law to the gripper jaw linkage at rest. 

Summing the forces of Figure 15 in the x direction yields   

∑  

      (5) 

X3 



Summing the forces of Figure15 in the y direction yields   

∑  

     (6) 

 

Summing the moments about point B in Figure14 yields 

∑  

 

 

Equation (7) can be solved for the normal force N supplied by the gripper jaw linkage. 

     (8) 

 
 

The force, N, can be plugged into equations above to determine the stress on the rubber 
and the force of friction, Ff. 
 

Sub-process 3: The gripper arm rotating upward 
 

In sub-process 3, the gripper arm is rotating upward. The purpose of analyzing sub-process 3 is 
to obtain a minimum normal force that is capable of creating a frictional force strong enough to holding 
the rubber during its lifting process. Video footage along with a solid model of the current assembly was 
used to determine the loads that the friction needs to overcome. The video footage indicated that the 
angular acceleration of the arm is constant and is approximated at .71 rad/sec^2 along with the angular 
velocity and angular displacement of the arm in Figure 17. The force Ff (seen in Figure 16) can be 
determined by applying newton second law about point D. 

 



 

Figure 16: Free body diagram of arm side profile during sub-process 3 

 

 



0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-40

-20

0

20

40

60
Angular Displacment of the Gripper Arm

Time[sec]

A
n
g
u

a
r 

D
s
p

a
c
m

e
n
t 

[d
e
g
re

e
s
]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

20

40

60

80

100
Angular Velocity of the Gripper Arm

Time [sec]

A
n
g
u

a
r 

V
e

o
c

ty
 [

d
e
g
re

e
s
/s

e
c
]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
40

40.5

41

41.5

42
Angular Acceleration of the Gripper Arm

Time [sec]

A
n
g
u

a
r 

A
c
c
e

e
ra

t
o
n
 [

d
e
g
re

e
s
/s

e
c

2
]

 
Figure 17: Plots of angular displacement, angular velocity, and constant angular acceleration of the 
gripper arm 

 
 



Newton’s second law to determine Ff from the given rotational data 

Newton’s 2nd law applied to Figure 16 about point D. 

∑  

   (9) 

The load Ff can be calculated from equation (9) and plotted over theta 3, as shown in Figure 18. 
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Figure 18: Friction force in correlation with angle θ3, the black line is where θ 3 = 0 

 
As seen in Figure 18, during sub-process 3, the dynamic load experienced by the rubber reaches 

a maximum value of 190 pounds.  This occurs when theta equals zero degrees at 1.54 seconds after 
initial lift off from the festoon bars. To properly transport the rubber, the force of friction supplied by 
the gripper jaw must overcome this force of 190 pounds.  The force Ff, exerted on the gripper assembly 
is the greatest when the arm is at zero degrees. The position of the cylinder that drives the motion of 
the arm was designed to maximize the transmission angle between the cylinder and the arm when the 
arm is at zero degrees. 
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Figure 19: Plot of the designed transmission angle in sub-process 3 (Note: Black lines show min and 
max transmission angles, green line shows transmission angle when θ3 is zero degrees.) 

 
The optimum transmission angle is 90 degrees, but due to geometric constraints the 

transmission angle between the cylinder and arm is 87 degrees. Figure 19 shows the range of 
transmission angle (vertical black lines at 30 and 120 degrees), and the transition angle when the arm is 
at zero degrees (vertical green line at 87 degrees). 
 
 

Sub-Process 4: The gripper arm translating forward 
 

In sub-process 4, the gripper arm is translating forward. The purpose of analyzing sub-process 4 is to 
during its forward motion and stop.  In sub process 4, the gripper arm is held help upward at a constant 
angle of 42o. The jaws are held shut with constant pressure as the entire assembly is translated forward.  
As the assembly translates forward, the rubber material deflects around the jaw and “swings” backward.  
This complex motion  deflection combination is difficult to model and can be considerably simplified if 
the jaw and deflection are ignored, and the rubber is modeled as a pendulum hanging from cart with an 
external force pushing the cart forward. Point K is considered a smooth pin.  In this case the reactions at 
a pin joint would be the same forces that would be exerted on the jaw.   A visual representation of this 
simple model can be seen in Figures 20 & 21 below, where point K pulled forward due to the tension in 
the rubber, and the mass at point O is subject to the forces of gravity. 



 

Figure 20: FBD of sub-process 4, modeled as a simple pendulum on a cart while the cart is subjected to an external force 
translating the cart forward and inducing an assumed constant angle θr 

 

 
Figure 21: FBD of the rubber sheet modeled as a simple pendulum used to analyze the loads in sub-process 4 

The angle θr needs to be calculated as it will determine tension force in the rubber during 
transport and the extent of the swing when the assembly comes to a stop.  In order to determine θr, the 
rubber is modeled as a simple pendulum.  
 
Figure 20 above shows the free body diagram of the cart in translational motion. The angle  is 
assumed to be constant during translation forward.  
 
Translation analysis 



Summing the forces in Figure 20 in the y direction yields,  
 

   (11) 
 

Summing the forces in Figure 20 in the x direction yields,  
 

    (12)          
 
 
Figure 21 above shows the free body diagram of the rubber at a constant angle during translation 
forward.  The angle  can be calculated from the following equations of motion. 
 
Summing the forces in Figure 21 in the x direction yields,  
 

      (13) 
 
Summing the forces in Figure 21 in the y direction yields,  
 

                             (14) 
 

Solving for the tension in equation 14 during the translation forward yields  
 

                                                                                                 (15) 

 
Solving for the acceleration in the x direction from equations 13 & 14 yields 
 

      (16) 
 
Applying this to equation 12 
 

      (17) 

 
 

Combining Equations 14 and 16 yields the tension the rubber experiences during the translation 
forward in sub process 4. The gripper jaw must provide enough friction to overcome these forces. 

 
We used video interpolation to determine the angle , and weight approximations derived 

from SolidWorks® models, the scalar force Γ can be solved for the existing design.  Assuming the scalar Γ 
is constant, the angle  can be analyzed as the mass of the assembly is changed.  It was decided later to 
not use this method to allow our design to be more conservative. 
 
 
 
 
Swing Analysis 



 
Figure 22: FBD of the rubber sheet modeled as a simple pendulum used to analyze the loads in sub-process 4 

With the maximum angle of a swing known, the reactions to the smooth pin at K can be found. 
In Figure 22 a FBD is shown of the rubber with an overlay of the inertial forces shown in red. 

 
 
Summing the forces in Figure 22 in the x direction yields,  
 

∑  

     (18) 
 

 
Summing the forces in Figure 22 in the y direction yields,  
 

∑  

   (19) 

 
Summing the moments about point K in Figure 22 with  calculated in equation 18 yields,  
 

(21) 

          ∑  

Mr 



     (22) 
 

 
However, for small angles, sin (θ) is approximately equal to θ 
 

     (23) 

 
 
Creating a homogeneous differential equation yields: 
 

                           (24) 
 

 
 
 
 

 
 

 
Taking the Laplace Transform yields 

      (25) 

 
And the inverse Laplace yields 
 

   (26) 

 
When the derivative is taken, the angular velocity can be solved 
 

    (27) 
 
And the acceleration 

   (28) 
Using the angular velocity and acceleration, the reactions in the x and y can be solved. From 

there, the frictional force can be solved. Figure 23 below helps to illustrate the direction of friction. 
 



 
Figure 23: Rubber sheet and gripper interaction diagram, showing friction force 

 
The reaction forces at the pin at point K must be equal to the reaction perpendicular to the jaw 

surfaces, while the friction must be parallel to the jaw surface. The angle of the arm is theta 2. 
 

     (29) 
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Figure 24: Plot showing the angle of the rubber θr, the reaction forces at point k, and the required 
friction force during sub-process 4   

As seen in figure 24, during sub-process 4, the dynamic load experienced by at the contact point 
of the rubber reaches a maximum value of 138 pounds, which occurs when the rubber is at an angle of 
20 degrees at .55 seconds after the cart comes to a stop. To properly transport the rubber, the force of 
friction supplied by the gripper jaw must overcome this force of 138 pounds. 
 



The forces that are derived through the analysis of the arm must be applied to the rubber.  The 
following determines the normal force required to hold the rubber in the jaw during the lifting process 
of sub-process 3.   

 

      (30) 

Result of Analysis: 

Table 3: Results of critical calculations in each of the sub-processes  

Sub-Process # Result of analysis (Calculated Value)  
2 Max force supplied by the gripper linkage  255 lb 
2 Stress applied during sub-process 2  95 psi 
2 Pierce Safety Factor 25 
2 Max friction that can be applied 418 lb 
3 Required friction in Sub-process 3  190 lb 
3 Supplied friction  418 lb 
3  Friction Safety Factor 2.2 
4 Required friction in Sub-process 4  138 lb 
4 Supplied friction  418 lb 
4  Friction Safety Factor 3 

Teeth Design: 
 

When choosing the teeth profile for the gripper jaw, four categories were taken into consideration. 
The categories include: 

1. The amount of contact points between the jaw and the rubber 
2. Meshing style to be incorporated  
3. Gap space between the teeth  
4. Ease of manufactuarabilty and maintainance of the jaw 

 

 
 

Contact Points: 
 

The teeth profile of the jaw was selected to have more points of contact relative to that of the 
existing teeth profile. The increase in contact point will increase the area of the teeth profilewhich 
inturn will decrease the stress when the jaw is gripping on to the rubber.  The maximum force that is 
needed to secure the rubber throughout all the sub processes distributed over the area of the selected 
tooth profile, is never great enough to pierce the rubber.  



The teeth were increased from nine to twenty. Each tooth is shaped like a trapeziod with  fillets 
on the  sharp corners. The flat edge in direct contact with the rubber is sized at 2in.      

 

Meshing Pattern: 
 

There was a choice to be made as to whether to have the inner and outer jaws mate “teeth-to-
teeth” or to have them interlock when they mate. The interlocking meshing pattern was chosen as that 
will provide an efficient and better way of gripping on to the rubber. With this choice of interlocking 
pattern there is a lower risk of the rubber slipping versus the teeth-to-teeth pattern as more contact 
area will be provided.  Figure 25 below reiterates the meshing pattern and how the rubber contacts the 
jaws. 

Gap Space inbetween the teeth: 
 

The amount of space existing between the teeth is very essential in the design of the teeth 
profile. This is because if enough space is not accomodated for the thickness of the rubber, pinch point 
will be created with great enough stress to deform the rubber. The thichness of the rubber is 
approximately 0.375in, thus the totall thickness of the rubber will be about 0.76in. In this case, the 
space between the teeth will have to be tight enough to hold the rubber, but  so too tight to pinch it. 
The positioning of the gripper jaws and the height of each tooth were analyzed and designed to have a 
space of about 0.65in through each point when the jaws come together.  

Ease of Manufacturabilityand Maintainance: 
 

Ultimately it is desired that the teeth profile for both the inner and outter jaw be the same. This 
will allow for easy replacement of the part if either were not able to fuction as it should. The concept of 
designing the teeth profile for both jaws to be the same will also reduce the cost of manufacturing the 
parts as only one tooling process will be needed and less spare parts will be ordered. 

 

Figure 25: Diagram of the rubber in mesh with the jaws after being lifted from the festoon bar. N represents the normal force 
on the bar 



 

FEA Analysis: 
 

With the equations for the forces created, and a suitable tooth profile selected, an iterative 
design process was used to redesign each component of the assembly. The design of components was 
focused on two major criteria: sustainability, and cost effectiveness. The sustainability is the overall 
magnitude of stress, particularly in high concentration areas. A design that had few stress 
concentrations, and a low overall magnitude of stress (when compared to yield strength) was 
considered a sustainable, and better design. Cost Effectiveness of a design was based on the expectation 
of the amount of work required, and overall usefulness of the additional work. For example, a stress 
concentration within a part may be reduced by half with the addition of a brace, however as it would 
require more material, and considerable more machining. If the stress concentration is significantly less 
than the yield strength of the material, say 65%, it would not be cost effective, as the additional cost 
would do little to improve the overall design. 

The first component of the design that underwent this process was the jaw. The new design is 
primarily based off of the previous jaw, but utilizing the new tooth profile and will make use of an 
asymmetric mounting system. A simple 2” X 2” stainless steel angle comprises the main structure. On 
one end of the angle, the new tooth profile would be machined into the jaw.  On the other end of the 
angle, 3 machined mounts were designed to be welded onto the angle, in order to attach it to the center 
rod of the arm. The center of these mounts has an eccentric end that connects to the pneumatic 
cylinders that drive the jaw to open and close. The general assembly can be seen below, in Figure 26. 



 

Figure 26: Solid model of the improved jaw design 

 

Another important feature of this jaw was the asymmetric mounting mentioned earlier. To 
allow for easier installation, and simpler parts storage, both the inside and outside jaw will be 
manufactured identically. With this system, only 1 jaw will need stored at any time, and if any damage 
or work is done, maintenance personnel will not need to keep track of the position of two different 
jaws. The Poke-Yoke system creates a simple fool proof system of jaw installation.  

FEA analysis preformed on this piece was done using Dassault Systems SolidWorks®. To model 
the forces on the jaw, the tooth profile was fixed, as if against a wall, and the force of the cylinder was 
applied to its mounting location. The expectation of this analysis was stress concentrations in the 
eccentric mount or in the tooth profile; however the actual results indicated that stresses were 
concentrated on the back side of the middle mount, where it would be welded to the steel angle. To 
reduce this stress a triangular element was added to the rear of this mount that significantly lowered 
the excessive stress. In addition this element helped to distribute the force of the cylinder across the 
entire width of the jaw. The jaw before and after the addition of the triangular elements can be seen in 
figures: 27 and 28 respectively below. 



 

Figure 27: Finite Element Analysis of the existing gripper jaw  

 

Figure 28: Finite Element Analysis of the new gripper jaw design 

 



 

  Figure 29: Design Specifications of gripper jaw 

The second component analyzed was the jaw’s center rod. Its design is a simple 44.5”long 
0.375” diameter Thompson® rod. This rod would be supported by bushings on either end, and supports 
the both jaws. Comprised of mirror finished hardened steel, it is a strong support, that will have little 



wear as the jaws are rotated on it, without lubrication. The final dimensions can be seen below in Figure 
23. 

 

 

Figure 30: FEA of the new design specifications of jaw rod 

 



 

Figure 31: Design Specifications of jaw rod 

 

The use of FEA analysis did not reveal any critical stress concentrations within the bar under 
loads. However, it did under go one critical improvement. Because the jaws can freely rotate on the bar, 
some form of alignment was required to prevent the jaws from meshing improperly. To prevent this 
cylindrical Teflon bushing will be used at critical points around the jaw mounts to hold them in 



alignment.  To ensure these bushings will not translate along the length of the bar, tapped holes were 
added to the Thompson® rod. After a second run of the FEA, no significant stress concentrations were 
added with by the addition of the threaded and tapped holes.  

The Teflon bushings described earlier are not intended to carry any significant loads and 
therefor were not analyzed using FEA. However the cost effectiveness of this was desired and it was 
determined that the best design is that of 6 smooth cylinders, with an interior bore to allow them to be 
slid over the jaw. In addition, a smooth bore hole will be added to each to allow for a bolt to be inserted 
into the rod, holding the bushings in place. The desired dimensions are show below in Figure 32. 

 

Figure 32: Design Specifications of Teflon Bushings 

 

With all the components that would carry the rubber developed, a way of attaching the 
equipment to the arm was the next step. The existing jaw uses a metal bushing to hold the center jaw 
rod to the arm. In addition, the old design uses a steel alignment arm to “touch” a festoon bar and guide 
the jaw onto a festoon bar, however the existing design uses a separate festoon than the one that 
rubber will be grabbed from. It was decided in early design talks that this alignment arm would function 
better on the festoon bar that is holding the rubber that will be lifted.  



The new rod bushing is comprised of steel, and is essentially a block with holes for mounting the 
rod and for bolt attachments to the arm. FEA analysis indicated that this bushing will more than support 
the weight and forces applied. One design improvement that was consider was a keyway to maintain 
alignment of the Thompson rod and the arm, allowing maintained personal to have easy access to the 
Teflon bushing and their bolts installed around the jaw. However, it was decided that this was not cost 
effective, as any replacement of bushing would require the rod to be removed anyways. 

The final design of the new alignment arm/rod bushing can be seen in Figure 33 below. 

 

Figure 33: Design Specifications of gripper alignment arm 

With the rod bushing complete only the design of the arm was left. The arm is comprised of two 
steel rectangular bars connected with a steel C channel in the center and a hollow steel bar in the rear. 
The steel bar connection extends past both bars and is mounted into the bearings on either end. In the 
center of this bar, a smaller steel assembly was welded to the arm and has flush bores for to connect to 
the cylinders that run the jaw. An illustration can be seen in Figure 34.This design is similar to the one in 
use, however small changes were made to attachment to ensure proper fit of the cylinder attachments 
and mounting locations.  



 

Figure 34: Solid model of the new arm design 

 

Figure 35: FEA of the new gripper arm design with the critical load of 190 lb applied while the arm is at 
an angular displacement of zero degrees at the location of the gripper jaw rod. 

 



The forces exerted on the arm during regular motions are not nearly enough to cause any 
damage, given that it is free to rotate. For this a worse-case scenario was considered, in which the arm 
or jaw becomes wedged or stuck under some piece of equipment. The arm must be capable of 
withstanding the forces in such an event, as a failure could cause a failure with enough force to cause an 
injury to nearby workers. To design for this, the maximum cylinder force of 427 lbs was applied to the 
arm’s cylinder connections along with the   

The final dimensions can be seen in Figures 36, 37 and 38.  

 

Figure 36: Design Specifications of gripper arm 

 



 

Figure 37: Detailed Design Specifications of gripper arm 



 

Figure 38: Design Specifications of gripper arm 

Selection of Cylinders: 
 



Cylinders selection is an essential element to the design. If the cylinders are too small they will not exert 
enough force to maintain the structure within our analysis. On the other hand, if they are to large they 
could cause damage to the assembly, or worse, bodily injury. To ensure a proper selection, the first step 
was analyzing each of the existing cylinders.  

Arm Cylinder Selection 
The existing cylinders used in the arm are manufactured by STAR cylinders, a small US company. The 
cylinders are a 4” bore, 6” stroke, NFPA standard mounted air cylinder.  These cylinders are bolted back 
to back using end cap flanges, a standard product on these cylinders.  

To improve these cylinders, the team made 3 changes to these cylinders: 

1. The new cylinder brand was replaced with Parker® air cylinders. Parker industrial products are a 
larger manufacture that already has a consistent reputation with cooper standard for an above 
average product. STAR is a smaller company that with limited customer support.  

2. The new cylinder will utilize a lubrication free aluminum design. This will prevent a need for 
continuous maintenance.  

3. The new cylinders use a pneumatic cushion on the cap and base of the cylinder. This design 
decreases the volumetric flow rate of the incoming and outgoing air. This changes the 
acceleration profile of the cylinder from a rough step input to a smoother ramp type input. The 
reason for this addition is to reduce the vibrations in the assembly after motions. In particular, 
as the arm swings up with the rubber, it creates vibrations when the cylinder reaches its 
mechanical limit, and the rotation of the arm comes to an abrupt harsh stop.  

The new cylinders are Parker® P.N.  4.00CH2MAU14ACx6.00. 

Jaw Cylinder Selection 
The existing cylinders used in the jaw are manufactured by Parker® cylinders the same company that 
was chosen for the arm cylinders. These cylinders are a 2” bore, 4” stroke, NFPA standard mounted air 
cylinder.  These cylinders are bolted mounted to the arm using a base end clevis pin, a standard product 
on these cylinders.  

To improve these cylinders, the team made 2 changes to these cylinders: 

1. The new cylinder will utilize a lubrication free aluminum design. This will prevent a need for 
continuous maintenance.  

2. The new cylinders have a shortened stroke from 4” to 3”. Because of the new asymmetric jaw 
profile, there is no need for the extra stroke.  

The new cylinders are Parker® P.N.  2.00BB2MAU14Ax3.00. 

 



 

 

Cost Analysis 
 

 

 

 

 

 

 

 

 

 

 
 



This section will show how the cost of the project is estimated, broken down by material, 
service, and labor sections. 

 

Design Cost Analysis: 
The Cooper Standard Automotive provided funds that amounted to $15,000 for the design of 

the new gripper system.  Originally the group was given an amount of $10,000 but the additional funds 
were greatly appreciated as this will allow for a safety factor in case of an unforeseen expenditure. 

The estimated design costs for this project were categorized into three main sections. Theses sections 
include the material cost involved, the cost of the services provided, and the product parts that are 
sources from other companies.  

 

Material Cost: 
The material cost consists of all expenditure in regards to raw materials and fasteners going to 

be used to build the new gripper arm. Shown in Table 4 is the part, a short description, supplier, 
estimated or quoted price and the quantity needed for each material. The total cost for the materials is 
found to be estimated to be just above $320. 

Table 4: Design Material Cost Analysis 

Part  Description Supplier Quantity Cost [$] Total Cost [$] 
Gripper Arm Aluminum Body - 51 lbs J&P machine 1 46.5 46.5 
Gripper Jaw Stainless Steel 316L - 22.6lbs J&P machine 3 18.75 56.25 

Rubber Tubing 1/2" round tube - 1' long Fastenal 2 10.85 21.7 
Clevic Pins 1/2" round steel - 1.25" long Fastenal 2 23.6725 47.345 

Bolt 1/4" Grade 8 (Plow) - 1" long Fastenal 6 0.52 3.12 
Bolt 1/4" Grade 8 - 1.25" long Fastenal 4 0.212 0.848 
Bolt 3/8" Grade 8 - 3/4" long Fastenal 8 17.85 142.8 
Nut 1/4" Grade 8 Fastenal 4 0.1 0.4 
Nut 3/8" Grade 8  Fastenal 8 0.17 1.36 

  Total 38 118.6245 320.323 
 

Service Costs: 
The service costs for this project include the machining and building of the gripper arm and 

gripper jaw. For this design project, this group will be fortunate to have the some of the services of the 
sourcing, building and time investment to be donated and provided by the J&P machine shop. This shop 
is in association with Cooper Standard to provide it with its machining services.  This will then reduce the 
total machining cost for the project to a projected cost of about $10,000. 

 

 



Product Cost: 
The product cost for the gripper design include parts that will be sourced from various 

companies such as bushings, bearings and the pneumatic cylinders that cause motion of the arm and the 
jaw. The estimated cost for the products is about $1025. The analysis can be seen in Table 5. 

 

Table 5: Product Cost Analysis 

Part  Description Supplier Quantity Cost [$] Total Cost [$] 
Cylinder Gripper Arm 4" bore - 6" stroke Parker 2 57.46 114.92 
Cylinder Gripper Jaw 2" bore - 4" stroke Parker 2 296.3 592.6 
Bearing Internal diameter - 1.25" McMaster 2 123 246 

Bushings Teflon bushings with 0.25"dia. Holes McMaster 6 11.63 69.78 
  Total 12 488.39 1023.3 

 

Table 6 shows the estimated total cost analysis for the redesigning of the gripping system. As 
the projected cost analysis show, the total cost is about $11,350. With a budget of $15,000, we will end 
up being under budget and also give use some breathing space for add-ons. 

 

Table 6: Total Cost Analysis 

Section Estimated Total Cost 
Materials 320.323 

Service 10,000 
Products 1023.3 

Total 11343.623 
 

 

 

 

 

 



 

 

Conclusion 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

The design that was able to best satisfy the requirements of the design, was determined to be 
an improved single jaw design.  This design takes the current design and improves upon it by adding new 
features that address the current flaws.  A new tooth profile was designed that allowed three teeth to 
make contact per cut strip.  The teeth also have a peak to valley meshing that helps prevent 
deformation of the rubber.  Alignment bushings have been added to prevent the slop in the current 
design that is allowing the jaws to align in a manner such that rubber can slip during lifting and 
transporting processes.   New cylinders that have cushioned ends that provide a progressive start and 
stop will reduce the vibration the current cylinders cause.  The alignment forks have been redesigned to 
allow the arm to better accommodate bent festoon bars.  Finite element analysis software allowed new 
geometry of major components to be better designed to accommodate the stresses throughout the 
process.   

The above improvements to the design should solve the problems that Cooper Standard 
currently faces regarding their current gripper arm assembly.  The proposed design has safety factors of 
at least 2, for all sub process calculations.  The requirements of the design have all been met, and in 
most cases exceeded.  The budget for the project was set at $15,000 and our proposed design is 
estimated to cost just over $11,000, allowing room for unknown costs during the building and testing 
phase.  With all of the requirements met, the CSA design team is confident to move forward to building 
and testing phase of the project. 
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Matlab Code 
 
format compact 
clc 
clear all 
 
%% Input Variables%% 
 
%Time Vector  Subprocess 3 
T=0:.001:2; 
 



%Acceleration due to gravity 
g=9.81; 
 
%Various Runnning Variables 
i1= 1:.01:2; 
i2=0:.01:200; 
i3= (0:1:360); 
i4=( 500:.01:300); 
i5=( 500:.01:300); 
 
%Coefficent of Friction 
u=.82; 
 
%Dimensions of Jaw Linkage From Figure #### [m] 
y1=2.75*.0254; 
y2=2*.0254; 
x1=1.155*.0254; 
x3=0; 
x2=0; 
Wjaw=0; 
 
 
%^^^^^^^^^^^^^^^^^^^^^^^^^^^Sub Process 2 Variables^^^^^^^^^^^^^^^^^^^^^^^^ 
 
%Small Cylinder Bore [m] 
B1=2*.0254; 
 
%Cylinder Area [m^2] 
A1=B1^2/4*pi; 
 
%Pressure in cylinder [pa] 
PSI=100*6894; 
 
%Force Supplied by the small cylinder [N] 
Fc=A1*PSI; 
 
%Angle of Small cylinder [rad] 
th1 = 15.8*pi/180; 
 
 
 
%^^^^^^^^^^^^^^^^^^^^^^^Sub Process 3 Variables^^^^^^^^^^^^^^^^^^^^^^^^^^^^  
 
%Small Cylinder Bore [m] 
B2=4*.0254; 
 
%Cylinder Area [m^2] 
A2=B2^2/4*pi; 
 
%Pressure in cylinder [pa] 
PSI=100*6894; 
 
%Force Of cylinder At Point E [N] 



Fce=A2*PSI; 
 
%Moment of inertia of arm about Point D [] 
Ixx=15.36; 
 
%Note our force of friction is heavily dependent on the cylinder force Fce 
%Try varying from 100 to 10000 
 
 
%Moment arm of cylinder at point E [m] 
Le=9.5*.0254; 
 
%Transmision Angle of Cylinder at Point E [rad] 
q=90*pi/180; 
 
%Mass of Arm [kg] 
Ma= 83.59; 
 
%Distance to Center of Mass of Arm [m] 
Lc=.65; 
 
%Length of Arm to Point F [m] 
Lf=1.17; 
 
%^^^^^^^^^^^^^^^^^^^^^^^^^Subb process 4 Variables^^^^^^^^^^^^^^^^^^^^^^^^^ 
%Mass of Cart [kg] 
Mc=143 ; 
 
%Mass of rubber 
Mr= 54.43; 
 
%Length of rubber 
Lr=1.778; 
 
%Force from cylinder driving cart 
Fcc= 3687;  
 
 
 
%Coefficent of Friction 
u=.82; 
 
%Sigma Pierce [pa] 
SigmaP = 17000000; 
 
 
 
 
%__________________________________________________________________________ 
%  
 
%SUBPROCESS 2 
 



%Normal force supplied by the jaw [N] 
Nf=(Fc*(y2*cos(th1)+x1*sin(th1))+Wjaw*x3)/(u*x2 y1); 
 
%Friction Force Supplied by Jaw [N] 
Frictionsupplied = u*2*abs(Nf); 
 
%Friction Force Supplied by Jaw [lbs] 
Frictionmax=Frictionsupplied*.2248; 
 
%Check the free body diagram and make sure this is correct [%] 
PercentMechanicalAdvantage=( Nf/Fc)*100 ; 
 
%Minimum tooth Area [m^2] 
MinimumToothArea = abs(Nf/SigmaP); 
mintooth=MinimumToothArea*1550; 
 
disp(sprintf('The max friction that can be supplied is %s pounds ', 
num2str(Frictionmax))) 
disp(sprintf('The minimum tooth area is %s sq in ', num2str(mintooth))) 
disp('  ') 
 
%  
%SUB PROCESS 3 
 
%Angular Acceleration of the Gripper Arm [rad/sec^2] 
alph=41*pi/180; 
 
%Angular Velocity of the gripper arm [Rad/sec] 
Omega=(alph*T); 
 
%Angular Displacment of the gripper arm [rad] 
th2=(alph*T.^2/2 49*pi/180); 
 
 
%Theta equal to Zero [rad] 
th2d=(41*1.546/2 49)*pi/180; 
 
%The force required is smallest when transition agle is 90 degrees. This 
%can be proven by testing around 90 degrees. 
 
%Existing Systems Required Friction Force [N] 
Ff1=( Ixx*alph+Fce*Le*sin(q) Ma*g*Lc*cos(th2))/Lf; 
 
%Force Required When theta equals zero Degrees [N] 
Ff2=( Ixx*alph+Fce*Le*sin(i3*pi/180) Ma*g*Lc*cos(th2d))/Lf; 
 
%Friction force required by the gripper jaw [N] 
Frictionrequired=max(Ff1); 
 
%Force of Friction when transmition angle equals 90 [N] 
ForceTA90= max(Ff2); 
 
%Error between T.A. and required force of friction [%] 



TAPercentError=abs(1 ForceTA90/Frictionrequired)*100;  
 
 
 
%Safty Factor subprocess 3 
N3=Frictionmax/(Frictionrequired*.2248); 
 
disp(sprintf('The friction reqired in sub 3 is %s pounds ', 
num2str(Frictionrequired*.2248))) 
disp(sprintf('The Safety Factor in sub 3 is %s  ', num2str(N3))) 
disp('  ') 
 
% figure 
% plot(T, th2*180/pi) 
% Title 'Angular Displacment of the Gripper Arm' 
% XLABEL 'Angular Displacment [degrees]' 
% YLABEL 'Time[sec]' 
%  
% figure 
% plot(Omega*180/pi, T) 
% Title 'Angular Velocity of the Gripper Arm' 
% XLABEL 'Angular Velocity [degrees/sec]' 
% YLABEL 'Time [sec]' 
%  
% figure 
% plot(T, alph*180/pi) 
% Title 'Angular Acceleration of the Gripper Arm' 
% XLABEL 'Angular Acceleration [degrees]' 
% YLABEL 'Time [sec]' 
%  
% figure  
% plot(T,th2, 1.412,i1) 
% title 'Theta' 
% XLABEL 'Time [sec.]' 
% YLABEL 'Radians' 
%  
% figure 
% plot(T, Ff1+2*mean(Ff1), 1.412, i2) 
% title 'Friction Force' 
% XLABEL 'Time [sec.]' 
% YLABEL 'Force [lb]' 
%  
% figure  
% plot(i3,Ff2,90,i4) 
% title 'Friction Required at Theta equal 0 Degrees'  
% XLABEL 'Transmision Angle [degrees]' 
% YLABEL 'Force [lb]' 
 
%  
%SUB PROCESS 4 
 
%Initial angular displacent of rubber 
ThetaRi= atan(Fcc/((Mc+Mr+Ma)*g)); 
 
%Natural Frquency of rubber 



wn=sqrt( 8.28547); 
 
%Initial velocity of the rubber 
V=1; 
 
%Time vector for rubber swing 
T1=[0:.001:1]; 
%Theta of the rubber 
thetaR = (ThetaRi*cosh(T1*wn) + (V*sinh(T1*wn))/wn); 
 
%Theta dot of the rubber 
DthetaR = ThetaRi*wn*sinh(T1*wn) + V*sinh(T1*wn); 
 
%Theta double dot of rubber 
DDthetaR= ThetaRi*wn^2*cosh(T1*wn)+V*wn*sinh(T1*wn); 
 
 
%Reactions at the Rubber 
Rx=(Mr*Lr/2*DDthetaR.*sin(thetaR)+Mr*Lr/2*DthetaR.^2.*cos(thetaR)); 
Ry=( Mr*Lr/2*DDthetaR.*cos(thetaR)+Mr*Lr/2*DthetaR.^2.*sin(thetaR)+Mr*g); 
 
Freact=Rx*cos(33*pi/180)+Ry*sin(33*pi/180); 
J= max(real(Freact))*.2248; 
N4=Frictionmax/J; 
disp(sprintf('The friction reqired in sub 4 is %s pounds ', num2str(J)))  
disp(sprintf('The safety Factor in sub 4 is %s  ', num2str(N4))) 
disp('  ') 
%  
figure 
subplot(4,1,1);  
plot(T1,thetaR*180/pi) 
title'Theta' 
xlabel'Time [sec.]' 
ylabel'Degrees' 
gridon 
 
subplot(4,1,2);  
plot(T1,real(Rx)*.2248) 
title'Reaction in X' 
xlabel'Time [sec.]' 
ylabel'lbs ' 
gridon 
 
subplot(4,1,3);  
plot(T1,real(Ry*.2248)) 
title'Reaction in the Y' 
xlabel'time' 
ylabel'lbs' 
gridon 
 
 
subplot(4,1,4);  
plot(T1,real(Freact*.2248)) 
title'Frictional Force Required' 
xlabel'time' 



ylabel'Pound' 
gridon 
 
 
%  
figure 
subplot(3,1,1);  
plot(T, th2*180/pi) 
Title 'Angular Displacment of the Gripper Arm' 
xlabel'AngularDisplacment [degrees]' 
ylabel'Time[sec]' 
 
subplot(3,1,2);  
plot(T, Omega*180/pi) 
Title 'Angular Velocity of the Gripper Arm' 
xlabel'Angular Velocity [degrees/sec]' 
ylabel'Time [sec]' 
 
subplot(3,1,3);  
plot(T, alph*180/pi) 
Title 'Angular Acceleration of the Gripper Arm' 
xlabel'Angular Acceleration [degrees]' 
ylabel'Time [sec]' 
 
 
%  
figure 
% subplot(3,1,1);  
% plot(T,th2*180/pi, 1.546,i1) 
% title 'Theta' 
% xlabel 'Time [sec.]' 
% ylabel 'Degrees' 
%  
% subplot(3,1,2);  
% plot(T,( Ff1+2*mean(Ff1))*.2248, 1.546, i2) 
% title 'Friction Force' 
% xlabel 'Time [sec.]' 
% ylabel 'Force [lb]' 
%  
% subplot(3,1,3);  
plot(i3,Ff2*.2248,87,i5,'g',38,i4,118,i4) 
title'Friction Required at Theta equal 0 Degrees' 
xlabel'Transmision Angle [degrees]' 
ylabel'Force [lb]' 
 
% figure 
% subplot(2,1,1);  
% plot(T,th2*180/pi, 1.546,i1) 
% title 'Theta' 
% xlabel 'Time [sec.]' 
% ylabel 'Degrees' 
%  
% subplot(2,1,2);  
% plot(T,( Ff1+2*mean(Ff1))*.2248, 1.546, i2) 
% title 'Friction Force' 



% xlabel 'Time [sec.]' 
% ylabel 'Force [lb]' 
 

 


