2.77 KC Design Report 		Akshay Harlalka
Deterministic Design of Kinematic Coupling	Comment by Abhimanyu Singh Bhakuni: I think the write-ups are to be submitted as a PDF.
	The deterministic design of Kinematic Coupling started by laying out the functional requirements and completing the whole design cycle. For the kinematic coupling that we were supposed to make this week, time and budget constraints were big influencers in determining the design which was selected for fabrication. However, the coupling was functional and was able to bear reasonable loads and moments. Stiffness, accuracy and repeatability were other functional requirements which were taken into consideration. 	Comment by Hilary Johnson: Great! Good question is for the time and budget I have how precise can I get? Exactly what you’re asking.
FRDPARRC
[image: ]	Comment by Abhimanyu Singh Bhakuni: I think for the risk of “material yield..”, the countermeasure should be along the lines of mitigating the issue. Performing design calculations “iteratively” is what I think you meant to say.	Comment by Hilary Johnson: You can definitely include references here for where you found your analysis
[image: ]	Comment by Hilary Johnson: The analysis for repeatability is not is the material prone to corrosion, that’s a risk. The analysis is how will you measure the repeatability.


Concept Generation
Various concepts for the design of the kinematic coupling were generated as below:
Groove Concept Designs:
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Concept Generation\IMG_20180217_122845656.jpg]
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Concept Generation\IMG_20180217_122919131.jpg]	Comment by Hilary Johnson: I like that you analysed several concepts based on your FRs

Ball Concept Designs:
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Concept Generation\IMG_20180217_122919131.jpg]
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Concept Generation\IMG_20180217_122931892.jpg]
Choice of Concept:
The final concept which seemed to be the best way forward was concept 2 of the groove and concept 1 for the ball. The critical factor which tilted the balance in the favour of these concepts was ease of manufacturing and the availability of components required for the fabrication. I already had extruded brass stock with which I could easily manufacture the groves and I bought the balls (which were actually lamp fittings) from a hardware store nearby. Both these components happened to match perfectly in terms of relative dimensions. This ensured that the contact stress zone will not be near to the edges. 	Comment by Hilary Johnson: Was there a trade off with precision?

Analysis:
Using the Hertz Contact theory, I did few calculations on the stiffness, accuracy and load capacity of the kinematic coupling. 	Comment by User: 	Comment by Abhimanyu Singh Bhakuni: 
[image: ]	Comment by User: Units on force?  Toooo many sig digits and zeros… (use MPa)…. Hard to follow

For an external load of 20 N, I predicted a deflection of 0.594 um whereas for 50 N, it was 1.094 um. 	Comment by Hilary Johnson: Deflection of what? At the center of the coupling?
The max load capacity for this coupling was 83 N. 
The stiffness was predicted to be 33.6 N/um at 20 N load. The stiffness increased as the load applied on the coupling increased. 
The size of the contact zone is 54 um for the 20 N load. The edges of the groove inserts are more than 5 times the contact zone diameter away so, the Saint Venant’s principle is not violated!








CAD Model
[image: ]
Manufacturing Drawings 
[image: ]
Manufacturing Drawing of the Top Plate 
[image: ]
Manufacturing Drawing of the Grooves
[image: ]
Manufacturing Drawing of the Slotted Plate
Fabrication – Picture Flow
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Photos of Fabricated KC and testing\IMG_20180216_154004722.jpg]
Laser Cutting of ¼ ‘’ Acrylic Sheet
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Photos of Fabricated KC and testing\IMG_20180216_122908679.jpg]
Chamfering the edges of the brass grooves
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Photos of Fabricated KC and testing\IMG_20180216_154052830_HDR.jpg]
Assembling the grooves within the slots	Comment by User: Nice!  Cleaver design	Comment by Hilary Johnson: I agree!

[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Photos of Fabricated KC and testing\IMG_20180216_161018650.jpg]
Epoxy Coating on the sides of the grooves

[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Photos of Fabricated KC and testing\IMG_20180217_122045155.jpg]
Top Plate (Ball Assembly)

Testing and Quality Control
The kinematic coupling was tested for flatness or angular errors on the top plate. Using the dial gage, I found the variation at 0.02 in which is about 500 um. A laser experiment helped me find the source of error. 
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Photos of Fabricated KC and testing\IMG_20180216_161357363.jpg]
Test Setup for measuring the flatness of the coupling 	Comment by Abhimanyu Singh Bhakuni: Potential flex issue. Observations might suffer.	Comment by User: Plate will flex—must support under the load

Using the laser test, I found that something was wrong with one groove ball contact. The error reported on a sheet of paper kept at a distance of 6.3 m was 10.4 cm. This meant an angular deflection of 0.945 degrees. Within the coupling triangle (approximately 6 cm each side), the vertical error was predicted to be 1 mm. 
[image: C:\Users\Akshay\Desktop\2.77\Photos (2)\IMG_20180217_191453320.jpg]
On closer inspection I found that one particular groove insert had lifted up and was no more touching the base as shown in the figure below:	Comment by Abhimanyu Singh Bhakuni: Could you figure out why did it lift, if it was earlier touching the base?
[image: C:\Users\Akshay\Desktop\2.77\Photos (2)\IMG_20180217_184635238.jpg]Not touching the base completely

Hence the source of error was identified!	Comment by User: Good !
For the repeatability test, I attached a laser on the top plate and observed the change in the motion of the laser pointer each time I lifted the top and put it back again. The maximum movement recorder was 1 mm. This translated to 9.52 um repeatability near the contact points. The repeatability could always be better than this because of many uncertainties in the measurement procedure eg: the movement of the laser with respect to the top plate. 
[image: C:\Users\Akshay\Desktop\2.77\Photos (2)\IMG_20180217_191459251.jpg]
Deflection Test
The deflection of the kinematic coupling was also measured using a dial gage. A weight of approximately 20N was added through the center of the coupling and the resulting deflection at the point 40 mm radially apart was noted. The deflection was 66 um. This was way higher than the predicted deflection which was just 0.594 um. The actual stiffness was 0.303 N/um. 
I attributed this deviation to 2 main sources :
a. The deflection of the top acrylic plate itself. I did a quick FEA for this and found that the acrylic plate itself will deflect by about 10 microns
b. The relative movement of the groove inserts with respect to the base plate. Will this one is hard to measure, I did observe a small gap created on the side of the insert due to the addition of epoxy. The load could be pushing the inserts apart, resulting in the additional deflection.
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Photos of Fabricated KC and testing\IMG_20180216_170046753.jpg]	Comment by User: Support under balls!  Else u get delfection of the lower plastic
The Deflection Test Setup
[image: ]
FEA Analysis of the Top Plate Deflection

What could be done better?
1. Having more space between the two groove inserts, so that the inserts do not over constrain each other 	Comment by Abhimanyu Singh Bhakuni: Will the contact streses at the base of the vee groves (where they touch the bottom plate) cause any issue?
[image: C:\Users\Akshay\Dropbox (MIT)\2.70 Spring 2018\2.70 Spring 2018 Student\Students folders\Harlalka,A\Week 2\Photos of Fabricated KC and testing\IMG_20180216_154052830_HDR.jpg]	Comment by Hilary Johnson: Good to have the flat from the v on the sides in contact with the plate. In the center would it be good to have a similar flat?Having more space here to avoid over constraints!


2. Ensuring that the edges of the groove inserts lay flat on the base
3. Deburring the edges which contact the sides of the slot so that flush contact can be maintained. 
4. Choosing a stiffer material for the top plate
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Kinematic Coupling Design Spreadsheet - Akshay Harlalka 17/02/2018

Predicting Deflection and Contact Stress using Hertz Contact Stress Theory

Parameter Value u
Radius of the ball (rb) 5mm
Radius of groove (rg) 100000000 mm
Equivalent Radius (Re) 0.0025 m
Equivalent Young's Modulus (Ee) 53656377918 N/m2
Costheta 0
Theta 1.570796327 Radians
Alpha 1.003020338

Beta 1.001422298
Lambda 074118332
Contact Area Elliptical SemiAxes (c) 7.462826-05 m
Contact Area Elliptical SemiAxes (d) 7.450936-05 m
Contact Pressure (q) 506311492.7 N/m2
Contact stress Ratio 0.843852488
Deflection 1.09416E-06 m

Stiffness 45697186.47 N/m

For this specific case, major and minor dia for both groove and ball i

Data
Young's Modulus

Poissons Ratio

Ultimate Tensile strength
Force Applied on Coupling
Contact Force at each interface.
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