ME 481/581 Class Exercise Week #2 – More on Unconstrained Fits

1. Use the tolerance of size and tolerance the two parts for fit 

Given:
· Nominal size 10 mm
· Pmin =0		(absolutely required to be zero)
· Pmax =1   	(max play must be less than 1 mm – the smaller the better)

Pmin guarantees fit while Pmax controls the fit looseness

Find (4 unknowns)
· Hmin, Hmax
· Fmin, Fmax

Applicable relationships
Pmin = Hmin – Fmax
Pmax = Hmax – Fmin
	tH = Hmax – Hmin
	tF = Fmax - Fmin

How to solve for the unknown sizes:  Two approaches exist.  Both require one size limit to be selected to be equal to the nominal size (usually Hmin is selected).  So we have:
Hmin = 10

Case 1: When size tolerances of the intended processes are known.
For example if we use the 3D printer process, we know:
		tH = 0.6
		tF = 0.6
In this case:
	Hmax = Hmin + tH = 10 + 0.6 = 10.6
And using the fit formula:
	Pmin = 0 = Hmin – Fmax  Fmax = Hmin = 10
And
	Fmin = Fmax – tF = 10 – 0.6 = 9.4
Now we have to check to make sure Pmax does not exceed the limit of 1 mm.
	Pmax = Hmax – Fmin = 10.6 – 9.4 = 1.2 mm 
Remedy Options for the designer to determine:
1. Accept the occasional looseness up to 1.2 mm 
2. Reduce the size tolerances to the maximum allowed by Pmax =1 mm

Case 2: Solving for required tH and tF by using the entire Pmax

In this case:
	Hmin = 10
	Pmin = 0 = Hmin – Fmax  Fmax = 10
	
	Pmax = Hmax – Fmin   = Hmax – Fmin + (Hmin – Hmin ) + (Fmax - Fmax)
	Pmax = (Hmax – Hmin) – (Fmax – Fmin) + Hmin - Fmax
Pmax = tH + tF + Hmin - Fmax = tH + tF +10 – 10
	Pmax = tH + tF
	1 = tH + tF
Using equal size tolerance => tH = tF = 0.5
	Hmax = 10.5
	Fmin = 9.5

Simplified Rules when Pmin=0 (requires no calculations):

Since Pmin = 0  => Hmin = Fmax = 10

Case when tH and tF are known: 
Hmax = Hmin + tH = 10+0.6 = 10.6
Fmin = Fmax – tF = 10 – 0.6 = 9.4
And 	Pmax = Hmax – Fmin = 10.6 – 9.4 = 1.2
Or	Pmax = tH + tF = 0.6 + 0.6 = 1.2

Case whet tH and tF are unknown and to be determined

Pmax = tH + tF  => 1 = tH + tF

We can divide the tolerances equally and get tH = tF =  0.5 or unequally if one feature can be made with more precision (at the same cost) than the other.

	Hmax = 10.5		Fmin = 9.5

Two problems.  The challenge is to find the solution in 30 seconds each.
Problem#1 : Given:
	Nominal Size = 16 mm
Pmin = 0	Pmax <= 0.8
tF = 0.3	tH = 0.5
Find: 
a) All the size limits (Hmin, Hmax, Fmin, Fmax)
b) Check to assure Pmax is less than 0.8





Problem #2 Given:
	Nominal Size = 16 mm
Pmin = 0	Pmax = 0.8
Use the entire 0.8 mm for widest tolerances
Find: 
a) All the size limits (Hmin, Hmax, Fmin, Fmax)
b) Size tolerances (tH and tF)
c) Check to assure Pmax is less than 0.8





Change your hat to manufacturing.

Given size limits of 10.0 – 10.6 for the hole and 9.4 – 10.0 for the shaft, what sizes of these features should I model and create STL files such that the resulting features are within size tolerances:
	Model size for Shaft: 
	Model size for Hole: 

Draw the theoretical gages for size tolerance of a boss feature 24 +/- 0.5
There are two gages: The one in which the feature must go through is called the GO gage.  The gage in which the part must not go through is called the NOGO gage or NOT GO gage.





Draw the theoretical gages for size tolerance of a hole feature 24 +/- 0.5








Draw the theoretical gages for size tolerance of a slot feature 24 +/- 0.5







Draw the theoretical gages for size tolerance of a rail feature 24 +/- 0.5







BUT, does the size tolerance alone given its meaning can guarantee a fit? Circle your answer (YES   NO).  


Ironically …




Suppose we have a fit between a 20-21 mm shaft fitting a perfect collar with an exact 21 mm hole.  





1. If the shaft is made exactly at its largest size of 21 mm at each cross section.  Would it always fit the 21 mm hole?  (Y    N).  If no, why not?


2.  What additional control is needed to guarantee fit?  It needs one of the following:
a. In addition to the size being between 20 and 21 mm, we need to control the feature form such that the entire shaft fits the 21 mm hole:

The feature must fit inside a 21 mm gage
20-21


· When we tolerance parts we use symbols so it can be understood internationally and we should minimize text.  

· Unfortunately, the standard does not have a symbol for the text part form control requirement 




· The following is an alternate form:
· If the feature is made at 21 mm, then it must be perfectly straight.  Obviously, the above statement implies that if the feature is made at 20 mm, it can bend 1 mm and still fit inside the fit envelope.
· We can apply the standard symbology to state the above requirement:  







· These two statements combined assure fit with a Pmin of 0 mm.
· How do we inspect such a feature:
· One, we check the local size to be between 20 and 21 using appropriate 2D size gage.
· Two, we make a 21 mm gage (tube) and see if the shaft fits the tube.
· We conclude that to assure fit we must apply form control in addition to size control

· However, most design engineers do not have GDT training (at least in the past although many still do not) and they believe that a 20-21 shaft always fits a 21-22 mm hole (which we know is false).  

· This created a lot of frustration as parts made to print sometimes did not fit together.  

· As a consequence, the ANSI (also ASME) standard community added the following to the standard:
· If a cylindrical hole or boss feature is controlled by size limits without any explicit form control, then it is implied that a zero straightness of axis tolerance at MMC applies.  

· This rule is called the envelope principle or more commonly known as the Rule #1

· Note that Rule#1 (default control of form) does not apply in the international (ISO) standard and form control must be explicitly applied or the features are allowed to bend without limit.
Examples (shaft):	
		This 					Means this 


Example (hole):
		This 					Means this 


For slot/rail features, the form criteria is the flatness of the center-plane of the slot or rail

Example (rail)
		This 					Means this 


Example (slot)
		This 					Means this 
Suppose after talking to manufacturing they say that they need a little more straightness tolerance (say 0.5 mm) for both features.  The new specifications become:

Shaft:


Hole:

Does the new specification assure fit?  (Yes     No)

If you answered No, explain why (briefly):


The new (general) fit formula becomes:
	Pmin = (Hmin – TH) – (Fmax + TF)
And Pmax remains the same
	Pmax = Hmax – Fmin
Find the new size limits for the following:
	Pmin = 0
	tF = tH = 1 mm
	Tf = TH = 0.5 mm
Also calculate the resulting Pmax 
	Pmax = ?

We have seen two geometric tolerance statements: 
· Axis Straightness (of cylindrical holes and bosses)
· Center Plane Flatness (of slot and rail features)

Tolerance statements in different forms can mean different things.  These forms that use the M modifier are used for fit-related applications.  
The meaning of Straightness 










The meaning of Flatness







Notes on straightness when used with M
· Only applies to cylindrical shapes 
· Almost always applied when fit is the requirement
· It indirectly controls the bending of the cylinder
· It controls the combined effect of size and bending
· The closer the actual size to its MMC size, the less bending is allowed
· Best verified by a functional gage (A tube for a shaft, a shaft for a tube)
· Size of functional gage:  
· For shaft:  Fmax + TF 
· For holes: Hmin – TH
Q: What tolerance statement should we use to control the bending of the cylinder directly (regardless of feature size) for applications other than fit?  A: Straightness tolerance without M as shown below:


Meaning: The measured axis of the feature must be within the stated tolerance zone defined by a tolerance cylinder as shown below:



Notes on flatness when used with M
· Only applies to center-plane of slot/rail shapes 
· Almost always applied when fit is the requirement
· It indirectly controls the non-flatness of the center-plane of the slot/rail
· It controls the combined effect of size and non-flatness (bulge)
· The closer the actual size to its MMC size, the less non-flatness is allowed
· Best verified by a functional gage (A slot for a rail, a rail for a slot)
· Size of functional gage:  
· For rails:  Fmax + TF 	For slots: Hmin – TH
Q: What tolerance statement should we use to control the lack of flatness of an actual surface directly?  A: flatness tolerance without M as shown below:



Meaning: The measured surface must be within the stated tolerance zone defined by a pair of parallel surfaces as shown below:



Previously we saw that when Pmin is zero, Pmax is just the sum of size tolerances.  How does that formula change with Pmin not zero and straightness geometric tolerances added?
	Pmax = Hmax - Fmin
Add (Hmin – Hmin) and (Fmax – Fmax)
	Pmax = 
Rearrange and substituting for size tolerances:
Pmax =
Pmax =
Replace for (Hmin – Fmax) using the fit formula on page 10
	Pmax = 
Rearrange:
	Pmax =

Previously we saw that when Pmin is zero, Pmax is just the sum of size tolerances.  How does that formula change with Pmin not zero and straightness geometric tolerances added?
	Pmax = Hmax - Fmin
Add (Hmin – Hmin) and (Fmax – Fmax)
	Pmax = Hmax - Fmin + (Hmin – Hmin) + (Fmax – Fmax)
Rearranging and substituting for size tolerances we get:
	Pmax = (Hmax - Hmin) + Hmin + (Fmax – Fmin) - Fmax
	Pmax = tH + Hmin + tF - Fmax
Now we replace for (Hmin – Fmax) using the fit formula on page 10
	Pmax = tH + tF  + (Pmin + TH + TF)
Rearranging:
	Pmax = Pmin + (tH +tF) + (TH + TF)
This means in order to reduce Pmax, we have to use Pmin=0 which assure the fit and reduce the tolerances.  

Example:  
Suppose a plain bearing is sliding along a long bar (moving something with it) for example a printer head carriage.  The nominal size is 10 mm.  The length of the bearing sliding on the bar is 15 mm.  To allow it sliding nicely we require a Pmin=0.1 mm.  To keep it going without much sloppiness we also require Pmax <= 0.3 mm.  We want to use all the Pmax allowed to find the widest size tolerances.  
A) Determine the size limits to accomplish this fit.
B) Show the specification on both parts (bearing bore and bar)
This specification can lead to excessive bending of the bar (which we like it to be pretty straight).  This is a functional (rather fit) requirement.
C) Add a tolerance statement to limit the overall bending of the shaft to 0.2 mm
D) What kind of processes are capable of making the bar and the bearing? (note to self: show basic process size capabilities)
Note: In practice we purchase a 10 mm precision ground bar and fit the bearing to it but this problem serves as a good example to practice fit-related calculations.

1. Start with writing the Pmin expression (fit formula from Page 10):

2. Select Hmin = 10 

3. Write the general expression for Pmax (from Page 14)

4. Set the straightness tolerances to be zero 


5. Substitute for Pmax and Pmin values and solve for sum of size tolerances.

6. Solve for size tolerances knowing that equal size tolerances are adequate

7. Find Hmax = 

8. Substitute all the known values into the fit formula and find Fmax

9. Find Fmin =

10.   Place all necessary specifications on the drawing of the parts.

Using TH = TF = 0 and Pmin = 0.1 we get:
	tH + tF = 0.3 – 0.1 = 0.2
	Assume tH = tF = 0.1  and 	Hmin = 10
We get:
	Hmax = 10+0.1 = 10.1
	Pmin = (Hmin – Fmax) – (TH + TF)
	0.1 = (10 – Fmax)  Fmax = 9.9   and  Fmin = 9.8

Three types of unconstrained fits (remember that Pmin is the tightest fit and Pmax is the lightest fit).
· Clearance fit:  	Pmin >= 0		Pmax > 0
· Transition fit:  	Pmin < 0		Pmax > 0
· Interference fit: 	Pmin <0 		Pmax < 0
Fit formula for interference fit is the same but uses a negative value P.

Q: Suppose it is not necessary to have the default Rule#1 to be active.  How can we remove it?  A: by explicitly adding a form control (straightness statement)
Exercise:  A bar needs to be fairly straight but its size limits are so tight that the default statement creates an extremely straight shaft (that is not needed to be that straight).  For example, a bar is 100 mm long with required size limits of  5.00 +/- 0.01.  The specification is shown below:




(you should memorize inch-mm conversion although we only work with mm units, its good to get a mental picture if you are better with inch units)
   	1 mm = 0.04 inch  (four hundreds of an inch = 40 thousandth of an inch)
0.1 mm = 0.004 inch  (four thousandth of an inch)
0.01 mm = 0.0004 inch (four ten thousandth of an inch = 0.4 thousandth of an inch)
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