Concerning Glass Bending
Carl Anderson    01/10/2013
In the Yolo Reflector Booklet, Art Leonard suggests a simple recipe for building an unobstructed telescope.  First, grind and polish two spherical mirrors of the same diameter.  Only one grinding tool and pitch lap is needed for making both mirrors.  Select the best mirror for the primary.  The other mirror is used as the secondary, which can allow edge defects, such as turned edge or incomplete polish at the edge, since this mirror will be apertured down in diameter.  The mirrors, in the finished telescope, are then positioned to eliminate coma.  The remaining astigmatism is removed by bending the secondary mirror into a toric shape using a mechanical bending harness.
The main question I have is “How well does the bending harness work?”
I am not a mechanical engineer, nor do I own a machine shop.  So, I devised a bending harness that one can build in about an hour with simple hand tools, hacksaw, file, electric drill, etc.  Materials were available at the local hardware store for about $20.  The bars are made from 1/2 inch square steel tubing with threaded rods of 1/4-20 size and one rod a 10-32 size for a finer tension adjust.  The total weight of the harness is 1 pound 8 oz.  The glass is an 8 inch flat, 1 inch thick of zerodur, weight is 4 pounds 12 oz.
Since the sag depth of an 8 inch Yolo mirror was only about .020 inches, I am substituting a flat piece of glass, which is easier to measure with an interferometer.
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First, the bending harness was configured with four points of contact.  Balls from a ball-bearing were set in filed notches at the middle of each bar.  The tension was then increased until about a dozen fringes, peak to valley, were seen in the interferometer.  (This would be about right for a Yolo telescope of 8 inch aperture, F15 design.)
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The interferometer software measures the observed optical fringes and calculates a three dimensional profile of the surface.  The chart vertical scale is in fringes.  The software also outputs a text file of the profile data, which can be imported in a Microsoft Excel spreadsheet.
The power of a spreadsheet:
After pasting the data into the Excel spreadsheet,  the measured surface data is now in the form of a two dimensional array of numbers.  I then created another array of theoretical toric surface data, with variables for translation, scale and rotation.  Using the Excel Solver function, the variables were adjusted so that the theoretical surface data matched the measured surface data. (least squares fit)
Now, when the difference of these two sets of data are plotted (error plot), it becomes apparent that the surface deviates from an ideal toric shape near the contact points.  There seems to be some additional bending going on, near the edge that has the look of shear strain.
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This error plot reveals that most of the area is within a 1/10 wave of an ideal toric shape.  Near the contact points however, the surface deviates from ideal by at least ½ wave.  If apertured down, to cover up the edge zone, a secondary mirror with 4 contact points should work perfectly in a finished telescope.
(Note: Two of the bars are obscuring some of the surface at the edge.)
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Next, the bending harness was configured with eight points of contact.  Balls from a ball-bearing were set in counter-sunk holes near the ends of each short bar and epoxied in place.  A pivot was added to each short bar using 1/8 inch metal rod.  Again, the tension was then increased until about a dozen fringes, peak to valley, were seen in the interferometer. 
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After measuring and analyzing the data, the resulting error plot is very similar to the previous 4-point bending method.  The ideal area in the middle seems to be greater. However, near the contact points, the surface still deviates by at least ½ wave.  
Possible mounting scheme for a Yolo secondary mirror mount:

Here the plywood board that holds the warping harness would also need adjustments for tilt.  The tension adjust would be mechanically linked to a knob near the eyepiece.
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A quick test was made to determine the actual force acting on the glass.  A six inch optical flat was laid down over the test glass to show optical fringes.  The force required to produce a similar pattern of fringes was around 20 to 25 pounds.  Keep in mind that the bending force required goes with the square of the glass thickness.
Effects due to gravity:
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The 8-point harness was set up again as before.  The harness was set on two metal blocks placed directly under the lower contacts.  The tension was increased giving a measurement of 11.18 fringes peak to valley.(test1)
Next, the metal blocks were carefully placed directly under the glass edges.  This setup measured 10.37 fringes peak to valley.(test2)
It appears that with test1, the weight of the glass and harness add to the bending tension.  For test2, the weight of the glass and harness subtract from the bending tension.  The difference is about 8%.  This effect in a finished telescope may be about half of this since when viewing near the zenith, test1 may apply.  When viewing near the horizon, this effect would reduce to zero, instead of the test2 condition.  It has been remarked by one Yolo builder that when aiming the telescope to another area of the sky, a slight adjustment to the tension may be required.
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When using an 8x32 threaded rod for the tension adjust, the adjustment range seemed rather small.  The tension nut required one turn to produce about 10 fringes PV.  A much finer adjustment control can be made by using two sets of threads on the same shaft.  By using a 1/4x20 and 5/16x18 threads, the tension adjustment is more sensitive by a factor of 10.
Conclusions:

· Mechanical bending a sphere into a high quality toroid is definitely possible.

· When the edge zone is apertured, a four point harness is just as effective as an eight point harness.

· The eight point harness produces a slightly larger ideal surface area.

· Depending on how the glass is mounted, there may be a slight effect due to gravity.  
· Having a tension adjustment knob near the eyepiece would be advantageous.
· Bending a sphere into a toroid should work well for both Yolo and Schiefspiegler telescope designs.
