


The "Calculating Technician" spreadsheets are derived from a series of articles of the same name by Dave Roberts, which originally appeared in The Piano Technicians Journal in the early 1980's.  The spreadsheet adaptation was developed by:
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No remuneration is expected nor accepted for the use of this adaptation. Treat it as freeware.





Two versions are available from me for the Macintosh on 800K discs. They are written with Excel 3.0a . They are formatted as "stationery" files - one in English units, and one in metric.  They are identical in all other respects.





All abbreviations for entered and calculated factors are the same as used by Dave Roberts in his articles, and all formulas (except T - tension, which is modified to accommodate the pitch option described below) are adapted for spreadsheet application essentially un-changed. 





All cell entry references in this text are in accordance with the Excel designations for rows and columns, and will correspond to the sample calculations and formulas handouts. Enter all appropriate file information at top left of data file, column 2.  Be sure to identify whether data is original or modified. If you modify the data, SAVE the original data as a separate file.





It is highly recommended that you purchase and read The Calculating Technician by Dave Roberts, the book form of his articles, which is available from the PTG.





SCALING EVALUATION OVERVIEW:


Prior to the 1940's, the only quantifiable scaling factor was tension, which was readily verifiable in a factory setting by experimentation. Inharmonicity was a recognized phenomenon from early in the 19th century, but was only predictable in a very general sense. Builders and tuners knew that stout strings were not only higher in tension than thinner strings for a given speaking length and pitch, they also tended to sound strident and necessitated "stretching" the tuning in order to produce beatless double and triple octaves.





Through extensive research done over the last twenty or thirty years, we now have a good number of quantifiable audible factors to help us design and/or evaluate piano scales. Dave Roberts' experiments have yielded more accurate formulae for tension and inharmonicity, particularly for wound strings, as well as factors describing loudness, hammer/string contact time, and string breaking strength. Beyond some basic considerations for some of these factors, he suggests that scale progression is idealized when there is no more than 10% variation in any of these factors from one note to the next.





Tension was traditionally presumed to be optimized when the scale loaded the structural members of the instrument evenly, whether the piano was all wood or had a reinforcing steel framework. As little as thirty years ago, it was commonly presumed that good scales would exhibit fairly even tension throughout. Investigation of many good 19th and early 20th century scales, however, reveals that the manufacturers gradually discarded this idea while the technicians in the field kept handing down the notion of equal tension. (Madison Avenue made its contribution to the latter myth, as well.) This is not to suggest that large, abrupt changes in tension were common or desirable. I am not aware of any research available that describes the loading on the soundboard by strings at various tensions, though typical crown and bearing figures suggest that around 10% of string tension is realized as down-bearing pressure on the bridge and board. Where accurate and precise measurements of bearing angle are possible, these estimates can be refined.





Tension will be seen in most scale designs to decrease approaching  the lowest plain wire tenor strings, as the strings themselves are getting much thicker. The greatest amount of compromise is generally seen in this range, as many designs incorporate a hook or dog-leg at the low end of the tenor bridge. Balancing inharmonicity and loudness in this area has always been the major challenge to scale designers. If one presumes that an ideal scale would have string length double for every halving of frequency, one might see 2" speaking length at C-88, 4" at C-76, 8" at C-64, etc. One would then expect note C-28 (C below middle C), which is commonly one of the lowest notes on the tenor bridge, to be 64" long. (Obviously, the size of the average living room has often been a significant design consideration.) In fact, the expansion rate of the scale has never been quite logarithmic, and at best approaches about 1.8:1 per octave in the upper tenor. 





Shorter-than-ideal low tenor strings are the primary source of difficulty in scale design. In good designs, the introduction of several unisons of wound strings at the bottom of the tenor alleviates the otherwise rapidly increasing relative inharmonicity inherent in the heavier plain wire strings, and smooths the transition to the bass bridge. 





Tension will also increase toward the very bottom of the scale. Some large grands may have average tension in the mid-tenor of around 180-200 lbs. per string, and go as high as 280-300 lbs. or more in the lowest bass strings. We know too well what happens if one of those breaks while being tuned! 





The primary design and evaluation principle to bear in mind is that these various quantifiable factors - whatever they are - should increase (or decrease, as the case may be) as smoothly as possible from one note to the next. Tension may be the least critical in this regard, though, as mentioned, abrupt changes are to be avoided. Evaluation of tension may also have to involve assessment of the soundboard condition. Excessive loading may be quite undesirable on an old instrument with a collapsed board. This could be particularly true of the lowest few notes of the tenor, as that portion of the bridge is notorious for "rolling" with age, creating a trough in the board such that the strings may barely graze the top of the bridge. This can also be the case in the area where the tenor bridge is notched to accommodate a plate strut (usually above C-52 or so). Abrupt increases in tension in some ranges may also produce dead spots in the board response.





Inharmonicity is most critical and problematic in the area of the transition from bass to tenor, and on through the first 6-12 notes on the tenor bridge. Care in this range pays off in ease of establishing a good prototype temperament when tuning, one that can be readily expanded outward to the scale extremes. Keeping inharmonicity low in this area also lessens the necessity of stretching the tuning excessively. I leave it to your ear to decide what is adequate stretch, and what is excessive, though I personally attempt to always stretch enough to make double and triple octaves nearly beatless. High inharmonicity in the mid-tenor can necessitate considerable stretch, making octaves and double octaves wider than some musicians care for. Fortunately, our non-linear hearing doesn't mind a good deal of stretch, especially at high amplitudes. Remember the piccolo player in the high school band, the one who always played really loud and really sharp?





The loudness factor that Dave Roberts identifies is possibly the 2nd-most critical audible factor. It is the mathematical product of the total mass times the tension for all the strings of a given note, and is an indication of the stored energy available from that note.





The breaking strength factor is tension at pitch shown as a percentage of breaking tension.  Good designs will keep this number well below 55%. Anything above 60% is unacceptable. I suspect that very low numbers, e.g. 30% or less, would indicate strings pulled to such a low tension relative to diameter (and stiffness) that seating of the string at the bridges could be a problem, affecting tuning stability and possibly introducing false beats because of poor termination. Good designs will allow for most strings to be pulled at least a semi-tone sharp before exceeding 60-70% of breaking strength. The string elongation factor (see column-by-column descriptions, below) is of course directly related to the breaking strength factor, and should be carefully considered in this regard. High treble strings will typically run toward the upper acceptable limit with regard to the breaking strength factor, as will the wound strings in either the low tenor or high bass.





Hammer contact time, another factor from Dave Roberts formulas, is not included in this spreadsheet. If you wish, find the formulas in the articles or the book printed from the articles, and format appropriate columns for that information.





Don't expect to always be able to make dramatic improvements to a given scale. After all, we are not in a position to readily re-cut the bridges. Some older instruments that were strung entirely with whole-number gauge strings may be improved in some areas by the substitution of half-sizes here and there, but don't bet on it. Again, the bridges were cut for a specific scale that was arrived at empirically, and improvements sometimes are neither possible nor necessary. 





As you make trial modifications with the computer, bear in mind that most North American pianos are strung with one wire looping around a hitch pin to form two "strings". Any given plain wire string size will generally have to span two unisons, unless one of the three strings has been tied off as a single.





NOTES ON DATA ENTRY:





Notes are numbered from #1 - #88. Middle "C" is C-40. 





"A-49 FREQ." to be entered at R11C2 will calculate all factors for all notes based on the frequency entered for note A-49.  The useful range is 415.3 Hz. - 440 Hz.  All calculations based on this entry are mathematical approximations (other than 440 Hz.), but with error no greater than .05%.  Any discrepancy between the figure entered at R11C2 and those derived in column 20 for note A-49 will be very small, and attributable to this approximation error.  This pitch option has been created to allow for examining calculated factors, particularly tension, where the instrument may be very old or infirm, requiring existing strings to be tuned as much as one semi-tone low.  Lower or higher pitches for A-49 may be entered (e.g. 392 Hz., one full-tone low); the accuracy of the various calculations will deteriorate very slightly, though probably not enough to have any practical consequences. With this option, one can also examine the affect on breaking strength and tension as a result of tuning well above or below standard pitch.





Be sure to enter all data in the appropriate units. When using the metric version, speaking length should be entered in centimeters to one significant figure past the decimal; wire dimensions should be entered in centimeters to four significant figures. I do all of my measurements and data entry in metric units. A millimeter (0.1 cm.) is just precise enough to measure many aspects of the piano action and stringing, without the problem of converting fractional measurements to decimals. I confess, however, that I sometimes add a conversion column to read tension in lbs. (1 kg. = 2.2 lbs.). This is technically more correct, anyway, since the metric unit for tension should actually be Pascals, not grams, which is a unit of mass. However...





Depending on the number of notes for which data will be entered and calculated, "fill down"  the calculations columns 9 through 22 as needed.





�



COLUMN BY COLUMN DESCRIPTION OF DATA


Columns 1 - 7: Data to be entered


Refer to Master Sheet for appropriate units.





Column 1:  Key # - "m"


	Bottom "A" is #1; middle "C" is #40, etc.; user should format column so that succeeding note #'s can be automatically displayed, 


	e.g. "=R[-1]C+1",  etc. If you are investigating a sample that starts at, say, note #27, type that into the first data cell in column A, in the cell below that type in "=R[-1]C+1"  and fill down for as many cells as needed.





Column 2:  Length - "L"


	Speaking length of string.





Column 3:  Core -"d"


	Core wire diameter.





Column 4:  O.D. - "D"


	Outside diameter.  If plain wire, both columns C and D should be identical, so format column D as "=C7" and fill down for as many cells as needed.





Column 5:  Wrap metal factor - "A"


	Enter .89 for copper, .79 for steel,  .29 for aluminum, and 1 for plain wire.





Column 6:  # of Strings - "N"


	Enter # of strings per note - 1, 2, or 3.





Column 7:  Ends - "(a+b)/2"


	For wound strings, enter the total length of unwrapped portions [a+b] of speaking length, divided by 2; if plain wire, enter zero.
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Columns 8 - 22:


Calculated from data entered in columns 1 - 7.


(Units of measurement are identified at each column)


Column 8: (blank)


	


Column 9:  Key # - "m" (for reference when scrolling across the pages)





Column 10:  Tension - "T" 





Column 11:  (intermediate calculated factor) - "B"





Column 12:  (intermediate calculated factor) - "S"





Column 13:  Inharmonicity - "I-4" in cents.


	Inharmonicity of fourth partial, counting the fundamental as the 1st partial. Within the formula is the expression (4^2-1);  The 4 (for 4th partial) may be changed to any other number, if desired, to calculate inharmonicity at other partials.





Column 14:  % breaking strength - "T/Tb"


	Tension at pitch (Column 10) shown as a percentage of breaking tension.  Good designs will keep this number below 55%. Anything above 60% is unacceptable.





Column 15: Loudness factor - "Z"


	The calculated unit is un-named, and evaluated for smoothness of progression within a series of notes





Column 16:  Key # - "m" (for reference when scrolling across the pages)





Column 17:  Delta "T" - %


		Change in % of tension between this and previous note.  Good designs keep this figure under 10% from one note to the next.





Column 18:  Delta "I-4" - %


		Change in % of inharmonicity of between this and previous note.  Good designs keep this figure under 10% from one note to the next.





Column 19:  Elongation - "El" 


	Elongation (in centimeters or inches) of speaking portion of string when drawn from slack up to pitch.  A low figure here compared to other notes indicates a string that would be relatively more likely to change pitch with small changes in the board (seasonally) or under hard playing. Generally the lowest plain wire strings in the tenor will be problematic in this regard; they are usually fairly heavy gauges. A heavy wire of given speaking length will require less elongation to bring up to a given pitch than a thin wire of the same length.





Column  20:  Frequency - Hz.


	Calculation based on frequency entered for A-49 at R11C2. 





Column 21:  Key # - "m" (for reference when scrolling across the pages)





Column 22:  Delta "Z" - %


		Change in % of loudness factor between this and previous note.  Good designs keep this figure under 10% from one note to the next.
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