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INTRODUCTION
In an earlier report on “The impact of arching on structural deflection” the quality and
consequences of specific arching when string load is applied are described. Read
www.zuger.se under the header "design quality".
In order to achieve this specific quality the practical work must be done very precisely. The
basis for this work is the geometric structure of arching and the “Partial Stabilizing
Framework” (PSF) that arise when the sound post is squeezed between the belly and back.
This PSF basically has the shape of an octahedron. The corner lines of the octahedron are
structural shape on the arch of the belly and back and named Straight Tangent Line (STL).
These extended STLs make the perfect octahedron shape.
This report describes how to accomplish and how to make the geometric arching with the use
of templates known as “the six”. This report explains how to make these templates, which are
the necessary tools we need to control the specific arching.

1. How to construct the cross sectional shapes
All perpendicular cross arcs along the length axis have a radius shape (convex shape). The
scoop shape outside these arcs has a varying concave shape. Later on in this report there will
be a description of how the scoop may look. In order to be able to construct any geometrical
cross arcs we must know precisely the height along the length axis and the length of the chord
line. The chord line is the distance between the abutments of the arc between the "base lines".
First of all the base lines must be constructed to find the abutment locations of the cross arcs.
How to construct the base line (Figure 1a) is explained at: www.zuger.se under the header
“structural design”.
The first arc to construct is the height (H) of the arc. Figure 1b shows how to construct this
first arc. The distance between the base lines in the centre is the length of the chord line. The
arc radiuses is a consequence of the size of the equilateral triangle. With the compass at the
top of the equilateral triangle on the central axis, we can now draw the arc A to C.
The height corresponds with the normal arc height we find on almost all violins. The height of
the cross arc (H) is also the height of the length arc. We mark this by drawing a circle. This is
shown on the figure 1b.
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Figure 1a. The final stage of the 2D geometric structure with the "base lines" (in red)

Figure 1b. Constructing the arc height (H)
The next arc to construct is the length radius. We already know the length of this chord
line, which is the length of the instrument. This is marked with the blue vertical lines on the
length axis, Figure 1a. In order to be able to construct the radius of this arc we must follow
the 3 steps as they are shown in Figure 2.
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STEP 1

STEP 2

STEP 3

Figure 2. Three steps for the construction of the arc radius.
STEP 1
Now that we have constructed the height of the instrument arc, we can go on to construct the
length arc A to C, Figure 3a. We draw a horizontal line with the length of the instrument A to
C (Figure 3a). This is the length of the chord line of the length radius. This line must be
divided into two equal parts. We use a compass and draw the radius R1 and R2 (Figure 2) and
find the intersections at D and E. The size of the radius is not important as long as the points
D and E are far enough from each other so that the drawn vertical axis becomes vertically
precise. When we have the vertical axis we find the centre point of the circle and can mark the
height of the arc (H). We get the size of the circle from the above description (Figure 1b).
STEP 2
We now draw the line A to B, which also is a chord line. This line must be divided into two
equal parts. We do this by drawing the radiuses R3 an R4 of equal size at the points A and B.
Now we draw the line F to G and extend the line in order to intersect with the vertical axis,
where we find the centre point for the radius.
STEP 3
Now we can draw the radius connecting the points A to B to C and we have the shape of the
length arc.
Other perpendicular cross sections to construct - Templates 1, 3, 4, 5 and 6.
In Figure 3a, locations are chosen at the widest bout shapes on the "base lines" at 3 and 6.
Further on, find the intersection between the big broken circle and where the base line
changes shape intersecting with the circles at 4 and 5. It is important to have exact
information about the locations L1 to L5. Otherwise, we do not know where to check with the
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templates while we shape the arc. L3 is at the centre of the instrument’s length. Figure 3b
shows a 3D image of Figure 3a.
We make circles so we can determine the height (H) of the cross arc at locations 3, 4, 5 and 6.
The distance between the "base lines" is the chord length as it is on Figure 2, STEP 2, from A
to C (see also Figure 3b).
Following the procedure, STEPS 1 to 3 above give us the exact cross arc shape of the radiuses
wherever we want them to be.

Figure 3a. The length arc shape with marked cross locations
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Figure 3b, 3D. View of Figure 3a

2. What a template should look like
Now we have all the information needed to transform the constructed arc radiuses into
suitable material that we can use to make the templates. The final shape of the template must
look as in Figure 4. The template’s red arc determines the radius of the wood. The template
and the wood must both be measured on the same flat surface when we check the shaping
result.

Figure 4. The final shape of a template
3. How to use the template
Figure 5 shows how to use the template checking the progressing work.

Article Copyright © 2012 Robert

Zuger. All rights reserved. This material may not be published, broadcast, rewritten, or redistributed

.

6

Figure 5. Checking the shape of the cross section
It becomes possible to check if the shape of the wood is correct by moving the template
sideways closing the gap at the precise locations of L1 to L6. To check on the left side, the
template must be turned around.
When we come close to the final shape we must check whether the shape is consistently
circular. We do this by rotating the template on the surface, Figure 6. For this, we do not need
the supporting table.

Figure 6. Checking the radius shape by rotating the template
4. Finding Straight Tangent Lines (STL)
When we make our arching very precisely with the help of the templates, the STLs will arise
on the arching surface. Figure 7 shows the location where we must look for the existence of
the STLs. The STLs demarcate very precisely convex shape from concave shape. These
STLs are based on geometric data. For exhaustively information read the report under the
header "design quality" at www.zuger.se. The existence of the STLs can be checked with a
simple device such as a ruler with a sharp edge, Figure 8.
When we have found the direction of the STLs, we mark the lines on the arching, even if they
are not completely perfect. Some light may come through under the ruler. With a compass we
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check that the distances L1 and L2 are equal and also the STL length from E to A and B and
from E to C and D so that mirror image shape is present. If there is any difference we must
adjust the direction so that the locations become perfectly symmetrical on both side of the
length axis. The STL shape becomes perfect when there is no gap under the ruler; this means
that the line is tangent on the surface. Most certainly we must make small adjustments on the
arching to achieve this perfect circumstance.

Figure 7. STLs located on the arching
However, the STL’s direction may be perfect, but the slope may differ. For this reason we
must make another check. The extending STL must intersect at the rib level (the underside of
the plate) in order to make a perfect octahedron, Figure 11. At that stage the STLs also make
a perfect truncated pyramid, as seen in Figure 10.
The device to use to check the correct slope is shown in Figure 8. It is constructed from a
plastic caliper with a ruler blade glued on one side. On the other side there is a fixed mark
where the ruler blade has its extension.
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Figure 8. The simple device made from a plastic caliper
Figure 9 shows how to use and check that the extending STL is at the level of the rib.

Figure 9. Checking the presence of the STL and the slope

On the model shown in Figure 10, we see how the pyramid shape arises making an internal
framework on the arching.
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Figure 10. STL shape bringing about pyramid shape.
Figure 11 shows the extending
octahedron.

STLs on the belly and the back that build a perfect

Figure 11. The octahedron, the PSF.
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5. The shape of the scoop
The location on the convex arch shape may vary where the scoop starts (concave shape). This
means that there is a point where the convex arc changes into a concave scoop shape. Figure
12 shows that different outlines fit on the geometric arc shape by controlling the width of the
scoop.
However, the transition level from convex to concave scope does not necessarily have to
happen at the level of an isoline all the way around the instrument. Especially at the wider
instrument shape the cross arc radiuses may extend to an individual lower level where the
scope shape may start. This is illustrated in Figure 13.
These conditions, accepting a different extend convex arc and concave scope make it
possible to design a different instrument outline.
The possible circumstances are shown on Figures 12 and 13.

Figure 12, different scope width a specific altitude on the convex arc.
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Figure 13, extended cross arcs diverge at the transition level.

6. Another arching quality
Figure 14, shows halve of the upper part the belly arching while the lower part shows halve
the back visualized with isolines. Equal cross sections arise. In Figure 14, two pars are shown
on the belly and back with equal numbers. Their numbers are 1 to 4 and on the back and 5 to
8 are on the belly. The reason that they have equal numbers due to the fact that they have
equal cross sectional arc shapes. These circumstances also arise when we make the arching
with the help of the constructed templates. The numbers of such possible cross sections are
unlimited and are predictable due to the geometric arching construction. We must look at
these cross sections as very small structural members, each with their individual arc shape
and thickness.
When the strung instrument compresses on the end blocks the structural members start to
deflect equally on both the upper bout and lower bout. The only criterion to allow the equal
deflection to happen is to graduate the thicknesses of the structural members to resultant in
equal resistance. This ultimately is done on the strung instrument in the white.
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Figure 14, Special structural quality on the belly and back arching.
Two very special qualities come about on the convex arching:
1. The Partial Stabilizing Framework (PSF), Figures 7, 10 and 11.
2. The equal cross sectional shape in the upper and lower bouts, Figure 14.

7. The shape of the outline
Figure 15, shows how the outline of the instrument is related to the 2D geometric structure.
Observe the black triangles where the curvature of the outline is located. These triangles have
equal size and have a specific location in the 2D geometric layout. Observe that the baseline is
slightly outside the outer contour of the instrument and is not part of the outline.

Figure 15, The outline of the instrument as it is related to the 2D geometric layout.
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Copy the outline of a good instrument on translucent paper. Figure 16 is a photo copy of a
Stradivarius violin. It becomes possible to cover a major part of the outline by laying the
paper upside down on the photocopy. To do this, the outline must rotate. Figure 16 shows that
the outline in the red sectors of the upper and lower bouts cover each other perfectly. C to D
covers E to F and C to D has equal shape from E to F1
It also becomes possible to do the same procedure for each one of the isolines. Four of them
are shown on Figure 16, they come from the computer calculated isolines on top of the photo
figure. A major part of the isolines in the green sector between A and B, cover each other very
precisely. Each isolines must rotate separately covering its shape. The curvature diverges
outside the sector A to B in the direction of the length axis. The curvature from C to A and
from B to F are different.
Studying the instrument's outline and the lowest isoline, it becomes obvious that they have a
close relationship to each other. It is likely that the arching has a greater influence on the
outline than the outline has on the arching.

Figure 16, Mirror image shape of the outline and the Isolines.
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8. Hollowing and graduating the plate thicknesses
When hollowing the inside we must also make STLs at the same location. Example A has
parallel inside and outside STLs. The centre line remains straight when stretched.
Example A, the centre line of the cross section shows correctly a straight line when the
structure becomes stretched.
Examples B1 and B2, explains what will happen with STLs that have the wrong thickness
shape on the inside when the structure becomes stretched by tension.
Example B1 has the correct outside STL but the curved inside shape is wrong, causing the
centre line of the structure not to be straight.
Example B2 shows what happens with B1 when this shape becomes stretched. There will
arise a deformation that will change the cross-sectional shape. There will arise compression
on the outside and tension on the inside to make a straight center line.

Figure 17. Shows different conditions that may arise on STLs
After much of the hollowing has been done, we must carve out the inside STLs. Figure 18
shows how this is done. We must mark the STL position on the inside exactly where the STL
is on the arch outside location. With a scraper we make a ditch at the location of the inside
STL. With a ruler, we check carefully that we also have a perfect straight inside STL shape.
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Figure 18. The STL ditch
On the belly the inside and outside STLs are always almost parallel like the A shape in Figure
17.
On the back the thickness from the centre decreases. The cross section thus looks like Figure
19 with a centre line in the middle ofan isosceles trapezoid shape.

Figure 19. Decreasing thickness on Back STLs still has a straight centre line.
When all four inside STLs have their main location and are close to the thickness we believe
is correct, we mark the STLs. We make marks in order to measure the thickness at specific
locations with a caliper checking that equal thickness is close to where the mirror image is
located, Figure 20.
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Figure 20. Marked STLs with checkpoints for thickness control
When we have the correct thicknesses on the STL checkpoints, the next step is graduating the
arching thicknesses. We mark STL so we do not scrap on that location while scraping at
others.
Figure 21 shows the belly from the inside. The areas are sectorized. In the length axis, we find
the “columns” as they are described in the report on structural deflection on: www.zuger.se.
There are two columns - one on the left and one on the right. The lateral arching shape on the
left and right side of the columns are marked “bout”.
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Figure 21. Hollowing the sectors and columns
Hollowing the Belly Inside
The process starts with graduating the thickness on the columns. Observe that the length and
arc shapes of the columns are almost equal. From the sound post location to the cross section
in front of the upper F-hole eyes we have a flat shape on the outside along the length axis. On
a normal-sized violin the columns have a length of about 159-160 mm and an equal arc shape.
The length of the flat shape is about 35-40 mm. The compression force on the end blocks acts
unequally on the columns because the neck applies an extra momentum that brings about
extra compressing stress. The deflection of the column, buckling by compression from string
load, can be regulated by graduating the thicknesses. In this buckling process the lateral
arching shape is also involved.
The lateral "bout" areas are not expected to have equal wood quality on both sides of the
column. There will always be some slight differences. Graduating the thicknesses of the upper
and lower bout areas must be approached differently in order to have equal stress and
deformation. This is no easy task and experience is needed to find understanding of how to
handle this problem. This will be explained in another paper.
Hollowing the back inside
Hollowing the back principally is done in the same way as the belly. However, we must
observe the different function of the back in relation to the belly. While the belly has two
compressed “columns”, the back is brought into a state of bending. The deformation may look
the same but the action of bending and buckling comes from different force actions.
For this reason, the momentum that brings about the bending force requires more resistance
where the reaction is given – the partial stabilizing framework (the STLs and the sound post).
The framework acts differently on the back than on the belly. Slightly reducing the thickness
from the centre to the end blocks makes it possible for the bending force to become equal all
the way. Lateral arching increases in the direction of the end blocks and becomes part of the
bending process on the length axis. Understanding this influence is important.
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Figure 18 shows how the STL shapes on the inside are made, a ditch, before any other
thickness graduation will be done . This process making the ditches may start when the
overall thickness is about 5mm to 6mm.
When the inside STL are at their correct location, we mark the STLs as shown on Figure 20.
Using this working method makes it possible to check whether the thicknesses are equal at
mirror image location.
This will be important when the sector shape thickness is graduated the areas are minimized.
Figures 22 and 23 show the scraping directions in the sectors. We see that the column shape
thickness may be decreased. Thinning the column reduces the stiffness. The lateral arching
may participate in the buckling of the column allowing the bouts to bulge. The arrows point
out the favorable direction of scraping when the STL thicknesses and the column thicknesses
have been established. Scraping this way in a “downhill” direction becomes precise in
controlling the sector thicknesses between the inside STL and the column. It’s easy to check
and compare thicknesses between mirror image locations in the sectors of the bouts. In the Cbout sector we find some convex inside shape, close the corner blocks.. Here we must be
precise because it is easy to reduce the thickness too much in this area.

Figure 22 The scraping process for the belly after STLs and column graduation
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Figure 23. The scraping process for the back after STLs and column graduation
At the end of this working process with free plates, we may find that our thickness
graduations of the columns, the STLs and the sector shapes do not have the quality we
expected. The combination of these factors might bring forth an arching structure that is too
stiff. The flexibility must be improved.
It is always possible to improve the flexibility by adjusting the thickness graduation of the
columns, the STLs and the sector areas. Sector areas may be enlarged into the column areas,
as shown in Figures 23 and 24. By doing so we will reduce the buckling resistance of the
columns.

9. Incorrect arching deformation arise with incorrect STL location.
Figure 24 illustrate two incorrect STL locations for the C end point on the rib the C1 and C2
locations. ABCD is an isosceles trapezoid the base of a perfect pyramid. On the lower bout
side we find equal long corner lines (A to E and B to E). We also observe equal triangle shape
AFE and BFE. F and G are the lower and upper block locations. When these triangles that
also have an equal arching shape become compressed by the application of the string load,
deflection may (must) become equal. This can only happen when wood quality conditions are
equal and have equal thickness graduation.
Now we look at the upper bout triangles. The circumstances are the same on the triangles
EDG and ECG. When the direction of the corner line STL thus EC instead end at C1 or C2
the STL is shorter or longer, which means that the length and slope diverge. The shape and
size of the triangles EC1G or EC2G no longer are equal to EDG. In addition, the arch
structure becomes different.
When string load is applied at G the triangles with their arching shapes will not be stressed
equally. Deflection and stresses will be different and affect the complete arching structure.
Consider also the explanation given related to Figure 14
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The conditions are out of our control and expectation. The reacting structure, the STLs, being
part of the Partial Stabilizing Framework (PSF), also affects the stress and deformation in the
C-bout shapes AED and BEC1 or BEC2 differently and finally also affects the deflection on
the arching related to the triangles AFE and BFE.
The reason why these circumstances are shown is to give an understanding of the importance
of the mirror image shape along the centre line.
Incorrect conditions described above become obstacles arriving for an optimal functional
static and dynamic state.
Correct structural conditions eliminate these barriers.

Figure 24. Different STL lengths affect stress conditions in the sector shapes
During the first year of the strung instrument with faults described above will try to find a
new stress state. Such state can only arise when deflection takes place on the arching. While
this process is going on the stress on the compressed sound post changes. Normally it
becomes less. A new longer sound post is needed to finally bring about stress conditions that,
to some extent, are equal on all four STLs locations.

10. Checking free plate frequency vibrations with the Chladni method
developed by Carleen Hutchins
In the early 1960s, Carleen Hutchins introduced a method graduating free plates with help of
a sweep generator [2] based on Chladni modes (patterns) on stringed instrument plates.
My own experience using the method tells me that it becomes possible to achieve equal
frequency result (vibrating modes on free plates) by graduating the thicknesses differently.
The Hutchins Method does not take into account any stress or structural deflection that will
arise on the strung instrument with string load. These conditions will have a great impact on
the dynamic and acoustic results. Carleen Hutchins never explained the importance of the
function of arching.
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CH describes her opinion about arching and what she believes violin-makers understand with
the following lines [3] :
“The experienced maker simply needs to look and ”eye-ball” the shape of his arches, for he
knows how to change the arches relative to the grain of the wood and various other
subtleties that cannot be got from any sort of measurement technique”.
The result of the “eye-balled” arch shape is not known and it becomes impossible to give any
technical explanation of its function in the strung instrument.
The following pictures show the results of the vibration mode 5 after the thickness graduation
with the method described above. For extensive information about Hutchins Method, see [4].
Figures 25, 26 and 27 show the vibration responses of a viola belly, the mode 5 shape. What
we see on these figures are the nodal lines where no vibrations occur. On one side the
structure move upward and on the other side the structure move downward.
Figure 26 shows the normal shape of mode 5 at the frequency that we can hear when we
knock on the plate holding it at the nodal line with our thumb and forefinger. Figure 25 shows
the shape at approximately one octave lower and Figure 27 shows the frequency
approximately one octave higher. Such circumstances, having three mode 5s, have not been
shown in any report earlier.

Figure 25. Half mode 5 frequency of a viola belly, 156 Hz
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Figure 26. The normal mode 5 frequency of a viola belly, 307 Hz

Figure 27. The double mode 5 frequency of a viola belly, 661 Hz.
Static stress and vibration conditions become related to the bowl structures that arise in the
upper and lower bout arching. The bowl arching shapes have concave shape on the inside in
all directions and convex shapes on the outside.
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On free back plates vibration patterns becomes active in the bowl areas, Figure 28 and 29.

Figure 28

Figure 29

What we see on the lower bout area of these back plates are mode 5 (ring shaped mode)
shapes that arise at approximately one octave higher than the normal "mode 5" frequency. The
reason why the upper bout area does not have this ring mode shape depends on the anisotropic
relationship in bending stiffness in length and the cross direction.
The plate in the upper bout has smaller width, which does not allow the free plate bowl to
vibrate making a ring. On the strung instrument, the deflection of the upper bout creates the
bulging ring shape demarcated by the STLs and instrument outline. We observe this
deflection shape on the holographic picture of the back plate of an instrument when the fine
tuner increases the string tension, Figure 30.

Figure 30. The deflection of the back

Figure 31. The bowl areas with border shapes

Figure 30 shows outward bulging on the bout shapes of the back. The bowls, Figure 31, are
demarcated by the STLs and have a triangular shape in front of the end blocks. Figure 30
shows that the bulging, in relation to the length axis, has almost equal deflecting shape on the
left and right side of the lower bout in relation to the length axis. The bulging in the upper
bout bowl is different on the left and right side which depend on an incorrect thickness
graduation. Observe the shape and function of the STLs that brings about the Partial
Stabilizing Framework (PSF) and demarcates the bowl shape.
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