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Introduction
Part 2 of these Ruminations dealt with jacks and parts 3 and 4 with quills, so it would
be logical to continue with the next in the line of the action and investigate aspects
of vibrating strings. However, these require a different level of physical description
from what we have used so far. The difficulty lies in the fact that the vibrating string is
obviously not at rest. Our inquiry into jacks and quills could be carried out with what is
called a static approach, where there is no movement of practical interest. But vibration
is a constantly changing motion and we will have to include Newton’s second Law (see
part 1) that relates forces to changes in movement.
I will therefore leave the strings for a subsequent part of these Ruminations and
instead perform a structural analysis of the case. Maybe you noticed that many harpsichords have one or more cracks in the very treble part of the soundboard, or that the
front of the cheek has a tendency to lift up. In this part of the Ruminations we will
discover the cause of, among others, these phenomena. With Newton’s First and Third
Laws, the equilibrium of moments of force and the Euler-Bernoulli theory for beams we
have a solid basis to explain how the case of a harpsichord reacts to the string tension.
Actually, I started to write this essay more than 15 years ago, but it turned out
that the introduction in basic physics that is required was taking up too much of the
total story, so I dropped the project. Now that we have gained this knowledge step by
step through other aspects of harpsichords, we can go almost straight to the structural
analysis. There’s just one more construction element we have to know more about. In
addition, to really appreciate the intricacies of our structural analysis we will review the
relation between stresses and deformations, or strains as they are called in mechanical
engineering.
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Buckling
The construction element we need to explore is the column with a vertical force at the
end. It could actually be called a beam just as well, but historically it was investigated
as a column with a weight on it.
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(a) Column with a vertical load. When
the load increases above a certain critical
level, the column will have a tendency to
deflect sideways (dashed lines).

(b) Once a column has buckled, the extra
force needed to bend it further is small
because the deflection W increases.

Figure 1: The phenomenon of buckling.

People had noticed that if you put too much weight on a column it could experience
a sudden transverse deflection, known as buckling, see Fig. 1a. The phenomenon was
first studied experimentally by van Musschenbroek1 , but theoretically solved by Leonhard Euler2 . There is a critical value for the force where this transverse movement takes
place. For a force below that critical value the column stays straight, but for a greater
force the column will buckle all of a sudden.
Just as for beams, there are many configurations for columns that influence the
value of the critical force. A column can have free movement at the top and be fixed
at the bottom, or hinging at both the top and the bottom, and so on. Euler found the
general formula for the critical forces for all these configurations, but I will show only

1 Pieter

van Musschenbroek (14 March 1692 – 19 September 1761) was a Dutch scientist.
was an exceptionally prolific scientist. His total work comprises about thirty thousand handwritten pages about mathematics, mechanics, fluid dynamics, optics, astronomy and even music theory.
We will see more of him in subsequent chapters.
2 Euler
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the one for a column that is fixed at its base and moving freely at its top:
Fcrit =

π 2 EI
(2l )2

(*)

Here, E, I and l have the same meanings as in our previous chapter of the Ruminations
(modulus of Elasticity, second moment of area and the length) and π is the well known
ratio between the circumference and the diameter of a circle. This formula is valid if
its length is at least 10 time greater than its thickness. This means that a column has
to be slender enough for it to buckle, otherwise it will just be squashed. The length of
the column l appears squared in the denominator, so an increase in length of a column
makes it much easier to buckle. For example, if we double the length, the critical force
will become 4 times less.
Once a column has buckled, one does not
need to apply much more extra force than Fcrit
to bend it further. Pole vaulters for examF
ple make use of this phenomenon. Also gobars that harpsichord builders use for gluing
bridges on soundboards do not increase their
l
pressure much if you bend them more3 . This
2
can be shown by calculations, but you can get
the idea when you look at Figure 1b. Once
there is a bend in the column, the internal mol
ment in the column near the base is F1 × W1 .
2
Increasing the force to F2 will make the column bend more outwards and the moment at
the bottom of the column increases to F2 × W2 ,
but due to the fact that W2 is larger, the force
Figure 2: Column with a support
F2 doesn’t need to be greater than F1 to get a
in the middle to avoid sideways
greater product of the two. (Although in realdeflection.
ity F2 will be a somewhat greater than F1 .)
Fortunately, it is generally straightforward
to prevent a column from buckling. You can
of course try to increase the stiffness EI. You would then either have to choose a less
elastic material or make the second moment of area I larger by increasing the thickness of the column. There is however a much more elegant and effective way, you can
make the length l shorter. Not by making the column shorter, but by supporting the
column somewhere along its length so that it cannot deflect sideways, as in Figure 2.
The column is now divided in two lengths of 0.5 × l each, so the critical force will be 4
times higher. This support doesn’t need to be very strong, it merely needs to prevent
3 In

these two configurations, the ends of the column (or pole or go-bar) are free to rotate. This alters
the value of Fcrit , but the underlying principles are the same.
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the instability of the sideways movement.
It is not just columns that can buckle, wide planks can too. And anyone who has
seen the result of a car crash has seen buckled metal sheets.

Stresses and strains
Now we have all the knowledge we need on
structural elements for our analysis, but before tackling the main subject of this chapter I would like to explain a bit more about
the relation between stresses and strains. In
part 3 I briefly mentioned the investigations
of Hooke into springs. He published his disx
coveries in 1676 in the form of the Latin ana2x
gram “ceiiinosssttuv”. Two years later he revealed the solution to his anagram in what is
F
now called Hooke’s Law: ut tensio, sic vis, or
in English: the extension is proportional to the
2F
force. With this he meant that the amount a
spring extends is proportional to the force that
Figure 3: Hooke’s law: if the extenis applied to it, so for example twice the force
sion of a spring is x for a force F, it
will give twice the extension (Figure 3).
will be 2x for a force of 2F.
It turns out that his law can be very well
applied to solid materials because they are
elastic like a spring. Even glass is: if glass
were not a little bit elastic it wouldn’t be able to vibrate and we wouldn’t have glass
harmonicas. In fact you can imagine all materials as behaving a bit like rubber and this
can often help you understand how things change shape as you apply forces to them.
It is important to always be aware of this direct connection between forces and
strains. Whenever you apply a force to some solid object, its reaction is to change its
shape. When you press on it it becomes shorter and when you pull at it it becomes
longer. So when you tune up a note, winding the string on a tuning pin, the tension
increases as you make it longer. Wood behaves similarly: for example, if you have a
strip of wood and you pull at it, it will become longer.
You can calculate how much longer from a very simple formula:
∆L =

( F/A)
L0
E

∆, the Greek capital letter delta is often used for differences and ∆L stands for the
increase in length. F is the force you apply, A the cross sectional area of the strip, L0 the
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original length of the strip and E the elasticity modulus of the material that we already
know.
Let’s take as an example a 30cm long strip of spruce, 13mm wide and 3mm thick,
and pull at it with 50N4 . The value of E has been measured in laboratories and although
it will of course vary depending on the quality of the wood, the Dutch institute for
Wood gives an average value of about 11GPa (11 × 109 N/m2 ) for spruce. The cross
sectional area is (3 × 10−3 )m×(13 × 10−3 )m= 39 × 10−6 m2 . You can just fill in these
values in the formula and calculate that the strip will become about 0.03mm longer. In
case you wonder why I chose this particular example: this strip of spruce is the part of
the soundboard that one four foot string in the middle region has at its disposal, and
50N is about the force with which the string pulls at the strip.
We see from this formula that there is indeed this direct relation between stress and
strain: if we make the force 100N, the strip will become 0.06mm longer. For an object
to be at rest, it must not only comply with Newton’s Laws on the object as a whole, it
must also comply with these laws internally, along any imaginable section. It will also
follow Hooke’s law in every imaginable direction. For this reason and because there is
this direct connection between stress and strain, we can decompose the strains inside a
material in the same way that we can decompose the forces they are associated with in
several directions.
There is one example that I would like to elaborate on here. Consider the rectangular block in Figure 4. If we put pressure on the short sides and apply Hooke’s Law,
we see that it becomes shorter. At first sight you might think that we would only find
pressures inside the block. But it is a bit more complex than just that.
C
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A
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B
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Figure 4: Block under pressure.

If we make a cross section in the block from top to bottom, such as the one indicated
by C–C 0 in Figure 4, the left and right parts will push against each other with same force
F as exists on the extremes. But now look at the little square labelled A somewhere
in the middle of the block. Because the force F exists everywhere inside the block,
4 I will give forces in Newtons in accordance with modern scientific practice. If you feel more comfortable with the kilogram force as a unit you can divide the amount in Newtons by 9.81 (or by 10 to have an
easy approximation). So 50N is about 5.1kgf.

5

this square A will also experience the same forces everywhere on all of its sides, as in
Figure 5. These forces can be decomposed into components perpendicular to the sides
F⊥ and along the sides Fk . I will indicate the perpendicular forces by the usual arrows
and parallel forces with arrows that have a single hook, and draw them on the shapes
without strain. The tendency of the strains, much exaggerated to make them clear, are
shown by dashed lines.
The perpendicular forces make the square shrink in all directions, the parallel forces
try to make it diamond shaped. Taken together, the square shrinks only in the direction
of the force. We see that we can indeed decompose the strains and add them up later,
just as we can with forces.
F⊥

Fk

F
=

+

Figure 5: Forces on internal square.

Now consider the two squares A and B that sit next to each other. The parallel forces
on their adjacent sides point in opposite directions (by virtue of Newton’s Third Law),
so A and B try to slide over each other. And indeed, if you make a block out of wood
with the grain running at an angle such as that shown by the dotted line in Figure 4, put
it in the press and start squeezing, the block will eventually crack along the grain, i.e.
two squares at either side of the crack will indeed slide over each other. These internal
forces that make the two sides of a section slide over each other are called shear forces.
I must confess here that I have
cheated a little bit, as perhaps you may
already have noticed. If you imagine the
block to be made of rubber, you will probFC
− FC
ably picture the deformation as something like that shown in Figure 6. The
Figure 6: Deformation of a block with
block bulges out because there is no prescompression.
sure at the top and bottom. So there is
not really equal pressure on all sides of
the square A. But I said that A is in the
middle of the block and therefore equal pressure on all sides is a good approximation
for my example. Squares more to the sides would experience unsymmetrical pressures
which cause the block to bulge outwards.
We already came across shear forces in our bending beam, although I didn’t mention
6

them explicitly. Remember the deck of cards in part 3: bending the deck will make the
cards slide over each other. If glued together, cards at the ouside of the bend have to
be stretched to make them longer. The glue will transmit the shear forces necessary
to make neighbouring cards stretch. So we will also find shear forces on the inside of
a bending beam. Pulling (or tensile) forces, pushing (compressing) forces and shear
forces are the three possible forces inside a material. Any situation of internal stresses
can be described by a combination of these three forces.
FV
FD

− FC

FC

− FD
− FV
(a) Diagonal load.

(b) Asymmetrical compression (with
vertical load to maintain equilibrium of
moments of force).

Figure 7: Different types of load generating shear forces.

Figure 7 shows two more examples of blocks with loads that generate shear forces.
The left one is very straightforward and easily understood, the second one may need
some contemplation.
With modern day computers it is possible to divide up even the most complicated
shapes in little elements like A and B, hundreds of thousands or even millions of them,
though it is small triangles rather than squares that are used. At each of these triangles
Newton’s Laws and Hooke’s Law are applied to calculate the stresses and strains in
each of them individually. Taken together they describe how the entire object reacts to
external forces. From such calculations (that go by the name of Finite Element Methods)
engineers can, for example, design the fuselage of an aircraft in such a way that its
weight is reduced as much as possible without compromising its strength.

Stresses and harpsichord cases
For our harpsichord case we only want to gain a qualitative understanding of what
happens to it when the strings put the case under tension, so we will keep our investigation to a more macroscopic level and without the aid of a computer.
7

Picture to yourself a new harpsichord that has been totally strung, but none of the
strings are under tension yet. As should be clear by now, the case will start to strain
as soon as the first string is put under tension. The strain may be small, immeasurably
small even, but it will always be there as a direct consequence of the connection between
stress and strain. And no matter how stiff or strong you make the case, it is inevitable
that it strains. As more and more strings are put under tension, the case will strain more
and more. If all the strings are under tension and the strain is still small there will be
no negative consequences. But if the construction is not strong enough, excessive strain
may lead to failure of some part or parts of the instrument.
A few remarks on the mechanical properties of wood are in place here. First of all,
wood is not completely “Hookean” in that the relation between stress and strain is not
completely linear. However, for our qualitative analysis that is of no importance. It still
is true that the more you stress it, the more it strains.
Another thing to note about wood is that it shows creep. Creep is the phenomenon
that when you stress a material, the deformation will grow with time. For wood this
process can continue over many years. If the tension is relieved again, some of the
deformation remains and the wood will not completely return to its original shape. It
is therefore normal for older instruments that when you take the string tension off, the
case will still exhibit a certain amount deformation.
Also, if the stress is large enough but still not so high that the wood fractures immediately, creep can still cause a fracture later in time, a process that is called creep
rupture. Certain weak spots in the construction of an instrument may therefore reveal
themselves only after many years5 .
In the following I will concentrate on the case of a Flemish harpsichord because it
has a fairly straightforward construction that lends itself well for our analysis.

The structure of a Flemish harpsichord
To provide a reference for our investigation I will briefly review the components of a
harpsichord that are of interest to us here. I do however suppose that the reader has a
basic knowledge of the inner construction of a harpsichord. To anyone who is interested
to know more on this subject I can recommend Frank Hubbard’s book Three centuries of
harpsichord building that shows three-dimensional views of the innards of various types
of harpsichords. Figure 8 shows a schematic plan of a typical single manual Flemish
instrument.
The case of a harpsichord consists of four side walls, the spine S, the tail T, the
bentside B and the cheek C. The case is closed at the bottom by a board. A transverse
5 The reader who is interested to know more about the mechanical properties of wood can refer to
chapter 5 of the Wood Handbook, wood as an Engineering Material (General Technical Report FPL-GTR-190)
from the United States Department of Agriculture, available online from the website of the Forest Products
Laboratory, www.fpl.fs.fed.us.
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Figure 8: Plan of the essential structure of a Flemish harpsichord case.

plank, the lower brace L1 , sits upright on the bottom at a perpendicular angle to the
spine connecting the spine and the bentside. Two more lower braces, L2 and L3 , run
between the spine and the cheek. Another two braces, the upper braces U1 and U2 , are
glued and nailed to the underside of the liners. They also connect the spine and the
bentside. An upright plank between the spine and the cheek, the bellyrail R, serves as
the front edge on which the soundboard rests. The soundboard is a thin sheet of wood
that occupies the whole area between the spine, tail, bentside, cheek and bellyrail.
At the front, just above the keyboard, there is the wrest plank, a thick block of solid
wood holding the tuning pins. The strings are stretched between the tuning pins and
small pins that are in some way attached to the tail and bentside. The strings make contact with the soundboard through the bridge. The action to pluck the strings projects
from the keyboards through an open space between the tuning pin block and the bellyrail, the gap, to the strings.
Typical dimensions are a length of the spine of 183cm, a width from cheek to spine
of about 75cm and a total case height (bottom and sides) of about 25cm. Thicknesses of
the sides and the bottom board are about 15mm.
Now that we have a general overview of the harpsichord case and its structural
components, we will start by analysing how some of the individual components react
to the forces that they are subjected to. These components are the five main structural
members of the case, the wrest plank, the spine, the bentside, the cheek and the tail.
In addition we will pay some attention to the soundboard. At the end we will put
everything together to get a complete picture of the strain of the entire case.
I will use the following convention of two letter subscripts to forces to indicate
which force is denoted: the first subscript will refer to the actuator, the second subscript
to receiver. The subscripts refer to the members in the plan in Figure 8. For example,
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FSW denotes the force that the spine exerts on the wrestplank.

The wrest plank

Fstrings
CS
FSW

C

MSW
Figure 9: Cross section at the middle of the wrestplank and the acting forces

A good place to start is the wrest plank because it is easy to see which forces are acting
upon it. Figure 9 shows the cross section of
FCW
a wrestplank. The strings pass over the nut
and pull at the plank. For convenience, I will
add up the contributions of all the strings into
one force Fstrings . At its ends the wrest plank
Fstrings
is held in place by the cheek and the spine, so
there will be forces counteracting the force of
the strings. Let us take the centres at the ends
of the wrest plank, indicated by C in Figure 9
as a reference point of where these forces act.
So the wrestplank will be bending like any
beam that is loaded in the middle and supFSW
ported at its ends (see Figure 10). The forces
FSW and FCW at the spine side and the cheek
Figure 10: Top view of the wrest
side need not be equal but must of course toplank bending under the action of
gether add up to string force Fstrings . Whether
the string force.
they are equal or not does not matter for our
qualitative analysis.
However, that is not the whole story: from the cross section in Figure 9 we see that
there is also a resulting moment of force Fstrings × CS. This moment of force must also
be countered at the ends. The result is that the wrest plank gets twisted, so that in the
middle it will tend to rotate with the side at the gap going down and the side at the
nameboard going up. The separate strains from bending and twisting and the sum
10

of these strains is illustrated in Figure 11. In a harpsichord the total string tension is
relatively low, so this deformation of the wrestplank is not always obvious but can, in
my experience, be detected by the naked eye.
Fstrings
=

+
Fstrings

Mstrings

Figure 11: Cross section of the wrestplank and the acting forces

In the case of torsion we are dealing with a special type of bending: the further away
from the axis of the twisting, the larger the deformation. There is also, just as with pure
bending, a neutral line, the line along which there is no deformation if the beam is
subjected to torsion only. By virtue of Hooke’s law there are also no internal forces
along that line resulting from the torsion of the beam. For a rectangular cross section
like the wrest plank of the harpsichord, the neutral line is exactly its geometrical centre.
I took the geometrical centre of the cross section as a reference point to calculate
the force and moment of force without further explanation. This was however not
completely arbitrary. By choosing the neutral line for torsion I knew that I would decompose the outside load into a force that would only cause the plank to bend and a
moment of force that would only cause the plank to twist. How this force and this moment of force are exactly counteracted at the ends depends on how the plank is fixed
to the sides: it could be just glued and pegged, or, as the Ruckers used to do, sunk into
the sides using a shallow mortise.
In a Flemish harpsichord the wrestplank is glued to the nameboard. This will increase the resistance to torsion a bit and the neutral line will shift somewhat in the
direction of the nameboard, but as this nameboard is rather thin it will not have a very
big effect. The nameboard evidently also adds to the total width that is bent, but again,
it is not much extra thickness so that the increase in resistance to bending is also small.

The spine
In the previous section we saw how the forces of the strings make the wrest plank bend
and twist. But of course, at the left end the plank has to be held in place by the spine
which causes a force and a moment of a force on the spine. This in turn has to be
balanced at the tail end of the spine, where the strings pull the other way. So let us see
what the effects of these forces are.
We could load the spine with the force and the moment of force that we found at
the centre of the wrest plank at the same location. In this case however, it is handier to
11

go back to the string force at the level of the strings. In the end, that is the force that
is relayed by the wrest plank to the spine. We have then the situation as depicted in
Figure 12.

− FWS

FWS

Figure 12: Forces acting on the spine.

To find the strain that corresponds to this stress, we again translate these forces at
the string level to a configuration with forces at the neutral line (the dashed centre line
in Figure 12) and a moment of force. Each of these, the force and the moment of force,
will have an effect on the internal stress in the spine. This shifting from a force to a
combination of a force and a moment of force may be a bit confusing, but they are just
different representations of the same physical situation. Whether we take the forces at
string level, the force and the moment of force at joint with the wrest plank, or the force
and the moment of force at the neutral line, if we do calculations they would all yield
the same result.
Using some basic formulas for structural engineering, one can calculate the the internal stresses from the contributions of the force and the moment of force and add
them up. (Note that MS is FWS × h where h is distance of the line of force of the strings
force to the neutral.) I will not show this calculation here, but just present the result. If
we assume the strings are at a distance of 4cm from the top and the total height of the
spine is 24cm, then the maximum stress from the moment of bending is two times the
maximum stress due to the compression force. The result is shown in Fig. 13. At the
top there is a big push force, but at the bottom there is only a small pull force. In fact, I
have not taken the bottom into account when determining the stresses inside the spine.
If we would do so, the bottom will further add to the second moment of inertia at the
lower edge, leaving it with even less stress.

− FSW

FSW
MS

− MS
Figure 13: Forces acting on the spine and the resulting strain.

Therefore, the bottom of the case hardly gets to carry any load from the string tension and can, as in the case of the Flemish instruments of the 17th century, be fixed
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just with wooden pegs. This reasoning can be extended to all the case sides. In the
following we will therefore concentrate mostly on what happens at the top of the case
sides. Although the bottom and the lower members do have some structural function,
they are not crucial to the strains that we will discuss and we can leave them out of the
account most of the time.
As we have seen, stresses and strains are closely connected. The stress is a combination of compression and bending, leading to large push forces near the top and
pull forces near the bottom. The spine therefore becomes shorter near the top, but actually longer near the bottom. Evidently, there is only strain between the tail and the
wrestplank, the part from the wrest plank to the front will just be lifted up due to the
bending.
Finally, I want to remind the reader of the effect of buckling that we discussed earlier. The high pressure forces inside the top half of the spine will induce a tendency
to buckle. The liner makes the spine thicker and thus more stiff, but it is above all the
upper braces that prevent the buckling. They are the supports that reduce the available
length that can deflect sideways. As stated before, the forces to achieve this are only
small, they just need to keep the spine in a straight line.

Forces on the bentside
Of all the sides of a harpsichord, the bentside is subject to the most complex combination of forces and consequently has the most complex strain. To get the whole picture
we will isolate the different aspects and later on put them together again.
One feature of the bentside that renders its
structural analysis more complex is of course
that it has a curve, but there is something else
d
that is noteworthy. The other particularity is
Fwall
that it is at an oblique angle to the strings. To
understand what the consequences of this are,
Fyou
consider yourself standing halfway on a ladder that is placed against the wall. What are
h
the forces on the ladder? First of all, we note
that neither the floor nor the wall can exert a
moment of force on the ladder. To exert a mo− Fyou
ment of force you need a grip on the object to
− Fwall
twist it, like when you want to break a stick
by bending it between your hands. This is obFigure 14: Forces on a ladder
viously not the case between the wall and ladagainst a wall.
der and the floor and ladder. So both can only
transmit forces and not moments of force.
Fig. 14 shows the situation. Earth’s grav13

ity generates a force from your weight, Fyou , that is counteracted by the floor pushing
against the ladder with the same force in the opposite direction. These two forces generate a moment of force Fyou × d (we take the contact point of the ladder with the floor
as the pivot point). This moment of force is cancelled by the force of the wall pushing
horizontally against the ladder with Fwall (and Fwall × h = − Fyou × d). Finally, for the
ladder to have equilibrium of horizontal forces, something else must also be pushing
horizontally to the ladder with the same force but in the opposite direction. This happens through friction with the floor. (One could in addition take a vertical friction force
at the wall into account, but that doesn’t change the reasoning.)
So because the bentside is running slanted from tail to cheek, the latter has to not
only push against the bentside in the direction of the strings but also in the direction of
the soundboard, just as the floor pushes against the ladder (see Figure 15). At the other
end, the tail has to push against the bentside, just as the wall pushes against the ladder.
(In the case of our bentside it is not only the tail that pushes against the bentside, it is
also the two upper braces. But this need not further concern us here.)
FCB,⊥
FCB,k
FU2 B

C
B
R

FU1 B

Fstrings
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Figure 15: Forces on the bentside.
S
What is a bit different from the example of the ladder is that the joint is glued so that
it could in principle transfer a moment of force between bentside and cheek. However,
joints are always less strong than the members themselves and are considered hinges
in structural engineering. This is clear for the traditional Flemish joints where the case
sides are just butted together, but it is also true of the dovetailed joints in for example
the instruments by Hemsch and Taskin. We will therefore only consider forces between
cheek and bentside and no moments of force.
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FCB

C
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− FCB

Figure 16: Strain of the curve under the compression
inside the
Lforces
L2
Wbentside.
3

L1
U1
The curve
of the bentside

U2

We will now investigate the other particularity of the bentside: the curve. Let’s zoom
into the curve, say to the part between the front upper brace and the joint with the
bentside. And let’s take the strings off of that section, so that the only thing this section
S
has to do is transfer the string forces
of the lower notes to the cheek. The force at the
cross section near the upper brace and the one at the joint have to cancel out (see Figure
16). This is another instance of buckling. The curve can easily become more tight under
the influence of the forces, as the dashed lines indicate.

The cheek
We have established the forces that act on the bentside and we have seen that the cheek
pushes in the joint against the bentside, both in the direction of the strings as well as
perpendicular to it. In its turn, the bentside pushes against the cheek: with a component
along the cheek towards the wrest plank and a component perpendicular to it, pushing
the cheek away from the soundboard.

FWC − FWC
MC

− MC

Figure 17: Forces acting in the plane of the cheek.

The force along the length of the cheek is countered in a similar way as to that which
occurs at the spine: the wrestplank pushes back, Figure 17. Only, the bentside yields
more in that direction because the curve renders it much more flexible than the straight
15

spine, so the cheek will rotate more than the spine does at the keywell.

FBC,⊥
FWC,⊥
C
FL2 C

FL3 C

B
R

Figure 18: Lateral forces on the cheek and an indication of the strain.

L1

S

Balancing the force
that pushesWthe cheek away from the soundboard
L2 of theLbentside
3
is not as straightforward. There are of course the lower braces that are connecting the
cheek to spine, but they are close to the bottom, so they are not very effective. In a
Flemish instrument the bellyrail is not connected to the cheek and can therefore not
exert
U2the necessary pull force. The cheek is however fixed to the wrestplank although
that is some distance away from the joint on which the bentside pushes. The implication
is, as always, that they create moments of force.
In Figure 18 I have drawn the situation for the forces that act laterally on the cheek.
I have included the forces from the lower braces L2 and L3 but have drawn them in grey
to indicate that they are not very effective as explained above. The wrest plank has to
counter the moment of force, and at the same time ensure equilibrium of forces. The
result is something similar to what is depicted in Figure 18.
There is one final aspect of the corner between bentside and cheek that we have to
discuss. Until now we have treated the forces like the ones at both ends of the bend
in Figure 16 as acting on a single point and that was sufficient for our analysis. In a
real situation however the forces are acting over an area, which we then call pressures.
Zooming in on the joint with the bentside, we see that due to the more acute angle the
pressures will be higher on the liner than on the bentside itself, see Figure 19.
Note that the pressure distribution in the bentside has a greater stress at the inside
of the curve than at the outside when the curve becomes more pronounced. (The skew
in the pressure FB accounts for the internal moment of force as it bends.) On top of
that, we have the treble strings pulling at this part of the bend (represented by a single
force Ftreble in Figure 19). They exert extra forces on the contact area between liner and
bentside. On top of that, they help to bend the curve even tighter.
This is the same situation as depicted in Figure 7b. So here too we will have shear
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Figure 19: Bend with pressure distribution.
B
stresses, in this case along the glued surface between the liner and the bentside.
This is therefore an especially vulnerable area of a harpsichord. A single manual
Flemish harpsichord has only 45 strings in the 8’ register and their bentsides only have
gentle curves. The later double manual French instruments however have 120 or more
8’ foot strings. Also, as the treble goes up to e3 or f3 , their bentsides have tighter curves
than the Flemish instruments. This can cause problems of the liner being torn off from
the bentside. It is important to note that this is not because of the treble strings pulling
at the liner. They may add a little to the complex stress situation in that spot, but the
real culprit is the shear force that is generated by the angle between bentside and liner
that has become more acute.

The tail
The tail of the instrument is the remaining side wall in our discussion. There are two
things to consider: firstly, the tail has the bass strings pulling at it and secondly, it
receives a lateral force from the bentside (the reaction force of FTB,⊥ in Figure 15).
Let us first consider the effect of the force of the strings, Figure 20a. The force in the
direction of the strings is just transferred to the bentside and the spine and the tail will
bend under the tension. The tail is also slanted to the strings, just as is the bentside, but
the difference is that the tail is supported byLthe
spine in the direction of the strings.
L3 The
2
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resulting countering forces at the spine and the bentside keep the tail in equilibrium,
there are no resulting moments of force. As we see, the force at the bentside joint is not
in the direction of the bentside, so this joint will tend to lean into the instrument (again,
we treat the joints as hinges).

B

L2

FBT

L1

U1

U2

FBT,⊥
T

Mcase,T
Fstrings

FST
Fbottom,T
(a) Top view with only the string force
and its balancing forces.

S

(b) View from the rear with resulting displacement.

Figure 20: Forces on the tail.

With the lateral force the bentside pushes the top of the tail towards the spine. The
spine cannot counter this force because it is thin and long, so the only serious candidate
is a shear force at the bottom (Figure 20). The resulting moment of force makes the tail
twist. The countering moment of force Mcase,T is the result of this twist.
Resuming: the strings pulling at the tail make it bend, the lateral force of the bentside
makes the tail rotate, lifting up the joint between tail and bentside and both the strings
and the bentside make the joint lean into the instrument.

Putting it together
We have reviewed the separate parts of the construction and can put all the pieces
together to get an idea of deformation of the whole case. It may already have been a bit
demanding to gain a clear mental image of the isolated parts, so in order to try to get
a full image of the strains of the entire case, I have made a three-dimensional picture.
Figure 21 shows two views from different angles. With or without the tension of the
strings, the bottom board keeps the same shape but of course it does bend between
front and tail because of its limited thickness.
The top view shows the case from the side of the cheek. The spine is bending over
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Figure 21: Two different viewing angles of the case and its strains.

its height, dipping in the middle and lifting up at the keywell and tail end. The cheek
and bentside together do the same, but because of the curve in the bentside it is buckling. The amount of bending is therefore greater and the cheek is lifting up more at the
keywell than the spine. Also the wrest plank can be seen to bend forward, at the edge
near the gap as well as at the nameboard.
On the drawing of the Hemsch in the Musical instrument Collection of the Museum
of Fine Arts in Boston there is a 3D perspective of the case showing the character of
the current deformations of the case. I have reproduced it in Plate 1. This perspective
shows similar deformations as the top view in my Figure 21.
For the lower perspective the view point was turned towards the tail end where we
can appreciate various twisting strains. We see that the joint between the tail and the
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Plate 1: Perspective view of the Hemsch in the Boston Museum of Fine Arts (accession
number 1981.747), from the drawing by R.K. Lee made in 1976. Note that here the
original state is indicated by the dashed line and the strained state with solid lines,
contrary to the convention I adopted. Note also that the bottom front of the spine is
chosen as the fixed reference point whereas I have taken the bottom of the spine near
the wrestplank.
bentside not only lifts up due to the bending, but also due to the twisting of the whole
tail of the instrument. Also the joint between the cheek and the bentside twists, but
this one is bending outwards. In fact, the top part of bentside is sliding and rotating,
just as a ladder against the wall would do if it is not adequately supported. Finally, the
wrest plank is bending down at the gap and up at the nameboard which shows that
in addition to the bending forward which we saw in the upper view, it is also twisting
around its own axis.
I want to emphasise again here that in both views I show exactly the same case with
the same strains, it’s just that two-dimensional projections from different angles reveal
different aspects of the three-dimensional strains.

The soundboard
The soundboard is a sheet of wood, made thin and light so that a large portion of it easily transmits the vibrations of the string to the air. It is typically from 2 to 4 millimetres
thick while the width and the length are in the order of tens of centimetres. There are
some ribs underneath, either perpendicular to the grain or at an angle, and of course
the bridges, also at an angle with the grain. They lend some extra stiffness and strength
to certain areas, but compared to case sides or the bottom the soundboard is far more
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flexible and fragile.
In the section on stresses and strains I gave an example of a strip of spruce for one
4’ string that stretches 0.03mm under a pull force of 50N. The same strip with one end
fixed and the other end free (as the column if Figure 2) will buckle when you compress
it with less than 9N. For comparison: you can pull at the strip with 2000N before it
breaks. The configuration of the soundboard is more complex than the column we
discussed, but it gives you an idea of the magnitude of the forces involved.
As the soundboard can very well resist pulling forces it is possible to hitch four foot
strings to a rail that is glued to the soundboard, even if this rail is very fine like in the
case of the ravalement of the 1652 Couchet. Originally, Couchet had made this instrument with two eight foot registers, so when a four foot was added in the ravalement, a
thin strip of wood was glued on the upper surface of the soundboard to hold the four
foot hitch pins (Plate 9). In many Italian instruments there is even no rail at all, the
pins are just held in place with a drop of glue. The soundboard’s ability to resist the
pull forces also means that it is resistant to pressure from above. For instance, if there is
down bearing of the strings from the bridge to the hitch pins the soundboard will sag a
little bit, but it will be able to resist quite some weight.
In the direction across the grain the soundboard has very little strength. Under compression it will buckle even easier than along the grain because the elasticity modulus
is lower, and when stretching it will very easily crack. It will also not resist much shear
stress along the grain. To see the consequences, we zoom in on the piece of soundboard
in the corner of the joint between cheek and bentside, Figure 22.

Figure 22: Soundboard corner with strains induced by the cheek bending out and
the curve of the bentside becoming tighter.

Because the strength of the soundboard is small compared to the case sides we will
not analyse the forces, we will simply assume that the soundboard follows the deformation of the cheek and bentside. We have seen that the cheek moves outward. Furthermore, the curve of the bentside becomes more pronounced, making the part near
the cheek rotate (in the horizontal plane relative to the soundboard). This results in a
compression of the soundboard lengthwise and stretching across the grain. It therefore
opens up like a fan that could give rise to multiple cracks. Typically, several triangular
cracks run from the bentside to the bellyrail. Because the bellyrail and the cheek are not
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glued together a gap can open between them. The soundboard will try to follow the
movement often resulting in a parallel crack between the bridge and the cheek.

Vertical planes
Until now, we have been almost exclusively
looking at the interactions of constructional
parts in a horizontal plane. We can examine
Fstrings
interactions in the vertical plane and this re( FFrench )
veals some interesting insights as well.
FU
In Figure 23 I have drawn a cross section
at the location of the front upper brace (U2 in
Figure 8). The string force has a component
perpendicular to the bentside, and the upper
brace pushes back to get equilibrium of forces.
The resulting moment is balanced by a force
MLB
at the bottom, where the bentside is pegged
Fbottom
to the bottom board. These forces make the
Figure 23: Cross section of the
bentside lean into the instrument as shown by
bentside at the location of an upthe dashed line. There is of course also the
per brace.
lower brace L that can exert a moment of force
ML , but it is at some distance from our cross
section (I have drawn the moment of force in
gray to indicate this). The bentside can therefore curve inward over its entire height
at this section. In addition, the push forces inside the bentside will have a tendency
to make the top half buckle inwards (see our discussion of the curve of the bentside),
adding to the strain that is indicated in the Figure 23.
FWS

FWC

MLS

FBC

MLC

Fbottom,S

Fbottom,C

Figure 24: Strain of the spine and the cheek due to the lateral force of the bentside.

In a Flemish instrument with a limited amount of eight foot strings, the typical
construction as depicted is normally sufficient. In French instruments however with
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three registers and more notes, it was necessary to glue in extra cauls (the dotted lines
in Figure 23) to diminish the moment of force by reducing the distance between the
opposing forces. The drawing of the petit ravalement of the 1624 Johannes Ruckers
instrument, now in the Museum d’Unterlinden in Colmar, indicates these cauls. Later
builders of French instruments, like Hemsch and Taskin made these upper braces and
cauls in a single piece.
Figure 24 shows another cross section, this one is at the wrest plank. We have seen
that the bentside pushes the cheek to the right and that this force is counteracted at the
wrest plank. The wrest plank is however glued between the spine and the cheek, so
what prevents the wrestplank from sliding to the right is the resistance to twisting by
the spine and the cheek.

Epilogue
In these Ruminations we have examined the stresses and strains in a typical Flemish
17th century harpsichord. Though other models may differ in their construction, our
findings are to a large degree applicable to these as well. In the end, all share the same
wing shape and all have to deal with the strains due to the string tension on this shape.
The construction of the case sides is often identical or nearly so. For example, with
a small adjustment for the double bentside, our analysis is applicable to the German
harpsichord, where tail and bentside are integrated and there is subsequently no joint
between them.
The internal differences mainly focus on preventing the longer case sides from buckling. In the Flemish harpsichords, as in the French, there are lower and upper braces,
the German and Portuguese use only lower braces that extend up to the liner or close
to the soundboard at the case sides. Italians generally use squares that secure the angle between the case side and the bottom and separate braces to ensure the transverse
rigidity of the bottom itself.
However, some words of caution are in place. External signs of what might be
strains, need not necessarily be caused or at least not entirely by the string tension.
Possibly the instrument was constructed with a certain angle off square. Or the bentside
was bulging out over its centre after it had been bent with heat or steam. Also, wood
expands and contracts across the grain with changing humidity, which in turn also
leads to stresses and strains in the case.
Take as an example the bottom of an Italian harpsichord. In dry conditions the
bottom plank will want to contract but the bottom braces will prevent this, so that
the bottom plank becomes hollow at the underside. As the angle between case sides
and bottom is fixed with squares, the spine and the bentside will move away from the
soundboard. If this movement is big enough it may lead to cracks in the soundboard.
On the other hand, if the construction of the squares between spine and bottom was
not strong enough, they may have yielded under the string tension. Or the bottom
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construction itself may not be rigid enough in the transverse direction. In both cases
the string tension may cause the spine to buckle, causing the same type of cracks.
Every apparent strain or failure of the construction will therefore have to be evaluated for every individual situation and will have to include details of the the internal
construction before definitive conclusions can be drawn about the causes of such strain
or failures. Sometimes the devil lies in the details as we have seen with the liner of the
bentside detaching near the cheek. Only if the joint between the liners is made tight
enough to induce the necessary shear stresses will failure occur and this is a question
of less than half a millimetre of wood.
I am aware that I have glossed over some details in an attempt to simplify things
and focus on the general idea. Wood for example does not exactly follow Hooke’s “sic
vis ut tensio”. There is no linear relationship between stress and strain and there is
also the phenomenon of creep, where the strains of the material alter according to the
amount of time a stress is applied. But I do not see that a more detailed analysis would
yield significantly different results in this qualitative analysis.
Finally, maybe needless to mention, we have looked purely at the structural aspect
of the case, not at how the construction or ways of dealing with limiting the strain of
certain members may have an influence on the acoustical qualities.

Conclusion
We have used Newton’s First and Third Laws and Hooke’s Law, the principle of equilibrium of moments of force for objects at rest and the Euler-Bernoulli beam theory to
gain a general qualitative understanding of the stresses and strains in a harpsichord
case that result from the string tension. The present analysis shows that the most important stresses of the case are found in the top half of the case sides. The bottom half
and the bottom itself have only minor stresses to sustain.
The general picture of the deformation of the case can succinctly be described as
follows. The whole case bends over its length because the strings are located above the
neutral line of bending. As the strings are also pulling at the wrest plank above the
neutral line for torsion, this plank will not only bend towards the gap, but also twist
along its axis, moving up at the nameboard and down at the gap. Furthermore, the
curve in the bentside makes the treble side of the case less rigid than the spine and
causes the cheek and bentside to strain more than the spine, so the keywell lifts up
more at the treble side than at the bass.
Due to the fact that the bentside is at an angle with the strings and the way the joint
between tail and bentside is constructed, the bentside will slide like a ladder that is
poorly supported against a wall. The joint with the cheek is pushed outwards which
can cause the soundboard to crack in this area. The joint with the tail is pushed towards
the spine leading to a torsion of the rear of the case.
In addition to the compression forces that tend to make the bentside buckle, the
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force of the strings causes a moment of force over the height of the bentside that will
make it lean into the instrument, thereby compressing the soundboard.

Appendix
In this appendix I will show some examples of the strains that we have discussed above
in real, mostly historical, instruments. In all these instances the string tension is without
doubt the main cause of these strains. As noted before, the total string tension in a
harpsichord is relatively low and not all of the strains are easily visible with the naked
eye. Therefore I have included two examples from pianofortes where the much higher
string tension generally leads to more strain, even if the construction is stronger than
that of harpsichords.
I want to thank the following institutions and their very helpful staff for allowing
me to take photographs and publish them here:
• Scenkostmuseet, Stockholm (Plate 2)
• Bayerisches Nationalmuseum, Munich (Plates 3, 4 and 5)
• Museu da Música, Lisbon (Plates 6, 7 and 8)
• Cité de la Musique – Philharmonie de Paris (Plate 9)
• Parques de Sintra – Monte da Lua, Sintra (Plate 11)
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Plate 2: Pianoforte by Conrad Graf, serial number 1349, currently in Tumba (inventory
number M1955), Sweden. The wrest plank bends up in the middle but from the surface
of the front one can see that it is actually twisted, not just bending upward. The pure
bending due the string force has been countered successfully with a gap spacer: from
the lower edge of the wrestplank you can see that it hardly bends over its width.
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Plate 3: Close-up of the cheek of a harpsichord by Henri Hemsch, 1754, currently in
the Bayerisches Nationalmuseum, Munich (inventory number L99/148). It bends outwards from the end of the wrestplank to the joint with the bentside. The bentside
pushes the cheek to the right but the the joint to the wrestplank keeps the cheek in
place by an opposing the force and moment of force.
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Plate 4: The soundboard in the corner of the cheek and bentside of the 1754 Hemsch
(Bayerisches Nationalmuseum, Munich, inventory number L99/148). There are multiple smaller cracks caused by the combination of the cheek moving away and the curve
of the bentside becoming more pronounced. Most of the cracks show a typical triangular form, compare with Figure 22. Immediately to the right of the bridges a crack of a
few millimetres wide was filled with newer wood.
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Plate 5: The hitch-pin rail near the corner of the cheek and bentside of the 1754 Hemsch
(Bayerisches Nationalmuseum, Munich, inventory number L99/148. To locate this area
correctly, compare the butterfly at the bottom that also appears in Plate 4). The wood
of the liner and/or the bentside has cracked under the shear stress generated by the
tightened angle between the cheek and the bentside.
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Plate 6: General view of the harpsichord by Pascal Taskin, 1782, currently in the Museu
da Música in Lisbon (inventory number MNM 1096) after its restoration in 2017/2018.
The cheek has rotated clockwise, lifting up the keywell and pushing down the joint
with the bentside. The keywell at the cheek is lifted more than the one at the spine
because the bentside, due to its curved shape, is strained more than the spine.
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Plate 7: Soundboard in the corner of the bentside and cheek of the harpsichord by
Pascal Taskin, 1782, before the restoration in 2017/2018. Various strains indicate that
the curve of the bentside has become more pronounced. Clearly visible is that the liner
has come off the bentside near the cheek. This is caused by a shear stress induced by the
angle of the joint between cheek and bentside becoming more acute. The soundboard
shows several small cracks: one at the moulding at the cheek, one starting at the hitchpin rail on the fourth note and one in the lower right corner of the image, disappearing
under the lid stick but running to the 8’ bridge. These cracks are a sign of the shifting
and rotation of the bentside near the cheek. Finally, just visible is that the soundboard
between the first two of these cracks has come up: due to compression the soundboard
has buckled. Note that both Taskin and Hemsch dovetailed the joints between cheek
and bentside. Nevertheless, this has not prevented the joints from hinging.
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Plate 8: The top of the nameboard of the Taskin harpsichord of 1782 after its restoration
in 2017/2018. The moulding curves upward due to the torsion of the wrestplank, and
inward due to both torsion and bending.
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Plate 9: Harpsichord by Johannes Couchet, 1652, ravalé in France, now in the Cité de
la Musique, Paris (inventory number E.2003.6.1). With the ravalement a 4’ register was
added. As the original model of Couchet did not have a 4’, not only the bridge but also
the hitch-pin rail were glued on top of of the soundboard, even crossing the original
flower decoration. The hitch-pin rail is a thin wooden strip passing the tension of the
4’ strings to the soundboard. Though the spruce soundboard is only about 3mm thick,
it has ample strength to withstand this tension.
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Plate 10: View of the bentside and soundboard of a reconstruction of the original model
of the 1652 Couchet with two 8’ registers. Under the moment of force created by component of the string force perpendicular to the bentside and the countering force of the
upper brace, together with the pressure that the string tension exerts in the direction
of the bentside, the bentside buckles into the instrument and in its turn compresses the
soundboard. Comparing with the straight ruler one can see that the bentside bulges
out between the bottom and the liner. The soundboard, being only a thin sheet, cannot
withstand the pressure of the bentside and will buckle in its turn. The way the soundboard buckles is determined by the side bearing of the strings that creates a moment
of force (anti clockwise from this point of view) on the bridge. For the photograph the
jackrail was placed upside down over the spine and bentside to create a shadow on the
soundboard. The wavy line of the shadow shows that the soundboard dips between
the bentside and the bridge and rises between the bridge and the spine.
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Plate 11: Pianoforte by Muzio Clementi, around 1810, currently in the music room of the
Palácio Nacional de Queluz, Portugal (inventory number PNQ 928). With the higher
total string tension of a pianoforte the case of this instrument is strained more severely.
From the side one can clearly see that the joint between cheek and bentside is dipping.
From the rear one sees that the tail has twisted clockwise under the influence of the
sideways force of the bentside on the tail (in reality the gap between the leg and the tail
is even greater because there is a wedge under this leg, which is just visible in the side
view).
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