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Introduction
This is the first of a number of essays in which I will try to apply a scientific approach to
certain aspects of harpsichord making. By this I mean science broadly applied, because
I will not use the rigour of scientific investigation, but only apply the results of the
findings of scientists.
In our modern world the results of scientific investigations of the past, embodied
in technology, pervade every corner of our existence. Clean running water, electricity,
transportation, food supply, etc., are all strongly reliant on technology. Almost any
object you buy has had some engineer or team of engineers working on it to optimise
its efficiency. Cars are a prime example, but even the mouthpiece of a vacuum cleaner
has received attention.
But harpsichords seem to escape this treatment. Of course, we rely on centuries
old technologies, copy original specimens, and use experience as our best guide. What
more do we need? I will not argue that science will help us determine what a good
harpsichord is and how to build it but I will argue that science helps us understand the
workings of the world around us, and this understanding leads to informed decisions.
I myself, for one, should know. Back in the last decade of the previous century, I
met John Barnes. I shared my notes on the Friderici clavichord in the Leipzig collection,
which I had visited shortly before, and we started a small correspondence. He wrote to
me about an investigation he was doing concerning covered bass strings, and wanted
my opinion on his findings. At the time I dismissed it as uninteresting. In the end, you
string by ear, not by means of physics. Posthumously, his very fine article on this subject
was published by Darryl Martin1 , and I was happy to use the results of his findings in
the restoration of the very same Krämer clavichord he discusses!
In that case, some calculations were involved, but these are not always needed to
reach new conclusions. The core of the scientific method consists of formulating a hy1 John
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pothesis through the observation of how reality behaves and testing this hypothesis
with experiments. The more experiments confirm the hypothesis, the closer it comes
to being an objective truth, regardless of whether we like it or not, or even whether it
makes sense to us. Thus, science gives us insights that sometimes run counter to our
intuitions. For example that the earth revolves around the sun and not the other way
round, or that objects do not need a force to keep them moving, but, on the contrary, it
is a force that changes the movement.
So in this series of essays I will try to apply some scientific findings of the past to
understand certain aspects of the workings of a harpsichord. They are written with an
audience in mind that has some understanding of basic physics, but has forgotten the
details or how to apply them. The science that I will use in my ruminations will be
limited to discoveries of the age of reason, arguably also the age of the harpsichord,
although I may transgress a little bit into the early 19th century once in a while.
Whenever I need scientific concepts for the first time, I will introduce and explain
them. I will also sometimes use mathematical formulas and perform some basic manipulations with them, but I hope these will be dispensable to understanding the argument
I am making.

The bass hitch-pin rail
Let us start with something simple: the bass hitch-pin rail of, for example, a French or
German harpsichord. Various times in my career I have been asked to do repair jobs on
a cracked hitch-pin rail. The glued surface between the rail and the tail was still firmly
fixed, as was the surface that was glued to the soundboard, but along the line of hitchpins the wood had opened up completely so that the strings could not be kept in tune.
What seemed to be the problem? I noticed that in all three cases, the hitch-pins had
been drilled (almost) vertically through the rail into the soundboard and liner. Let’s try
to understand why this is not a good practice, and what we can do to avoid splitting
rails.

A little physics
First, we need some insight into what forces do, how they act upon objects and what
the results of these actions are. Central to the understanding of any problem involving
forces is the work of Sir Isaac Newton2 . In his work explaining the movements of planets, the Principiae mathematica of 1687, he formulated the famous three laws of motions,
which can loosely be translated as follows3 :
2 Sir Isaac Newton (25 December 1642 – 20 March 1726/27) was an English mathematician, astronomer,
theologian, author and physicist.
3 The original formulation (in Latin) is much more complex, but in this context it can be simplified.
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First law. An object either remains at rest or continues to move at a constant velocity,
unless a net force acts upon it.
Second law. The force F on an object is equal to its mass m times its acceleration a:
F = m × a.
Third law. When one body exerts a force on a second body, the second body simultaneously exerts a force equal in magnitude but opposite in direction on the first
body.
The First law almost speaks for itself: if no net forces act on an object and it is at rest,
it will remain at rest. I emphasised the word “net” here because there can be forces on
an object, but if they cancel each other out the object will continue to remain at rest.
If they do not cancel themselves out, it follows immediately from the second law that
the object starts moving because it will accelerate by an amount of a = F/m. With
the Third law it is important to note the second part: if two bodies exert forces upon
each other, these forces are equal in magnitude but opposite in direction. So forces do not
only have a magnitude, but also a direction. This direction is not only left and right,
or up and down, but it can be any direction. If we take a look at Figure 1a, we see
(schematically) a ring with three strings attached that pull at it with forces Fa , Fb and Fc .
You can imagine the ring hanging from the ceiling and a weight hanging on the third
string. Yet the ring will not move, because the forces, although in different directions,
cancel each other out.

Fa

− Fb
Fb

Fa

− Fa
Fc
Fc

(a) Forces on the ring.

Fc
Fb

(b) Adding up forces.

(c) Decomposing a force.

Figure 1: A ring hanging from the ceiling with two strings and with a weight attached to it by a third string.

We will always represent forces with arrows in our diagrams. The length of the
arrow represents the magnitude. To check whether the forces in our example cancel
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themselves out, we can add them up. We do this by attaching the tail of a force arrow
to the tip of another one, as seen in Figure 1b. And indeed, we end up exactly where
we left off, so there is no resulting (net) force on the ring. This method of adding up
forces also reveals a very important characteristic of forces: we can “decompose” them
into various other forces. Figure 1c illustrates this: the force Fc can be thought of as
consisting of two other forces, − Fa and − Fb in this case. Note that the signs of the
decomposition forces are negative, because Fa and the decomposition of Fc along the
line of Fa cancel each other out. (The same goes for Fb .) This is exactly what Newton’s
Third law states: equal in magnitude but opposite in direction. As an aside, it may be
nice to point out that the concept of decomposing a force was already understood some
80 years before Newton’s Principiae by Simon Stevin4 .

Applying the physics
Now that we have reviewed the necessary
tools we can turn to our hitch-pin rail problem. In Figure 2, I have drawn a schematic
representation of the top view of a bass hitchpin rail. In reality there would be two rows
tail
of hitch-pins, but for the present analysis that
is not important. The strings are each pulling
with a certain force on their hitch-pins. In Figure 3a I have singled out one hitch-pin and I
have decomposed the force that the string exerts on the pin into two components, one that
is perpendicular to the rail, F⊥ , and another
Figure 2: Top view of bass rail.
one that is parallel, Fk .
In Figure 3b, I have drawn a cross section
through the rail at the position of the pin. We
now apply Newton’s First law, and we see that the hitch-pin rail must exert a force on
the pin to cancel out the force F⊥ from the string on the pin. There will be a counterforce all along the height of the pin, but as the pin wants to topple over in the direction
of the string tension, the counter-force will be higher near the top of the pin, and lower
towards the liner. This is a force that is distributed over the whole length of the pin
inside the rail and is called a line force. In the diagram this is indicated as a triangle
with some force arrows inside.
From Newton’s Third law we know that if the rail exerts this force on the pin, the
4 Simon Stevin (1548 – 1620) was a mathematician, physicist and military engineer from the low countries. Among his many invaluable contributions are the universal introduction in Europe of decimals
instead of fractions and being the first person to give the exact definition of the equal temperament with
the semitone as the twelfth root of two.
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pin will also exert this force on the rail, but in the opposite direction. The plane in which
the rail is most likely to split is along the grain and exactly along the hitch-pins from top
to bottom. The split occurs along the grain because that is where the wood is the least
resistant and along the hitch-pins because this is the plane upon which the forces of all
the hitch-pins act together. In addition, the holes for the pins further weaken the rail.
If, furthermore, the holes for the pins were made tight and the pins had to be driven in
with some force, that too will tend to split the wood.
Fk

tail
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Fstring
FH

P
soundboard

F⊥

liner

(a) Top view with decomposition of the
force.

(b) Cross section.

Figure 3: Force analysis for a single hitch-pin.

Looking again at Figure 3b, the right half of the rail will try to pivot on the edge
in contact with the soundboard, indicated as P. It is clear that the narrow base of the
part between the hitch-pin and P is not helping much in resisting the toppling over
effect, and the main resistance to this will be the strength of the wood itself. We already
noted that the resistance of wood to splitting is at its poorest in planes along the grain.
If the hitch-pins are leaning slightly backwards so as the prevent the loop of the string
sliding off towards the top, the base between the hitch-pin and P will be even narrower,
making matters even worse. Nothing seems to be working in our favour here.
To drill vertical or even slightly backward leaning holes in the rail one needs a long
drill bit. If you only have a short bit, the only way to get the pin near to the wall and
slightly slanting in the direction of the string force so that the string doesn’t pull the
pin out, is to drill obliquely from the side of the spine and bend the tip of the pin that
is sticking out a bit backwards. Figure 4 shows this configuration. In the cross section
(Figure 4b) for reasons of clarity I have drawn the pin as if it runs in the plane of the
section, but in reality it will disappear into the plane of drawing.
Comparing the cross section of the oblique pin with the vertical pin we see that now
the base between the pin and point P is a bit wider, meaning that the part of the rail to
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(a) Top view with decomposition of the
force along the rail.

(b) Cross section. I have drawn the pin
as if it runs in the plane of the section,
but in reality it disappears in the plane
of drawing.

Figure 4: Force analysis for an oblique hitch-pin.

the right will not pivot so easily any more.
You may object that the component Fk will make the pin topple over in the direction
of the rail (towards the top of the diagram) and thus lift the rail up. But we have
decomposed the string force along the hitch pin rail to investigate the forces that are
exerted by the pins on the natural plane of fracture in the rail. To see what the force on
the pin is that would lift it out towards the top surface of the rail, we would have to
decompose the string force in the direction of the pin, as in 5. We see that the component
in the direction of the pin, Fk pin , is very small.
tail
T

Fk pin

Fstring
P

F⊥ pin

soundboard
liner

Figure 5: Top view with decomposition of the force along the pin.

Figure 6: The hitch pin rail opening
up in a diagonal plane.
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One can even avoid this force completely if one drills the hole for the pin in a plane
even more perpendicular to the string direction (tilted more towards the tail). But that
will not be necessary, because in the same way that the component F⊥ pushes the rail
against the soundboard, Fk pin pushes the rail firmer against the tail.
The reasoning may become clearer when you imagine how the wood actually moves
when splitting (see Figure 6). It is difficult for the rail to open up along a diagonal plane
because it is clamped between the soundboard/liner at P and the tail at T.
Indeed, the drawing that Mr. Skowroneck made of the 1728 Zell harpsichord indicates these oblique hitch-pins. According to the drawing, the pins even enter into the
side walls of the instrument. I have not been able to verify hitch-pin drilling in other
historical instruments, but it wouldn’t surprise me if this was common practice. After
all, no special long drill bits are needed.

Conclusion
We have used Newton’s First and Third laws to analyse the strength of the bass section
of a hitch-pin rail in a typical French or German harpsichord. By fitting the hitch-pins
not vertically but obliquely, the forces that the strings exert are much better taken care
of inside the rail, making it less likely to split.

Addendum
When I was finishing this essay, my colleague and friend Andreas Kilström sent me
X-ray photographs of the hitch-pin rail of the 1710 Mietke harpsichord in Hudiksvall,
Sweden. This instrument has a single manual with the compass GG,AA – c000 and has
two 8’ registers. I was granted permission by Andreas and Matthias Griewisch to use
these photographs in this essay, see Plate 1. (The photographs have different scales and
do not match up to cover the whole length of the rail, but I tried to lay them out on
the page so that they approximately cover the corresponding sections. Note that if you
have the digital version of this document you can zoom in on the images.)
It is clear from the photographs that Mietke drilled the hitch-pins obliquely into the
rail and bent the top part over so the string doesn’t slide off. As Andreas pointed out to
me, the images show that Mietke used different angles for the longer and shorter strings
so that the hitch-pins for the two registers have different planes of splitting. It may be
stretching the point too far to note that he used a lesser inclination for the short string
of every note (that has a lower tension), but maybe he had a well developed intuition
for physics and felt that more vertically positioned pins would more likely make a rail
split.
Note that Mietke did not take the trouble to lean the pins into the strings everywhere as can be seen, for example, with the pins for the lowest seven notes where their
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orientation would allow them to be pulled out by the string. However, the friction between pin and rail is apparently strong enough to keep the pins firmly in place. (The
thick pins in the bass section are nails to fix the position of the rail when gluing.)
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Plate 1: X-ray photographs of the hitch-pin rail of the Mietke harpsichord in Hudiksvall,
Sweden. Copyright by Andreas Kilström and Matthias Griewisch.
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