
John Harrison and the Nonlinear Spring

Douglas S. Drumheller, PhD

Hyperbolic Consulting

Cedar Crest, New Mexico, USA

ABSTRACT

By definition an isochronal clock is accurate because its beat rate is in-
sensitive to the semi arc of its balance. It is known that Harrison’s first two
sea clocks are anisochronal machines due to the effects of their grasshopper
escapements and temperature compensators. Here we combine new mea-
surements of a replica of H.1, calculations and a direct observation of H.1’s
behavior published 60 years ago to illustrate that the spring-balance systems
used in these clocks are perhaps the most anisochronal mechanisms found in
any of Harrison’s machines.



1 INTRODUCTION

In his seminal work, The Marine Chronometer, Rupert T. Gould [1] praises
John Harrison’s fourth sea clock H.4, which “... by reason alike of its beauty,
its accuracy, and its historical interest, must take pride of place as the most
famous chronometer that has ever been or ever will be made.” Harrison
arrived at his masterpiece, one might say, almost by chance as his initial belief
was that his third sea clock H.3 was a superior machine. But upon testing
H.4 he soon realized that it was a special creation. It was the culmination of
three decades of effort, and, of course, it soon made two round-trip journeys
across the Atlantic thereby demonstrating the first practical solution to The

Longitude Problem making Harrison famous, respected and wealthy.
His road to success was not an easy one. Harrison constructed his first

two sea clocks, H.1 and H.2, in 6 and 2 years respectively; however, H.3
had been under development for 17 years at the time the Jeffery’s Watch, a
precursor to H.4, was assembled by one of Harrison’s workmen, John Jefferys.
Notably H.3 is a maddeningly complex machine designed to overcome one
flaw, Harrison’s choice of a highly nonlinear spiral balance spring. It was
this short spring that undoubtedly drove Harrison to install his complicated
isochronal corrector. Today we might wonder why Harrison did not instead
replace this spring with a linear one? Well, indeed, H.4 is such a solution. It
has a longer lighter and more linear spring.

As the linear spring is the key to Harrison’s success, a brief review of just
what we mean by this term seems in order. The deflection of the balance
is measured by its angle of rotation θ. When at rest the balance sits at its
neutral position where θ = 0. But when in motion θ changes as the spring
deflects to exert a restoring torque T on the balance. We can easily plot the
values of T for all possible values of θ that the balance might assume. When
that plot is a straight line the spring is said to be linear. If it is curved the
spring is nonlinear. As an example, suppose we have three different springs,
A, B and C. The respective plots of T versus θ, called torque-deflection
curves, are illustrated in Fig. 1. Obviously, Spring A is linear and Springs B Fig. 1
and C are nonlinear. Moreover, the stiffness of each spring is equal to the
slope of its curve. Spring A has a slope that is identical at every point along
curve A, and consequently it has constant stiffness. Spring B has a stiffness
that changes as we move along curve B. At the neutral position its stiffness
is equal to that of Spring A, but as we deflect the spring in either direction to
move away from the neutral position its stiffness increases. Similarly Spring
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C softens during deflection.
Why is this important? Well as Randall in his excellent article [2] on the

Harrison sea clocks carefully points out, in the absence of escapement error,
an oscillator with a linear spring is isochronal and one with a nonlinear spring
is not. That is because the rate of the oscillation depends directly on spring
stiffness. In operation the balance travels over a range of positions from
−θmax to θmax. Because the stiffness of Spring A never changes an oscillator
using Spring A will have a constant rate regardless of the amplitude of its
motion. An oscillator using Spring B will exhibit a similar rate so long as
the semi arc θmax remains very close to the neutral position, but it will gain
in rate at larger semi arc. If Spring C is employed it will lose in rate as the
semi arc increases. While this is common knowledge today, Randall points
out in his paragraph entailed H.3’s lack of isochronism it would take another
century beyond Harrison’s time to establish the connection between spring
nonlinearity and isochronism.

Because he did not fully understand it, Harrison was plagued by this
problem not only in H.3 but also H.1 and H.2. Indeed Harrison intentionally
introduced spring nonlinearity into his first two machines with his temper-
ature compensator, and that alone makes them anisochronal. Vandyck was
first to point this out in a series of articles, [3], [4] and [5]. But perhaps the
most interesting evidence of this fact can be found in an article by Fletcher
[6] who restored and tested H.1 in the early 1950’s. Commenting on the
rate of H.1 and the length of the wires that attach the balance springs to
the balance itself, Fletcher says, “An alteration of as little as 1/2 mm will
make a difference of several minutes a day, so it will be seen why Harrison
chose this point to apply his temperature compensation.” As we shall see
this statement is equivalent to saying the rate of H.1 changes several minutes
a day when the semi arc changes by as little as 1/2 mm.

Our goal here is to estimate the spring nonlinearity and anisochronism
of Harrison’s first two sea clocks. We will present timer measurements of a
replica of the H.1 oscillator, and display the results as an isochronal map. In
this map the going rate is plotted vertically against the horizontal value of
the semi arc of the balance. Thus the map of an isochronal oscillator is a
flat horizontal line. A sloping line represents anisochronal behavior, and the
value of the slope is a measure of the lack of isochronism of the oscillator.
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2 H.1’s Oscillator

Harrison’s first two sea clocks, H.1 and H.2, employ the same basic oscillator.
Here we describe in detail the configuration of H.1.

Two dumbbell balances, A and B, and the four balance springs, C through
F, are illustrated in Figs. 2 and 3. A triad of coordinates X, Y , and Z is Fig. 2

Fig. 3shown in the bottom left corner with Z pointing out of the page in Fig. 2.
The balances are tied together at G with two criss-crossing flexible straps.
This forces the balances A and B to rotate in opposite directions and makes
this oscillator relatively insensitive to the movements of its support frame.
Harrison’s giant roll segments, H through K, support the balance arbors L
and M on the edges of circular blades. The label of each roll points to its
respective center of rotation as does the label of each arbor. One end of each
spring is attached to a stationary mast R. The other end is attached to a
circular cheek on the balance frame by means of four flexible flat wires N
through Q. Notice that as the balances are rotated to stretch the top springs
C and D, the bottom springs E and F contract. The center of curvature
of each cheek is coincident with the center of its balance arbor. Its radius
of curvature is about 200 mm. Each spring is stretched before its flat wire
is attached to the cheek. The labels N through Q point to the attachment
locations in Fig. 2. It is this initial stretch that Fletcher references in his
article; that is, when this stretch is changed by 1/2 mm the clock rate changes
by several minutes a day. Notice that each spring is also stretched 1/2 mm
when its balance is rotated 0.5/200 = 0.0025 = 2.5 mrad.

A simple helical spring is a linear device and as the cheeks are circular seg-
ments with centers at M and L, the restoring torque applied to the balances is
also linear. Thus disregarding escapement error and left in this configuration
this mechanism would be isochronal. But to this system Harrison added a
temperature compensator. As illustrate in Fig. 3 he wound each spring first
in one direction and then in the opposite direction. He then placed a pin S
at the winding reversal. The pin S is free at the neutral position, but when
the balances rotate and the spring contracts the pin S eventually contacts
the pad T.1 This contact blocks the further contraction of the first few coils
of the spring. Thus when S touches T the spring has 5.5 active coils, and
when S does not touch T it has 8 active coils. You will notice that during

1You should understand that 4 sets of pads and pins are used, but we have only labeled
one. The temperature compensator acts on each of the pads in the same way.
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a complete oscillation the top and bottom pins alternate periods of contact
with the pads. These periods of contact are separated by yet other periods
where all four pins are out of contact. Consequently during each oscillation
of the balances the spring stiffnesses undergo dramatic change. To illustrate
this change let us plot the stiffness of each set of two springs that act on
each balance; for example, the springs C and E acting on the balance A. (See
Fig. 4.) Fig. 4

To understand this plot first suppose the balance starts at the neutral
position where both pins are out of contact. Each spring has 8 active coils
with stiffness K. Thus the total stiffness is 2K. Next the balance rotates
away from the neutral position until at angle θc one of the pins, say the
bottom pin, contacts its pad. The stiffness of that spring changes from K to
1.5K.2 Thus the total stiffness of the two springs is now 2.5K, a level which
is maintained as the swing reaches maximum amplitude and returns to θc

where the pin once again drops out of contact with the pad and the total
stiffness returns to 2K. You can easily see this action is symmetric about the
neutral position, and thus the total stiffness remains at 2K until it increases
once more as the balance passes −θc and the top pin makes contact with its
pad.

If we estimate that K = 0.083 lbs/in and θc = 43 mrad at 70 ◦F. We
can combine this information with the results illustrated in Fig. 4 to arrive
at a torque-deflection curve for H.1. (See Fig. 5.) Later we shall show that Fig. 5
the nonlinearity of this torque-deflection curve, which looks like Spring B, is
strong and leads to a highly anisochronal oscillator.

Harrison introduced the four pads T into H.1 and H.2 to compensate
for the natural tendency of the clock rate to slow during a temperature
increase. He knew that two things contribute to this; the thermal expansion
of the balance and the decrease in the spring stiffness K. Let us see how
his compensator achieves this goal. Suppose under conditions of constant
temperature we move each pad T towards its balance so as to decrease θc

and thereby increase the duration of contact with each pin S. The oscillation
rate will increase because we have moved the stiffness transitions at θc and
−θc towards the center of the plot in Fig. 4 and thereby increased the average
stiffness of the balance springs. Next suppose we increase the temperature.

2The inverse of the stiffness of a helical spring, also called the compliance, is propor-
tional to the number of active coils. Thus the change is in the ratio 8 over 5.5, which to
two figures accuracy is 1.5.
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This reduces the value of K and causes the stiffness curve itself to drop
slightly towards the origin. Given that we have selected the appropriate
change in pad position this change in temperature will bring the rate back
to its initial value. Indeed Harrison adjusted his grid-iron mechanism to do
just this.

But unfortunately there is another way we can change the average stiff-
ness. Just change the semi arc θmax. We can now see why Fletcher’s obser-
vation is so important. He stretched the flat wire to alter the contact angle
θc between the pin S and the pad T thereby demonstrating the extreme sen-
sitivity of the clock rate to a change in θc. What he did not realize is that
simultaneously he was also demonstrating the extreme sensitivity of the rate
to a change in the semi arc θmax.

3

3 Estimating Anisochronism

Vandyck, [4] and [5], presents a detailed analysis of a spring system similar
to H.1; however, the spring system he considers differs from that used in H.1
and H.2 in one important way. He only considers a single balance spring
with a single pad and pin. Thus he ignores one of the two stiffness transi-
tions illustrated in Fig. 4. His analysis is easily modified to account for this
omission. The results are

π

2

T

T0

= β cos−1 α + tan−1

(

βα
√

1 − α2

)

, (1)

where α = θc/θmax, β =
√

2KL/(KL + KS), KS is the stiffness of the 5.5-coil
spring when its pin and pad are in contact, KL is the stiffness of the 8-coil
spring, T is the period of the balance and T0 is the period of the balance when
the pins and pads are absent. Here you will notice the connection between
changing θc and changing θmax. Changing either one alters the value of α
and thus the period T .

3Harrison may have reshaped the cheeks in an attempt to counter some of the nonlin-
earity, but it is a futile effort as a complete removal of the cheeks beyond θc to leave only
a point connection between the wire and the frame cannot begin to counter the strong
nonlinearity introduced by the pin contact. Indeed the effect of reshaping the cheeks is so
small that it produces no detectable change in Fig. 5.
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4 Anisochronism of a Pendulum.

For the moment let us put aside our discussion of H.1 to consider the behavior
of a pendulum so that later we might compare our measured response of H.1
to that of a simple pendulum.

The restoring torque acting on a pendulum is T = WL sin θ, where W is
the weight of the bob and L is the length of the pendulum. When you plot
this torque-deflection curve in Fig. 1, it looks like Spring C. Thus as the semi
arc of the pendulum swing increases the rate slows. However, for the semi
arcs that Harrison used in his regulators the difference between the pendulum
restoring torque and a straight line is so small that it is impossible to see the
deviation from a straight line in this figure, but small as it is it still causes
anisochronal behavior. For values of θmax smaller than roughly 140 mrad
(8 degrees), the deviation of the rate of the pendulum from linear behavior,
which is called circular error, is given by a surprisingly simple equation

circular error = −θ2

max/16, (2)

where the circular error is expressed as seconds of error per seconds of time.
This equation, in which θmax must be given in radians, was first derived by
Daniel Bernoulli, a contemporary of Harrison.4

If the circular error were a constant quantity it would pose no problem as
the mechanism could simply be adjusted to compensate. But unfortunately
as a practical matter it is difficult to control the semi arc and so as it changes
so does the circular error. For small changes in semi arc that change, called
going, is easily derived from this expression. The result is

going = −θmax/8 × semi-arc change, (3)

where the going is also given in seconds of error per seconds of time.
Now let us see how this result for the going of a pendulum compares

to Fletcher’s observation of anisochronal behavior in H.1. In the previous
section we showed how Fletcher’s 0.5-mm adjustment of the spring wires can
be compared to a change of semi arc of 2.5 mrad. So let us now assume the
semi arc of H.1 is 5 degrees or 87 mrad. When we apply these parameters to
the pendulum we obtain

going = −0.087/8 × 0.0025 = −27.2 ms/s.

4This relationship can be compared to Eq. 1 in which T/T0 is the “circular error” of
H.1 and H.2.
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Given 86,400 seconds in a day this error will accumulate to 2.3 s/day. Thus a
change of 2.5 mrad in semi arc results in a 2.3 s/day change in the pendulum’s
rate. In contrast for the same change in semi arc Fletcher observed several-

minutes-a-day change in H.1’s rate. This represents an enormous increase in
anisochronal behavior far beyond anything Harrison had dealt with before.

5 Useful Anisochronism

Harrison believed a certain degree of nonlinearity and anisochronism was
advantageous. There is strong evidence to support his position not the least
of which is that his pendulum regulators were superbly accurate machines.
A modern example of putting anisochronism to use is found in the work of
Tekippe [7], who noted that recoil escapements produce error opposite to
circular deviation. Thus while the pendulum naturally slows as its semi arc
increases, the action of the recoil escapement tends to make the pendulum
speed up during this amplitude change. Thus starting with a dead-beat
escapement, Tekippe modified it and introduced a small amount of recoil to
balance the circular deviation. The result is a simple pendulum mechanism
without barometric compensation which varies only about 10 ms/day.

Another use of anisochronism was discovered by Drumheller [8] and [9].
He shows how it is possible to compensate the rate of a pendulum for baro-
metric changes by setting the semi arc of the swing to a predicted value.
Surprisingly, when the escapement is set up to drive the pendulum at the
neutral position the compensation works regardless of the value of atmo-
spheric damping of the motion; that is, it is independent of the damping
parameter Q. Instead it works because that value of damping, whatever
it might be at a particular moment, always depends on the density of the
surrounding air.

While the small amounts of anisochronism associated with a pendulum
make these elegant applications possible, the significantly larger levels present
in H.1 and H.2 are quite another matter.

6 Experimental Apparatus

Now let us return to the measurement of isochronism in Harrison’s first two
sea clocks. The test mechanism for this work is the author’s replica sea clock
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based on Harrison’s H.1. (See Drumheller [10] and Fig. 6). This clock is Fig. 6
placed on a wooden stand and enclosed in a clear glass case. Drawings of the
balance system are shown in Figs. 2 and 3. The layout of this mechanism is
based closely upon the design of Leonard Salzar’s famous replica of H.1 [11].
Wooden bushings and antifriction wheels are used throughout; however, the
going works are brass and consequently more closely related to H.2. The
H.3 remontoire, which triggers every 15 beats, is mounted on a hollow arbor
concentric to the escape arbor. At present the temperature compensator is
adjusted to provide zero compensation. That means the pads remain in a
fixed position.5 Test results are also obtained using a modification of this
replica in which the pads and calipers have been removed.

A long thin pin supporting a black flag was mounted near the bottom
cheek on the starboard balance. A photo gate sensor was correspondingly
mounted to the main rear plate and a temperature sensor was placed inside
the clock case. The outputs of the photo gate and temperature sensor were
connected to a MicroSet timer. The timer recorded when the leading edge of
the flag intersected the light beam. It also recorded the duration over which
the flag blocked the beam. The MicroSet was configured to report, without
averaging, a data event for every beat of the clock. Consequently two records
were obtained for every complete oscillation of the balances. An algorithm
developed by the author [12] was used to process this data and thereby
estimate the period and semi arc of the oscillation. During testing a black
clothe was wrapped around the clock case to reduce the effects of ambient
light upon the photo gate. For reasons which will become apparent the test
room was heated but no attempt was made to closely control temperature.

7 Testing Method

Our goal is to measure two important quantities, the going due to changes in
semi arc as well as the going due to changes in temperature. To understand
our process for determining these two quantities let us first consider a typical

5The calipers U actually deflect a small amount to engage the wedge V with each os-
cillation, which gives the machine its distinctive clacking sound. However, the position
of the pad T does not otherwise change with temperature. In this configuration we have
observed that artificially locking each caliper to its respective wedge does not significantly
alter the data. Establishing the stability of this state is necessary preparation for adjust-
ment of the temperature compensation using the methodology discussed here, but that is
future work.
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record of semi arc measurements acquired from our apparatus over a 20 hour
period. (See Fig. 7.) Every beat is plotted and the data samples have not Fig. 7
been averaged. The average semi arc is about 105.5 mrad or 6 degrees, which
is a little greater than H.1. The typical variation in the semi arc is about
1 mrad. The effects of the antifriction wheels supporting the escape arbor,
which rotate with a 37 minute period, are observable in this data. The source
of the large excursion beginning at 10 hours is typical but the cause of such
events is unknown. The temperature starts at 70 ◦F, smoothly increases to
75 ◦F at 8 hours, and then drops to 66 ◦F.

Even through these data are from measurements of our replica of H.1, let
us for the moment suppose they are measurements from a pendulum that
behaves according to Bernoulli’s laws given above. We assume the pendulum
is adjusted to go at the proper rate when swinging at the average semi arc.
The going of the pendulum is computed with Eq. 3 where the change is the
sample semi arc minus the average semi arc. We now construct an isochronal
map for the pendulum by plotting the going versus the semi arc. (See Fig. 8.) Fig. 8
Notice the rate of the pendulum decreases as the semi arc increases. We also
point out we have assumed the escapement errors and temperature errors
are zero. Still the pendulum is not isochronal because this plot is not a flat
horizontal line. In fact the pendulum loses about 1 s/day for every milliradian
increase in semi arc.

Now recall that the temperature varies in the test room. So let us see what
happens when we include temperature error. We assume the pendulum has
a brass rod, which results in an error of 0.83 s/day for every ◦F temperature
departure from the initial temperature of 70 ◦F. Thus we subtract the product
0.83 × (temperature − 70) from every data sample and plot the results once
more. (See Fig. 9). Fig. 9

This isochronal map is typical of what we will see when we examine the
data of the replica taken in a room with a varying temperature. It represents
the combined effects of anisochronal behavior and temperature variation.
When given such a map our first step will be to remove the temperature
effects by adding the quantity γ(temperature-initial temperature) to each
data point. As the temperature sensitivity γ for the replica is unknown we
will guess a value of γ and repeat the process until the map collapses to a thin
line as illustrated in Fig. 8. This final value of γ is the desired temperature
sensitivity and the slope of the resulting map is the amplitude sensitivity.
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8 Testing the Replica

The replica was tested in two configurations: the linear configuration does
not have the temperature compensator installed and the nonlinear config-

uration has the temperature compensator pads and calipers installed in a
fixed position where θc = 73 mrad. Data were collected for 6 hours and 22
hours, respectively. The data were processed through the amplitude algo-
rithm before the results were averaged over 15 samples, the period of the
remontoire cycle. This had little affect on the appearance of the data, and
was done primarily to reduce the volume of the samples. During the test of
the nonlinear configuration the temperature varied by 7 ◦F. For the test of
the linear configuration it changed 2 ◦F.

Figure 10 is the isochronal map of the linear configuration. Figure 11 Fig. 10
illustrates the isochronal map of the nonlinear configuration. Because of the Fig. 11
larger temperature change during this test the data are distributed over a
wider band. Notice the data group into several narrow bands having positive
slopes.

9 Anisochronism of the Replica and H.1

We now temperature correct all of the data with the same factor γ. We estab-
lish this value empirically by searching for the one value of γ that collapses
the data sets into distinct bands. The result is γ = 7 s/day/◦F.6

Figure 12 is the temperature-corrected isochronal map of the linear con- Fig. 12
figuration. Notice the data now fall into a straight narrow band with a
positive slope of 5 s/day/mrad. The positive slope is due to the strong recoil
of the grasshopper escapement. It is of opposite sign and approximately five
times as great as what we observed in the pendulum map. Thus the linear
configuration is 5 times less isochronal than a pendulum. Recall that the
balance cheeks are circular. Vandyck [4] remarks that Harrison may have
employed eccentric cheeks to counter this error.

6This correction factor differs significantly from that used for the pendulum clock be-
cause the temperature variation of the pendulum is due solely to thermal expansion of the
pendulum rod while the change here also depends on the softening of the steel balance
springs. Rawlings [13] also gives an estimate of 5.8 s/day for a brass clock with steel
springs. However, he only considers springs which operate in bending and not in torsion.
Resistance to bending depends on Young’s modulus. In helical springs the value K results
from torsional deformation of the wire and hence it depends on the shear modulus.
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Figure. 13 is the temperature-compensated isochronal map of the nonlin- Fig. 13
ear configuration. Here for comparison we have included a solid line with a
slope of 48 s/day/mrad. This corresponds to Fletcher’s observation of H.1
in which we have taken the liberty of interpreting his comment of “several
minutes” to mean 2 minutes.

This isochronal map indicates a going gain of 48 s/day/mrad. Thus by
simply placing the temperature compensator back into the clock we have
increased the sensitivity of the going to amplitude variations by a factor
of ten. Moreover, we have confirmed Fletcher’s direct observation of the
behavior of H.1.

The dashed line is the theoretical prediction of the anisochronism given by
Eq. 1. You should note that this equation is derived for a spring balance free
of damping and without an escapement. Consequently it does not account
for escapement error. Also notice that the difference between the slopes of
the solid line and the dashed line is approximately equal to the escapement
error show in Fig. 11.

We also note that the slope or anisochronism predicted by Eq. 1 depends
on the value of θc. Anisochronism decreases as this angle decreases until it
is zero when θc = 0.7 Given the good agreement between the data and the
theory there is every reason to believe that H.1 and H.2 also behave in this
way; that is, their anisochronism is strong and changes significantly with
temperature.

10 Conclusions

We have presented a method for analyzing the anisochronism and temper-
ature sensitivity of a clock and applied it to the measurement of a replica
of H.1’s spring-balance system. The comparison of these results to a pub-
lished observation of H.1’s actual behavior shows that H.1 and H.2 are highly
anisochronal machines which exhibit an amplitude sensitivity that is 50 times
stronger than that of a pendulum. The source of this problem is Harrison’s
temperature compensator, which induces a nonlinear response in the balance
springs. H.1 and H.2 are undoubtedly the most anisochronal machines that

7We might argue that Harrison used small values of θc to improve the isochronism, but
two issues complicate this approach. First, a range of θc must be employed to accommodate
a range of temperatures, and second, the temperature compensator will not work unless
a strong anisochronism is present.
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Harrison ever built. The anisochronism changes with temperature and can-
not be corrected by reshaping the cheeks which support the balance springs.
Our results lend insight into the problems and delays that Harrison faced
during the development of his solution to the Longitude Problem.

11 Conjectures

As Laycock [14] points out, Harrison apparently abandoned H.2 without ever
testing it at sea because he observed by chance experiment that the shapes
of the balances made them unacceptably sensitive to centrifugal forces intro-
duced by the motion of a ship. Laycock states that,“(Harrison’s) argument
is perfectly sound mechanically, but the magnitude of the change in prac-
tice would hardly be likely to be significant.” Laycock may have based his
judgment on the classical formulation of rigid body mechanics as well as the
erroneous notion that H.2 is isochronal. Vandyck [3] carefully summarizes
these arguments, which are based on the works of Euler and Lagrange, and
the results suggest a minor effect. It is also not hard to imagine that Harri-
son was familiar some of the underlying concepts. Indeed Euler was both a
contemporary of Harrison and under commission by the Board of Longitude
to do celestial calculations. So did Harrison abandon H.2 for an apparently
minor flaw? Perhaps there is a much simpler explanation of what Harrison
observed in his chance experiment.

Clearly the rotation of the clock induced centrifugal forces in the balances
themselves, which changed the amplitude of the oscillation. The going in a
isochronal machine would only change by a small amount as predicted by
classical mechanics. But because of the nonlinear springs and the strong
anisochronal behavior of H.2, this small change in amplitude resulted in a
large and consequently significant change in H.2’s rate. Harrison’s solution to
this problem was to move on to 17 years of development on H.3. He changed
the shapes of the balances from dumb bells to circles, which eliminated the
inertial effect that produced the amplitude change, but unfortunately he
continued to use a nonlinear spring.

Another curious story about H.1 is that it did poorly on its trial voyage
to Portugal and much better on its return voyage to England. People spec-
ulate as to what Harrison might have done in a foreign port to improve its
accuracy. Put in the same situation, the author knows what he would do
with his replica. He would first remove the temperature compensator pads
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and calipers, an easy task requiring only simple tools. This would result in
two changes. It would reduce the rate by around 4.5 percent, and it would
improve the isochronism by a factor of ten. Then on the return voyage he
would keep a written log of the temperature and compensate for rate and
temperature errors by hand computations. The result would be a factor of
ten improvement in navigational estimates. One wonders if Harrison might
not have done the same.
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Figure 1: The torque-deflection curves for three springs. Spring A is a linear
spring with constant stiffness. Spring B is nonlinear and stiffens during
deflection. Spring C is nonlinear and softens during deflection.
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Figure 2: The balances viewed from the front of H.1.
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Figure 3: The spring and compensator mechanism viewed from the rear of
H.1. The support rod, which connects the wedge V to the grid-iron system,
is not shown
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Figure 4: The stiffness curve for each set of H.1’s balance springs.

Figure 5: The torque-deflection curve of each set of H.1’s balance springs
where K = 0.083 lbs/in and θc = 43 mrad.
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Figure 6: The apparatus. Photo by Dave Cherry.
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Figure 7: History of the semi arc of the replica.

Figure 8: The isochronal map of the pendulum.
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Figure 9: The isochronal map of the pendulum with temperature error.

Figure 10: The isochronal map of the linear configuration.
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Figure 11: The isochronal map of the nonlinear configuration.

Figure 12: The temperature-corrected isochronal map of the linear configu-
ration.
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Figure 13: The temperature-corrected isochronal map of the nonlinear con-
figuration. The solid line is Fletcher’s observation of H.1 and the dashed line
is Eq. 1.
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