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INTRODUCTION

Recent articles in HSN by Alan Emmerson [1] and Alan W Heldman [2] on the 
analysis of mainsprings contained in barrels have prompted me revise and extend an 
article on the fatigue failure of a wall clock mainspring that was originally published 
on a CD containing the proceedings of a conference on fatigue that was held in 2007
[3].

The first known, reasonably well documented, metal fatigue failures were in clock 
mainsprings [3]. The use of uncoiling springs, rather than descending weights, as a 
driving force was an important factor in the development of clocks for general use, 
and appears to have started in the early fifteenth century. By the late eighteenth 
century the technology for the manufacture of durable watch and clock mainsprings 
was well established; a detailed description of the state of the art of making watch 
springs was first published in 1780 by Blakey [5]. Even so, because of the prevalence 
of failures, which would usually be due to fatigue, high quality watches and clocks 
were designed (and still are) so that a broken mainspring could easily be replaced.
Replacement mainsprings are readily available from horological suppliers.

Since 1968 my kitchen clock, in four different houses, has been the single train spring 
driven wall clock by John Davidson, Coatbridge, shown in Figure 1. Coatbridge is in 
Lanarkshire, Scotland. The dial is signed, but there are no other identification 
markings. The clock was bought from a dealer in Glasgow, Scotland, and was 
originally used in a school. The back of the case is marked ‘HEAD’S ROOM’ in 
chalk. In 1994 the mainspring failed while the clock was being wound. A simple 
fracture mechanics analysis of the mainspring failure, based on Rawlings’ analysis of 
mainsprings [6], is presented in this article, together with some observations on the 
performance of the replacement mainspring. The fracture mechanics analysis is the 
same as that presented in Reference [3].

Figure 1. Wall clock by John Davidson, Coatbridge.



ANALYSIS OF MAINSPRINGS

Clock mainsprings are rectangular ribbons of spiral form, usually made from C-Mn 
spring steel heat treated to around 400 VPN [7]. During manufacture the ribbon is 
wound round an arbor, and material near the surfaces is stressed beyond the elastic 
limit. When released the springback results in a spiral which is approximately 
logarithmic. There are compressive residual stresses on the outer surface of the spiral, 
and tensile residual stresses on the inner surface.

In better quality clocks the mainspring is enclosed in a going barrel, as shown 
schematically in Figure 2. The outer end of the mainspring is attached to the barrel 
and the inner end to the arbor. Traditionally, mainsprings are designed using rules of 
thumb based on experience, rather than by theoretical analysis [8]. It is accepted good 
practice that the volume of the spring should be about half the free volume in the 
barrel, and that the diameter of the centre arbor should be about 10 times the spring 
thickness. The internal diameter of the barrel is usually about three times the diameter 
of the arbor. The spring thickness is optimised to maximise the amount of stored 
energy.

Figure 2. Partly wound mainspring and Figure 3. Section of mainspring.
barrel assembly

The central arbor has a squared end and the spring is wound onto the arbor by turning 
the squared end with a key. Click work prevents the arbor turning in the reverse 
direction. Figure 2 shows a mainspring partly wound. There is a closely wound 
bundle of coils on the arbor, and another closely wound bundle inside the barrel, with 
free coils in between. As the mainspring unwinds coils transfer from the arbor to the 
inside of the barrel. One free coil is shown in the figure, in practice the number of 
free coils increases as the mainspring unwinds.

A clock mainspring is loaded in bending, with loading and unloading moving along 
the spring as it is wound and unwinds. The bending moment in the free coils is 
constant, and it is this bending moment that provides the torque needed to drive the 
clock train. Bending moments in the outer bundle of coils are smaller than in the free 
coils, whereas bending moments in the inner bundle are larger. These larger bending 
moments mean that when a new mainspring is first wound up there is additional 
permanent deformation of the inner coils, and when released the shape of the 
mainspring has changed. As the mainspring is repeatedly wound and unwinds during 
service there may also be additional permanent deformation due to what is called
shakedown [9]. As the mainspring unwinds the torque applied to the barrel decreases, 
approximately linearly [8]. In better quality clocks a fusee is interposed between the 



barrel and the clock train in order to keep the torque applied to the train 
approximately constant, and hence improve timekeeping.

Detailed analysis of the stresses and displacements in a mainspring contained in a 
barrel is difficult [1, 2, 6]. There are three main reasons. Firstly, the precise shape of 
the unloaded spring is, in general, not known in detail, and shakedown means that the 
shape may change during service. Secondly, the effect of friction between coils is 
difficult to incorporate into the solution. This is because the amount of friction 
depends on the properties of the lubricant used, and this changes during service as the 
lubricant deteriorates. Observation shows that a mainspring does not wind and 
unwind evenly if it is not correctly lubricated. Thirdly, in a stress analysis sense, 
displacements are very large and, for a given amount of winding, the shape of the free 
coils has to be determined as part of the solution. As pointed out by Heldman [2], 
simplifications used in small deformation beam theory are not exact when applied to 
mainsprings.

As a first approximation, following Rawlings [6], consider a section of mainspring of 
width, W, and thickness, t, which in the unloaded condition is of constant radius R
(measured at the centre line), and is clamped at one end, as shown in Figure 3. The 
angle subtended at the centre of curvature is α. If the section is bent to a smaller 
radius, r, by applying a clockwise bending moment to the free end then the subtended 
angle is β. The length of the section at the centre line, l = Rα = rβ. In the stress
analysis of mainsprings of normal proportions anticlastic bending does not have to be 
taken into account [7]. The work done, D, in bending the mainspring through an angle 
γ = β – α is given by [6]
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where M is the applied bending moment, and E is Young’s modulus. The maximum 
energy that can be stored in the section of mainspring, ε, is given by
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where S is the maximum permissible stress, taken as the elastic limit, and V is the 
volume of the section of mainspring. Since the mainspring is loaded in bending the 
maximum stress is at the surface. In principle, Equation (2) could be integrated 
numerically to give the total energy stored in a mainspring, but in practice 
uncertaintities in values to be inserted makes this impractical. In addition, it is 
impractical to instruments mainsprings themselves, as opposed to measuring torques 
at arbors, in order to check the accuracy of analyses.

What is clear from the approximate analysis is that, to maximise stored energy, the 
surface stress must be as high as is compatible with adequate fatigue life. For this 
reason, in a high quality clock, the movement includes stop work that prevents the 
mainspring either being fully wound or unwinding fully. This avoids failures at the 
stress concentrations where the ends of the mainspring are attached to the arbor and 
the barrel.



A given cross section of a mainspring is, in general subjected to a unidirectional 
bending moment which changes cyclically as the mainspring is wound and unwinds. 
This type of fatigue loading means that when a mainspring breaks in fatigue the crack 
is usually straight across the spring, with crack growth predominantly through the 
thickness. Most of the broken springs I have seen have either failed in this way, or at 
an end fitting.

A more detailed analysis of mainsprings, which includes design graphs, is given by 
Emmerson [11]; However, this is incomplete because it doe not include consideration 
of the effect of friction between coils, and hence of lubrication. In a response to
Emmerson’s analysis Heldman [2] argues that historical data needed to assess 
methods of mainspring design are available and that these data, in general, support 
traditional methods of mainspring design. He also argues that, for design purposes, a 
clock as a whole should be treated as an integrated system. A similar approach is used 
by Denny [10].

In practice, properly designed and lubricated mainsprings sometimes have a long life.
I use Novostar type H oil. For example, I have a 7 day French mantel clock with a 
Brocot escapement, that was purchased, in working order, at an auction in 1967. The 
mainspring is in a going barrel. Since 1967 the clock has been in continuous use, 
running on the same mainspring, a total of about 2200 cycles. As is sometimes done
[2], only part of the available turns are used. Fully wound, the clock will run for about 
2� weeks, but after a week the timekeeping deteriorates due to the decreasing driving 
force.

In a clock with the mainspring in a going barrel, that has not been skeletonised, the 
mainspring  cannot be seen without removing the barrel from the clock, and then 
opening the barrel. Apparent mainspring failures are sometimes due to the failure of 
associated parts, such as the click work. For example, Figure 4 shows a click spring, 
from a mantel clock, which had failed in fatigue. This released the mainspring arbor, 
and the resulting jolt caused the mainspring to become unhooked from the arbor. This 
gave the impression that the mainspring had failed. Replacing the click spring was the 
only repair needed to get the mantel clock working.

Figure 4. Fatigue failure of a mantel clock. Figure 5. Failed wall clock mainspring.
click spring.

DESCRIPTION OF FAILURE

After the failure of its mainspring the wall clock movement was dismantled, and the 
mainspring removed from the barrel. The mainspring was well oiled, with no sign of 



corrosion. Examination confirmed that, as suspected, the mainspring had failed in 
fatigue. The clock is fitted with stop work so failure did not take place at an end 
fitting. The total fatigue life is not known, but the clock is wound weekly so it was 
probably thousands of cycles. A general view of the two parts of the failed 
mainspring is shown in Figure 5, and close ups of the central portion in Figure 6. The 
mainspring is 27 mm wide  0.55 mm thick, and it is about 1.8 m long.

(a) (b)

Figure 6. Centre portion of failed wall clock mainspring.

It was immediately obvious that the failure was unusual in that the mainspring was in 
two parts, but the break was not straight across the mainspring. The central portion of 
the mainspring is more tightly coiled than the outer portion, suggesting that 
shakedown, leading to permanent deformation, took place during service. Fracture 
surface features have been largely obliterated by abrasion between opposing surfaces 
but, at least in the early stages, fatigue crack growth appears to have been 
predominantly through the thickness.

In this particular mainspring fatigue crack path behaviour was unusually complicated. 
What happened is that a fatigue crack initiated at a corner of the mainspring, at about 
14 cm from the inner end. Initially, the crack path was across the mainspring, but 
after about 9 mm it turned sharply towards the outer end of the spring. Reasons for
such crack path directional instability are not fully understood [9], but it does 
sometimes occur, as here, in situations where a crack can be expected to be 
directionally stable. The crack then grew in a spiral until the edge of the spring was 
reached, completing the failure. This spiral is about 21 cm long, and extends over 
nearly two coils. Towards the end of the crack the fracture surface is at approximately 
45 to the mainspring surface. This transition to slant (45) crack growth in thin 
sheets is a well known phenomenon [9]. A secondary crack extended in a similar 
spiral for about 3½ cm (about ¾ of a coil) towards the centre of the spring, but did not 
contribute to the final failure. The opposing fracture surfaces of the spiral cracks do 
not match. This is because the reduced cross section, as cracks grew, meant that 
additional permanent deformation took place in the remaining ligament, and this part 
of the mainspring became more tightly coiled. This is shown by the gap visible in 
Figure 6(a), top right.



FRACTURE MECHANICS ANALYSIS

The presence of cracks makes a fracture mechanics analysis appropriate. However, 
the uncertainties in the stress analysis of a mainspring in a barrel are exacerbated by 
the presence of the spiral cracks, and mean that only a simple qualitative analysis is 
possible. As a first approximation the stresses in the vicinity of the crack tips can be 
characterised by the Mode I stress intensity factor, KI [9]. Uncertainties in the 
boundary conditions and loading make determination of stress intensity factors for the 
cracked mainspring an intractable problem, but modelling the crack as a cracked flat 
strip provides some insight. The crack is first idealised, as shown in Figure 7, and 
appropriate boundary conditions applied to the section indicated (Figure 8). The 
uncracked end of the section is built in and a bending moment, M, is applied to one 
side of the section at the cracked end, as shown in the figure. For this configuration, 
by using plate bending theory [11], it can be shown that stress intensity factors are 
independent of crack length, and are proportional to M/(t2√W) where W is now the 
width of the uncracked ligament, as shown in Figure 8.

Figure 7. Idealised crack in mainspring. Figure 8. Section of cracked mainspring 
modelled as a flat strip. 

Fatigue crack growth rates can be characterised by the Paris equation [9]
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where ΔM is the range of bending moment as the mainspring is wound and unwinds. 
This equation shows that crack growth rates are sensitive to the bending moment 
range, but relatively insensitive to the uncracked ligament width, W.

As the spiral portion of the crack grew W decreased only gradually. Hence, assuming 
that the bending moment remained constant, the fatigue crack growth rate increase 
would also have been gradual. However, the torque produced by an unwinding 
mainspring, and hence the bending moment in the free coils, decreases approximately 
linearly as a mainspring unwinds [8]. Hence, for constant W, the fatigue crack growth 



rate would have gradually decreased as the spiral portion of the crack grew. The net 
result is probably that the fatigue crack growth rate only changed gradually during the 
spiral portion of fatigue crack growth. Therefore, a fatigue crack had probably been 
present in the mainspring for some time before the final failure took place.

THE REPLACEMENT MAINSPRING

A replacement mainspring was obtained from H S Walsh, the firm mentioned by 
Heldman [2]. Approximately 15 turns of the key are needed to rewind the mainspring 
after a week’s running. On a full wind the clock runs for about 8 days. The fusee and 
stop work are similar to those illustrated by Heldman. As a guess, the replacement 
mainspring was installed with an initial set up of two turns of the arbor, and the stop 
work operated before the mainspring was fully wound. The replacement mainspring 
is still intact after 15 years, about 800 cycles.

When winding the original mainspring the resistance at the key did not change much 
during a wind. However, when the replacement mainspring was first installed there 
was noticeably less resistance at the key part way through a wind than at the start and 
end of the wind. In other words, the replacement mainspring was not properly 
matched to the fusee. The clock ran satisfactorily so no changes were made. The 
resistance now feels about the same throughout a wind. This change must be due to 
shakedown. The observation is not very scientific, but it does illustrate the difficulty 
of matching springs and fusees. The wall clock has an anchor escapement, keeps time 
to within a minute or so a week, and is very reliable. The only other repairs required 
have been stoning the palets, replacing the suspension spring, and some attention to 
the case.

CONCLUDING REMARKS

From a metal fatigue viewpoint, this mainspring fatigue failure is an example of a 
nuisance fatigue failure, which causes inconvenience and some expense, but is not 
dangerous. Replacement of a mainspring in a good quality clock, such as the wall 
clock, is straightforward.

The mainspring failure involved extensive fatigue cracking. Despite the apparent 
simplicity of the component detailed analysis is difficult, and it has only been 
possible to make some qualitative observations.

I would be interested to know whether anyone else has seen a similar failure, or can 
improve on my fracture mechanics analysis.
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