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Abstract 

 

The purpose of this project was to examine the effects of varying the surface 

finish of a sailing winch capstan on the friction between the drum and a standard 

sailing rope. As a result a sailing winch was designed and manufactured with the 

aim of having drums which could be interchanged simply.  

 

The following four different winch drums were manufactured with varying 

surface patterns: 

 

• Smooth Surface Finish 

• Vertical Groove Finish 

• Horizontal Groove Finish 

• Knurled Surface Finish 

 

Results for the produced sheet loads were found and the knurled and vertical 

groove patterns were shown to create the greatest sheet loads, whilst the 

horizontal groove and smooth surfaces proved to create similar forces. From the 

sheet loads the apparent coefficients of friction were established, and the results 

showed the knurled and vertical groove patterns had the higher coefficients of 

friction. 
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Lastly the repeatability of the experimental results was examined by looking at 

the mean standard deviations in the results. This established that large deviations 

in the results could be found when the winch required a greater force to be 

applied to the winch handle to make the rope slip, and put into question the 

repeatability of the results for these higher load occurrences. 
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Nomenclature 

θ Angle of wrap (Radians) (Contact angle of the rope around the 

capstan). 

μ  Coefficient of friction. 

σ  Mean Standard Deviation. 

σdirect  Direct stress acting on the sailing winch (N). 

σbending  Bending stress acting on the sailing winch (N). 

ddrum  Winch Drum Diameter (m). 

F  Circumferential tension force (N). 

FOS  Factor of Safety. 

h  Height of winch drum (m). 

I  2nd Moment of Area (m4). 

m  Moment (Nm). 

N  Normal force of contact. 

Np  Number of Data Points. 

R2  Linear regression value. 

Ts  Sheet Load (N). 

Tt  Tailing Load (N). 

T.025  Statistical value for 95% confidence in the results. 

W  Weight of winch operator (N). 

x   Mean data point value. 

xi  Data point value. 

y  Position of neutral axis (m). 
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1. Introduction 

 

Modern sailing yachts are very complex pieces of engineering, and can range 

from small and large cruising yachts to specialist racing yachts. They are all, 

however, designed to harness the power of the wind to propel the boat through 

the water by using sails and as a result yacht equipment has to be designed to 

withstand and control extremely large forces. 

 

In order to control these forces one piece of yachting equipment of crucial 

importance is the sailing winch. The purpose of this project was to examine the 

effects of varying the surface finish of a sailing winch drum/capstan on the 

friction between the capstan and a standard sailing rope. 
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2. The Modern Sailing Winch 

 

The modern sailing winch is used to mechanically reduce the force required by 

the sailor to control the sails. The capstan makes use of the static friction 

between the rope and capstans contacting surfaces to grip the rope and therefore 

allow the halyard or sheet, which control the sails, to be taken in. 

 

The simplest, standard winch consists of a drum with a ratchet gearing system 

mounted on a set of bearings, and attached to the yacht. The rope (normally a 

sheet or halyard) is wrapped around the winch and a tailing load is provided on 

the free end of the rope by another crew member. The winch handle is inserted 

and used to rotate the drum to pull in the sheet. 

 

There are a range of winches available on the market today, and these include, 

self tailing, and electrical or hydraulically powered winches. The variety of 

materials used in the manufacturing of winch drums is also quite extensive, and 

can be viewed below. 

 

• Chromed Bronze 

• Grey Anodised Alloy 

• Bronze 

• Stainless Steel 

• Chrome 



 

 
 

 
7 

• Composite 

• Carbon Fibre 

 

There is very little information available on the surface finishes of these winch 

drum materials. However, work has been done on the effects of varying abraded 

finishes applied to a stainless steel surface on the friction and wear of carbon 

fibres in Roselman and Tabor [1]. The findings here suggested that friction was 

greater for the smooth surface finishes due to the carbon fibres used in this case 

conforming completely to the topography of the smooth finishes. For the abraded 

finishes this non conformation was therefore reducing the surface contact area 

between the fibre and surface. 
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3. Theory 

 

3.1.  Capstan Equation  

 

The basic theory used by engineers to examine the friction between flexible fibre 

rope around a capstan and tensioned is the Capstan Friction Equation. Figure 1 

below shows the Free Body Diagram for this system. 

 

 

Figure 1: Capstan free body diagram. 

 

The resultant capstan friction equation which was derived using Figure 1 is 

shown in Equation 1. 

 

( )μθExpTT ts =  
Equation 1: Capstan Friction Equation 



 

 
 

 
9 

 

The Capstan Equation makes two distinct assumptions. Firstly, that friction is 

based on Coulomb Theory of Friction and this theory is designed for the study of 

two inflexible surfaces which is obviously not the case with a flexible fibre 

sailing rope. Secondly, the separate coils of the rope do not interact with one 

another when in a multi-turn configuration. There is unfortunately no published 

cohesive theory of friction which is applicable to this situation. 

 

From reading published papers on related topics such as Budinski [2], and Albro 

and Liu [3], the applications which the capstan equation was applied to were only 

180º or less in wrap angle. However the suitability of the capstan friction 

equation was confirmed in two previous years’ projects, Fulton [4] and Campbell 

[5]. 
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4. Test Rig 

 

The basic equipment required for project was available from previous projects 

and was in reasonable working order. The basic components of the rig are shown 

in Figure 2 below, but with the new winch design attached. 

 

 
Figure 2: Test rig with new designed winch attached. 

 

The test rig consisted of the following components: 

 

• Winch 

• Sailing Rope 

• Supporting Beam 

• Load Cell 
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• Variable Angle Yoke 

• Data Recording System 

• Mass Hanger and Masses 

 

In order to examine the suitability of the equipment for the project the following 

list of requirements was drawn up: 

 

• Variable Angle Sheet Load 

• Variable Tailing Load 

• Data Recording System 

• Accurate Force Measuring Device 

• Changeable Winch Drum Surface 

 

The above requirements were all met by the test rig from previous years’ 

projects, apart from the Antal W8A size 8 alloy winch.  Unfortunately this winch 

was not suitable for the project as it was decided after stripping down and 

examining the winch components that it was not possible to alter the winch drum 

surface in order to fulfil the testing requirements of the project. Therefore it 

would be necessary to design and build a winch from scratch. 
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4.1. Tailing Load Estimation 

 

In order to find a value for the size of the tailing load to be provided by the mass 

hanger a simple experiment was carried out to find the force which a winch 

operator could apply to the tailing load end of the rope. This was done using a 

ZWICH 1445 material testing machine to which a rope was attached and to 

simulate the operation of a sailing winch the operator applied the same sort of 

force which would be applied as a tailing load. The pulling on the rope allowed 

the ZWICH 1445 to give a readout of the force being applied to the rope. This 

experiment was carried out firstly using one hand to simulate single person 

operation of a winch, and secondly two handed to simulate multiple person 

operation of a sailing winch. The experiment was repeated, for each simulation, 

fifteen times in order to compensate for fluctuations in the load being applied, 

and the mean of the force readings was used as the tailing loads which were 

rounded to the nearest 5lb. The results can be viewed in Table 1. 

 

Testing 
Situation 

Mean Resultant 
Force (N) Mass (kg) Mass (lb) 

Tailing Load for 
Testing (lb) 

1 Handed 70 7.1355759 15.73394 15 
2 Handed 87 8.8685015 19.55505 20 

Table 1: Tailing Load Testing Results 

 

4.2. Load Cell Calibration 

 

In order to check the working condition of the load cell before starting any 

experiments it was good practice to test the cell and therefore find its calibration. 
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The load cell was connected to a ZWICK rel 2061 tensile test rig. A testing 

program was then set to apply loads between 0kN and 3kN at intervals of 0.25kN 

which was the working range of the load cell. The cell was then plugged into its 

supply voltage and the Wheatstone bridge was connected to the data logging 

software. The workbench data logging software was set up to read the output 

voltage produced by the cell when loading was applied to it, and store these 

voltages and the time which they were produced. The testing was done 3 times, 

as standard practice dictated in calibration of equipment, in order to find an 

average for each of the voltages produced at the applied loads.  The results from 

the calibration can be seen in Graph 1 below.  

 

Calibration
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Graph 1: Load Cell Calibration 
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It can be seen in Graph 1 that the results are fairly linear, especially between 1kN 

and 2.75kN which shows the load cell to be working correctly within this range. 

However when examining loads less than 1kN on the graph it can be seen that 

they fluctuate slightly and after seeking consultation on this problem [6] it was 

discovered that it is not uncommon for strain gauges to experience problems at 

lower load ranges.  

 

The formula for the linear trend line on the graph and its linear regression value 

were as follows: 

 

073072 +++= ExEy    9975.02 =R   
Equation 2: Equation of trend for Graph 1.  Equation 3: Linear regression value . 

∴ 

77 103)(102 ×+×= LoadVoltage   
Equation 4: Relationship between load and voltage. 
 

Equation 4 for the trend line describes the relationship between the load applied 

to the load cell and the resultant produced voltage. The linear regression value of 

0.9975 which shows almost 100% of all the data points could be related to linear 

trend line, and that that load cell was operating correctly. 

 



 

 
 

 
15 

5. Winch Design 

 

As stated in section 4 of the report, it was deemed necessary to design and 

manufacture a sailing winch from scratch for the project. The specifications for 

the winch design were as follows: 

 

• Perform the basic features of a simple standard sailing winch. 

• Have varying interchangeable winch drum surface finishes. 

 

In order to simplify the winch design it was decided that the ratchet effect of the 

standard sailing winch was unnecessary in this application as the sheet load on 

the sailing winch would not have to be held. The priority of the design was to 

have interchangeable drum surface finishes and the following four finishes were 

decided on:  

 

• Just machined finish. 

• Horizontal grooved surface. 

• Vertical grooved surface. 

• Knurled surface finish. 

 

Initial plans were drawn up and the designs were discussed and altered where 

necessary with consultation with the chief lab technician. The manufactured 
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winch is shown below in Figure 3, and the winch assembly drawing can be 

viewed in Appendix A. 

 
Figure 3: Manufactured winch. 

 

5.1. Stress Calculations 

 

It was suggested by the lab technicians that the winch should be manufactured 

from aluminium in order to reduce the machining time, instead of the originally 

considered mild steel.  In order to make sure that a winch manufactured from 

aluminium would be able to handle the forces being generated during the 

experimentation both the maximum stresses of the drum for direct and bending 

stress were calculated using Equations 5 and 6. 

 

drum

s
direct hd

T
π

σ =    
I

my
bending =σ  

         Equation 5: Direct Stress          Equation 6: Bending Stress 
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The results from the calculations are shown in Table 2. 

 

Maximum Sheet Load (kN) 3.602 
Direct Stress (MPa) 0.104 
Stress in Bending (MPa) 0.376 
Aluminium Tensile Strength (MPa) 280 - 340 
FOS for Direct Stress 2692.31 
FOS for Stress in Bending 744.68 

Table 2: Stress Calculation Results 
 

It can be seen in the Table 2 that both the direct and bending stresses are greatly 

lower than the tensile strength for the En755-2 grade of aluminium [7] used in 

the manufacture of the winch, and that it gives rather large Factors of Safety 

(FOS) of 2692.31 and 744.68.  

 

5.2 Winch Drum Design 

 

There were four differing outer sleeve winch drums manufactured, all with 

varying surface finishes. The smooth drum was a just machined finish with no 

surface pattern added to it, and the knurled finish was produced in a lathe using a 

knurling tool. These differing drums can be viewed in Figure 4.  
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Figure 4: Vertical groove, knurled, smooth, and horizontal groove drum surface finishes. 

 

During initial testing of the new winch it was discovered that the vertical groove 

and knurled surface patterns were cutting into the rope causing wear and damage 

and wear in fibres was shown to have a detrimental effect on the friction between 

surfaces and carbon fibres in Roselman and Tabor [1]. It was also making it 

impossible for the rope to slip for the angles of wrap of the rope around the drum 

greater and including 420º. The decision was then taken to dull the sharpness of 

the knurled and vertical surface patterns to try to reduce the grip on the rope 

which had varying success and shall be discussed later in the paper. 
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6. Testing 

 

6.1. Testing Outline 

 

As stated earlier in the thesis, the purpose of this project was to examine the 

effect of capstan surface finish on the performance of a sailing winch. This was 

done by testing each of the surfaces at various angles of wrap with a tailing load 

15lb and then 20lb. Each test condition was repeated fifteen times to give an 

indication of the repeatability of the results and allow a better comparison 

between the results of the differing conditions. 

 

In previous years’ projects such as Campbell [5] and Walker [8] coil to coil 

contact was looked into and found to have a detrimental effect on the efficiency 

of a sailing winch, and rope to rope contact and the changing of cross sectional 

shape has been studied in papers such as Leech [9]. Therefore in order to 

simplify the rope and drum interaction every effort was made to ensure that the 

coils of the sailing rope would not come into contact with each other when in a 

multi-turn configuration. 
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6.2. Testing Procedures 

 

The testing procedures were based and conformed to the American Society for 

Testing and Materials standards, ASTM G115-04 [10] and ASTM G143-03 [11]. 

The ASTM standards were used to ensure the experimental accuracy through 

correct procedures and practice. However the temperature and humidity 

experimental variables mentioned in these standards were deemed not to be of 

critical importance in the case of this project, as within the university laboratories 

these variables did not fluctuate enough. 

 

Procedure: 

 

1. Set up equipment. 

2. Set destination file. 

3. Start data recorder. 

4. Wipe clean drum surface. 

5. Set up number of wraps, making sure there is no rope to rope contact. 

6. Suspend mass hanger and steady. 

7. Turn winch handle till slippage of rope. 

8. Unload the rope by removing tailing load. 

9.  Repeat steps 4 and 9 fifteen times. 

10.  Convert data and save in Excel worksheet. 
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6.3. Data Manipulation 

 

Taking the results one tailing load at a time, the raw data from the experiments 

was initially converted from an ASCII file into an Excel spreadsheet. For each of 

the surfaces at the corresponding angles of wrap, the mean sheet load was found 

using the calibration equation. From this point the apparent coefficients of 

frictions were calculated using the capstan equation. The final part of the analysis 

required Equation 7 to be used to find the mean standard deviation for the data 

points. 

 

∑
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025. )(1σ  

Equation 7: Mean Standard Deviation 

 

In order to give 95% confidence in the results for fifteen data points, using the 

table in Appendix B at a t.025 value, the corresponding 2.131 was used in the 

calculation of the mean standard deviation. 

 

From the resultant calculations, graphs were plotted displaying the angle of wrap, 

with the corresponding calculated sheet loads, and apparent coefficients of 

friction. On these graphs the mean standard deviations were displayed in the 

form of error bars to aid in the evaluation of the results. 
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7. Results 

 

To begin with it should be noted that for that for the vertical groove surface, and 

knurled surface it was not possible to apply enough force to make the rope slip 

for angles of wrap of 780º and 810º. The results displayed in the graphs show the 

sheet load produced when the operator had applied their maximum force possible 

to the winch handle.  

 

7.1. Sheet Load 

15lb Tailing Load
 Wrap Angle vs Sheet Load
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Graph 2: 15lb tailing load, wrap angle vs sheet load. 
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20lb Tailing Load
Wrap Angle vs Sheet Load
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Graph 3: 20lb tailing load, wrap angle vs sheet load. 

 

Graphs 2 and 3 display the resultant produced sheet load for each of the angles of 

wrap at the corresponding tailing load. In both of the charts the results of the 

calculation of 1 standard deviation in the experimental results are displayed in 

the form of error bars, and when taking into account the deviations graphs 2 and 

3 both show the general trend of increasing sheet load for all surfaces as the 

angle of wrap is increased, which is as would have been expected, and that 

varying the winch drum surface finish does have an effect on the sheet load that 

the winch is able to produce. It can be seen on the graphs that for both tailing 

loads, in general, the knurled surface is able to allow the winch to produce that 

largest sheet loads. For each of the tailing loads the trends for the smooth and 

horizontal groove surfaces are fairly similar.  
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7.2. Apparent Coefficient of Friction 

 

15lb Tailing Load
Wrap Angle vs Apparent Coefficient of Friction
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Graph 4: 15lb tailing load, wrap angle vs apparent coefficient of friction. 

 

20lb Tailing Load
Wrap Angle vs Apparent Coefficient of Friction
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Graph 5: 15lb tailing load, wrap angle vs apparent coefficient of friction. 
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Graphs 4 and 5 both display the resultant produced apparent coefficient of 

friction for each of the angles of wrap at the corresponding tailing load. The 

knurled surface on both graphs is shown to have the greatest apparent coefficient 

of friction, and the trend lines for the smooth and horizontal pattered results are 

closely matched again. The trends on both graphs for all of the drums reach a 

maximum coefficient of friction at a 420º wrap angle, and then begin to decrease 

in value.  

 

Surface Finish vs Average Apparent Coefficient of Friction
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Graph 6: Apparent coefficient of friction summary. 
 

 

The average values of the apparent coefficients of friction are displayed in Graph 

6. It should be noted however, that the average results were calculated neglecting 

any negative values for the coefficients of friction. It can be seen on Graph 6 that 

increasing the tailing load results in an increase in the resultant coefficient of 

friction. For each of the tailing loads the results for the smooth and horizontal 
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groove surfaces are fairly similar, and the knurled and horizontal groove surfaces 

have greater coefficients of friction. 
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8. Discussion 

 

As can be seen on Graphs 2, 3, 4, and 5, the standard deviation of the results are 

plotted in the form of error bars on the charts. Looking at all of the graphs in 

general the largest deviations in results are present in the vertical groove and 

knurled surfaces. This was due to the fact that these surfaces proved to have a 

greater hold on the rope as mentioned at the start of the analysis section of the 

report. This greater hold meant that the operator of the winch handle had to 

supply a large force when turning the winch handle in order to try to make the 

rope slip. Unfortunately trying to be consistent when applying these large forces 

proved to be quite difficult, and as a result the voltage outputs from the load cell 

were more scattered for these two drums compared to the smooth and horizontal 

groove surfaces. The deviations could also be attributed to wear of the rope on 

these surfaces, as the edges of the vertical groove and knurled surface tended to 

cut into the rope’s surface damaging it. Whilst a great effort was taken to check 

for damage during the experimentation on a regular basis there would still be 

some damage to the rope which would go unnoticed which would have a 

detrimental effect on the efficiency of the interaction between the rope and drum 

surface. 

 

There is the issue of the fluctuations in the produced sheet load and the apparent 

coefficients of friction results around the 450º angles of wrap and unfortunately 

the only explanation that can be given is that it could be due to flaws in the 
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experiment, or human error. What was expected to happen for the sheet load was 

that, as the angle of wrap was increased the load which could be produced by the 

winch on the sheet should have increased also, due to their being a greater area of 

the rope being in contact with the winch drum. 

 

On Graphs 4 and 5 where there were negative coefficients of friction calculated 

from the Capstan Equation, the problem was due to the produced sheet load 

being less than the applied tailing load therefore giving a Ts/Tt value of less than 

one. When the natural log of this value was then found it produced a negative 

answer, resulting in the coefficient of friction being negative. 

 

In Graph 6 the average apparent coefficients of friction are displayed for all of 

the various surfaces. When comparing the 20lb and 15lb tailing load results the 

20lb load produced the more expected results for two reasons. Firstly, the 15lb 

tailing load knurled surface produced a smaller coefficient of friction than the 

vertical groove surface. This strange occurrence could be put down to the fact 

that during the experiment it was harder to make the rope slip for the higher 

angles of wrap for the rope and when the operator was applying the larger 

maximum force they could apply, it was very difficult to be consistent which is 

shown by the larger error bars in Graph 4. Secondly, the horizontal groove 

surface had a higher coefficient of friction than the smooth surface for a 15lb 

tailing load. It was expected that the horizontal groove would have the lowest 

coefficients of friction as the ropes surface tended to sit on the edges of the 

drums individual grooves, therefore having a smaller surface area of contact 
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between the winch drum and the rope. In Graph 6 for the 20lb tailing load this 

theory was confirmed, however when looking at the 15lb tailing load results this 

was shown not to be the case. The difference in the average coefficients of 

friction for these two drum surface for each of the tailing loads are very small for 

both tailing loads though.  

 

As mentioned earlier the interaction between the vertical groove and knurled 

drum surfaces were causing damage to the rope. When looking at this issue from 

the perspective of a yachtsman this would be a major problem. On board a yacht, 

normally only a small same section of a rope would be in contact with a winch as 

it could be used to control, or pull in and out the sheet or halyard. This would 

mean that all of the rope wear would occur on the same small section of rope 

which could be 12m long, however this would be enough to render the whole 

rope incapable of performing its function. In the case of both the pleasure and 

racing yacht a winch causing a rope to wear out quickly would be not only be 

impractical and dangerous, but costly in the constant replacement of the rope. A 

balance in winch design must be found between the grip of the drums surface and 

the causing of wear on the rope, which was unfortunately was not achieved 

during this project. 
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9. Conclusion 

 

The project was fairly successful in examining the effects of varying the surface 

finishes on the performance of a sailing winch. A working winch was designed 

and manufactured which allowed for the simple interchanging of outer winch 

drums meaning a variety of surfaces could be tested. 

 

The results from the experiments show that the knurled and vertical groove 

surface patterns are able to produce higher sheet loads and apparent coefficients 

of friction as expected, including taking into account for the deviation in the 

results. The statistical analysis shown by the standard deviation calculations does 

however put the repeatability of the results in question, as for the higher rope 

angles of wrap there was difficulty in keeping the applied load to the winch 

handle constant due to the large forces required to be applied. 

 

The other major factor affecting the results was the wear these more abrasive 

surface patterns were causing to the rope. Some of the wear, even though it was 

monitored, would go unnoticed which would have a bearing on the experimental 

results.  This issue of wear also highlighted the practicality of some surface 

patterns for real life yachting applications where longevity of equipment is of 

importance.  
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Appendix A: Final Winch Design Drawings 
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Appendix B: Experimental Statistical Data Table 

 
Table used in Mean Standard Deviation Calculations 

(Taken from Mendenhall, W., and Sincich, T., Statistics for Engineering and the Sciences, 5th 
Edition, New Jersey: Pearson Prentice Hall, 2007). 

 


