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Abstract 

This paper investigates the mechanics behind the interaction of a flexible fibre rope 

wound round a typical sailing yacht winch and the effect of changing the rope type 

and size has on the performance of the sailing winch.  Testing will be carried out to 

establish how three different rope types, 16 plat polyester, Braid on Braid and 

Dyneema, interact with the winch.  The project is based on the use of an existing 

testing rig and the setup and calibration of this rig is discussed.  The main theory 

investigated is the Capstan Friction Equation, including its derivation, and effects of 

changing rope cross section and coil to coil contact are considered.  It is found that 

changing the rope type has an effect on the performance of the winch and that 

different rope types perform better depending on the configuration of the winch.  16 

plat polyester and Braid on Braid ropes, which are of very similar constructions 

behave in a similar way, while Dyneema tends to perform better in multiple turn 

configurations.  The apparent coefficient of friction is calculated for each rope type 

and evaluated.  These results are discussed in an effort to explain the reasons for such 

behaviour.  Further areas of research are also discussed.  



 2

 

1. Introduction 

 

Sailing yacht design is a very complex and diverse subject and therefore a lot of time 

and resources are put into designing yachts from small racing dinghies to large yachts 

over 100ft long.  A sailing yacht is designed to use the power of the wind to propel 

the yacht; this is done using large sails.  This can generate huge forces therefore 

engineers and designers must be careful to analyse all components used very careful 

in order to generate maximum performance but more importantly make safe vessels. 

 

1.1 Project Objective 

 

 

Figure 1 – Winch setup 

 

This project aims to investigate the mechanics of a sailing winch.  This will be done 

by investigating the interaction between the winch and the rope.  The project will also 
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study the effect different types and different sizes of rope have on this interaction and 

therefore the force the winch can generate. 

 

2. Background 

 

2.1 Winch design 

 

Due to the huge range of yachts there are many types of winch available to meet the 

demands of the sailors.  When choosing what type of winch to use it is important to 

consider the type and size of the vessel and what the winch will be used for. 

 

A simple winch is essentially a steel drum connected to a single set of gears and 

mounted on bearings and attached to the yacht.  The system also incorporates a 

ratchet to allowing the winch to rotate in only one direction and to stop the winch 

overhauling. The sheet is then coiled around the drum and the winch handle, a simple 

lever, is inserted into the top of the winch which is used to rotate the drum.  This 

handle provides leverage increasing the forces that can be generated.  The drum of the 

winch is generally designed to increase the friction between the rope and the drum 

and therefore reduce the forces required to hold the sheet in position. 
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2.2 Types of winch 

 

There are many types of winch available today, these are as follows; 

 

• Standard sailing winch 

 Single speed  

 Multi speed 

• Self tailing winch 

 Single speed 

 Multi speed 

• Hydraulic and Electric winches 

 

This project will only deal with the simple single speed standard sailing winch. 

 

2.3 Types of rope 

 

This project will look mainly ropes that will be used for sheets to control sails and 

three of the most popular ropes have been selected.  This selection incorporates a 

cross section of the market, from cheaper 16 plat polyester ropes to high specification 

Dyneema ropes.  As the ropes are all used for sheets it will consider a range of sizes 

which are generally used on modern boats.  These are 8mm, 10mm and 12mm 

diameter ropes.  
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3. Theory 

 

3.1 The capstan friction Equation 

 

The interaction of a flexible rope tensioned over a drum, in this case the winch drum, 

is a very complex system and therefore a basic theory is used by most engineers to 

analyse this, this is know as the Capstan friction Equation. 

 

This theory is used to analyse the friction in such a system where a rope is wrapped to 

a specific angle. 

 

 

Figure 2 – Free body diagram of winch 

 

Wrap angles are generally 90 or 180 and systems with angles greater than 360 are not 

usually considered. 
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The sum of the forces in the x-direction is equal to zero giving equilibrium conditions; 

 

F anticlockwise circumferential tension force 

F+dF clockwise circumferential tension force 

N radial outward normal force on the element 

uN friction force on the element 

 

The Capstan Equation is derived as; 

 

µθeTT ts =  

 

It has been show from the derivation that the frictional forces for a rope wrapped 

around a drum depend on three factors; 

• The tension in the rope 

• The coefficient of friction between the rope and the drum 

• The total angle of contact between the rope and the drum  

 

3.2 Flexible rope tension over a winch drum 

 

To determine the interaction between the rope and the winch drum it is important to 

consider a flexible rope wrapped around at drum, at a certain angle.  This rope is 

under tension as forces act on it in two different directions. 
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In this set up the forces acting on the rope are sheet load, Ts, and tailing load, Tt.  If a 

flexible rope is tensioned in this way, over a drum, it is important to consider the 

effect this tension may have on the rope. 

 

3.2.1 Changing rope cross-section 

 

It can be seen that if the rope is flexible and is loaded in this way the rope will 

‘squash’ down onto the surface of the drum.  This effect will vary depending on the 

type of rope and the tension in the rope. If the tensions in the rope, Tt and Ts are small 

then the cross sectional shape of the rope would generally remain unchanged, 

however if the tension in the rope is large then the deformation of the rope would be 

much greater.     

 

This effect is further complicated in multiple turn configurations.  In this type of 

configuration the rope will not only be in contact with the surface of the winch drum 

but as the rope commonly has angles of wrap of more than 360º the rope will be in 

contact with itself.  The coils of the rope sit side by side across the winch drum and 

will ‘squash’ against each other when the system is tensioned.  This means the rope 

will further deform changing its cross sectional shape once again.  This means we 

have a further complicated system of the not only being in contact with the winch 

drum but also being in contact with another coil which is moving in the opposite 

direction. 

 

The effects of this have been studied for many years in C.M leech, the modelling of 

friction in polymer fibre ropes and Albro C.S. 



 8

 

4. Test rig 

 

Most of the equipment required to the sailing winch simulator was available in the 

department.  This test rig was constructed in 2004 for previous projects. 

 

The set up is shown below; 

 

 

Figure 3 –Test rig setup 

 

The rig consists of the following components; 

• Winch and winch handle 

• Load cell 

• Supporting beam 

• Data acquisition system 
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• Yoke for variable angle 

• Mass hangers and masses 

 

The supporting beam is simply clamped to the desk using a pair of large G clamps.  

The supporting beam is made from a short length of RSJ which is sufficiently strong 

to not bend or buckle under the loading that the test rig will exert on it. 

 

 

4.1 Test rig analysis and requirements 

In order to carry out the required experiments the test rig must be capable of doing the 

following; 

 

• Accept different rope types  

• Accept different rope sizes 

• Variable tailing load 

• Accurately measure force 

 

All of these factors must be met to make it possible to carry out the required tests and 

provide accurate results.   

 

4.2 Load cell calibration  

 

The load cell must be calibrated before testing can be carried out.  Calibration was 

done using a ZWICK rel 2061 calibrated tensile testing rig and setting the rig up to 

perform a ramped loading of the load cell.  The load cell was tested across its full 
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working range to ensure that the load cell could be relied upon to provide consistent 

and accurate results form 0 to 3kN.  This calibration was to be done using the 

equipment that would be used to measure the output voltage of the load cell during 

the experimental testing.  The results of this final calibration test can be seen below; 

 

Load cell calibration using workbench
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Chart 1- Final load cell calibration 

 

This graph illustrates the load applied to the load cell against the output voltage from 

the load cell.  The calibration procedure was repeated three times and the average 

output voltage for each load step was calculated.  The average results were tabulated 

and plotted on a XY scatter graph.  The results of these calibration tests were used to 

determine the relationship between the voltage output of the load cell and the applied 

load. 

 

The graph illustrates a straight line, in the form y= m x + c, or voltage = 0.0011 load + 

0.0006.  This equation describes the relationship between output voltage and applied 

load and can be used to determine the force in the system. 
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5. Testing 

 

5.1 Testing aims & Objectives 

 

There are many ways a sailing winch can be used, for many applications.  Generally a 

winch is used with multiple turns of the rope around the drum of the winch to get 

maximum mechanical advantage.  Winches are often used with many different types 

and different diameters of rope.  The testing carried out was designed to establish 

what effect using different types and different sizes of ropes had on the performance 

of the winch.  It is important to note that coil to coil contact must be considered and 

this consideration will be explained.  . 

 

5.2 Testing Procedures 

In order to get a series of good and accurate results a testing procedure was defined 

and then repeated for every following test.  The procedure is as follows; 

1. PC started up and workbench program opened. 

2. Correct file opened and write file name entered and noted. 

3. Required rope was selected 

4. Rope setup on test rig with required number of turns. 

5. Workbench set running to establish base or no load reading. 

6. Mass hanger was suspended on rope.  The hanger was then steadied to stop it 

swinging to provide a constant tailing load. 

7. Pressure was applied to winch handle to operate winch.  This was done until 

the rope slipped or a maximum value was reached. 
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8. Tailing load removed and the tension removed from the rope. 

9. Steps 7 and 8 were repeated a further nine times per set up. 

 

As stated each test was completed ten times for each individual test.  Repeating the 

test ten times ensures a good set of accurate results reducing the chances of any errors.  

After each test was completed the system was reset ready for the next test.  The rope 

was carefully examined after each test to monitor the wear on the rope as there is a lot 

of tension in the system the rope is under very high loads.  This loading, especially 

when the rope slips can quickly start to wear the rope; this wear could affect the 

results of the tests.  If any rope wear was observed the section of the rope that was in 

contact with the surface of the drum was moved to make sure that it was always a 

good section of the rope being tested.  The drum of the winch was also monitored for 

wear.  The monitoring of these factors is to ensure accurate results and conforms to 

ASTM testing procedure for finding coefficients of friction. 

 

5.3 Outline of testing 

Having defined a set testing procedure the experimental testing could now be 

undertaken.  The tests carried out were as follows; 

• Each individual rope size was taken one at a time.  Having one of each type of 

rope, 8, 10 and 12mm. The tailing load was kept constant, 21bs. 

• The number of turns round the winch drum was then varied. Starting with 31/4 

turns, 21/4 and 11/4 turns. 

• These tests were then repeated for each different rope type. 
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5.4 Results data analysis and manipulation 

 

As testing was carried out the output for workbench was noted for each test.  These 

results were entered into excel and tabulated in an appropriate form.  The output from 

the load cell was converted from a voltage into load.  The conversion is very simple 

having already calibrated the load cell for use with the workbench software.  These 

results were then plotted on an XY scatter graph of sheet load against number of 

turns.  The average load was then calculated for each test.  These results were then 

plotted on a graph of sheet load against number of turns, one for each rope size.  

These graphs contain the results for each of the three different rope types making it 

easy to read and compare the results for each rope. 
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6. Results & Analysis 

6.1 Results for Sheet Load 

Average Force vs Number of turns 12mm
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Chart 2 – Showing Average Sheet Load, Ts vs Number of turns for 12mm diameter 

ropes 

Average Force vs Number of turns 10mm
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Chart 3 – Showing Average Sheet Load, Ts vs Number of turns for 10mm diameter ropes 
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Average Force vs Number of turns 8mm

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3 3.5

Number of turns

Sh
ee

t l
oa

d,
 T

s 
(k

N
)

16 plat
Braid
Dyneema

 

Chart 4 – Showing Average Sheet Load, Ts vs Number of turns for 8mm diameter 

ropes 

The results shown in the three charts above illustrate the average results of sheet load 

vs. number of turns round the winch drum.   

 

The tests carried out clearly illustrate that the changing rope type affects the 

performance of a sailing winch.  It can be seen from the charts that 16 plat polyester 

and Braid on Braid ropes, which are of similar construction, have similar results. This 

is shown by the slope of the lines on the charts; both of these ropes have a similar 

slope and only vary in the magnitude of the force that is generated.  Dyneema 

however, which is of a different construction, produces a totally different sloped line.  

The actual difference in the average results could be accounted for by the scatter of 

the results.  A larger scatter in the results would therefore result in a larger difference 

in the average results and vice versa.  As these results are an average of the scatter the 

average results would be found to be slightly different if the tests were carried out 

again.  
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6.3 Apparent Coefficient of friction 

Number of turns vs Average Coefficient of Friction 12mm

0

0.05

0.1

0.15

0.2

0.25

0 0.5 1 1.5 2 2.5 3 3.5

Number of turns

C
oe

ffi
ci

en
t o

f F
ric

tio
n

16 plat
Braid
Dyneema

 

Chart 5 – Showing Apparent Average Coefficient of friction vs Number of turns for 

12mm diameter ropes 

 

Number of turns vs Average Coefficient of Friction 10mm
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  Chart 6 – Showing Apparent Average Coefficient of friction vs Number of turns for 

10mm diameter ropes 
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Number of turns vs Average Coefficient of Friction 8mm

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.5 1 1.5 2 2.5 3 3.5

Number of turns

C
oe

ffi
ci

en
t o

f F
ric

tio
n

16 Plat
Braid
Dyneema

 

Chart 7 – Showing Apparent Average Coefficient of friction vs Number of turns for 

8mm diameter ropes 

 

The results shown in the three charts above illustrate apparent coefficient of friction 

against number of turns.  Again looking at these charts trends appear in the results.   

 

The apparent coefficient, µ of friction is derived from the experimental results and the 

known experimental values by using a rearranged form of the Capstan equation; 

θ
µ










= t

s

T
T

ln
  

Where θ is in radians and Ts & Tt are in Newtons. 
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6.4 Discussions 

 

It is important to note that the results for 2.25 and 3.25 turns, illustrated in charts 2, 3 

& 4, the maximum force achieved was not due to the ropes slipping on the winch 

drum surface.  The results reach a maximum value as no more force can be applied to 

the winch handle.  The winch operator effectively ‘runs out of strength.’  In this 

situation it was possible to put the operator’s full body weight on the winch handle 

without turning the winch.  Therefore it is possible to assume that if more turns were 

to be taken round the winch the sheet load, Ts, would not increase.  This will be 

discussed in ‘further areas for study’. 

 

The results clearly indicate that the apparent coefficient of friction between the rope 

and the winch drum is dependent on several factors.  These factors are all variable and 

therefore dependant on the way the test rig is set up.  Altering the set up of the test rig 

changes these variables and allows a range of factors to be examined.  There are two 

main variables; Tailing load, Tt, and Angle of wrap, θ.  The only other variable is the 

apparent coefficient of friction, µ.  This factor is a function of the rest of the variables 

and it is altered by changing the ropes used and/or the winch used.  In the testing 

procedure outlined the variables were altered one by one in each experiment.  Each 

test was carried out for each rope individually varying only the number of turns round 

the winch drum.  Each time the tailing load was kept constant at 21lbs or 93.44N. 
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rope type Angle of wrap 
8mm Coefficient of 
friction 

10mm Coefficient of 
friction 

12mm Coefficient of 
friction Average  

16 plat 1170 0.151992825 0.145360273 0.153958651 0.150437
16 plat 810 0.212847106 0.21318063 0.219156679 0.215061
16 plat 450 0.241411155 0.245628145 0.226246464 0.237762
Braid 1170 0.149672591 0.142907191 0.153760073 0.14878
Braid 810 0.209719781 0.196086901 0.216308152 0.207372
Braid 450 0.20194876 0.211487612 0.184846127 0.199427
Dyneema 1170 0.158753418 0.155103808 0.161544357 0.158467
Dyneema 810 0.220942236 0.216943911 0.220464448 0.21945
Dyneema 450 0.184040639 0.194180273 0.178962521 0.185728

Table 1 - Summary of results for coefficient of friction for each rope  

 

The table above is a summary of the experimental results for the apparent coefficient 

of friction for each rope type and size.  Looking at the data in the table it can be seen 

that when the number of turns, or angle of wrap, θ, is larger, at 1170 º and 810º the 

coefficient of friction is very similar for each rope.  However when the angle of wrap 

is decreased to only 1.25 turns, 450 º, the apparent coefficient of friction for each of 

the ropes begins to deviate.  The table also shows that changing the rope diameter 

only has a small effect on the coefficient of friction between the rope and the winch 

drum surface.   These results are illustrated in the chart below; 
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Average coefficent of friction vs angle of wrap
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Chart 8 – Average apparent coefficient of friction  

  

The above chart shows how the average coefficient of friction varies with changing 

angle of wrap round the winch drum.  The average coefficient of friction is an average 

of each of the values for each of the different rope sizes. 

 

This shows that Dyneema type rope performs well in multiple turn configurations, 

having the largest average apparent coefficient of friction for the largest angle of 

wrap, 1170º, of 0.1585, compared to 0.1504 and 0.1488 for 16 plat and Braid on 

Braid respectively.  However Dyneema performs very poorly compared to the other 

two rope types when the angle of wrap is reduced, compared to the other ropes 16 plat 

polyester performs best in smaller angle of wrap configurations having an average 

coefficient of friction of 0.2378, compared to 0.199 and 0.1857 for Braid on Braid and 

Dyneema respectively. 
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In order to explain these results we must again look at the variables in the 

experimental procedure.  As stated previously, from the capstan equation, the 

frictional forces for a rope round a drum depends on three factors, the tension in the 

rope, the coefficient of friction between the rope and the drum and the total angle of 

contact.  The experiments were set up so that the only variable that was changed other 

than the rope used was the angle of wrap.  We now know that this affects the 

coefficient of friction between the rope and the surface of the winch drum, however if 

we compare the coefficients of friction for a single angle of wrap we can see that the 

results are similar in certain cases and not in others, outlined above.  

 

The factor that affects the changing coefficient of friction must therefore come from 

the properties of the types of rope used. 

 

During the experimental procedure it was observed that all of the ropes had a very 

different feel to them. This was due to varying surface finishes and flexibility. 

Dyneema has a smooth outer cover, similar to that of 16 plat polyester where as Braid 

on Braid has a rougher finish to it, which is not as hard wearing as either of the other 

ropes.  Dyneema type ropes were also quite stiff compared to the other two ropes, 

particularly the smaller 8mm diameter rope.  These ropes however were brand new 

and this stiffness may be reduced with wear and tear.  16 plat polyester and Braid on 

Braid are very similar ropes in construction, and this construction is makes these 

ropes very flexible, even when they are brand new.  Dyneema rope is designed to be 

very low stretch this is another factor which could influence the results, however I do 

not feel that the effects of changing geometry or stretching of the rope accounts for 

the difference in the results. 
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All of the tests carried out were under coil to coil contact conditions.  This type of 

contact has been found have an effect on the performance of the winch .  Coil to coil 

contact generally makes the winch less efficient as the winch transfers less of the 

force to the sheet side of the rope.  This phenomenon has a greater effect as the tailing 

load on the winch is increased, showing that the effect of the contact between coils is 

increasing with increasing tailing load.  Increasing tension on the rope will increase 

the strain and this will result in increased relative motion between the coils.  The 

increase motion results in an increase in the effect that the contact between the coils 

has on the force transmitted from the winch drum to the rope. 

 

Areas for Further study 

 

I believe that this area of research has many further areas for potential further study.  

The interaction of a rope and winch drum is a complex system which poses many 

questions.  

 

I believe that it would be interesting to research how using different winch types 

would affect the force a winch can generate.  This could be studied in a number of 

ways.  Investigation could be carried out into whether using a winch of higher speed, 

a 36 or 45 for example, which provides greater mechanical advantage has on the 

results. In this investigation it was not possible to make the rope slip in some 

configurations as the winch was only small and only provides 8 times mechanical 

advantage.  A larger winch provides more force which should make the rope slip and 
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the characteristics of this could be investigated for these larger more powerful 

winches in multi turn configuration. 

 

An investigation could also be carried out into different sizes of winch dimensions to 

see how this change would affect the force the winch can generate.  Winches come in 

a large variation of sizes from small winches, like the one used in this investigation, to 

winches with much larger drum diameters and heights.  Using larger winches like this 

would allow investigation into not only more turns round the winch drum but also 

how the larger diameter affects the results.  
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7. Conclusion 

 

Modern technology provides us with many ways of manufacturing ropes from many 

different materials and sizes.  Utilizing modern materials it is possible to make ropes 

with ‘tailored’ characteristics to suit the end user, whether it is low stretch or high 

durability.  In addition ropes are also manufactured from natural materials in the way 

they have been produced for hundreds of years.  The testing procedure carried out was 

designed to highlight the effects that changing rope type has on winch performance. 

 

The results generated from the testing procedure illustrate how each different rope 

affects the winch performance.  Each different rope type resulted in a different sheet 

load being generated and therefore the apparent coefficient of friction between that 

particular rope and the winch drum could be calculated, according to the capstan 

equation. 

 

These results could then be averaged for each different rope type and compared for 

each angle of wrap to determine the accuracy of the results.  Looking at the results it 

can be seen that good accuracy is achieved for the apparent average coefficient of 

friction for each different type of rope. 

 

In general the results of this testing procedure seem to indicate that Dyneema type 

ropes perform poorly in comparison to 16 Play polyester and Braid on Braid for single 

turn configurations.  However in multi turn configurations when rope slippage does 

not occur Dyneema performs very well. 
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