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Abstract: 
 
In this paper the mechanics behind the interaction of a flexible fibre rope wound 

around a typical sailing yacht winch are investigated. Relevant research is discussed 

and the effect of coil-to-coil contact is researched. The capstan friction equation is 

investigated and the results found during testing tend to agree with the theory when 

there is no coil-to-coil contact. The coefficient of friction is found to be 0.1765 ± 

3.5% for the no-contact configuration. Coil-to-coil contact is investigated for wrap 

angles of greater than 360˚, this contact is found to be detrimental to the efficiency of 

the winch to rope interface. Various theoretical models are proposed to explain and 

understand the results. The most feasible being relative movement between the coil 

due to rope stretch. 

 
Future areas of research are discussed, as are improvements to the testing apparatus. 
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List of Notations : 

 

ε Strain 

θ The angle of wrap between the rope and the winch drum 

µ The coefficient of friction between the rope and the winch drum 

σ Stress 

φ A theoretical angle of wrap of the rope around the winch 

a The coefficient of friction for the modified capstan equation 

Cf The apparent coefficient for the rope to drum interface 

E Young’s modulus 

F  A circumferential tension force 

Fc A friction force due to coil-to-coil contact 

k A coefficient used to define a modified capstan equation 

N Normal force of Contact 

Ts The sheet-load tension 

Tt The tailing-load tension 

x The angle of wrap for the modified capstan friction equation 
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1. Introduction 

This project aims to investigate the mechanics of the interaction between a sailing 

winch and the rope and simultaneously, analyse the validity of the Capstan Friction 

Equation. Particular interest has been paid to the effect of coil on coil contact when 

the winch is setup in a multi-turn configuration. An initial brief overview of the 

mechanics of  the winch is given, followed by the theory behind the capstan friction 

equation. 

 

 

2. Mechanics of Winch Theory 

 

The basic theory behind the sailing winch is split into 2 parts, a lever acting on a set 

of internal gears, and the friction between a flexible rope and a round drum (often 

called a capstan). The first part is extremely simple as it only involves the gaining of 

mechanical advantage by using a lever and simple internal gears to increase the force 

applied by the winch person. The much more complex part of the winch system is the 

interaction between the flexible fibres of the sheet and the drum of the winch. A 

typical winch is shown in Figure 1 on the following page. 
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Figure 1 - Standard Sailing Winch 

 

2.1 Capstan Friction Equation 

 

The basic theory used by most engineers is called the capstan friction equation [1]. 

The capstan equation deals with systems in which a flexible rope is wrapped to a 

specified angle around a smooth drum. A free body diagram of a tensioned rope round 

a capstan is shown in Figure 2 below.   
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Winch Handle 
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F  an anticlockwise circumferential tension force 

F+dF a clockwise circumferential tension force 

N  a radial outward normal force on the element 

µN a friction force on the element, where µ is the coefficient of friction 

 

From this the Capstan Friction Equation is derived: -  

µθeTT ts =  

The derivation has been given in the appendix. 

 

F  
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N
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dφ 

F + dF 

x 

y 

Figure 2 - Free Body Diagram of Winch 

(1) 
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This theory is a simplification and it makes two distinct assumptions, the first being 

that friction is based on the coulomb theory of friction [2] and the second is the 

assumption that, in multi-turn configuration, the separate turns of rope do not interact 

with each other.  

Extensive research has been undertaken in the area of friction [1] – [3] however there 

is, as yet, no unified theory of friction which is applicable in all situations. To this 

date there has been no published material on problems involving the intricacies of the 

interaction between a flexible fibre rope and a winch with regard to multiple turn 

situations. 

 

2.2 Flexible rope tensioned over a drum 

 

In order to determine the interaction between the rope and the winch, consider a 

flexible rope, wound to an angle θ  around a solid cylindrical drum as shown in 

Figure 3 below: - where Ts and Tt are the tensions on the free sheet and tail sections 

respectively.   
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Figure 3 - Flexible Rope Tensioned Around a Drum 
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2.2.1 Changing cross-sectional shape 

 

It has been argued that the change in the surface contact area  may or may not effect 

the apparent coefficient of friction between two bodies. The compression effects of 

the rope being tensioned over the drum could increase the surface contact area and 

subsequently coefficient of friction as shown by Leech [8]; this effect could vary with 

increasing tension. Furthermore, when considering a system with an angle of wrap 

greater then 360˚ the interactions between the coils must be considered. This 

interaction between the adjacent coils could decrease this compression effect and 

decrease the apparent coefficient of friction. However it has been shown by Alrbo, 

C.S. [9], that the coefficient of friction between polyester rope and smooth steel 

sheaves decreases with increase in rope tension for a given rope size and this effect 

could have a significant bearing on the results.  

 

2.2.3 Relative movement between coils 

 

It can be seen in Figure 5 above that the tension at the sheet side will be greater than 

the tension at the tailing side. The tension varies from the value at Ts to the value at Tt, 

in accordance with Equation (1) above. 

 

As materials are loaded in tension, the stress causes the material to strain, or 

fractionally increase its length. In most materials this relationship is given by 
ε
σ

=E  

and the relationship is linear. Ropes are commonly non-linear, however stress will 
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still result in strain, and the loading the rope in tension will therefore result in an 

increase in length. 

 

After discussion with Gray [10], the following theoretical model was constructed as 

described below. 

Consider a system with an angle of wrap greater than 360˚, it can be seen that the 

point of contact of the rope with the drum at the sheet side will move in relation to the 

tailing side (assuming the tailing side to be fixed in relation to the drum, and the sheet 

side to have a small degree of slip over the drum). As the tension increases there will 

be increased relative movement between the coils of rope, as shown in Figure 4 

below. If the coils of the rope can interact with each other, there will be a normal 

contact force between the coils. The sheet side of the rope (Ts) will apply a force due 

to friction on the tailing side of the rope (Ts).  

 

 

 

 

 

 

 

 

 

 

The process of winching in the sheet is dynamic and hence the effect of the elongation 

of the rope round the winch is to create a relative motion of one part of the rope over 

Ts 

Relative Motion 

Tt 

Figure 4 - Relative Movement Between Coils 
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the other as shown in Figure 4. This relative motion will give rise to a friction force in 

the direction of Ts, the free sheet end, thereby adding to the force required by the  

tailing  person Tt to achieve the same effect on the sail. If this tailing load is not 

increased the net force will be in the Ts direction. This net force will overcome the 

static friction and cause the rope to slip around the winch. 

 

 

If a small section of the rope at the tailing end is considered, a free body diagram of 

the tailing end of the rope was firstly shown with no contact with adjacent coils 

(Figure 2, Section 2.1), and secondly with contact (Figure 5 below), both are shown at 

the point of breakaway: -  
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The force, Fc, is derived from a normal contact force acting between the coils of rope, 

as one coil moves in relation to the other. In the diagram above, the normal force 

would either act into, or directly out from the page depending on the configuration. 

The reason for this normal contact force between the adjacent coils of rope is due to 

the dynamic nature of the winching action. As the rope is tensioned around the drum 

the adjacent coils have a tendency to bunch together, shown in Figure 6 by the red and 

blue arrows. This occurs because the rope is effectively trying to occupy the same 

space as the adjacent coil, however the adjacent coil is attempting to do the same 

thing and a contact force occurs between them. This normal force between the coils 

gives a friction force, Fc, in the direction shown on Figure 5 above. 

F  

 µN 

N

dφ/2  dφ/2  

dφ 

F + dF 

Fc 

Figure 5 - Capstan Equation Free Body Diagram 
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Referring back to the free body diagram shown in Figure 5 on the previous page.  

Again summing forces horizontally and vertically produces the following 

 

 

 

dϕ  is a very small angle, therefore: 

1)
2

cos(),
2

()sin( ≈=
ϕϕϕ ddd  

Deleting these terms and differentials of higher order: 

NFdF c µ=+  

and 

ϕFdN =  

Combining these equations: 

ϕµd
F

FdF c =
+

 

 

)
2

sin()
2

sin()(

)
2

cos()
2

cos()(

ϕϕ

µϕϕ

dFddFFN

NdFFddFF c
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+=++
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Figure 6 - Bunching Effect Between Coils 
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Now, considering the implications of the relationships at this stage, it can be observed 

that the inclusion of the force due to coil contact, Fc, has altered the relationship 

considerably. If Fc assumes a positive value, and the right side of the equation is 

assumed to be constant, then to maintain conditions of static equilibrium the value of 

dF must reduce. 

 

To understand the implication of this reduction in dF, let Tt, the tailing load, equal F 

and Ts, the sheet load, equal F + dF, it can be seen that this reduction of dF will result 

in less force being applied to the sheet side of the rope as the tailing load remains 

constant thereby apparently decreasing the overall coefficient of friction.  
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3. Testing-Rig Design & Setup 

 

The test rig available was in a poor working state, and 70% of the available project 

time was required to design, build, calibrate and setup the testing rig in a manner 

suitable to commence the proposed testing and analysis of the mechanics of the 

winch/rope interface.        

              

 

Figure 7 - Testing Rig During Testing 

Key areas of improvement of the rig were identified, they were: - 

 

1. Force Measuring Device (Load Cell) 

2. Varying Angles 

3. Data Acquisition System 

Load Cell 

Winch Supporting Beam 

G-Clamps 

Variable Angle Yoke 
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3.1 Load-Cell 

 

A force measuring device was required, as the previously designed and constructed 

Load-Cell was misplaced during the summer and could not be located. A copy was 

made and the design was improved to achieve improved low-load sensitivity. 

 

3.2 Varying Angles 

 

The current design of the rig could only achieve angle increments of 90˚, this was 

improved with the design and construction of a yoke. The angle increments were 

reduced to ~ 30˚, this gave a much improved distribution of results. 

 

3.3 Data Acquisition System 

 

To be able to accurately measure the force acting on the load cell at the point where 

static friction transitions to dynamic friction, a data acquisition system with a high 

sapling frequency was required. This was achieved by the utilisation of a Strawberry 

Tree data logging board, connected to a Pentium PC. The PC had Workbench 

installed, which offers a Windows style user interface to analyse, process and record 

the data output from the Load-Cell. Considerable time was required to setup, calibrate 

and use this system during testing. 

The Load-Cell was tested and showed good linearity and repeatability, with R2 linear 

regression factors of 0.997, showing good correlation.  
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4.  Testing 

4.1 Testing Aims & Objectives 

 

A sailing winch typically involves multiple turns of the rope (sheet) on the winch to 

obtain maximum mechanical advantage. These overlapping turns can either be in 

contact with subsequent turns or non touching and the experiments carried out were 

designed to identify these differences and the impact on the performance of the winch.  

In so doing the results were compared with the expectations derived from the Capstan 

Equation for varying loads and angles of contact. 

 

4.2 Testing Procedures 

 

The procedures which follow conform to the error reduction procedures outlined in 

the American Society for Testing and Materials, in particular the ASTM G-143 Test 

Method for measurement of Web/Roller Friction Characteristics [6] and the ASTM 

G-115 Test Methods for Determining Friction Coefficients[7]. These standards 

outline the best practices and procedures for obtaining coefficients of friction between 

a flexible material and a smooth drum. The standards outline variables that need to be 

maintained in order to obtain accurate results, such as: -  standard testing temperatures 

and relative humidity. Ideally, these should be adhered to for the accurate 

determination of friction coefficients, however, given the stable nature of the lab 

environment, it was decided these factors would not significantly affect the results.   

The standard outlines that it is not necessary to clean the surfaces, as they should be 

kept as close as possible to the actual system being tested, however, as repeatability 

and inter-test variability were required to be kept to a minimum, the drum surface was 
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regularly cleaned to remove contaminants that may effect the results. The rope was 

checked for dirt/contaminants regularly, and if showing any signs, a different section 

of the rope was used. The rope and drum surface were regularly checked visually for 

signs of wear, as this could effect the results. 

 

The following procedure was used for all of the testing carried out: -  

1. Workbench program was opened on the PC 

2. The filename was selected and noted. 

3. Workbench was started, and initially was left to run for 10 seconds to enable a 

base reading of voltage to be recorded in the file. 

4. The correct mass was selected, and its weight noted.  

5. The mass and hanger were securely attached to the rope using a clove hitch, 

they were then steadied to remove the chance of the tailing angle changing 

during the test.  

6. Pressure was carefully applied to the winch handle, until the point of 

breakaway was reached and the pressure was released. 

7. The tailing load was lifted and the rope re-set 

8. Points 6 and 7 were repeated 5 times, per test. 

 

After each test the rope and drum were check for wear and the file was saved to disk. 

Each time this procedure was carried out an ASCII file was created. This file included 

the raw data showing the base voltage and the five repeated tests.  
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4.3 Data Manipulation and Analysis 

 

To obtain results suitable for comparison, the raw data required extensive 

manipulation and processing. The raw data was imported to Excel, peaks were 

averaged and tabulated and charts were created from the tabulated data. 

 

4.4 Outline of Testing 

 

Using these procedures the following tests were undertaken:- 

• The angle of contact was varied from 90˚ to 810˚ in approximately 30˚ 

increments. (25 increments of ~ 30˚) and the associated tailing and sheet 

tensions were determined for each angle. 

• The above tests were repeated for variable tailing loads of 11, 16 and 21lbs. 

• From an angle of 360˚ upwards, each angle would be tested with and without 

coil contact. The two configurations require a different approach. To achieve 

coil contact the rope was set up with the coils touching, and then the test was 

carried out; the rope was not required to be re-set for every friction test. To 

achieve no contact, the rope was required to be positioned so that the coils did 

not touch, and it was necessary to re-set the rope each time as the rope has a 

tendency to slip into a position where the coils are touching. 

 

This programme of testing required over 12.5 hours alone, not including the initial 

tests, with data manipulation and analysis requiring a further 20 hours. 
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5. Results & Analysis 

 

Figure 8 - Showing T s /T t  vs Angle, Tailing Load - 11 lbs(48.94N)
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Figure 9 - Showing T s /T t  vs Angle,Tailing Load - 16 lbs(71.19N)
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 Figure 10 - Showing Ts/Tt vs Angle,Tailing Load - 21 lbs(93.444N)
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The results shown in the three charts above (Figures 8, 9 and 10) represent the 

compiled results for the tests outlined in section 4.4 above. The ratio of Sheet Load, 

Ts, to Tailing Load, Tt, is shown plotted against the Angle in radians.  The trend lines 

shown in blue represent the best-fit exponential regression trend line for the data 

series corresponding to the “No-Contact” test. The trend lines shown in purple 

represent the best-fit line for the data series corresponding to the “Contact” test. The 

equation and R2 linear-regression correlation value shown in the legend corresponds 

to each charts “No-Contact” trend line, shown in blue. 

 



 20

5.1 Capstan Equation 

 

The results shown above are presented with a best-fit exponential regression trend 

line. The equation of the lines are shown in Table 1  below: - 

 

Table 1 – Exponential Equation of Line 

Test Equation R2 

11lbs y = 0.9409e0.1827x R2 = 0.9873 

16lbs y = 0.9688e0.1739x R2 = 0.994 

21lbs y = 0.9673e0.1729x R2 = 0.9929 

 

It can be seen that the equations given for each exponential-regression trend line show 

a strong resemblance to the capstan equation. Now, consider the capstan equation 

derived in section 2.1 it can be seen that while the form is similar, the equations of the 

trend lines in the charts outlined in the “results” section introduce a constant and do 

not match the capstan equation exactly. 

 

Capstan Equation: -     µθe
T
T

t

s =  

 

Equation in Results: -  axkey = , where k is a constant, a is the 

coefficient of friction µ and x is the angle θ.  

 

If the equation is now rearranged into the form of the capstan equation: - 

 

(7) 
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µθke
T
T

t

s =  

 

 

Note that this constant, k, differentiates this equation from the original capstan 

equation. However, the constant k is, in fact, already included in the capstan equation 

and assumes a theoretical value of 1. Since it has a theoretical value of 1, it is usually 

omitted from the equation.  

 

If k is 1, as it is in the theoretical capstan equation, this implies that as the angle of 

wrap, θ, tends to zero, the exponential tends to 1.  

 

Now, considering the system of the rope around the winch, it can be seen that as the 

wrap angle tends to zero there is, in effect, no contact between the rope and the drum. 

This implies that no force can be transmitted from the drum to rope. If no force is 

transmitted the Sheet Load and Tailing Load are therefore identical, this complies 

with Equation 15 above, i.e. as θ tends to zero, the Sheet Load to Tailing Load ratio 

tends to 1, and the value of k must be 1. 

 

Looking again at the results shown in the Table 1, it can be seen that this value, k, 

remains within 6% of the ideal value of 1. The results show that k is always 

marginally less than 1 which implies that at the point where the angle of wrap is zero, 

the tailing load is greater than the sheet load. However, it must be noted that the 

minimum angle tested was 90o, and this intercept is a predicted value, given by Excel. 

So if errors in the reading at the lower angles are recorded, this could lead to the slight 

offset in the Y-intercept. 

(8) 
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 This error could be attributed to any of the following reasons: - 

 

• Systematic errors in Load-Cell Output 

• Losses due to Internal Friction in the Winch  

• Poor Signal to Noise Ratio at Low Load-Cell Loads 

 

However, despite this error, it can be concluded that the results show a high degree of 

correlation with the outcomes which would be predicted by the capstan theory. 
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5.2 Coefficient of Friction 

 

It has been verified that the results obtained for the “No-Contact” test comply with the 

Capstan Theory, this theory can now be used to obtain the coefficient of friction for 

the winch to rope interface. The Coefficient of Friction for each test, along with the 

average for all three is given in Table 2 below: -  

 

Table 2 - Coefficients of Friction 

Test Cf 

11lbs 0.1827 

16lbs 0.1739 

21lbs 0.1729 

Average 0.1765 ± 3.5% 

 

The Average Coefficient of Friction for the rope to winch interface is 0.1765 ± 3%, 

this is a very low bandwidth of variation from the mean. This provides further 

validation of the capstan theory for the “no-contact” test for angles up to, and beyond 

360 degrees. It can also be noted, as implied from Equation (1), that at any angle, 

regardless of tailing load, the Sheet Load to Tailing Load ratio remains almost 

identical for the three tests.  

 

5.3 Effect of “contact” between coils 

  

It has been ascertained that the data recorded from the “no-contact”, or capstan, test 

follows the capstan theory. Now consider the purple trend line shown in the charts, 
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observe that the data still follows an exponential regression trend line. Note that the 

point at which the data was recorded for the “contact” test begins at 6.28 radians, or 

360˚. The second trend clearly differs from the capstan trend, as it clearly departs 

from the original. This departure from the capstan shows that the winch is transferring 

less force to the sheet side of the rope, and since the tailing load remains constant 

within each test, it can therefore be deduced that the winch is less efficient when the 

adjacent coils are in contact with each other. 

 

Inspecting each chart in turn, it can be observed that this difference between the trend 

lines increases as the tailing load increases. This implies that the effect of the contact 

between the coils is increasing with increasing tailing load.  

 

Referring back to the Figure 4, in section 2.2.3, it can be seen that increasing the 

tension on the rope will increase the strain experienced by the rope. This increase in 

strain will lead to an increased relative movement between the coils. The increased 

relative movement could lead to an increase in the effect that the contact between the 

coils has on the force transmitted from the winch drum to the rope and this is reflected 

in the results shown above. 

 

6. Discussions  
 

6.1 Rig Improvements 

 
Many problems were encountered throughout the duration of the project, these 

included  malfunctions of elements of the testing rig and experimental problems due 

to procedural difficulties. These problems were overcome and the results gained 
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clearly showed the relevance of the research, however there are many areas of the 

design that could be subtly improved. These improvements would facilitate further 

investigation in this area and many other relevant areas of interest. 

 

6.2 Areas of Further Research 

 
The results of the tests clearly show that there is a loss of force applied to the rope 

from the winch if the adjacent coils are in contact with each other. The current design 

of many winches includes a small taper angle from the top to the bottom of the winch 

drum and this taper has the effect of bunching the coils together. The impact of this 

effect could be investigated by manufacturing or acquiring a test winch with no taper 

angle. Detailed analysis of the actual mechanics of the rope slipping could be 

investigated by the utilisation of a high-speed camera to film the rope and winch in 

detail. 

 

Another area of investigation could be determining if there are any types of rope 

whose characteristics include a high rope to winch coefficient of friction, with a low 

rope to rope coefficient of friction, as there is a possibility that the effect of coil 

contact could be reduced with this configuration. Furthermore, investigation into the 

addition of a torque measuring device on the winch handle, as measuring the force 

input could help to understand the mechanics of the interaction between the coils. 

 

A final area of interest would be the investigation into the effect of varying the winch 

drum diameter, to determine the effect it would have on the overall efficiency of the 

winch, and also its effect on the trends found in this investigation. 
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7. Conclusion 

 

Sailing winches are not a recent technology, however the mechanics of the interaction 

between the rope and the winch are still poorly understood. It was the intention of this 

project to investigate this interaction, with a view to determining if there was any 

significant effect caused by the interaction between the adjacent coils of rope in a 

multi-turn configuration. This was achieved by the utilisation of a test rig previously 

built for this application. Many key areas of improvement to this rig were outlined, 

these were: the low-load accuracy of the Load-Cell; the ability to vary the angle of 

wrap in small increments; and the data acquisition system. These improvements were 

implemented by using detailed design and engineering methods to manufacture the 

components. Throughout the course of the investigation, various project management 

techniques were employed to keep on schedule, but the importance of staying on 

schedule was observed most noticeably towards the end of the testing programme. 

 

The results gained from the testing tended to concur with the Capstan Friction Theory, 

with high levels of correlation with the predicted theory. The coefficient of friction 

between the rope and the winch was found to be 0.1765 ± 3.5%, this error represents a 

very low bandwidth of results. The investigation into the effect of coil to coil contact 

proved successful and clear trends were observed, showing that the coil contact had 

the effect of reducing the efficiency of the winch to rope interface, and subsequently 

reducing the amount of force applied to the sheet side of the rope. The implications of 

this trend could prove very useful in winch design, as the winch could be designed to 

minimise the coil to coil contact and this would increase the overall efficiency of the 
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winch. Furthermore the surface of the drum could be smoother, yet the apparent 

coefficient of friction would remain the same, this could improve the life expectancy 

of the rope and drum considerably. Further investigation into the theories and findings 

of this report could help to increase the overall understanding of the mechanics of the 

interaction between the winch and the rope. 
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Appendix.1 

 

Capstan Friction Equation: -  

 

 

F  an anticlockwise circumferential tension force 

F+dF a clockwise circumferential tension force 

N  a radial outward normal force on the element 

µN a friction force on the element, where µ is the coefficient of friction 

 

Summing forces horizontally and vertically produces the following: - 
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Figure 8 - Free Body Diagram of Winch 
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dϕ  is a very small angle, therefore: 

1)
2

cos(),
2

()sin( ≈=
ϕϕϕ ddd  

Deleting these terms and differentials of higher order: 

NdF µ=  

and 

ϕFdN =  

Combining these equations: 

ϕµd
F

dF
=  

Integrating this over the entire contact angle θ gives an expression defining the ratio 

of tensions in terms of the coefficient of friction, µ, and the contact angle, θ.  

ϕµ
θ

∫∫ =
0

d
F

dFsT

Tt
 

Integrating gives: - 

µθ=
t

s

T
T

ln  

Rearranging in terms of Ts gives the Capstan Equation: - 

µθeTT ts =  

 

 

All data and Excel charts and spreadsheets have been included in the CD, along with a 

text file describing the numbering system used. 

(4) 

(5) 

(3) 

(6) 

(7) 

(8) 


