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Mission Statements 
 
The purpose of the Mountain Rescue Association (MRA) is to 
provide a central organization through which the efforts and 
activities of members may be coordinated to promote more 
effective mountain safety education, to improve mountain rescue 
service, to promote the free exchange of rescue techniques and 
procedures, to disseminate advances in equipment, and to promote 
the standardization thereof.   
 
The MRA R&D Grant Program provides funds for research, 
development and testing of SAR systems and equipment. It is 
intended to promote better understanding of mountain rescue 
systems and technology. 
 
The objectives of the Rocky Mountain Rescue Group (RMRG) 
are to maintain active groups of volunteers trained and equipped for 
mountain search and rescue mission.  To promote safety in 
mountain recreation.  To assist in emergencies other than mountain 
disasters where first aid and rescue services are needed, such as 
fires, floods, blizzards, and civil defense. 
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1.0  Introduction 

1.1 Problem Statement 

Kernmantle is the most common rope used in mountain rescue operations and in the Rocky 
Mountain Rescue Group (RMRG).  A typical rescue operation is shown below, where a litter 
and litter bearers are lowered down the hillside on a scree evacuation (Figure 1.1).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1:  Typical scree evacuation 
 
When the evacuation takes place in a forest fire or a situation with a very long descent, 
kernmantle rope may not be suitable or safe.  In these cases RMRG uses 3/16” steel cable 
and a cable lowering system.  RMRG has developed specialized devices for lowering cable 
including  a hydraulic winch and brake block, both of which are no longer in service and do 
not satisfy the requirements of the proposed cable lowering device.  The task is to design, 
manufacture and test a new and efficient cable lowering device 

1.2 Project Scope 

Safety:  Due to the application of the product, it is necessary that the design be as safe as 
possible.  A static safety factor of at least 4:1 needs to be applied when supporting a 1000 lb 
working load. 
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Adjustable: The system needs to have an adjustable feature that will allow for the increase 
and decrease of speed in cable delivery while the system is loaded with weight up to 1000 lb.   
 
Tension:  A constant lowering speed must be maintained for loads varying from 0 to 1000 
lbs on the litter end of the cable.  The operator’s end needs to be manageable for a person 
wearing leather gloves, who would ideally need to apply a tension of less than 10 lb.   
 
Rate:  The cable must be delivered at a rate ranging from 0 to 2 ft/s. 
 
Weight: The device needs to weigh less than 20 lb and ideally as little as 10 lb. 
 
Simple: The device must be easy to operate and maintain, though training on how to operate 
the device is expected. 
 
Durable: The device will be used in a rugged environment where it may be dropped on to 
rocks from as high as four feet.  It must not suffer from any major degradation in storage.  It 
must operate for more than 4000 ft of lowering under a 1000lb load without replacing any 
parts and must last for more than 20,000 ft of lowering with replacement of only minor parts.  
 
Cost: The device cost can be as high as $2000 funded from RMRG, but should be kept at a 
minimum.  Additional sources of funding may add to overall budget, and will be used to 
supplement RMR’s contribution.



3 

 
2.0  Initial Product Design Concepts 

2.1 Existing Designs 

Rocky Mountain Rescue currently has two systems used for lowering cable, neither of 
which is effective.  The first design entails the use of the gas-powered winch shown 
below (Figure 2.1). 
  

 
 
Figure 2.1:  Existing gas powered winch 
 
The ineffectiveness of this device lies in its immobility.  The device is very heavy and 
thus cannot be easily brought into remote areas.  The second design is a friction-wheel 
device shown below (Figure 2.2).  This method relies of friction, where the steel cable is 
wrapped around a cylindrical piece of polymer.  By adjusting the number of wraps, the 
user can regulate the contact angle between the cable and polymer, and consequently the 
amount of load needed to apply to the cable in order to obtain the desired lowering speed.  
However, this device anchors at two points, preventing the adjustment of wraps during 
use.  With the wraps needing to be set before anchoring, the device’s adjustability is 
limited and allows only for a small load range with limited speed variability.  With the 
limited mobility of the gas powered winch and the lack of adjustability inherent in the 
existing friction device, RMR necessitated a new, adjustable cable lowering system. 
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Figure 2.2:  Existing friction wheel device 

2.2 Design Concept One: Friction Winch 

Idea:  Initially, two designs for the cable lowering system were investigated.  The first 
encompassed a friction-based device while the second was a winch device.  The 
following analysis of the two independent designs proves their ineffectiveness when 
operating independently.  However, combining both independent designs into a single 
device provided a winch-type lowering device with frictional assistance meant to 
effectively control cable-lowering speed for a range of loading forces.   
 
Friction-Only Device:  The first method of lowering utilizes friction and relies on cable 
wrapped around a cylindrical piece of polymer.  This method is based directly from the 
second existing cable lowering devices, explained and pictured in Section 2.1, Figure 3, 
respectively.  By adjusting the number of wraps before its use, the total amount of contact 
between the cable and polymer can be regulated.  This changes the amount of friction and 
the consequential amount of applied pressure to the cable in order to obtain the desired 
lowering speed.  Both the type of polymer used as well as the diameter of the cylindrical 
polymer along the adjustment of wraps allows for a wide adjustment of cable lowering 
specifications.   
 
Friction-Only Device Insufficiencies:  The underlying problem with using the friction-
only device is its inability to adjust speed under varying loads.  With very high 
loads(approx. 1000 lbs), a specific number of wraps is needed for enough friction to 
allow the user to adjust the lowering speed by applying a force to the cable of 10 pounds 
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or less.  When the load is significantly decreased, say on a decreasing incline, the number 
of wraps still necessitates an extremely large force to continue cable movement along the 
cylinder.  Yet, the number of wraps is set and thus the lowering may halt completely.  
Since it takes an excessive amount of time to change the wraps during the lowering 
process, it is not feasible that this device be used for varying lowering speeds with 
varying loads.  Thus, another system, or assistance system, was deemed necessary. 
 
Winch-Only Device:  The winch-based design utilizes an ideal 100% friction on the 
cylindrical polymer by increasing the number of wraps in order to completely transfer the 
load to the winch apparatus (Figure 2.3).  A handle or reel controls the lowering speed.  
Gearing allows for the reduction of load force to less than 10 pounds on the reel handle.   
 

 
 
Figure 2.3:  Winch-only device 
 
 
Winch-Only Device Problems:  With small forces, the winch was a practical design that 
allowed easy variation of lowering speed.  Yet, with large forces, the gearing necessary to 
alleviate the required force on the reel handle had a mechanical advantage of over 15.  
This resulted in an excessive number of reel cycles for a relatively small amount of cable 
progression, giving a far too slow lowering speed.  For calculation analysis, see Section 
3.1.  
 
Friction-Winch Solution:  A proposed device solution, allowing for variable lowering 
speeds along a variable loading range, is a friction-winch lowering system design 
utilizing two methods of controlling lowering (Figure 2.4).  The friction cylinder is 
constructed with a polymer that fits the requirements of the device (significantly less than 
100% friction).  The cable is first wrapped to adjust for an extremely heavy load (approx. 
1000 lbs).  At these high loads, the winch is not necessary and the load can be lowered 
using friction alone as in the friction-only device mentioned above.  As the load 
decreases, the winch component of the device comes into play, assisting with the 
lowering.  Gearing changes are present and during operation, the reel is able to detach 
and reattach to the different gears depending on the loading.  This allows for the 
adjustment of lowering speed through a broad spectrum of loading. 
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Figure 2.4:  Friction-Winch device 
 
 
Summary:  Thus, by accompanying the friction device with a variable gearing winch-
based device, the cable can be lowered with variable speed through a range of load 
forces.  

2.3 Design Concept Two: Friction Only 

This device modifies RMRG’s existing friction device to allow for varying speeds under 
varying loads.  The device encompasses a metallic frame with an arm that has a hole for 
an anchor, and another arm that a brake drum slides on to (Figure 2.5).  

 
The brake drum is made from a material whose coefficient of friction allows for desired 
functionality.  The steel cable is wrapped around the material a given number of wraps in 
order to produce the adequate amount of friction.  Unlike the existing friction-only 
device, this material does not have grooves through which the cable slides.  It is tapered, 
or cone-shaped, and the cable slides so that the load always centered on the same line of 
action as the anchor.  This provides more stability in the device while preventing the 
cable from tangling.   

 
The major change that allows for the varying speeds under varying loads is that the 
number of wraps can now be changed during operation.  This change is implemented by 
anchoring the device from only one side.  This way, wraps can be added and removed 
while there is still force on the cable.  By varying the number of wraps, the amount of 
friction can be changed continuously in order to accommodate for varying speeds under 
varying loads.  
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This initial design has some problems that need to be noted. Since it is only supported 
from one side, the stress is much higher. To account for this, the design avoids using 
sharp corners and instead is curved to distribute the stress evenly in the material.  
Complete stress analysis will be needed to insure safe operation. 
 

Delrin Drum
Frame

Anchor Point

 
 
Figure 2.5:  Initial SolidWorks model of Friction-Only Lowering system 
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3.0  Design Analysis 
Both design concepts were analyzed in order to examine their feasibility.  Design one 
was analyzed considering the mechanical advantage of the handle and the accompanying 
load.  Design Two was analyzed on the basis of failure versus applied stresses as well as 
coefficients of friction versus number of wraps.  Using these calculations along with the 
advantages and disadvantages of each device compared through a QFD chart, the more 
plausible design was accepted. 

3.1 Design One 

Mathematical analysis of the Friction-Winch design entailed reviewing the effectiveness 
of handle rotation for lowering.  The major concern of the device was whether or not the 
handle could be rotated quickly enough to allow a feasible speed of descent for the litter.  
Using maximum loading along with the minimum bend radius for the cable (which 
regulates the size of the frictional drum), the number of necessary handle turns per 
second for a walking descent speed was calculated as follows.  Figure 3.1 illustrates the 
maximum 1000 lb load along with the accompanying necessary applied load.   
 

 
 
Figure 3.1:  Schematic of applied forces on the winch section of the Friction-Winch design 
 
The necessary applied load was calculated by balancing the moments in Figure 3.1 as 
follows:   

 
2tan*21tan*1 ceDisForceceDisForce =  

 
"12*"2*1000 ppliedLoadNecessaryAlbs =                     Equation1 

 
lbsppliedLoadNecessaryA 167=  
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Knowing that the necessary applied load is 167 lbs and that the specified applied force is 
only 10 lbs, a gearing ratio, or mechanical advantage, was needed to reduce the necessary 
applied load.  This ratio was calculated as follows: 
 

7.16
10

167
===

lbs
lbs

ceDesiredFor
eActualForcGearRatio                   Equation 2 (ref. 6) 

 
Knowing the mechanical advantage, a 16.7 gear ratio requires 16.7 turns of the smallest 
gear in order to turn the largest gear once (assuming the gear ratio between the two gears 
is 16.7:1).  Next, we calculate the cable released per turn of the polymer cylinder using 
the cylinder’s circumference, C, as follows: 
 

R=2” 
 

"6.12**2 == RC π                                       Equation 3 (ref. 6) 
 

Thus, for every turn of the drum, which is the biggest gearing, 12.6” of cable is released.  
The handle, which is placed on the small gearing, must be turned 16.7 times in order to 
release 12.6” of cable.  Assuming a descent speed close to that of walking, 2.9 ft/s, the 
number of handle turns per second in order to maintain walking speed was calculated as 
follows: 
 

⎟
⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛==

Second
Turns

ft
turns

s
ft

ft
sHandleTurnedDescentSpe

Second
Turns 46

05.1
7.16*9.2*  

 
Equation 4 (ref. 6) 

 
From this analysis, it is clear that this device is not feasible.  The number of handle 
rotations necessary for an adequate descent speed, 46 turns per second, or 31 miles per 
hour, is far too high.  Assuming this rotational speed is obtainable, the operator would 
expend too much energy in order to keep the cable lowering at walking speed.  The 
calculation results table is included in Appendix A. 

3.2 Design Two 

Calculations were performed for the design shown in Figure 6, Friction-Only Design 
Two.  These calculations were modeled for a rigid bar with a solid circular cross section 
as depicted in the diagram, Appendix B.  The beam type and dimensions were set in this 
diagram.  However, this calculation method is relevant for numerous other frame types 
with varying conditions/dimensions and was used throughout the project.  In this case, 
both the maximum normal and sheer stresses were calculated in order to investigate not 
only whether the design was feasible, but also to select the type of material that should be 
used in both the drum and body.  To incorporate the required safety factor of 4, a force of 
4000 lb was used instead of the expected load of 1000 lb.   
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Maximum Stress Calculations:  Using Microsoft Excel, the maximum normal stress 
was calculated using the following equations  (ref. 6):     
 

                                                        
I

cM
n

*
=σ   (psi)            Equation 5 

 
dFM *=  (ft-lb)                                       Equation 6 

 

64

4DI derSolidCylin
π

=  (in^4)                                   Equation 7 

12

4sI eBeamSolidSquar =  (in^4)                                    Equation 8 

 

)(
64

44
ionderHollowCyli DDI −=

π  (in^4)                         Equation 9 

])*2([
12
1 44 tssI reTubeHollowSqua −−=  (in^4)                    Equation 10    

 
Where,  
 

Variable Definition Units

nσ  Maximum normal stress psi 

M Moment created by an applied force, F ft-lb 
c Distance from the axis of interest to the top of the bar in 
F Applied force at a safety factor of 4 lbs 
d Distance from the applied force to the maximum stress location in 

derSolidCylinI  2nd moment of inertia for a solid circular cross section in4 

D Diameter of the cylindrical drum in 

eBeamSolidSquarI  2nd moment of inertia for a solid square cross section in4 

s Side length of the square beam in 

nderHollowCyliI  2nd moment of inertia for a hollow circular cross section in4 

oD  Outer cylinder diameter in 

iD  Inner cylinder diameter in 

reTubeHollowSquaI  2nd moment of inertia for a hollow square cross section in4 

t Tube wall thickness in 
 
Table 3.1:  Definition of variables in maximum bending stress calculations 
 
The maximum shear stress was calculated in the same manner using the following 
equation: 
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   2max 3
4

R
Q
π

τ =  (psi)                            Equation 11 (ref. 6) 

 
 

Where,  
 

Variable Definition Units 

maxτ  Maximum Shear Stress psi 

Q Shear Force lbs 
R Drum Radius in 

 
Table 3.2:  Definition of variables in maximum shear stress calculations 
 
For the modeled beam depicted in Appendix B, the results for the calculated maximum 
shear and normal stresses are listed in Table 3.3.  
 
Maximum Normal Stress (ksi) 10.2
Maximum Shear Stress (ksi) 1.7
 
Table 3.3:  Maximum allowable shear and normal stresses for modeled beam 
 
These maximum stresses were compared to the average maximum yield stresses of 
numerous materials (Table 3.4). 
 

Material Maximum Allowable Stress  
(ksi) 

Within Stress Limits? 

Steel 28 Yes 
Aluminum 20 Yes 
Titanium 20 Yes 
 
Table 3.4:  Material maximum allowable stresses 
 
As seen above, it is clear that the maximum calculated stresses for the modeled beam in 
Appendix B are lower than the failure stresses of many materials.  This shows that a 
frame material for the brake device can be chosen that will fit within the device’s safety 
requirements.  
 
Friction Brake Calculations:  Calculations were also performed to predict the number 
of wraps that would be required to break a 1000 lb load with a 10 lb force on belay for 
various materials.  This calculation was done using the Capstan equation below. 
 

µθeTT oi =                                          Equation 12 (ref. 6) 
 
Where, 
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Variable Definition Units 

iT  Tension due to the applied load; rescue load lbs 

oT  Tension due to belayer load lbs 

µ  Coefficient of friction none 

θ  Contact angle radians 

 
Table 3.5:  Definition of variables in wrap # calculations 
 
By rearranging Equation 12 in terms of θ , and plugging in an input of iT =10 lbs and 

oT =1000 lbs according to the above mentioned loading, the number of wraps(2π  radians 
= one wrap) was calculated using the following equation:          
 

µ
θ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

= o

i

T
T

ln
                                             Equation 13 (ref. 6) 

 
The coefficients of friction for numerous materials, which were looked up using 
Physlink.com, are listed along with the number of wraps required to hold the 1000lb load 
with 10lb of force are displayed in Table 3.6. 
 

Material 
Coefficient of 

Friction # of Wraps 
Steel 0.57 1.1 
Aluminum 0.47 1.3 
Cast Iron 0.4 1.6 
Polystyrene 0.325 1.9 
Teflon 0.04 15.6 

 
Table 3.6:  # of wraps for a given coefficient of friction 
 
It is important that a coefficient of friction is used that has a manageable number of wraps 
so that the lowering is smooth and extremely small changes in contact angle do not make 
great differences in frictional force, thus preventing drastic changes in lowering speed.  
Consequently, we would like a coefficient of friction between approximately .08 and .15 
in order to give a manageable number of wraps and ultimately more friction control while 
in use.  Finding a material that would work for somewhere between 4 and 8 wraps, or 
coefficients of friction between .09 and .18, would be ideal because this would allow for 
a greater change in wrap angle to accommodate for a varying load.  The problem with a 
material like steel where only 1.1 wraps is needed to break a 1000 lb load is that a small 
change in the wrap angle will have a large effect in the amount of load that can be 
supported.  This would make the system too sensitive. 
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Error:  A source of error in this analysis is that we are working with a steel cable not a 
steel block.  The steel block or other material geometry may have been used to find the 
coefficient of friction values in Table 3.6.  The coefficients of friction between the steel 
cable and the above materials may vary.  Though these calculations do give us an idea of 
some materials to test, testing with the steel cable would need to be performed to get 
actual coefficient of friction values. 

3.3 Design Elimination 

Using a Quality Function Deployment (QFD) Chart (Table 3.7) along with the 
theoretical calculations and resulting conclusions, the two final designs were compared.   
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Table 3.7:  QFD chart 
 
The above chart compares the necessary qualities of the compared devices in terms of 
engineering requirements and user requirements.  Wherever the advantage of one design 
exceeds that of the other, an x is placed in the column for the advantageous device.  
Through its simplicity due to the lack of gearing, potential light weight and durability, 
ability to exceed safety standards, adjustability, and feasible low cost, this chart shows 
that Design Two is more advantageous and thus, more plausible than Design One.  
Design Two exceeds the ability of Design One to fulfill device requirements. The 
previous calculations not only proved that Design One required too much work into the 
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wheel, but also indicated that Design Two was capable of holding the prescribed load 
when made with selected materials.  Based on the chart, design analysis, and the 
advantages and disadvantages of each design, it was clear that the Friction-Only 
Lowering System, Design Two, was the better design. 
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4.0  Initial Testing 

4.1 Field Testing of Existing Friction Wheel 

Our first test was a performance test on RMRG’s existing polyurethane cable brake block 
system.  The purpose of the test was for the team members to get a feel for how the 
device operated.  Specifically, the force required by the belayer to break a load, the 
smoothness of lowering, and the device’s stability were observed. 
 
Procedure:  The test was performed in Boulder Canyon on a rocky hillside.  The device 
was anchored to a tree via a piece of cable.  A diagram of the set up is shown in Figure 
4.1. 

 
Figure 4.1:  Existing friction wheel field testing diagram 

 
Two and a half wraps were placed around the brake block.  The excess cable, stored on a 
spool, allows one person to continuously deliver the cable to the device.  Another person 
held the brake end of the cable to control the load on belay.  On the cable’s load side, two 
team members applied a load by pulling on the cable while walking down the hillside, 
away from the device.  This set up mimicked a real world rescue scenario where the 
people supplying a load represented a victim being lowered down the slope.  Each team 
member was given a chance to operate the brake device. 
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Results:  While operating the brake device, it was discovered that there was a large 
amount of movement of the device due to torsion created by the applied load at one end 
on the drum and the braking load at the other end.  Consequently, controlling the brake 
was difficult and delivering the cable was jerky.  It was possible to eliminate this problem 
by introducing another person to hold, and thus stabilize the device while in use.   
 
The device was designed to connect to the anchor through two points.  As previously 
stated throughout section Design 2.0, this did not allow for the addition or removal of 
wraps once the system was loaded.  Thus, the range of forces for which the brake block 
can operate and the speed of lowering was limited.  Also, it was noticed that the addition 
of merely a half a wrap would make the load stop moving.  This made it very difficult to 
steadily lower the cable when the load was varied slightly.  Last, during the test there was 
a light rain but there were no noticeable effects to the system.    
 
Conclusions: First, the device must maintain stability throughout operation in order to 
safely and steadily lower the cable.  An extra stabilizing device may be necessary.  Next, 
the number of wraps must be adjustable with this type of device.  Our design solution 
contains this adjustability.  Last, it will be important in our design to pick a material that 
allows for a more gradual change in friction with the addition of one load.  This will 
prevent jerking and will allow for a controllable, stable descent.   

4.2 Coefficient of Friction Testing 

Tests were carried out to determine the dynamic coefficient of friction for various 
materials.  By looking at these coefficients, the material to be used for the friction base 
can be selected.  This selection will be based on the range of wraps necessary to 
accommodate varying loads with varying lowering speeds, which changes proportionally 
to the coefficient of friction between the cable and material.   
 
Set Up:  A picture of the test material set up is included in the Appendix D and in Figure 
4.2 below.  The test materials were machined in order for two I-bolts to be inserted.  The 
I-bolts were inserted into the test material and were anchored to a beam.  This was done 
with carabineers attached to both the I-bolts and the webbing with the webbing wrapped 
over the beam.  The cable was wrapped around the cylinder.  Weights were attached to 
both sides of the cable as necessary. 
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Figure 4.2:  Coefficient of friction testing apparatus 
 
Test Procedure:  The specific test material was anchored as described in the previous 
section.  The cable was wrapped around the cylinder 1.5 to 3.5 times.  The ratio of the 
weights was changed until movement began. Both weights at which movement began 
were recorded.  Weight was then removed from the heavier side until movement ceased; 
the weights were recorded.  Weight was then added to the heavier side until the cable was 
deemed to be accelerating.  The weights, right before the cable accelerated, were 
recorded.  This process was completed for PVC, Delrin, and Aluminum friction 
specimens. 
 
Interpretation:  In this test, the coefficient of friction was calculated based on the 
Capstan Equation, Equation 12.  This equation related the tensions on the two sides of the 
cable with the wrap angle and the coefficient of friction.  Knowing the tension on the two 
sides as well as the number of wraps, the coefficient of friction was calculated using the 
following rearrangement of Equation 12: 
 

θ
µ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

= o

i

T
T

ln
                                            Equation 14 (ref. 6) 
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Where in this case, Ti and To are the weights on each side of the wound cable and θ  is 
the number of wraps in radians. 
 
Since we were trying to determine the dynamic coefficient of friction, which is based on 
the friction between two materials when they are moving with respect to each other at a 
constant rate, we needed to make sure we took the correct weight measurement.  The 
weight recorded right before the cable begins movement is the static coefficient of 
friction, the coefficient of friction for the initiation of movement.  This initial 
measurement as well as the last weight measurement, right after acceleration, was noted 
but not used in the determination of the dynamic coefficient of friction for each material.  
The weights used were the weight at which movement continued if an initial push was 
provided and the final weight right before the cable began to accelerate.  
 
Results:  The resulting test dynamic coefficients of friction are as follows: 
 

Material Average Coefficient of Friction # of Wraps for 10lbs/1000lbs 
PVC 0.105 7.0 
Delrin 0.115 6.4 
Aluminum 0.187 3.9 

 
Table 4.1:  Dynamic coefficients of friction and # of wraps for selected materials 
 
The experimental coefficients of friction, all of which are charted in Appendix C, were 
calculated using Equation 14 and averaged for each of the three materials.  As performed 
in the design analysis Section 3.1 using Equation 13, the number of wraps necessary for a 
10lb/1000lb belayer to load ratio was calculated for each of the three materials.  The PVC 
and Delrin values give us a much more manageable number of wraps than the previously 
materials seen in Section 3.2 Table 3.6.  However, the aluminum still has slightly too few 
wraps.  The PVC and Delrin drums and their accompanying coefficients of friction will 
allow us enough variation to smoothly accommodate for all load ranges at varying 
speeds.  Thus, the ultimate use of either PVC or Delrin in the final design will be 
considered and a plastic can be assumed to exist that will satisfy our design requirements. 

4.3 Initial Drum Material Wear Testing 

Introduction/Test Setup: A large consideration for this design is the wear in the drum, 
where the cable will be wrapped.  A test was designed and performed in order to make 
sure the material chosen could withstand the wear from the cable.  This test was 
preformed in the Civil Engineering Department at CU.  The same testing device that was 
used in the coefficient of friction tests, shown in Appendix D, was used for this test as 
well.  The device was attached to a crane, which could be raised and lowered in order to 
lift the weights before each run of the cable.  Before the crane was raised, the cable was 
wrapped around the drum of the device with one end attached to the weights and the 
other held by a person.  The crane could then be raised, with the cable held so it did not 
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slip on the drum until the crane stopped.  The weights were then allowed to slowly drop 
eight feet to the ground.  
 
Test Description:  Both the PVC and the Delrin drums were tested.  First, the Delrin was 
set up and the device was tested with 176 lbs of weight attached to the cable.  The weight 
was raised by crane and lowered using the ‘braking” test device.  This was repeated 30 
times.  Next the PVC was tested.  176 lbs was used again.  However, there was obvious 
wear with only ten runs, and thus, because the material was wearing so easily, it could be 
determined unfit and no more testing was needed.  Last, the Delrin was tested again with 
a larger weight.  The weight was increased to 455 lbs and the cable was run ten times 
with the eight-foot drop.  This setup is shown in Figure 4.3. 
 

 
 

Figure 4.3:  Testing setup for material wear test 

 

Results:  Table 4.2 shows the wear tests performed for each test piece.  
 
Material Weight 

(lb) 
Distance 

(ft) 
State of Material 

176 240 Minimal wear Delrin 
455  80  Acceptable wear 

PVC 176 80  Severe wear 
 
Table 4.2:  Wear testing results 
 
After running this test, it was concluded that the PVC was too soft to be used for the 
drum.  It would wear out quickly and the piece would become unusable due to drum 



20 

damage.  The Delrin held up very well in this test, with minimal visible wear.  While the 
wear was not extreme, more testing is needed to ensure that this material would be usable 
for the final product.   
 
The device was field tested in order to allow for longer runs of cable, as well as more 
realistic forces.  Unfortunately, due to unseen difficulties in the design of the testing 
device (jamming of the cable against the bolts), the cable could not be run under these 
conditions and the test was not conducted.  Since it had good performance in the lab, it 
was decided that the Delrin was an acceptable material to use for the prototype and could 
then be further tested in the field on the working prototype to make sure that it would not 
wear too extensively.  Pictures of the Delrin and PVC drum wear are in Appendix E. 
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5.0  Prototype 1 
The goal of prototype 1 was to construct a working model of the cable braking system.  
Particularly, we wanted to get a feel for the operation of the system and see if the use of a 
conical drum would control the speed of cable delivery under varying loads. 

5.1 Design 

The concept for this prototype was to use friction to break the cable.  The design was 
made for manufacturability, low cost, high strength, and safety.  The overall weight, 
durability, and size were not major driving forces.  In this prototype, proving the 
functionality of the friction-braking concept was the main goal.   
 
Initial design ideas were pondered and discussed in meetings with our group, our faculty 
advisor, RMR advisors, and Mark Eaton, the machinist in the ITLL, in order to examine 
all aspects of feasibility in the design and to create the most advantageous, easy to 
manufacture design possible.  After extensive thought and review, a design was chosen 
that encompassed the required safety specifications, and potential desired functionality. 
This design was modeled in Solid Works in the Figure 5.1. 

 
Figure 5.1:  3D model of Prototype 1 



22 

 

The design consists of three main parts; the drum, frame, and bolts.  The drum was 
configured with a sloping angle meant to keep the cable in place and to prevent it from 
sliding off the drum.  The slope guides the cable down to a point where another cone with 
a steeper angle intersects.  At the point of intersection, the cable exits the device; this 
intersection keeps the exiting point of the cable constant and stable.  The function of the 
frame is to hold the conical drum and to provide means to anchor the device.  A circular 
tube was chosen to hold the drum because this would be the easiest shape to bore through 
the drum.  Square tubing was used for the rest of the frame due to its reduced weight with 
only a small reduction in strength (because of it being hollow). Eight inches of clearance 
were provided between the drum and the anchor point to allow room for the operator to 
add and remove cable wraps.  The rectangular slot anchor at the top was designed with 
the idea of being able to attach a shackle at any point in the slot.  This allows for 
variability in the anchoring of the device such that the optimum point at which operation 
is stable can be found.  Modified bolts are used to hold the drum in place on the circular 
tubing. 
 
Material Selection:  With the design of the prototype complete, the next step was 
material selection.  To keep costs low while still maintaining strength requirements, steel 
was the ideal choice for the frame.  Also, it was possible for us to weld steel on our own, 
keeping the manufacturing cost at a minimum.  Ultimately, hollow square tubing was 
chosen to build the frame.  Yet, before this choice was made a stress analysis was 
performed on the design.  The process used in the design analysis Section 3.2, Equations 
5-11 was used for these calculations.  Again, a safety factor of four was used in this 
design so that a 4000lb point load was applied to the point where the cable exits the 
device.  An equal and opposite force was also applied to the anchor point.  The 
dimensions used for these calculations as well as the potential applied loads are included 
in the following figure. 
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Figure 5.2:  Forces applied to Prototype 1 in stress analysis 

 
Maximum allowable stresses for this design for numerous tubing types, the weight 
reduction for these tubing types, the chosen material, and its accompanying strength 
values are shown below (Table 5.1). 
 

Cross 
Section 

Type 
Weight 

Reduction (%) 
Bending 

Stress (MPa) 

Shear 
Stress 
(MPa) 

Tensile 
Strength (MPa) 

Material 
Chosen 

Circular 0 70 12 250  
Hollow 
Circular 

66 124 
 

18 250 A36 Steel 

Solid Tube 0 83 10 170  
Hollow 
Tube 

56 121 6.6 170 A513 Steel 

 
Table 5.1:  Prototype 1 calculation results and materials selection 
 
The first column of Table 5.1 displays the percent difference in weight between hollow 
and solid steel tubing.  Since the hollow tubing still exceeds the necessary strength values 
it was appropriate for Prototype 1.  This reduced the weight of the frame by 56%. 
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A force analysis was also performed on the bolts holding the Delrin cone in place 
(Figure 5.3).  These bolts would each have a shear force of 500lbs due to the applied 
moment on the cone.   
 

 
Figure 5.3:  Force analysis on bolts 
 
The previous figure shows a net applied force of 1667 lbs at a point on the bolt where the 
steel tube and Delrin cone intersect.  This force can be divided into four parts because 
there are two bolts in the system and each extends out on both sides of the steel tube.  The 
results of this analysis are displayed in Table 5.2. 
 
Component Applied Force, per bolt

(lb) 
Yield Force

(lb) 
Bolt 417 lb 2200 

 
Table 5.2:  Results of bolt force analysis 
 
Bolts were chosen with a yield force of 2200 lbs, well above the applied force of 417 lbs, 
taking into account the necessary safety factor of four. 
 
The Delrin used for the cone material was selected after performing friction and wear 
testing on several specimens.  This is outlined in Sections 4.2 & 4.3. 
 
The tear out stress in the design was also considered.  The design adaptations that came 
as a result of tear out stress was that for any bar where a load is applied there needs to be 
a distance of material equal to the diameter of the bar between the bar and the end of the 
material that it is anchored to.  This is depicted in Figure 5.4, where the distance between 
the circle and the end of the rectangle needs to be at least equal to the diameter of the 
circle to prevent tear out. 
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Figure 5.4:  Tear out stress diagram 

 

5.2 Manufacturing 

The manufacturing process started with cutting the hollow steel tubing with a band saw 
into appropriate lengths for the frame.  These lengths included two six-inch pieces, one 
18-inch piece, and one four-inch piece (Figure 5.5).  The circular steel tube was cut 
down to a 9.5-inch piece.  From here, the two six-inch pieces were welded to the 18-inch 
piece.  After this welding stage, the circular bar was milled into the frame.  This was done 
on a milling machine and took a substantial amount of time due to the large amount of 
material to be removed.  This configuration is shown in the following figure. 

 
Figure 5.5:  Initial frame pieces welded together with milled hole 

 
At this point, the slot in the anchor was milled into the four-inch piece of square steel 
tubing and holes were drilled in the circular tubing to accommodate the bolts for the 

Shear Tearout 
(Sheet Shear) 

Load 
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drum.  Once these operations were completed, the circular bar and anchor piece were 
welded to the frame. 
 
The next step in manufacturing was to create the conical drum.  This was performed by 
spinning the Delrin cylinder on a lathe.  A cutting tool was angled so that it made the cut 
for the long, gradual angle and next cut the steep angle without readjusting the tool.  
Originally, using a CNC machine to make this part was considered, but the lathe was a 
much faster, simpler alternative. 
 
The bolts were manufactured by using a grinding disk to remove the hexagonal heads.  
Slots were ground into the bolt ends to allow for the bolts to be tightened and loosened 
with a flat head screwdriver.  Threads were tapped into the drum to match those in the 
bolts in order to keep the bolts in place. 

5.3 Budget 

The material source, size and costs are displayed in table 2 below.  The total cost of 
prototype 1 was $134.97 since only half of the Delrin cone was used in this prototype.  
None of the manufacturing was outsourced for Prototype 1.  Materials were the only 
expense. 
 

Material Source Size Cost 
Square Tubing Rose Steel 

(Lafayette) 
2”x2”x1/4” 
4’ long 

$27.28

Circular  
Pipe 

Rose Steel 
(Lafayette) 

2” radius 
3/16” thick
1’ long 

$4.23

Delrin 
Cone 

Colorado Plastics
(Boulder) 

6” diam. 
16” length 

$160.00

Bolts(2) McGuckins 
(Boulder) 

½” diam. 
4” length 

$3.46

  Total $214.97
 
Table 5.3:  Budget, sources, and cost for Prototype 1 materials 

5.4 Testing 

The prototype was not tested in the lab because there was no way to simulate the 
circumstances in which it would be used.  Any lab testing that could be done would 
provide no additional information other than what was already known from previous 
material tests.  The prototype was tested in two different locations at Settlers Park, 
Boulder, CO. 
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First Test - November 19, 2005 
The first prototype test was done on an ~(30 – 40) degree incline that was somewhat 
rocky and uneven as can be seen in Figure 5.6. This test was done without attaching a 
litter and using only one or two people for weight.  Since this was the first testing of the 
prototype, the goal of the test was to see how the device functioned and how easily it 
could be used and adjusted.   
 

 
 
Figure 5.6:  Test one setup for Prototype 1 
 
Positive Aspects:  The device was large enough so that the user had room to operate it 
without running into the anchor while adjusting the wraps.  It also was very easily 
adjusted.  Because the anchor was attached to only one side, the user could hold the cable 
at any point around the drum and could either add or remove wraps whenever needed.   
From the perspective of the user, it also ran very smoothly.  The cable was not jumpy on 
the Delrin and ran across it very consistently without sticking.  Unfortunately, because 
the cable is not elastic like the kernmantle rope and does not have much give in it, the 
person/people pulling on the litter end did feel slight jerkiness.  However, due to the 
stiffness of cable, this will be felt in any operation employing its use.  The tapered drum 
design worked very well.  The loaded side of the cable stayed in the pivot point of the 
drum and the cable did not overlap during the test. 
 
Negative Aspects:  The biggest problem with the design is that the cable does not want 
to be coiled.  If the load is taken off of both sides, the cable will ‘spring’ out from the 
drum.  This allows extra space between the drum and the cable for the cable to move out 
of place and slide off of the device.  This can be avoided by having the operator be 
cautious, consciously keeping force on both sides at all times.  If the operator gets 
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distracted, or does not realize that the weighted end is moving, the cable can easily fall 
off of the device, leaving nothing controlling the free end of the cable.   
 
Another problem found was that the device had a torque to it.  Since the anchor was only 
lined up with the force in one axis, and possibly because the weight of the device itself 
was not taken into account, the device would rotate needed to be stabilized in order to 
operate efficiently.  It could either be held in place in the air, or because it was anchored 
near a rock, it could be held against the rock.   

Second Test - November 27, 2005 
The second test of Prototype 1 was taken to a different hill than the first (Figure 5.7).  
This test was done with six members of RMRG, who served to test the usability of the 
device and to help pull the litter.  It was anchored so two separate runs could be taken on 
both a mild and steep incline.  Both inclines were smooth and unobstructed.  This test 
was done with a litter attached to the weighted end of the cable, and five people holding 
the litter (litter bearers).  From this testing, the device could be operated under larger 
forces and at faster speeds.  Each incline was tested twice and a different user operated 
the device each time to allow for different perspectives and operating styles. 
 

 
 
Figure 5.7:  Test setup with lowering device and litter 
 
Positive Aspects:  Once again, the operators found that the device generally ran 
smoothly, was easily controlled, and there was enough working space between the anchor 
and the drum.  Also, when the load changed because of a drop in the terrain, the device 
could quickly be adjusted to account for the increase in force. 
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Negative Aspects:  As noted in the last testing, it was again noticed that it is very easy 
for the operator to stop the feed very sharply.  This causes the litter to come to an abrupt 
stop because the static nature of the cable.  Next, with the increased load, if the force 
slightly lightened, the cable would loosen and lose contact with the drum.  When the load 
was applied again, the friction would stagger and the device would shake.  It was found 
that this could be easily controlled two ways.  The first was to stabilize the device.  
Because it was on a relatively flat surface, the easiest way to stabilize it was to place the 
device on the ground and stand on it.  Also, if the cable was fed hand over hand, rather 
than allowing it to slide through ones hand, it was a more controlled feed and the device 
would not shake.  This was previously considered the best way to handle the cable 
because it keeps the cable in one hand at all times and is therefore safer.  However, with 
increased speed, it was found to be difficult to keep up with the release of the cable when 
feeding hand over hand.  This is another issue that cannot be avoided.  Since the cable is 
thinner and stiffer than rope it is more difficult to grasp and will not be able to be fed at 
the same rate.   
 
There was also a point where some wraps came off of the device while in use.  The user 
was feeding hand over hand and attempted to add another wrap.  There was no one 
stabilizing the device, which caused it to tip, made the cable fall off, and resulting in an 
abrupt stop.  This stresses the need to keep the device stabilized while in use as well as 
the need for design alterations so that the cable cannot slide off of the drum as easily.   

Testing Conclusion 
Both field tests showed the prototype to be a generally good device.  While there were 
definite problems with the device, it was easier to use and worked much better than the 
previous braking device that RMR had been using.  This testing showed several things 
that need to be altered in the next prototype.  On a bright note, this design was described 
as “usable,” meaning it could serve the purpose it was designed for with only small 
problems that did not affect the overall device functionality.  The testing showed where 
the device lacked and where alterations in the design are needed to create a better 
product.   

5.5 Prototype 1 Conclusion 

Prototype 1 was the largest step in the cable braking device project.  After considering 
many options, a design was chosen, analyzed, built, and tested.  The purpose of the first 
prototype was to make a device that proved the basic concept would work.  The design 
was made as simply as possible, allowing for low cost without sacrifice of functionality.  
Before it could be built, the design had to be analyzed to be sure that it would support the 
forces put on it.  Prototype 1 involved three basic parts, the Delrin drum, the steel frame, 
and the steel bolts.  Each part was analyzed to be sure that no parts would fail.  The frame 
was built from square tubing that was cut and welded together.  The drum was made 
using a lathe to cut the core out and to add the tapered shape to the outside.  Finally, the 
bolts were bought and then altered to allow them to be easily inserted and removed from 
the drum.   
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After prototype 1 was built, it was tested.  It was taken to Settlers Park and exposed to 
actual rescue conditions.  The device proved to be easy to operate, with enough space for 
one’s hands and the ability to adjust the amount of force taken on by the braking device.  
Yet, the testing also showed problems with the design.  These included torque of the 
device, the possibility of the cable to come off of the drum, and a need for a new anchor.  
In the end, Prototype 1 proved to be a very good, working concept that facilitated new 
design ideas for future models. 



31 

 
6.0  Prototype 2 

6.1 Design 

Though prototype 1 could be used if necessary, numerous device attributes were 
inefficient.  The basic design concept will essentially remain true to the first design.  
However, based on the testing results from the 1st prototype, many modifications need to 
be implemented to the design in order to reach the next step towards optimization.  There 
were 4 major areas for improvement: Delrin drum, safety modification, line of 
action/anchoring, and frame material selection. 
 
Delrin Drum:  There were two aspects of the drum that needed to be changed.  Testing 
proved that the Delrin drum could be used the way it was, but the taper angle and weight 
of the drum were cause for concern.  As expected, the cable wore away at the Delrin, and 
it began to make small grooves, the deepest located where the cable left the drum towards 
the litter at the point with the highest load.  With the current drum slope angle of 
approximately 16 degrees, the cable could begin to wrap on top of itself.  Due to the force 
of the cables on each other, the cables also began to wear.  By reducing the taper angle to 
13 degrees (seen as the angle on the opposite side of the 77 degrees below) (Figure 6.1), 
the cable will potentially be less likely to wrap over itself and the amount of drum and 
cable wear will potentially decrease. 

 
 
Figure 6.1:  Revised Delrin drum design 
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The amount of Delrin used on the original design proved to be more than enough 
material.  By chopping off material at each end of the drum, nearly half of the weight of 
the Delrin could be removed, resulting in an even lighter prototype.  This modification 
also meant that the line of action would be closer to the frame, resulting in a shorter 
anchor arm and lower applied stresses.  Manufacturing a new Delrin drum will not be 
necessary for these design changes because the existing drum can be modified.  
 
Safety Modification:  While performing testing on the first prototype, it was apparent 
that the device had a major safety issue.  When the cable was loaded and then temporarily 
unloaded, the cable had a tendency to spring off of the drum.  To solve this problem, the 
outermost bolt that connects the drum to the frame will be extended to ten inches long in 
order to prevent the cable from coming off of the drum.  The device is not completely 
closed off to allow the operator to add or remove wraps with ease.  The modified device 
with the safety modification is shown in Figure 6.2. 
 

 
Figure 6.2:  Prototype 2 with safety modification 

 
Line of Action/Anchor:  From testing, it was noticed that the Prototype 1 was less stable 
than expected.   A major reason for this behavior was that the anchor point on this 
prototype was aligned with the center of the Delrin drum rather than the line of action of 
the cable.  This produced a moment when force was applied that caused the device to 
torque toward the line of action.  To fix this problem, the drum will be offset so that the 
line of action of the cable lines up with the anchoring point.  Two views of this 
realignment are shown in the following figures. 

Safety 
Modification
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Figure 6.3:  Positioning of drum and anchor point 

 
 

 
 
Figure 6.4:  Line of action (LOA) shown in Prototype 2 

 
The 1st prototype was anchored by threading nylon webbing through the milled slot on 
the anchor arm.  This proved to be an unsafe and unstable method for anchoring the 
device.  For the 2nd prototype, two new anchoring methods will be explored: a single 

Inner radius 
of Delrin 
drum

Line of 
action 

Anchoring arm 
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anchor point and an attachment that allows multiple anchor points.  The single anchor 
point will be a high strength eye-bolt connected through the anchor arm and along the 
line of action.  This configuration is shown in Figure 6.5.   

 
Figure 6.5:  Single anchor on Prototype 2 
 

The second option will be a bar of square tubing that attaches flush with the anchor arm 
and the frame via the first eye-bolt and two guide pins to prevent rotation (Figure 6.6).  
This attachment will be made of the same material as the frame and will have an 
additional eye-bolt at each end.  This attachment will allow exploration of wide anchor 
points and its consequential effect on device behavior and stability. 
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Figure 6.6:  Double anchor on Prototype 2 

 
Frame Material Selection:  Prototype 1 weighed nearly 27 lbs., which proved to make it 
difficult and cumbersome for the individual that had to transport it.  The frame of the first 
design was made of ¼’’ steel tubing which gave it a safety factor of eight.  The design 
requirements only necessitated a safety factor of four, meaning that a lighter and less 
strong material could be used for the next frame while still staying within the safety 
parameters.  6063 T6 aluminum tubing of the same thickness was an acceptable choice 
based on maximum stress calculations, which were calculated based on the method in 
Section 3.2 using Equations 5-11 for both hollow square tubing and hollow circular steel.  
This material was also 60% lighter than the steel but more expensive.  The stress/strength 
calculations and weight reductions are shown in Table 6.1. 
 

Cross 
Section/Material 

Type 
Weight 

Reduction (%) 
Bending Stress 

(MPa) 
Shear Stress 

(MPa) 

Tensile 
Strength  

(MPa) 
Hollow Tube Steel 0 121 6.6 250 
Hollow Circular 
Steel 

0 124 18 250 

Hollow Tube 
Aluminum 

60 121 6.6 145 

Hollow Circular 
Aluminum 

60 124 18 280 

 
Table 6.1:  Prototype 1 calculation results 
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Stress Concentration Analysis:  To further understand how the frame design would 
behave under a 1000 lb load with a 4:1 safety factor, Finite Element Analysis was 
performed on our CAD model using COSMOS works (Figure 6.7).  This program didn’t 
have the aluminum material properties of which we were using, so an alternative 
aluminum alloy was used resulting in unsuitable stress numbers.  Although the numbers 
were incorrect, the stress/deformation model is still useful in understanding how the 
frame loads and where stress concentrations are located.  An alternate FEA program will 
be used in the future to obtain accurate stress values. 
 

 
 

Figure 6.7:  Stress concentration locations on Prototype 2 frame 

6.2 Manufacturing 

The manufacturing process for the second prototype started with cutting the hollow 
aluminum tubing with a band saw into appropriate lengths for the frame.  These lengths 
included two six-inch pieces, one 18-inch piece, and one four-inch piece.  The circular 
aluminum tube was reduced from 9.5’’ to 8’’ to accommodate the smaller Delrin drum.  
For this prototype, the decision was made to clamp the frame together and drill the hole 
for the circular tube.  Also, the attachment holes were drilled in the circular tube before 
the frame was welded together.  This was done due to the fact that the welding was 
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outsourced to a professional welder, allowing the team to fast track the rest of the 
manufacturing process.  The frame was then sent to Collins Machine/Mfg. with 
instructions to be welded.   
 
Note: When frame was returned from Collins, it was obvious that the welding of the tube 
had been done backwards.  This was due to a failure in communicating our design 
assembly to them.  Testing will hopefully prove this mistake to be inconsequential. 
 
The next step was to alter the Delrin Drum used on the 1st prototype.  The first step in this 
process was to turn the new shallower angle into the drum on the lathe.  Next, the drill 
press was used to drill and tap new anchoring holes that would accommodate the 
modified dimensions of the frame and drum along with the new safety bar. 
 
With the return of the completed frame and the modification of the drum, the new, 
secondary anchoring attachment could be completed.  Half-inch holes were drilled into 
the attachment at each end for the anchoring eye-bolts.  Next a ¾’’ hole was drilled 
through the anchoring end of the frame and the attachment so that the main anchoring 
bolt could fasten the attachment to the frame as well as provide a main anchor point for 
the frame.  The final part of the manufacturing process was to thread the safety bar so that 
it would screw into the drum.  A slot was also cut into the opposing end of the bar so that 
it could be screwed into the drum with a flathead screwdriver with ease. 

6.3 Budget 

Item Size 

Yield 
Strength 

(MPa) Source Cost 
Aluminum 6063 T52 
Square Tubing 2” x 2” x 0.25” x 4’ 145 Onlinemetals.com $35.31

Aluminum 6061 T6 
Circular Tubing OD-2.5”, ID-2.25” x 1’ 280 Onlinemetals.com $7.71

Aluminum 6061 T6 
Circular Rod 0.5” x 1’ 280 Onlinemetals.com $1.10

I-bolt ¾”  x 5” 93.6 McMaster-Carr $25.14

Welding   Collins 
Machine/Mfg. $85/hr (~2 hrs)

Shipping    $20
  Total $259.26
 
Table 6.2:  Budget, materials, source, and cost for Prototype 2 

6.4 Field Testing 

The testing of Prototype 2 will be very similar in procedure to the testing done on the 
initial prototype.  The device will be anchored to a tree or stationary object while loaded 
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by members of the operating team pulling on the steel cable.  Three new characteristics of 
this design will be evaluated.   
 
The first is the overall behavior of the device when it is in operation.  The torque that the 
device experiences will be analyzed, taking into consideration the new line of action for 
the loading/anchoring.  Also, because the device is made of aluminum as opposed to 
steel, the frame will have to be evaluated under all of the stresses that the 1st prototype 
experienced to see if the aluminum is a feasible material.   

 
The second characteristic will be the comparison of the dual anchor and the single 
anchor.  The device will be tested the same way using both anchor orientations and the 
behavior of the device under steady and shock loading will be analyzed. 

 
The third major design change to be analyzed will be the new safety device.  The cable 
had a tendency to unwrap itself from the drum on the 1st prototype when the cable was 
suddenly shocked or when the operator accidentally let go.  This new safety device was 
designed to prevent the cable from unwinding if these accidents occurred. 

Test 1- Tuesday, February 6 2006 at Settler’s Park 
This test was conducted at the same location as the second test for the 1st prototype.  All 
of the senior design team participated as well as 3 members from RMRG.  The device 
was loaded with three people (approximately 200 lbs) for each testing run.  The main 
purpose of this testing session was to see if the device actually worked as well as to 
record the behavior of the device under various circumstances.  The new variable 
anchoring system will be evaluated as well as the safety device. 
 
Positives:  The device was first tested using the single anchor point.  The overall 
behavior of the device was very impressive.  It successfully handled the load with 
operational ease at both ends of the cable.  The safety bar performed its task while 
allowing the operator to easily add and remove wraps.  The torque experienced by the 
operator was minimal and the hand over hand cable feeding was easily done. 
 
Next, the device was tested when it was anchored with a two anchor-point attachment.  
This anchor proved to make the device most stable.  The dual anchor eliminated all 
twisting and torque, and the operator could focus all of his/her attention on the cable 
feeding speed.  The overall smoothness of operation was very good and the learning 
curve for operating the device was anything but steep.   
 
Negatives:  When the device was anchored by the single anchor-point, the device still 
exhibited tendencies to twist.  This tendency could be eliminated by the wrap operator 
merely placing his/her hand on the frame but required the operator to remove a hand from 
the cable.   

Test 2 – Sunday, March 5 2006 at Settler’s Park 
This was done with many members of RMR as well as the use of a litter to simulate 
actual loading conditions.  Both the steep and shallow paths were used. The shallow path 
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was at an approximately 15 degrees angle, and the steep path was about 40 degrees.  For 
each run, the litter was fully loaded with six litter bearers.  For the steep runs, there was a 
person in the litter. For this test session, a dynamometer was used to measure the tension 
in the cable. The maximum force measured was 869 lbs. This was a good representation 
of what a high load would be like in actual rescues. The average load was around 300 lbs. 
In contrast from the first testing, the single anchor point was not used since it was already 
known that it was more stable with the two-point anchor. This test showed similar results 
as the first testing, but proved that the design would work for high loads. One flaw of the 
design was that if the operator was standing up hill from the device, the cable had a 
tendency to slip off of the drum.  Because of the added safety gate, it would not unravel 
and the litter would remain in control.  However, the cable would then have to be 
reoriented on the device before continuing. Having the operator remain downhill from the 
device can easily control this, or a second safety gate could be added at the bottom to 
keep the cable from slipping. 

Testing Conclusion for Prototype 2: 
Prototype 2 showed many improvements from the first prototype, including greater 
stability and safety. It was also much lighter than the first prototype (15 lb vs. 25 lb) due 
to the material change from steel to aluminum. The device was tested by numerous 
people including CU team members and members of Rocky Mountain Rescue Group. 
This provided a variety of input from people; the overall opinion was that the device 
functioned well. It was stable using the two-point anchor, could be adjusted for various 
terrain, and was easily operated by first time users. Changes to implement into the next 
design include a safety ‘pin’ to keep the cable from slipping and permanently attaching 
the two-point anchor. Because the basic design was successful, and only minor changes 
will be made, no more prototypes need to be made.  Instead, the focus will be changed to 
testing both the drum material and the overall strength of the device. 

6.5 Tensile Testing 

Instron Testing 
 
 An important requirement for the project was that our device be able to safely and 
dependably work under a load of 1,000 lbs.  In order to ensure that our frame could 
withstand these loads without cracking, breaking, or bending excessively we used an 
Instron testing machine to load it up to 4,000 pounds, which is the critical load it must be 
able to endure in order to have a four to one safety factor.  To secure the device in the 
Instron, one end of a cable was put on the safety bar of the device and then the cable was 
wrapped around the drum as many times as possible.  This increases the friction enough 
to support at least 4000 lbs.  The other end of the cable was attached using a pin to an 
anchor point on the base of the machine (Figure 6.8).  Cables were also attached to each 
of the two anchor points on the frame and then attached to a single anchor point on the 
upper part of the Instron by a pin going through the looped ends of both of the cables.  
This set up best simulated the loads the frame would see in actual use.     
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Figure 6.8:  Front and back view of Instron setup 

 
The frame was then pulled in tension at a constant rate by the top anchor point of the 
Instron moving upwards.  This test was performed on Prototype 2 by increasing the cable 
extension at a rate of 1 inch/minute.  A maximum load of 4330 pounds was reached 
before the cable broke at the cable clamp near the bottom anchor point.  The frame 
withstood the critical load of 4,000 pounds without any visible damage or bending and 
the testing was only limited by the strength of the cable used to attach the frame.  
Prototype 2 was then modified by adding our final design optimizations and was then 
tested again.  The results were fairly similar with the frame carrying a load of 4380 
pounds before the cable broke in the same place as before.  Only an extremely small 
amount of bending was seen in the top cross bar of the frame to which the eye-bolts are 
attached.  No other changes in the frame occurred.  In the end, both prototypes fulfilled 
the 4:1 safety factor requirements.     

6.6 Prototype 2 Conclusion 

After extensively testing the new design both in the field and in the lab, major progress 
was made.  Overall, the testing was a success and the project outlook was optimistic.  All 
that is needed now is to optimize the design with the remaining funding and time.  
Prototype 2 conclusions are listed as follows: 

• The design proved to withstand the 1000 lb load with a 4:1 safety factor 

• The two-point anchor attachment was the obvious choice due to stability 
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• The safety device was utilized on more than one occasion and successfully kept 
the cable from completely falling off of the drum 

• Line of action changes proved to make device more stable 

• The device performed well in the field, with a full litter simulation experiencing 
loads upwards of 900 lbs 

• The device was much lighter 

• Hand-over-hand operation was achieved; however, the cable feed rate was slower 
than desired 

The next step in the project is to redesign Prototype 2 in order to optimize the device.  
Aluminum is the obvious choice for material, but weight reductions can be made to the 
frame.  While keeping the functional aspects of the design intact, weight can be trimmed 
from the drum.  The two-anchor attachment will no longer be an attachment but a 
permanent addition to the frame.  Operation of the device will have to be tested further 
and taught to potential operators.  With enough time and funding remaining, all of these 
aspects should be easily completed. 
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7.0  Final Device 

7.1 Design 

After successful tests of Prototype 2, the final prototype design was reached.  Changes in 
overall design are subtle but crucial in optimizing the design of the device.    

The most drastic changes were done to the frame.  The first was the double anchor 
addition.  After the decision was made to use a dual anchor point configuration, the single 
anchor and bulky attachment bolt could be eliminated and the dual anchor bar could be 
directly welded to the frame.  The decision was also made to shorten the frame’s length 
by two inches to reduce weight and awkwardness.  Next, the aluminum tube that the 
drum was attached to was moved to a center location.  After that was completed, the 
material surrounding the tube could be removed for weight purposes based on the stress 
concentration analysis.   

The drum design was modified next.  The outside diameter of drum was reduced by 0.2 
inches and the overall length was reduced by 0.5 inches.  The angles from the previous 
drum were all consistent with the new design and the same attachment method was be 
used.  The safety bar was still used.  However, it will extend all the way through the drum 
and protrude from the other side by 3 inches.  Figures 7.1 and 7.2 show the final drum 
and prototype designs, respectively.   
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Figure 7.1:  Final drum design 

 

 
Figure 7.2:  Final Prototype frame design 
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7.2 Manufacturing 

The manufacturing process of the final prototype was be very similar to the second 
prototype.  All of the machining of the frame was done in house and the welding was 
outsourced to Collins Manufacturing.  The weld connecting the anchor bar was triple 
passed to deal with the high stress concentrations in that area.  The drum material was be 
turned on the CNC lathe instead of manually.   

7.3 Material Wear Testing 

Part of the scope verification was making sure the device will operate for more than 4000 
ft of lowering under a 1000lb load without replacing any parts and must last for more 
than 20,000 ft of lowering with replacement of only minor parts.  A device was designed 
a manufactured to perform this wear testing.  Potential drum materials were selected to 
test. 

Drum Material Selections 
After several field tests of the device, wear became noticeable on the Delrin drum.  This 
prompted our team to explore other possible materials to make the drum out of.  A search 
was conducted for plastics made for wear applications.  The plastics needed to have a 
better resistance to wear than the Delrin, but still have the same coefficient of friction.  
Both material properties and typical material applications were looked at to determine 
which material would be a good candidate for our friction drum.   
 
The material properties being compared were the wear factor and limiting PV.  The wear 
factor of a material is determined in a test that involves rotating material against a steel 
washer and measuring the amount of material that is removed.  The lower the wear factor 
of material, the better it is at resisting wear.  PV is pressure multiplied by velocity.  The 
limiting PV determines a maximum of pressure and volume the material can operate 
under.  It was determined from the comparison list that Nylatron NSM and Ertalyte TX 
would most likely perform the best.  After soliciting prices from Colorado Plastics on 
both materials, Ertalyte TX turned out to be expensive while Nylatron was affordable.  
Since the materials properties were better and it cost much less, Nylatron NSM was 
chosen as the material along with the Delrin to make a new friction drum and wear test. 

Wear Tester Design 
The purpose of the wear tester was to pass a typical litter load across the plastic drum for 
a distance of 4000 feet.  In doing so, the amount the drum wear could be determined.  
Initial test ideas included running the actual field device for 4000 feet.  Yet, due to the 
excessive time and personnel required to complete this test type, we looked toward a 
mechanical option.  Thus, we designed the motor operated device shown in Figure 29.   
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Figure 7.3:  Wear tester 

 
The device uses a ½ horsepower motor to spin the plastic drums.  A cable is wound 
around the drum, anchored on one side, with weight hung on the other.  Bearings allow 
for the spinning of the drum.  Based on the rpm of the motor and the circumference of the 
drum, the 4000 ft distance can be calculated.  The device was manufactured by Collins’ 
Manufacturing.  After waiting a month longer than first quoted, the device was completed 
and ready to test.  The Delrin and Nylatron drums to be tested were manufactured with 
the same angles as the actual device. 

Wear Test 1 
The wear testing was performed in the civil engineering department bay.  Initially, the 
cable was wrapped around the drum.  One side was anchored to the ground while the 
other was clamped to form a small loop.  A carabiner was attached to this loop and a 
series of 30 lb weights.  A controller was used to adjust the speed of the motor.   
The first attempt was unsuccessful due to the insufficiency of the motor.  The motor was 
unable to provide enough torque to rotate with all but 30 lbs hanging.  Since we were 
trying to simulate actual loading conditions, 30 lbs was far too low, and further 
modifications were necessary.  We also noted that the drum began to heat up very rapidly 
due to the friction between the drum and the cable. 

Wear Tester Modification 
The initial problem was the motor’s inability to provide enough torque to the rotating 
drum.  We discovered that this was due to adjusting the motor’s speed.  Since we wanted 
to simulate actual conditions, the motor was adjusted to rotate at 90 rpm, close to walking 
speed.  The ½ hp motor was rated at 1750 rpm.  By adjusting the rpm’s down to 90, the 
motor power output was decreased significantly.  The executed solution was the 
replacement of the motor. 
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The new motor was purchased from Grainger.  The motor operated at ½ hp at 90 rpm, 
and provided the torque necessary to turn the drum under the required weight. 

Wear Test 2 
The second wear test was performed the same as the first.  However, with the addition of 
the new motor, a 240 lb weight did not disrupt the rotation of the drum.  Yet, problems 
with the test quickly arose.  As noted earlier, the friction between the drum and the cable 
resulted in elevated contact temperatures.  With the heavier weight, the friction increased 
and the drum began to melt.  An attempt was made to use water as a coolant to prevent 
this wear.  However, the water was neither a sufficient coolant nor would it have 
mattered due to the fact that water lubricated the cable, consequently changing the 
parameters of the wear testing. 

Wear Test Conclusions 
An expensive, complex wear-tester was designed and created by our team with the help 
of our mentors.  However, no consideration was given to the heat generated using such a 
device.  An alternative design that would have prevented this drastic heat generation 
would be keeping the drum static while cycling the cable instead.  The movement of the 
cable would remove the heat from the drum more sufficiently as it rotated.  Further 
testing will need to be conducted in order to satisfy this device requirement, the only that 
was left unfulfilled. 

7.4 Final Prototype Conclusion 

The functional aspects of the final prototype didn’t vary much from Prototype 2.  The 
goal of the final prototype was to use all available resources to make a lighter, cleaner, 
and refined version of prototype two.  All major scope verifications were satisfied with 
this design with exception of the material wear test. 
 
This prototype revealed the intricacies of project management and the design process in 
general.  Lessons were learned in project procurement and time management.   
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8.0  Budget 
Initially, the project started out with maximum funding of $2000 from the RMRG, but the 
goal was keep it as low as possible since RMRG is a volunteer group and does not have 
extensive funds.  Additional funding was sought in order to offset the amount of money 
that needed to be contributed by RMRG.  First, a proposal was sent to the Engineering 
Excellence Find (EEF) committee with the goal of acquiring $1000.  A presentation was 
given that outlined the project goals and parameters and our group’s ideas for the device.  
Additional funding was needed to create prototypes and perform tests throughout the 
project duration.  We were awarded $1000 by the EEF.   
 
Next, we applied for a $1700 grant from the Mountain Rescue Association (MRA).  The 
application process was mostly done by RMRG because they have experience with 
MRA.  We supplied RMRG with a project schedule and budget to accompany their 
application.  After receiving this grant, we had a total of $2700 to spend on our project.   
 
As shown by the budget in Table 8.1, the project was kept under budget, but most of the 
funding was used. The device was made fairly simple so that it could be easily used and 
reproduced, so the final device was not extremely expensive. Most of the funding went 
into testing the device to be sure it was safe and would fulfill the requirements.  A full 
budget can be found in Appendix I. 
 
 
Initial Testing $127
Prototype 1 $240
Prototype 2 $181
Frame Testing $202
Wear Testing $1237
Final Device $543

Total $2530
 
Table 8.1:  Budget overview 
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9.0  Scope Verification 
Table 9.1 was used throughout the project lifecycle to monitor and control the scope of 
the project.  It can be seen that the requirements were almost fully fulfilled, with the 
exception of the wear tester.   The design aspect, requirement, and accompanying test 
method are listed below.  The unfulfilled requirement, device wear, was incomplete due 
to inadequate initial designs, slow device manufacturing by Collins, and consequent time 
constraints.  However, through field testing the Delrin drum, it was clear that the device 
was operable for at least one rescue operation. 
 

Aspect Requirement Test Method Status 
Safety 1000lb SF = 4:1 Instron, FEA Complete 
Adjustable Works with variable loads Field Complete 
Tension Handling end load under 10 lb Load Cell Complete 
Rate 0-2 ft/sec feed rate Timed Run Complete 
Weight Under 20 lb Scale Complete 
Simplicity Easy operation and maintenance Field Tests Complete 
Durability 20.000 ft of lowering, 4000 ft w/out replacement Field Tests + Lab Test Incomplete
Cost $2700 in grant money + as much as $2000 RMR Budget Balancing Complete 

 
Table 9.1:  Scope verification 
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10.0  Conclusions and Recommendations 
The cable lowering system project encompassed extensive design, manufacturing, testing, 
and budget management.  Initially, project ideas were narrowed down to two possible 
designs:  the Friction-Winch Design One and the modified Friction-Only Design Two.  
Analysis of the two designs was performed and a Quality Function Development Chart 
(QFD) was produced to compare the effectiveness of both designs.  Through inspection 
of both this chart and the theoretical calculations, it was determined that Design Two, the 
modified Friction-Only Lowering System would be the best design.  
 
This design encompasses RMRG’s existing friction wheel device along with several 
alterations meant to improve the design.  Along with the new design’s ability to vary the 
lowering speed with varying loads, the old device provided a good test subject to build 
upon.  A field test was conducted in order to inspect the insufficiencies of the existing 
RMR frictional wheel.  The field tests revealed numerous flaws such as instability and 
lack of adjustability that we were able to identify and eradicate in our new design.  Our 
new design encompasses the basic frictional idea of the existing frictional wheel modified 
to allow for varying speeds under varying loads, stability, and ease of use. 
 
Coefficient of friction testing was performed to specify a drum material with adequate 
properties.  After the coefficient of friction was found to be acceptable for both Delrin 
and PVC, the materials were tested for wear.  This testing was performed on the two 
materials and the Delrin was found to hold up much better in the test and was 
consequently used in Prototype 1. 
 
The goal of Prototype 1 was to make sure the friction only concept worked.  The 
prototype was built from steel and Delrin.  These choices reflected a design that was low 
in cost, strong, and easy to manufacture.  The initial prototype did not consider weight as 
a driving design factor.  Testing of Prototype 1 proved that the basic design of the 
friction-only braking device was usable, while also revealing some problems that need to 
be addressed in the next prototype.  These problems included a need for stabilization or a 
new anchoring method, a more balanced system, and a safer device that would not allow 
for the cable to come off the drum.  
 
Using the results of testing Prototype 1, a second prototype was designed.  This prototype 
was designed to balance the moments that were found in Prototype 1, which allowed for 
more stable operation.  A more versatile anchoring system was incorporated into 
Prototype 2 to provide another way to stabilize the device.  This prototype also 
incorporated a bar that provided extra safety by preventing the cable from sliding off the 
drum.  The frame for this prototype was made out of aluminum, which provided a 60% 
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weight reduction from steel. The Delrin cone was reduced in size to provide additional 
weight reduction.   
 
In order to fulfill scope requirements, Prototype 2 was tensile tested using an Instron.  
The frame exceeded the necessary 4:1 safety factor. Extensive effort was dedicated 
toward satisfying the durability requirement.  A wear tester was designed, outsourced for 
manufacture, and tested.  After a month long delay from the manufacturer, the testing 
apparatus was complete.  However, aspects of the tester were overlooked and the drum 
melted when subjected to actual loading conditions.  Thus, because of the delay in 
manufacturing and inadequate wear tester design, the durability requirement requires 
further testing in order to be fulfilled.  
  
Field tests of the Prototype 2 proved to show the functionality of the design.  The device 
was simple to operate, stable, and could easily adjust the lowering speed for varying 
loads.  Also, the wear on the Delrin drum was not extensive enough to impair 
functionality.  With the weight reduction, line of action change, and a safety bar, 
Prototype 2 proved to be nearly identical to our final design.  In turn, our final device was 
created with only minor modifications meant to reduce weight and optimize size.  Larger 
welds were placed in high areas of stress concentration for extra safety.  Four drums were 
manufactured for RMRG to use in the device; two Delrin, and two Nylatron, since the 
wear testing did not conclude which was more wear resistant. 
 
All in all, the project was a success, with every requirement being met with the exception 
of wear testing, and all funding coming from grants.  The final device adjusts lowering 
speed for varying loads, is simple to operate, is easily transportable, and adequately 
performs the required tasks.  We were within budget, and completed tasks within our 
schedule with only minor setbacks.  Lessons learned by each of the team members can be 
reviewed in the following section. 
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11.0  CU Student Team Lessons Learned 
Michael Dowty 
I learned that you have to plan for things not going as planned. Things rarely happened as 
we expected them to and planning extra time and money at the end of the semester for 
those things would have helped take some of the stress off.  I also really got to see the 
value of field testing during this project.  Modeling and calculations are great but it’s 
usually impossible to account for all of the factors that a device will see during actual 
use.  I think we really found out the most about our device when we were actually using 
it even though that wasn’t much of the time we spent on this project.  I also think we 
came up with a lot of good ideas for improvements and how exactly it should be used 
during those tests.  I also learned from being a part of this team that its good to have 
people that are good at different things.  Throughout this project each person seemed to 
have a job on the project that they were good at (Haynes on machining, Mike H. with the 
cosmos, etc.), we became pretty effective as a team at getting everything done and 
assigning parts of it so that no one was overloaded.      

 

Alex Eckstein 
Our senior design project was my first full group project encompassing the entire design 
and report process.  I now understand what it takes to complete a project from beginning 
to end in a group.  I was faced with numerous challenges throughout the process.  Many 
were disheartening; yet, the most important lesson I learned was to stick with it.  Only by 
continuously giving sufficient effort could our project completed as well as it turned out. 

 
Michael Hass 
Working on this senior design project has supplied me with the opportunity to work with 
a random group of people on a project for a long period of time.  Working with several 
people each doing there own part to make a collaborative final product has been a 
challenge.  Communication is one lesson that I have learned during this project.  It was 
necessary with our group to communicate to get this project to the point where it is at 
today.  The times when we struggled the most was often due to a lack of communication.  
Also experience with the design and build process has been great.  Learning how to 
convey ideas through a drawn out plan so that they can be properly manufactured has 
been a trying process. 

 
Naomi Saliman 
This project was an excellent learning experience on several engineering aspects. The 
project started with conception, moved to theoretical calculations, then to testing, and 
finally to fabrication. One of the key things learned in this project was how to redesign 
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the device. Two prototypes were built and then a final, each with new aspects. Each 
iteration was tested on multiple aspects, and then analyzed for what needed to be 
changed. Another lesson learned was how to manage multiple parts of a project. There 
were several different parts of the project going on at a time. Sometimes the team 
would be working on them all together and sometimes it would be individuals working 
on their own piece, but in the end, it all had to be put together. Finally, the most 
unexpected lesson was dealing with out-sourcing the project. Since we wanted to have 
the test device built quicker, we decided to hire a manufacturer to machine it for us. 
Unfortunately, the manufacturer did not see the project as a priority and took 
exceptionally long to get the piece back to us. In the end, this pushed all of our testing 
back to the very end of the semester and left us with no time to fix any problems found 
with the test. Next time, the necessity of the timing would be stressed to the 
manufacturer, and a larger time window would be left open for this sort of situation. 

 
Haynes Todd 
I had worked on group projects before but never on a project as large and long as this 
one.  Not only did this project refine my skills learned in the engineering school but also 
my ability to manufacture many different materials.   However the most important and 
valuable knowledge that I gained from this class was project management.  This project 
enhanced my ability to communicate not only with my group members but also the long 
list of stakeholders involved in this project.  I gained the ability to use tools such as 
Microsoft Project to hone my time management skills.  Cost and Budget management 
were also important lessons to be learned.  I was impressed with our ability to raise the 
necessary funding for the project and manage two different sources of funding.  As the 
end of the semester approached, it was obvious that our procurement management skills 
would be put to the test.  During the last two months of the project we exercised our 
ability to expend all of our time and financial resources to complete the project on time.  
My confidence to tackle and complete a project as well as my overall project 
management skill was greatly increased during the lifecycle of this class and project. 
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12.0  Schedule 
The schedule was updated continuously throughout the semester.  Numerous minor 
setbacks necessitated minor modifications in the schedule.  The major setback had to do 
with the manufacturing of the wear tester.  The device was outsourced to Collins’ 
Manufacturing for production.  The initial quoted delivery date was 2 weeks from drop 
off.  One and a half months later, the device was delivered.  As it turned out, the device 
was not designed correctly due to the fact that the drums melted during testing.  Because 
of this setback, we were unable to make modifications to complete the wear testing.  This 
was the only notable setback.  The semester schedule can be seen below. 
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Task Percent Complete Duration Start Date Finish Date
Design review and Preparation 100% 6 days 9/12/2005 9/19/2005
Meet with industry mentors 100% 1 day 9/12/2005 9/12/2005
Discuss proposal and project 100% 1 day 9/12/2005 9/12/2005
Discuss preliminary specs 100% 1 day 9/19/2005 9/19/2005
Identify Barriers and Finalize Specs 100% 1 day 9/19/2005 9/19/2005
Preliminary Design Process 100% 25 days? 9/19/2005 10/20/2005
Discuss possible ideas 100% 1 day 9/19/2005 9/19/2005
Brainstorm 100% 25 days? 9/19/2005 10/20/2005
Select best ideas 100% 1 day 9/21/2005 9/21/2005
Prepare Spec/Planning/design Report 100% 2 days 9/21/2005 9/22/2005
Present Progress Report 100% 1 day 9/26/2005 9/26/2005
Review of CAD files and drawings 100% 1 day 9/26/2005 9/26/2005
Testing Process 100% 25 days? 9/26/2005 10/27/2005
Material Selection and gathering 100% 15 days? 9/26/2005 10/14/2005
Design Testing Method 100% 3 days? 10/10/2005 10/12/2005
Begin Design/Materials Testing 100% 15 days 10/9/2005 10/27/2005
Design testing/Progress report 100% 1 day? 10/24/2005 10/24/2005
Prototype 1 100% 31 days? 10/24/2005 12/5/2005
Prototype Design 100% 5 days? 10/24/2005 10/28/2005
Materials Selection & Purchase 100% 8 days? 10/26/2005 11/4/2005
Manufacturing 100% 5 days? 11/3/2005 11/9/2005
Testing 100% 19 days? 11/9/2005 12/5/2005
Prototype 2 100% 96 days? 10/28/2005 3/10/2006
Prototype design 100% 16 days? 10/28/2005 11/18/2005
Order Parts 100% 16 days 11/14/2005 12/5/2005
Final Oral Report/Presentation 100% 1 day 12/8/2005 12/8/2005
Manufacturing 100% 10 days? 1/18/2006 1/31/2006
Testing 100% 20 days? 2/13/2006 3/10/2006
Testing Process 2 (wear testing) 96% 53 days? 2/15/2006 4/28/2006
Evaluation of new materials 100% 16 days? 2/15/2006 3/8/2006
Design of wear testing apparatus 100% 13 days? 2/22/2006 3/10/2006
Manufacturing of testing apparatus 100% 28 days? 3/15/2006 4/21/2006
new material testing 50% 5 days? 4/24/2006 5/28/2006
Testing Process 3 (tensile testing) 100% 15 days? 3/15/2006 4/4/2006
Test Design 100% 8 days? 3/15/2006 3/24/2006
Setup and Dry Run 100% 1 day? 3/24/2006 3/24/2006
Testing 100% 1 day? 4/4/2006 4/4/2006
MRA Grant Money 100% 36 days? 11/28/2005 6/16/2006
Create Detailed Budget 100% 5 days? 11/28/2005 12/2/2005
Write proposal w/ RMR 100% 10 days? 12/5/2005 12/16/2005
Present Proposal 100% 1 day? 6/16/2006 6/16/2006
Prototype 3 94% 28 days? 4/1/2006 5/10/2006
Prototype design 100% 11 days? 4/3/2006 4/17/2006
Order Parts 100% 3 days? 4/13/2006 4/17/2006
Manufacturing 80% 17 days? 4/18/2006 5/10/2006
RMR final presentation/report due 100% 25 days? 4/1/2006 5/5/2006

RMR Cable Braking Project Schedule as of : 5/5/06
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APPENDICES 

A: Friction-Winch Device Calculations 

Handle Arm(in) Wheel Radius(in) Load Force(lbf) Necessary Applied Force(lbf)
12 2 1000 167 

Necessary Mechanical Advantage for 167 lbf for a 10 lb input 
16.7 

Necessary Gearing Ratio # smallest gear turns for one cable rotation 
16.7 16.7 

cable release per big turn(in) handle rotations for 1 ft of release 
12.6 16 

descent speed(ft/s) # necessary turns/sec 
2.9 46.4 

 

Table A1:  Friction-Winch Device Calculations 
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B: Maximum Stress Calculations Diagram 

 
Figure B1:  Maximum Stress Calculations Diagram 
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C: Coefficient of Friction Testing Data 

Using Equation 14, 
θ

µ
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

= o

i

T
T

ln
, the coefficient of friction was calculated using Ti=T1, 

To=T2, and theta equal to the number of wraps times (2*pi) in the following table.  The 
values highlighted in yellow represent the initial dynamic data and the values highlighted 
in pink represent the final dynamic data before mass acceleration. 
                                           
Table C1:  Coefficient of Friction Testing Data 

Test  1 
10/17 Wraps(#) T1 T2 theta Mu 
PVC 1.5 18.00 10.00 9.42 0.062 
 1.5 13 5 9.42 0.101 
 1.5 58.00 25.00 9.42 0.089 
 1.5 63 25 9.42 0.098 
 1.5 73.00 25.00 9.42 0.113 
 1.5 73 20 9.42 0.137 
 3.5 30 5 21.99 0.081 
 3.5 43 5 21.99 0.097 
 3.5 48 5 21.99 0.102 
 3.5 53 5 21.99 0.107 
 3.5 83 5 21.99 0.127 
 3.5 93 5 21.99 0.132 
      
Aluminum 1.5 30 5 9.42 0.190 
 1.5 35 5 9.42 0.206 
 1.5 40 5 9.42 0.220 
 2.5 100 5 15.71 0.190 
 3.5 200 5 21.99 0.167 
      
Delrin 1.5 10 5 9.42 0.073 
 1.5 13 5 9.42 0.101 
 1.5 15 5 9.42 0.116 
 2.5 13 5 15.71 0.060 
 2.5 25 5 15.71 0.102 
 2.5 35 5 15.71 0.123 
 3.5 18 5 21.99 0.058 
 3.5 63 5 21.99 0.115 
 3.5 83 5 21.99 0.127 
 3.5 88 5 21.99 0.130 
test 2 10/21 Wraps(#) T1 T2 theta Mu 
PVC 1.5 28.00 15.00 9.42 0.066 
 1.5 70 20 9.42 0.132 
 2.5 15 5 15.71 0.069 
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 2.5 35 10 15.71 0.0793 
 2.5 42 5 15.71 0.135 
 3.5 30 7 10.99557 0.132 
Delrin 1.5 10 7 9.42 0.034 
 1.5 17 5 9.42 0.129 
 1.5 20 5 9.42 0.147165 
 2.5 15 5 15.71 0.069931 
 2.5 35 5 15.71 0.123864 
 3.5 15 5 21.99 0.04996 
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D: Wear Testing Pictures 

 
 

 
Figure D1:  Material Testing Device 
 

 
Figure D2:  Wear in PVC Drum 
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Figure D3: Wear in Delrin Drum 
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E: Manufacturing Guide 

Final Frame Assembly 
 

 
 

Figure E1:  Final Frame 
 
 

Material Dimension Source 
6063 T-52 Aluminum Square 
Tubing  

2”x0.25”x48” www.onlinemetals.com 

6061-T6 Aluminum Tube 2.5”x0.125”x2.25”x6.75” www.onlinemetals.com 
 
 

Table E1:  Raw Materials 
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Part Dimension Material Quantity 
Anchor Bar 2”x0.25”x12” 6063 T-52 AL Square 

Tubing 
1 

Connector 
Bar 

2”x0.25”x14.63” 6063 T-52 AL Square 
Tubing 

1 

Side Bar 2”x0.25”x6” 6063 T-52 AL Square 
Tubing 

1 

Center Bar 2”x0.25”x6” 6063 T-52 AL Square 
Tubing 

1 

Tube 2.5”x0.125”x2.25”x6.75” 6061-T6 AL Tube 1 
 

Table E2:  Parts List 
 

Manufacturing Process: 

1) Measure out the anchor bar, connector bar, side bar and center bar from the raw 
piece of 6063 T-52 aluminum square tubing using dimensions in table 1. 

2) Cut the parts from raw material. See appendix A for diagrams of these parts. 
3) Drill two holes in the anchor bar as indicated by the diagram below. (also in 

appendix A)  Note the holes go all the way through the bar. 
 

 
 

Figure E2: Dimensioned anchor bar with holes 

 

4) Measure the tube part from the raw 6061-T6 aluminum tubing and cut.  See 
appendix A for part diagram. 

5) Now the frame will be welded together.  
a. First align the connector, side and center bars to resemble figure 1, below: 
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Figure E3:  Front view of partial assembly 

 
b. Now apply a single pass weld to connect the side bar to the center bar and 

the center bar to the connector bar.  The parts are to be welded on both the 
front and back of the frame.  See figures 3 and 4 below for weld locations. 

 
Figure E4: Front view of partial assembly showing weld locations in red 
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Figure E5: Back view of partial assembly showing weld locations in red 

 
c. Now apply a re-enforcement weld at the corner formed by the connector 

and center bars.  See figure 5 for weld location. 

 
Figure E6: Re-enforcement weld location 
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6) Cut a hole into the welded frame for the tube.  The hole is has a radius of 1.25” 

and is located as shown in the diagram below. 

 
Figure E7: Front view of hole for tube 

 
7) Place the tube in the hole so that one end of the tube is flush with the back of the 

frame.  Weld the tube in place with a bead going completely around the tube on 
both sides of the frame.  See diagrams below. 
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Figure E8: Back view of frame with tube, notice end of tube is flush with the back of the 
frame.  Weld location is indicated in red. 

 
Figure E9:  Front view of frame showing the weld location in red, which goes around the 

tube at the intersection of the tube and main body of frame. 

 
8) Now place the anchor bar on the connector bar so that it lies on the front part of 

the frame.  The anchor bar is to be centered on the connector bar.  Weld the 
anchor bar to the connector bar all the way around the area of contact.  If looking 
from the front, there will be a single weld on the top, left and right sides of the 
intersection and a triple weld on the bottom.  See diagrams below. 
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Figure E10: Two of the single bead welds to be applied to the anchor-connector bar 
intersection. (If view was from the front this diagram would be showing the 
welds on the left and top sides.) 

 
 

 
 

Figure E11: Two of the single bead welds to be applied to the anchor-connector bar 
intersection. (If view was from the front this diagram would be showing the 
welds on the right and top sides.) 
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Figure E12:  Location of the triple weld on the bottom of the anchor-connector bar 

intersection. 
 

 
9) Now weight will be trimmed from the frame by cutting off the corners on the 

lower part of the frame.  The dimensions of the cuts are displayed in the diagram 
below. 
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Figure E13: Dimensions of the weight reduction cuts 

 
 
 

 
Figure E14: View of final product 
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Dimensioned Drawings: 
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Drum Manufacturing Guide: 

1. Order 12 inches of desired material with a minimum diameter of no less than 6 
inches. 

2. Turn the material to make sure it is 6 inches in diameter and that all surfaces are 
machined and concentric. 

3. Use CNC program provided in CNC lathe to achieve profile below: 

 
 

4. Partition the two profiles by cutting the price directly in half 

5. Use a boring tool on the manual lathe to bore the inside diameter to 2.5 inches 

 
Figure E15: Bore diameter 
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6. Drill the necessary holes all the way through the drum with a 27/64 in size drill bit 
and tap only the holes on one side with a ½ in 13 pitch tap drill.  On the opposite 
side, drill the clearance holes with a ½ in regular drill bit. 

 
 

Figure E16: Final Drum Dimensions 
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F: Finite Element Analysis 

 The FEA analysis was done with the COSMOS Package in SolidWorks.  This modeling 
program allows for loads and restraints to be applied to a part in SolidWorks and will 
return factor of safety information, stress distribution and deformations. 
 
For this analysis the following material parameters for AL 6063-T6 were used: 

 
 
 

Parameter Value 
Elastic Modulus 1*107psi 
Poisson’s Ratio 0.33 
Shear Modulus 3.74*106psi 
Thermal Expansion Coeff. 2.4*10-5 

Density 0.0975pci 
Thermal Conductivity 200W/mK 
Specific Heat 900J/kgK 
Ultimate Tensile Strength 35000psi 
Tensile Yield Strength 31000psi 

 
Table F1: Material Properties for AL 6063-T6 
 
Assumptions: 
 

• The frame is made completely from AL 6063 T6, when in actuality the tube is 
made from AL 6061 

• There are not cracks or discontinuities between the square tubing pieces. 
 
Restraints: 
 
The frame was restrained at the I-bolt holes.  Movement in all degrees of freedom was set 
equal to zero.   

 
Figure F1: Restraints, show in green, used in COSMOS analysis 
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Loads: 
 
A load of 1000lbs was applied to the frame using a combination of two loading types.  
The first set mimicked the torsional force applied to the tube by applying forces to the 
inside of the bolt holes on the tube.  The second load type, a pressure, was applied to flat 
area on the top of the tube to account for a downward force. 

 
Figure F2: Applied loads, shown in pink, used in COSMOS analysis 
 
Results: 
 
The most important result from this analysis was that the locations of the stress 
concentrations were revealed to us.  The factor of safety results provided a good diagram 
of where our design did not meet the factor of four safety factor criterion.  From this we 
were able to make modifications to our design to meet criterion. 
 

 
 
Figure F3: FOS results 
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G: Material Verification 

All materials used as parts for the device are certified to withstand the rated stresses. 

 

H: Patent Review 

A patent review was performed using the Patent Trade Organization (PTO) website 
search.  No conflicting designs/devices were discovered. 
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I: Budget 

Table I1: Project budget 

TESTING   127.28
 plasitcs 80.00 
 misc hardware 30.00 
 bolts 17.28 
PROTO 1   240.24
 steel 40.12 
 delrin 200.12 
PROTO 2   180.99
 aluminum (101.20?????) 54.90 
 bolt 31.09 
 welding 95.00 
FRAME TESTING   202.00
 Proto-welding 127.00 
 Weld inspection 75.00 
WEAR TESTING   1237.47
 aluminum (online metals) 64.05 
 Aluminum (durning) 87.00 
 Bearings 60.85 
 McGuckins 7.57 
 Manufacturing 625.00 
 Nylatron NSM 61.00 
 Motor and test aparatus refinement 332.00 
FINAL   543.28
 Frame Welding 170.00 
 Aluminum 75.94 
 Hardwear 15.34 
 Nilatron 120.00 
 Delrin 162.00 
  
 Total  2531.26


