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Abstract 
 
While significant work has been dedicated to the study of potential uses of in situ resources once 
mined, the methods to mine the raw materials has not been fully explored. This paper presents 
the first attempt at producing a drop in replacement for hydraulic cylinders on heavy construction 
equipment with an electromechanical actuator utilizing pulleys for the conversion of a single 
motor’s rotational motion to bidirectional linear motion. By utilizing a twin block and tackle 
arrangement and paired spools, the system can generate bidirectional motion nearly identical to a 
hydraulic cylinder. More importantly, the use of rope builds in shock resistance to the system 
which is often a weak point for screw style actuators. Significant work remains to refine the 
concept into flight hardware, but the concept shows promise. The produced actuator can be 
applied or scaled for near direct replacement of hydraulic cylinders on terrestrial mining and 
construction equipment for faster development of off Earth use. 
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Introduction 
There is a need for an abrasive resistant and temperature tolerant version of hydraulic 

cylinders to power the industrial size construction equipment needed for sustainable habitation 
away from Earth.  

As NASA looks towards sustainable habitation of the Moon and Mars, the question of in 
situ resource use has become less of a question and more of a requirement. We simply cannot 
transport enough material from Earth to maintain human presence on these celestial bodies. In 
light of that, substantial effort has gone into the utilization of in situ resources and ways to gather 
those resources. However, the Phoenix Lander remains the leader in off Earth digging depth at 
15cm and struggled with digging into ice, utilizing a scrapping action rather than a digging 
action to loosen material for analysis.[4] This is completely insufficient for a mining operation 
that needs to generate meaningful amounts of water ice and regolith. Therefore, more industrial 
size equipment needs to be developed to enable bulk material processing to support in situ 
utilization of resources. 

The issue with hydraulics is that most hydraulics are powered through a central pump and 
hose network. They often run in the 21MPa range for operating pressure with a hydrocarbon 
based working fluid. The lunar surface has a temperature range of -233oC to 123oC[1], which 
makes it extremely difficult to use a single kind of hydraulic fluid without major variations in 
viscosity or even freezing. To compound this issue, the seals need to work in the lower 
temperatures, not outgas in vacuum, and resist the severe abrasion of the lunar regolith. One way 
to get around this issue is to use the hydraulic fluid as a heating fluid to keep all the fluids and 
seals within a consistent temperature range. However, this takes substantial power to 
continuously run, and does not address the regolith’s abrasion. Additionally, the hydraulic fluid, 
seals, and tubing add a host of spare parts that would need to be replaced as the Lunar regolith 
cuts them apart, which would have to be shipped with the equipment due to infrequent resupply 
missions.  

For this project, the goal is to build a linear actuator based on pulleys in the block and 
tackle style. By utilizing a twin block and tackle, bidirectional movement can be achieved. This 
will allow for the elimination of the hydraulic systems on construction equipment with the least 
amount of equipment design changes possible. The reason to develop a drop-in replacement for 
construction equipment is to enable the easier conversion of any construction equipment for use 
in space. This is critical in recycling the last few hundred years of construction equipment design 
experience which can not only save money and time, but also improve the reliability and 
efficiency of the equipment that gets developed. 

By switching to electric drive, this design would eliminate the issues with exposed high-
pressure hoses, eliminate high-pressure seals, and increase temperature resilience. Additionally, 
by keeping the original operating parameters of the selected hydraulic cylinder, the concept will 
be proven to work as a drop-in replacement for already designed specialty equipment.  



 4 

 
Fig. 1 Manufactured BK215 Arm Frame  

 
As shown in Figure 1, the BK215 tractor mount excavator is a lightweight and affordable 

implement. As explored later in this report, it provides a good basis for the design due to 
available manufacturer specifications. The actuator was modeled from the hydraulic cylinder 
powering the dipper arm.  

The reasoning behind the choice of pulleys is that they work in the same manner as 
hydraulics by trading distance traveled for greater force. This is not normally visible in hydraulic 
systems because the hydraulic pump is acting as an infinite cylinder, but the principle remains 
the same. Therefore, we can reduce the torque requirements for the motor which reduces the 
frictional losses on a worm gear reduction while also building in a natural brake similar to the 
effect of stopping the flow in a hydraulic cylinder.  

Design Description  
The project was focused primarily on the design, testing and applications of an electric 

double-pulley actuator and not necessarily on the design of the platform that it will be attached 
to, but investigation into the applicability of such high forces was also performed. By selecting 
the BK215, the team was then able to take the parameters surrounding the hydraulic components 
of the excavator arm and the actuator to match. The dipper cylinder was chosen as the baseline 
target due to it having the smallest mechanical space of the double acting cylinders.  
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Table 1: BK215 Hydraulic Specs 
Cylinder Retracted Length 

(inch) 
Stroke (inch) Mechanical Space 

(inch) 
Force (lbf) 

Boom 24.4 15.12 9.29 13779 
Dipper 23.5 14.84 8.66 10148 
Bucket 21.06 11.7 9.29 10148 
Slew 15.6 8.78 6.89* 10148 

*Slew cylinders are single direction only 
 

 
Fig. 2 Excavator with Actuator attachment 

Actuator  

The mechanical aspect of the actuator is broken into a few main assemblies: the inner and 
outer sleeves, center carriage, spooling assembly, and pulley assembly. As for material, 304 
stainless steel was chosen as the primary frame material due to a number of factors, despite its 
density and difficulty to machine. The two primary considerations were the ability to design for 
the fatigue limit so that the larger and heavier frame can remain operational indefinitely and its 
compatibility with cryogenic temperatures. Furthermore, most of the structure is loaded in 
compression and due to the tight packing of the components the strength to volume ratio was 
extremely important. While aluminum is often the default material for aerospace, its 
comparatively poor compressive strength and tendency to cold weld made it a poor fit for this 
application. While stainless steel is quite dense and thus the prototype extremely heavy, the 
strength of the steel allows for significant material removal in future development without 
compromising the frame’s strength. Aggressive weight reduction is recommended, as is working 
closely with the CNC operator to optimize the machining of the cut outs to match the machine 
and tool characteristics in order to avoid exponential cost increases due to the difficulties in 
machining 304. 
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Pulley Assembly 
 

 
Fig. 3 Pulley assembly: Pulley shaft (1) Shaft Nut (2)  

Pulley (3) Liner (4) Guide pin (5) Shaft bolt (6) 
 
Pulley bearing selection 
A few of the options investigated for the bearing selection include ball, roller, needle, thin, and 
plain. Due to the tight size constraints of the system, see mechanical space section, the pulleys 
are limited to around 1.375 inches outer diameter. This drove a majority of the design and limits 
the load capacities for bearings severely due to the size of the bearings in relation to the load 
exerted on the pulley. These are the specifications and calculations of bearing based on design 
and material. The formula of bearing load Ceq can be found in Reference [5], as shown below 
Table 2. 
  

• Max RPM for pulley: 860 rpm                                                    
• Ka for light impact:1.5 
• Fe load per pulley: 6300N                                                               
• KrLR industry standard: 90x106 
• Life L10:80 hours minimum 

Table 2: Bearing options 
Bearing ID (mm) Width Max P (N/mm2) Max Velocity (m/s) RPM Cr 
K5B0805 8 5 49 0.65 1241 3849 
MDZB18-12* 18 5 49 0.65 690 6927 
MBFS30-2.1 8 5 N/A N/A 33,000 1990 

*MBZD18-12 has a 12mm width when purchased, but calculations are for 5mm width after being cut to size. 
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Through life analysis, it was determined that only plain bearings would fit the design envelope, 
while operating for 80 hours (L10) with a 1400 pound-force radial load. The axial load is 
insignificant. The closest options were plain bearings made of bronze, but it made the pulley 
section very thin and difficult to manufacture. Therefore, the decision was made for the pulleys 
to be made from SAE954 bronze, with the pulley acting as its own bearing. These were 
remarkably easy to manufacture from bronze tube and simplified the parts count. While this isn’t 
ideal for a long service life, the abrasive nature of the Lunar dust makes even two weeks of 
operation a significant achievement and the larger bearing surface expands the service life if the 
effects of the dust can be mitigated. 

It should be noted that a major idea behind this design is for periodic rebuilds of the 
actuators inside a clean and pressurized habitat. This allows for the smaller and lightweight 
internal components like the rope and pulleys to be replaced while reusing the heavier frame 
elements. 
 
 
Rope 
Dyneema® rope is currently the best choice of material due to high strength, tight bend radius, 
and performance from testing on the International Space station[3]. It does not handle snags very 
well and the strength degrades significantly in the higher ranges of Lunar temperature, so it will 
need to be shaded from direct sun exposure and kept isolated from the Lunar dust as much as 
possible. The specific choice is currently Marlow EXCEL D12 MAX 78, 3mm diameter.[B] 
Dyneema® is recommended to have a minimum 10:1 bend diameter to rope diameter ratio, so a 
1.25in minimum OD for the pulley groove fits this perfectly. Additionally, the 3mm diameter 
was the smallest that we could procure at the time, but at a 3500lb breaking strength for a 700lb 
design load there is ample safety factor built in for shock loads and abrasive wear. 
 

Kevlar-49 is an alternative material to Dyneema® due to high strength, high temperature ceiling, 
and abrasion resistance. However, it is not the first choice because it requires a larger bend radius 
which is a critical factor in making the actuator work as a drop-in replacement. 
Steel cable was not a suitable choice because of the very large bend radius needed and higher 
mass. 
 
Pulley Support 
The pulley shaft as seen in fig. 3 was made in two versions, one in 304 Stainless steel and the 
other in 17-4 stainless steel. The 304SS was cold rolled to a 73.9KSI yield strength and 203 
Brinell hardness which is not ideal for shaft material, but a good control until better material is 
tested. The 17-4SS was used as a substitute for Stellite 6B since it is easier to machine and 
drastically cheaper. Stellite 6B could be an ideal material due to its low friction characteristics, 
hardness, and yield strength, but needs further research into cryogenic properties.[24] The shaft is 
1in OD. While a nearly solid 0.75in OD shaft can theoretically hold the designed loads, in 
simulations failure occurred at the stress concentration where the shaft was supported by the 
shaft nuts. With a 1in OD shaft the stress concentration was acceptable and a larger 7/16in ID 
could be used for the grease reservoir and pre-threading pilot hole. The grease exits the shaft 
through a linear pattern of holes for distributing the grease under the pulleys. Grease is added 
through one of the shaft bolts(6) that has a grease zerk countersunk below the hex drive. While 
removing so much material from a ½-20 bolt does weaken it significantly, these only provide 
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axial alignment. The shaft nuts (2) provide the radial support and transmit the load from the 
shafts to the inner sleeve or center carriage side plate. These are needed because the target load 
for the actuator exceeds the compressive yield strength of the3/8in plate thickness of the inner 
sleeve and center carriage at a 1in OD shaft. The shaft nuts increase the effective diameter for the 
load transfer to the plate while increasing the effective thickness for the load transfer from the 
shaft, and the3/16in deep step controls the axial alignment. Lastly the liners (4) are made from 
1/16in thick PTFE sheet, die cut with a leather clicker, and works to reduce friction between 
adjacent pulleys but primarily works with the guide pin (5) to control the rope when the system 
is not under tension like during assembly. This is a critical element discovered in early 3D 
printed test assemblies because of the limited access to the center carriage during operation and 
the tendency for the rope to ‘jumble’ if not carefully controlled. A recommended improvement is 
to add retention capabilities to the guide pin, and one possibility for that is to use a long bolt. 
 
Frame 

 
Fig 4 Outer sleeve assembly 
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Fig 5 Outer sleeve assembly 

 
There were a few major design deviations between the actuator as drawn, and the 

actuator as produced. First, the stainless 304 plate was replaced by A36 due to difficulties 
encountered during machining. Second, the plates were designed to bolt together as seen in figs 4 
& 5, but tack welds were used in a similar frequency due to time limitations. Lastly, the plates 
used still had a mill scale and waterjet finish rather than being fully machined. All performance 
evaluation should account for the variances in material characteristics and manufacturing 
techniques.  

The side plates are all 3/8in thick plate as a result of the high load being transferred from 
the shaft nuts to the plates, however this is overbuilt for most of the structure. As seen in fig 6, 
there is a machined counterbore for the shaft nut alignment. This complicates the manufacturing 
into a 2.5D operation when everything else is a 2D operation. Reducing the plate thickness and 
adding in a weld on thickener plate would simplify the manufacturing process and reduce the 
mass significantly. Additionally, it is recommended to skeletonize the frame through generative 
design and/or add maintenance holes in the outer sleeve for grease and removing the shaft nuts to 
allow for full removal of the pulley assemblies without detaching the center carriage from the 
outer sleeve. A similar mass to a hydraulic cylinder should be possible with these aggressive 
mass reductions, but it does increase the machining time beyond what this project could afford. 

The inner sleeve shown in fig 4 has three long channels cut out of it which does reduce 
the strength; however, it has under 0.005in of deflection at full load which is more than 
acceptable for this application. The purpose of the wider middle channel is clearance for the 
center carriage attachment, and the narrower side channels for the two ropes to pass up from the 
pulleys to the spooling assembly. The channels must run nearly the entire length of the inner 
sleeve to maximize the travel distance. 
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Fig 6 Sleeve counterbore for shaft nut 

 
Center Carriage 

 
Fig 7 Center carriage assembly 

 
The center carriage as shown in fig 7 is a critical element of the system, as it is the anchor 

point for both block and tackle assemblies and transmits the load to the outer sleeve enabling the 
bidirectional movement. The core box of the center carriage as designed is 304 stainless steel, 
but as previously mentioned the actual hardware ended up as A36 for machinability. On either 
side of the core box are two pieces of SAE954 bronze, which are the guides and wear surfaces 
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for the inner sleeve to slide against. These are designed to be replaceable, similar to the pulleys 
and rope. The only major design change would be to reverse the ¼-28 bolt that holds the bronze 
to the core box as it is difficult to access once the rope is installed. 
 
 
Spooling Assembly 
 
 

 
Fig 8 Spooling assembly 

 
The spooling assembly as shown in fig 8 is a complex system to allow for a single motor 

to operate the system in both directions and reduce the error from using multiple motors. This 
design has substantial weaknesses, but was designed for the internal manufacturing capabilities 
available, present component supply, and some unknown issues that later arose. The fundamental 
design is a pair of timed spools that simultaneously spool and unspool at a consistent rate. While 
this design could be done with a single spool, the paired spool design was chosen to test the 
capability to enable uneven forces similar to actual hydraulic cylinders. This would be 
accomplished by having different sized block and tackles and using an appropriate ratio for the 
spools. The lead screws near the center control the spooling guides, which keeps the rope 
spooling evenly and organized on the spools in order to maximize the spool capacity while 
keeping only a single layer on the spool. This is critical, since two or more layers would change 
the effective spool diameter and cause the two pulley systems to be mistimed.  
 As mentioned this design had a number of compromises that weaken the system. 
Recommendations for the next iteration would be a fully enclosed gearbox that incorporates the 
motor’s worm reduction and gears better sized for the forces involved. A critical mistake that 
wasn’t caught in time was that while the gear train reversed the direction of rotation for the 
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passive spool as designed, the location of the spool in relation to the spooling guide means the 
reversed rotation actually causes both spools to spool or unspool at the same time. This could be 
fixed by reducing the spooling guide to a single leadscrew and/or by using a chain drive inside 
the gearbox. Additionally, this design relied heavily on set screws, but future hardware should be 
made with keyways for better load transmission.  

The frame for the spooling system as designed was made from 8 pieces, however we cut 
that down to two during production by using 3/8in plate with a bolt on flange. This preserved the 
ability to perform maintenance, while strengthening the face plates around the lead screws 
enabling better power transmission. The final design recommendation for the spooling assembly 
is to use hollow aluminum spools. Solid pieces of 304 stainless steel were used for ease of 
manufacture, but hollow tube with end plates is a much more efficient use of mass despite the 
added complexity. The multipart spool would also enable a more resilient clamping mechanism 
to hold the rope in place. 
 

Electronics and thermals  

The electrical system is built around the Brushless DC (BLDC) motor. To achieve parity 
with the original hydraulic system, a minimum of a 3kw BLDC motor is needed. This is based 
on the load of 11,000 lbs at 15.12in of extension over 6 seconds, or 3.13kw of power. In practice 
however, the Maxon EC90, 600W motor is the preferred choice for their experience with other 
challenging environments, but due to the international shipping situation from the pandemic a 
2450W 6354 BLDC electric skateboard motor was used.  

To control the BLDC motor, an electronic speed controller (ESC) with hall effect sensor 
capabilities is needed. The VESC[A] 6 MkV was the preferred ESC due to its open source design 
and easy programming through the companion application, VESC Tool. For input into the ESC, 
a simple servo tester will be used to provide PPM input and the ESC is programmed to use the 
input as the motor rpm target. This avoids the complexity of custom programming through an 
Arduino board, however the VESC does have the ability to be controlled and monitored through 
a control system. The VESC was set up to run in field oriented control (FOC) while monitoring 
the motor with the hall effect sensors. This enables the ESC to run the BLDC motor with greater 
efficiency and to automatically increase current to match the required torque to maintain the 
target rpm. Additionally the VESC has built in over current protection and temperature 
monitoring for a stall or overheating. 

Connectors will be standard from the radio-controlled vehicle industry since most of the 
equipment is designed for versatility and modularity. The VESC to BLDC wires will be joined 
with 6mm bullet connectors, power will be distributed to the VESC with 10-gauge copper wire 
with XT90 connectors, and the hall effect sensors will connect to the VESC board through the 
surface mounted JST, 6 pin, 2.0mm pitch connector. While insufficient for flight hardware, this 
saves costs during development and keeps a wider supply chain available which helped to 
alleviate the numerous supply issues created by the pandemic. 

For heat sink design, the team has taken inspiration from the design used on the Lunar 
Rover.[12] The rover utilized a box of wax which was configured to the motor through thermal 
straps. The 1100 Aluminum thermal straps were to convey heat from the battery, through the 
radiator, and to the fusible mass tank of paraffin wax. Even with the 87% efficiency of a Maxon 
EC90 motor, we will still need to dissipate ~80W of heat when at full power. That converts to 
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4.8kJ/minute of heat and based on just paraffin’s heat of fusion (solid to liquid) ~150kj/kg[5], a 
full 8 hour day of continuous operation without cooling would require 15.4kg of paraffin. In 
practice however, the needed amount is much lower because the motor wouldn’t be operating at 
full power the entire time, and thus wouldn’t require the maximum amount of paraffin because of 
the reduction in excess heat generated. This is an amount of paraffin that could easily be stored 
in the frame of the excavator arm and could be reused for keeping critical electrical components 
warm when not in use. Due to the custom nature of thermal straps,[13] for bench testing purposes 
a twin finned heat sink pulls heat from the motor face and the rear face of the gearbox through 
the aluminum adapter plate. This would perform better with thermal compound; however, heat 
buildup in the motor has not been an issue yet. 

Dust protection  

Since regolith is the main enemy of any mechanical system on the Moon, it quickly 
became a primary focus for reliability. While not tested with simulant in this project, a folded 
paper Tyvek[10][11] bellows is proposed for excluding dust from the system entirely. This could 
also improve the performance of ball screw actuators and should be studied further. 

Counterweight 

As stated in the description, this study needed to account for the practicality of such high 
forces particularly because the force required to excavate material isn’t dependent on the weight 
of the material being removed. Most excavators rely on heavy counterweights which are both 
impractical to launch and 1/6th as effective due to the Moon’s lower gravitational pull. From the 
manufacturers data on the BK215 the maximum moment generated from the arm at maximum 
extension was calculated as shown in Fig 9.  
 
 

                  
Fig 9 Moment Generated by BK215  

 
To counteract this moment, we designed a chassis/counterweight combo that works as a 

bucket which can be filled with in situ mined regolith assuming a 1.5g/cm3 density. To 
counteract the digging forces for terrestrial testing a capacity of 1.3m3 is needed, similar in size 
to a small utility trailer. For flight hardware a larger 7.9m3 capacity is needed, which is similar in 
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size to the capacity of a commercial dump truck. Therefore, it is recommended to pair an 
excavator arm with a dump bed for early missions. This would enable transport and digging with 
one vehicle. Higher packing densities or melting regolith into solid blocks would aid in 
decreasing the size of the counterweight needed and increase the effectiveness and versatility of 
dedicated equipment. 

Fig 10 Counterweight/Chassis 

Manufacturing Parts 
Due to the pandemic and numerous weather events during the year, manufacturing was 

particularly challenging. Outside of a few components, most parts had to be made internally due 
to high demand for local labor repairing the numerous chemical plants that suffered weather 
damage during the year. To help alleviate this, personal equipment was used were possible. Most 
turning was completed on a 7x12 mini-lathe, Atlas TH42, or Jet 14in lathe, and milling was 
completed on a Jet knee mill or HAAS mini-Mill. Some components, like the leadscrews in fig 
11, were slightly modified off the shelf components to save on machine time. As previously 
mentioned, keyways are a better solution for power transmission, however the broaching and 
keyway cuts were outside of the team’s comfort level to manufacture. 
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Fig 11 Spooling assembly shafts with bushings and gears 

The shafts for the spooling assembly were all turned from 304 stainless steel, and other 
than poor chip breaking all three lathes handled the material with ease when cutting with DCMT-
21.51 carbide inserts. As these were the first components made, the ease of machining on even a 
small machine like the 7x12 mini-lathe lulled us into a false sense of security which will be 
discussed later.  

One of the few components that we managed to outsource was the pulleys. These were 
ideal for an outside CNC shop to manufacture the significant number of pulleys needed. The 
pulley liners were cut with a leather clicker die and gasket cutter, but a custom clicker die would 
improve repeatability and precision. The pulley shafts were cut on the Jet 14in lathe for the 
higher precision offered by the larger machine, then polished with red rouge and a benchtop 
polishing wheel. When assembled like shown in fig 12, the pulley liners reduce the friction from 
the minor thrust loads and maintain rope organization when tension is lost on the system. 

The spools were made from solid 304 stainless steel bar stock to simplify manufacturing, 
despite weighing approximately 10lbs each. As mentioned previously, moving to a multipart 
design for the spools would save a considerable amount of weight by making them hollow, and 
would enable a proper clamping mechanism for the rope. The surface finish for the spool recess 
was left with slight ridges, and this seemed to help hold the rope in place during spooling and 
unspooling operations. 



16 

Fig 12 Pulley assembly detail 

Fig 13 End of inner sleeve with pulley assembly detail in the 10x10 pulley configuration 
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The main issue during production occurred when trying to machine the 304 stainless steel 
plates for the inner and outer sleeve. Partly due to the sharp edge radius of the endmills, the lack 
of rigidity in the available machinery, and the required deep plunge cuts to start the channels in 
the sleeves, it proved impossible to machine the plates from 304 stainless steel within the 
available time. It was decided to switch to A36 steel in order to get the various steel plates cut. 
While aluminum would be easier to cut, the team has experience with welding steel, and using 
tack welds in place of the designed bolts to assemble the inner and outer sleeve saved valuable 
time by eliminating dozens of blind taps. Even with the comparatively low precision of the tack 
welds, the pulley assemblies fit perfectly as seen in fig 13. 

The bronze guide plates did not present a challenge like the 304 stainless steel did and 
machined quite easily allowing for the precise adherence to the design drawings. The large 
bronze plates from fig 14 and fig 18 provided a good running surface for the inner sleeve while 
also joining the center carriage to the outer sleeve. Fig 15 shows the inner and outer sleeve 
assembled with the bronze plate aligned with the bolt holes of the outer sleeve. During the 
testing phase it was found that the bolts don’t have enough clearance to be removed while the 
spooling assembly is installed. By reducing the width of the bronze guides seen in fig 16 and 
reducing the diameter of the bolt heads, it was possible to make the bolts removable while the 
spooling assembly was still installed. While the build has plenty of needed improvements already 
identified, the assembly and disassembly is already simple and quick to accomplish.  

Fig 14 Center carriage running in the inner sleeve 



18 

Fig 15 Inner and outer sleeve 

Fig 16 Spooling Assembly 
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Results 

Motor Torque Test setup: 
Mechanical setup: 
Smooth pin located 12in from motor shaft center. A fishing scale’s hook was positioned around 
the pin. Motor was activated and pulls against the fishing scale. 

Electrical setup: 
ESC was 6.6 VESC, 65A max at 12v 
Power supplies were twin 12V 30A run in parallel for 12v 60A supply 
Speed control input for the ESC was provided by a servo tester potentiometer. 

Results: 
2.68lb 
2.19lb 
2.10lb 
Minimum 2.1lb force at 12in from center of rotation. 24in-lb is the maximum reliable torque for 
this motor.  
11000/20 = 550lbs @ 1.625in => 894in-lb          
894/24 = 37.24 minimum gear reduction (50:1 used) 

Motion Testing 
During the first round of motion testing it was discovered that there was insufficient 

clearance between the bronze rope guides and the main spools. The lack of clearance is likely 
due to the rope twisting during this first test, as well as the possibility of the spools being slightly 
oversized. The available measuring tools could only measure the ends of the spool and the depth 
of the recess, but the diameter of the spool’s recessed center couldn’t be measured directly. To 
resolve this and enable testing, new bronze rope guides were made that lowered the bronze 
outcropping to make to gap sufficiently large. Replacing the bronze rope guides was not easy as 
it requires removal of the spools, so extending the bronze rope guides over the top of the guide 
nut for an easily accessible bolt is highly recommended. This also simplifies reassembly as the 
bronze rope guides have a very small through hole for the rope which is difficult to access while 
installed. 
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Fig 17 Full initial assembly 

Fig 18 4x4 pulley re-configuration 

The second round of testing presented an overlooked issue that based on the gear pattern 
and rope/spooling orientation, the spools loosened or tightened at the same time. This is easily 
fixed in a redesign, but it did unfortunately require that one spool to be disconnected for testing. 
The next issue that this round of testing presented was that the pulleys generated too much 
friction to all function at the same time. It was noticed during assembly that the rope’s slack 
could be removed from only 4 pulleys at a time, but it was hoped that the higher forces from the 
motor would enable the rest of the pulleys to also be engaged. However, this did not happen and 
in one block and tackle set the first rope length could have full tension while the last rope length 
had no tension. It is suspected that larger clearances are needed for the bearing surface than is 
recommended for journal bearings, or a bimetallic pulley is needed to decrease or eliminate the 
pulleys pinching the shaft when under load. In order to work around this issue, the pulleys were 
restrung in a 4x4 configuration as shown in Fig 18. This did enable full movement of the system, 
and allowed for gathering data regarding the power consumption of the system. 
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Due to the numerous areas for power consumption between the power supply and the actuator 
movement, power consumption data was gathered with incremental additions to the load. This 
should allow for better targeting of inefficient elements. 

Table 3: Power usage from extension 
Action Voltage (V) Amperage (A) Power consumption (w) 

Idle 24.16 0.06 1.4 
Spooling w/o rope 24.15 0.84 20.2 
Full extension (no load) 24.14 1.81 43.6 

The full extension test took 47 seconds to travel 13.88in at 24.14v. Selected screenshots of the 
test video are presented in fig 19 below. This spooling rate shows a motor rpm of 638 which is 
equivalent to 3.36v of a possible 44.4v for the 190kv motor. More extensive troubleshooting of 
the ESC and motor settings/behavior should be investigated to ensure the motor is performing 
properly as the observed rpm is unusually low. An extension time of just 6.6 seconds was 
expected given the motor, gear ratio, and pulley configuration. While slow performance could be 
explained by high loads, the ESC and motor were only consuming 43.6 watts out of an available 
1569 watts and during stall tests the ESC would only go into overcurrent protection around 500 
watts. Therefore, the motor had plenty of power available and should have operated at a higher 
rpm than observed. 
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Fig 19 Extension test: Screenshots from the video taken of the extension test.  
Upper left: 0in@0:00 Start of test; Upper right: 4.75in@0:16; Lower left: 10in@0:34; Lower 

right: 13.88in@0:47 End of test  

CONCLUSIONS AND RECOMMENDATIONS 

The design mostly met our goal of replacing the hydraulic cylinder, however the design 
deviates from the target in several areas, some more important others. Overall however, the 
design’s dust protection looks to be applicable to any linear actuator, the chassis/counterweight 
design study enables full force digging even in Luna’s low gravity, and the pulley system looks 
extremely promising as a mechanical actuator option even with the needed improvements. The 
more specific recommendations for individual assemblies or components are listed with each 
component in the design description, but the system review is below. 

While the width exceeds that of the hydraulic cylinder, this does not impact the actuator’s 
ability to fit onto the BK215. The length and stroke are the more important dimensional 
deviations; however, the prototype did achieve 93% of the targeted stroke while only exceeding 
the retracted length by 10.6%. This would reduce the range of motion for the equipment, but not 
by enough to be a major concern. More pressing concerns are the mass and pulley efficiency. At 
117lbs the current prototype is grossly overweight, but it has significant room for mass reduction 
without reducing the strength. With more time and machinery resources it should be possible to 
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reduce the mass by 60-80% without changing materials through skeletonizing the frame and/or 
cutting in an Iso-grid pattern. Changing the material to aluminum could see even further 
reduction in mass, however that would exclude the ability to design for the fatigue limit and add 
complexity with additional wear plates and load spreaders due to aluminum’s lower compressive 
strength and weakness to cold welding.  

The primary issues going forward are the quantity of pulleys needed for an actuator and 
reducing the operating friction of the pulleys. The original design was for a 10x10 pulley 
arrangement for a 20x force amplification, however even without load the pulley friction 
exceeded the system’s ability to get consistent tension across the whole assembly. It was so bad 
that one side could be loose while the other side was at the full tension the motor could pull. 
Therefore, we reduced the active pulley count to a 4x4 arrangement which did produce smooth 
motion. It is recommended to investigate alternate pulley clearances, designs, and/or 
arrangements to resolve this issue. Large crane operators often exceed even the original 10x10 
pulley arrangement without issue, so there is a solution. More work into understanding the 
motor/esc interaction is needed since there was an obvious disconnect between the supplied 
voltage and the observed rpm and power consumption. 

Further research needs to cover some of the following areas. Full low temperature 
properties for Dyneema®® and other ropes/cables. As research focuses more on lightweight 
tension systems there needs to be a wider body of research with which to inform decisions. A 
greater focus into high compressive/tensile strength steel replacements for cryogenic conditions 
would also be welcome. Titanium and aluminum alloys can replace steel for many things, but not 
highly loaded shafts or pins where high strength steel is the best option. Stellite looks to be a 
good candidate, but there is a lack of low temperature research since most of its current 
applications are for high temperatures and the material cost is too high for most applications to 
use it for anything other than hard facing. A comprehensive review of commercially available 
blasting media[8] would also be valuable as more research focuses on larger construction and 
building techniques. In particular, a massive indoor facility could allow for full scale testing of 
equipment and techniques for construction and mining with freight and personnel doors. 
Essentially a cold, low humidity, dusty version of the Neutral Buoyancy Lab and Space Vehicle 
Mockup Facility.  

Recommendations for future development have a couple of angles to approach. It would 
still be extremely useful to demonstrate an entire hydraulic system using multiple actuators. 
More extensive testing would also be beneficial, specifically endurance testing to establish and 
modify problematic areas of wear. While this system is already at the extreme upper end of the 
power and force desired by proposed NASA missions, an even larger system based on chain 
would be good to explore. The tighter turn radius of the chain and higher abrasion resistance 
could enable truly massive equipment, but the high weight penalty is a major detraction for early 
missions where mass is extremely important.  
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APPENDICES 
Appendix A: Electrical plan 

Appendix B 
(1) Dyneema® Rope
(2) Marlow EXCEL D12 MAX 78, 3mm diameter
(3) https://www.velasailingsupply.com/marlow-excel-d12-max-78-3mm-black/

https://www.velasailingsupply.com/marlow-excel-d12-max-78-3mm-black/
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Appendix C 
(1) Excavator Arm
(2) BK215
(3) https://www.palletforks.com/3-point/backhoes/bk215-3-point-hitch-backhoe-fits-cat-1-or-
2/122500.html
http://titanmanuals.com/pdfs/BK215.pdf

Appendix D: Assembly and part drawings 

https://www.palletforks.com/3-point/backhoes/bk215-3-point-hitch-backhoe-fits-cat-1-or-2/122500.html
https://www.palletforks.com/3-point/backhoes/bk215-3-point-hitch-backhoe-fits-cat-1-or-2/122500.html
http://titanmanuals.com/pdfs/BK215.pdf
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