Development of replicate Apollo Lunar Roving Vehicle wheels
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I.  INTRODUCTION

The NASA Glenn Research Center (GRC) in Cleveland, Ohio is currently working to design and evaluate wheels for future lunar roving vehicles (LRVs).  For the purpose of establishing a rational baseline to compare with new wheel designs, NASA GRC would like to replicate and test the wire mesh LRV wheels used on the Apollo 15, 16, and 17 missions. 
The data acquired from wheel-soil traction / motion resistance testing of the replicate wheels would enable comparative analysis of new wheel geometries and tread patterns.  Similarly, wear testing would set the basis for new wheel carcass materials and construction techniques.  Moreover, this effort will help NASA gain in-house knowledge of how to manufacture wheels of this type for future lunar missions. 

Very little information exists about the techniques used to construct the original LRV wheels; however there are some prototypes that could be examined. For example, there are four wheels on the Apollo LRV Qualification Unit and another spare wheel on display at the Smithsonian National Air and Space Museum (NASM).

We seek vendors that will examine prototype Apollo LRV wheels, replicate them according to our specifications and the information determined from examining the originals, and then verify the engineering characteristics of the replicates. The government will make the arrangements for the contractor to examine the Apollo wheels at the NASM, or elsewhere.
II.  METHOD OF PROPOSAL EVALUATION

The government will evaluate the proposals received, based on the requirements stated in section IV. Proposals that do not meet the requirements will not be considered. The remaining proposals will be evaluated based on the following categories.

1. The proposed plan to assess the original Apollo LRV wheel geometry, construction, and engineering characteristics to generate information that could improve the accuracy of the replicate wheels, with respect to their traction performance, motion resistance, and wear characteristics in soft soil.
2. The proposed method to construct the replicate wheels.
3. Cost.
III.  DESCRIPTION OF THE ORIGINAL LUNAR ROVING VEHICLE WHEELS

A photograph of the LRV wheel and a summary of the materials used in its construction are provided in Figure 1 and Table 1, respectively. The rim was spun out of 2024 aluminum, the carcass was hand woven with 800 strands of zinc coated high-carbon steel piano wire (each strand was 81.3 cm long by 0.813 mm in diameter), and the bump-stop (the stiff inner frame which prevents the carcass from over-deflecting) was built from titanium. Tread was constructed with titanium strips, riveted to the wheel carcass in a chevron pattern. The tread covered roughly 50% of the ground contact area.

The wheel geometry and deflection characteristics are explicated by Table 2 and Figure 2. The outer diameter of the carcass was 82.2 cm and the maximum wheel width was 22.6 cm. In total, the wheel contained only 5.4 kg of mass. Nominally, the wheel supported 171 kg (in addition to its own weight) on the Apollo 15 mission. Thus, in the lunar gravity 288.5 N of normal-force was distributed over the ground patch under each wheel, under steady-state conditions. The table provides the radial spring rate in three stages; from 0 – 3.81 cm of deflection the spring-rate was 5,837 N/m, from 3.81 – 7.62 cm of deflection the spring-rate was 9,923 N/m, and for deflection greater than 7.62 cm the spring-rate was 106,330 N/m. The large increase in spring-rate at 7.62 cm was due to the carcass coming into contact with the titanium bump-stop. The spring-rate data reported in the table is in conflict with reports from other sources. As such, all of the data available is plotted together in Figure 3, for comparison.  A closer view of the data about the nominal normal-load is provided in Figure 4. Analysis of the figure reveals that under nominal loading conditions (on a hard-flat surface), the LRV wheel carcass deflected somewhere in the range from 4.5 – 6.0 cm.

The hand-weaving process used to create the LRV carcass is not well documented. However, the picture in Figure 5 shows the wheel in a fixture and the wire mesh carcass being formed. The piano wire mesh is manufactured in such a way that there are no seams in the carcass. NASA GRC has measurements of the wire mesh spacing and wire angles at discrete locations around the wheel. These data will be included in the statement of work accompanying the request for proposals.
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Figure 1:  Photograph of the Apollo LRV wheel design

Table 1:  Apollo LRV wheel materials

	Part
	Material
	Reference

	
	
	

	Rim
	2024 Aluminum
	Cawart 1973

	Carcass
	Hand woven high carbon steel, zinc-coated wire (piano wire)*
	Cawart 1973

	Tread
	50% coverage with titanium chevron shaped grousers
	Cawart 1973

	Bump-stop
	Titanium
	Cawart 1973

	*Made of 800 strands of 0.813 mm diameter, 81.3 cm long wire (Burkhalter 1995 and NASA MSC 1971)

	


Table 2:  Apollo LRV wheel geometry and deflection

	Characteristic
	SI dimension
	US dimension
	Reference

	
	
	
	
	
	

	Carcass diameter
	82.2
	Cm
	32.4
	In
	NASA MSC 1971

	Bumpstop diameter
	64.8
	Cm
	25.5
	In
	NASA MSC 1971

	Section height
	8.74
	Cm
	3.44
	In
	NASA MSC 1971

	Wheel width
	22.6
	Cm
	8.90
	In
	NASA MSC 1971

	Wheel mass
	5.4
	Kg
	0.37
	Sl
	N.C. Costes, et al. 1972

	Suspended mass*
	171.0
	Kg
	11.72
	Sl
	N.C. Costes, et al. 1972

	Normal force at ground
	288.5
	N
	64.85
	lbf
	Calculated

	Rotational moment of inertia
	2.98
	kg-m^2
	2.2
	Sl-ft^2
	Boeing Co. 1971

	Radial spring rate**
	5837
	N/m (0 - 3.81 cm)
	400
	Lb/ft (0 - 1.5 in)
	Boeing Co. 1971

	 
	9923
	N/m (3.81 - 7.62 cm)
	680
	Lb/ft (1.5 - 3 in)
	Boeing Co. 1971

	 
	106530
	N/m (> 7.62 cm)
	7300
	Lb/ft (> 3 in)
	Boeing Co. 1971

	Radial damping rate
	36.5
	N/(m/s)
	2.5
	Lb/(ft/s)
	Boeing Co. 1971

	*Vehicle plus payload mass during Apollo 15 (706 kg), minus the wheel mass (21.7 kg), divided between four wheels

	

	**This data conflicts with data from other sources, as illustrated in Figure 2.3
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Figure 3:  Radial load vs. deflection for the Apollo LRV wheel over the full design range (as reported by several sources).
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Figure 4:  Radial load vs. deflection for the Apollo LRV wheel, focusing on the range from 0 – 8.5 cm  (as reported by several sources).
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Figure 5:  Photograph of the LRV wheel carcass being formed

IV.  PROPOSED REQUIREMENTS FOR THE REPLICATION WHEELS

1. In total the contractor shall deliver 12 replicate LRV wheels; each which meets the following criteria.

a. The general appearance is the same as the original Apollo LRV wheel, except for the mounting hole pattern. The mounting hole pattern is based on specifications provided by NASA GRC.
b. The rim material is 2024 aluminum.
c. The carcass geometry is as shown in Figure 2. The carcass is woven from 800 strands of 0.813 mm diameter, 81.3 cm long, high-carbon steel, zinc-coated wire.

d. The weave pattern, angles, and spacing similar the original Apollo LRV wheel.2 This will be further defined in the request for proposals.
e. Titanium strips with the geometry from Figure 2 are used to construct the grousers. These grousers are riveted on the carcass in a chevron pattern, as shown in Figure 2, to cover 50% of the ground contact area.2
f. The wheel mass is 5.4 kg (±10%).2
g. The carcass deflects 5.3 cm (±15%) on hard ground when the wheel supports a 280 N load (in addition to its own weight). 2
h. The mass and deflection shall be consistent for all wheels within 5%.
2.  The contractor shall deliver four reports, as described below.

a. A report of the findings from examining the original Apollo LRV wheels.
b. A preliminary design report with the plans to manufacture the replicate wheels.
c. A report with the results from testing the engineering characteristics of the first prototype (e.g. geometry, stiffness, damping, etc.).
d. A final design report including the objectives, methods, scope, assumptions, final design description, test procedures, test results, test analyses, and conclusions.

3. The contractor shall submit detailed drawings of the replicate wheel in PDF form.3 
4. The contractor shall submit electronic copies of any computer files used in design.3
5. The contractor shall follow the schedule in Table 3 below.
Table 3:  Schedule and deliverables
	Date
	Action / Description
	Qty

	
	
	

	December 15, 2006
	Response to the request for information are due……………..
	1

	January 8, 2006
	Anticipated request for proposals posted………………..……
	1

	February 2, 2007
	Proposals due…………………………………………………
	1

	February 12, 2007
	Anticipated contract award…………….……………………..
	1

	March 12, 2007
	Written report with findings from examining the original Apollo LRV wheels is due……………………………………
	1

	April 12, 2007
	Preliminary design report due………………………………...
	1

	June 12, 2007
	Complete manufacture of first prototype wheel……………..
	1

	July 12, 2007
	Test report of the first prototype due…………………………
	1

	September 12, 2007
	Delivery of the final replicate wheels, documentation, and design files. Refer to the itemized list below.
	

	 
	
	a.
Apollo LRV replicate wheels.....................................
	12

	 
	
	b.
Detailed drawings of design (PDF Files)………........
	1

	 
	
	c.
Final design report ………………………………….
	1

	 
	
	d.
Electronic copies of all software design files used.
	


V.  SPECIFIC QUESTIONS FOR POTENTIAL OFFERORS
1.  What are the engineering characteristics of the LRV wheel that relate to traction, motion resistance, and wear performance in soft soil?

2.  What measurements should be made to determine the appropriate engineering characteristics of the prototype Apollo LRV wheels?
3.  How could measurements be made without damaging the prototype wheels?

4.  Would it be useful to make computer model of the wheel? If so, why, and what types of models.  What software package(s) would be used?  How would the models be built?  What methods of analysis would be employed?
5.  What is your hypothesis regarding how the original LRV wheel carcass was woven? How could the wire-mesh carcass be woven today?

6.  What are the major challenges associated with this effort?

7.  What is the approximate cost of this work?
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Figure 2:  Wheel drawing scanned from the Apollo 15 LRV Handbook (NASA MSC 1971). Dimensions are shown in cm (converted from inches in the original blueprint).





Cross-sectional view of the wheel.





Axial view of wheel.





Detailed drawing of the tread.





Wire used to weave the carcass.








� Tolerances for the dimensions are ±2% when not specified.


� This specification could be refined based on measurement of an original Apollo LRV wheel.


� Metric units should be used.
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