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Abstract

I worked remotely for NASA’s Jet Propulsion Laboratory (JPL) for my semester-long senior 

engineering design project, designing a parking lot storage solution for sample tubes on a 

fetch rover as part of JPL’s Mars Sample Return Mission (MSR). This involved designing a 

parking lot and passive mechanism for storage of ~30 sample tubes filled with Martian rock 

while the Sample Fetch Rover (SFR) is in transit on the Mars surface. This involved 3D 

modeling and printing four different passive mechanisms, testing them at JPL with a fetch 

rover and robotic arm, choosing a final passive mechanism, and designing the final parking 

lot. The final product is GD&T drawings of the final design, which could be used for 

fabrication. This project integrates what I worked on during my summer internship at JPL 

(the Mars 2020 Rover sample tubes), and what I have learned from my undergraduate 

engineering degree at Swarthmore College.
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Parking Lot Storage for Sample Tube Collection by a Fetch Rover

�

Figure 1. Mars Sample Return Mission Overview

As part of JPL’s Mars Sample Return Mission (MSR) I worked on a design concept 

for a parking lot storage solution for sample tube collection by a fetch rover. The MSR 

mission entails sending a fetch rover to the Mars surface to pick up around 30 sample tubes 

filled with Martian rock; the sample tubes will then be launched back to Earth. An overview 

of the MSR mission is shown in Figure 1. 

The fetch rover will pick up sample tubes using a robotic arm and store them in a 

parking lot storage unit on the rover. Once all sample tubes have been retrieved, the fetch 

rover will drive to the lander vehicle. The lander vehicle will have a large robotic arm which 

will transfer the sample tubes from the parking lot on the fetch rover to the Mars Ascent 

Vehicle (MAV), which will launch the tubes into space, and eventually to Earth.  A 

conceptual design for both the fetch rover and sample tube is shown in Figure 2, with the 
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purple on the front face of the rover representing the fetch robotic arm. Also shown in 

Figure 2 is the 3D printed sample tube used for this project. 

! !  

Figure 2. Conceptual Fetch Rover, Sample Tube, and 3D Printed Sample Tube

 Table 1 shows a Gantt chart for the project. The project is broken down into 5 large 

phases: Research/Brainstorm, Design/Fabricate, Test, Analysis, and Finalize. Each phase is 

broken down into smaller tasks, with projected timelines. During Spring Break, I went to 

JPL to test initial designs with JPL’s fetch rover and robotic arm "phase III#; phase I and II 

focus on design and fabrication in preparation for testing at JPL. Phase IV will involves 

analysis of data from testing, modifications to the design based on testing, and 

environmental/operational analysis/testing of the final design. Phase V will primarily be for 

finalizing the design. Due to time constraints of the project, I prioritized Phase V&creating 

the final design and making GD&T drawings&and focused less on analysis in Phase IV. 

Table 1. Project Gantt Chart

!  
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Requirements and Constraints 

Requirements for this project were given by JPL and are in line with the future MSR 

mission. From a large list of constraints, I have been working with a subset of them due to 

time restrictions of this project. These constraints are outlined below, which are under the 

section Parking Lot Storage Constraints; this goes over design, force, operational, and 

environmental restrictions. The following section includes personal constraints to this 

problem, based on what JPL has learned from previous design ideas and my own personal 

design goals. 

Parking Lot Storage Constraints

JPL has outlined a list of design constraints and requirements for the overall parking lot, 

including storage capacity, spacing restrictions, environmental conditions, operational 

conditions, and many more. This parking lot will interact both with the fetch robotic arm 

and with the lander robotic arm, and are restricted by the operational limitations of both of 

these arms. All of these constraints are listed below. 

Parking Lot. Constraints to the full parking lot are listed below.

I. Storage capacity for 30-36 sample tubes.

II. Passive mechanism should accept sample tubes from a 2-3 jaw gripper.

III. Parking lot has a maximum mass limit of 3 kilograms.

IV. Planform maximum area of 25cm x 75cm, height not to exceed nominal sample 

tube height.

V. Storage unit should retain sample tubes when a force of up to 10N is applied. 
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VI. Assume the robotic arm and grip on the sample tube will be rigid. 

VII.The tube access corridor constraints are shown in Figure 3 below. This is the 

minimum space allocation between sample tubes for conceptual grippers to be able to 

remove the sample tubes from the conceptual lander robotic arm.

�

Figure 3. Sample Tube Access Corridor

VIII. Earth launch loads are defined as follows: 100G load, Vibration 7 grms 

vibration for 2 minutes. Landing loads on Mars are benign compared to earth launch 

loads, so those will not be taken into consideration.

IX.  Thermal ranges:

A. Hot Cycles: -90 to +50 C (140 C total ΔT) to cover Summer on Mars.

B. Cold Cycles: -130 to +10 C (140 C total ΔT) to cover Winter on Mars.

X.  Each tube should be oriented within ±5 mm in the X-Y plane, ±1cm in the Z-

axis, and ±5 degree of a fixed reference definition coordinate frame (the X-Y and degree 

34mm 
29mm 
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constraint have been relaxed from the original constraint of ±1mm and ±5 degrees, 

respectively)

XI. Maximum mass of a sample tube should be taken to be 100 grams.

Sample Tube Insertion. Requirements for insertion of sample tubes into parking 

lot are listed below. 

I. Sample tubes shall be inserted into the parking lot by the fetch rover’s robotic 

arm by a body grip, as shown in Figure 4. The maximum width of the conceptual fetch 

robotic arm gripper should be taken to be 23mm, also shown in Figure 4 below. 

� �

Figure 4. Body Grip for Insertion and Conceptual Fetch Robotic Arm

II. Insertion into the passive mechanism of the parking lot should be below a force 

of 30N. 

Sample Tube Removal. Requirements for removal of sample tubes from parking 

lot are listed below. 

Body Grip 

23mm 
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I. Sample tubes shall be removed by the lander vehicle’s rover robotic arm by a top 

axial grip.

II. Any sample tube should be accessible for removal by the Lander transfer robotic 

arm in any order.

III. Removal from the passive mechanism of the parking lot should be below a force 

of 30N. 

Personal Constraints 

Previous designs carried out by JPL employees gave insight into some constraints listed 

below; a personal constraint was added to help narrow down the design space of this 

problem.

I. Have all sample tubes sit at the same height.

II. Do not couple passive mechanism; in a previous design shown in Figure 5, there 

were instances of tube N-1 falling out when tube N was inserted.

�

Figure 5. Previous Coupling Design Issue (Katherine Tighe)

III. Prioritize simplicity in design over complexity. 
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Phase I: Research and Brainstorming 

After requirements and constraints of this problem were solidified, research and 

brainstorming possible solutions was the next step. Research and brainstorming for the 

overall parking lot structure and passive mechanism are shown below. The last part of this 

section describes the final four passive mechanisms that were chosen based off of 

constraints, research, and brainstorming.

Research 

Research on overall parking lot structure and passive mechanisms are shown below. Various 

forms of media were used for research including textbooks, previous designs, and online 

sources. 

Overall Parking Lot. Previous parking lot storage solutions have been explored by 

Katherine Tighe in 2017, one of which is shown in Figure 5. Another, shown in Figure 6, was 

a more successful clamp design. These two designs, along with other information in her 

report was a great starting point for thinking about overall parking lot design ideas. 

�

Figure 6. Previous Clamp Design (Katherine Tighe)
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Passive Mechanism. Various textbooks were resources for starting to think about 

different passive mechanism ideas. These included Mechanisms and Mechanical Devices 

Sourcebook and Mechanical Engineering Design. These two textbooks along with online research 

on various mechanisms, ranging from clamps to bistable mechanisms, were the main sources 

of research for this project. Different type of passive mechanism for overall storage are 

shown in Figure 7.

� �    � �

Figure 7: Passive Mechanism Designs

Brainstorming 

Researching various parking lot storage solutions allowed for brainstorming of designs 

within the constraints of this problem. Bringing together ideas from research, sketches were 

created to explore the design space. 

Overall Parking Lot Structure. Many potential parking lot structures were 

explored, but many had to be discarded due to the strict constraints of this problem. Some 

of the final designs are shown in Figure 8; one design included holes that the sample tubes 

could be dropped into while the other two involve a symmetric unit where sample tubes 

could be inserted into a retaining mechanism (for example, a clamp shown on the right). 

Figure 9 shows the latter design concept in a CAD model, on the left as an empty unit, and 

on the right with sample tubes. 

(J) 
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� � �

Figure 8. Parking Lot Unit Brainstorming Sketches

�           �

Figure 9. Parking Lot Unit Brainstorming CAD

Passive Mechanism. Various passive retaining mechanisms are shown in Figure 9, 

including mechanisms that involve clamps, spring plungers, and bistable spring mechanisms. 

�  �
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�

� �

Figure 9. Sketches for Passive Mechanism 

Final Designs 

Based on the time restrictions of this semester-long project, the final designs were narrowed 

down based on simplicity of the mechanism; this was also one of the constraints discussed 

earlier.  The final four passive mechanisms that were chosen are shown as sketches in Figure 

10. Starting from the top left and going clockwise, the mechanisms are as follows: upper 

spring plunger and lower slot, upper clamp and lower slot, double clamp, upper slot and 

lower spring plunger. All mechanisms with clamps would restrict motion in the vertical and 

horizontal direction; the mechanisms with a lower slot would restrict motion in the vertical 

direction; all spring plungers used would restrict motion in the horizontal direction. These 

four mechanisms would need to be on a parking lot frame such as the one shown in Figure 9. 

In order to fit over 30 sample tubes within the planform area constraint, there would need 
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to be two rows within the unit which is also shown in Figure 9. Because of this restriction, 

the back row of each unit would need to be loaded first before the front row and there 

would need to be space in-between each unit to allow for the robotic gripper to have enough 

space for insertion. 

�            �

�                � �

Figure 10. Final Four Passive Mechanisms (Upper left going clockwise: upper spring plunger/

lower slot, upper clamp/lower slot, upper slot/lower spring plunger, double clamp)

After choosing these four designs from many possible solutions, a trade-off analysis was 

completed to determine initially which design might fit the constraints of this problem the 

best. This tradeoff analysis is shown in Table 2, with a higher value assigned to a better fit to 

the given aspect under consideration. Some aspects of these designs are all the same and 

were therefore not included in this tradeoff analysis, such as order of insertion/retrieval of 
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sample tubes and robotic gripper space. There were various aspects that were taken into 

consideration, which are explained below.

I. Overall complexity: increases with more parts, so any part with a spring plunger was 

assigned to a higher complexity, whereas the clamp designs were assigned a lower 

complexity. 

II. Load Type: Loading in friction would require a higher grip force, so the upper slot + 

spring plunger design would be assigned a low value since the gripper would need to 

insert the tube downwards off of a body grip. 

III. Planform Area: The constraints require a maximum platform area for the parking lot, 

so a design with a potentially smaller planform area was assigned a high value, such as 

the double clamp design. The addition of spring plungers to any design got a low value 

since the addition of plungers means more room between each mechanism when 

compared to a clamp mechanism.

IV. Removal Torque: Since the lander robotic arm will be removing the sample tubes from 

a top axial grip, any mechanism with a force exerted at a distance will increase the 

torque on the lander robotic arm; the double clamp mechanisms therefore got a lower 

value than the others. 

V. New concept: Since clamp mechanisms have already been explored in previous works, 

as explained in the research section of this report, it was assigned a lower value. A 

concept that has not yet been explored was assigned a higher value, such as the spring 

plunger mechanisms. 

VI.  Mass: Any design with a slot or spring plunger would require more mass than a design 

without. 
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Table 2. Passive Mechanism Design Trade-Offs

�

As shown in Table 2, the spring plunger and lower slot mechanism was assigned the highest 

total value. Even though this design won the initial trade-off analysis there are aspects of 

each design that cannot be accounted for without testing. Therefore, after 3D modeling and 

printing of each design, physical testing for insertion and removal of sample tubes was done 

at JPL which was planned to help decide which out of the 4 designs should be chosen. 

Testing will be discussed in the section Phase III: Test. 

 Phase II: Design and Fabrication 

After the four final designs were chosen, two test stands were 3D modeled in 

Autodesk Inventor to prepare for testing at JPL. The two test stand each have two passive 

mechanisms, one with the two clamp mechanisms and the other with the two spring plunger 

mechanisms; they will be referred to the clamp stand and the spring plunger stand, 

respectively. This section covers both the design of the two test stands in Autodesk and the 

Greta Studier 2/26/19 

Parking Lot Design Trade-Offs 
Deslsn Sketch Overall Complexity Load Type Planform Area Removal Torque New Concept Mass Total 

Spring Plunger+ 3 5 3 5 5 3 24 Lower Slot 

Clamp + Lower 5 5 5 3 3 22 Slot 
' 

Clamp + Clamp :it 5 5 3 5 20 

Upper Slot+ 3 5 5 16 Spring Plunger 

Scaling for Total : 
High=5 , Medium=3 , Low=1 (best to worst) 
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physical test stands, which were fabricated using the 3D printers in Swarthmore’s 

MakerSpace. 

Design 

Before the two test stands were fully modeled in Autodesk, test units were designed and 3D 

printed to test the dimensions of the upper/lower spring plunger units and upper/lower 

slots. After solidifying the correct dimensions for printing each aspect of the design, the two 

test stands were created in Autodesk.

Test Units. Figure 11 shows the 3D model and printed test unit. This test unit was 

created to ensure that the dimensions of each mechanism would work with the sample tube 

when 3D printed in the MakerSpace. Most dimensions did not need adjustments, aside from 

some minor modifications to the lower spring plunger mechanism. 

�   

    �   �   �

Figure 11. Test Unit 3D Model
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Stand 1: Spring Plunger Stand. The spring plunger test stand has the upper slot/

lower spring plunger mechanism and the upper spring plunger/lower slot mechanism. This 

test stand is modular, so the upper and lower spring plunger blocks can be removed to 

assemble and/or adjust the spring plungers. This stand went through two iterations, as 

shown in Figure 13; the second iteration added a chamfer to the upper slot and refined the 

upper spring plunger mechanism to allow more room for the robotic gripper to insert 

sample tubes. In addition to the test unit shown in Figure 11, different spring plungers from 

McMaster and lower slot blocks were printed and assembled in preparation for the 3D 

printed stand. The rightmost spring plunger in the right image in Figure 13 was chosen for 

the final design based on its force profile and size. A technical drawing of this spring plunger 

is in Appendix A. 

�       �  

Figure 12. Version 1 (left) and Version 2 (right)
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�     �

Figure 13. Lower Spring Plunger Mechanism

Stand 2: Clamp Stand. Figure 14 shows the CAD model of the clamp stand, which 

has the double clamp mechanisms and the upper clamp/lower slot mechanism. This test 

stand is also modular; all clamps can be removed and swapped out for clamps of a different 

thickness. 

�

Figure 14. Clamp Stand
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Fabrication 

After 3D modeling the two test stands in Autodesk, the two designs were 3D printed in 

Swarthmore’s MakerSpace on an Ultimaker 3 in PLA Plastic. Additional modifications to 

these designs were made in Swarthmore’s machine shop. All parts to these test stands were 

3D printed except for the spring plungers from McMaster, set screws from Swarthmore’s 

machine shop, and M6 fasteners from Swarthmore’s machine shop which were used to bolt 

the two test stands to the fetch rover during testing at JPL. The modular pieces were also 

kept in place by paperclips which were used as pins. 

Stand 1: Spring Plunger Stand. Figure 15 shows the two iterations of the spring 

plunger stand, the white stand on the right is the final stand with revisions discussed in the 

previous section. Figure 16 shows an up close view of the spring plunger upper blocks. These 

blocks, as well as the lower spring plunger blocks, have a hole in the back which allow for a 

user to pop out the spring plunger and add shims inside the spring plunger holes. This 

adjusts the distance of protrusion, which changed the force profile during testing. The upper 

spring plunger blocks also have a small hole in the protruding piece which inserts into the 

main frame of the stand; paperclip pins were inserted to restrict movement of the blocks 

during testing. A set screw can be seen in the right image in Figure 15, which hold the lower 

spring plunger blocks in place. 



PARKING LOT STOAGE FOR SAMPLE TUBE COLLECTION �21

     �         �

Figure 15. 3D Printed Spring Plunger Stand

� �

Figure 16. Upper Spring Plunger Blocks

Stand 2: Clamp Stand. Figure 17 shows the 3D printed clamp stand. Clamps of 

varying thickness can be swapped out of the main frame, which will change the force profile 

during testing. This stand uses the same paperclip pins to restrict clamp movement during 

testing as the spring plunger stand. 
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�    �

Figure 17. 3D Printed Clamp Stand and Clamps

 

Phase III: Test 

Over spring break, the two test stands were brought to JPL for insertion and removal 

testing. Since the constraints of this project require a 30N maximum insertion and removal 

force and a 10N minimum retaining force, for each test force and torque data was acquired 

along with video. A link to two of these videos is in the reference section of this report. 

Figure 18 shows the test setup at JPL; the test stands were bolted onto the fetch rover and 

the large robotic arm, called STARM, on the left was used for both insertion and removal 

testing. The 3D printed sample tubes that were used for the design of these stands were 

used during testing, along with metal sample tubes provided by JPL, which are closer to the 

real sample tubes used in the Mars 2020 mission. The metal sample tubes interfaced with 

the STARM robotic arm better than the 3D printed ones and as such were prioritized in the 

tests. All test results are in Appendix C.
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�

Figure 18. JPL Test Setup

Insertion Testing 

Insertion testing was done by the STARM robotic arm by a body grip, acting as the fetch 

rover robotic arm. Figure 19 show images from insertion testing of the clamp and spring 

plunger test stands using a metal sample tube. All sample tubes were inserted until the 

force-torque sensor on the robotic arm hit 30N. All insertion tests passed and were within 

the force constraints of this problem except for Test 6, which was a test on the upper slot/

lower spring plunger mechanism. This test failed because the sample tube’s flange got stuck 

on the edge of the chamfer of the upper slot and reached 30N before the sample tube was 

fully inserted; this could be avoided in the future with a larger chamfer. This test was 

repeated and passed. Test 7 was successfully inserted, but was below the 10N minimum 

retaining force. The spring plungers were taken out of the blocks and shims were added to 
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increase the force profile of the next test, Test 8, which successfully inserted the sample 

tube and was over the 10N retaining force. 

�    �

Figure 19. Insertion Testing

Removal Testing 

Removal testing was done by the STARM robotic arm by a top axial grip, acting as the 

lander vehicle robotic arm. Figure 20 shows images from removal testing of the clamp and 

spring plunger test stands using metal and 3D printed sample tubes. All tests had a 

maximum force limit of 30N for safety concerns. All removal tests passed and were within 

the force constraints of this problem except for Test 4, a test on the upper spring plunger/

lower slot mechanism. Test 4 failed because the robotic arm removed the sample tube too 

low, and got stuck in the lower slot; this failed test inspired a shorter lower slot and a 

chamfer to be added in the final design.
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�         �

Figure 20. Removal Testing

Results and Final Design Choice 

A Python scrip was created to sift through the data gathered from these tests and to 

produce graphs of each test, which are shown in Appendix C; torque graphs for the final 

mechanism are also shown. As shown in the graphs in Appendix C all force profiles, once 

adjusted during testing, are above the 10N retaining force and below the 30N insertion/

removal force. Because all tests were successfully inserted or removed into/from the test 

stands and were within the force constraints of this problem, the final passive mechanism 

was chosen based on the trade-off analysis shown in Table 2. The upper spring plunger/lower 

slot passive mechanism was chosen. 
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Phase V: Final Design 

The final design was chosen based off of testing from JPL and the trade-off analysis 

shown in Table 2. The upper spring plunger/lower slot mechanism is the passive mechanism 

chosen for the final design and the overall parking lot structure will take on a form like the 

one shown in Figure 9. This section will go over the fabrication and design of the final 

parking lot product. The final product is GD&T drawings which could be used to fabricate 

this parking lot storage unit. 

Fabrication 

The fabrication of the parking lot will inform how the final product will have to be 

designed. Initially, additive manufacturing was explored but quickly discarded as 

this is not used in industry often. CNC machining of parts and then assembly was chosen as 

the final route for fabrication, which would not only require the 3D model but also GD&T 

drawings. The material chosen for the final design is AL ALY 6061-T6 for its high strength 

to weight ratio. 

Design 

Keeping fabrication, assembly, and constraints of the problem in mind, the final design was 

first explored via sketches. The design was then 3D modeled in Autodesk Inventor and 

GD&T drawings were created. 

Sketches. Figure 21 shows a sketch of a final assembly unit using the upper spring 

plunger/lower slot passive mechanism. This design consists of six individual parts, sketched 

in Figure 22: a core frame, an upper frame, a slot plate, a center block, middle block, and 

outer block. Four of these units would make up the full parking lot, and the full parking lot 

is within the planform area constraint; the width is well under 25cm, and the length is 
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67.5cm, just under the 75cm limit. The length measurement also includes 2.5cm between 

each unit to give the fetch robotic arm gripper space to access the back row. All of these 

parts can be fabricated using a 5-axis CNC machine. 

�

Figure 21. Final Design Sketch

�  

Figure 22. Final Parts

CAD Models. Figure 23 shows the final 3D model assembly for one unit and Figure 

24 shows the 3D model parts for one unit. The material of the final unit is AL ALY 6061-T6, 
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which has a density of 2.7g/cc. For one unit this results in a mass of 1.21kg, for a total of 

4.84kg for four units; this does not meet the 3kg constraint but with some design 

alterations–such as cutting away material in a lattice in the core frame–the design could 

maintain structural integrity while reducing overall mass. 

�   �

Figure 23. CAD Assembly

�

Figure 24. CAD Parts for One Unit
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GD&T Drawings. Geometric Dimension and Tolerance (GD&T) drawings were 

made for all six parts shown in Figure 24. All of these drawings are in Appendix A, and the 

core frame drawing is shown in Figure 25. All drawings are limited dimension drawings, only 

showing the key features and tolerances of each part. For all interlocking parts, a location 

clearance fit was used and for the spring plunger holes, a location transition fit was used. 

The tolerances used are shown in Figure 26. This parking lot has also been designed to 

uphold the following constraint on the sample tube: ±5 mm in the X-Y plane, ±1cm in the Z-

axis, and ±5 degree of a fixed reference definition coordinate frame.

�

Figure 25. GD&T Drawing for the Core Frame
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� �

Figure 26. Fit Types Used (H7/h6 and H7/k6)

Phase IV: Analysis and Future Work 

Due to time constraints of this semester-long project, analysis of the final design was 

limited and will be proposed as future work. Some stress analysis was explored on the final 

passive mechanism test stand by a lab group at Swarthmore College; their lab report and 

findings can be found in Appendix D. Future analysis which should be done on the final 

design is outlined below: 
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The ENGR 14 lab group carried out initial stress testing on the spring plunger test stand on 

the final mechanism; their results can be found in Appendix D. This testing should be 
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replicated on the final design unit. Thermal and vibration analysis based on the constraints 

given for this problem should also be done on the final design unit. 

Spring Plunger/Other 

Other types of analysis will be proposed here for future work. Bolted joint analysis should 

be carried out for all bolted joints in the assembly. A calculation proving that Martian dust 

will not compromise the spring plunger mechanism when activated twice should also be 

done. Further insertion/removal testing could be done if the final design is fabricated and 

assembled using at JPL.

Conclusion  

This final parking lot design will inform JPL of what a possible solution might look 

like for storage of sample tubes on a fetch rover for the MSR mission constraints given. The 

final parking lot uses a spring plunger passive mechanism and consists of four identical 

storage units. Each unit has a capacity for holding eight sample tubes, for a total of 32 

sample tube storage capacity. This final design is within all constraints of the problem (for 

those of which I had time to explore, hence omitting thermal/vibration/stress analysis) 

except for the mass constraint of 3kg. 
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Appendix A: CAD Drawings 
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Appendix B: CAD Model Images 
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M4x20mm Socket Screw:
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M5x20mm Flat Head Screw:

�



PARKING LOT STOAGE FOR SAMPLE TUBE COLLECTION �41

Core Frame: 
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Upper Frame:
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Center Block:
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Middle Block:
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Outer Block:
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Slot Plate:
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Assembly:
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Sample Tube:
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Assembly with Sample Tubes:
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Appendix C: Test Data 
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Test 3: Fetch Arm Force Profile for Upper 1.2mm Clamp + Lower 1.2mm Clamp 
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Removal Force Tests:
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Test 2: Lander Arm Force Profile for Upper 1.7mm Clamp + Lower Slot Mechanism 
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Test 4: Lander Arm Force Profile for Upper Spring Plunger+ Lower Slot 
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Final Mechanism Torque Test Data:
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Test 7: Lander Arm Torque Profile for Upper Spring Plunger+ Lower Slot 
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Appendix D: E14 Report 

An ENGR 14 lab group from Swarthmore College completed a FEA stress 

analysis on the spring plunger test stand using Autodesk Inventor’s stress analyzer tool. 

Within their report, they also attached the initial proposal for this project, which is shown 

in their appendix. 
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Abstract 
 

Stress analysis was performed on a three-dimensional model of a ‘parking lot’ storage for              

test tubes on a future NASA fetch rover using CAD software. Tests on the slots for the test tubes                   

and the spring plunger holes on the model were conducted to simulate the forces that are                

predicted to be applied to the ‘parking lot’ when the test tubes are inserted and removed onto the                  

storage platform. From the results of the stress analysis, we observed that the highest maximum               

displacement was 0.02393 mm and the highest maximum stress was 3.678 MPa, which occurred              

when 30N forces were applied to the top and bottom test tube slots. The displacement is minimal                 

and should not pose a problem for the rover and the stress is well within the yield strength of 276                    

MPa for 6061 aluminum. 

 
Introduction 

 
The purpose of this lab was to assist Greta Studier with her senior engineering design               

project. Greta’s project involves the design of a storage tube ‘parking lot’ for a NASA fetch                

rover. When the storage tubes are inserted or removed from the parking lot, a force is applied by                  

the rover arm on the sample dock. Our role was to use CAD software to perform stress and strain                   

analysis on a 3D model of the docking bay under four different force conditions. We shared a                 

summary of our results with Greta to help with refinement of her models. 

 
Experimental Procedure 

 

A series of tests were conducted using CAD software on a three-dimensional model of              

the ‘parking lot’ for the storage tubes. Greta determined four unique forces to model the insertion                

of a sample tube and provided a 3D design of the ‘parking lot’.  

After setting the material of the design to 6061 aluminum, we applied a 30N force               

perpendicular to the arm of the storage rack. This is the force applied by the rover arm against                  

the parking space after the sample has been slotted fully into place. The Autodesk Inventor               

application we used for stress and strain analysis did not easily allow forces to be applied                

anywhere but the center of a member, and the 30N force we wished to apply was not located at                   

the centroid. A force and torque were applied to the beam’s center to simulate a 30N force at our                   

desired distance along the arm. 

Next, we applied 15N each to the spring-plunger holes at an angle of 90°. The sample                

tube must be pushed past a pair of spring plungers to fit in its space in the parking lot. When the                     

sample is exactly halfway between the spring plungers, each spring will exert a force of no more                 

than 15 N on the sample, and so the springs will also exert the same force on the plunger holes. 
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We applied a 15N force to each spring plunger pointing inward at an angle of 45°. This                 

represents the force applied as the sample tube is first inserted into the docking bay. 

Finally, we applied 15N of force to each plunger point outward at an angle of 45°. This is                  

the force that will be applied when the sample tube has passed most of the way between the                  

spring plungers and is within the holding space, but has not yet begun to press against the dock                 

arm. 

 

Results and Discussion 

Figure 1 displays the displacement and stress results when 30N forces were applied on              

the top and bottom slots for the test tubes. Non-zero displacement due to these forces occurred at                 

the arm of the ‘parking lot’ storage, with the maximum displacement occurring at the right end                

of the arm, which makes sense, as there was no support on that side of the arm to reduce the                    

displacement. Non-zero stress occurred only on the left end of the arm that was connected to the                 

vertical support. 

 

 
Figure 1. Displacement (left) and stress (right) testing with 30N forces applied on top and 

bottom test tube slots 

The figure below (Figure 2) shows the displacement and stress results when 15N forces              

were applied 90° on the spring plunger holes. Non-zero displacement occurred on the section of               

the arm with the right spring plunger. The majority of the stress occurred on the section of the                  

arm between the two spring plunger holes. 
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Figure 2. Displacement (left) and stress (right) testing with 15N forces applied 90° on spring 

plunger holes 

Figure 3 displays the displacement and stress results when 15N forces were applied 45°              

inwards on the spring plunger holes. Non-zero displacement occurred throughout most of the             

arm, with the maximum displacement at the right end of the arm. The majority of the stress                 

occurred at the left end of the arm next to the vertical support. 

 

 
Figure 3. Displacement (left) and stress (right) testing with 15N forces applied 45° inwards on 

spring plunger holes 

The figure below (Figure 4) shows the displacement and stress results when 15N forces              

were applied 45° outwards on the spring plunger holes. Non-zero displacement occurred            

throughout most of the arm, with the maximum displacement at the right end of the arm, similar                 

to the results from the previous test with 45° inward forces. Similar results from the previous                

stress test happened for this test, as the majority of the stress occurred at the left end of the arm                    

next to the vertical support. 
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Figure 4. Displacement (left) and stress (right) testing with 15N forces applied 45° outwards on 

spring plunger holes 

The table below (Table 1) displays the maximum displacement and maximum stress for             

each of the tests conducted on the three-dimensional model. The highest maximum displacement             

and stress occurred with the first test when 30N forces were applied on the top and bottom slots                  

for the test tubes. 

 

Test Maximum 

Displacement (mm) 

Maximum 

Stress (MPa) 

30N applied on top and 

bottom test tube slots 

0.02393 3.678 

15N forces applied 90° on 

spring plunger holes 

0.001906 1.826 

15N forces applied 45° 

inwards on spring plunger 

holes 

0.01755 1.826 

15N forces applied 45° 

outwards on spring plunger 

holes 

0.01651 1.826 

Table 1. Maximum displacement and stress for each test conducted on model 
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Conclusions 
 

Multiple tests were applied to the three-dimensional model of the ‘parking lot’ storage to              

simulate the displacement and stress due to the applied forces. The results of these tests showed                

that the highest maximum displacement and maximum stress occurred when 30N forces were             

applied to the top and bottom slots for the test tubes, which were 0.02393 mm and 3.678 MPa,                  

respectively. The displacement of 0.02392 mm is small enough that the rover should have no               

difficulty in successfully inserting the sample tube. The stand is made of 6061 aluminum which               

has a yield strength of 276 MPa. Any stress on the aluminum beyond this point will permanently                 

deform the material. Fortunately, the maximum stress applied by these tests is well below this               

point, so permanent deformation should not be a risk for this model.  
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Appendices
Parking Lot Storage for Sample Tube Collection by a Fetch Rover 

Greta Studier 
12-6- 18 

ABSTRACT 

I will be working remotely for ASA's Jet Propulsion Laboratory (JPL) as part of my 

senior engineering design project, designing a parking lot storage solution for sample tubes on a 

fetch rover as part of JPL's Mars Sample Return Mission (MSR). This involves des igning a 

parking lot and passive mechanism for storage of - 30 sample tubes filled with Martian rock, 3D 

modeling and testing the design to account for operational and environmental conditions, and 3D 

printing prototypes for testing at JPL with a fetch rover and robotic arm. This project integrates 

what I worked on during my summer internship at JPL (the Mars 2020 Rover sample tubes) , and 

what I have learned from my undergraduate engineering degree at Swarthmore College. 

BACKGROUND 

Figure I : Mars Sample Renrrn Mission Overview 
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As part of JPL's Mars Sample Return Mission (MSR) I will be working on a design 

concept for a parking lot storage solution for sample tube collection by a fetch rover . The MSR 

mission entails sending a fetch rover to tbe Mars surface to pick up sample tubes filled with 

Martian rock; the sample tubes will then be launched back to Earth . An overview of the MSR 

mission is shown in Figure I. 

The fetch rover will pick up sample tubes using a robotic arm and store them in a parking 

lot on the rover . Once all sample tubes have been retrieved, the fetch rover will transport them to 

the Mars Ascent Vehicle (MAY) . The MAY will have a large robotic arm which will pick up tbe 

sample tubes from the parking lot on the fetch rover and transfer them to the Orbiter Sampler 

(OS), which will be launched into space . A conceptual design for both the fetch rover and sample 

tube is shown in Figure 2. 

Figure 2: Conceptual Fetch Rover and Sample Tube 
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TECHNICAL DISCUSSIO 

Creating a parking lot storage solution for sample tubes includes brainstorming possible 

design solutions for both overall parking lot structure and a passive mechanism for holding each 

sample tube. Once designs for the parking lot structure and passive mechanism have been 

refined, multiple rounds of prototyping will begin using Swarthmore 's 3D printer . A small 

modular unit of the parking lot (e.g . one unit could hold 6 sample tubes out of the 30 full 

capacity parking lot) will be designed and 3D printed for ease of prototyping different passive 

mechanisms . The parking lot and passive mechanisms will be tested at JPL (ideally during 

Spring Break) on their fetch rover to test feasibility, load cases, and to inform the final des ign 

choice. Once testing has been completed at JPL a final design will be chosen, and a 3D model of 

the parking lot will be created along with technical GD&T drawings. Operational and 

environmental testing will be completed via FEA for the 3D CAD model, and the solution will 

be refined based on mission constraints and analysis . As this project is heavily CAD design and 

robotics oriented, I have spoken with Matt Zucker who will be my advisor for this project. My 

JPL contact who I will be working remotely with is Eric Kulczycki. 

In terms of resources needed to complete this project, Hicks computers have Autodesk 

Inventor Professional with a stress analysis simulator, so I will be using Autodesk for des ign, 

drafting, and FEA analysis. If data analysis is needed, python or MATLAB will be used. For 

physical testing, the 3D printer at Swarthmore will be used to print the model in either PLA 

Plastic or Nylon infused with Carbon Fiber. Conceptual testing of the passive mechanism for 

holding individual sample tubes can be tested at Swarthmore via 3D printed tubes, but feasibility 

testing will be done at JPL. Pass ive mechanism research will be informed by two reference 
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textbooks : Shigley's Mechanical Engineering Design and Mechanisms and Mechanical Devices 

Sourcebook, both of which I have acquired pdf's of online . Since the last report , I have 3D 

printed a conceptual sample tube in order to familiarize myself with the 3D printer on campus. 

Figure 3 shows the 3D printed sample tube which was printed with PLA Plastic . Future skills 

which need to be developed is FEA on Autodesk, which I plan to learn via online tutorials over 

winter break before next semester starts. 

Figure 3: 3D Printed Conceptual Sample Tube 

PROJECT PLAN 

Table 1 shows a Gantt chart of the project. The proj ect is broken down into 5 large 

phases : Research/Brainstorm, Prototype/Fabricate, Test, Analysis , and Finalize. Each phase is 

broken down into smaller tasks , with projected timelines . During Spring Break, I plan on going 

to JPL to test initial designs with JPL's fetch rover and robotic arm, and thus phase I and II focus 

on design, prototyping, and fabrication in preparation for testing at JPL. Phase IV will involve 

modifications to the design based on testing, as well as environmental/operational analysis and 
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simulated testing of the design. Phase V will primarily be for finalizing the design and writing 

the report . 

Table I: Project Gantt Chart 

..... ,r, ......... •• J .,.•.,.I 

PROJECT COST 

Since CAD software and 3D printing materials will be supplied by Swarthmore College , 

all 3D printing costs will be covered and only the passive mechanism materials will need to be 

purchased (e.g . metal springs , fasteners, hinges, etc. for passive mechanism) . Funding for travel 

to JPL and back is not expected to be covered. I expect that the budget of $250 will be enough to 

cover the cost of the passive mechanism materials . 

CONTACT INFORMATION 

Greta Studier, gstudiel@swarthmore .edu 

JPL Contact: Eric Kulczycki , eric.a.kulczycki @jpl.nasa .gov 

Swarthmore Advisor: Matt Zucker, mzuckerl @swarthmore .edu 


	Abstract
	Parking Lot Storage for Sample Tube Collection by a Fetch Rover
	Requirements and Constraints
	Parking Lot Storage Constraints
	Personal Constraints
	Phase I: Research and Brainstorming
	Research
	Brainstorming
	Final Designs
	Phase II: Design and Fabrication
	Design
	Fabrication
	Phase III: Test
	Insertion Testing
	Removal Testing
	Results and Final Design Choice
	Phase V: Final Design
	Fabrication
	Design
	Phase IV: Analysis and Future Work
	FEA Testing
	Spring Plunger/Other
	Conclusion
	Acknowledgements
	References
	Appendix A: CAD Drawings
	Appendix B: CAD Model Images
	Appendix C: Test Data
	Appendix D: E14 Report



