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Abstract

The goal of this proof of concept planetary lander is to safely deliver an exploration rover to a
planet surface. This lander was designed to be used as the last stage of landing in the existing
entry, descent, and landing procedures used in previous Mars missions. The design improved
upon past missions to Mars by reducing risk of failure during landing by utilizing a passive
system with no electronics or control systems while also increasing landing site accuracy. These
goals were accomplished by incorporating external crushable materials and internal damping
systems. Five drop tests of our final design were completed. The test results can be used for

scaling the components of the modular design to suit different planet conditions.

Our scaled down test article design absorbed 7.40% of the energy absorbed by the previous Mars
landing systems. The remote-controlled vehicle payload we used survived all of our tests. To
scale up our design for a Spirit sized mission, we recommend using a crushable material design
with 350 cylinders with the dimensions of 0.06 m radius, 0.00196 m thickness, and 0.1377 m
height. Our design can be used for multiple payload landing applications, including care

packages and supply deliveries.
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Chapter 1 Introduction

1.1 Background

Existing Entry, Descent, and Landing

Landing a Rover on another planet was accomplished using three different stages. In the first
stage, entry, the landing capsule began to enter the planet’s atmosphere and used a heat shield to
protect the capsule from heat damage. After this stage was completed, the heat shield was
released and a large parachute was enabled, enacting the descent stage and slowly lowering the
capsule. Once the descent stage was completed, the landing capsule was released and

experienced free fall for 12m before landing on the planet surface [19].

Current Problems

Landing rovers on a different planet is challenging. It is impossible to have direct control over
landing operations because of communication lag due to the large distance between mission
control and the planet where the mission is being carried out. This means that all electronic
components related to landing must use complicated control systems to land autonomously.
Space and weight is limited due to current rocket technology, therefore a more compact and
lightweight design is always desirable. The rover must be fully operational after the landing
capsule has stopped acceleration, meaning that it is unharmed, upright, and has access to the
planet surface. If the rover payload is not operational, for example its sensors, data collection
hardware, or transmitter are broken, then the mission is a failure and all of the funds and time

used to prepare for the mission are wasted.

Current Solutions
NASA has landed multiple rovers on Mars, which include Pathfinder, Spirit, Opportunity, and
Curiosity. The landing capsule that delivered the most rovers to the surface of Mars used airbag

retraction actuator technology. The airbags surrounded the landing capsule and absorbed energy



while bouncing across the surface of Mars [1][4]. The newest landing capsule design was
implemented for the Curiosity rover. It used multiple reverse thrusters and lowered the Curiosity

rover with cables to the surface of Mars [13].

Current Solution Drawbacks

The airbag retraction actuator technology was expensive, and dangerous. If the airbag released
too soon, it could damage the other components of the rover carrier used for the entry and
descent landing procedures. If the airbag system did not deploy, then the unprotected rover and
capsule would be subjected to all of the impact force. The airbag retraction actuator caused the
landing capsule to bounce long distances, over a kilometer for the Mars landers, which caused
the landing location to be inaccurate and unpredictable. The reverse propulsion system was also
very risky because it relied on a complicated control system that made the reverse thrusters
hover. This meant that there was a high failure risk if the control system malfunctioned or

hardware malfunctioned that could cause the whole mission to fail.

1.2 Motivation
Space exploration and science have, historically, been government controlled. In order to have a
Just society, space exploration needs to be open to a diverse population. There is a need to create

a cost effective planetary landing capsule that will be more economically available.

Space is used for communications, remote sensing, navigation, science and exploration. Space is
the final frontier, and needs to be explored. There is a lot to learn about space and there is the

potential that scientific findings can be used to improve human life.

In order to pursue knowledge of other planetary environments, and history of previous life, we
need to land robots equipped for testing on different planets. Humans are not well suited for
missions to other planets because they require expensive and complicated life support systems
that regulate breathable atmosphere, temperature, balanced nutrition, and caloric input. Also,

return capability is needed because leaving a human on another planet to die is unethical. These



issues are avoided by using unmanned rovers to explore other planets instead of humans.

The world has an expanding population, and population growth is expected to continue. We live
on a planet that will not be able to support this estimated population growth, which means our
current trajectory leads to an inhumane and unsustainable world population. There is a need to
land robots equipped for testing on different planets, in order to have a better understanding of
the environment and be able to design ways to sustain human life on these other planets as a

solution to overpopulation.

1.3 Objective

Our objective was to create a more compact and lightweight, passive landing device. Our team
designed and built a planetary landing capsule proof of concept test article that safely delivered a
functioning payload to Earth. Afterwards, our modular design could be scaled up or down for

different applications.

1.4 Goals

Our team goals were to work efficiently throughout the entire year to finish our Planetary
Landing Capsule in a timely manner. Our goal was to follow our timeline with few alterations in
deadlines. We were aiming to learn about aerospace, and how to apply our mechanical
engineering skills. We wanted to make our design experience fun, grow together as a team, and
as individual engineers. We also wanted to improve our problem solving skills and learn how to
make our ideas come to life. We intended for our final project to be complete and functioning,

and earn a good grade. All of these goals have been achieved.

1.5 Review of Field Literature

Paul Withers applied simple physics concepts and college level calculus to analyze the descent of

a landing spacecraft on Mars in his article, "Landing Spacecraft on Mars and Other Planets: An



Opportunity to Apply Introductory Physics" [29]. The author aimed to inform readers about the
criticality of the designs and descent stages chosen by NASA. The article was broken into four
main sections: entry descent and deceleration, decent and impact without parachutes, descent and
impact with parachutes, and design considerations for descents through alien atmospheres that
are much thicker than Mars’. The author developed a set of equations using elementary physics,
and college calculus. These equations described the velocities throughout the various descent
stages in terms of the Martian atmospheric conditions. It was concluded that a parachute used in
conjunction with retrorockets was crucial in landing any spacecraft safely on Mars. This
knowledge of the first NASA solution to planetary landing was crucial to our design because we
needed to understand the issues and current technology related to planetary landing before

brainstorming new solutions.

Adam Steltzner detailed the various complicated systems that were new to the Curiosity's entry,
descent, and landing system, and discusses the design challenges they presented in his
article,"Mars Science Laboratory Entry, Descent, And Landing System Development
Challenges" [23]. Before Curiosity, the landing systems of Mars rovers were relatively simple
because they utilized airbags and other systems that required less programming and computer
control. The Curiosity landing sequence featured a new heat shield material to shed weight, a
thruster control system that could react to the entry and descent conditions, a new parachute that
could accommodate the huge weight of Curiosity (the heaviest rover to date), mobility
deployment systems, and the SkyCrane. The thrusters used during the Curiosity rover were
deployed shortly after the parachute. These thrusters were upgraded from previous designs to
correct the descent trajectory and improve landing site accuracy. The mobility deployment
system was a completely new system that jettisoned after the parachute and thrusters had done
their job. This module held the Curiosity rover and gently decelerated it to about 0.42 m/s at 20
m above the Martian surface using 8 computer controlled thrusters. At this altitude the all new
SkyCrane lowered the rover to the planet surface. The mobility deployment system then cut its
cord to Curiosity and flew away. This knowledge of the newest NASA solution to planetary

landing helped our design process because we needed to understand the new technology that



enabled accurate landing before brainstorming new solutions to this issue.

Kurng Chang reported the findings of an experiment to test the shock reactions of various
components on Mars Exploration Rover (MER) landers and Airbag Retraction Actuators (ARA)
in his article, "Mars Exploration Rover (MER) Airbag Retraction Actuator (ARA) Pyroshock
Test Results" [1]. During entry, descent, and landing, MER landers experienced shock from a
variety of different sources. These included shocks generated to begin entry, deploy the
parachute, detach the heat shield, fire retrorockets, deploy ARAs, detach landing capsule, and
touchdown itself. Shock was simulated using a variety of equipment on various sensitive
components making up the landing capsule. The report concluded that the sensitive components
successfully survived the simulated shocks without damage. The simulated shocks were set to be
more aggressive than the estimated shock to be experienced during landing. Understanding the
importance of shock and how acceleration data was used was essential to designing our testing

procedure and project design specifications.

Ellie Zolfagharifard discussed one of the proposed landing systems for the ExoMars rover to be
launched by the European Space Agency (ESA) in 2018 in her article, "Soft Landings" [31]. The
proposed system utilized vented airbags that deflated in a controlled manner upon touchdown to
the Martian surface. This new design was much lighter than the airbag systems used by
American landers before Curiosity, and increased the landing site accuracy by not bouncing. The
design was a giant donut shaped airbag with very complicated, computer controlled pressure
valves to precisely deflate the airbag upon touch down. The article also presented the challenges
associated with this new design and how the company proposing it was overcoming them with
new technologies. The ESA solution to landing on Mars was a strong inspiration for our final
design, our final design deformed material, like the ExoMars airbag, to absorb impact and

eliminate bouncing.

Brian Dunbar explained the design and testing of the airbag systems used in the Pathfinder
lander in his article, "Mars Pathfinder Air Bag Landing Tests." The reason for developing the

airbags were to reduce contamination of the Martian surface created by using a purely powered
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descent and landing. This powered landing utilized rockets whose exhaust chemicals would
contaminate any soil or rock to be tested around the landing site. The article chronicles the tests
and how the final design of the airbags was arrived at. The rigor of the tests was also emphasized
by detailing the conditions that were created in testing chambers. Non-powered landing was
found to be very important to Mars landing missions and was used as one of our design

specifications during the design process to reflect this issue.



Chapter 2 Systems-Level Chapter

2.1 Customer Needs and System Level Requirements

The needs listed in the customer needs section were derived from the three interviews
[11][12][22]. The importance of each item on the list of needs was deciphered using the
opinions from the interviews, our team’s product design specifications, and our team’s
preferences. The needs were grouped into three main categories: the ability to carry out the
objective, cost to be within the budget, and the system level requirements that need to be met. A

table reflecting this importance of needs based hierarchy organization is shown in Table 1.

Table 1: Customer needs in tabular form ordered vertically by importance.

Ability to carry out
objective
Lowrisk

Lands on planet
Protects pavload
Opens upright
Meets performance
requirements
Meets reliability
requirements
Meets quality
requirements

Cost within Budget

High technical
performance
Meets volume
constraints
Meets weight
constraints

Is legal

Meets Requirements

Meets safety
requirements

Able to be
manufactured
Meets maintenance
requirements

Meets environmental
constraints

Meets time scale
requirements
Stands against
competition

Meets shelf storage
requirements




2.2 System Level Sketch

The subsystems and their placement on the planetary landing capsule are shown in Figure 1. The

user scenario and explanation for how the system works is explained in Figure 1 as well.

System Sketch: User Scenario and Explanation

User Scenario
Objective is to land a payload or package
safely and accurately by airdrop.

Guidance parachute to ensure as
upright a landing as possible

Explanation

The landing capsule is dropped from an initial
height, generally from a protective or hasty
mode of transportsuch as a heat shield shell if

Internal.shock ) travelling through an atmosphere, or a plane
absorption materials Landing Capsule delivering a care package.
included

A small parachute then guides the landing
capsule in order to remain upright as it falls
and to prevent damage to contents withinthe
landing capsule, there are internal and
external damping and shock absorption
materials.

Honeycomb foam absorption layer
withwide base
(crushable layered materials)

Once the capsule has safely landed, the four
petal doors retract from a closed position
revealing the package unharmed allowing
extraction from the capsule by remote control.

Impact with Ground

Figure 1. The system level sketch has brief descriptions of each system.

2.3 Functional Analysis

Customer Need

The customer required us to develop a proof of concept test article to safely deliver a functioning



payload to Earth.

Mission Statement
Our mission was to build a small-scale planetary landing capsule that improved upon the
Opportunity and Spirit Lander airbag technology while increasing the accuracy of the landing

site.

Functional Decomposition
The functional requirements described the behaviors that the planetary landing capsule needed to
accomplish in order to fulfill the mission statement. The functional requirements could not be
compromised throughout the design process of the planetary landing capsule test article. A list of
these functional requirements is provided below:

e Land Safely

e Minimize Weight

e Minimize Size

e Absorb Shock

e Stop Acceleration

e Stop Motion

e Land Upright

e Open

e Provide Payload Planet Access

List of Inputs/Outputs and Constraints

The inputs of the planetary landing capsule are listed below:
e Force
e Shock
e Gravity

o Planet Surface



e Electrical Energy

The outputs of the planetary landing capsule are listed below:
e Shock Absorption
e Stopping Motion
e Landing Upright
e Opening

The constraints of the planetary landing capsule are listed below:
e Maximum Acceleration
e Shock Levels
e Size
e Weight
e Deceleration Time
e Safety
e C(Cost
e Time
e Able to be Manufactured
e Intellectual Property
e No Maintenance Required
e Durability
e Reliability
e Compact Ability
e PDS Compliance

2.4 Benchmarking Results

There have been three major rover deliveries to Mars in the past two decades. The first, in 1997,
delivered the Pathfinder Lander. This lander used airbags in the last stage of landing in order to

touch down safely on the surface of Mars. The Pathfinder was designed to stay stationary, while
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a very small rover (~65 cm long) would be able to travel some distance away from the Pathfinder
[21]. In 2004 the twin rovers, Spirit and Opportunity, were delivered to Mars [27]. The last stage
of landing for these landers used the same airbag technology from the Pathfinder lander. Most
recently, in 2012, the Curiosity rover was sent to Mars. The lander for this rover used completely
different technology. Airbags were removed from the design and a complex system of retro

thrusters and a lowering cable were used to deliver Curiosity to the surface.

All three of these missions were successful, but some were much more costly than the others.
The Pathfinder mission spent $171 million, Spirit and Opportunity $400 million each, and
Curiosity $2.5 billion [27]. The huge increase in cost for Curiosity is due to many things, such as
more scientific equipment on board, more accurate equipment, upgraded power systems, better
optics, state of the art communication tools, and the new landing technology that used computer

controlled rocket thrusters.

The goal of this design project was to present a proof of concept of a new last stage landing
system. This system utilized external and internal damping. The Pathfinder and
Spirit/Opportunity landers did not use internal damping, only the external air bags [4]. The
external shock absorption in our design was achieved by using crushable materials. Internally, a

spring dashpot suspension system was used to absorb the remaining energy.

Our new last stage landing system had two goals to improve over the Curiosity, Pathfinder, and
Spirit/Opportunity landers. First, our design utilized passive systems. Passive systems have a
smaller chance of failure and are much cheaper than computer and sensor controlled systems.
Second, our design accomplished a more accurate landing. The Curiosity design veered from the
airbags design because of this; the airbag system bounced the landing pod and rover hundreds of
meters away from initial touchdown. By using crushable materials to dampen impact, we aimed

to reduce bouncing in order to more accurately deliver a rover.
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2.5 Key Systems Level Issues

Impact Orientation

After examining various design ideas, affixing external damping material on the bottom of the
lander shell was chosen to be most effective. This design decision was the cheapest and lowered
the center of gravity, forcing the impact orientation to be upright. A pyramid shaped shell design
allowed for a square base and four petals that opened to release the rover. This shape was simple
to manufacture and affix crushable material to the bottom. Some designs proposed affixing
crushable material on all sides of the lander, but this was deemed too expensive and complex.
Instead, a pilot parachute was decided to be used to maintain the proper orientation of the lander

so that the impact occurred on the bottom side.

Shock Absorption

Our main goal was to incorporate external damping and internal damping to increase landing
accuracy and decrease cost and complexity of a landing capsule. Using exclusively crushable
material externally was the best option because it drastically reduced the amount the lander
might bounce after touchdown. There were various ideas for the internal damping, which all
incorporated a “floating frame.” This frame held the rover and other essential equipment. The
design differences were regarding how to “float” the frame in the shell. One idea was to suspend
the frame on all sides by springs, another would use soft foam to encapsulate the frame, and the
last design would utilize a suspension system that connected the frame to the bottom of the shell.
We decided that the suspension system was the best option because of the low cost and

complexity it entailed.

Achieving Upright Position

This system level issue was solved when choosing the shape of the lander. The Pathfinder and
Spirit/Opportunity landers all used a tetrahedral shaped lander. This design enabled the lander to
orient itself upright from any orientation when the petals were opened. We chose a pyramid

shape, instead of a tetrahedral, because a square base was easier to design and manufacture than

12



a triangular base. A square base was easier to affix crushable materials to cover the entire base,
and helped prevent the capsule from falling over after touchdown. One design idea was to use a
cylinder shaped capsule, but manufacturing a cylinder would be more complex than the two

dimensional geometric shapes that make up a pyramid.

Delivering Rover

Once the lander had halted all movement and the petals were opened, the rover must be released.
A couple design ideas to accomplish this were considered. All of the designs must contain and
support the rover during impact, and then be able to release it when necessary. One design
proposed using a servo that latched or de-latched a mechanism that held the rover in place. The
servo was activated after the petals opened. A simpler design used the same encapsulating foam
that supported the floating frame. This foam was retracted as the petals were opening. The third
design utilized an L-bracket attached to the frame and a pin that attached the payload to the
L-bracket. When the petal doors opened, the pin would release the payload from the L-bracket.
This design reduced complexity and chances for error, which is why it was chosen as the

delivering rover mechanism.

2.6 Layout of System and Subsystems

Our main system was a planetary landing capsule test article that delivered a payload safely from

freefall to the planet surface.

The subsystems were the: guidance parachute, internal frame, internal suspension, external shell,
and crushable material. A pictorial layout of both the main system and subsystems is shown in
Figure 1 on Page 8. The parachute was located at the top of the planetary landing capsule and
induced drag to ensure the planetary landing capsule landed upright. The internal frame was
located inside the planetary landing capsule and was used as the structural foundation. The
internal suspension attached the frame to the shell and was used to absorb residual impact forces
that the crushable material did not absorb. The shell was made up of four petal doors and a base,

which fully encapsulated the payload and frame. The crushable material was attached to the

13



bottom of the shell and was used to absorb initial impact energy.

2.7 Team and Project Management

Project Challenges and Constraints

There were multiple challenges encountered in this project. All of the functional requirements
were considered challenges, which included landing safely, minimizing weight, minimizing size,
absorbing shock, stopping acceleration, stopping motion, landing upright, opening, and
providing payload access to planet. The overall challenge encountered by this project was
finding a way for the capsule to land safely without harming the payload. There were several
constraints that had to be complied with in order for the mission statement to be accomplished.
The project constraints were maximum acceleration, shock levels, size, weight, deceleration
time, safety, cost, time, able to be manufactured, intellectual property, no maintenance required,

durability, reliability, compact ability, and PDS compliance.

Budget

One of the main budgetary issues was that we were on a $2000 budget and the total cost of this
project exceeded our budget by $200. For testing purposes, $800 was donated by Silicon Valley
Glass Inc. and Xchange Solutions Inc. for boomlift rentals and did not cover any of our budget
expenses. There were four components budgeted for including the shell material, accelerometer,
testing equipment and frame parts. Our detailed parts list, which is in Appendix F, has specific
items that we needed to purchase to guarantee that we could build a mock up, model, and final

design test article.

Timeline

Following our timeline was necessary in order to stay on task and and complete general
milestones and benchmarks accordingly. Our timeline was flexible and could be fleshed out in
detail as more information about building and testing was acquired. Our final timeline can be

seen in Appendix D.
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Design Process

Our team began the design process by identifying our problem, and coming up with a problem
definition. We began to research past landing capsule designs to learn about problems with
existing designs. This research led to our own generation of ideas that involved many
brainstorming sketches. The sketches were broken up by function. The four functions we
designed for were stopping motion and acceleration, absorbing shock, landing upright, and
opening. After collaborating over the sketches, we made a priority matrix that led us to our
design choice, which can be seen in Appendix E. This design choice was evaluated and tested for
effectiveness and changed based on these tests. We made a model capsule and mock up capsule
to test our design ideas and sensor equipment. We used what we learned from both physical
capsules to design and build our final design iteration of a proof of concept planetary landing

capsule.

Risks and Mitigations

One of the biggest risks for this project was safety. Some safety issues included sharp edges,
shattering parts, and pinch points. There also was an inherent safety risk with the necessary
testing of our project by dropping it 12 m. Our project was tested off campus, so the safety of the
Santa Clara University community was ensured. We tested our project at Silicon Valley Glass.
Our safety plan was a collaboration of multiple advisors so that the safety of the Silicon Valley
Glass community was maintained. Only non-shattering materials were used in our design.
Protective coverings over all components that could cause bodily harm were affixed. We also
designed our crushable material base to be easily affixed and dismounted without touching sharp
deformed materials. We filed down any sharp edges to prevent injury during manufacturing and

testing.

Team Management
Our team was strict with each other when it came to accomplishing tasks and making sure

everything was completed on time. We had defined roles in the team, which were Heather
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Montgomery as team leader, Aja Hartman as team facilitator, Grant Goyette as team documenter,
and Shane Hereford as team code of cooperation enforcer. However, our roles sometimes
overlapped, which worked well for our team. There were no issues with team management. We
respected each other, and were all passionate about our project, which created a positive

environment for our team to work in.
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Chapter 3 Subsystem Chapters

3.1 Guidance Parachute

The purpose of the guidance parachute was to to help ensure that the landing capsule landed in
an upright position. There were multiple parachute design ideas. The first idea was a parachute
made of cloth material attached by string to the top of the planetary landing capsule. The second
possible design was an umbrella approach where the parachute had a stiff structure and was only
attached to the planetary landing capsule by one component. After testing the mockup design, we
found that landing upright was easily obtained without a parachute at our drop height; therefore,

the parachute subsystem was eliminated from the planetary landing capsule design.

3.2 Internal Frame

The purpose of the internal frame was that it provided the structure to the planetary landing
capsule. This subsystem was included in all of the designs proposed in the design rating matrix
shown in Appendix E. After the final planetary landing capsule design was chosen, we analyzed

the internal frame using finite element analysis.

The finite element analysis of the internal frame was accomplished by applying a 15973 N force
to the frame in two cases. One case assumed that there was a perfectly flat impact with the
ground and the frame. The other case assumed that the frame impacted the ground on one corner.
The 15973 N force was obtained by taking 10% of the impact energy the Spirit capsule
experienced, and then dividing that energy by the sum of the can crushing distance and the travel

of the internal suspension.

The drop test analyses shown in Figures (2) and (3) was made by assuming a perfectly uniform
and flat impact where the forces were evenly distributed throughout the frame after being
transmitted through the crushable material and the internal suspension. The force transmitted to

the frame was done in the same orientation as the shocks at a 45-45-90 triangle geometry.
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Applying the bending stress setting for the stress analysis showed no expected failures within the
frame. The maximum bending stress and shear stress experienced anywhere in the frame was

158 MPa and 14.17 MPa, respectively. There was a Factor of Safety of 1.74 and 19.4 for bending
stress and shear stress, respectively, which was found by comparing the maximum stress results

to the maximum yield stress of 275 MPa as shown in Table 2.

For the analyses in Figures (4) and (5), it was assumed that the capsule landed on a corner,
therefore applying the stress in the frame to a localized area. This was the assumed worst case
scenario for our drop testing. As was done for the perfectly flat impact analyses, bending stress
and shear stress were analyzed throughout the frame. It was found that the maximum bending
and shear stress were about 1088 MPa and 10.74 MPa. This analysis showed that the frame had a
Factor of Safety of 25.4 in terms of shear, but was 3.95 times the yield stress expected at the top
of the frame for bending, indicating that there would be imminent failure in the top of the frame
should the capsule land on a corner. This meant that the impact orientation of the capsule was

very important and must be completely upright for our design to function properly.

Table 2: 6061-T6 Al properties provided by the SolidWorks material database.

Property Value Lnits
Elastic Maodulus 6.900000067e<010 | N/m~2
Foisson’s Ratio 0.33 A
Shear Modulus 2.6000000153e=010 | W/m~2
Mass Density 2700 kg/m~3
Tensile Strength 3100000021 M/ m2
Compressive Strength M/ m2
Yield Strength 275000000.9 M/m*2
Thermal Expansion Coefficient | 2.4e-005 7K
Thermal Conductivity 166.9 Weim-K)
Specific Heat 596 Jikg-K)
Material Damping Ratio WY
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Figure 2. Finite element analysis for bending stress during a perfectly flat impact of 15,973 N
force split diagonally 45-45-90 [6.036 x 1073 to 1.580 x 10"8] (Goyette 2015).
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Figure 3. Finite element analysis for shear stress during a perfectly flat impact of 15973 N force

split diagonally 45-45-90. [-1.765 x 10"7 to 1.417 x 10"7]
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Figure 4. Finite element analysis for bending stress during a corner load of 15973 N force.

[1.409 x 10”3 to 1.088 x 10"9]
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Figure 5. Finite element analysis for shear stress during a corner load of 15973 N force. [-9.735 x

1077 to 1.074 x 1078]
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3.3 Internal Shock Absorption

The purpose of the internal damper was to absorb residual energy that the crushable material did
not absorb. There were two internal shock absorption designs that we considered. The first
design used the natural damping properties of foam material encapsulating the payload to absorb
residual shock. The second design used an internal shock absorption system consisting of a
suspension system. The suspension system utilized mechanical spring dampers to absorb residual
energy not absorbed by the crushable base. We chose the suspension system that utilized
mechanical spring dampers because we found off-the-shelf bicycle shocks that were inexpensive

and performed adequately for the internal shock absorption subsystem needs.

After deciding to use an internal dampening system made up of bicycle shocks, we designed the
suspension system. We decided to use DNM-22 bicycle shocks because they were inexpensive
mountain bike shocks that included both a spring and a dashpot. Our design utilized four bicycle
shocks so that the suspension system could symmetrically absorb energy in the vertical direction.
The problem we had to overcome was that each shock was designed for an 80 kg person riding
on rough terrain. Since the final design was estimated to weigh 43 kg, we needed to design the
suspension in a way that would expose each shock to the type of forces that it was designed for.

Pictures of design sketches for the suspension system are shown in Figure 6.

Side View Top View
Lever Arm to amplify Shock Frame Tubes
impact force Impact

Figure 6. Preliminary sketches for the suspension. Four of these assemblies were used (Hereford
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2015),

As seen in Figure 6, the suspension featured a primary lever arm that amplified the impact force,
thereby increasing the force experienced by the bicycle shock. The final design is shown in

Figure 7.

Frame Tubes go here

ﬁ Bolted'to
shell here

Impact

Figure 7. The final suspension design modeled in Solidworks. Four of these assemblies were

used. (Hereford 2015)

There were multiple holes for the shock to connect to along the primary lever arm as shown in
Figure 7. These were included in case fine tuning of the mechanical advantage given to the
impact was needed during testing. The frame connected through the holes at the top of the
assembly, and the bottom of the assembly was bolted to the base of the shell through the holes in
the L-brackets. There were two advantages to this suspension system: one; each bicycle shock
was exposed to forces they were design for, and two; the effective travel of the suspension was
doubled. The shocks alone had about 8.75 cm of travel, while the final assembly had a full travel
distance of 18.42 cm. This increased travel is due to the new geometry achieved using the lever

arm.
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In order to predict the assembly’s response to an impact, and to test whether it would bottom out
during an impact, we performed dynamic analysis on one of the suspension assemblies. An
estimated impact force can be found by dividing the impact energy to be dissipated 5,142 J, by
the distance over which it was dissipated. The distance over which energy was dissipated was the
can height, 0.1377 m, plus the full travel of the suspension, 0.1842 m. The equations used for
calculating the impact force are Equations (1) through (3).

Impact Energy

F. =

fmpact  Can Height + Suspension Travel O
r B 5,141.3

impact — 1377 + 0.1842 o

Fim‘ﬂﬂcr = 15,9?2?9 N (3)

The impact force value was then divided by four, to get the force experienced by each single
shock assembly, then multiplied by the lever arm factor provided by the suspension geometry.

See Figure 8. The force experienced during impact for each assembly was found to be 3,993 N.

Linkage Shock

0.09017 m

0.08255m
Impact Force

Figure 8. A diagram showing a simplified geometry of the suspension.

Knowing the suspension geometry, we calculated how much the impact force was increased
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when going into the bicycle shock. The increase in shock force was calculated using Equation (4)
and found to 1.92 times the impact force. Equation (4) balanced the moment about the left side

of the lever arm created by the impact force.

0.09017F,

shock

= (0.09017 + 0.08225)F, pace/shock 4

The force experienced by the shock was about twice the impact force, making the force

experienced by each shock 7,667 N.

When calculating the response of a spring, mass, and damper system, the spring constant,
damping ratio, system mass, and forcing function must be known. We knew the system mass and
forcing function. The forcing function was an impulse with amplitude of the force experienced
by one shock. The spring constant and damping ratio were provided by the manufacturer of the

shocks. All parameters and characteristics used in this simulation are listed in Table 3.

Table 3: List of parameters used to create the suspension system model.

Parameter Expected or Calculated Value
Energy Dissipated 5,141.6 Joules
Mass (m) 43 kg
Drop Height 12 m
Impact Force (per shock) 7,666.94 N
Spring Constant (k) 131 kN/m
Damping Ratio (¢) 0.707

The response of the suspension system was modeled using Simulink. A simple block diagram

that represents a spring, mass, and damper system, excited by an impulse is shown in Figure 9.

24



F(t)

X(1)

Figure 9. A diagram of a spring, mass, and damper system used to model the suspension system.

After the Simulink Block Diagram was set up, the values from Table 3 were inputted, and the

simulation was run. The block diagram can be viewed in Appendix G.

Displacement (m)

i i 1 i I
0 0.1 0.2 03 0.4 0.5

Time (sec)

Figure 10. The displacement of the mass (frame) to an impulse, modeled in Simulink.

This simulation showed that the shocks responded very quickly to the input, and that the
maximum amplitude of the shock position did not exceed the maximum suspension travel.
Looking at Figure 10, the suspension reacted to the impact and settled within 0.4 seconds. There
were only two oscillations, the second of which was less than a centimeter. The maximum travel

the suspension could handle was 0.1842 m. The simulation had a displacement peak of 0.066 m,
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well below the maximum travel distance of 0.1842 m.

This simulation proved, theoretically, that the suspension design was able to handle the expected
impact forces. This meant that the shocks would respond quickly and would not bottom out

during impact.

3.4 Shell

The purpose of the shell was to encapsulate the payload and open to provide the payload with
safe access to the planet surface. We used the design rating matrix shown in Appendix E to
choose an initial shell shape. After choosing the initial shell shape, there were several possible
designs that opened the petal doors, providing the payload with access to the planet surface. Our
first design opened the petal doors using linear actuators. Since they were symmetrically located
around the four sides of the landing capsule, should the landing capsule tip over during landing,
any of the petal doors could open individually in order to upright the craft onto its base. The
second design utilized spring loaded petal doors and an impact pin. The spring loaded petal
doors were forced closed using the pin, which broke during impact, releasing the spring-loaded
doors. Our third design used weak magnets to hold the doors closed during free fall and
disconnected during impact, allowing for the impact to force the petal doors open. We chose to
utilize the third design because it was a passive system and the spring loaded hinges were too

difficult to work with.

3.5 Crushable Material

The purpose of the crushable material was to absorb the initial impact forces. The shock
absorption on the bottom side of the craft was a key factor in our design because it was subjected
to the direct impact force. There was a need for sufficient shock absorption and frequency
vibration mitigations to protect the payload. We tested different materials to see which could

absorb the most energy. The three different materials were egg cartons, tall cans, and short cans.
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The test crushable material was attached to a steel plate which would not allow any deformation.
The steel plate was against a wall to ensure stability. The material was attached to the plate using
packaging tape adhesives only on the outside of the test material. The pendulum of the impact
testing device was then raised to a specific height and dropped to crush the material at the bottom

of its swing. A picture of the test set up is shown in Figure 11.

Figure 11. Modeling set-up with pendulum and material (can) held against a wall.

The crushable materials were tested using a pendulum machine. A pendulum with a mass of
4 2kg was raised to various heights and released in order to crush the material that was propped
against a wall when the pendulum reached the bottom. The material height was measured before
and after crushing in order to find how much the material crushed. The energy absorption was
calculated using the potential energy equation, Equation (5).
PE = mgh
)
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The mass of the pendulum rod was assumed to be negligible. The pendulum was assumed to
crush the material at the bottom of its swing. However, as the pendulum crushed the material, it
moved away from the bottom of its swing. This slight distance variation was determined to be
negligible because not much height was recovered and, therefore, the potential energy did not
change a significant amount. There was a small amount of oscillation after initial impact of the
pendulum, which we assume to be negligible and, therefore, the deformation of the test material

was assumed to absorb all of the potential energy.

Figure 12 shows a simple free-body diagram of the system. There was one degree of freedom.

The force applied to the material was supplied through a pendulum.

| Starting Length

Steel

<77

1 Degree of Plate
Freedom

RN
F Material \
™.
IR
N
Adhesive ™

Figure 12. The free-body diagram of the testing system.

The testing materials used were egg cartons made of recycled paper and molded pulp, tall cans
made of aluminum, and short cans made of aluminum. The pendulum was made of non-ductile

metal and the wall was made of a non-ductile steel plate.

There were several simplifying elements used during this test procedure. The pendulum hit the
test material perpendicularly, which was a simplification of how the crushable material on the
prototype was oriented during impact. This test did not use other simplifying elements because it
was a physical material test and not computer modeled. Physical testing was chosen over

computer modeling analysis because deformation and crushing was very complicated to model,
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and the purpose of this test was to compare different materials.

The load applied to the material was from the moving pendulum. The mass of the pendulum was
4.2 kg. The pendulum was released at different heights to provide a variety of potential energy

values to be absorbed.

The tall can was expected to absorb the most energy over the largest distance because it had
more material and length to absorb impact than both the egg carton and shorter can. We
measured crushing distance and potential energy absorbed by each material. The material that
absorbed the most energy with the largest deformation was determined to be the best material for

absorbing impact because impact energy is a function of force and distance.

There were several problems that were encountered during testing. The first problem was
accuracy. Making sure the materials were all placed in the same location and the pendulum
started from the same height was difficult. By marking the placement of the material on the steel
plate and the height of the pendulum using a permanently placed ruler, we overcame this
problem. Measuring the final height of the crushed material accurately was also difficult. This
problem was solved by taking the average of the highest and lowest measurements of the

unevenly crushed material surface.

Figure 12 illustrates the hand calculation model. The external conditions were the steel plate
used as a wall, the adhesive connection between the material and the wall, and the pendulum
force exerted on the material. The crushable material was constrained to only moving in one
direction; therefore the system had only one degree of freedom. There were no hypothesized
hand calculations because deformation of the materials are not known, predictable, or easily

calculable.

The egg carton absorbed the least amount of energy and deformed the least, which can be seen in

both Table 4 and Figure 13. The egg carton material initial height was too short to have a large
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crushing distance. The short can absorbed the same amount of energy as the tall can and
deformed more on average, which can be seen in Figure 13 by the triangles on the right of the
squares. The testing results were reasonable and repeatable to a certain degree, which can be
seen in Figure 14 by the similar crushing heights of the two front tall cans exposed to the same
amount of energy. The implications of the results were that the egg carton was not usable for the
planetary landing capsule crushable material and the short can was the most suitable material for
this application.

Table 4: Modeling results for each loading condition.

Material Material Material Pendulum Energy Amount Energy Absorbed
Starth (ft) End h (ft) Drop h (ft) (mgh) (J) Crushed (ft) Per Single
Crushed Item (J)

4 egg, carton 0.10833 0.06667 0.60000 5.57756 0.04167 1.39439
4 egg, carton 0.10833 0.08333 0.60000 5.57756 0.02500 1.39439
4 egg, carton 0.10833 0.10000 0.60000 5.57756 0.00833 1.39439
2 egg, carton 0.10833 0.05000 0.60000 5.57756 0.05833 2.78878
2 egg, carton 0.10833 0.06667 0.35000 3.25358 0.04167 1.62679
1 egg, carton 0.10833 0.04167 0.10000 0.92959 0.06667 0.92959
1 egg, carton 0.10833 0.05833 0.10000 0.92959 0.05000 0.92959
1 tall can 0.42500 0.37500 0.35000 3.25358 0.05000 3.25358

1 tall can 0.42500 0.33333 0.35000 3.25358 0.09167 3.25358

1 tall can 0.42500 0.32500 0.60000 5.57756 0.10000 5.57756

1 tall can 0.42500 0.32500 0.60000 5.57756 0.10000 5.57756

1 tall can 0.42500 0.32500 0.60000 5.57756 0.10000 5.57756

1 tall can 0.42500 0.27083 0.85000 7.90155 0.15417 7.90155

1 tall can 0.42500 0.29167 0.85000 7.90155 0.13333 7.90155

1 tall can 0.42500 0.29167 1.10000 10.22553 0.13333 10.22553

1 tall can 0.42500 0.22917 1.10000 10.22553 0.19583 10.22553

1 short can 0.40208 0.28650 0.60000 5.57756 0.11558 5.57756
1 short can 0.40208 0.30208 0.60000 5.57756 0.10000 5.57756
1 short can 0.40208 0.21333 0.85000 7.90155 0.18875 7.90155
1 short can 0.40208 0.23542 0.85000 7.90155 0.16667 7.90155
1 short can 0.40208 0.23000 1.10000 10.22553 0.17208 10.22553
1 short can 0.40208 0.23833 1.10000 10.22553 0.16375 10.22553
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Figure 13. The amount of energy absorbed over the distance the testing material crushed for an

egg carton, tall can, and short can.

Figure 14. The tall cans crushed after impact failed due to buckling.
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When two cans were crushed versus one, the crush distance was reduced by two. This
phenomena is shown in Figure 15. This meant that we could assume that deformation was linear
and that adding more cans increased the buckling force linearly, which can be used for scaling up

our design.
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Figure 15. The energy absorbed by one and two cans crushed at a time using the pendulum set up

for both crush tests.

The egg carton could not deform enough nor absorb enough energy to be considered for the
planetary landing capsule crushable material. The short cans were easier to acquire and absorbed
the same amount of energy as the tall cans, which was why they were used as the crushable
material on the planetary landing capsule base. A drawing of the configuration of short cans on
the base of the planetary lander can be seen in Figure 16. The deformation was linear, which
allowed us to use the buckling force for calculations because it was assumed to be a constant.
The relationship between crushing distance and energy absorbed was needed in order to decide
how many cans were necessary for absorbing the target amount of energy. This was done using a

cylindrical shell buckling model.
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Figure 16. A drawing of an array of crushable short cans affixed to a removable plate attached to

the bottom of the planetary lander (Hartman 2015).

3.6 Design Comparison

Our design ideas were based off of three main critical parameters: energy absorption, reliability
and accuracy. The goal was to come up with a design that best suited the above parameters. The
main ideas we brainstormed were crushable material covering the entire capsule similar to that of
the spirit/opportunity and then we focused on designs with crushable material only on the bottom
of the capsule. We looked into different capsule geometries such as a pyramid, cylinder and an
egg shape, but in the end decided to go with a pyramid shape with crushable material fixed to the
bottom of the frame due to nice symmetry and a large base to affix crushable material. The
problem with the cylinder or pyramid with crushable material only on the base was that it if it did
not land perfectly on its base, there was a high potential to damage the payload due to
insufficient energy absorption. To combat this problem, we decided we were going to attached a
pilot parachute to the top of the frame to induce drag and help keep the capsule upright through
its flight. The issue with the egg shape is that it would be a complicated geometry to manufacture
and it had a small base so not as much crushable material could be attached and would present a
geometrically complicated platform for payload extraction. For payload extraction using a

cylinder design, the capsule would have to fall onto its side and this wasn’t an ideal scenario and

33



was the main reason the cylinder idea was rejected. In order for payload extraction using the
pyramid geometry, fabric was attached from the internal frame to the edge of the petal doors,

which acted as a platform for the payload to disembark from the landing capsule.
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Chapter 4 Modeling Cvlindrical Shell Buckling

During material testing, we found that the cans failed due to cylindrical shell buckling. We
assumed perfect plastic deformation, which allowed us to assume a constant impact force. Using
this impact force we were able to calculate the energy absorption, time of buckling, and expected
acceleration. Using Equations (6) through (12) we are able to model the cylindrical shell
buckling where D was the wall flexural stiffness per unit width, Z was the curvature parameter
for an isentropic cylinder, k, was the buckling coefficient of a cylinder subjected to axial loading,
N, was the axial loading per circumference, y was the correction factor, @ was based on radius
r and thickness t, | was the height of the can, E was the Young’s modulus, and @ was Poisson's

ratio [20].

B Et3
= 12(1 — u?)
(6)
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Z = TTC 1 __uz
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)
2D
Nx = kx !2
(10)
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y=1-0901(1-e"%)
(11)

¢ = ILB\E for (t:<1500)

(12)

The height of one can was 0.1227 m, the radius was 0.033 m, the thickness was 1.19 mm, the
Young’s modulus was 6.9E10 N/m?, and the Poisson's ratio was 0.334. The gradual load force
required to buckle one can, N, was 1582 N. The impact force required to buckle one can was
half of the gradual load, 792 N. This meant that the energy one can can could absorb was 97 J.
Assuming that the crushable base was evenly crushed we needed 53 cans on the base of our
planetary landing capsule design to absorb 10% of the impact force the Spirit capsule

experienced.
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Chapter 5 System Integration and Test Results

5.1 Test Safety and Procedure

The completed design 1s shown in Figure 17. The accelerometer used was a YEI-Technologies
3-Space Bluetooth Sensor. The technical brief can be viewed in Appendix J. The settings used
for these tests included a QCOMP filter, sampling rate of 185 Hz, and the corrected acceleration
was recorded. Corrected acceleration means that the accelerometer put the data through extra

scaling and averaging that smoothed it out.

Figure 17. The final planetary landing capsule proof of concept test article.

A very strict testing procedure was implemented in accordance with similarly strict health and
safety considerations. Everyone involved with testing wore high visibility vests, hard hats, and
safety glasses. In addition, anyone on the boom lift also wore a safety harness fixed to the railing.

The testing procedure was as follows:

e  Secure test article with quick release to boom lift
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e  Check accelerometer functionality

e  Lift test article to predetermined height
e Initiate drop with quick release

e  C(Collect data

e Inspect and remove crushable base

e  Recycle base sustainably

e Repeatat 3, 6, and 12 m drop heights

Figure 18. A photo from the testing site of the test set up.

The quick release mechanism was a rope that was looped through the capsule and tied to the
boom lift. The knots on the boom lift were quick release knots that could be undone by one pull.
After the capsule was secured, and the accelerometer was functioning, the capsule was raised to
the desired test height and dropped while recording the acceleration. The testing procedure was

repeated for three heights including 3 m, 6 m, and 12 m.

5.2 Testing Results and Analysis for the First Round of Testing

The acceleration data recorded during the three drops are presented in Figures (19) through (21).
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Figure 20. The acceleration magnitude recorded during the 6 meter drop.
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Figure 21. The acceleration magnitude recorded during the 12 meter drop.

Figures 19 through 21 showed that when the capsule was dropped, the acceleration started to
decrease steadily. The acceleration began to decrease because once the capsule was dropped it
was exposed to an upward force: air resistance. At the bottom of this steady decrease was a sharp
jump in acceleration; this was where impact happened. The highest acceleration magnitude

recorded was 3.6g.

What we learned from these tests was that the RC car payload functioned after every drop,
indicating that the crushing aluminum cans and the suspension dampened the impact enough for
the onboard electronics to survive. The capsule was also mostly unharmed throughout all tests.
Only one cast aluminum joint broke on the last drop because a gust of wind made the capsule

land on its corner, the worst case scenario.

After looking at the raw data recorded, Figures 19 through 21, we were able to see that the actual
sampling frequency during these tests was only 145 Hz, which was lower than the maximum
sampling rate of 185 Hz. A rough estimate of the peak acceleration expected for the capsule to

experience can be found by dividing the estimated impact force by the mass of the capsule,
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which is shown in Equations 13 through 15.

Flm act

aexpected = Tp
(13)

_ 159729

aexpected T 376
(14)
Uy poeq = 424812 => 4335 G

(15)

The maximum measured acceleration was only 3.6g, over one whole order of magnitude smaller
than the expected peak acceleration. Because of this, we suspected that the sampling rate used

was insufficient to measure the peak accelerations experienced by the capsule.

A different setting on the accelerometer, in IMU mode, could reach a sampling rate of 600 Hz. In
the first tests corrected acceleration was measured, instead of raw acceleration. This meant that
the filter used by the accelerometer put the data through extra scaling and averaging that
smoothed it out. We hoped that using this higher sampling frequency while recording raw
acceleration would allow us to record the actual peak impact accelerations experienced by the
capsule. Knowing how fast the capsule decelerated would help support our claims that our

impact dampening design was viable if sensitive electronics were on board.

5.3 Testing Results and Analysis for the Second Round of Testing

Since the data recorded in the first round of testing was deemed insufficient, a second round of
testing was done. Only two drops were made, both from 12 meters. The goal was to more
accurately measure the acceleration during impact using different accelerometer settings that

would increase the sampling rate. The acceleration plots can be seen in Figures 22 through 23.

41



P
=}

[
~l
un

=
[}

Acce leration |G)

[
=]
un

=
[=]

|
%)}

(%3]

[
L

[=]

0 05 1 15 2 25 3 3.5 4 45 5 55

Time (sec)

=il

Figure 22. The first drop from the second round of testing. Dropped from 12 meters. The
acceleration peaked at 28.04 G.
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Figure 23. The second drop from the second round of testing. Dropped from 12 meters as well.

The acceleration peaked at 30.87 G.
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The data presented in Figures 22 and 23 was much more indicative of the actual accelerations
experienced by the capsule. The peaks were not as square, and the accelerometer seemed to have
picked up many more small changes. This indicated that the sampling rate was fast enough to

capture the actual accelerations experienced during impact.

A paper by Tom Irvine, a NASA engineer, outlines a method for how to estimate how much
mechanical shock electronic components can experience before being damaged [9]. The paper
cites previous sources, and summarizes the findings. The mechanical shock limits for electronic
components can be found through the peak accelerations expected and the natural frequency of

the components themselves.

10°
—— Probable Damage 300 ips
——— Polential Damage 100 ips
—— Failure unlikely below this limit S0 ips

[y

PEAK ACCEL (G)

10 100 1000 10000
NATURAL FREQUEMNCY (Hz)

Figure 24. Shock response spectra and damage thresholds from electronics based on their natural

frequency and peak acceleration [9].

Irvine goes further to show that a typical chip’s natural frequency, of end conditions
fixed-free-fixed-free, can be found by first finding the plate stiffness of the chip. The plate
stiffness is calculated using the material properties of the chip. An example chip made from
silicon will be used to compare its damage threshold, according to the shock spectra above, to the

actual acceleration measured during our testing.

43



The material properties of silicon can be seen in Table 5.

Table 5: The material properties of silicon used to calculate a chip’s mechanical shock limits

[18].
Y oung’s Modulus, E (Pa) Poisson’s Ratio, p Density, p (kg/m”3)
150*10"9 0.17 2,330

The following chip geometry will be used here as an example, of typical chip size and shape

Free l

Fixed Fixed

Free l

today.

L J

Figure 25. A typical chip’s end conditions. For this example b =a =5 mm, and the thickness will

be 0.5 mm [9].

Using the above information the, plate stiffness, and consequently, the natural frequency of the

chip can be calculated [9].

_ _EP
12(1-p%)

(16)
Where D is the plate stiffness of the chip, E is Young’s Modulus, t the thickness of the chip, and

u being Poisson’s ratio.

D= (150%10%)(0.0005)°
12(1- 0.17%)

(17)
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D =1.609 N/m

(18)

Next, the natural frequency of the chip can be calculated [9].
1= 3ENR

(19)
Where £, is the natural frequency, b is the free side length of the chip, and p is the chip’s
density.

f,=3,7315 Hz
(20)

Using this natural frequency, and Figure 24, we see that the required acceleration for potential
damage is about 2,000 G. The highest recorded acceleration was only 30.87 G, suggesting that

sensitive electronics would not be damaged on the landing capsule built for this project.

5.4 Comparing Test Results To Goal

In order to compare the impact energy during our testing to our impact energy goal of 5,141.6 J,
we calculated the impact velocity during our tests using Equations (21) through (26). Using the
free body diagram shown in Figure 26, the velocity and distance from impact as a function of

time could be found. Detailed calculations can be seen in Appendix A.

F

d

mg

Figure 26. Free body diagram of the capsule as it experiences free fall.
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i 21)
y(0) =h (22)
Fqg—mg = ma (23)
cv’: —mg = -r'n.% 24)

= v(t) = , f”%trmh[—g#\/%

— y(t) = Zinfcosh(—gt, /)] + A 26)

Using the initial conditions above, the differential equation resulting from applying Newton’s

(25)

second law to the free body diagram could be solved yielding an equation for velocity and
distance from the ground as a function of time. Table 6 shows the results from our second round

of testing compared to our goals. The impact velocity was found by using Equation (25).

Table 6: Impact energy from testing compared to the impact energy goal of 10% of Spirit’s
impact energy.
Imact Velocty  Mass Impact Energy % of Spirit Impact Energy

Expected 15.47 m/s 43 kg 5.141.6) 10%
Actual 14.24 m/s 37.6 kg 3,812.21 7.40%

Solving equations (25) and (26), the actual impact velocity was 14.24 m/s, and the final capsule
weight was 37.6 kg. Finding the impact energy using these values gave us an impact energy of
3,812.2 J which is 7.4% of Spirit’s impact energy. This is close to our goal of 10% of Spirit’s

impact energy.
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Chapter 6 Cost Analysis

The main expenses of our design were the outer pyramid shell, accelerometer, testing equipment,
frame, and crushable materials. Polycarbonate was used for the pyramid shell because the shell
needed to be light and strong. The accelerometer was an expensive part in our budget because
accelerometers that fulfill our testing requirement sampling rate and maximum acceleration
measurement are at least $350. The boom used to drop our test was $400 per day of testing and
we had two days of testing. In order to ensure health and safety, the boom was a necessary piece
of testing equipment. The frame was made of standardized sch 40 cast aluminum pipe and
fittings, known for its structural integrity. We used recycled cans as our crushable material to

maintain a sustainable building procedure and save money.

The four components including the shell, accelerometer, testing equipment, and frame took up
the majority of our budget, about two-thirds. The rest of the budget was used for replacing
broken parts, making a mockup, and manufacturing components required to put the capsule

together, such as hinges, latches, and bolts.
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Chapter 7 Patent Search

Our design of an array of thin-walled cylinders for crushable impact dampening is a patentable
idea. The design improves upon current solutions by decreasing cost and risk while increasing
accuracy. The array of thin-walled cylinders for crushable impact dampening absorbs the energy
upon initial impact from the proof of concept planetary landing capsule hitting a surface during
landing. Upon impact, the cylinders deform due to buckling. This deformation is assumed to be
linear. During buckling, the cylinders absorb the energy from impact, which protects the payload

and prevents the capsule from rebounding. This idea has not been used before, and is patentable.

7.1 General Purpose

The purpose of the array of thin-walled cylinders for crushable impact dampening is to absorb
the energy upon initial impact from the proof of concept planetary landing capsule hitting the
planet surface during landing. Impact dampening protects the payload within the capsule, which
1s a necessity. Upon impact, the cylinders deform linearly due to buckling. During buckling, the
cylinders absorb the energy from impact and protect the payload. The cylinders, which are cans,
are placed in an array on a piece of cardboard with an adhesive. The cardboard is attached to the
bottom of the capsule with the cans facing downwards. The shock absorption on the bottom side
of the craft is the key factor in our design, as it will take the force of the impact directly. There
will need to be sufficient shock absorption and frequency vibration mitigation to protect the

payload.

7.2 Possible Variants

Possible variants for thin-walled cylinders for crushable impact dampening are to use different
geometry cylinders or different material. The cans used for our design were an average soda can
with diameter of 0.066 m, thickness of 0.00019 m, height of 0.1227 m and aluminum properties.

Changing the diameter, wall thickness, height, or using a different material would have different
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impact dampening results. A different shape would also provide another variant, such as a

hexagonal shape.

7.3 Competing Technologies
Currently, the competing technology is the newest landing capsule design that was implemented
for the Curiosity rover. It used multiple reverse thrusters and lowered the Curiosity rover with

cables to the Mars surface, which gave it high accuracy.

7.4 Commercialization Possibilities

Commercialization possibilities could potentially be with any space company (i.e. NASA,
SpaceX, Virgin Galactic, etc.). The company can scale up the components of the modular design
to suit different planet conditions in order for it to fit their needs. Also, using thin-walled
cylinders for crushable impact dampening can be applied to areas outside of space. These areas

could be delivering care packages or supplies from an aircraft.

7.5 Inventors

Grant Goyette

Aja Hartman

Shane Hereford
Heather Montgomery

7.6 Key Dates

Invented: November 17, 2014
Publicized: May 14, 2015
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7.7 Sketches

Figure 27. A sketch of the planetary lander utilizing cylindrical tubes as crushable base
(Montgomery 2015).

Figure 28. The bottom view of the planetary landing capsule crushable base with placement of

crushable cylinders shown (Montgomery 2015).

7.8 Summary of the Patent Classifications

A summary of the patent classifications found to be applicable to this concept are:
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“Devices attached to vehicles for the purpose of catching and retaining the same hits from other
vehicles or objects.” As well as, “machines or structures adapted to be propelled and guided or
stabilized through the air.” Along with, “means for retarding the motion of or stopping machines,
including vehicles, both rail and road, and shafts, wheels, pulleys, or other moving mechanisms,
by friction, by positive engagement of elements, or by the internal resistance of a fluid or a field

of force.”

7.9 Review of “Prior Art”

The patents summarized below can be found in Appendix H.

Impact energy absorbing system utilizing fracturable material

Publication number: US3637051 A

Publication date: Jan 25, 1972

A patent for “impact energy absorbing system utilizing fracturable material” uses a multitude of
brittle spheres arranged in a way that absorbs energy upon impact. The brittle materials prevents
the payload from rebounding. Our design using cans for impact dampening is similar. The cans
are crushable, and absorb energy upon impact. They also prevent the capsule from rebounding.
However, the geometry of our cans is a cylinder, not a sphere. Both materials are hollow and
lightweight. Another difference between the materials is that the spheres are brittle and do not

experience plastic deformation, while the cans are plastic.

Space craft soft landing system

Publication number: US3181821 A

Publication date: May 4, 1965

A patent for “space craft soft landing system” relates to spacecraft energy absorbing systems,
like shock impact, that are capable of absorbing large amounts of kinetic energy at a constant
rate of deceleration force applied per unit of stroke distance. The energy absorber is embodied in
the landing gear of the system. The energy absorber has a conical shape unlike our cylindrical

shape.
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Energy absorbing air drop pallet

Publication number: US5039036 A

Publication date: Aug 13, 1991

A patent for an “energy absorbing air drop pallet” uses struts to absorb shock and prevent the
cargo being dropped from rolling over. The pallet has shock absorbers between its upper and
lower surfaces to protect the cargo after being dropped. Our design uses its weight to maintain an
upright position, so our impact dampening material is not meant for uprighting. Similar to our

cans, the pallet deforms in a controlled way upon impact in order to absorb energy.

Energy absorbing bumper

Publication number: US4078837 A

Publication date: Mar 14, 1978

A patent for an “energy absorbing bumper” is placed on the front of vehicles to collapse upon
impact without increasing in its density in order to absorb almost all the energy. The bumper
uses a low density foam plastic with a semi-rigid cellular structure. Our design is similar in the
way that our crushable material (cans) also collapse upon impact in order to absorb the energy.
The material of the cans is aluminum, which differs from foam plastic. The geometry of the cans

1s also different from the bumper.

Safety seat

Publication number: US20140239684 A1

Publication date: Aug 28,2014

A patent for a “safety seat” has an energy-absorbing arrangement which connects the base and
displaceable member. The energy-absorbing arrangement uses a plastically deformable
absorbing element in response to stresses greater than a predetermined threshold stress. The
purpose of the safety seat is to ensure that the passenger does not experience more than the
maximum acceptable impulse. Our design does the same for our payload. Cans are also perfectly
plastic, and deform after the threshold force is achieved. Through this deformation, the energy

upon impact is being absorbed which protects the payload.
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7.10 Patentability

Our design of an array of thin-walled cylinders for crushable impact dampening is a patentable
idea that improves upon current solutions by decreasing cost and risk while increasing accuracy.
The array of thin-walled cylinders for crushable impact dampening absorbs the energy upon
initial impact from the proof of concept planetary landing capsule hitting a surface during

landing. This idea has not been used before, and is patentable.
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Chapter 8 Scaling Up Our Design

We scaled up our design so that it could absorb 100% of the Spirit lander impact energy by
assuming that the crushable materials were evenly spaced cylinders that failed due to buckling.
By making this assumption we could calculate the energy absorbed by multiplying the buckling
force by the crush distance. By changing the cylinder geometry or material we could control the
threshold force, which is the force required to begin buckling the thin walled cylinder. We
designed several solutions for a scaled up design that absorbs the same amount of energy as the

Spirit lander while maintaining the same size lander.

The shape of the Spirit landing capsule was a tetrahedron made up of equilateral triangles with
side lengths of 3.45 meters [27]. This meant that the bottom area available on the Spirit lander to
implement our crushable material design was 5.15 m?. The calculated thickness of the deflated
airbag actuator assembly on the Spirit lander was 0.1377 m [27]. We set the height of the
cylinders for our crushable material to be the same as the Spirit lander assembly height to

maintain the same size of the landing capsule.

How the geometric parameters of the cylinders affect the buckling force are shown in Figures

(29) and (30).
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Figure 29. The relationship between the buckling force and thickness of the buckling cylinder.
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Figure 30. The relationship between the buckling force and the radius of the buckling cylinder.

Aluminum cylinders of different geometries were used for all five of our solutions for a scaled
up design, which is shown in Table 7. The solutions used the cylindrical buckling Equations (6)
through (12). All of our solutions absorbed slightly more than the impact force the Spirit lander
was subjected to. The crushable base for the solutions is made from a grid of cylinders touching

in four places. As the radius of the cylinders increased, fewer cylinders were able to fit on the
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5.15 m? base of the lander. As the radius of the cylinders increased, the thickness of the cylinders
also increased in order for the same amount of energy to be absorbed. The solution that was best
for implementing on the Spirit sized lander is the Sth iteration because it used the least amount of

volume of material and was the easiest to manufacture and therefore the cheapest design.

Table 7: The five iterations of cylinder geometry design solutions for the crushable base to

absorb the same amount of energy as the Spirit lander.

Parameters 1nd 2rd 3th 4th S5th
Total Energy Absorbed 51452.0308 51927.29126 51514.82334 51750.67172 51736.62733

)

Radius {m) 0.008 0.01 Q.02 0.04 0.06
Thickness (m) 0.00178 0.0018 0.00184 0.00191 0.00196
# Cylinders 20000 12500 3200 800 350
Volume of Material 0.218994601 0.177148598 0.0971985%3 0.051618168 0.035029757
Area [m~2) 5.12 5 5.12 5.12 5.04

56



Chapter 9 Engineering Standards and Realistic Constraints

9.1 Economic Considerations

The ultimate constraints when dealing with space are weight and cost. The current average for
sending one pound into Low Earth Orbit is $10,000, and even more so when travelling to other
planets [16]. The cost of the most recent NASA endeavour, Curiosity, was $2.5 billion. Since the
government funds NASA, this means that the cost of this mission came directly from taxes.
Using the people’s money to advance human exploration could be seen as a good way to spend
the money, but $2.5 billion dollars could easily be spent on matters of our own planet that more
directly affect humanity in the short term. There are plenty of things such as education and
medical research that government funding could be spent on. For our project, we aimed to stick
to basics in terms of design and make it as simple and cost effective as possible. We aimed to
have a product that could land safely and accurately without breaking the bank so that

government funding could be spent elsewhere to benefit society.

9.2 Environmental Impact

Pollution is an environmentally damaging practice. Our design had reusable parts that could be
used for every test run. This will allowed us to test our design multiple times and not produce
waste that was harmful to the environment. We used recycled cans as our crushable base. This
approach reduced our project’s carbon footprint. The goal of our project was to have a positive

environmental impact rather than a negative one.

9.3 Sustainability

A sustainable design project can be explained as a project that helps people in the present
without harming future generations ability to meet their own needs, as well as using Earth’s
resources at a slower rate than they are replaced. Our design acknowledged sustainable practices.

Our design utilized recycled and reusable parts. This allowed us to reuse parts of our design
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multiple times during the testing process so that our test procedure was a sustainable practice.

The goal of our project is to help future generations — not harm them.

9.4 Manufacturability

This project was a proof of concept, so manufacturing the testing prototype was only done once.
Our design used readily available materials and off-the-shelf parts, so the manufacturing process
was mostly assembly. We had access to two machine shops: Santa Clara University machine
shop and Silicon Valley Glass machine shop. Between both of these machine shops we had

access to all of the machines needed to manufacture our design.

9.5 Health and Safety

Our project was impacted by many health and safety considerations. The testing of our project
was risky because it involved the dissipation of 5,141 J of energy. We planned on reaching this
energy level by accelerating a heavy object using Earth’s gravity. We did not want any people or
property harmed during this testing procedure. This affected not only our final design but our
testing procedure as well. The importance of health and safety considerations to our project was
huge and can be seen in our design matrix and project design specifications provided in
Appendix E and C respectively. Safety was the most important factor of our design, which can
be seen in our design matrix. Our project design specifications included the absence of sharp
edges, shattering parts, pinch points, and exposed gears. We did not want anyone harmed during
the production, testing or use of our test article, which was a major consideration in our design.
There also was a safety risk with the necessary testing of our project by dropping it 12 m. Only
non-shattering materials were used in our design. Protective coverings over all components that
could cause bodily harm were affixed. We also designed our crushable material base to be easily
affixed and dismounted without touching sharp deformed materials. We filed down any sharp

edges to prevent injury during manufacturing and testing.
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Chapter 10 Arts

As part of satisfying the Santa Clara University Core Arts and Humanities requirements,

members of this team have all contributed original drawings, sketches, or CAD models to this

project. Table 8 lists a sampling of at least one such artifact, and a reference to it, for each of the

team members.

Table 8: List of team members and one of their drawing locations.

Team Member Description Location

Aja Hartman Drawing of removable Figure 16
crushable base can
configuration

Heather Montgomery Preliminary sketch of Figure 27
cylinders as crushable base

Shane Hereford Preliminary sketch of Figure 6
suspension

Grant Goyette CAD model of frame Figure 2
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Chapter 11 Conclusions

11.1 Summary

We successfully designed, built and tested our planetary landing capsule. The remote-controlled
vehicle payload we used survived all five of our drop tests. To scale up our design for a Spirit
sized mission, the crushable material would need to use 350 cylinders with the dimensions of
0.06 m radius, 0.00196 m thickness, and 0.1377 m hight. An array of cylinders with these
dimensions would fit on the bottom of the Spirit landing capsule and would be able to absorb

51,736.6 J, more than the impact energy experienced by Spirit during its arrival to Mars.

11.2 Future Uses

Our design could be used for multiple payload landing applications, including, but not limited to

supply deliveries and car packages.

11.3 Lessons Learned

We learned that using crushable materials for impact dampening works when the payload is
electronic equipment. This means that the electronic payload was not damaged during impact,
the design used was inexpensive, the landing was accurate, and recorded acceleration data
suggests that more sensitive electronics would also not be damaged. Our design utilized cylinder
shaped aluminum to create an array of crushable objects, but further study could reveal a better
shape or geometry. We were also able to scale up our design and suggest a cylinder geometry
that would be able to handle the full impact energy experienced by the Spirit lander using

equations for thin-walled cylinder buckling.
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Appendix A: Detailed Calculations

o

mg

v(0) = 0%
y(0)=h
Fy—mg =ma

dv

cv? — mgr = m&
= ./ %tanh[—gf\/ﬁ

— y(f} =
YF =ma

Fy—mg=ma

Zinlcosh(—gt, /=) +h

g

du

>
CUT — Iy = 1m

al
c 2 __ du
m v q= al
e 3y e
—Q‘[l g gm ¥ J ot

[ —gdt = g L :I

T

Using u substitution...

u= /=
T
du = %dv
-9 f df f W lrh::-

—gt +C) = —_trmh. 2
gt + Cy = /TFtanh™ ()
LC: [v(0) = 0]

— > -r..'(t] = \/m—_?r?fﬂﬂ.fit[\/zl:—

y(t) = = [ \/Wfﬂnh \/7 —gt)|dt
L.C: [d = h.]
— > y(t) = Zin[cosh(—gt o )| +h
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Appendix B: Assembly Drawings
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Frame Assembly

FO01, F02, F03, F04, FO5, F06, F19

Aluminum Pipe for Rail Systems

3/4 Pipe Size

Length, fi.
2

oom e W

Material

Fipe Size

| ]Eacn
7
:
9 46099T27
10
Aluminum
304

Actual Diameter 1

Wall Thickness 0.113"

Make custom railings, quard
shelving, and framing with ease. Slip rail fittings owver
the appropriate size pipe and tighten the included set

screws fo

rasecure fit.

Fipe is Schedule 40.

rails, storage racks,

Aluminum pipe is lightweight with very good corrosion

resistance.
SrA2" Hex
3 58"
17D
For 364" 113m6°
e Size
e e i~ 144" Hex Bolt
11D
For 34"
Pipe Size
McMASTER-CARR.% | -2t~ 48698T82
S :11:-%"::»%“““ Mz;m"r:n%::c;
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FI8

Set Screw with 1/4" Hex Size for Galvanized Iron Slip-on Rail Fitting

Packsof 10 Instock
$14.00 per pack of 10

Fits Fipe Size 34, 1
Fits Actual Diameter 17, 1 14"

Hex Size 14"

Make custom railings, quard rails, storage racks,
shelving, and framing with ease. Slip rail fitings over
the appropriate size pipe and fighten the included set
screws for a secure fit
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Suspension Assembly

SH00, SHO1, SH02, SH03
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MEIERA L R IRU SITE DWWG. MO. REW
A SHOO 1
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DO WO SCAITE DRAM HC
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Appendix C: PDS/Requirements

PROJECT DESIGN SPECIFICATION

Design Project: Planetary Landing Capsule

Team: PLC

Date: May 18, 2015

Revision: 6

Datum description: Mars Rover Explorer Landing Capsule Page: 1 of 5
ELEMENTS/ PARAMETERS
REQUIREMENTS UNITS DATUM | TARGET - RANGE
PERFORMANCE

Max Acceleration g 8 14
Shock Levels g 500 200
Size m3 471 1
Weight kg 533 43
Deceleration Time S 150 10
Energy Absorption J 51,416.4 5141.6
SAFETY
Functioning Rover Drivable Yes Yes
Sharp Edges Present No No
Shattering Parts Present No No
Unharmed Testing Equipment Functional Yes Yes
Unharmed Sensors Functional Yes Yes
Pinch Points Present No No
Exposed Gears Present No No
PRODUCT COST
Components US Dollars 2500
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PROJECT DESIGN SPECIFICATION

Design Project: Planetary Landing Capsule

Team: PLC

Date: May 18, 2015

Revision: 6

Datum description: Mars Rover Explorer Landing Capsule Page: 2 of 5
ELEMENTS/ PARAMETERS
REQUIREMENTS UNITS | DATUM | TARGET - RANGE

Outsourcing US Dollars 500

Sensors US Dollars 400

Test Equipment US Dollars 250
TIME SCALE

Finished Prototype Months 24 9 Months
CUSTOMER

NASA Interest Yes Yes
MANUFACTURING PROCESS

Design for Manufacturability Makeable Yes Yes

Outsource ability Able Yes Yes
SHIPPING

Cost from Moffett to Kennedy US Dollars 500

Product Size Constraint m? 471 1
COMPANY CONSTRAINTS

Intellectual Property Sued No No
DISPOSAL

Reuse Reusable No No

Recycle No Yes

Recyclable
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PROJECT DESIGN SPECIFICATION

Design Project: Planetary Landing Capsule

Team: PLC

Date: May 18, 2015

Revision: 6

Datum description: Mars Rover Explorer Landing Capsule Page: 3 of 5
ELEMENTS/ PARAMETERS
REQUIREMENTS UNITS DATUM | TARGET - RANGE
MANUFACTURING FACILITY

SCU Machine Shop Permission No Yes
Outsourcer’s Facility Permission No Yes
POLITICS
Campus Safety Approval Permission No Yes
MARKETET CONSTRAINTS
Competition
MAINTANANCE
No Maintenance Required Need No No
COMPETITION
Price US Dollars 1 Million 2500
Durability Durable Yes Yes
Dependability Dependable Yes Yes
Compact Ability m? 4.71 1
Weight kg 533 43
PACKING
Compact m3 4.71 1
Rectangular Rectangle Yes Yes
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PROJECT DESIGN SPECIFICATION

Design Project: Planetary Landing Capsule

Team: PLC Date: May 18, 2015

Revision: 6

Datum description: Mars Rover Explorer Landing Capsule Page: 4 of 5
ELEMENTS/ PARAMETERS
REQUIREMENTS UNITS DATUM | TARGET - RANGE
QUALITY AND RELIABILITY

Usable Usable Yes Yes

Reliable Reliable Yes Yes
SHELF STORAGE

Product Life Span Years 2 year 1 year
PATENTS

Infringement Sued No No

MARS ENVIRONMENT
Gravity ms” 3.71 3.71
Minimum Surface Temperature °C -153 -153
Maximum Surface Temperature °C 20 20
EARTH ENVIRONMENT
Gravity mfs” 9.81 9.81
Average Surface Temperature °C 20 20
TESTING
Equipment Available Yes Yes
Safety Safe Yes Yes
DOCUMENTATION
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PROJECT DESIGN SPECIFICATION

Design Project: Planetary Landing Capsule

Team: PLC Date: May 18, 2015

Revision: 6

Datum description: Mars Rover Explorer Landing Capsule Page: 5 of 5
ELEMENTS/ PARAMETERS
REQUIREMENTS UNITS DATUM | TARGET - RANGE

Design Notebooks Notebooks 4

CAD Drawings Number 12

Sketches Number 1

Reports Number 3
QUANTITY

Proof of Concept Test Article Number 1
MATERIALS

Material Cost US Dollars 400 million 3000

Material Durability Broken No No
STANDARDS/SPECIFICATIONS

PDS Compliance PDS Check Yes Yes
AESTHETICS

Funding US Dollars Yes Yes
INSTALLATION

Rover Fits in Capsule Fits Yes Yes
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Appendix E: Decision Matrices

Table 9: Priority matrix based on customer analysis.

Criterion 4 5 6 7 8 9 SUmMm FACTOR
1[Weight 0 35 10
2|Size 0 0 25 10
3|Aesthetics 0 0 0 1
4|Shock Absorption 1 0 7 75
5|Cost 0.5 0 3 10
6|Battery Life 0 0 1 5
7|Accuracy 1 0 5 35
8|Reliability 1 0 6 50
9|Safety 1 8 100

Table 10: Design rating matrix used to choose between possible design solutions.

85

TARGET DESIGN IDEAS
or
CRITERIA FACTOR |Pyramid External (Pyramid External |Cylinder Design |Egg Design Pyramid Bottom |Pyramid Bottom
Crushable/ Crushable and Crushable/ Crushable/
Floating Frame Springs Floating Frame Floating Frame
Springs Springs Foam
Time — Design 1 1 4 2 1 4 5
Time — Build 1 1 4 2 1 4 5
Time — Test 1 1 3 3 3 3 3
Time Score 10 10 36.67 23.33 16.67 36.67 4333
Weight 10 3 30 2 20 4 40 2 20 4 40 4 40
Size 10 3 30 2 20 4 40 2 20 4 40 4 40
Aesthetics 1 3 2 2 4 4 5 5 4 4 4 4
Shock Absorption 75 3 225 3 225 4 300 4 300 3 225 3 225
Cost 10 3 30 3 30 2 20 1 10 3 30 3 30
Battery Life 5 3 15 3 15 3 15 3 15 3 15 3 15
Accuracy 35 3 105 2 70 4 140 2 70 3 105 4 140
Reliability 50 3 150 3 150 2 100 3 150 3 150 4 200
Safety 100 3 300 2 200 3 300 3 300 3 300 3 300
TOTAL 959.0 890.0 994.0
RANK
% MAX 96.5% 89.5% 100.0%
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Appendix G: Simulink Block Diagram
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Appendix H: Copies of Important Patents
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FACT ENERGY ABSOREING SVETEM UTILIZING parent upoa referesce 1o Tha fodladdg deiiiplen n b
FRACTURABLE ipeciliciton drwaing.

MATERIAL
OGN OF I WENTION

The invenSon described heein was made in the o
Eormance of sork usdor 5 MASA cosinict aad i wiec o
proviiom of Secion Wb of dw Matissal Acroravdics s
#Hﬁlﬂlwm1m1ﬂhlﬂ;lim

I

BATKGROUSD OF THE v IvTis
1. Wiehd of chu Ineveeawsion

chading reaiien deviios wch o abr-filad bags, fosm
aral plaars; e, i well o o obnc s teers, oo Hhee
lice, which dimipalc energy by forcing & Mid Wiough a

ress i hiad

Hd nEiies sech m motalbc bodes snd raney] halsa oo
fow Suipuling esengy oe o oncafol Bads wharih cHETE o
Saputid hoaph S dosinaciion of the devioe In s in-

TRIECTS AND BUMMAR Y OF THE BNVENTION

Then srrvemrisn overcomes. mny of e afacmemavcd 4.
Baudtien by priovichng 3 hijhregght, avgbited abubr shich
widiren & ravvel srmangeig of 3 @evad of coatipeen, brillle
wpheron iverpeasd 58 & harTi reivehes Belegeh ingaclng

mgty, an iyt of iha iresal it pivrenke
mh’h. e
Al obgodt B lo provide = inproved. ok sbaortay
pantiubicty sdepled for use in mechenical gnpgy sheorheng

At oot i b previde a lightecight, bighty cifociiv,
ik absodber partsularly slapied for ;e i delvenng
ey 1o vkt marTaces of Cebeilial e

Ancabur ot o b0 Pt @ hghly effaie pil el den Lt
ing. evoromal dbock abeorbes slapicd do be conployed i
Epring e EAE Ty by (il luring broflle rmalcrad

Anctbar obgect b o peovide @n iepreved abeoch sbeaber,
mclading & mariad of comnpuced Hids sphe ol armmped in

i

¥

ared srcompun ping
BESCRIFTINM OF THE DHLAWING

FIGi. | i o pismaial view of @ paplosd being dcliversd am-
playing 3 ahick shesibed combuodping S of g
; pricipv

I 3 b psrtially it vies of e shock skt of

FIG. |, e wirsin of e e
1 dhaatng iy enghinnl

15

FHG. D b o paetially sectionsd view of & modilasd Tomm of e
hn ki absaprbaey ilhenitrmbod in FRCGE 1 and 3

Fil 4 = v, on pemewhel @ enlanpod
wcale, of the bollow sphares emplisred e ibsch abuorber
ernhodying tha prniples of the frescsl irentan.

DESCRIFTION OF THE PREFERRED ERARTHMENT
Tiamiag sew 1o FIKL 1, hercin n piciorally osied &

30 parylossd employing 3 thack shearbe 10 of & 1¥7¢ which on-

t =]

bodien ths of thi [aeesl ifvertion. A best dies-
iratasd b FICE. B, i il abvioriber m made op of & mryrisd of
Indiniduesl pderes 1] arsanged in & maliplcry of wparin-
et iphwnticll layers o sirais wrarged b sppETiag orgsg-
el with msclociod parylosd 4. Wil the paphosd 1 dles-
irated m beirg of 5 sphoricsl popfigeraten, 0 B 10 b -
derviond thae the paploed may s ify CORERRERE con-

0 I prasctiod, e apbssisi e lormesd from snp exiemety bei-

the el whech i both bard andl isclmiic & high grads of
ke plios serves @ 8 coreenmne mutorisdl feci whikch e
pleres may e dubricaind whoney, Pl 48 et il oo
lapae: of ik incovidusd aphwess, defoematens i meninmied =

§i that thet it losve mury be resiod and then dosopesed s

Tracreee follewesd by o collsse of the sphores. The madden

Tractere ared collae of cach of i indvidusl spheees seb-
chararaics ol 1k

ilanially any pprekendy Wk b W -

wheie.
N a3 arsepical o lTiciend (hal dopesd on

e

.--ﬂ-'lm—.qm

i i L vl of tha wrall of g eplere;
B b the ruaiam of e splare;
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i
ENERGY ABSORBING ATR DROF FALLET

GOVERMENT INTEREST

The isventscn described hesein may be manufac:
tured, used, and licensed by or for the US Covernmen)
for povernmenial parposes without paymeni o ma af
any moyally thareon.

BACKOROUND AND SUMMARY

Oine of the problemn mcouniered when parachulsg
af st dropping wpples ls mpac i iha i
mm when it hits the ground, A partcular

by the UL, Army during s
operalions | s arver of palietieed cargoe
8 anillery gpum or ve onee Phese cangon stk ke

BRIEF DESCRIPFTION OF THE DRAWINGS

FId 1 s a sde ehovational vasw ol an alf drop ar-
gier, the parachule being ominied for convessencor.

FIh. 2 s an end elevational view of the sr drop
camier, the parschwie again bring omitted for coave-
BECE. .

FIG. 3 is am end elevational view af the paliet of the
wlr drop carreer, a part of the pallel being removed 13
whaw 18 imterios structure of o paller sopport.

FIG. 4 is sectiomal end view al the pallst ilSwiang
fusther inpernal saroctore of the palles amd showing
elements of ke strel deplojy@men! mechids,

DETAILED DISCLOSURE

Bhown in FIGS. 1 and 2 i sn sgroved carrier 10 for
an sir-dropped canps oF kad B, the carrsr being sus-
pended from lines 1E of & set of parachein (not shownl
Lines 13 ansch o their lower ends to a shor vertical
post 14 fined mormally 8o spacer har 16 these being rao
s hars Ilpﬂpmﬁrﬁrlrdtﬁhduﬁ:lwﬁ_ﬁlh
mhﬂurﬂ-u}p&hwﬂﬁnmu
thee et of orces bars 10 are abtached B upper ends of
cablel B, ke cables being secured ar their lower ends to
levers X, which in turn ace Baed to axle head sisessbleg
24 Assemblies 14 wre fixed vo the ends of shafts or sxlkes
26 (FIG. #) rozatably mounted i palles 1. Axbes 26 will
ponate peoan their longitedival asew so that head ssem-
Elaes M gsd levern 23 will also roisie shool thews axes.
when cables 20 peall upward oo levers 21 Fized i head
are Hrull M which rolete b Soacest wilh
the levers

L]

iz

af

L]

L]

E
£
!
¥
i

114

I8, whereby the hubs can tremslase slong the cody of e
ke, Whes stren 30 rowsses from s FIG. § posstion tois
FId. § powtion, &= enpapesees eome 10 ndgerens elfborw
Jldﬁenﬂmm & motational pask. M—?::
travel aloag 1an W e g

om U puthbaard gl of beeper 31 Fooe 13 sl spummt
camming werisce s ot wret 3 asd kb 2 orus.
hite outboard from che palier. wherrby wpremg M 5
comproind. After engaposess pose 13 passes beoper
32, spring 3 snaps hub 35 a=cll wver M0 sbeard s that

1

shovaung the sruciural detach tharend Fallet I b 2
op BD & Somce o boweer wmriaer 32
and Moy wlrerelh 85 Beiwers e bop o5 Bonom
and exiending aloag the lemgsh Baevedl afe

5B, 6l et BT encd seppon havisg 3
perforated rued panel 2 a2 6 wiack el g of Br.
Aldaagh cmaned for comvessesce from FIG. L thene

The siruts and levers peeforably define an ~ are air posing perforances = adowall &6 md Seuble
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157 ABSTRACT

Ag esergy sbmowbing bumper for attachment 1o vehi-
ches, such @ awtomobdles, b disclosed. The energy ab-
sorbing busnper includes o bow densily foamed plastic
kavimg & semi-righd cellular strecture, so that mpon im-
puct prester than a pre-determined minimism impact the
energy absorbing material collapses, and absorks sub-
stantially the cotare smpact, withoul any increase in its
demuity. In pastscular, mmnwmm-m
5 wrethase, are empolyed, having a density of less than
7 pousds per cubse foot. The bumper disclosed Includes
meani o pefmsting of the foamed plastic
withowml any ssbsianiial increse in i densily, W thai
ik plastic sl absorbs substantially the entire force of
impact upon the bamper.

T Cladma, 10 Drawing Figures
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1

EXERGY ABSORBING BUMPER

CROSS REFERENCES TO RELATED
APFLICATIONS
This applicatson i a continuatica-in-part of applica-
tice Ser. Moo 521119, filed on Mov. 13, 1974, sow akan-

FIELD OF THE [INVENTION

The prestnf invenlion melwies fo energy absarhing
Tfmﬂmmmm-m

More pasticulasly, the presest invention relwiss o
wuch enengy staorbing bumpers which are capable of
withstanding severe impact willoul comequent dams.
age o the vehicles 1o which they are sitsched.

HACKGROUND OF THE INVENTION

‘With the conlinmesd development of vehicles cagable
of traveling at greater and gremier apends, thore has
be¢n & continuing aitemgpl o
ather means (o profect the vehicle
upon impact. Many such bumgsrs have
in the pas, ket cach ls capable of only withstanding
limised amounts of Imgac) pressure without impariing
wubwisnlial 1 the veliole bady,

HFE;' LA ml‘:.um.hl} -ﬂmmﬂ‘m e

L Mo 1, b ta have yed
anid odher s for (b Imphirplhnlﬂhuﬂm
impanied o (ke oclter sarfece of bumpers, sugh that the
spring then immsediaiely returns o s initlsl pesition
nllt-qu- 1I-r;n» F.:r ihis m_ﬂm ai tha -
pact i gresier than U tension om (he spring, damags s
caused 10 the fronl part of tke auicmobile, s shown

i

Furthormare, other vech bompers, incluing waler-
filled bumpers and hydraulic shock stecrbers, of rels-
tively high oo, bave also been developed. Such b
pers, which nosmally cannol withstand i of
Ereater than about § miles per boor, heve thos led so he
eced for fariher developments, U.S. Par, Moo 5684,019
b Carler decloses sn absorking bumper which

i%

o

2

mare, the reiilsent material, or rubber, of this patesd is
imlended o rebarn 12 83 normal dimensions wisen the
codliding vehicle or body B ressaved,

Furtherseore, LS. Pat. Mo, 1,443,257 1o Fizgerald,
et al teaches am enceed sicro-cellular foam bessper
ischuding an inner high dessity foasy material and an
cwier elasiomeric coating thereon. This bumgser is again
intemded 10 = . . returm do s origisal configuraiics . . .

alter Empact. Furthermore, the foamable material is
cuped 10 a tough elastameric microscellnlar
foans having u density af from 19 to 80 pounds per cubic
MMimwﬂywmhm

3

additiom, 115, Pwi. Moo 3,666,300 to Burgess, e al.

is anoiher absorbing bumper which includes a
maberial (herewilbin,

FF

crease i densily of the material during impact i

also conlomplated by this palentee.
Finally, U8 Pl'l.h;n. LTI AN also i Sobel, teaches
ancther deformable shock-absosbing guard for stiach.

menk o giomebile, this particelar guasd including an
encased fosssed plastio msterial, and preferably inchud-
g didferosi denalgy allegedly further msd.
ing I mocomsplishing decelarstion. The patestos
thus employs varsous open cell dghd crushable fnam.
like maaberials, bn sddiibcn b0 mn § pound per oebeo (oo
fine righd and crushable closed cell foam-like material
thevain, The patestes y moden thal {hose o

t-_lp: “complelely enclosed and sealed bn the

It i therefore an ohject of this inventios ta provide
sn cosriy absorbing bumper which overcomes all of
these defbciencies on such prior art bumpers.

SUMMARY OF THE INVENTION

Im sccordance with the present invention, il has mow
been discovered (hat & highly improved enesgy shaogh-
ing bumper for atischenent io motir vehicles, ssch as
mstomobades, trucks, olc., cam be prepared by (neludsng
& specifiic energy absorbing material between the main

¥ of il wehicle and the poini of impact in & particu-
lar bumper structare, w0 that upoa Mo than a predeter-
mined minimum smount of impact the energy absorbing
material collapses and ike main vehicle body is thereby
protecied, Spocifically, a low density plastie fam mabe-
rial which includes vold spaces is emploved. so ikat
Eﬂnﬂ“ﬂd‘mh:pﬁn&m_ inodl mini-

um
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(19 United States
nz Patent Application Publication s Pub No: US 2014/0239684 Al
Mindel el al. (a1 Pub. Date: Aug. 28, 2014
(54 SAFETY SEAT 22y s
o BEEN 242706 201300 ) BeBN 2411
(710 Applecma: MORIUS PROTECTION SYSTEME (3093.01)
LTI, Hadan {11 L o SFTTIEN: JRELA
(721 loveniors: Shy Mindel Kibuty Rakan (11 ) Anas
Uman, Julis (1L5; David Engel Yonme ) ARsTRMCT
) A enetyy shrang dev e bor corvy g passciger soul; the
; Ao i o By firnndl B & vohicle o mesler -
210 Appl. Mo 14T T SE—
@1 Appl.Ho filspahle from B, of bosst ome cocrgy-absorbing srrange-
(221 POTFikad Sep 27, 2002 Mol inheetniciing baet snd deplecsstly memter. The
Ty sl by g oanipriees o plistiilly
(BAY T Moy [CR F TR | i e by e b s o Ty 0 T T
.y iham dhareabs b wtrama i st wrnibaslimwnia
{2 ll.ltir;::. Var 27, 20 the plasically defowrmable shawbeny cimant s s helkally
(2), (4) Dabe:  Man 37, 3914 srmlfgrad bl bus g spmed-spurt ibbon laps In other
Related U5, Application Ihata wriske et e plastn sty M—:h-:-ﬂ-dﬁ' ......,....:
sfiprreatly. wid of Cuemlekl 8 il
(00) Provisionsl applicetion M. 61/549,520, lkod 00 569 cclormas applbed o s pasrper doe o gt I dinchowed
37, 101 the meplbicd comsparvers. abops of  pros judisy an coengy absorh-
1Fubliathun § lassbficatisn ing deviy frundly stscheng e by e the vehsbe, finally
st i e punessnges sl b i B, scusbenithy apply sy
(513 o CL il et e ther ek ther i mwctmibeer
Rady 2arT (L LN wo Lt o e B, aFlcenastung B offou Dol e it onthe
REEV 242 { 2IHKAH ) st
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LIS 2004/0239684 Al

KAFETY BEAT

FIELTR G0 T NN TN

[0081]  The preseni imvestion redmes 10 8 passsnger saloy
gt Do vt i velieles orarher el e spplications desiped
o it B o | awpapiani mowekenilkss.

FRACBOCHRECR NI O TR TN TN IO

jo0id]  in vehicke collivions @ chiel o of Injury is the
v mpls I-I'u_h'llfhllnlill
ahility i goger with soveloraiions lllflun-ﬂ m
durations of ume. Forexample, the LS Pederal Mooy
Rakty Sumbinds specify masimess dbsvable swasuics
listand in PICES, Qo mnad 15
(] o lower the maximam mpuls experienoed. the
drsance through which B body el when changing is
inriial o Bl v by st by incrvasal, or ageevaloni by, the
time during which ihe sooclorstson is experienoed must be
ith q.u:ll-:ﬂh - lnd;rw#mlﬂ-p
witha , the pooupant s wi &
(s thee velbe be" s mdnial spaed e soro spood willis & Conmn
dutiee. The meovkenition unkbongone s determanad by the
imitial velogity amd this dsance. |1 this distanoe can be
i reasnd, e scecloratea will B decroased. afe midiel b
taken that the passengens will sapensnes the masimum pas-
sibk sccepiable impuls of less, which can be soonmplsbed
by use ol energy-abewhing demenls of saetable desipn,
dnvices: o mervass The innegd maalible o B oooupont, or
iy, Thee ikl energy o passcnger o the
sl o @ wisloehe IFansinils The Mt imos aeoopible dics b
b ocoupani or bess, reasching ihis level alfier 5 minsmsm off
wrorvel. 1 woubd iranse dhis kevel of siress and no more, oo
wmller The level of siress impariod b d
] Sofutions knewn from the peior s provide shock
quwmﬂhwﬂfﬁrwm
bawr moungs o eodumne meske of metals malior comgaosiie
malerials, crishable honeyeomb, dc. Some svailable solu-
h-nmﬂlrulnﬂnnlwhhuhinmlmml
a beaii-in i absorhing mechanism.
[Doug] LS Pa Hn.!-..ﬂ!n.ﬁ-ﬂ!nil:“ﬂul"-hl
vl ke includes a chikl seal Tor hobSng a chikl & support
devigr supponts the child seal on 8 seal of the whide for
Eevvenenl selative i (he senl dunng & collees s which s
leanat o crunditaon cncoedh & prodeterssined threshokl An
energy sbsorbing device absorbs binetic gy of ihe child
and thee-chuld soal dunng such relabre sovemenl. The sigpn
Ay may inchsle supgord bars thet permil sbfng marg-
meernl of whee child sest relative 10 the suppon bars and the
velne be seal. Several Ivjes ol cienpy abeorbuig devices sy
hnd::lﬁ.mlbkhﬂu-mﬂﬁmﬂ
crashshle pleces of seonificial material.

delirmahls projeciaons, a payoul device with webhbing, com-
rerssible shock absorber assemblios, smd shid able ncaoaalh
SR el

[] LIS, Fat. Mo, 5,052,578 2 fvent beog & femad by an
wpriphi sepport rod oxlosding veriscalll absrr a fromg stud, 5
rear beg s Boemied By both o kewer suppon red extending on &
duponal line pemamy the uppor crad of the Inml ey aul the
lewer end off the rear log and an upper suppont rod conii

1 The b siipjuoet ol i i uppes posion felilive 1o e
kerwer suppest noxd, The upper suppor pxd bemg curvad scu-
ravely sl inclined searward and upeands. and an eergy

(i wpiral)
1R [osipsg 5 sveiom with spocfic Ewce-defiarion
curve whisch inuslers ot el o

highly comwrollsble | & clomonl such = @ aparsl
joERl] US Palcnl spphoation 2NMOF0S daloss &
chuld scal devace formed of 2 hase o be pleod on o sl of 5

car. o okl sewt hody placed on the e msd 3 commaong
whmnumdmﬂ“’n

IH:IH Heznice there ilhqitlnl—ulndupunlt

o mmple and choap wohicle possonger sfcly sl =l
absorte omengy In denskon and comperssson sl b s
prosiuteod.

SUMMARY OF THE INVENTERN

oRER] 16 ow bewce cane ot of ihe Ewveminon o oy
lhﬂ-'.{hnldwdhm}-:muﬂ.m
ncs b3 b oy sliachal ko
m-ﬁnﬁlthh
Wi e 2§ i ol ol -t ] ke
woeneching e bor and doplwsesble memiber
Towaa] 15 i s core prarpose of the inameon o sk s
chefgy tnofbaly  afahpenenl Cofgioe & Petel
Mh{l—.m:mb_n

10B08] A fanber ol of the sven i b dackue e
Arlormahly dbaorbang clomm = bk s oospees-
e of enrencdabile.

1T A fursher obt of ithe iranBes B & Scloss da
B ovateched 10 thee vehiche By et of & Codleriod S -
=y FROETX 13216,

JOREE] A R ckod of the e m b i e
eneTgy-ahanriisg armmpgeesen comspraasy 3 ke sior-
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Appendix I: Copy of Senior Design Conference Presentation Slides

S5ANTA CLARA UNIVERSITY

Planetary Landing Capsule

Aja Hartman, Heather Montgomery, Grant Goyelte,
Shane Haraeford

S5ANTA CLARA UNIVERSITY

Overview

Background

What is our project?

The design process

Tesling results and data analysis
Conclusion

Questions

S5ANMTA CLARA UNIVERSITY

Background Information

. EI"I")'I
» Decent
« Landing

SANTA CLARA UNIVERSITY
General Problems

= No direct control
Feedback Confrol systems complex, failure risk

= Accurate landing is expensive

= Space and weight limitations L4

= Operational payload

= Social impact

S5ANMTA CLARA UNIVERSITY

Current Solutions and Drawbacks

+ Pathfinder 1987
» Spirit and Opportunity 2004 .
+ Curiosity 2011 ]

S5AMTA CLARA UNIVERSITY

Current Solutions and Drawbacks

.f'l‘;:g;._....w.w..

= ExoMars 2018

| sensree Farrwse |
| Centtage mortsags |
>
e [
- | | Dot o |1t |
[ =]
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SAMNTA CLARA UNIVERSITY

Mission Statement

To design, build, and test a landing capsule test arlicle
that incorporates external crushable impact dampening in
tandem with an internal suspension.

SANTA CLARA UNIVERSITY

Our Objective

Low risk—Passive landing (No feedback control)
Deliver a functioning payload

Low cost

High Accuracy

S5ANTA CLARA UNIVERSITY

Quantifying the Problem

» Cost Increase for Curiosity
Spirit'Opportunity $400 million each
Curiosity $2.5 billion

» Curiosity Accuracy Increase
Spirit'Opportunity 28 bounces 1km distance
Curiosity 0 bounces, perfectly accurate

<& =
.ar— : "
[

S5ANTA CLARA UNIVERSITY
* Design Requirements: Finding Parameters
» Sealing and comparing our design

Impact velocity is 13.89 m/s
Drop height 11{ le

. 19m
. Mass of 533 kg
« Energy dissipated 51‘413\{.;. J

Kinetic Energy = 2 m

S5AMTA CLARA UNIVERSITY

Design Requirements: Finding Parameters

» Handling and testing constraints:
Desired weight < 50kg
Desired volume 1 m*3
Drop height < 4th story (12m)
» Polential Energy = mgh = 5,980.18 J
» Goalof 5,141.6J
10% of Spirit’s impact energy
Required mass for final design is 43 kg
Test data — scale up design

S5AMTA CLARA UNIVERSITY

Design Process

System level issues
Priority matrix
Brainstorming
Sketching

Design rating matrix T remcemse
Design decision :
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SANTA CLARA UNIVERSITY

Key Systems Level Issues

+ Frame Geometry
= \What frame shape do we want for impact landing?
« Shock Absorption
= How do we want to absorb energy?
+ Landing Position
What final orientation do we want after impact for the
rover to exit the capsule?

SANTA CLARA UNIVERSITY

Priority Matrix

SAMNTA CLARA UNIVERSITY

Design Rating Matrix

SAMTA CLARA UNIVERSITY

Creative and Innovative Design Decision
o o i [ = Pyramid shape * it
o e s s | e irone » Crushable base gk
E:.:::’ » Internal suspension system &
= for rover protection [
- = All door petals open after
5 impact
- ;
- W - W

P SANTA CLARA UNIVERSITY
g First Mockup

= RC car restraining system
= Gap between the car level and petals

SANTA CLARA UNIVERSITY

Final Design

Crushable material
afftued o hase
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S5ANTA CLARA UNIVERSITY

Suspension Design

Wanted to utilize bicycle shocks
Problem: Each designed for 80 kg person, need 4 for
symmetry
= Predicted capsule weight: 43kg
Original suspension design

S5ANTA CLARA UNIVERSITY

Suspension Design
Side \iew Top View

Lever Arm to amplify Frame Tubes

impact force Impact
[ ol [ el
SANTA CLARA UNIVERSITY SANTA CLARA UNIVERSITY
Suspension Design  Frame Tubes go here Full Solidworks Model
» DMNM-22 bicycle shock: RC Car payload Accslerometer
compact
dashpot/damping + spring
+ Two-fold advantage
Each shock will experience
forces as designed
Total travel is doubled
+ 4 of these assemblies used -
ﬁ Bolted ¥
kipedd shell b Crushabile Material will be affixed here
fomy o

SAMNTA CLARA UNIVERSITY
Crushable Material Testing

» Pendulum test
= Energy absorbed
= Free Body Diagram

—

S5ANTA CLARA UNIVERSITY

Material Testing

» Energy absorbed by
r il il each material

) Distance material
crushed during impact

i
i

109



SANTA CLARA UNIVERSITY

Acceleration of Pendulum

+ Potential Energy of 7.54J

T— T

+ Potential Energy of 20.10J

SANTA CLARA UNIYERSITY

Linear Approximation

T [y iiie s L3

» Deformation is

LARLE 51 . .
& * relatively linear
« Assumption:
£ & oeon ump
i N ¥ 08427 [Up— Adding more
£ [E—— cans increases
¥ o Lirwtat (Twe i) the bLICHIm

force linearly

[t [t
SANTA CLARA UNIVERSITY SANTA CLARA UNIVERSITY
Cylindrical Shell Buckling Model Cylindrical Shell Buckling Model
o Wall Bexural i
. Fai%ﬁ:gl?g?i:rg”cg&m%@ - %ﬁ ‘mﬂmﬁ r-II ;—n.-ml[l L :u..m“.
: o Curvature =2 F o (Ceis
= Assume perfect plastic deformation N parametes far #= g b for (T < 1500)
Constant force - Ranimpi ey
= Energy absorption/dissipation et 7
= Time to buckle o
» Expected acceleration Mo b .
[

SANTA CLARA UNIVERSITY
Cylindrical Shell Buckling Analysis Results

. Fumar:g.liredl:huddeunam‘l: "
ual Load: oy _ yogn Impect Load: N _ g,

« Energy absorbed by one can:
gl d -

(Cans required to absorb 10% of the force of impact Spirit capsule

: assuming evenly crushed: pact Sp P
5142

Ian:T:EJEImS

!

SANMTA CLARA UNIVERSITY

iis Frame Stress Analysis
Force applied was calculated fom wsing 10% of impact enengy of the: Spirit capsule and knowing the:

= Laading caused by odentation of suspersian
Weldmenss: %" nominal pipe size, sch 40 pipe

Yield Swess: IT5 MPa

- Aralysis
= Max Bending Stress: 130 MPa  FOS

-2
Max Shear s 12 MPa FO& -3
= Maxx Deflection: 0.02mm
1= Mo Failure
L]
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SANTA CLARA UNIVERSITY
Dynamic Suspension Analysis

+ Performed a dynamic analysis on the suspension to
predict how it would react to impact

gt Fowcn

SANMNTA CLARA UNIVERSITY

’Ynamlc Suspensmn Analysis
mulink Code used to model, excited

|
Displacement im)

o Time (sec)

an impulse

SANTA CLARA UNIVERSITY

First Test Mockup

» Accelerometer functionality
» Biiff base
+ Belter can adhesive

SAMNTA CLARA UNIVERSITY
Building the Final Test Article

Used

machine

shop at SCU
and SVG

S5ANMNTA CLARA UNIVERSITY

Health and Safety

» Caution tape
+ Educated public
» Hard hats, safety glasses, hamess .

SAMNTA CLARA UNIVERSITY

Testing Procedure

Secure test arficle with quick release
Check accelerometer functionality

Lift test arficle to predetermined height
Initiate drop with quick release
Collect data

Inspect and remove crushable base
Recycle base sustainably

Repeat 10, 20, 40 ft
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SANTA CLARA UNIVERSITY

Testing Procedure

[ —

Blackug & Muier Drop

]
=1

P—

SANTA CLARA UNIVERSITY

Results

Accelerometer Sefttings:

QCOMP filter: 185 Hz Sampling rate
Measured Corrected acceleration
RC Car Payload worked afier every test
Capsule almost completely unbroken

One Cast Joint broke on last drop

SANTA CLARA UNIVERSITY
Scheduling Another Test

Data recorded indicates insufficient sampling rate
Further testing to be done with higher sampling rate
New Accelerometer settings:

IMU Mode: 600 Hz sampling rate
Record Raw Acceleration data

SANTA CLARA UNIVERSITY

Comparing to Goal

Model drag force as quadratic
¢ is aerodynamic constant
from air properties and
object coefficient of drag
(due to shape)

Saolving differential equation

yields v(t)

Integrating v(t) gives y(t)

b yit) = 2lnjoosh(—gt

| aty ']

SANTA CLARA UNIVERSITY

Comparing to Goal

Get impact velocity from previous slide’s equations
Final mass 37 .6kg

Final impact energy 7.4% of Spirit's impact energy, near
goal of 10%

Imact Velocty  Mass  ImpactEnergy % of Spint impact Energy
Expected 1547 m/s a3kg 514161 06
Actual WMms 3Thkg 3,812.21 TA0%
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SANMTA CLARA UNIVERSITY
Scaling Up Our Design

» Assume: crushable materials are evenly spaced, hollow
cylinders that fail due to buckling

Energy Absorbed = F »d

» Cylinder geometry affects threshold force
= Suggested geometry for scaled up design

& —

SANTA CLARA UNIVERSITY

Constraints from Spirit Geometry

» Approximate size of capsule is tetrahedron made from
3.45 meter equilateral triangles

= Bottom area available is 5.15 m?

+ Calculated thickness of deflated bag assembly is 0.1377

m
= Set this to length of cylinders

SANTA CLARA UNIVERSITY SANTA CLARA UNIVERSITY
Geometric Parameters Scaled Up Cylinder Assembly
e — Parameters Lnd 2rd EL] 4th Sih
fo— Total Energy Absorbed 514510308 5152729116 515148233 S175067172 S1TMGGITIR
5'—"“ ;W :.IIﬂBUIIJ 0008 0oL o2 0.04 006
- ¥ Thachness () noo17e 00018 O0OIBS  QOOISI 001
¥ Cylinderi 20000 12500 2 B0 B0
s T Wolume of Maserial ODBSSG0T  D17TI4B55E 0057158590 0051618188 QONS029TSY
' ' AMEEF A0S DB LS Es gy JJ o o4 [ [ 1 a . . : i a2 s
[t ]
SANTA CLARA UNIVERSITY SANTA CLARA UNIVERSITY
Conclusion Special Thanks
» Design and build was a success » SCU School of Engineering
» RC car payload survived + Dr. Nikola Djordjevic
» Could be used for any payload landing application: care » Dr. Timothy Hight
packages, supply deliveries, etc. + Dr. Calvin Tszeng
» Expected completion by term's end » Dr. Robert Marks
» IPPW Conference in Cologne, Germany for more info + Don MacCubbin
» Silicon Valley Glass Inc.
@ = Xchange Solutions Inc.
foar [ )
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Material Failures

» Cast Aluminum
Jjoint

» Magnetic
Closure

114




Appendix J: Technical Materials for Accelerometer

Technical Brief

YEI 3-Space Sensor™"
Bluetooth

Miniature High-Performance Attitude & Heading Reference Systems / Inertial Measurement Linits

Product Overview Key Features

The YEI 3-Space Sensor ™ Bluetooth mtegraies a miniature,  The YEI 3-Space Sensor Bluctooth has many features that
high-precision, high-reliability, Attitude and Heading allow it to be a flexible all-in-one solution for your orentanon
Reference System (AHRS) f Inertial Measurement Unit sensing needs. Below ore some of the key features:

(IMU) with a 2.4GHz Bluetooth v2 (HEDR Class 1 interface
and a recharpeable lithium-polymer hattery solution into a
single low-cost end-use-ready unit. The Attitude and Heading
Reference System (AHRS ) uses triaxial gyrascope, « Integrated 2.4GHz Bluctooth v2.0 EDR Class | wircless
:dnttlcr:l;ﬂm and wmrss SENSOTS N MJm::dmlh interface allows high-performance at ranges up to 300
vanced processing and on-board quaternion-

orientation filtering algorithms to determine orentation * Imegrated L"h'”m'mmmw and charge control
relative to an absolute reference in real-time, allows battery life of 5+ hours at full performance

+ Fast sensor update and filter rate allow use in real-time

applications, including stabulzation, virtual reality, real-
time immersive simulation, and robotics

* Small self-contained high-performance wireless AHRS
at 35mm x &0mm x 15mm and 28 grams

Orientation can be returned in absolute terms or relative to a
designated reference onentation. The gradient descent
calibration process and high update rates increase accuracy

and greatly reduce and compensate for sensor ermoe. The YEI * Highly customizable onientation sensing with options
3-Space Sensor system also utilzes a dynamic sensor such as tunable filterning, overssmpling, and onentation
confidence algonthm that ensures optimal accuracy and eITor comection

de f operating condrt
P I e paeTs G * Advanced imegrated Kalman filtering allows sensor to

The YEI 3-Space Sensor Bluetooth unit features are amomatically reduce the effects of sensor nodse and
accessible via 2 well-documented open communication SENSOT SITor

protocol that allows access to all available sensor datn and
configuration parameters using either 2 4Ghz Bluetooth or
LUSE 2.0 interfaces. Versatile commands allow access to raw

* Robust open protocol allows commands to be sent in
human readable form, or mare quickly in machine

sensor data, normalized sensor data, and filtered absolute and rendobile: fimm
relative onientation outputs in multiple formats including: * Orientation output format availzble in absolute or
quaternion, Euler angles {pitch/frollvaw), rotation matrix, s relative terms in multiple formats (quaternion, rofation
angle, two vector { forward/up). matrix, axis anghe, two-vector)
. = = Absolute or custom reference axes
Applications
= Acocess to raw sensor data

: * Flexible commumication options: USE 2.0 or wircless

* Maotion capture 2.4(iHz Bluctooth SPP (FCC Certified)

* Positioning and stabilization * Bluctooth SPP requires no proprictery dongle hardware

* 1o 13 soewigatiom yoal ek = USE 2.0 and Bluetooth SPF communication via virtual

+ LUnmanned mirflandfwater vehicle navigation COM port

+ Education and performing arts * LISB joystick/mouse emulation modes case infegration

+ Healtheare monitoring with existing applications

+ {aming and motion control * Upgradeable firmware

* Accessibility interfaces + RGB status LED, two programmable nput buttons

+ Vartual reality and immersive simulation * Available m either hand-held or screw-down packaging

w{ T@Q]}ﬂ@:?fi‘y www.3SpaceSensor.com
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YEI 3-Space Sensor  Bluetooth Miniature High-Performance AHRS / IMU Systems

High-reliability MEMS technology combined wath
advanced processing and multiple quatermon-based Spﬂﬂiﬁﬂﬂﬁﬂﬂﬁ

filtering algorithms allows fior accurate onentation
outputs across a wide range of performance conditions, | Gesees!

Fail menba TH5-BT (Handid Semsor L)
F THE-BET-5 (Serew-down Sensor [ait)
Block Diagram
~ i fos it 35 % bl x [Smm (3K x 236059 m)
USE 20 =
Hiat Eyaiem Wight 28 grems {08 0z)
f Supph voltape +5¥ USH
TES Blustinoth
Batery 1ecknokity rechargeshle L ithum-Podymer
LiFo Eaflery & Blusiocih Module Bamery lifictime 5+ hours contmss e ot Bl periinmance
Charge Management | & Anmnna
* Ci T 58 L, L40FHz Blusinots SFP{FOC Cemfad)
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e A50Hz IPSERM20H: Blustooth with QODMP AHRS
e DE50H: UISRG00H: Blustood in IMLT made
LUSE Mouse & Final CMEsLAtn <eslpil atelute & refanve quatermaon, Fuler mgles, s angle,
Jopaick o Dy
Mo ndatie
' ‘.J_ [+ & Onbect st e seroar data, commectod sensor dala, neemslizal senson
il Shusck marvn abibey 3000
e
EBcale, Blas, Mormakzation, & Temperdllie Eange. -80 ~ RS [-40F ~ 135F)
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o pealaliny LOES" R all onenatins
- Accelemmetes seale 2281 24y 1 +Rg sedectable for standant medels
Hardware Overview 2 £ 21380 2745 selecuble for HH madek

= Mg { £200g §+500g selecushle for HI modeh

Aceelerometer neslution 14 b, £2 BaHET), 12 b H3 )

Acceicmimels nose density S9yugivHz, B50=gHIHH), 15mgMHA T

Avceicimele Sy L2 4 ghligin-0. 00096 ehfign
D03l gs- 0.0 g HE
e e T

Aceelenmeles iempeialae LT, 001 %OTHH, H3)
1y
Ciyro scals 2250 SO OO0 Yaee selecmabic
i ) Gyt sesalusn 16 b
Case Dimensions P —— ez
TESET | Handhaid Cuns | TEEBT-5 | Scrwss-ciosn Cams | A e E T e
e CFyTn sERSIN Y DUDDES Fsechdigant for =15 ee
T—y L0666 TTsechlsgit Exr 2I00Fer
0 800
T - ; Ciyra Bor-linesny 0.2% fall-seale
= (e |:| i [I & [_] Tyl e Pevuliale sermdivity HLOFRFC
l 0 l“x q] Compass scale HLBE Ga o281 Gia selectable (£1.3 s defilt)
AT 1 - Cotgas pesoluasn 12 b
L] | ; L ] Coipess seastivity 073 miGatigs
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E E YEI 'Ibch]lﬂ]llg]f www. YeiTechnology.com

630 Second Street www.3SpaceSensor.com
Portsmouth, Ohio 43662 USA

ph: 1-888-395-0029 Patents Pending
fax:1-740-354-1170 ©2014 YEI Corporation
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