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TRINITY UNIVERSITY

Design Review Report

Senior Engineering Design

4/15/2010
Zero G Design Group /%:—}’

Dylan Brandt, Peter Garatoni, Sara Gerloff, Sawan Vaidya

Dr. Farzan Aminian, Dr. Jack Leifer, Advisors

The purpose of this report is to describe the design, construction, and testing of an apparatus capable of
testing and recording the deployment of thin film shells in a microgravity environment. The group has
designed a prototype a@_@model to test a deceleration system that, in full scale, would provide
sufficient deceleration without harming the testing apparatus. This project does not involve dropping the
constructed apparatus and equipment. A counter weight chain and pulley system was chosen as the
deceleration prototype for testing. Issues with budget and time constraints have limited aspects originally
planned for completion in this phase of the project. Budgetary issues have restricted mounting of the
electrical components within the fabricated apparatus and purchasing housing for the enclosure. Data
from the prototype tests from the counterweight deceleration were collected and compared to an ideal
model. Analysis of results determined that a counterweight system is sufficient for decelerating the load,
but modifications need to be made to the model to accurately predict its behavior. Despite issues
integrating the full system with the Efika, the antomation timing sequence and video recording drivers
have been successfully written and tested. In the face of obstacles and delays, the project is taking shape
and the group feels confident with its direction and design.



Executive Summary

The purpose of this project is to design an apparatus capable of testing the deployment of
thin film shells in a microgravity environment. Our project sponsor, Mevicon, of Sunnyvale,
California, manufactures precision thin film material based shells for various space applications
inclu@ures on satellites. The shells are roll stowed for launch and lift to orbit and are
deployed in zero gravity. Mevicon wishes to quantitatively and qualitatively test, analyze and
document the deployment behavior of the shells as they deploy in a zero gravity environment.

The most economically feasible option for simulating zero gravity is a drop test. From
that conclusion, the project has proceeded forward toward designing and implementing an
apparatus for integration with a drop test. Because of budget and time constraints, the goal of
this project for the 2009-2010 school year is to design, construct, and test only an apparatus for
testing of the shell deployment for a drop test that will be fully implemented in future work.
Additionally, the group has designed a proof of concept prototype and ideal model to test a
deceleration system that, in full scale, would provide the amount of free fall and relatively gentle
deceleration following the free-fall period to stop the testing apparatus without harming it.

These two goals are separate. The group is not going to integrate the apparatus with a drop test.
The apparatus is designed to be capable of integration with a drop test, but it will be the goal of a
future project to conduct a full scale drop test and collect microgravity data.

The test apparatus is constructed from extruded aluminum structural members/” A Tipite
element analysis software was used to verify structural integrity, however it failed to p1:ovide

useful data. If future analysis suggests the present design will be unable to sustain the forces of

Page ii



deceleration, recommendations of additional Bosch pieces for strengthening the beams have been
selected.

The drop test and deceleration system design includes a prediction model for the drop and
deceleration including velocity, drop time, and force required to stop the test apparatus. A scaled
prototype with dummy weights representing the test apparatus has been constructed to verify the
accuracy of the prediction model. Tests were run using the scaled prototype for different dummy
weights, counterweights, and drop heights and recorded. These recordings allowed for video
analysis in MATlab resulting in quantitative data of the prototype drop tests. This data are
graphed and directly compared to the results output from the model for each test.

In order to achieve a professional design that achieves the project objectives, an
electronic automation system is implemented. The original design objectives state that the
system be drop test ready by the end of Phase I. However, due to both technical and budgetary
requirements, this was unobtainable. However, the final Phase I design includes all electronics
necessary to trigger, deploy, and record the experiment, including USB2.0 CMOS cameras and a
- GPIO controlled by a desktop PC.

Unfortunately, there remain several loose ends from Phase I that will spill over into Phase
II of the project in the upcoming year. Numerical simulations need to be done to verify the
strength of the test apparatus, the electrical components in the automation system need to be
mounted, and housing needs to be purchased and installed to fully enclose the structure. Finally
the automation system must be made drop test ready by eliminating the desktop computer one

way or another.
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1 Introduction

Mevicon, Inc., based in Sunnyvale, California produces various sizes of thin film shells
used mainly for various applications in outer space. In this project, the apparatus will be

—— —

designed around testing shell sizes with 12 inch and 20 inch diameters. These shells can be used
as optical apertures for orbiting telescopes and can also be implemented into deployable orbiting

radio frequency apertures. While bringing the shells in to outer space via spacecraft, they must

I

—

each be rolled up very tightly in a cylinder while being held in place by the deployment
hardware. Once a shell has arrived at its destination in the zero gravity environment, deployment
hardware is activated, allowing the shell to break free from the deployment hardware, unroll
itself, and assume its original shape.

Previous testing was conducted by the University of Kentucky in conjunction with NASA
to test the shell deployment on a NASA zero-gravity simulating airplane.!'! Also known as the
“yomit-comet,” this airplane flies in repeated parabolic trajectories and affects short periods of
microgravity on passengers and onboard equipment in the unpowered portion of the flight
(essentially zero-g). This testing method provides the microgravity environment required, but is
extremely expensive.

Due to the high cost and very limited access of testing experiments in zero gravity
conditions, it is extremely difficult for Mevicon, Inc. to test the deployment behavior of the thin
film shells that they produce. Testing and analyzing the deployment behavior of these shells is
very important since they will be used in outer space along with many other major pieces of
equipment. For instance, the analysis of the deployment behavior may reveal that there is a lot of

chaotic and random motion involved with the shells as they unroll and return to their original
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shape in zero gravity. If this were to actually happen, the shells would probably not be used for \N\‘\

any space applications until the deployment process was reformed so that they can be released in
a very uniform fashion in zero gravity. For this reason, Mevicon proposed a senior design
project to the Trinity Engineering Science Department to design a method for recording the shell
deployment in a ground based microgravity environment. The initial proposal called for a one
year project to design and implement a full drop test. In the fall semester this goal was
determined to be to ambitious for the given timeframe and budget. Subsequently, the project
was divided into two phases. Phase [ would design the test apparatus and a prototype
deceleration system and Phase I would implement this design in a full scaled drop test (Note: all
references in this report to the “project” or “design” are regarding Phase I only).

The purpose this project (Phase I) is to design an apparatus that can record the
deployment behavior of precision thin film material based shells intended for use in a zero
gravity environment, and construct a proof of concept prototype consisting of a scaled down
drop test, incorporating a dummy load , and decelerating system. The apparatus should be
capable of deploying a sample of the thin-film material in a free fall drop test, and record the
deployment behavior through video in such a way that can be analyzed using existing MatLAB
scripts. The apparatus should allow for repeated testing and be durable enough as to not
damage any experimental equipment contained inside when dropped. This design will not
include a drop test involving the deployment of the thin film test article.

Although the deployment behavior in zero gravity will not be recorded or analyzed this
year, this project provides the footing for a potential senior design group in the future. The two
phases allows for a larger timeframe and budget to ensure completion and functionality. In Phase

11, a drag shield to reduce drag forces on the existing apparatus and achieve microgravity will be
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designed and implemented. In addition, Phase IT will consider proof of concept established in
Phase I and design and implement a drop test with reasonable deceleration, as to not damage the
test apparatus or equipment inside while still achieving required time for freefall. Finally, the

resulting video will be analyzed using the existing MatLAB scripts and presented to Mevicon.
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2 Design Overview

The completed design consists of three subsystems: a deceleration system to ensure the
safety of the apparatus as well as the safety of the environment and people involved, an
apparatus for mounting and deploying the shell, and a video recording system to record the
deployment event during free fall. The team intends to present a proof of concept of the
deceleration mechanism. The stopping point for this phase of the design is the completion of a

working prototype of the decelerating mechanism and a drop test apparatus.

2.1 Decelerating Mechanism

From Figure B-3, a plot of velocity vs. time for the apparatus in freefall, it can be seen
that a maximum velocity of near 20m/s can be attained during freefall in roughly 2 seconds.
With only 10.2 g’s of force, an object traveling at this velocity can be brought to rest in about 2
meters (approx. 6.5 feet) given that uniform deceleration is provided. The relationship between
requirred number of g’s and the available deceleration height can be seen from Figure B-4. In
this case, a 100 kg object and a drop height of 120 feet (height of Murchison Tower) was
considered. The height at which the object starts to decelerate is given on the abscissa and the
acceleration (in g’s) needed to decelerate to zero speed using only one-half of the height

available from the point deceleration commences to the ground is provided on the ordinate.

2.1.1 Design Concept for Fully Functional System

In the completed design, two pulleys will be attached under a top platform and a rope will

pass above them. The apparatus will be attached to one end of the rope and the counter weights

will be attached to the other end. The drag shield, when implemented, rests on the apparatus as
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shown in Figure A-4. Attaching the ropes to the drag shield instead of the apparatus can be
considered since this would prevent the apparatus from getting the brunt of the decelerating force
by distributing the concentrated tension force over a greater surface area (the bottom of the
apparatus). Parallel guide wires that connect the top platform to the bottom platform can be used
to ensure stability during the drop. The guide wires are for safety only and should not come into
contact with the drag shield during the free fall stage so as to prevent friction. When released, the
apparatus along with the drag shield fall freely, until the rope attached to the drag shield becomes
taut. Counter masses are loaded on to the other end of the rope one at a time gradually increasing
the counter force, minimizing the “jerk” (the rate of change of acceleration) that is acting on the
apparatus. For safety, a soft cushion can be placed on the bottom platform. This design is an
adaptation of an original counter weight deceleration solution proposed by Scott A. Leva.””

Before the required time in freefall is achieved, the rope connecting the counter weights
to the apparatus is slack. Therefore the apparatus is in freefall until the rope is taut. When the
rope becomes taut large jerking forces result from increasing mass over a short period of time.
Seen in Equation (C-8), the rate of change of momentum (m;*v) with respect to time directly
affects the tension in the cable. To avoid the problem of strong jerking forces, a system of
continuously increasing counter masses was proposed as a deceleration prototype in Phase L.

The purpose of the deceleration prototype in Phase I is to determine the rate at which the
counter mass needs to be increased to achieve a desired deceleration. The prototype system
utilizes a heavy, metallic chain. Through testing, the group will determine the optimum total
counter mass paralnetei'sr;i;f;z};,l_l_eavy enough chain is not available, the effects of the chain can be

approximated in Phase II by loading a series of weights. The experiments will also reveal the

exact nature of forces that are involved in the system.
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2.1.2 Modeling Deceleration

Assumptions that were made in order to derive a model for deceleration using the chain
counterweight are as follows:

1. The tension in the rope connecting the apparatus to the counterweight chain is
constant through the pulleys. This is not the case when there is friction between
the rope and the pulleys. In other words, it was assumed that friction is negligible.

2. The moment of inertia of the pulleys is negligible, which means that no energy is
required to bring the pulleys in motion and that pulleys do not exert a force on the
ropes preventing the object from stopping.

3. The rings in the chain are of infinitesimal size and thus the rate of change of mass
of the chain when it is being lifted up is continuous.

4. The friction in the chain is negligible and the rings of the chain rubbing against
each other do not dissipate energy.

5. Air resistance for chain and cable is negligible.

6. The tugging on the rope due to horizontal motion of the load is negligible. In

other words, the load does not swing during drop.

In an ideal case, a simple free body diagram around the apparatus and the chain help to
obtain the differential equation for governing deceleration. Figure 1 shows the experimental

prototype.
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Figure 1: Prototype deceleration and measurement schematic

mug —T = myay (D
dmcve

—_ = 2

T'—meg T (2)

Adding the equations and expanding the differential term by use of the product rule,,ﬂ;xq/ 2)

following equation-is obtained

dv,

c dme
mupg —Meg = MyQy +mc d +17C

3
t dt &
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The mass of the chain is the product of its mass per unit length (p) times its length. In
addition to this substitution, the mass of the apparatus is substituted by the product of p and
equivalent chain length of mass (y,). The equivalent chain length of mass is a constant and
helps to simplify the equation as follows:

Let, me = pyand my = py,

dv dpy
PYAG = PYG = PYads + Py —+ Ve = )

The density, p can now be cancelled out from (4) after the substitution.
The velocity of the counterweight is half the velocity of the apparatus itself because the
center of gravity of the chain does not move at the same speed as the tip of the chain. The tip of

the chain however, moves at the same speed as the apparatus. The following substitutions are

made:
Ve = —ivA and 2 = 2vp = —Vy, thus
2 dt
1 dUA 1
Yagd — Y9 = Yala +§yﬁ+§(v,4)2 (5)

. : . d ; : ; ;
With a little rearrangement, and setting % to a,, the following differential equation

was obtained:

an (G ya) 4500+ 90—y =0 ©
The resulting model is a second order nonlinear differential equation. Computation of the

exact solution is a tedious process. Hence Euler’s approximation was employed for a numerical

solution of the differential equation. An exact solution was derived however not used because,

the solution turned out to be more computationally demanding than a numerical solution and still

not more accurate. The exact solution derivation is listed in Appendix C.3. Notice the integrals
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involved in Equation (C-28) . The computational time taken for the computer to solve these
integrals made the exact solution more tedious to process than the numerical solution using

Euler’s approximation.

va(t+AE)—v (L)
At

and vy = ﬂ”—ﬁ_—m , combined with the differential

Assuming ay, =
equation above, the following numerical equations can be derived:

y(t + At) = v4(t)At + y(t) (7)

9y —ya) — % (va(t))?

T At + v, (1) ®)

v(t + At) =

MATLab or Excel can now be used to generate a table of values for these equations,

given an initial displacement (y(0)) and an initial velocity (v4(0)).

2.1.3 Model Interpretation

In Figure 2, the first portion of the graph represents the object in freefall and the second
portion represents the effect of the counterweight. When the rope becomes taut, the
counterweight comes into play and the rate of change of velocity decreases. The object
eventually slows down and stops. The rate of decrease of speed seerﬁs lower than the rate of
increase of speed. The distance required to stop the falling object has been found to be greater

than the distance required to bring it to its maximum velocity during freefall.
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Figure 2: A general velocity vs. time curve showing freefall and deceleration

2.1.4 Deceleration Prototype Parts

The parts used for prototype deceleration system were purchased from Grainger
Industrial Supply. Calculations based on the model showed that the maximum tension (Toax) in
the rope would be 38.3 Ibs. Since the rope passes above two pulleys, the equal tension forces are
perpendicular to each other. The maximum total force in the pulley was therefore assumed to be
TumaxV2 which is equal to 54.3 lbs. Pulleys obtained from Grainger can withstand a forces up to
800 Ibs, which is well above the maximum tension force needed for the prototype. Galvanized
cables that were used in the design have a maximum tension specification of 1400 Ibs. A chain
was purchased for counterweight, which weighed 2.221b/ft. Since the chain could be folded, its
weight per unit length could be multiplied. The chain was folded up to 7 times in the experiments

making the maximum weight per unit length equal to 15.54 Ib/ft. An eye bolt release mechanism
Page 10



was devised which consisted of a metallic loop and a bolt. When the bolt was pulled out of the

loop the object was free to fall.

2.2 Case Structure and Layout

As stated above, a case is required to mount the deployment hardware for the shells, as
well as the cameras and related electronic equipment so as to withstand the effects of the
decelerating force. In researching materials for this apparatus it was chosen to use a company
that produces prefabricated aluminum framing. A prefabricated frame provides the precision and
professionalism the apparatus requires. The apparatus itself is constrained based on the
following requirements. The deployment hardware will be attached to the apparatus frame and
the apparatus dimensions should not restrict deployment of shells of up to 20 inches. The test
apparatus must allow for secure mounting of the cameras, the Efika microcomputer, a power
supply, lights, and related electrical equipment. It must ensure the shell deployment behavior is
unaffected by dynamic air flows and there is uniform lighting for proper recording of the
deployment. The most important function of the apparatus however, is to withstand repeated
drops from the specified drop height, while keeping all electrical components held within

completely intact and unaffected.

2.3 Original Design Objectives

Based on cost and previous designs, Bosch Rexroth Corporationm was chosen as the

manufacturer for the prefabricated frame. The deployment hardware held within is comprised of
the mounting hardware and a solenoid firing mechanism, provided by Mevicon, and requires a
bench plate with predrilled 14”-20 holes to install. Mevicon purchased and supplied a 36”x 4

bench plate for the project‘[‘” The original size of the apparatus was a cube with length, width,
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and height 36 inches (914 mm). The bench plate chosen required the minimum length of the
apparatus to be 36 inches for proper mounting. The width and height were chosen to be 36 inches
as well to allow room for the other electronics, and to allow a minimum object distance for a
standard video camera to capture the full deployment of the shell. This initial sizing of the
apparatus allows for multiple cameras to be used, as well as plenty of space to allow mounting
any other electrical equipment. The dimensions for the length and height of the frame were
reevaluated for the specific cameras and lenses chosen and to reduce cost of materials. The

resulting smaller surface area will also reduce the size of the drag shield and consequently the

drag force.

2.4 Final Design

As stated above, the apparatus frame was reassessed based on the minimum object
distances required for the Mightex cameras and lenses, to reduce cost of materials, and to allow
entry into the Murchison Tower if it is later chosen as the drop site. The entry door to the tower
is not large enough for the original dimensions of the apparatus and cannot be altered without
jeopardizing the tower’s structural integrity. For the predrilled holes of the bench plate to align
exactly with the center of the Bosch strut for mounting, the four lengths of the strut are
calculated to be 849mm long. Bosch is a company that works internationally and only deals with
SIunits. With the two corner cubes attached, each 40mm long, the total length is 889mm.

Based on the minimum object distance for the Mightex cameras and lens attachments of 0.1 m,
as can be seen on the data sheet in Appendix E.4, the height and width of the apparatus strut is
calculated to be 635mm each. With two corner cubes attached, the height and width are 715mm.
This allows for a full image to be captured of the 20 inch shell deployment, while keeping the

height and width of the apparatus to a minimum.
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As stated above, Mevicon has provided the bench plate, deployment hardware, and shells
to be tested for this design. A Pro-E sketch of this hardware mounted to the bench plate can be

seen below in Figure 3.

Figure 3: Bench Plate and Mounting Hardware for 20 Inch Shell

The aluminum frame apparatus from Bosch allowed for easy construction and a wide
range of accompaniments for mounting additional pieces. The apparatus itself consists of 14
40x40 mm cross section beams connected in a cube with 2 extra beams for mounting the two
cameras. The beams are joined at the corners by what Bosch calls corner cubes, which allow
easy and sturdy assembly. The two additional beams are connected using four inside-to-inside
gussets. Close up Pro-E drawings of the corner cubes and inside-to-inside gussets can be seen as
Figure A- and Figure A-2 in Appendix A.

Bosch sells the aluminum strut pieces in lengths of 6 meters. With resizing of the

apparatus, only two 6 meter lengths were required for this design. Instead of ordering the full 6
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meter pieces and cutting them ourselves, it was decided to order pre-cut lengths. This minimized
cost of the material, cost of shipping, and did not result in extra, unused pieces. An original
design was drawn in Pro-E to visualize the above stated issues, with the mounting hardware and

cameras in place, and can be seen below in Figure 4.

Figure 4: Original Design of Apparatus with Mounting Hardware and Cameras

Figure 4 ilglyispjlgf the basic design of the apparatus with bench plate, mounting
hardware, a 20 inch shell, and two cameras mounted. As can be seen above, sizing the apparatus
as a 36”x367x36” cube creates plenty of space for future electronic placement. The final design
of this apparatus will include the deployment hardware, lighting, video recording system
(cameras and Efika MX micro-computer), release system and required power supply all securely

mounted to the frame. The reevaluated dimensions of the frame were redrawn in Pro-E and can
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be seen*h@g\“\f in Figure 5. The final dimensions are 849x635x635mm. This figure does not
contain the final mounting pieces for the cameras and additional materials needed for the video

recording system, but is a good reference for comparing the reduction in size dimensions from

the first design.
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Figure 5: Final Design of Apparatus with Mounting Hardware and Cameras

The size reduction is apparent when comparing the two above figures, as the overall

volume of the box has leduced by jf_/% Altering the width of the apparatus has allowed for the

91 /Qﬁﬂ'fw

ad‘cﬁonai beams, used for camera supports, to reduce to 635mm from 9 14mm. éﬁ %

2.4.1 Construction / Mounts

Construction of the apparatus was completed in 4 hours using two members of the design
team. Connecting the corner cubes to the strut required the purchase of a set of torx head\that

\
\
were not on hand in the machine shop. Each corner cube required 3 screws to connect to thé
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strut. These screws required exceptional force as they threaded the aluminum as they were
screwed in. Because of this, the screws were set into the strut pieces by themselves to produce a
threading, then backed out, and then connected using the corner cubes. The inside-to-inside
gussets must be set into the grooves of the respective pieces of strut before the corner cubes are
attached, otherwise they cannot be used. Once completed, it was a simple task of attaching the
bench plate to the strut using 4 T-Nuts and 4 4”-20 screws.

To record the deployment of the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>