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Abstract

The2012Decadal Survey has statdthtthere is a criticatole for aVenusin-situ Explore (VISE)
missions to a variety of important sifespecifically the Tessera terrainThis work aims to answer the
Decadal Surveyo6s c adtmprehbngive dEertry, @bsoeptj Larglinga anch Lesemotion
(EDLL) vehicle for insitu exploration of Venus, especially in the Tessera regions.

TANDEM, the Tension Adjustable Network for Deploying Entry Membrane, is a new planetary probe
concept in which all of EDLL is achieved by a single multifunctional tensegjriigture. The concept uses
same fundamental concept dee ADEPT (Adaptable Deployable Entry and Placement Technology)
deployableheatshield bu replaces thstandardnternal structurewith the structurefrom thetensegrity
actuated roveto provide a combinederoshelland roverdesign The tensegrity system implemented by
TANDEM reduceghe mass of theverall system while enabling surface tonotion and mitigating risk
associated with landing in theough t er r a iesseraorégiong,ewhniahsi® atherwWise nearly

inaccessible tsurface missions

TANDEM was compared to other staiéthe-art lander designs for an-gitu mission to Venust
was shown thal ANDEM provides the same scientiixperimentation capabilities that were proposed for
the VITaL missionwith a combinednassreduction forthe aeroshell and lander 2% (1445kg), while
eliminating the identified riskassociated with entry loads and very rough ter#sitditionally, TANDEM
provideslocomotionwhen on the surface as well as a host of other maneuvers during entry and descent,
which was not present in the VWL designBased on gunique multifunctional infrastructusend excellent
crashworthiness for impact on rough surfaces, TANDE®bsents a robust system to address some of the

Decadal Surve® most pressing questioabout Venus
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General AudiencAbstract

NASA has proposed the possibility of performing a robotic mission to Venus in this upcoming
decade This could be NASAbGs first attempt to design
our solar systems hottgdtinet. Venus presents a great exploration opportunity, as it is our closest planetary
neighbor. Venus is similar to Earth in both size and location in the solar system, yet it is profoundly different
in many other aspects regarding habitability. Thera Egnificant scientific interest in phoring the
mysteries of the greenhouse gases and runaway climate change present in the Venusian atmosphere.
Understanding Venus6 atmosphere will heBxgporings t o i
thedifference in these two planets will greatly further our intuition of other planetary systems and will aid
in our search for life in the universe. Yet, exploring Venus presents a number of severe engineering
challenges: the extreme temperature and presguhe planet's surface, the highly corrosive atmosphere,

and lack of terrain resolution caused by the dense permanent cloud layer.

In order to address these engineering challenges, a neMightraeight planetary probe has been
invented. TANDEM, the Tension Adjustable Network for Deploying Entry Membraneungue in its
design as it has combinedl of the subsystems in needs to safely land on the surfaceaistngle
lightweight, multifunctional structureThis enables the design to be nearlyrhdiric tons lighter than the
same nssion thawas proposed in 204sing the current statsf-the-art technologiesBased orthis and
othe uniguecapabilities that are provideBANDEM presents a robust system to address soriNe/os 8 6

most pressing questioabout Venus
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Preface
The demand to explore where we have never explored requires the development of new technologies

that enabldanded science in hard to reach locations. As a resuitemporary Entry, Descent, Landing,
(EDL) and additional bcomotion(EDLL) profiles are beoming increasingly more complex, with the
introduction of lifting/guided entries, hazard avoidance on descent, and a plethora of landing techniques
including airbags and the skycrane maneuver. The inclusion of each of these subsystems into a mission

profile is associateth many cases with substantial mass penalty.

The objective of this research was to develop and examine an alternaticeptfor planetary
Entry, Descent, and Landing for future missions to Veand compare it to the current statéhaf art EDL
systemslin order to evaluate the merit of the any alternative method, it was decidedtindyaf previous
missions to the Venusian surface as well as contemporary mission concepts should be performed. From this
investigation a Baseline ssion design should be developed to measure the alternative design @igainst.

Baseline mission discussion was based on work submitted to the Journal of Spacecraft andliRockets

This dissertéion explores the new kin-one entry vehicle concept known as the Tension Adjustable
Network for Deploying Entry Membran&@ ANDEM). Thiswork was initiated as a phase | NIAC stydy
and was reported in a manuscript submitted the Journal of Spacecraft and Bpckbeproposedystem
is lightweight and collapsible and provides the capacity for lifting/guided entry, guided descent, hazard
avoidance, omnidirectional impact protection and surface locomotion without the aid of any additional

subsystems.

Totheaut hor 6 s, TRMD&EM is thalfigsten a new class of planetampbes, whictwill be
referred to in this dissertation as an EDLL vehi@lee EDLL vehicle is a single comprehensive vehicle
that combines the infrastructure used for BBL as well asonthe-ground Locomotion into a single
multifunctional system. Reusing the same active infrastructure for eegrpentof the mission makes
TANDEM an efficient and versatile systems for medium to large size payloads. This efficiency translates
directly tolonger mission lives, increased scientific paylcaaglbr a reduction in mission cost and total

mass of the whole mission.

TANDEM is a tensegrity rover designed to also be the frame of a deployable heaillZkiNiEM
uses the same TPS materéd the wellestablished concepADEPT [41 8], but replacesthe internal
umbrellastyle rib structure with an actitensegrityactuation. This provides the same benefits BERT
(i.e. low ballistic coefficient, lower eny g's, smaller launch vehicle (LV)arger payloads, etc.) while
seamlessly integrating the multifunctional tensegrity infrastructure. Coupling these two innovative ideas in

a single design produces signifntly more advantages than either concept has separately.
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Tensegrity actuated deployable heat shields haea proposed befor§9,10] as have tensegrity
lander/rover$11i 13]. But to date no one has prated a unified vehicle where one underlining tensegrity
structure is capable of handling all of entry, decent, landing, and locomotion (EDLL). The systems level
design approach to the EDLL sequence is what makes TANDEM unique. Iplarastary probeoncepts,
each leg of the sequence is handled by a separate system; tiahiblhis unrelated to the landing
mechanism and the payload (i.e. the rowethe landeris typically considered dead mass until it has
actually landed on the surface. In TANDEM geeything is connected to an actively controlled tensegrity
frame so that the systems used for landing and locomotion are also utilized in entry and descent. This frame
brings a new level of controllability to the EDLL sequence without increasing complaxityass by
introducing multiple subsystems for each step in the EDLL sequEiggre 1 depicts the vehicle in a
stowed (a) and deployed (b) configtion.

@) (b)

Figure 1 The TANDEM Concept (a) stowed vehicle withentry membrane and backshell(b)

deployed vehicle with the carbon fabric of the backshell hidden

This work will include investigations from each of segment of the EDLL sequerittea heavier
focus applied to the impact analysis and crashworthiness of the vehicle, as thaissithecnitical design
feature required to perform landed science in the Tessera regarder to show the merit of the TANDEM
concept a direct compaais will be made between it and the heritage desighe Venera Lander3he

following summarizes the primary objectives for this research

1. Performed investigation of the mechanical design of the original Venera Landers and provided
insight into thedesign

2. Developed a methodology for the rapid desifirad/enera Class Landéor future missions to
Venus

3. Explored he capabilities and feasibility of the TANDEM concept as an EDLL vehicle
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4. Performed rtensive impact analysis to ensure mission successfavorable landing conditions
(i.e. safe landing in Tessera regipns

5. Developeda detailed desigof TANDEM for a conceptual mission to Venus

Dissertation Map
The presentdissertationaims to provide an overview of the progress made, redolind, and

methodologies used ito develop the TANDEM concepf thorough description ofach step irthe

investigationis presentedl' he work isorganized as follows

Chapter 1i Introduction of the fundamental technologies that enable the TANDEM concept or will
be used as a benchmark to compare agafesdt missions to Venus as well as two
proposed mission architectures are discussed. Tensestniisturesare defined and

introduced.

Chapter 2i An upto-datei nvestigation of the desi gntheof t he
development of a new @&elineVenera Clasdander design to compare the newly
invented TANDEM concept against

Chapter 37 An introduction of the fundamengbf the TANDEM conceptis provided The
fundamentatechnologies that are desired for an extendegitinmission on the surface
of Venus.

Chapterd i The cevelopment of a Systesnalysis Tool for the rapid investigation of tEDLL
design spaces discussedAn overview of the implementation of alBOF flight
mechanics code with incorporated modules for hypersonic aerodynamics,

aerothermodynamics, and vehicle configuration comrptovided

Chapte5 7 The development of impact modeling methodolsggiscussed. A series of physical drop
test are desived and their results are used to validate the developed modelling
methodology. With the model validatesl large parametric impact analysigs
performed t o de mammidireationadl gote€tiArND E MO s

Chapter6 i Description of three types of contrstrategies used and a discussion of the selected

methodology for advandayait development

Chapter7i Overview of a detail design of a TANDEM vehicle foraceptual mission to a Tessera

region on Venuss discussed. The detailed design is compare sig&iralternative

3|Page



designs using the current state of the art technologies to measure the merit of TANDEM

as a planetary probe.

Conclusions, Contributions, and Continuing Work
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Chapterl
Introduction and Background

The2012decadal survey has listed Venus as a candidate for a New Frontiers niis4]ombis
marked a new imreasein interest in sending a mission to Vend¥&nus presents a great exploration
opportunity, as it is our closest planetary neighWenus is similar to Earth in both size and location in the
solar system, yet it is profoundly different in many other aspects regarding habitability. The Venusian
atmosphere is considerably thicker than that of Earth. While the pressures and temzdraverés dense
cloud layers are relatively benign, beneath them the temperatures and pressures begin to spike. In the last
100 km to the surface, the temperatures jump from approximately 100 K to 750 K. At the surface the
atmospheric pressure is approxteig
92 bars. The extreme temperature raise 0
is caused in palty a phenomena know  1s0

as runaway geen house There is a

160
significant  scientific  interest in

exploring the mysteries of the 140
greenhouse gases and runaway climate

120
change present in the VenusianE

atmophere.  Understanding  how g 100 Upper
Venus?o atmospheregca
that it is will help us to understand our

own atmosphere better. Understanding 60

the difference in these two planets will
greatly assist our understanding of
other planetary systems and will ard i~ 2°
our search for life in the universe.
Figure 2 shows the basic structure of 0 1002000 300 400 500600 700 800

Temperature (K)

Venu56 at mos here \_uifh a t amnaoar at nr a
P Figure 2 Fundamental atmospheric structure of Venus

versus altitude relationship. overlaid with a temperature versus altitudeplot
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However , atnidsphere al8o presents a number of severe engineering challenges. The
extreme temperature and pressure at the planet's surface drastically complicate the design of a lander as
very few electrical and electtmechanical devices can operate at these dondit Additionally, the
atmosphere of Venus is highly corrosive. On top of the trace elements in the atmosphere, sucHRas SO
and HCI, over 96% of the atmosphere near the surface is comprised of supercritiedli€Ois itself a
powerful solven{15]. Finally, athough nearlythe wholesurface of Venus was mapped in the Magellen
mission, the dense permanent cloud layer of Venus has drastically limited the topology resolution. The data
from Magell anbés Synthetic Apert ur e[l8R @dspite thds&S AR) h
chall enges the Decadal Survey has stat esdiSitui Ther e
Explorer type] missions to a vatyeof important sites, suchagTls ser a terr ain. 0

Figure3 Sampl es of Venus6 Tessera Terr @vln (a) La
(b) Alpha Regio 25°$357°E[18] (c) Eistla Regio 1°S, 37°HF19]
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The Tessera regions aam unexplorednountainous regits scattered throughout Venukhe
Tessera regions, which compriggproximately8% of the total surface of the planate believed to be the
ol dest regions on the planet and can (d20]oDuétde i nsi
the current resolution of Venusian maps, it can be hard to predict to the roughness of these landscapes at
the meter scale, but on theddiheter scale a clear grid or tiled pattern can be seen. The tiled landscape is
seen in its most iconic form in Fig(a), but other Tesseraiegg ns exi st whi ch are mor e
as seen in in Fig3(b) and (c). This tiled patterned is what gave the landscape its name, Tessehnas

also the name of andividual tile of a mosaic.

This work aims to answer t he Deomprehankive niry,vey 6 s
Descent, Landing, and Locomotion (EDLL) vehicle forsitu exploratbn of Venus, especially in the
Tessera regions newin-situ explorer would be the firptanetary probéesigned to preform experiments
on the surface of Venus si nc @1]tAlref s&wling of the btbadi o n 6 s
scope otheseconcepts are presented at the start of Chaptehi® a more irdepth overview of the most
applicablearchitectures will be the focus of the remainalethis chapter

The Venera Missions
The Soviet Union had 18 mission to take on the

Galileo) missiong22,23]. Despite these significant challenges, the Soviétsus campaign, Venera,
continued to send probes to Verjdd] (see Fig4). In 1970 the Venera 7 became the first spacecraft to
successfully land on the surface of Vefi2is]. The data from Venera 7 was used to inform a nuraber
improvementamadeto the probe design for future missions. Whiea Venera @and 10missions were
launchedin 1975and entirely new lander had been desigf#&]. Unlike the previous nobes from the

Venera campaign which were focused on analyzing the atmospheric properties as they descended, the new
Venera lander was designed to perform various additional scientific experiment on the surface. Of the 18
Venera missions, Veneral? and \éGa 1 & 2 all used the same basic architecture that was developed for

Venera Sand 10 missions, albeit with some minor alterations

Theprobeentered the atmosphere at 10.7 km/s, endaigslin a 2.4 m spherical hesdfttield. After
a series of parachutdbe lander was extrged from its heashield and its speed was reduced to below 50
m/s. At this point, the lander and its payload became exposed to ambient condition and although the
temperature at this altitude is several hundred degrees less thatmiherdture at the surface, it was
important to get the lander to the surface quickly before the payload was compromised by the high
temperaturesA threedomed parachute was deployed to slow the descent through the cloud sheet for

atmospheric readings bwas released as soon as the lander had fully passed through cloud layer. Because
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there was a significant increase of the atmospheric density in the last 50 km to the surface, the lander was

able to quickly decelerate in free fall to approximately 7[21/$.

Despite some technical difficultiefiet 9 Venera Landers (thesitu probes from Veneral4 and
VeGa 1 and 2)vere very successful. From this campaign the landers were able to sample and analyze the
soil composition, inspect the surface hardness, and photograph the lan@8t&i¢ However, due to
technology limitations from the @ 70s and 8@ when these missions were flown, the quantity and quality
of the data collged leaves many scientific questions unanswered. Additiorsitiinmissions will be

required to provide a more complete understanding Venus and its history.

Venus Intrepid TesseralLander
The 2012Decadal Survey had a mission developed NASA Goddardés Archit e
(ADL) to show the feasibility of exploring the Tessera Region. Nlesw F r o n t missionéoacept i z e d
known as the Venus Intrepid Tessera Lander (VIT2Q), was designed for a launch in November of 2021.
The VITaL is a Venera Class desjgneaning that its lander geometry uses the same fundamental design

utilized by the latter Venera and VeGa missidrhe VITalL design is shown in Fi§.
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Figure 5 The Venus Intrepid Tessera Lander (VITalL) design[20]

The probés science suite was equippex address the key science objectives presented by the
Decadal Survefor amission to Venus and specifically faenusIn-Situ Explorer (VISE) missiorilhe

science goalsf the VITaL missionas reported bgilmore et al. are as followg20]:

Characterizehemistry and mineralogy of the surface
Pl ace constraints on the size and temporal ext

Characterize the morphology and relative stratigraphy of surface units

AP w N PRE

Determine the rates of exchange of key chemical spézigs S, C, O) between the surface and

atmosphere

5. Determine whether Venus has a secondary atmosphere resulting from late bombardment and the
introduction of significant outesolar system materials, including volatiles

6. Characterize variability in physicphrameters of the near surface atmosphere (pressure,

temperature, winds, radiation)

Place constraints on current levels of volcanism

Measure ambient magnetic field from low and raaface elevations

To achieve these diverse scientific goaBaL usedprimarily high TRL instrumentsost of which
leverageheritagefrom variousexploration missiosi Theseinstrumentshow they relate to the science
objectives, antheir TRL estimate reported kyom Gilmore et al[20] aresummarizedbelowin Tablel.
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Table 1 Instrumentation on the VITaL | ander [20]

Mass Objective

Instrument Abbr. o Reported TRL
(kg) Contribution
Neutral Mass Spectrometer NMS 11 2,457 High
Tunable Laser Spectrometer TLS 4.5 2,4,7 High
RAMAN/Laser Induced Breakdown Spectrosco LIBS 13 12,4 Medium
Descent Imager - 2 1,3 High
Magnetometer - 1 8 High
Atmosphere Structure Investigation ASI 2 5 High
Panoramic Imager - 3 3 High
Context Imager - 2 12,4 High

The instrument of interest is the RarldBS spectrometerThis instrument has the lowest TRL of
any of the other instruments selected for this mission. The RaB&his a two stage laser with a telescope
that enables it to take-gitu mineralogy measurements of samples 2.5 m away from the lander. The optics
of this laser are very sensitive and would require notable development and test to certify them for the 200
g ballistic entry that was planned for the VITaL missiéor this reason the Decadal Survey listed the
development of a high TRL Raman/LIBS instrument as one of the most significant challenges to the mission
[14].

The prime objective of VITaL was to sample and analyze the composition of the Tessera terrain
[20]. The VITaL mission was designed to land near the equator in the Ovda Regsurements from the
Magellan mission have shown that the Tessera regiemarallyhave slopes that range primarily from 5°
10° at the kilometer sca]d2,33]. However, this does not include smaller scale fault searp®ther ridges
which are expected to be approximately BBf] or the local scale surface roughness which is expected to
be on the order of 0/ [35].

Data collected from the Magellan mission was used to idethiEfyprimary structures of ti@vda
Regia It was found that the geological formations of this region is largely dominated by-arossgg of
shallow yetsteepwalledtroughs known agibbors, andgeological foldsThe ribbon pattern of the Ovda
Regio is expected to be abrupt with wall heights on the order dkrb@md fault dip angles ranging from
75° to 90°[36]. The geological folds in this regi@re moreadistributed on the order of 25 &) kmwide

with a spacing between peak from 5 tokbh It was predicted that the maximum crest to trough altitude
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difference is Ikm The sharpness of the pealan be characterized by the interlimbgle which range
from 157 172°[36].

In order to increase mission reliability, the @ by 150km landing ellipse for the mission was
selected to be in a relativellat location, as seen in Fi§. This region has an average slope less than 5°
[20] and contins fewer ribbon structures than many other areas in the Ovda Rkgislopes presented
in Fig. 6 are basé on measurements taken from Magel&ynthetic Aerture RadafSAR) which has a
resolution of 75m/pixel[20]. As a result, these values are dominated by the nz@ale slopesf the
geological foldsand largely do not represent the steep, abrupt slopeg oibtbon structure, though the
ribbonslopes present a larger risk to the mission.
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Figure 6 Landing ellipse for the VITaL mission: SAR image of the Ovda Regio was frorf86] and
macros-scale slopes in the landing ellipse derived froif20]

I n order to combat these challenges, VI TaL6és d
hazardous landingonditions and steep slopes that may be encouniterédssera regiond he VITalL
landeremploys awider and heavier toroiddlasethan was used in the Venera missitmschieve arery
low center of gravityand increase its landing stabilifyhe baseline design of VITaL had a static tipping
stability of over 72°Despite this robust desidgine Decadal Survewtill identified the surface roughness of
the Tessera region to be the primary risk of the VITaL missimhdeemed that the Tessera region can be
Avi ewed ased airlglee yf omalt4nded scienceé
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Although the concept has not been selected for additional study beyandi#tlg commissioned
work of the Decadal Suey, this mission conceerves as a benchmark that othencepts carbe
compared toln this dissertationmuch of the work developed fafiTaL wasuseda foundatios for the
conceptual mission to Venutevelopedto show the merit of the TANDEM design for missions to
hazardousnvironmentsThe instrumentation, thermal control system, and pressure vessel design from
VI TaL were al/l adapted to the develsoopl@mbrformthédri cl e 6 s
same sciencalith both the VITaL andrTANDEM mission concepts going to the same destination and
carrying the same payload, a direct comparison of the two landers will be made. This will highlight the

benefits of a tensegrity lander over the heritaggigh of a Venera Class lander.

Advanced Deployable Entry and Placementechnology(ADEPT)

As payload sizes for robotic missions to other celestial bodies are growing larger, new entry vehicles
are being explored that can handle the larger payloads wiliiféte g within existing LVs Mechanically
deployable heathields open like an umbrella allowing them to be stowed at a small cross sectional diameter
and then deployed for entry to produce a large drag area. The most notable mechanically deglatyable h
shield is the welkstablished ADEPT concepi 8].

ADEPTG6s ther mal protecti on -woyen tasbon fibel RKB) Thea s con
carbon fabric is aléxible skin that functions as both the TPS and the structural support that transfers the
aerodynamic loads to the frame of the entry vehicle. This technology was extended for usiirettie
proposedEDLL vehicleconceptsuch that it can provide thersa benefits as ADER Wwhile substantially
reduci ng tThefabncedsibeeh adjet tested at Venus Entry cond{di38], and will be
flying on a sounding rocket in September 2(39].

Beyond enabling larger scientific payloads to be flown, ADEPT has some significant benefits for the
Venus entry environmentraditional entries into the Venusian atmosphere, typically had very steep flight
path angles ranging from approximately 20° torlye®0° [40]. The flight patls used verelargely due to
the characteristics of the TPS material, which had a high density and high thermal conductivity. In order to
minimize themass of asehicle using such a materialigh entry flight path angles5FPA) were used to
increase the magnitude of the peak heat puldke\ith duration was shortened. As the EFPA increased so
did the peak deceleration of the vehicldws the steep Venus entig a limiting factor inthe type and
amount of scientific payload that can be include in a misgidrenus.Much of the scientific equipment
that is desirable for an 4isitu mission to Venydike the Raman/LIBS Spectrometés, not capable of

surviving the 200400g 6Gegperienced on entry with traditional entry vehicles.
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In order to reduce the deceleration loads of the entry vehicle, a shallower EFPA must be used. This,
however presents a technology challengecausas the EFPAdecreasgfor a Venus entryhetotal heat
loadgrows exyonentialy. This require a thicker heahield andhus the mass of the entry vehitlereases,
decreasing the payload mass fractidthile modern lightweight TPS concepise now being developed
which can enable rigid entry vehiclesanter at shallow EFP1], an alternative methdd enable shallow
entries is to decr ease (mabseo diagrbharatol). eoveringthaballisiics t i ¢

coefficientalso lowers the peak heat flux and total heat load of the due to entry.

One method to achieve thiswer ballistic coefficients by usingdeployableenty vehicles like
ADEPT. The low ballistic coefficient oADEPT enables it to enter at EFPA close e skip out angle,
reducing the expected entry loadsatell below100g & Fhis expands the range of scientific equipment
that can be includedndreduces thie expected mass by 10925% by reducing their required structural

reinforcementsThis wasseenin the ADEPTFVITaL missionstudy[4].

The ADEPTFVITaL mission was a hybrid concept where the traditional entry vehicle for the VITaL
mission was replacelly the ADEPT entry vehicleas seen in Figl. The design changed would raise the
TRL of the Raman/LIBS instrument as it would no longer nedmktoertified for entry loads on the order
of 30 g 6[4]. The inclusion of a mechanically deployable entry vehicle eliminated one of the biggest
challenges of the VITaL mission, but it offers no benefit to the other key challenge of safely landing in the
Tessera region3his case study highlights the benefitaising a deployable entry vehicle for missions to
Venus. Furthermore, a&omparison of the TANDEM and ADEPTITaL mission will be performed to
specifically highlight the compounding benefitsf combining tensegrity landers with mechanically

deployable entrvehicles.

(b)

Figure 7 The ADEPT-VITaL concepthouses the VITaL Lander inside an ADEPT entry vehicle
[38], (a) stowed configuration (b) deployed
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Tensegrity Robotics

Tensegrity systems provide a atvaditional solution to many problems encountered in a space
mission such as ge and mass constraindembers of a tensegrity structures alassifiedas discrete
structural elements which hold either a compressive or tensile Teadegrity structures distribute their
loads through a network of tension cables while maintaining their shape througti diseontinuous rods
in compressiorByY isolating the loads in this manner, the mechanical complexity of the structure is reduced.
Furthermore, the trudike structure utilized by tensegrity systems lend themselves to lightweight designs.
To avoid confision in this dissertatiorthe terms bar, rods, and compression members are synonymous
with each other, as are the terms cables and tension members

Because théension network is incapable of supporting a compressive load, thdikeussructure
must be developed in a predetermined, stable geometry that isolates the compressive loads to the
compression members and the tensile loads to the tension nefivisrkredefined stable geometry is also
referred to as an equilibrium configuratidinis shown n Chapter 4 that the equilibrium configuration of a
tensegrity structurean be found in terms of eith#ére length ratios of all of the members (also referred to
as the length coefficientsr the normalizednternalforce (also referred to as the tenstmefficients).

The term tensegrity was coined by Buckminster Fuller and is the conjunctemsdéandintegrity
[42]. Fuller is credited with bringing the concept into the engineering world from the world of structural art
where t waslargely pioneered by artist Kennetm&son[43]. Most of the traditional gpications for
tersegrity struturesis in the field of civil engineeringwith applications as domé#$4,45], towers[46,47],
and bridge$48i 50] to list a few. An image of the largest tensegrity bridge can be seen i8.FAgditional
information on classical tensegrities, their hisiagpda more comifete list of applications consult the
textbooks by Motrg51] and Skeltorf52].

Figure8 The Kuril pa Bridge, i n BrisbipOle, Austral.i
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In the field of civil engineering, tensegrity structures are largely considered as static structures.
However, ensegrity structures, #sey areused in this dissertation, lend themselves wedimart or active

structuresThe design of other active structures can be complicated by stiff and rigid joints. These joints

are typically the intersection of various load paths and as such are subject to large bending or shearing

loads. Tensegritystructureseliminate these heavy ifus by controlling the length of various tension
membersAs the tension network length coefficients are chantedyveraligeometryof the structure can

be changed from one equilibrium configuration to anofs8}. This provides a robaisnethod of actuate

tensegritystructures int@ystens that carbe stowed and deploy§adi 56] or even controlled to produce a
tensegrity robqgtwhich can walk, crawl, and/ooll on the ground11,57,58]

The NASA Innovative Advance Concepts (NIAC) research by Agogino Ei9jland SunSpiral et
al. [60] (for the Phase | and Phase |l studgpectively) largely pioneered the planetary exploration
application of tensegrity robots. Their robot, known asSpleerical Undeactuated Planetary Exploration
Robot ball (SUPERDballhas demonstrated the excellent crashworthiness that can be obiespéerical
tensegrity robots.

Similar robots can be designed to with3hsand
enables the robstto safely explore significantly rougher terrain that other planetary explorers. With
tensegrity rob it is now feasible to explore cliff and other steep slopes without risking damage from
rolling down the slope or off the cliffhis is an enabling technology in many ways. This technology is the
key that opens up landed science in the Tessera regions. In this dissen@atiensatility of tensegrity
robotics was incorporated into the development of the new EDLL vehicle to eribwidth unique and

multifunctional capabilities
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Chapter2

Venera Class Landers

In an effort toset a benchmark that represents the currentatdtes-art for anin-situ mission to
the Venusian surfagca number oéxistingproposed missions to Venus were investigdtkuike the more
frequently explored Mars, Venus is more suitable to alternative robotic exploration methods. The
exploration of Mars to dateanbebroken intothree basic categories: orbif€1i 63], lander[64i 66], and
rover[67]. These modes of exploratidrave been seen and proposed for V4BUH8 72], butVe nu s 6
dense atmosphermsomakesballoons[73i 78], billows [79,80] flyers [81i 83], sailors[84], atmospheric
probes[85], andotherwind poweredconceptd86] just as viable methods of exploring Ventike white
paper put out byhe Venus Exploration Analysis Gro)EXAG) provides a good introduction and
overview of the variousypes of missions that are foresden Venus exploration and the technologies

required for these missiof87].

With all of these various methods of exploration, special attention was given to those that were
most commonly propesl and those that had the highest TRhe baseline design was dovaelected t@
landerconceptand the mostommon design foa new Venus lander is theeritage design of the Venera
Landerdg20,88 91]. Theoriginal Veneradnders have been thoroughly investigated and reesigieeered
in this studyto understand the key attributes in Venera Class of landedgrstanding the Venelanders

designwill add to the design o new Venera Clagdsenchmarkanders for future msons to Venus.

The primary structures of the Venera lander are analyzed as four distinct functional components.
From top down, those four component are: the parachute canistéraaalate, the payload module, the
legs, and the impact ring. For simjiti¢s sake, the parachute capsule anddtlagrplate are grouped into
one component because although both components are necessary for descent, they do not add much to the
structural response of the lander at impact. The payload module was comprise@sguaepvessel, an
internal stiffener, the payload contained within it, and the insulation surrounding it. The payload module
was roughly one meter in diameter, 80 cm diameter pressure vessel with the remaining thickness
contributed to the insulatiofj26]. All the sensitive instruments were housed inside the spherical pressure

vessel. Although the payload of each mission changed, the overall size and design remained constant.

16|Page



Below the payp ad modul e i s what 1nsdnyOH syaddisg maztflsdess 2 Inésla
directly transl anéhswoks tihendi agdigrar geado was f U
subcomponents: the legs and the impact fiingre werel8 legs that connected thayload module to the
impact ring belowUnfortunately, credible and verified sources of information on the landing gear are very
hard to come hyAs a result, the resources available are typically secondary sourcesdstenn literature
which contain sme misconceptions as to how the landing gear performed and do not by themselves present
a conclusive design of the landing g€22,25 27]. BothBond[25] and Soedion¢26] mention that legs
were some type of shock absorber; while B2, Keldysh[27], and many more make no mention of the
legs.One ori gi nal sour ce, translated from Kosmiche!

e[ forming] mantshof@khI| trusso

To add to the ambiguity, none of the publically available schemdtioe ¥enera and Vega landers
show any internal components of the legs. However, due to their short length and small diameter it is likely
that they werdikely just rigid rods as described by Boik82] or a secondary energy absorbers used to
isolate payload from much of the shock wave due to impact. The legs also prinddmttied benefit of
keeping the payload module off the ground. Becaus
NASAd6s Pioneer Venus Mission in 1978, [O3.&€&venhopogr a
today due tohe thick cloud layer, the resolution of the mapped surface is relatively coammgraphy
data from Magell ands Synthetic Aper t[l6]rlegheRddrar has
happened to i mpact on a very rocky terrain, the p
a penetration. Due to the extremely high pressure at the sutarea small impact to the pressure vessel
could lead to buckling of the pressure vessel which could damage or destroy the payload. The legs add

clearance to the payload module to decrease the risk of penetration in this scenario.

There is a consensus kmetliterature that thenpact ring was a hollow metallic torus, designed to
crush on impact. The crushing of the impact ring would convert much of the kinetic energy of the lander
into plastic strain. Additionally, the impact ring had holes perforatinguler surface of the metallic shell.
These holes, visible iRig. 4, had several interesting characteristics. The obvious reason for theséshole
to equalize the atmospheric pressure pushing on the outside of the ring with the internal pressure. But
because of these holes allowed the ring to be filled with the dense atmospheric gases, when the impact ring
was crushed, the high density fluid ded out of these holes added some viscous damping to the impact

sequence.

However, results from Avduevskii et al. conclusively showed that the impact ring did not crush for
the Venera 13 & 14 missior{94]. Il nstead, t hey pr baseadrestesiiowed ih&i nc e

deformation of the landing device does not occur for the magnindietaracter of the impact overloads
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obtained in the course of the flight experimenté,
is a rigid body interacting with a yieldindg soil é.
when the landing surface was very stiff (e.g. cement foam). From this it can be concluded that the original
landing gear of the Venera landers were designed with a variety of different impact surfaces in mind. For
soft, sandike impact surfaces, the ldar behaved like a rigid body, allowing the soil to dissipate the impact
energy. For surfaces that were stiffer but still yielded some, the impact ring would crush. It is possible (but
unconfirmed) that for near rigid impact surfaces, the legs would aiskieoto add an addition energy
dissipation mechanism. This could be the shock absorber in the legs mentioned by bofa5Band
Soediond26].

Energy Absorbers
Energy absorbers can bkassified as a mechanism used to dissipate or absorb energy. Classical
energy absorbers use friction and damping as well as irreversible deforf@&fiomhe Venera landers
likely utilized both classifications. Although both metBodere viable options, each one presents a
significant engineering challenge. Therefore, a variety of options were considered for the new baseline

model.

Viscous dampersould be used in the new Venera Class lander baseline, although a number of
obstacles must be overcome for them to be used. The design of a viscous damper, such as a dashpot in the
legs, would need to overcome the effects of the extreme temperature.chaiige approximately one
hour the fluid will transition from the temperature maintained in transit to the surface temperature,
approximately 48%C. Under this variation most fluids will be subject to phase change, as well as change

in specific volume, \acosity, and several other critical properties.

Alternatively, the new baseline design could implement irreversible deformation using landing
legs; allowing the legs to plastically deformation/buckle on impact to provide a form of shock absorption.
This mechanism would be significantly simpler to account for the temperature change and would be easy
to predict analytically or computationally. However, deforming the legs is not the method chosen as it loses
the added benefit of keeping the payload moduléheffanding surface. Using this mechanism would lead

to a decrease in reliability of the lander and would increase the risk of pressure vessel impacting the surface.

The hybrid mechanism used in the impact ring of the original Venera landers was a clever
utilization the landers environment. While the original impact ring is mass effective mechanism, it is
complicated to predict analytically, computationally, and experimentally because its damping mechanisms
is based on complex fluid structure interactidrtss is not conducive for rapidly analyzing various designs

and thus may not be suitable for the baseline model.
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Because of these complications, none of the aforementioned energy absorbers were chosen for the
new baseline design. Alternatively, the useroshable honeycomb and metallic foams was substituted in
place of those mechanisms to provide a lightweight concept with highly predictable impact characteristics.
Although its first use as an energy absorber in the Apollo 11 landing gear predatesigheofithe Venera
lander by a couple of years, metallic honeycomb was not used for the Venera lander because the technology

was still extremely new and was not yet a commonly used energy abj€ajoer

As far as compressive energhsorbers are concerned, honeycomb and metallic foams offer near
ideal energy absorption characteristics. The energy absorption process can be broken into #see phas
initiation, plastic deformation, and densification, as seen in@ighe initiation phase occurs on impact
and is characterized by purelastic deformation. That is, if the deformation does not exceed the initiation
phase, the material will return back to a zero stress and zero strain state. However, after the initiation phase
is surpassed, the thin walls of the honeycomb structure wilhtiegouckle in a near uniform periodic
distance. This progressive buckling behavior is what contributes to the near ideal energy absorbing
characteristics of honeycomb. Throughout the plastic deformation phase, impact energy is absorbed at a
constant ratentil the densification phase is reached. When the material is fully condensed the stress/strain
relationship returns to a near linear state. Honeycomb materials can crush up to 80% strain before the

densification phase begins.

Peak Force

Densification

Average Strength

Load

Pre-Crush Path

-l

Deflection

Figure 9 Honeycombcrush load versus flection relationship
The average crush load of the honeycomb can be tailored by the geometry of the honeycomb cell
and the thickness of the cell wall. Thus, a wide range of crush strengthsattairiesl by simply adjusting
the geometry or material of the honeycomb. Better impact characteristics for honeycomb can be obtained

19|Page



from a procedurealled precrushing which applies a load to the honeycomb and allows the material to
surpass the peak for start buckling before it is unloaded. Now that the buckling has been initiated, the

peak load can be bypassed the next time the material is loaded.

Metallic foams respond similar to honeycomb but with some differences. Metallic foam typically
reach desification before honeycombs at roughly 60% strain. Thus foams have a smaller specific energy
absorption than honeycomb, however, they are effectively an isotropic material. While honeycomb is
restricted to a specific orientation and in some cases recuigesde, metallic foams can be crushed

predictably under any impact orientation.

For these reasons, the investigation of the Venera Class landers for future missions to Venus will
utilize honeycomb legs and a low density open cell metallic foam fantpact ring. Honeycomb legs
concept is a reasonable choice for many of the reasons mentioned above. In addition to the fact that the legs
are already designed to only apply an axial load that will facilitate the proper guided crushing of the
honeycomb witbut adding any complexity. The impact ring on the other hand, will be better suited by the

metallic foam because it is likely that the ring will not impact perfectly normal to the surface.

Multi -Fidelity Design Tool
In order to see how the design of each component affects the lander as a whole, it was important to
analyze each component individually. With the vast number of different combinations, it was impractical
to model and test all combinations. Instead, a systas created to systematically analyze the multiple

variations at three distinct levels of fidelity.

Figure 10 gives an overview of different levels of fidelity that were used in this stlidg low
fidelity model ugs geometric constraint aadalytical approximation of the impact response of the lander.
This model is able to provide predictions of the
at impact for an ideal impact on a rigid surface. Thdiome-fidelity model automatically creates a finite
element model based on importgding parametersom the lowfidelity model. This model cabheused
to test various impact scenarios and impact orientationgeatively low computational expense. The
high-fidelity model offers a more detailed simulation than the previous models but is mofietémsve,
both to build and to run. However, the hifittelity model is able to accuratelgredict the stress
concentrations in the model. It is noteworthyriention that neither the mediumor highfidelity models
explicitly model thedragplate and parachute capsule because they offer minimal structural contributions
to impact. However, both models include the mass ofltagplate and parachute capsulensd| as their

effect on the landers terminal velocity.
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Geometric Constraint Model Reduced FE Model Detailed FE Model

Figure 10 Multi-fidelity models

With this multiidelity design tool, the characteristics inherent in the design of the Vé&hasa
lander were investigated efficiently. The Idigelity model can rapidly analysis dozens of variations within
seconds. From there, data from the most promising designs can be passed up to thdideitiuto
dynamically simulate the various impact citinths with a still relatively low run time. When a final design

is chosen, its parameters are used to create thditiaity model to investigate the detail of the model.

Low-Fidelity Geometric ConstrainModel

Each of the four key componemtgentioned above were approximated as simple geometric shape
so that the volume of material that comprised them and thus their mass could be calculated. Most of the
major componentaeremodeled afollows; the payload module as a hollow sphere with unifrickness,
the legs as cylinders, arttetimpact ring as a torush&dragplate and some of the minor components (e.g.,
the joints connecting the legs to the impact ring and payload) were modeled based on engineering estimates.
From this work, an accumataccount of how each componebnntributedto the landers overall mass was

made.

An additional benefit to modeling each componbased on geometric constraingsthat the
configuration of the landeran easily be parameterized and modified to prédiat the lander will behave
for various vertical impact scenarios. Each major component could be varied with respect to the others to
see how it would affect the impact characteristics of the lander as a whole. These results together with the

estimated massf each lander configuration would be used to findapggmumlander designs.

Within the design of the VenefZlasslander, there are dozens of parameters that can be varied. In
order to predict the mass and impact characteristics of any lander catiigua systematic approasias

employed to simplify the process. For this reason, many of the design parameters were found to be
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interdependent on other parameatdfor example, the amount of honeycomb needed to properly absorb the
kinetic energy can be calculated from the landers kinetic energy, which is a function of the landers mass
and terminal velocity. Additionally, the required thickness of the payload mtwiptevent buckling under

hydrostatic pressure is a function of the pressure vessels radius.

By finding multiple relationships such as these and keeping some of the obviously minor variables
fixed, the entire model was simplified down to 10 major desarables. The payload module was sized
as a function of its radius and mass. The distance the payload module initially was above the impact ring
was modeled by the parameter "Payload Height." The impact ring was modeled based on its radius, width,
and theaspect ratio of a cross section of the metallic foam's.df&gplate was sized as a function of its
radius and complementary cone angleally, the legs were modeled based on the number of legs and their
configuration. Some of the additionally paraaratsed in thgeometric constraint modate discussed in
their respective sections below, but these values were held constant duriegifibation of the multi

fidelity design tool Figure1l shows the primargeometricdesign variables.

Plate Radius

Payload Height

Support Ring Thickness
Torus Thickness

Figure 11 Primary geometric designvariables

A process overview of the lofidelity model is shown in Figl2. Theteninput parameterseen
at the top of Figl2 were used to size ttdragplate, the payload module, and the impact ring. Together,
those masses would be used as the initial estimate of the landers total mass. The total mass was used to

calculate the terminal velocity and the kinetic energy of the lander, which in turn was sizdtbe legs.
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The additional mass of the leg was then fed back into the total mass of the lander for the next iteration. The

iterative solver continued until a 99% convergence of the lander total mass was achieved.
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Figure 12 Geometric constraint model process

Drag-Plate: Thedragplate in the lowfidelity model is defined by four variables: projected plate

radius, complementary cone angle, plate thickness, and normalized plate attachment point. The plate

attachment point;

dragplate is attached, wher# is the bottom, +1 is the top and 0 is the middle of the module.

, Is a value that varies frofth to 1 and represents where on the payload module the

A large amount of computational expense could be investedian tir find the coefficient of drag

(6 of the lander based on each of these parameters, however, this is beyond the scope of this study.

Because each configuration can potentially yield a different coefficient of drag a simple surrogate model

was deveadped to predict thé based on the size of the radius of dnagplate compared to the payload

module radius and the cone angle ofdhegplate. It is intuitive that the drag coefficient of the lander will

have a minimum no less than the coefficient

drag for

a sphere at

t he

maximum no more that of a flat disRoth the drag of a sphere and a flat plate have been well studied for

the Reynolds numbers seen near the surface (oré&i6for higher) These shapggeldad of 0.16 and

1.17,respedtely [97i 99]. Thus the approximat@ of the lander should be approximately 0.16 for designs

where the normalized difference betweendhegplate and the radius of the payload module at the plate

attachment point is small. For designs where the difference is large and the cone angkxis atgy
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90°, thed should be close to 1.17. Given the previous conditiong tlier this analysis was varied based
on the Eq(1)

i i p - B
6 T@ippwm —° i o e (1)
o o
where i s the vehicl eds a pysithe dragpiatetcane ahgléa g ische eaflifsi ci ent

of the dragplate, i is the payload module radius, ard is the noadimensional vertical
attachment location of the drgdate on the payload module (measured in percent of radius away from the
module center)The constants from E@1) were tuned to match empirical dafar verification of thig
approximation, it can be seen that when there idragplate the term in the parentheses is zero (that is

i i p - ),thus6 06 . Additionally, it can be shown that when

M, thed matches the trend shown by Hoerner for cones of various cone[@8Ql€or the case where

i mand— mJ0 O . Finally, based on a number of physical experiments performed by
V. P. Karyagin et al. it is known that the coefficient of drag for the Venera landers was 0.8 or greater for
high Reynolds numbersider of 6x16) [100]. When the parameters based on the origiiealera landers

@i ™), i p8t X, — v T Pand— p T are used in Eq1), the estimated

@ ¢ With the0 calculated from Eq(l), the terminal velocity was found and used to estimate the total
kinetic energy of the lander before impact.

Payload Module: As mentioned previously, the payload module is comprised of multiple
subcomponents. These subcomponents include all the scientific payload, the pressure vessel, an internal
brace to provide adiibnal structural stability where the leg connect to the module, and the required
insulation. Due to the mechanical focus of this study, only the structural components were modeled
explicitly. The nonstructural components (e.g., the scientific payload taednsulation) are taken into

account by the payload mass.

The pressure vessel required two parameters to fully define its geometry, the radius and thickness
of the pressure vessel wall. Numerous analytic and experimental investigations of bucklingialled
spheres under external pressure have been made. Zoelly was the first to provide an analytical solution for
the critical applied load given the material properties, radius, and thickness of the[$pth¢eend has
since been reported in various other works. This equation was used to scale the thickness of the pressure
vessel based on the desired radius. Alternatively, an additional parameter can be include to add a factor of

safety to thepressure vessel asen in Eq(2)
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wheredis thepressure vesséhitkness) the external pressurethe vessel radiu®)the material

(2)

0

modulus, andO the factor of safetyinsidethe pressure vessel where the legs connect to the payload
module, there is a brace to add extra stiffness and resist buckling of the pressure vessel. The dimensions
of the brace are scaled bas#tthe load applied on the pressure vessel by the legs and the circumference

of the pressure vessel at the connection location of the legs.

Legs: The mass of each leg is found from the mass of the honeycomb in the legs, the mass of the
leg casing, anche estimated mass of the pin connection joint located at both ends of each leg. To ensure
that the lander is able to safely land on the surface given its momeahtiamount of energy absorbing
material is scaled based on the total kinetic energy ofaheel before touchdown. For theometric
constraintmodelit is assumed that 100% of the kinetic energy will need to be absorbed by the honeycomb

and metallic foam. Thus the radius of each leg can be calcaletedding to Eq(3)

o , "
c a W (V)] 3)

wherei s the radius of a single leg and defines the amount of honeycomb material in each leg,

is the mass of the Venera lander, is the | ander 0@ istthe mawimanadnergye | oc i t
that can be absorbed by the impact ring, is the crush strength of the honeycomb material in the legs,

andB 3refers to the total stroke of all of the legkich can be found from the geometdonstraintset up

by the 10 inpt parametersThe leg was given the most variability out of any other component. Not only

are the length of the leg and its connection point to the payload module variables, but the number of legs

and their configuration were also allowed to change. detsiudy was performed to see how sensitive the

legs were to the overall design. The three most successful leg configurations are shown in section IV.C. As

seen inFig. 4, the original Venera lander utilized alieg configuration with 18 total legs.

Impact Ring: The impact ring was comprised of an upper and lower sections. The lower section
was comprised dhe metallic foamThe amount ofetallic foam used was defined by the three parameters
mentioned previously: ring radius, torus width, and foam aspect ratio. The upper section was a solid
titanium ring to support the metallic foam as well as provide a stable location where the legsecould
attached. The solid ring was defined by the ring radius, torus width, and ring thickness variables. The

amount of energy absorption provided by theaniping was calculated by E@)
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whereA is the crush strength of the energy absorbés,thearea of crush surface based on the width and
radius of the impact ringnd the strok&was based on the thickness of the fdaefore the densification

stage is reached\ similar equation was used to find the energy absorbed by the legs.

Peak Deceleration:The payload must be designed to withstand a certain amount of loading.
During takeof and atmospheric entry the lander will experience an elevplead. It is expected that the
g-loads experienca during entry will be much higher, at an estimated value of &0To ensure the
survival of the scientific equipment, the lander must be able to come to a complete stop without exceeding
that maximum allowablg-load To check whether the lander configuration is able to impact the surface
without exceeding thg-limit, an estimated deceleration calculation was included in the algorithm. Because
honeycombexperiencesa constant force as it deforms, the deceleration will be relatively constant. The
deceleration is estimated by dividing the force balance between thentbgfseamass of the upper half of
the lander by the combined mass of the payload modiagplate, and parachute accordind=p. (5) and
as shownn Fig.13

) O O O B, 0 wé+
4 . - (%)

Fleg Fleg Fleg Fleg Fleg

Figure 13 Free body diagram for lander dynamics
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where @ is the acceleration of the payload module &ddand & are the weight and mass of various
components respectivelyis theangle each leghakes with the vertical axia its initial configuration If
i 11, (i.e. the legs are modeled as rigid bodies) then an alternative acceleration calcutdj®) is

used.

o - : (6)

Medium-Fidelity Model

The purpose of this stage of the design tool was to further investigate lander configurations that
showed promisingesults from the lowidelity solution while retaining a large variability and low
calculation time. Thiprocessvas automated to impoithé calculated masses and initial conditions from
the lowfidelity solution and dynamically model them. & procesallowedfor additional parameters to be

investigated while verifying the results found by gemmetric constraint model

In order to reduce calculation time, the lander was modeled using low a@#greedom elements
such as beams and shells. The pressure vessel is modeled as a hollow shell with an assigned thickness
calculated in thegeometric constraint modeThe mass othe payload module is evenly distributed
throughout the pressure vessel. Because an exact sauigifor the axialdeflectionof 1-D elements,
each legs was modeled using a single truss elementseAsrs&q.(3), the deformation of the legs, and
thus the energy absorbed, can be modeled using onlydbeserctional area and the at@eeraged stress
of the honeycomb. A piecewise constitutive relationship, sifolthe trend shown in Fi§, was developed
to approximate the honeycomb deformation while the leg radius and approximate leg mass wad impor

from the lowfidelity model.

As can be seen in Fid4, the connection points between the legs and the payload module
experience a local stress concentration. This is a result of the legs being moddledlaménts and were
connected to the payload with a single node. Because of this, the stresses ab#aswregion surrounding
the connection point does not accurately predict the actual stress seen on impact. Yet, the simulation
accurately predicted the payload dynamics upon impact. To be able to accurately investigate such
unexpected stress concentat, a higher fidelity model was creatdthe highfidelity model was use to

verify the payload dynamics of the mediditkelity model and will be discussed in a later section.
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Figure 14 Stress singularitiesand concentrations at leg interface

High-Fidelity Model

The low and mediurfidelity models were designed to be able to rapidly analyze design variations.
In order to achieve short runtimes, these lower fidelity models ignore some of the details of the lander.
Unlike the mediumfidelity model, the higkidelity model uses brick elements to model the legs and
explicity models the connecting joints so these critical points can be investigated. Additional sub
components, such as the pressure vessel internal stiffener aaat g frame were captured in both the
medium and highfidelity models. As a result of these additional details, the-fidgHity model yields
reasonable stress concentrations around the leg joints as seeri Figs revealed that for most landing
configurations, the stress concentration from the legs onto the payload was benign, however in some cases
the initial leg joints were not rostienough to handle loads on impact causing them to fail. In these cases
the leg joints were thickened and the simulation rerun. Unlike the mdalafity model, the higkidelity
model was constructed manually for each design. Therefore, each redekigigtdficantly more time to

prepare and execute.
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Figure 15 Stress oncentration at the leg interfaceof high fidelity model

Once a preliminary higfidelity model was created, a mesh convergence study was performed. A
mesh convergence study was not performed for the medidaility model because the stress
concentrations due to the use eDlegs will never converge. The payload acceleration was plotted for
three different mesh resolutions with approximate element siZ2& of (coarse), 1.1 cm (medium), and
0.6 cm (fine). As seen in Fid6, if the mesh is too large the payload will decelerate more incrementall
due to honeycomb legs being artificially stiffened due to the mesh coarseness. The finer meshes predict a
more constant deceleration especially in the latter half of the impact. Thg'p&akthe coarse, medium,
and fine meshes were 48.57, 45.98, 4652, respestely, with a 5.6% change from coarse to medium
and a 1.0% change from medium to fine. The next section presents a comparison of results from the low

medium, and highfidelity models.
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Figure 16 Decderation of the high fidelity model for various meshresolutions
The correlation between the kinetic and internal energies is shown ih7Fibhe interal energy
is largely contributed by the plastic deformation of the impact ring and honeycomb legs, while the kinetic
energy trend follows the velocity of the payload module. These energies are significant because they

guantitatively capture the impact chateristics of the lander. Because a reduced element formulation was

used to decrease computational expenses, the total energy was not fully conserved. There are two major

contributions to the variation in total energies: hglassing energy and negatiskding energy. Hour
glassing energy adds energy to the system while sliding energy removes energy from the system. The
change in total energy of the system is 3%, and-12% for coarse, medium, and fine meshes,
respedtwely. Typically, simulations thatonserve energy well are more reliable. As seen inlFigthe

coarse mesh simulation generates a significant amount of total energy difegtiynpact. Although the
coarse meshdés initial and final tot al energies
simulation has a lot of howglassing energy. The maximum change of total energy in the coarse model
shows an houglass engy of 13%. Typically hourglass energies should be within 10%, which is
considered acceptab[@02]. The medium and fine meshes show have significantly lessdtassing
energy. Although they lose a little bit of total energy throughout the simulation as a result of the negative
sliding energy, this mode of enerdissipation is not detrimental to the simulation. Based on the slightly
better conservation of energy and due to significantly higher computational cost of the fine mesh, it was

decided that the medium mesh size would be sufficient for all further inaistig
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Figure 17 Energy of the hgh fidelity model for various meshresolutions

As a result of the detailed modeling of the lander in this model, the unsteady response of the
honeycomb under dynamic loading can be observed. The plastic strain predicted in the honeycomb legs is
shown in Fig18. Typically honeycomb crushes axially in a very predictable progressive manner from one
end to the other. However as this simulation accurately captures, if the honeycomb crush is not perfectly
guided, it will have a tendency to bend back and forth. Tanieticomb is guided by an outer casing seen
in the left half of Fig18 but the compression is not fully constricted. This is what caused pesivdaks
of highly compressed honeycomb. While this does not appear to be a problem foritigedagdence, an
additionalguide rod can be implemented inside each leg to completely constrain this bending.

Plastic Strain
7.000e-01
5.833e-01 ]
4.667e-01 _
3.500e-01_
2.333e-01
1.167e-01

0.000e+00 _|

Figure 18 Post mpactresult of high-fidelity simulation
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Verification

Comparisons among values taken from all levels of fidelity are showrl®ignd Fig.20. By
contrasting each of these valutt® differencein the lower fdelity models carbe found. Theg-loadings
on impact are shown in Fi$j9. The energy balance during impact, where the internal energy measures the
amount of energy that was absorbed on impact by both the impact ring and the legs is show20in Fig.
Compared to the medium mesh of the higlelity model,as can be seen in Fid9, the difference of peak
deceleration is 4.8% and 1% for the low and mediuai®lity models, respeitely. Fig. 20 shows a 3.1%
and 1.8%differencefor thelowf i del i ty model 6s maxi mum ikely,;amdtai ¢ and
4% error for both the maximum kinetic and internal energy of the mefidetity model. Keep in mind
that althoughtte lowfidelity model in Fig 20 shows time varying values, only the maximum values were
calculatedThe timevarying values of the loviidelity model shown in Fig20 are there only to represent
the expected transition of energy from kineticntiernal
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Figure 19 G-loading comparisonamong all three models
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Figure 20 Energy comparison among all three models
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Results and Discussion

It has been shown that the developed-fmlglity model is able to predict the landiggoads and
energy absorption to within 5% error of the hiigrelity model. This serves to verify the methodology used
and enables the use of the Hidelity model toperform a mass sensitivity analysis. The analysis was
broken into three sections: Lander Scalability, Mass Sensitivity, and Leg Configuration Analysis. Each of
these sections looked at how the change of certain parameters will affect the overall nealssdéth For
this analysis the preliminary baseline design dsethe \erificationof the multifidelity tool was set as a
reference point that all changes could be related to. This preliminary baseline was sized so that its mass
would be approximatelthe same as the Venera 9 and 10 landers. The results of the mass sensitivity analysis
are dependent on the design assumptions made in this study and thus may vary from that of the original
Venera landers. However, by comparing the sizing to that of tgamakiVenera as done in the Lander
Scalability section, it can be shown that the original design and new design scale similarly and are still

comparable.

Lander Scalability

While the fundamental design of the later Venera landers were the same, there were some changes
along the way. The Venera 9 and 10 landers were chosen because they closely adhered to the assumptions
made in the lower fidelity models. The Venera 9 ancahdérs mass were 6B each. Although the mass
of the payload cannot be explicitly found in the literature, based on the sizing algorithm found in this work
it was approximated that the landepayload module weighe2b60kg (note that for this work the ass of

the thermal control systeand the pressure vess@s included in the payload's mass).
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Lander scalability focused on

changing the amount of payload carried by th
lander. This is one of the very valuable
applications of the geometric constraint
solution. As the size and mass of the payloa 10%
changes, the loviidelity algorithm scales the
lande appropriately. To track these changes

two trends were modeled in Big21 and 22

Change in Structural Mass

Constant Payload Density and Constar

Payload Size. Constant Payload Density tracl 50%

the change of the lander's structural mass as t -100% -50% 0% 0% 100%

size and mass of the payload module scale Percent change of Payload Mass

. . . Constant Payload Density ——-- Constant Payload Size
and down, while the size to mass ratiotlud

I remain nstant. This trend lin . .
payload remains constant s trend line Figure 21 Venera class lander scalability
captures the scalability of the lander. The
second trend line, titled Constant Payload Size, retains a constant payload module radius while increasing

the amount of payload mass inside the pressure vessel.

60% . . . . . . . As the mass of the payload is

increased, the amount of structural
50% |
support to safely bring it to the surface

40% will also need to increase. This

relationship can be seen in Figs. 21

w

I~

S~
|

and 22. For a constant payload density,
it can be seen that this lander has a

Lander Efficiency

scalability of approximately 2:1. That is

0% . . . . . . . that if the payload is increased by 2% the
-100% -50% 0% 50% 100% structural mass of the lander will need to
Percent change of Payload Mass be increased by 1%. However, if the

payload can be addedthout changing

- Constant Payload Density ===:Constant Payload Size
@ Venera9and 10 ¢ Venera11-14 the size of the payload module the
_ o scalability jumps from 2:1 to over 10:1.
Figure 22 Venera class&ander dficiency
Venera Landers 134 managed to

utilize this high scalability ratio by attaching experimental equipment to the outside of the lander. Without
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making any major clres to the lander design, an additional R@f payload comprised of additional

batteries and experiments was added to the Venetd Ighders, bring the total mass to k§J103].

The ratio of the lander's payload mass compared to the total mass of the lander can be thought of
as the efficiency of that lander's design. As the amount of payload iretéasefficiency of the lander
also increases. This means that this design scales up well but is less effective for smaller amounts of
payloads. As seen in Fig2, the Venera 9 lander had a lander efficiency of approximately 40%. That is,
that the mass of the payload made up approximately 40% of the total mass of the lander. By adding an
additional 10kg of payload to the Venera 9 lander, the {beelity model predicted the total mass of the
latter Venera landers as 7kg which corresponds to the reportedues with an error of only 1.6%

compared to the actual mass of the Venera 13 and 14.

MassSensitivityAnalysis

The mass sensitivitgnalysis was used to reveal the most crucial components of this design. Five
of the eight input parameters dealiwgh the structural design of the lander were varied to see the effect
on the lander as a whole. The remaining three parameters are distusise next section. The same
preliminay baseline design used in the scalabikgtt was used for threasssensitivitystudy. Each of the
parameters were individually varied from 10% to 250% of the baseline and the resulting change in the
overall mas®f the lander was recorded. For example, a 50% change of most design parametens result
less than a 5% change in the overall mass of the lander, that 5% change correspokdsWh88 this
value is within the range of uncertainty of the mass apmation, however it is noteworthy and the overall

trend will be helpful in selecting an optimibaseline design for future missions.

This analysis is highly nonlinear and many variablesramdependent on the others. Therefore,
as each component isaded up and down, the other dependent components will also change in size. For
example, if the payload height is increased, the landers stroke will also increase, thus decreasing the radius
of each leg and changing the mass of the legs. Because thespeddghly coupled it is possible that

scaling one parameter could affect the mass of every other component.
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Figure 23 Mass sensitivity analysis

As seen in Fig23, the effect the radius of tlieagplate has on the mass of the lander was given a
range of expected values. As mentioned previously, the Venera lander had an experimentally found
coefficientof drag of at least 0.BL00]. Any changes to the geometry of the lander will resulh 6
change. The range presented in Rgshows the upper and lower bounds of the vehigles shaded
green. The nominaksultshown by a dashed line was found by varyingdefined by Eq(1). The effect
thedragplateradiushas on the lander reveals that there is an optimal vebrea snall or absentrag
plates, the landeis mass increases to compensate for a higher terminal velocity. This mass increase is a
compounding effect as the added mass will additionally increase the landers terminal Velegitssible
to nullify this compunding effectas was done by Hall et §8], by riding the parachute all the way to
the surfacebut this aproach was not ilized in thebaselinedesign On the contraryas the plate radius
was increased the terminal velocity monotonically decreased. Hovatweme point the mass saved by
decreasing the landers speed is overcome by the mass used to extizadplate.Matching the optimal

plate radius, was found to be one of the primary design drivers for the Venera Class lander design.
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The height the payload is above the impact ring has the least effect on the landers mass of any of
the other design parameter. Howevkthe heightis too small the lander's mass increases asymptotically
because the stroke of legs is decreased, resulting in significantly bulkier legs and a sharp increase in max
g-load. After a 10% decrease in height the landelted exceeded the mission requirement of @§0and
this is highlighted with a dasheddline in Fig.23. While this parameter does not sigoéntly affect the
mass of most designs, it does have a significant
modul eds | ocat icnterdq gravity€Q) of theevehicle, a higher pall@ad module, though

a little lighter,willi ncr ease the | anderés chance of tipping o0\

Also not that this trend is only applicable fdesigns withactuating legsFor designs where the
impact ring absorbs all of the kinetic energy on impact, the treedéssed; increasing payload height will
increase mass. In designs like this, the payload module should be as low as it can be while still leaving
clearance beneath the payload module to avoid coming into contact with rocks and protrusions that are

small emough to fit inside the impact ring.

The impact ring's radius, width, and aspect ratio contribute to how much metallic foam is used on
the lander. Each of these parameters have a distinct minimum value as they are increased. These minimums
reveal a fundaental characteristic of all Venera Class landers. Each of these minimums occur when the
impact ring has enough energy absorbing material to fully absorb the landers kinetic energy with no
additional support from the legs. At this point, the mass of theymamb in the legs is reduced to zero and
the legs no longer actuates. As a result, the lander will experience a significant incigebmdibut the
expected values will remain well under the mission requirements. This means that while the legsieffer so
practical benefits, like avoiding payload penetration by keep the pressure vessel away from the ground,
they do not efficiently assist in the crashworthiness of the lander. As discussed previouslikatyiglzat
the original Venera design also didt have any internal energy absorbers althdhgte is some level of

debate on that point

Based on this study, increasing the amount of energy absorbing matehialimpact ring, has
shown to affecthe landed mass almost asignificantly as thelragplate. For this reasont was decided
that the new baseline will not house any internal energy absorbers in the legs. Thus a simple solid beam can
be used as the design of the legs. Additionally, the size of leg joints cadumed now that the legs are

no longer actuating. Overall this change simplifies the design and reduces the total lander mass.

Leg Configuration Analysis
The leg configuration analysis systematically changes both the number of legs and their

configuration The various leg configuratisrihat were tried can be seen in Fagdl. The top view of a
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Airadi al | eg0 6 egsfisiilpstratedb Fig 84. avi t Mhe top view of
configuration withl12legs is illustrated in Fikd. b. And t he top view olB8 a ft
legs was illustrated in Fig@4.c.

Radial Leg Oblique Leg

() (b)

Figure 24 Various examples oflegconfiguration for Venera Class landers

The leg configuration analysis reveals another significant method to reduce the total mass of the
lander. As mentioned previously, the original Venera design had 18 total legs inléigecoinfiguration.
As seen in Fig25, for the same number of legs there is no major change in the landers total mass for
different leg configurations. On the other hand, the total number of legs hawealh but notable

contribution on the landers total mass.
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Figure 25 Leg configuration analysis

The original design used as many legs as it did to add a level of reliability to the design. If one leg
was to fail the effect would nbe as devastating as if there were only 6 legs. However, this added robustness
comes ha smallcost. As the number of legs are drops, for example in thegtconfiguration from 18
legs to 9 legs, the total mass savinggenapproximately 2kg. Of these 20 kg more than 1%g were
contributed to the removal of the hinges and extra fixtures attached to the legs and not the legs themselves.
This explains why the effect seen by changing the number of legs so closely matches the Constant Payload
Module Sizetrend seen in FigR5; most of the leg's mass is just added mass. This conclusion combined
with results from the mass sensitivity analysis retieat the leg arene ofthe componestwith the largest

potential for mass savings.

Comparisons to Published Concepts

To show thecapabilitiesof the lowfidelity model the Venera Clagmselindander, VITaL, from
the Venus FdgshipMissionLander{88] was duplicated and the results fromgle@metric constraimhodel
were compared with published resy8]. The expected entry loads for the original mission wasg200s
more than double the expected landing loads. Smith et al. showed that entry vehicles with high ballist
coefficient, such as ADEP[B], can be used to reduce the entry loads to the same order of magnitude as
the landing loads. For the VITaL missiomith et al. expected a mass savings 62%@6. Because the low

fidelity model predicts designs based on landing loads, the results will match results published for the
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ADEPT-VITaL mission. However, the original design can be estimated by adding a 20%marg#s to
each of the parameters.

Two components in the lofidelity model required small modifications to accurately model the
ADEPT-VITaL lander: the configuration of the legs and tiragplate. The VITaL lander utilized an
oblique leg configuratiomvith 6 leg going to an outer ring and 6 additional legs going to a smaller inner
ring. The inner ring is used to transfer load on entry through a snubber to the frame of the aeroshell. It also
protects from large rocks that may fit inside the radius ofollter ring. As this inner and outer leg
configuration was not studied in the Ididelity model, the mass of an oblique legnfigurationwas
doubled to capture the additional 6 legs. @nagplate of the ADEPIVITaL lander, unlike the baseline
model which is a single solid plate, has holes around the circumference of the plate and has 24 support
plates above thdragplate. These holes reduce drag area and thus the effective radiusddgpkate
from 1.250I to approximately 1.088 Based on the size of each suppbate it was estimated that each
of the support plate weighed 0.R§ The mass of thdragplate used in this calculation took into account
the support plates and the holeseTémainingparametersvereconverted from data providdy Gilmore

et al.are shownn Table2.
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Table 2 Design parameters for the VITaL kander [20]

ADEPT-VITaL Units
Parachute Capsule 35 (k)
Plate Radius 1.25 (m)
Plate Thickness 0.0025 (m)
Plate Angle 0 (deg.)
Plate Attachment Point 0% -
Payload Module Mass 150 (ka)
Payload Module Radius 0.5 (m)
Payload Module Height 0.895 (m)
Pressure Vessel FS 2.0 -
Leg Inner Radius 0.0 (m)
Leg Casing Thickness 0.005 (m)
Leg Attachment Point 10% -
Impact Ring Radius 1.25 (m)
Impact Ring Width 0.16 (m)
Impact Ring Thickness 0.177 (m)
Support Ring Thickness 0.085 (m)
Metallic Foam Strength 0.65 (MPa)
Total Number of Legs 12 -
Configuration Oblique Leg (Inner & Outer. -
Mass Margin 20% -
Coefficient of Drag 0.85 -
Total Mass (w/o margin) 811 (kg)
Total Mass (w/ margin) 974 (kg)

The unlike the new baseline Venera Class lander, the VITaL concept was designed to land in the
Tessera regions of Venus. The Tessera regions are areas of high scientific interest and characterized by high
slopes. Due to the uncertainty in the terrain, psagl VITalL design was reinforced to handle landings on
boulders as large as In8and provides stability for slopes up to @8r this to be achievealvery low CG
was required. Thuhe solid support ring in landing gear was thickened to 8 cm thickpfdwides a good

foundation for landing on uneven surfaces.
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Given the input parametens Table2, the lowfidelity code was able to predict the total mass of
each component, the terminal velocity of the vehicle, and the impact overloads on the payload. A
comparison between the reportadlahe predicated values are presente@iaible 3 for both the VITalL

lander and the ADERVITaL lander. Both lowfidelity models yielded percent erragmaller than 5% for

most reported values and no values had an error larger than 10%. These levels of error are acceptable as

the model has been designed to predict values for various Venera Class lander designs; higher fidelity

results can be achieved bystomizing the lowidelity model to the specific lander design. Notice that the

Payload Module does not contain the mass of the pressure vessel. Both Gilmore et al. and Smith et al.

included the mass of pressure vessel in the Structure section. Ehtegathmass of the payload module is

approximately 26®&g.

Table 3 Comparison from published results[4,20]

ADEPT- Low-Fidelity Low-Fidelity

Error | VITaL Error
VITaL Model Model

Payload Modul&* (kg) 149.2 149.2 0.00%| 174.0 179.0 2.90%
Structure(kg) 212.3 212.8 0.24%| 283.0 255.4 9.77%
LandingSystem(kg) 452.3 482.3 6.63%| 603.0 578.8 4.02%
Total (kg) 813.8 844.3 3.75% | 1060.0 1013.2 4.42%
Terminal Velocity(m/9 | Not Reported 8.36 N/A 9.00 9.16 1.78%
G-Loading(g § s Not Reported 97.9 N/A 83 81.5 1.81%

** Note: The payload module mass is comprised of scientific experiments, communications, TP
power. Unlike other locations in this dissertation, the mass of the pressure vessel is not include

Selection of a New Baselineesign for Venera Claskanders

Based on these results, the new baseline model for Venera Class landers was chosen. The new

design opti

wide based and a very low center of gravity. This design was very robust but in order to produce a more
mass efficient lander was designed to land on level surfaces. The preliminary design was afieddhed

original Venera landers. This design distributed the impact absorbing material between the legs and the
impact ring. The new baseline Venera Class lander design was developed by minimizing the mass of the
lander subject to geometric constraiofsvVenera Class landers and a minimum torus radius. The design
variables for the preliminary model and the new baseline model are giVabled. The values that were

bolded are the design variables, all other parameters remained fixed for this analysis.

mi zes

t he

| ander 6s

c o0 kppThen\dTalt desighveas e d
constrained by its landing conditions. In order fog tander to handle slopes of 60°, it has to maintain a
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While the design iTable4 is a local minimnum and does not likely represents the global minimum
mass of a Venera Class lander with a R§payload module, it does reflect many of the same features that
have been discussed previously. The changes are reduction in the payload height, increaasspacth
ratio of the impact ring, and using minimum number of legs (the normal leg configuration was not permitted
for this analysis). The two key design features that are shown iBFdge that the largedragplate radius
is not the optimal radius and the most mass efficient designs isolate the energy absorbers in the impact ring.

Both of these features are also seen in the optimizatioamegsinT able4.

Table 4 Comparison betweenthe Preliminary Designand the New Baselinedesigrs

Preliminary PercenDifference New
Design Baseline

Parachute Capsu(&g) 35 - 35
Plate Radius(m) 1.075 4.65% L} 1.025
Plate Thicknesém) 0.0025 - 0.0025
Plate Angle(degree} 15 100% 0
Plate Attachment Point 80% 22.1% Q 66.3%
Payload Module Masigg) 150 - 150
Payload Module Radiusn) 0.5 - 0.5
Payload Module Height(m) 0.650 7.7% UV 0.600
Pressure Vessel FS 2.0 - 2.0
Leg Casing Thicknegn) 0.005 - 0.005
Leg Attachment Point 27.5% 152.7% f 69.5%
Impact Ring Radius (m) 0.9 33.3% 0.60
Impact Ring Width (m) 0.25 26.4% 0.184
Impact Ring Thickness(m) 0.01 430.0% 0.057
Support Ring Thicknedqsn) 0.015 - 0.015
Metallic Foam StrengtfMPa) 0.65 - 0.65
Total Number of Legs 18 66.6% ) 6
Configuration Tri Leg Oblique Leg
Terminal Velocity 7.49m/s 5.07%4p 7.87m/s
G-Loading 28.17g 6 ¢ 225.7%4 91.74g 6 s
Leg Inner Radius 0.022m 0.0m
Total Mass 660.0kg 25.0%& 495.5kg

The new baseline design will servéencimark to compare alternative designs against. The
TANDEM vehicle that was developed in this waslcompared to this baseline as well as the ADEPT

VITaL mission to show its merit.
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Chapter 3

The Tension Adjustable Network for Deploy Entry
Membrane (TANDEM) Concept

TANDEM is a hybrid of two innovative concepts under active research at NASA: tensegrity robotics
and mechanically deployable serigjid heat shields. TANDEM uses similarfundamental concept as
ADEPTbutr epl aces t he vehi ctnmsdyrityactuatiorvenThib pravites thecsamer e wi t

benefits athe ADEPT conceptwhile seamlessly integrating the multifunctional tensegrity infrastructure.

Coupling tensegrity and ADEPT into a single design has significantly more advantages than either
concept haseparately. Tensegrity actuated deployable heat sh&It3] have been proposed befpes
have tensegrity lander/rovefkl]. However to date no one has presented a unified vehicle where one
underlining tensegrity structure is capable afidiang all of EDLL. The systemkevel design approach to
the EDLL sequence is what mak&@&NDEM unique. In most EDL(plus locomotion, if applicable)
concepts, each leg of the sequence is handled by a separate systemsthieltdpktys no role in landing
and the payload (i.e., the rover) is typically considered dead mass until it haly dantalgld on the surface.
In TANDEM, everything is connected to an actively controlled tensegrity frame so that the systems used
for landing and locomotion are also utilized in entry and descent. TANDEM brings a new level of

controllability to the EDLL segence without increasing mass.

Concept Overview

TANDEM6s | i ght weight and mul t i fwarrety of miesiorslandise si gn
a feasible option for many atmospheric celestial bodiés.mechanically deployable heat shield, high
payload to structural mass ratio, and ability to safely impact the surface at high velocity makes TANDEM
a great candidate for the next generation of robotic missions to Mars. Furthermore, its multifunctional
capbilities during descent and omnidirectional protection on impact will be invaluable for landed missions
to Titan or Venus where the thick atmosphere prevents the development of high resolution surface maps.
In view of TANDEMOGs wiwabealscipled éhatdn oeder ol providatinidepth s it

understanding of the concept, the breadth of the preliminary investigation shfadd$ed ormpplications
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for a single planetary system. To this galtiof the subsequent work will be presented in taework of
a conceptual rssion to the surface of Venughe EDLL sequence for this mission is summarized in Fig.
26.

T&s:oh Adjustable Novel D?p];yab?e Entry Mechanism

Figure 26 EDLL sequence for TANDEM mission to Venus

For launch and transit, the TANDEM vehicle will be stowed as shown in2FFidJpon arrival,
TANDEM will detach from the cruise gj@ and deploys its heat shiekbr simplicity,Fig. 27 visualizes
the tensegrity structure and payload module, butetitey membranand backshell are attached to the
tensegrity structure for deployment as showRi 26.

!;w‘"‘ i‘i

Figure 27 Tensegrity dructure changing configurations from stowed todeployed
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In addition to TANDEM6s | ow ballistic coeffic
provide lift. Mars Science Lab (MSL) is an example of entry vehicles using a liféectory MSL
achieved lift by using a total of 30@ of ballast mass devices, ejecting the masses to shift the center of
gravity of the vehicle. Alternatively, TANDEM is abte achieve lift with little tono mass penalty. The
payload module is suspended by a number of cablesndegiy actuateThis enalds locomotion after
landing, butcanalsobe used to change the location of the payload module during entry, shifting the CG of
the entry vehicleWith an offset CG, the vehicle will create a positive L/D ratio. Additionally, the payload
can be shifted latally in order to direct the lift vector. To ensure stability, the payload module will need
to be kept | ow such that the veTheldtihgeeoty allGSthe s bel ¢
vehicle to decelerate in the upper atmosphere, maximikmgrhe spent on descent to collect more data
samples than it could on a ballistic entry.

After entry, the TANDEM vehicle will eject the heat shield. The separation of the heat shield and
TANDEM vehicle can be initiated by spring-loadedmechanism. As #heat shields ejected from
TANDEM, it will no longer be able to maintain its deployed radius and will naturally return to a near
stowed, low cross sectional area configuration. There wilttieechance of r&eonnectwith theheat shield
due to of thalifference in ballistic coefficients (mass to diagaratio) of the heat shield and the descent
stage of the TANDEM vehicle.

The descent stage may be equipped with parachutes to aid with the heat shield separation, but due
to Venuss high density atmgshere, parachutes are not required to reach a safe landing velocity.
Alternatively, the backshell can be used as a flexible drag device. Because the vehicle begins to heat up
during the descent through the Venusian tiense atmosphere, it can be advasnag to descend quickly
to the surface to maximize the time spent thvenide still arriving at a safe velocityrhis was to a degree,
achieved previously in the Venera campaign by using a reefing cord to constrict part of the parachute. As
the vehicle aproached the surface, the atmospheric temperature increased, melting the reefing cord and
allowing the parachute to fully op¢b04]. TANDEM is able to add to this concept by actively controlling
its drag arealtilizing the tension network, TANDEM can open and close its flexible backshell to control
its rate of descent his enables a balance betwebha heed for a quick desceartd he needof detailed
explorationin various areas in tremosphere that are of scientific inter@ste Venus Exploration Analysis
Group (VEXAG) has listed the atmospheric formation of Venus as the first goal for Venus exploration
[105]. Unlocking the mysteries of the Venusian atmosphere will require a detailed investigation at key
altitudes.A regulated descent can be used maxi mi ze t he vehi diriegdh®e sci en
desceniphasewithout excessively compromising its mission time on the surfdased on a 10.Bm/s

entry with a low EFPA and without the use of a parachute, it was found that the incorpottieflexible
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backshelinto an EDLL profile will create a range déscent timefom as low as 25 minutes to as long as

2 hours Figure28 showsthefull rangeof descent trajectories that can be explored with TANDEM
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Figure 28 Range of descentrajectories with the active control of the flexible drag-plate

When the vehicle is nearing its desired landing site, the flexible backshell can be adjusted to achieve
pinpoint landing. The use of the backshell is analogous to how a parachutist can navigate to a specific
landing site by pulling on cables to change shape of the parachute. In the same way, controlling the
shape of the flexible backshell can also be used as a simple form of hazard avoidance that can open up

higher risk landing regions.

Once the vehicle is in the desired landing zone, the backshdibaateasedllowing the rover to
free fall to the surface. Depending on the ballistic coefficient for the specific mission, the terminal velocity
for Venus applications could range from 153@m/s Due to the large shock dissipating capability of
tensegrity structures, TANDEM can be designed such that the landing overloads on the payload will be
approximately the sange 6egperience on entriHowever, the entry loads endure ogenuch largetime-
scale compared to the impulsitading loadsThis sugest thathe onboard equipment will likely be able

to handle a larger peak loading on impietn thoseexperiencd on entry.

Like most spherical tensegrity concepts, TANDEM inherently provides omnidirectional protection
on impact. Even if it impacts om large boulder or a very uneven and sloped sigfa@eNDEM will
survive with no complications. Omnidirectional impact protection opens up a hdahding sites,
including V e n u seéssra régionswhich are too hazardous or too steep for traditionaldéas.
Additionally, due to the unique shape altering capability of the TANDEM lander, the outer circumference
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of the vehicle carbe actively adjusted while the payload module position can be altered to provide the
optimal landing configuration for variodanding scenarios. With its shock dissipating capability and

omnidirectional protection, TANDEM provides a high level of reliability and safety to the mission.

As soon as the vehicle lands, it can begin traversing the surface. The tensegrity frameviaek prov
TANDEM with a more organic method of locomotiavhen compared to traditionatheeled roves.
Tensegrity landers have a more diverse range of mobility, including rolling, sliding, bouncing, walking,
and jumpingthat cannot be safely performed by alitianal rover. These new modes of locomotion open
up highrisk terrairs for future missions. Additionally, previous missions have shown ithatobility
presents i additionalrisk to the missionAs an example,hie Venera 14 lander detached one of its len
caps directly under where the soil densitometer was designed to sample, thus significantly interfering with
the experimeny106]. With TANDEM, these unexpected interferences can be avoidédle the
investigation ofvariousmodes of transportation are outside the scope of this preliminary investigation, a
proof of concept locomotion demonstration is provide@hapter Gs well as an investigation of advadce
gait development strategies for tensegrity strusture

Extreme Environment ComponentDesign
The TANDEM vehicle can be broken into four basic components: Therggichheat shield, the
flexible backshell, the tensegrity structure, and the payload mdcheeollowing section providea brief
overview of these components. Many of the details mentioned in this section are mission dependent and
can be altered based on the requirements and destination of each mission. A fuller discussion of the design

process used for the conceptual nuagieveloped in this studydiscussed ilChapter 7

The semirigid heat shield, when fully depfed, is a 4.5ndiameter sphereone with a 70° degree
cone angle. The nose of the shield is rigid and can be covered with a conventiowdilERIS deplgable
components utilize a 3D woven carbon fabric. The carbon fabric has been arcjet tested based on the mission
requirements of the ADERVITaL mission[37] up to 250W/cn®. The backshell is not exposed to the same
aerodynamic anderothermodynamic loads as the heat shield Inodytstill necessary to protect the aft of
the vehicle during entnAs a result, there is a wider range of appropriate materials for its use. The nominal

selection of backshell material for this analysik be carbon fabric.

The tensegrity structurigself is comprised of 18 hollow titanium compression members and 78
individual titanium cables that comprise the tension network. Each rod in the structure haslaighultra
temperatur@nd pressure mot¢t07] at either endvhich is used to spool in lengths of cable to control the
configuration of the structure. In the center of the tensegrity structure is the payload module, an insulated

pressure vessel used to protect the scientific equipmanttfre harsh environment. All of TANDEM's
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scientific equipment, control systems, and communications are housed inside of the payload module. This
enables the uses of standard electiiticoperation at Venus surface conditions (VSC). However, it also
limits the lifespan of a mission. Because the payload houses so many mission critical systems, an ongoing
work aims at increasing the operating temperature for several of the internalnesmtsod®y reducing the

number of components in the pressure vessel, the overall mass will significantly drop.

The implementation of an external pressure vessel as the central payload module was first utilized
by the Soviet Union for the Venera missig@g] and is now common farew mission concep{0,88
90]. However, housing these critical components inside of an external pressure vessel can be risky during
landing or locomotionin case the vessel strikes the ground. Additionally, in environments akin to VSC,
this practice presents further rislo the mission by limiting the mission lifetime to the time required for
the payload to reach its maximum operating temperature. In¢baedéions, the payload must endure not

only the thermal wste of its internal electronidsuit also the extreme external temperatures.

As can be seen in E(R), the thickness of the payload module is proportional to its radius., Thus
as the payload module increase in sike mass of the pressure vessel increases cubically. Although it is
largely unavoidable, theurrent practice of utilizing an insulated presstgssel both limits the amount of
equipment and increases the total system m&sy. devel oping T A NaBDdE MO s
electromechanicalomponent$o operate in extreme environments, some of the internal components could
be moved outside of the payload module. This woethlice theéhermal load and theequired size of the
payload moduléor aTANDEM concept, thereby reducing madispersinghe locatonsof mission critical

componentsand extenihg mission life by decelerating the accumulation of thermal waste.

The current design of TANDEM utilizes standard célenics with a maximum operag
temperature of 3&. The TPSwvas designed keep the paylaaddule under that threshold for 3 hours after
entry[20]. An ongoing investigation looks at the incorporatiorhigh-temperatureslectronics taenable
the removal of components from the payload module. The rest of this section explore various components
that can be designed to survive at VSC. The electronics of components theg camoved from the
payload nedulecanbe fabricated using SiC e electronic$108], while components thamhust remain
inside the payload modulean be designed toperate at elevated temperatubgsthe incorporation of
silicon oninsulator (SOlelectronic§109]. These are discussed in order of current4éghperature TRL
and benefits for removéitom the payload module: mowibatteries, scientific instruments, data storage

and control system
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Motors and Batteries
While an undeiactuated TANDEM vehicle could be controlled from within the payload module,
the batteries and motors produce significantly more thermal waste than any of the other components,
limiting the mission life from thermal waste. Additionally, ciegta seal that allows the cable to be drawn
through the wall of the pressure vessel presents a substantial design problem, especially at VSC. Therefore,

batteries and motors are the most important components to devellptamperatureounterpart for.

Fortunately, the required components currently exist at high levels of technology readiness.
Honeybee Robotics has developed various stepper and brushless DC motors for extreme environments
[107]. These motors have been tested over a largeerampe range (2060C), so they are a feasible
selection for TANDEM, which requires operation above the entry interface as well as on the surface. The

required electronic motor controller will be addresselbw undethe Data Storagkeeading

Batteriesprovide a more significant challenge. Landis provides a detailed overview of high
temperature battery systems that already ¢xid]. The limiting factor withcurrent technologies is that
they require elevated temperatures before they become operational. Satfiumbateries, for example,
only operate above the melting point of sulfur, Z2Q£10]. This meanthat the power system would not

start operating until after the vehicle descends below an altituatdeds65 km

Three potential solutiorts provide an adequate power souace discussednd compared-urther
investigation of these options will be addressed in fuluoek. The first solution is to simply keep all of
the batteries inside the payload module. This solution will act as the baseline case since it does not require
any technology development. Keeping the batteries inside the payload is not preferred, as it results in a
higher overall vehicle mass and increased thermal accumulation rate. Additionally, this method requires
electrical leads to bembeddednto each terien cable in order to transmit the power to each externally

mounted motor.

The next alternative solution separates the power system required for the heat shield deployment
from the additional system used for surface locomotion. This strategy may biypadiaired, due to the
dichotomy of required torque for locomotion versus deployment. Because deployment of the heat shield
also requires the entry membrane to be pretensionedhighéemperaturemotors may not be able to
provide enough torque to deplthe heat shield. To resolve this, an additional matat springoaded
systemhas been included in the design of the aeroshell that has the sole purpose of assisting the
pretensioning of the aeroshell. The proposed solution will allow the tensegritysmiotremain inactive
and only utilize the aeroshell motor to transition from the stowed configuration to the deployed

configuration. This method is still suboptimal s i t doesnoét take advantage
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vehicle; the multifunctional iinastructure will be inactive during entry and initial stages of destteist.
possible to harness theat generated from entry to active the motor in the upper atmosphere. However, it
is not immediately clear how &fficiently transfer the heat to ewemotor in the tensegrity structuréet,

this solution will successfully remove the motors and batteries from the payload module, thus extending

the mission timeline and potentially reducing the total mass of the system.

Finally, it may be possible to hetihe battery before deployment. This is a common practice for
thermal batteries, which have operational temperatures corresponding td1¥&IC While thermal
batteries will not be used in this mission due to their short service time, similar pyrotechnics may be used
to initially heat up the batteries for operation during deployment and descent, and then the high atmospheric
temperatures will keep the batteries at operating temperatures for locomotion. This solution provides the

best characteristics but requires further stigation to confirm its feasibility.

Scientific Instruments

The most sensitiveomponents in the payload module are the scientific instruments. Although
many of the instmnent suiteproposedor Venus hnders are not designed to operate at VSC, NASArGle
has developed a number of sensors and instruments thfanati®nal at such conditions. Some of the
developedightemperatursensorsriclude pressure and temperatseasors, electricase sensor@hich
can be doped tbe sensitive to various cheral compounds),tsin sensorswhich could be used for
feedback control of the vehigleas well as Microscale Particulate Classifiers (MiPAC)1]. Such
instruments will be useful for characterizing the environment around the lasitngndcanbe used to
answer the DecadauS vey 6s questions about Venus. Further i

components that can leeposed to the VS€r scientific exploration of Venus.

Data Storage, Avionic, and Control Systems
Due toa largenumber of degrees of freedom@B), the control systems required for tensegrity
robotics are highly complex. Despite this, Mirletz et [8/] have produced an effective strategy for
producing varios gaits, through the use of a Neural Network and machine learning algorithm. Although
the capability for control exists, the dattwrage required to hold an board library of various gait and
control strategies may surpass the current state of tfier &igh-temperaturéSiC componerst[108]. For
this reason, the dmoard computer required to make calculations for each scenario in real time will have to

remain inside the insulatgzhyload module.

Investigations will focus onSOI or similar matricesto improve the maximum operating
temperature of the computational and data storage syftem the standard limit of 6C to the military

gradeof 125°C or higherMany systems exist now that can achieved temperatures as high°@sir230
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some studies, with the near term developmentedian over 30TC. While this does not allow the vehicle
to remain operational indefinitely, it will significantly extend the mission lifetime compared to the baseline

design.

Less complicated systems, buaselectronic motor controllgy can be designed operate at VSC.
In fact, he electronic controller has already been developed fdidheybeanotorand is included in the
design of each tensegrity striét required technology needed to tevelomd isaradio frequencyRF)
transmitter/receiver cape of operatingat VSC. Theshort rangeRF transmitter and receiver will enable
wireless communication from the -tmoard omputer to the motor controllesimplifying the mechanical

design of the vehicle by removing the wiring required to control eacbrmot

Current highrtemperatureRF circuitsusing offtheshelf Gallium Nitride (GaN) high electron
mobility transistors (HEMTS|112i 115]are under developmerithis systemsvereintendedfor downhole
communications for oil and gas exploratidmowever this technology can be leveraged for extreme
environment exploratiorexisting RF systems for downhole communications can operate aatié§&t°’C
with maximum data rate of about 4 Mdl46]. Alternatively, it is believed thahe developmentfa high-
temperaturdkF systenctapable obperating at 500°Ccan be developed by leveragigifC or SOICMOS
(ComplementaryMetal Oxide Semiconductortechnology as theyhave shown to operatat high-
temperaturg [108]. However, SiC and SOI technologies cannot operate at high frequeneids low

unity-gain frequency

The design and development of these thighrtemperaturend pressure components are outside
the scope of thigork, but have been identified as required/desired technologies for this midibathe
development of these technologies will streamline the design, they are not mission critical and the proposed

concept can be designed to function without them.
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Chapterd
TANDEM Systens Analysis Tool

A systens analysis tool was developed to aid in the design of a mission utilizing the TANDEM
concept. This tool analyzes key parameters of the vehicle during its EDLL sequence. The analysis tool uses
a 3DOF flight mechanics code as its backbone with additionalubesdntegrated into it. Throughout the
various stages, a tensegrity form finding algorithm is used to solve for the static configuration of the vehicle.
During the entry stage, the tool investigates the aerodynamics and aerothermodynamics using gtk modifi
Newtonian method and surrogate convection and radiation models. Because all of these are low
computationakxpense methods, a large number of different entry and descent sequences can be analyzed
rapidly. Landing and locomotion were analyzed by intéggabutside codeito the analysis tool. L-S
Dynads expl i ci twasusadifdr immpaet kirauhatonst andthe INXSA Mensegrity Robotics
Toolbox (NTRT) was implemented for locomotion analysis and control. An overview ofystens
andysis tod is provided in Fig29 while additional information on each of the modules is provided in the

following sections.
. Material Entry | I
/ Vehicle // Properties // Planet // Parameters / 1 |
| |
\ / I Function Start / |
Y 1 Stop |
e e '

Form- | Modal | Launch
Finding Analysis Loads

Trajectory
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. Current Simulation
Newtonians Drop Heat Shield Drop Heat Shield T

State

(first time only) (first time only)
Aerothermo- Locomotion
dynamics

— Current Current
/ Heat Loads / Heat Fluxes / State State m

Figure 29 TANDEM systems andysis tool flowchart
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Trajectory Functions
A 3-DOF trajectory flight mechanics code (FMC) was developed to calculate the trajectories used
in this dissertation The FMC used the Rung@ttamet hod wi th a 5th order acc
ODEA45 functio{117] to integrate the system of ordinary differential equations (OB&&) in Eq(7)

Qw O ., ... .Q% 0 I € T
Qi Y |, ., QY e 0
Qo Yy LW 0o @' ®

where V is t he %isthdfiight bathtasgle velatlveticeilocay horizons the downrange
distance or the tangential position paigd on the surface of the playi#t is the radial positioriY is the

radius of the planet, L is the lift force, D is the drag fornés the mass of the vehiclg,is the altitude
varying gravitational acceleratioandt is time.Together, thesequations define a state vector consisting

of the position, velocity, and orientation of the vehicle throughout its entry and descent through the

atmosphere.

The aerodynamic loads and aerothermodynamics are determined fretatgharameters defined
after each time step of the Run#@itta integration.The aerodynamic loads are estimated using the
modified Newtonian method, which uses the Mach number, atmospheric specific heat ratio, and the vehicle
geometry to estimatthe pressure, lift, and drampeffidents During the hypervelocity entry phase, the
coefficients are updated at each time step. The modified Newtonian method approximates the flow over the
vehicle as a purely inviscid stream of particles. This assumption reduces the calculation of {maagcod
loads to a simple algebraic equation. This method has been shown to provide accurate approximations for
hypersonic and supersonic spegtiE8]. A complete derivation of Eq8) c an be found i n An
textbook[119].

6 0 OEL (8)
INEq.8)0 i s the coefficient of pr esosurisshe@a atthe poi nt on

stagnation poinand—is angle between surface normal and freestrddracoefficientof pressure at the
stagnation point can be derived as a function of Mach number and speditoétiaiert from the

Rayleigh Pitot relation. This is showmEq.(9)

. C O 1+1 1 17+pR0 9
° o 40 211y r+1 P ®
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whereM is the current Mach number and the specific heat fat#1286 for Venus atmospherd20].
With the G of the current time step known, the pressure and aerodynamic load on the vehicle camlbe solve
at anypoint in the exposed flow field using E¢L0)
N gé " (10
wheren is theaerodynamigressurer) is the freestream pressure which is negligible in most cases,
is the freestream density, atd is the freestream velocityhe dragD and lift L are simply the normal and
tangential components of thatal aerodynamic load, respectivelsrom that, the €and G of the current
time stg can be calculated using E¢kl) and(12). The updated lift and drag coefficients are then applied

to the trajectory equationkg. (7), for each time step.

. O
6 N o (11
0
N o (12

Thefreestreanvelocity, @ , is a state variab)éhesurface area is a function of geomeamgd the
atmospheric density ,isfound as a function of altitud€he amospheriadata reportetdy Pioneer Venus
[121] are seen inTable5 are used for these calculatiom$owever, this tool has been programed with
alternative planetary pperties and atmospheric model which will enable it to work for any other planet as
well. The additionabaseline atmospheric models for the other planets was provided by JusBraamd
[120].
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Table 5 Atmospheric density as a function of Hitude

atiude  “ iy Souna, | Attude "Gt Lo,

(kg/m) (m/9 (kg/m) (m/9
0 65.60 596 100 6.95¢10° 214
5 49.80 581 105 1.9%10° 217
10 47.30 565 110 5.5810° 220
15 27.90 544 115 1.6710° 223
20 20.30 523 120 5.2x107 226
25 14.40 501 125 1.67107 229
30 9.89 479 130 5.510% 232
35 6.34 466 135 1.8810°8 234
40 3.96 452 140 6.6x10° 237
45 2.46 430 145 2.3x10° 247
50 1.46 407 150 8.74x101° 256
55 0.868 362 155 3.61x101° 264
60 0.381 354 160 1.57%101° 272
65 0.161 345 165 7.38101! 275
70 6.53%10? 243 170 3.5%10" 278
75 2.75x10 234 175 1.9%10 282
80 9.8(x103 225 180 9.3%10"? 285
85 3.04x106° 216 185 5.010"? 289
90 8.6x10* 216 190 2.64x1012 293
95 2.4510% 215 195 1.24x1012 296
100 6.95¢10° 214 200 5.85¢1013 300

Aerothermodynamics
The aerothermodynamics are a nontrivial value to calculate, $ausgate equations are used to
estimate the convective and radiative heat flux experienced by the vehicle during atmospheric entry. These
equations provide the stagnatipaint heat fluxes for an axisymmetric blunt body in arbitrary gases at
chemical eqilibrium. The surrogate equations are tuned to match empirical data or values predicted by
higher fidelity models, as functions of only the vehicle's velocity, nosasaaind the atmospheric density

as seen in Eq13)
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0 Ovo”'Y (13

whereY is the nose radius of the vehicldhe constants K, a, b, and c are selected to match different entry
conditions and vehicle parameteMultiple surrogate equati@monstants, shown ifiable6 for convection
heating andrable 7 for radiation heating, were reviewed for this step of the analysis to ensure that the

results were reasonable and conservative.

Table 6 Convective heating surrogate equationanstants

Author K a b c
Sutton and Gravdd22] 1.896¢10* 3 0.5 -0.5
Scott et al[123] 1.1547%10* 3.05 0.5 -0.5
Tauber, Bowles, and Yarig24] 1.35x10° 3.04 0.5 -0.5

Table 7 Radiation heating surrogate equation constants

Author Range K a b c
Park and Ahn**
All 2.787x10°' 19 1.05 0.2
[125]
_ p QN « p TQGA 3.07%10% 13.4 1.2 0.49
Craig and Lyne o , o
[126] p QN w  YQufi 1.2%10* 5.5 1.2 0.49
@  WQan 3.3%10%° 10 1.2 0.49
Tauber, Palmer, p CQENM  ® p QT 8.49%10°3 18 1.2 0.49
and Prabh(127] @ p TGN 2.195x10* 7.9 1.2 0.49

*NOTE: For simplicity henormalizedpyrolysisgas injection rate was assumed to bdBis will
provide the most conservative approximation

There was very little variation between the various convection models, however, Sutton and
Graveds model was selecteSwutftm tamea dGormrwestdiso modeal
capability to be uskfor various atmospheric bogig22]. The constant K in their model was derived from
the constituents of the atmosphere and is predefined for various atmospheric bodies in the solar system.
The ability to develop a new heating constant for an arbitrary gas will be utilized further inviatte
which will analyze the merit of TANDEM oather planetary bodies. Meanwhile, the radiation calculation
constants were selected to be the Tauber, Palmer, and Prabhu model because its assumptions match better
than the Craig and Lyne model, aihghrovided a more conservative heat load comparetddark and
Ahn model.Figure30 shows the convective and radiative heat fluxes astdognation point during entry

for a vehicle with a nose radius of 1.1®2%ntering at 10.8&m/s
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Figure 30 Comparison of various aerothermodynamic surrogate modelsfor (a) convective heat
flux and (b) radiative heat flux
After the vehicle has passedthreshold altitude or acceleration value is reached, the heat shield is
released. This transition is approximated by ‘ad@continuity in the trajectory calculations (i.e. a
di scontinuity in the derivat i ve ndballstichceeffiqgentaret i on f
changed as the heat shield is released. This reflects the descent stage of the EDL sequence where the vehicle
is decelerated by the flexible backshell or parachute. In this stage, the Newtonian method is no longer
applicable ad thus a user definedoGind G must be supplied. An additionaf @iscontinuity can be
included to capture the release of the backshell before landing in order to calculate the terminal velocity of
the vehicle.

With all of the different modules of the eyntanalysis developed, a parametric entry study was
performed to better understand how TANDEM operates on eemeral hundred trajectories were rapidly
solved for in order plot the relationship between ballistic coefficient and HFRBé&.e31 shows the results
of this study foran entry vehicle witla nose radius of 1.125 m enterithg Venusian atmosphere with a
variety masses (i.e. ballistic cdefents) and EFPA Contourlines for maximum deceleration, peak heat
flux, and total heat load are showks can be seen in the figure, the maximum entry loatth@wehicle is
almost higly dependent on the EFPA; the higher the angle, thhehithe aerothermodynamic and
atmospheridoads.The same trend with was described in Chapter 1 was also seen in this study. For a given
ballistic coefficient, increasing the EFR@& near the skijput range will decrease tipeak heat flux of the

vehiclebut will drastically increase the total heat load that must be withsta®deen by traveling from
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Figure 31 Ballistic coefficient parametric study as a function of entry flightpath angle

for ballistic entry . Velocity a entry is 108 km/s with a vehiclenose radius of 1.125 m

Stable Tensegrity Configuration Selection

When the vehicle reaches an altitude of zero, the flight mechanics code stops and the final velocity

of thevehicle is recorded for use in the landing simulation. The landing simulation utilizes an explicit finite

element code to simulate the vehicle impacting on a rigid surBesause the stiffness of a tensegrity

structure is closely dependent on its confagion, it is necessary to use a fefimding algorithm before

creating the finite element (FE) model to ensure that the structure is in a stable configuratistruttie

is not in an appropriate configuratidhe structure will beither beunableto hold a loadr will be too stiff

resulting in highg 6os the payload module
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Tensegrity Equilibrium Equations

In order to discuss the selection of an appropriate equilibrium configuration, it is necessary to
discuss the equilibrium equation tensgrity structuresFigure32 showsa simple 2D tensegrity structure.
The structure is in a state of pretension such that the'@aisd"(Qare subjected to a compressive load
and the tensiomembersCYQ N @nd are in tension. Note that membé&msend (Aretwo separate

it wor ce manadmdo aot isteyacdtirectly with eactother.
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Figure 32 Simplified 2-D tensegritymodelfor the equilibrium equation example

The equilibrium equations for poiftin the 2D system shown above are given in( ).

a . Y 4 (14)

where’O s the tensile or compressive force applied on by a meéhiggr  is the length of a member
¢ (30is an external force applied at ndfeith x and y components 8 and"O respectively, and
andw are the Cartesian locati ofthe nodes n of each membeiit is convenient to reduce the quantity

"O 7T&a intoasingleterm) , often referred to as the force density coefficient in tensegrity literature
[51,128 130] To further simplify this case, we will not consider any external load onto the structure. Thus

the equilibrium equations at poiitanbe simplifiedas seen in Eq15).
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By defining a connectivity matrix{], the equiibrium equations can be writtén matrix notation
for all of the nodes in a structure. Thenmectivity matrix has one row per member and one column per
node with entries of +1 for the initial nodé&,for theterminal node, and 0 if the node is not in the member.
In this example the connectivity matrix would be the 6x4 matiown in Eq(16)

"Q :Q ’;'Q ’?'Q

° P b T Ty,

~ IIT[ p p 1 o

Qum m p  pa O (16)
Tm p T Tt p

o'm op mo ph
qUYp m p nVU

Thus Eq(14) can be rewnrittenas seen in Eq17).
. 0 Q QW@
! 1

60 .+ oowa ° (17

whereA is the equilibrium equatioandt is avector ofnormalized forces, known as tension coefficients
It is also helpful to point out the termscand® care the projected lengths of each member in the x and y

direction respectively. Similarly, Eq14) can be factorized as seen in. Etf).
(18)
While Eq (14) related the force density to the member length,(E8) relates it to the location of each
node. Eq(18) can al® be written in matrix notation
O w w 0 QOO w (29

whereD is known as the Force Density MatrEquationg17) and(19) can be related to provide a gie
equation that relatetension coefficientslengthcoefficients,and nodal location. For a structure in three
dimension the equation can be writtersasen in Eq(20)
® 0 Q QWD
Ls 0k 6 QW@ o (20)
a 0 Q QW@
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where$ is the kronecker tensor product akds a 3x3 identity matrix. From this expression it can be seen
that for tensegrity structures the member lengthctimdiguration geometryand the member force ratios
are all inherently linked. Furthermore it will be shown that if one of these paraisdtrosv the remaining
two can bdound.

Form-Finding Algorithm

Formfinding algaithms can utilize a variety ohumerical methods to find a stable 3D
configuration for the tensegrity structure. Tiberthd Pel | egri nodés survey of wvar
a good overview of the most prominent fefimding algorithms[128]. According to that work,Here are
two basic classifications of forfimding algorithms: statical and kinematicThe latter method uses some
methal to derive the stricur e 6s geometry from the equilibrium e
removes fislacko from the structure. Pr a chtofitheal | y s
tension members, or conversely, maximizing the length of the compression members (in turn creating a
configuration where the cables are all in tension and the rods are in comprédsokinematic method
only requiresknowledge about how the stiture is build (i.ethe connectivity matrixand thedesired
normalizedlength for allof the tensileelementg(i.e. length coefficients)For a given structure, various
configuration can be solved for byqviding newlengthcoefficients.For this reaso the kinematic form
finding method was adopted for this wotthis benefitis specifically useful for active tensegrity structures,
where the length of variousnsile membersan be altered and is nagreadily available irstaticalform-

finding algorihms This will be discussed further in Chapger

For regular systems, whemauch of the structure is knovenpriori via symmetry, this method can
be performed analytically by optimizing a single variable. To demonstrate this considef#ne 6

icosahedron tensegrity structugieown in Fig33.

Figure 33 Icosahedrontensegritystructure comprised of 6rods and 24cables
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The icosahedrois very common in tensegrity reseaftt,131,132due to is near spherical shape
and low number of structural elements. It is made up of 3 orthogonal sets of parallel bars with 4 cables
connecting to edcend of every rod, as seen iig.RB3. By providing the constraint, that each rod must have
the length,ai, and each cable must have alength, t he structureds geometry
degee of freedom. By placing a coordinate system at the centroid and aligning the axes such that they are

parallel to one pair of rods, a single symmetric section can bezadalys shown ini§. 34.
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Figure 34 A single symmetric quadrant of the icosahedrontsucture

Here we can visualize the remaining unconstrained parameter as the normal spacing, s, between any two

rods. Thus the length of the cable betwBémndP2at point { it . and i ¢ H can be expressed

C
asseen in Eq(21)

a T o T i @ (21)

The minimum length therefore can be solve for by simply setting the derivativenith respect td to

zeroas shown in Eq22). Thus the remaining unknown degree of freedom is solved for i(2BY.

(0] Gi C
i A - n (22)

i Pa 23
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As expected, the equilibrium configuration of the icosahedron is when the space between any two
parallel bars is half of the length of a bargcor & 7¢. While this analytical solution is straightforward, it

was enabled by some limiting assumptions, elgrthat all rods and cables have a uniform length.

A more general approach of this method using nonlinear programing was proposed bynBellegri
[133]. Given the connectivity matrix of the structure and ldregth coefficientf the members inhe
tension network, the nodal coordinates of each member are sohaxtéoding tdEq. (24).
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For theTANDEM Systems anlgsis Tool thiswas s ol ved wusing Matl abds co
routine, fmincor{134]. To increase thefficiencyof the solveit is useful to restate the problem aswh
in EQ.(25). Note that the formulation in E(R5) is the forma presented by Pellegrifd33].
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The implementation of the forfinding algorithm in the ysstems angsis tool was lefparametric
to enable drastic design variatioR®r example, in the basic design of the TANDEM vehicle there are 6
rotationally symmetric sections. In thgssems angsis tool, this parameter can be altered with a single
variable. Thusmultiple TANDEM designs can be experimented with, without needing to design an entirely
new tensegrity structurd&igure 35 shows three examples of alternative TANDEM designs that reay b

used for other missions.
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Figure 35 Parametric design control of the gstems andysis tool

After theshape has been solved,ftre newly configured structure was scaled to the appropriate
size for the missionAfter this, the tension coefficients can Baundfor the determined configuratidsy
solving the system shown Ex. (26) for t, where Eq(26) is simply an expanded form of EgO).

0 QQudA0 @ 0 Q QW@
0 QQuA0 W 0 QQWed o (26)
6 Qoo ¢ 0 Q QW@

This methodology was used to find appropriate configurations for the vehicle at various point in
the EDLL sequenceélable8 reports the lengthand tensiorcoefficient of each tension member for four

vehicle configurations.

Table 8 Form-finding input p arametersof standard configurations

Length Coefficient of Each Tensie Member

, . Member Member Member Member Member Member Member Member Member
Configuration

1 2 3 4 5 6 7 8 9
Stowed 2.40 3.50 1.50 1.50 3.50 2.40 1.00 3.00 1.00
Deployed 2.85 1.00 1.00 1.00 1.00 4.00 1.00 3.00 1.00
Descent 4.00 1.00 1.00 1.00 1.00 2.85 1.00 3.00 1.00
Landing 1.50 1.00 1.00 1.00 1.00 1.50 1.00 1.25 1.00

Tension Coefficientof Each Tensle Member
Member Member Member Member Member Member Member Member Member

Configuration 1 > 3 4 5 6 7 8 9
Stowed 0.430 0.438  0.587 1.000 0.216 0.318 0.562  0.259 0.535
Deployed 0.388 0.589 0.791 0.982  0.267 0.121 1.000 0.304  0.398
Descent 0.101 0.336  0.658 1.000 0.513 0.335 0.337 0.303 0.888
Landing 0.473 0.634  0.510 1.0 0.360 0.430 0.585 0.597 0.480
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Modal Analysis for Launch Simulation

The VITaL and ADEPT-VITaL missiors were to be launched oman Atlas V551 [4,20]. An
equivalent TANDEM mission, when the mass savifrgm the lander, the aeroshell, and the spacecraft
propellant are considered, will be substantially lighter. This will enable a smallecli@ageriaunch
vehicle (V) to be use@dnd may open up the possibility of launching on a 400 series Atldswever for
the sake ofcontinuity with the other missionghe analysis of the TANDEM vehicle during launch will

assume an Atlas-851.

The launch environment for a spacecraft can be very Haglre36 shows the load factors for an
Atlas V-551 launch. As can been seen, the peak loads can reach gvéms6magnitude However
compared to atmospheric entry, the loads seen in launch are, for Venus, nearlyraf ordgnitude
smaller. Thus the design of TANDEM will be driven by the entry and landing loads, not the launch.
However, a critical criteria that must still be considered is the compatibility of TANDEM with the\Atlas
LV.

As a rule othumb,thecontrds systems o& typicalLV operate at a frequency of 7 Hz and below.
Therefore, a spacecraft shouldsba natural frequency aboveHz in order to be compatible with the LV.
The Atlas V, specifically, states in itdsei s  Gthat spaeecrafhustmaintainits first lateralmodeat a

minimum frequencyf 8 Hz and a first axiahode at 15 H{135].

A low order FE model of thetowed

vehicle was created To highlight the

(S 2R o) BN

assumptionsnade in the model comparison

of a CAD rendering of the stowed entry vehicle

1 [ [ [ ] L

and the low order FE modelas provided in

Fig. 37. From Fig.37(a) it can be seen that

Axial G’s
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when the vehicle is in its stowed configuration,
the end of the heathield ribs are latched to a [

.
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truss structure. This truss serves as the

A4

connection btween the entry vehicle and the
cruise vehicle.n Fig 37(b) it can be seen that

the tensegrity structure, the rigid spheomne
nose, and the rib structuretbeheat shieldre ~ Figure 36 Spacecraft load factors for Atlas V551

included in the model. The mass from the entry launch [135]
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membrane is distributed the heashield ribs, but thactual carbon fabric arttie mounting truss are not

explicitly modeled Additionally to increase efficiency, the nose was assutodx rigid

The dynamic response of the vehicle can be sensitive to changes in the design. This is especially
true of the tensegrity structure. If a different stowed configuration is selected or if the length of the ribs are
changes a new modal analysiaybe requiredThe work presented below is representative of the Predicted
Mass design discussed in detail in Chapter 7. As this design may be altered in futurehegtal of this
model was to find the ballpakynamicresponse of the vehicle. Thisll highlight any needfor a major

redesign

(a) (b)

Figure 37 The stowed TANDEM \ehicle (a)computer aded design (CAD) rerdering (b) finite
element (FE) modelwith boundary conditions

The FE model used cable elements to represent the tension members. Cable elements are 1D
elementssimilar totruss elementasthey can hold no bending or torsional logaist different asheyare
incapable of holding aompressive logdinless they are first pretensemh The element formulatiofor a
cable elemenis shown inEq. (27), whereAis the cross ect i on al area of the el er
modulus, andl. is the length of the elemerithe assumptions madier cable elememstrepresent the tension
members wellput not perfectly. In reality, the tension members will be able to hold a small bending load.
Thus it is expected that the results shown here are conservative, although the inclusion of the carbon fabric
mayintroduceadditional low frequency modeghis is not expected as the carbon fabric is reasonably stiff
even without being pretensioned. However, if this should padditional constraints may be added to the
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mounting truss to resist these modes ensure thatie modal response of the vehicle isrogjucible each

time thestructure isadjusted or disassembldtie pretension in the structure will be monitored by load cells

in the structures feedback control systdfeep in mind that these resulissume that the tensegrity
structure is responsible for providing a large amount of the structural rigidity. If this proves to be
problematic in future iterationghe tensegrity structure can be relaxed and an external wrap or case can be
applied on theutside of the vehicle to increase its stiffness. An approach similar to this is planned to be
used in the ADEPT sounding rocket test scheduled for Septembef32017
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In Chapter 5 it is discussed that pretension was not a significant parameter in impact simulations.
This, however, is not the case for the modal analysis. Based on nurfi8icaB6,137hand experimental
work [138], it has been shown that the stiffness of a tensegrity structure increases with pretensiari. Many
these works discuss the existenceofpoms i t i ve mode s, sOK31438,439)avisich an,o0 f t mo
in many cases, be stiffened by increasing the level of prestress. It was found for the TANDEM vehicle, that
in order remove these soft modes, the structure musteengioned such that eachgmn member does
not compres$eneath itsinloadedength ¢ . In the simulation this can be done by adding an intial load
step to the vehicle to pretension the members and after the structure has reached equilibrium, run an
additional load step for the modal analysis. Alternatively to decrease the run time and still produce the same
results, the constitutive relationship compressiorcan be set to aich that of aensle loadand the
simulation can be run without pretensidiinisis numerically the same as definiting initial configuration
in apretension state without having to apply an additional load $tapwill not affect the result of the

modal analysi®ecause the axial load is decoupled from all other DOFs

Thefirst five mode shapes are reported in B38.In Fig. 38(a) the fundamental frequency of the

stowed vehicle is showmot surprisingly, this mode oscilla¢he unconstrained nodes of the tensegrity
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structureThis is the first lateral mode and as required by ULA, it is above htee additional lateral
modes arencountered in the 128 Hz frequency range, as can be seen ird8{ly-d). Thenat a frequency

of 30.7 Hz the first axial mode was encountered. This mode is just over twice the minimum allowable
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Figure 38 First five mode shapega) shows the first lateral mode (e) shows the first axial mode

From thispreliminary investigation, it has been shown that the Predicted Mass design of TANDEM
is compatible with the Atlas¥51. The first lateral and first axial modes are both above the required limits
for a spacecraft. Future work will further investigate lnench environment. Thiew-frequency quasi
sinusoidal vibration levels of a LV is reported by ULA as being design driver for lightweight structures. A
coupled loads analysis will be used to further investigate these loads to assess the margin of safety of

TANDEM. As mentioned previously, if destructive resonance is experienced in this analysis, the tensegrity
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structure can be relaxed and cwaap can be applied to the vehicle during launch to provide structural
rigidity instead. This alternative packagiagproach can be easily used to tune the eigenvalues of the

structure such that it can safely endure the launch environment.

Impact Simulation and Locomotion

The resultof this algorithm are then exported for usel@veloping the FE model for impaad
locomotionanalysis These analysis will be discussed in in more detail in the subsequent two cldgers.
methodcan also be used to develiye required camol strategies for configuration transitions throughout
the EDLL sequencas discussed i@hapte 6.

Based onhe process describatbove, the EDL sequence of a sample trajectory can be analyzed in
secondsThis enables a variety of different trajectories to be analyzed to fully explore the design space of
the EDL sequence of the TANDEM vehicle. Afitthally, the tool is designed such that any one of the
modules can be removed and replaced with a higher fidelity module if desired. The 3 DOF equations of
motion could be replaced with a 6 DOF system, a more robust aerothermodynamic investigatibe could
performed, or a statistically varying atmospheric model could be implemented to run a Monte Carlo analysis
on the trajectory to find the landing ellipsehe analysis todl s a b i | i tpyovide measonablei d | y

estimations of each leg of EDL
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Chapterb

Impact Characteristics and Crashworthiness of TANDEM

The first step imanalyzingthe Crashworthiness of TANDEM is to find the impacting speed, or the
terminal velocity, of the vehicle. In the systems analysis tool, this is simply the velottig/\afhicle when

the altitude = &km From Eg. (7) and(11), the terminal elocity can be approximated according to Eg.
(28) by assuming that- Tt and%.e w 1 Both of these assumptions are reasonable, if the vehicle has

been allowed to free fall several meters.

ca "Q

28
P (28)

All of the values in Eq(28) are known, excepo. In order to find dirst order approximation ofp
to be used in systems analysis tool and to estimate the impact velocity of the Predicted Mass Model
(discussed in Chapter) The lowaltitude portion of the atmospheric descent was investigated using
computational fluid dynamics (CFDJhis work was performedy JFeast er fr om Vi rgi ni a
Lab. The results of this study are summarized belowh®ipurpose adiscussion, but the full methodology
and write up is reported in the Phase | NIAC by Bayandor g]al.

Thevehicle is modeled descending througtibon dioxide with fluid properties at VSC: density
@ QT , and a dynamic viscosity of o® ¢ p ™ QTH i [121,140] In this analysis, the
aerodynamic impact of tlemables are assumed to be negligdridwerenot explicitly modeledNeglecting
the cables yields a more conservative estimate for terminal fall speed and significantly improves

computational time.

The free falling TANDEM vehicle wasstimated byarametrically varying both fall speed and
rotational velocityae r ound t he vehi cl e6s] andépendeotly to unodrstandihonn al s )
those parameters affect the drag to weight balahuis present analysis assumes ttheg drag to weight
ratio was a function of purely the falpsed and the angular rotation rate of the vehlRsrametrically
studying thedescenenvelope allows the creation of analytical equations to describe, approximately, the

relationship between drag force and flight velocity, as well as betwestsZmomen and rotational
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velocity. For modeling simplicity, it was assumed that the vehicle would only rotate about its axis of
symmetry. This assumptiomay prove to besimplistic upon furtheranalysisbut is not expected to

dramaticallyaffectthe terminal veloity of the lander.

The initial estimate of terminal velocity fon850kg TANDEM vehicle near the surface of Venus
was 26m/s To estimateherelationship betweevelocity, drag force and rotational momgBnonrotating
simulations were run, at velocities of 10, 20, andr2éand an additional twaxially rotating simulations
were run at rotational velocities €5 and-10rad/sat a descent rate of 2&/s The drag force contribution
by the compressiomembers and payloaate shown iriTable9 for velocities of 10, 20, and 2&/s The
drag force contribution associated with the compression membetgytdy seven times that of the payload
across all velocities. The disparity in drag force between the compression members and payload is due, in
part, to the compression members entraining flow between in the space between the members and payload.
Theentainmentreduces the effective velocity experienced by the payload, causing a decreased drag force

contribution.

Table 9 Force and moment distribution from TANDEM f ree-fall analysis

) Payload Module Compression Members
Wb ( m/ ) .
@ (N) Mz (N-m) @ (N) Mz (N-m)
10 132.3 -0.1905 967.8 177.1
20 572.7 -0.5739 3826.6 689.9
26 955.4 -1.2302 6443.2 1164.5

The Zmoment for the payload and compression memiversentirely caused by the angle of the
compression members relative to the incoming flow. The relative angle and rotational symmetry of the
compression members causes a significant moment force while the moment due to the payload is minimal

because it is agymmetric

Time averaging the drag force and moment, and dividing by the predictedrorasChapter @nd
the predicted moment of inertia & Q"Q , respectively, yields the drag to weight ratio and rotational
acceleratiorof the system. By usingegression fitting, a system of equatioves developed which related
the angular acceleration, the drag to weight ratio and the descent velocity. By solving this system of
equations where the drag to weight ratio was equal to 1 and the angular acoelaateero, it was found
that the terminal velocity of the lander should be around i@%s2vith a rotational velocity 0f3.53rad/s

This coincides with a ballistic coefficient of 2,458 or acoefficient of drag of @5 based orthe
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projected areaf the payload moduleFigure39 shows the issurfaces and streamline for the case closest

to the steady state conditions
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Figure 39 TANDEM v ehicledescendingat 26 m/swith a defined 5rad/srotation. | so-surfaces

are shown fora velocity of 8m/s

Development of a Modeling Methodology
A goal of this research was to show that TANDEM is able to provide sufficient impact resistance
to enable safe landing in the Tessera region. To this end, a methodology was developed to accurately and
efficiently predict the structural response of TANDEMridg impact. In the development of this

methodology a variety of explicit finite element models of various complexity were developed.

In order to maintain a low computational expense, it is preferable to model the tensegrity structure
using only beam orod elements. As the primary loads acting on the tensegrity structure are in line with
each component, a 1D element appears to be a reasonable modeling assumption. In order to verify this
modelingassumption a comparison of element formulatiwas condu@d to show if vehicle response was
preserved throughout the various modeling methods. FHiflgiegows a comparison of the TANDEM model
with the @mpression members designed with 1D beam elements@rsiedl elements. Both models are
identical except the type of element used to model the compression members. For this study all of the
tension members were modeled with a 1D cable element. The ¢aflent utilizes a bilinear, elastic
constitutive relation; under a tensile loading the cable is perfectly elastic, whereas when the element is place

in compression the cable provides no resistance.

73|Page



(b)
Figure 40 Identical finite element models of TANDEMusing two different modeling

methodologies. (a) shell element formulation (b) beam element formulation

Four models werdeveloped for each compression member elefoemiulationtype. Two models
used rigid elements for the compression members with the other two using deformable elements. The other
parameter explored was whether or not a mesh refinement should be usedlingiibd tension members.
For purely axial loading, witho dynamic effects, a singl®ZXlement can fully capture the deformation of
a rod or beam. However, the dynamaf the impact scenario induced a rexial inertial load on the
tension members. A@sh refinement of the cable elements allows them to deform in a transverse direction

based on these inertial loads.

In designing a tensegrity structure for impact speeds ranging framistéd 30 m/s it is important
to have weHldesigned compressive mbars. If they are undetesigned, the compressive members may
buckle on impact. Fortunately, member buckling (even rmétimber yielding) does not always result in
mission failure as the load will be redistributed throughout the tension network. If theoression
members are significantly over designed, the resulting structure will be too heavy to be supported. An over
designed structure can lead to tension member failure, excessive shock response, and can also result in the
payload module impacting therface. Additionally, it is also important not to put the tensegrity frame in
its stiffest configuration. An overlgtiff configuration will result in excessively largeloading. However,
if the lander configuration is too compliant, the payload modulg coatact some of the compressive
members or the surface on impact. Both of these contacts can lead to missiorefatlueg can cause the
pressure vessel to buckle, damaging the scientific equipment inside. All of these considerations must be

taken inb account during the impact analysis stage in order to produce a viable tensegrity lander.
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Utilizing the vehicle terminal velocity from the flight mechanics simulation and landing
configuration from the forrfinding algorithm, the initial impact of the vieke is simulatedThe simulation
is used to verify that the current desigmd configuratioris adequate for the impact conditions (i.e., the
tensegrity configuration provides sufficient stiffness but is not overly constrained, no buckling of the

compresse members occurs, and paylagtbading does not exceed the maximum threshold).

Because the atmosphere is very dense at the surface, it may have a significant contribution on the
impact scenario by adding a notable amount of drag and viscous damgiegststem. Additionally, the
deformation of the ground will add to the energy giagon. However, neither effectiiscluded due to the
significant computational expense they requiigoth of these mechanisms add to the energy dissipation
on impact,removing them assures that the simulation is a conservative approximation of the landing
sequenceéA higher fidelity impact simulatiogan be made by modeling these two effects as admidtture
interaction (FSI). A study by Horton et aivestigated plicit fluid solvers available in commercial FEM
software[141]. The coupled Lagrangidgulerian (CLE) method was shown to be a robusnolithic
system that can be implemented into this modeling methodology to better capemertipedissipated by
dense atmospheae by landing orsoft soil.

For the development of a modeling methodology, a sample impact scenario was devised. In this
scenario a TANDEM vehicle was designed to impact the surface at/d€arrying a 18kg payload
module. This vehiclesed the landing configuratioagorted abovan Table8 with a compression member
length of 2m and the shortest tension member being®’ The compression members have an average
diameter of £mand wall thickness of im Figures 41 shows a typical impact sequence for this model.

Figure 41 Time-lapse of 0° orientation impact simulationof a 180kg payload model at 10m/s

Pretensioning ofthe Tensegrity before Impact

From the Equilibrium equations presented in Chapter 2, it is known that the geometry of tensegrity
structures dictates the tension coefficient of each memiber.tflie load in each member is found by
multiplying the tension co#icient by a scale factor. For structures with a low pretensioning load,

gravitational loads (and other external forces) will dominate the load experienced by each member.
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Alternatively, when the structure has higherelsof pretensioning, the effect§ gravity become negligible
and the tension coefficientdll be better predicated by E(R6). It is noteworthy that while pretensioning
the structure increases thdffness of the structurgl31] making it more resistant to quasatic and
vibrational loads, it does not significanthffect the impact characteristiosf a structurefor impact
simulations.

The tension coefficient of each member is a functionefthv e hi ¢ | e O6ssargputthayet r vy .
are, in a way, preprograned into the structure. Even in an impact scenario, the relative loads of each
member are largelgaintainedThis is demonstrated ifiable10. The impacsimulation inTable10does
not include any member pretensioning, yet the basic loading on each cable throughout the impact
correspond to the analyéictension coefficients for a static structuiteis expected that there would be
some deviation between the static solution and the impact simulation due to the dynamics of the members
and the deformation of the structure.

Table 10 Comparison of dynamic load paths andstatic tensioncoefficients

Member Coefﬁc_ient Coefficientsat Coefficientsat Coefficientsat

Analytical 10ms 25ms 40ms
1 0.536 0.643 0.694 0.639
2 0.657 0.677 0.668 0.624
3 0.447 0.315 0.307 0.329
4 1.000 1.0 1.0 1.0
5 0.357 0.308 0.301 0.363
6 0.516 0.587 0.595 0.626
7 0.552 0.615 0.641 0.627
8 0.728 0.668 0.654 0.683
9 0.438 0.442 0.408 0.428

Figure42 contrastwo simulationsone with pretensioning and on without. As can be seen the two
simulations are virtually the same both for the payload acceleiatigig 42 (a) as well as the force in a
sample membein Fig 42 (b). In Figure42(b) the initial tension scale factor can be seen to increase by
multiple orders of magnitude from the initial scale factor at time=0 to the peak loading approximately 70
milliseconds later. This shows how the typical pretensioning of a structure willdréedvioy impact loads.

Thus the initial tension scale factor is not a significant contributor to the general impact characi&wistics.

incorporate the scale factor into a FEM simulation the model must undergo a stress initialization. This can
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be computatinally expensive and does not significantly affect the impact characteristics. For these reason

the tension scale factor was not included in the modeling methodology.
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Figure 42 Comparison ofresponse from pretensionednd relaxed structures (a) Payload
deceleration (b) peak force in tension member

Modeling the Compression Members with Beam Element Formulation

Thisinvestigatiorfound that the introduction of a mesh refinement for the cable elements induced
numerical instabilities in the models that utilized beam elements for the compression membersf. Thus
the four models developed that utilized beam elements for the congpressimbers, only two models
produced results. While tHeeam element modetequire minimal computational power, neither model
performed exceptionally well. Both models were able to predict similar kinematic response to the higher
fidelity simulations. Howver, they both over predicted the minimum clearance between the payload
module and the impacting surface and over predicted the rebowmsdidugy. Figure43 showsthe g-load
magnitude on the payload module for the models utilizing beam elements for the compression members.
The model that incorporated the rigid compression members more simitddiyed the kinematic response
of the higher fidelity mode|dut it was found that the use of rigid 1D elements introduced a significant
amount of numerical noise into the payload acceleration data. While the noise could be partially filtered out
with a low bypass filter, as seen in Fg3, a more preferable solution was found using shell elements to

model the compressive members.
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Figure 43 Magnitude of the g-load on the payload module for the models utilizing beam
elements fo the compression members. The rigid beam wdel was filters at 60 Hz

Modeling the Compression Members wighell Element Formulation

All four of the models that utilized shell elememrrelated very well witikach other. All four
modek brought the payload to zero velocity at approximately the same time, roughigafter impact.
Figure44 showsthe position of the payload module for the four modeksfaaction of time. As expected,
the minimum clearance between the payload module and impacting surface wag srotdlar for the
modelsthat utilized rigid element for the compression members. This was because additional energy was
dissipated through the deformation of the compression members. It can also be seen that the incorporation
of the refined cable mesh resulted in only minor d@ia in the kinematic response of the payload between
both the rigid models and the deformable models.
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Figure 44 Comparison of the four developed impact model that utilize the shell element

formulation for the modeling of the compression members

Because the system has a high number of degrees of freedom, it can be helpful to understand the
dynamic response of the vehicle on impact by looking at the velocity of the payload module. For this impact
analysis the lateral velocityf the payloadvas set td) m/s thus only the vertical velocity is reported.

Figures 45 reports the velocity of the payload module for the fhell element modelas well as the two
beam element modules. For communication purposes, the kinematic response of the lander has been broken
into three sectios as seen inif. 45: Initial contactfrom impact to 35ms constant deceleratigiarting

after 35ms and payload rebourtaeginning as the payload velocity changes direction
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Figure 45 Comparison of all 6 impact model for the development of the modeling methodology
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In the first sectioninitial contactthe expected response of a tensegrity lander during initial contact
was captured by the two deformable shell models, which patiicted a smooth deceleration of the
payload through the initial contact stage. As the vehicle contacted the surface, the lower compression
members began to buckle slighthithoughthis minor buckling does not result in any plastic deformation,

it actsas a spring, providing near constant force on the impacting surface.

Alternatively, the beam models and both rigid shell models regarsudden decrease in velocity
and then maintaigd a constant velocity thought that stage. This unexpected respassa r@sult of the
lower compression members recoiling after initial contact. The recoil occurred because the compression
members in these model weak restricted from any neaxial deformationthus preventing them from
bending as the deformable shell elements had ddmeedelay in deceleration is a direct contributothe

larger stroke experienced by these models.

The next stage begins after the initial recoil of the lower members. Atdhisall of the models
behave roughly the same, providing a relatively constant deceleration of the payload module. The constant
deceleration is a result of the vehicle landing on a surface normal to its axis of rotational symmetry. Because
of the configuation of the structure, the impact shockwave was evenly distributed around the structure
resulting in a near constant loading on the payload. However, as the shockwave was able to travel through
rotationally symmetric load paths from the bottom of tmelé to the top with very littlattenuationwhen
the shockwave reached the top it was reflected back down into the payload hmwmuaigt tthe upper inner
cables.The reflected shockwave resulted in a sudden velocity change of the payload, winitheis
evident in most of the model reported in F§. The constant deceleration stage lasted different lengths of
time for the different models, butas terminated by this reflected shock wave. As each of the models
arrested the payload, they reinoled with various velocitie3he over prediction of the rebound velocity
compared to the deformable shell elememikich is the highest fidelity modetan be attributed to
numerouscauss but aneffectcommon to all of the models is that they were restricted from bending the
compressive member. This restriction limited the amount of kieetcgythat could be dissipated in these

model, resulting in a raunding velocityarger than should be expected

These simulations were developed to verify thdesign is able to protect the payload module o
impact. The clear connotatidésthat for a given velocity and orientatipthe tensegrity structure prevent
the payl oad modul e from cont act i nmgcomphession memlzest sur f
There is, howeve@n additional requirement. The tensegrity structure must protect the payload module in

a manner that does not subject the paylwadule and its sensitive droard equipment to excessige
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loads. One of the many benefits of TANDEM is its implementation of a low ballistic coefficient deployable
heat shield, which significantly reduces the entry loads experienced by the payload coocpdeed to
traditional entries. However, the benefit of the reduced entry loads is nullified if the landing sequence results
in a significantly largeg-load. In order to develop an efficient vehicle, it must be designed such that these
two primary loadsare keep in a similar magnitude. Of coytbere are some differences as the entry loads
endure over time and theapact loads are impulse load$iug the impact loads can be of a slightly larger

magnitude.

The velocity and position plots are useful famderstanding the kinematic variance of each
developed modelUnderstanding these differenchslpsin selecting a model that efficiently balances
realistic behavior and lowomputation expens&igure 46 showsthe acceleration magnitude of the four
models that utilized shell elements to represent the strdstammpression members. As seen in the
velocity and position plot$sigs. 44 and45respectively, there is a closamsiarity between the refined cable
models and single element cable models. Both types of models report theesainexcepthatrefined
cable models of both reported ably lower peak loads than theaingle element counterpart. While this
analysis does not reveal which of the four models best represents what would happen in a physical drop
test, it does reveal that the use of a single cable element to model each tension member preserves the
kinematicsof the payload during impact and reports a more conservative gpleakl prediction This
modeling methodologwas validateggainst a series of drop test experiments
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Figure 46 Magnitude of g-load on the payload module fothe models that utilize shell element

formulation
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Contrasting the deformable and rigid models, the recoil on first coexaetriencedn the rigid
body model can be seen. From H§it is evident that in the rigid models there was not a siragialbut
three distinct bounces of the lower compression members. We know from analyzmipfigd45 that
this bouncing results in a small overall clearahetveen the bottom of the payload and the impacting
surface, but as we see in Fib it has only a minor effect on impact loads experiencethbypayload.

After the initial contact stage, all four models report very similar responses.

Notice alsahat if we are only interested in the ngodthe payload module experiences, then there
is very little difference between the values reported byridid compression member model and the
deformable compression member model. To show that this result is repeatable, the rigid and deformable

single cable element models were run at three additional orientafignse 47 contrasts the payload

accelerations of the rigid and deformable models when the models have been rotated aketistB@°x
60°, and 90.
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Figure 47 Parametric orientation study (a) baseline impact orientation, (bpaselinerotated 30°

about the X axis (c)baselinerotated 60° about the X axis (dpaselinerotated 90° about the X axis

For theg impact conditionsit has been showthat the peak deceleration load for the rigid and

deformable models are withit2.5% of eachother for thiee of thefour orientations. This is a significant
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find, as the deformable model takes approximately 4 times the computational power as the rigid model.
Thus for most simulationsthe lower computational expense model can be used. Therecmatiens
where the rigid modeloes not match well with the deformable model, as seen iAHd). The difference

in peak load is a result tiie payload module contacting a compression member in the rigid model but not
in the deformable modehs discussed previously arsthown in Fig44, the rigid model over predicts the
maximum displacement of the payload module. Additionally, in the deformable model when the
compression members betigey tend to bendutward,away from the payload module. light of this, the

rigid model isa corservativemodel for impact analysis, provided the compression membergedie
designed Thus if the rigid body simulation predicts the payload module contacts one or more of the
compression members or the impacting surface, a deformable model shouwld b gonfirm that
conclusion. In many cases, when the rigid body model predicts a contact, the defdrougbsows a

large clearancas seen in Figl8.

™

|
|

(b)
Figure 48 Comparison of rigid (a) and deformable (b) compression mmbersmodelsshowsthat
the rigid model predicts falsecollisions

From this analysis of various modeling methodologies, it was founthihatse of beam elements
to represent the compression members of a tensegrity lander, in the method described, is not feasible. The
beam elements resulted in inaccurateeknatics and excessive numerical noise in acceleration data. An
alternative method of using beam elements, proposed by Hitd@l], may yield moe favorable results,
but this methodology was not attempted in this stlithe next section of this chapter aims to validate the
describe modeling methodology be contracting it with a physical drop test experiment.

Drop Test Validation
A TANDEM lander wadbuilt at roughlyonethird the size of the.80kg vehicle anddesignedo
impact at onequarter the impact velocityrhe prototypes showin Fig. 49. Unlike the full scale vehicle,
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the drop tesinodel was notlesigned to ban active structure. Insteadimplementingstepper motorto

adjust the length of each tension member, the design was simplified to incorporate turnbuckles which could
be manually adjust to the desired member lengththis prototype was not to be useddontrol strategy
validation, this alteration was appropriate and drastically reduced cost as well as design and manufacturing

time. The prototype was designed asdibed inTablel11.

Table 11 TANDEM d esignparameters for drop test prototype

SI English
Rod Length (cm | in) 76.2 30
Rod Mean Diameter (cm |in) 1.9 0.75
Rod Wall Thickness (cm | in) 0.159 0.0625
Rod Mass (kg |Ibs)  0.52 1.15

Total Vehicle Mass (kg |lbs) 21.14 46.5
Mass w/o Payload (kg |lbs) 13.64 30

Figure 49 TANDEM p rototype for drop test

The tension members wepeetensiord sufficiently such that gravitational effects did not place a
significant role in the internal force of each memiBacall from Chapter 2, that the equilibrium equations
do not include temperature, gravity or external forddss approximation is appropriate only when the

pretensioning is significantly larger than the contributions from those fdregsactice, thids each to
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determineas the structure will sag$ufficient pretensioning is not appliédhen the structure is rested on
its variousfaces the operator will notice that the overgbometryof the structure adjusas its weight is
shifted. Whereas whelithe structure is properly tensioned, the structure will maintain a constant shape

regardless its orientation.

For completeness the level of tensioning in each tension member was measurddicreing
Measurements 250BB50strain gagefl43]. A gage wasipplied to the turnbuckle of each tension member
in a rotational section. A correlation factor was measured to convert the strain of the turnbuckle into pounds
of applied loadBased on strain gage measurements the tension scale factor wd$3@ids). Due to
manufacturing constraints, the sat@esion member length coefficients could not be maintained in the drop
test prototype as was used in the remainder of this disserf8lierfollowing table provides theontrast
the length and tension coeffiais of the two geometries.

Table 12 Form-Finding Input Parameters of Standard Configurations

Length Member Member Member Member Member Member Member Member Member
Coefficients 1 2 3 4 5 6 7 8 9
Prototype 125 1.00 1.00 1.00 1.00 125 1.00 1.00 1.00
Full Scale 1.50 1.00 1.00 1.00 1.00 1.50 1.00 1.25 1.00

Tension Member Member Member Member Member Member Member Member Member
Coefficient 1 2 3 4 5 6 7 8 9

Prototype 0.536  0.657 0.447 1000 0.357 0516 0.52 0.78 0.438
Full Scale 0.473 0.634 0.510 1.000 0.360 0.530 0.585 0.597 0.480

The drop test model was capable of being run tethered or untethered depending on the scale of the
drop. Tethered drops were able to record at a sampling rate cki3zising a PCB Piezotronics shear
accelerometer Model# 352C(B44]. This was ideal for small drops. For larger drops, the vehicle could
run untethered, where an onboard Ragptfeir3b[145] was used to record accelerataataat a frequency
of 3.2 kHz with a maximum range of +200 gd sising an Analog Devices ADXL375 digital MEMS
Accelerometel{146]. The prototypewas dropped onto a flat cement surface at an impact velocity of
approximately 2.4%n/g correponding to a %t free fall drop An example of the raw vertical acceleration

data from one of the 6 drops is providedrig. 50.
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Figure 50 Payload acelerationdata from drop test#2

The payload acceleration measured in the FEM simulation is a rigid body acceleration, which
measures thkinematicsof the payload module on impact. On the other hand, the acceleration data from
the physical drop tesheasuredhe acceleration of a specific point, on a deformaloidy. As a result, it
can be seeim Fig. 50thatthere ismorehigh frequency data the drop test than has been seen previously
in the FEM simulations. This high frequency data was expected due to the different methods of measuring
acceleration da in the real world versus virtual environment The high frequency data obscutbe
overall trend of thepayload onimpact.However, it is hard to know which frequencies should be filtered
out of the dat@o remove excess noise without compromisingvar simplifying the complex dynamics of

the payloadn impact.

Much of this noise is thought to have been introduced frarious component of the payload
module which are not explicitly modeled in FEM simulations. For example, in the FEM simulation the
inner cabls were perfectly bonded to the payload module whereas in the physical model they are connect
via chain links This loose contaanay induce vibrationso the payload modulander highly dynamic
loadings. Additionally, the accelerometer was medran to ateel platevhichwill also vibrate on impact.

In order to identify thdrequencyrange that antains the most important datm equivalent FEM model
was developed, using the same methodology as described alhevEEM model does not contain the
same mechanisms that induce the high frequency data and as such it will help to highlight which frequency

range is most crucial to analysis and what frequerstieald be filtered out in order to accuratahalyze
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the impact Thevertical payload acceleration from the FEM simulation amel data from all sixirop test

werefeed inb a Fast Fourier Transformation (FFT). The &I plots areshownin Fig. 51
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Figure 51 Fast Fourier Transformation (FFT) for FEM simulation and drop test experiment

From the FFTit can be seen that both the drop test and the simulation have a similar initial peak
frequency. This adds confidee to the modeling methodolodpy showving that both models behave
similarly. It can also be seen thfdr the simulationmost of the high amplitude data occurs beft@Hz.

In the physical drop test there are at least thigmificant peaks that occur after 240 Hz, two of which are
not seen at all in the simulation. Thus, a cutoff frequency of 240 Hz was selected as it does not significantly
alter the data from the simulation but still removes much of the high frequerecthdais unique to the

physical test.

The acceleration data from the six drop test and the corresponding simulation are preségted
52. This data was paed through a lowypasdilter with a cut off frequency of 240 Hilotice thatafair
amount ofvariability from the physical drop tei seen, yet the overall trend remains consfins was
expected due to the slight variations in the drop conditeash drop landed approximately in the baseline
impact orientationwhere the impact surface normal is parallel with the h i cehterlines oraxis of
rotationalsymmetry However, the numerat precision that was obtained in the simulation is not achievable

in practice.In orderto maintainconsistencypetween drops, an effort was made to insure tteatoning
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angle error (thena x i mum angl e bet ween t he s uindwasmotgreatar ma l ar
than+5° for any drop. However, Drop Te3tand6 may have been outside of this rangihoughtheir
basic loading and unloading trend is of a similar magniagtbe other cases, it lacks some of the key

markers predicted by the giation that are present in the otHeirops.
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Figure 52 Payload acelerationdata from all 6 drop tests and FEM smulation, all acceleration
data was fltered at 240 Hz

Although there remains some variation in amplitudefeaglencyin the first 5 dropsthe general
trend shown the simulation data was alsaptured byall of them.In each of thesedrop testan initial
acceleration spike can be seem, followed by a short lull where the acceleration drop back to nearly zero.
The lull is followed bya sharp increase in acceleration where the maxigduare encounteredlthough
each of the dropsxperienceshe peak at a slightly different time, the pgpkseems remains consistent
especially for the first five drop3.able13 shows the peak acceleration seen in each drop as well as the
percent difference compared to the simulatiors @an be seen most of the drop texperience
approximately 46 gd dower than tle simulation predictsThis was satisfactory as the modeling
methodology was designed to a rapid, Hiselity, conservative impact model. Keep in mind therefore,
that the acceleration values reported in the upcoming sections will also be conservatag dechs much

as 1520% over the actual impact scenario.

Following the peakg, the load decreases until the vehicle rebounds off of the surface. This

rebounding occurs for all drop test at 75 ms and is marked by a sharp negative accelerationetitingnter
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that the rebounding écan in some cases be approacigthiiesgperience during max loading while in other

cases it is much more benign. It is unclear what causes this variance and will be explored to see if it occurs
in other cases. The largestaispancy between the physical cases and the simulation is in the section after
the rebound. In this time range, the simulation predicts an oscillating payload acceleratiogiols whi | e
all of the physical cases converge down to a nearly constant value. This diffecendde simply
explained by the fact that there is no damping in the simulation, so the payload will continue to oscillate
after the vehicle rebounds off the ingpaurface. In the physical drop test these vibrations were damped
out by the structure and the air around it.

Table 13 Peak acelerationdata from drop testcompared to FEM smulation

Peak Load Max Percent

(g § s Difference Difference

Drop Test 1 206 5.3 20.5%
Drop Test 2 21.2 4.7 18.1%
Drop Test 3 18.5 7.4 28.6%
Drop Test 4 21.9 4.0 15.4%
Drop Test 5 219 4.0 15.4%
Drop Test 6 17.8 8.1 31.3%
FEM Simulation 25.9 N/A N/A

Drop Test 3 and 6 experienced a noticeably lower géadn the other drop tests. Both test reported
a variance in peak acceleration around 30%. While there is a fair amount of variability in the drop test
models, these cases also yielded some noticeahbigges to the impact response especially in the initial
impact to peak loading time range. Due to this, it is believed that these two drops may not have been
performed under the assumed drop conditions. It is possible that these drops were releasedtdad axi
lower drop height, or a combination of the two. From the orientation study done above, resultd T Fig.
it is known that landing off axis may resutt & decreased peak loading as well as a less pronounced lull
between the initial contact and the maximum loading. Both of these characteristic are present in data from
drop tess 3 and 6.Figure 53 compares these two off nominal cases from the physical drop test with a

simulation of the drop tilted 5° of axis.

The purpose of the simulation in FBBis not to match the trend of the two different drops but to
demonstrate how anffoaxis eror canaffect maximum deceleration of the payloaBy varying the

orientation of the ofexis simulaion, it is believed that the general trend seen in drop tests 3 and 6 can be
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captured, even the initial negative acceleration seen in drop ,teghiGh has been seen for some
orientationsGiven the variance in the test conditions, the conservative agpad the modeling strategy,
and the low level of complexity in the FEM simulatidhere is a great correlation between maxingim

load predicted in the virtual drop test and what actually occurs physically.
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Figure 53 Comparison of 5° off axis drop test simulation with physical drop test outliers

While the over overall trend of the drop test experiment was captured by the simatatitime
maximum deceleratogs e en by t he payl oad mod urostcasesshepercendi ct e c
difference reported ifable 13 is deceptively highTo better show how well the simulation was able to
capture the impact response of thaigke the Power Spectral Density (PS@f)all 6 drops and the FEM
simulationwere compared, ahown in Fig54. Before being transformed into the frequency domain, the
acceleration data was passed through a 150 Hz lepaby filterso that only the data correlating ttee

impulse loadingn thewas onsidered.

Qualitatively the PSD of the simulation correlates well with the physical results, as it can be seen
in Fig. 54 that the response from simulationviithin the range of responses from the physical drop test.
Quantitatively, i is generally accepted that the primary response of the structure has been catitared if
PSD of the simulation is with @B of the experiment. Based on the data shown in34dhe maximum

difference between the physical experiment and the simulation for the peak response was |3 than 2
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Figure 54 Power Spectral Density of the 6 drop test and the FEM simulation

Parametric Impact Study
Using the developed modeling methodology, as series of landers were developed totfiexidsny
that may exist. Two indiameterpayload modules were used, one weighing K@i total and the other
weighing 260kg. Various efficient but not optimizedlander designs were developed based on three
different impact velocities: 10, 20 and B0s Table 14 reports the dimension and masses of each vehicle
design.
Table 14 Parametric TANDEM d esignsbased on @ayload mass andmpact velocity

180kg Payload Module 260kg Payload Module

10m/s 20m/s 30m/s | 10m/s 20m/s  30m/s
Rod Length (m) 2.0 2.5 3.0 2.0 2.8 3.0
RodMean Diameter (cm) 5.0 7.8 115 5.0 8.5 115
Rod Wall Thickness (cm) 0.6 0.6 0.6 0.6 0.6 0.6

Rod Mass (kg) 11.0 186.0 33.6 111 22.8 33.6

Total Vehicle Mass (kg) 338.3 531.0 696.7 463.0 672.0 889.4
Massw/o Payload (kg) 158.3 351.0 516.7 203.0 412.0 629.4
MaximumG-load on Payload 59.9 96.9 224.4 35.3 87.0 192.9
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