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The Yegetable Prodocton System (Yegole) 1= a solentflc payload dedgned to zupport plaot
growth for food producton uoder microgravity cooditioms. The coofiguratiom of Yeggle
comzlats of an LED Hghtng =ystem with meodular rootdng “plllews" delgned to ocootain
subztrate medla and time-releasze fer dlirer . The pillows were dezigped to be watered passively
n=ng capdllar y princples bt have typleally been watered manuslly by the agtronautsin low-
Earth orbit (LEQ). The dezign of Yeggle allvws cabin alr to be drawn through the plant
encloenre for thermal and umddiy comtrol and for =uppbdng C0: to the plant: Since it=
delivery to the Imternatimal Space Staton (D55) o 2014, Yegme ho= mmdergome =everal
exerimental trials by varins crews. Ground umt testng of Yeggle was conducted dirlogan
8-mooth Mars apalog study 1o a =emd-contained envirooment of a slulated hatdtat located at
approcdma tely %200 feet (2,500 m) elevaton on the Maups Loa wolcano oo the Island of
Hawall. The Hawall Space Exploraton Analog and Simulatdon (HI-SEAS) offered
conditims (habltat, misslon, comonmicatons, etc)) loteoded to zlmulate a planetaty
exploration miz=iom. This paper provides data andanalyses to show the progpect for optioized
uze of the current Yeggle dezign for human babdtatz Leszons karned durlng the study may
provide opportunites for vpdatng the system Gezlgn and operatonal parameters for current
Yegme experiments being conducted cnboard the LSS and for payloads on fiuture deep =pace
mie=lonE.
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MNomenclature

APH =  Advanced Plant Habatat LED = Light Emutting Diode
BEC =  Beyond Earth Orbat LEC = Lo Earth Ohrbit
AP = Days Abter Planting MextSTEP =  Next Space Technologies for
ELOM = Edible Mass Exploration Parinerships
EM =  Exploration Mission P AR = Photosynthebic MActive Radiabion
ESA = European Space Agency P = [earson’s Correlation CocfTieient
HI-SEAS = Hawai’i Space Exploration Analog PP = Photosymthetc Photon Flus Density
and Simulaticn R = Relabve Humadiiy
[55 =  Inlemational Space Stabion SA8 = Shade Avondance Syndrome
L Introduction

he l'll'-l.'EEil.' wnil 15 a low cost, .-:imph.' pl:lnl gn11.-.-1|'| syslem that could be stowwed 10 a small SpCCE and |.';.|:-.i|3,' Jn:rl|-::-:|-u'_'|

foor waarios By == m.'llin.l_.u-. [ Blcsrroma et al, 20057, Since = installment in 2014, "rrtggiu hzis served an irnr.vu rizint mle
cnboard the 1%5: prowiding astronouis onboard the orbibng outpost a source of fresh greers and vegetables grown
entirely in micrograviby (Massa et al, 20171, Experiments for optimizing growth condibons and operations for plants
and food production in space settings have been the focus of vanous ongoing studies [ Richards et al, 2004, 2005). The
research required o deline paramebers For opimizing future plant growth payloads wall provaide enbical information
for supporting BEO human explormtion. The defimtion and maturation of plant growih schedules, impacbhing curreni
and future scicnce payloads — such as Advanced Plant Habatat (APH) - o= well consideration for arbital spacecraft
designz — such as the Mexi Space Technologies for Explomtion Partnerships IMextS3 TEP) habitat and Mars Base Camp

make further investigabion with Veggie necessary 1o advance space foced production technology.

IL HI-SEAS Background

The Hawai'i Space Exploration and v
HAnalog Smulaton (HI-5EAS), a MASA
Human Factors and Behavicral
Performance funded ressarch program, 1= a
long-duration  planctary  surfoce  analog
focused  o©n anwestigation  of  crow
composition, cohesion, and performance.
Lecated on the slopes of an active volcano
in Hawai'i, HI-3EAS presenis a uwnique
combination of Mars mssion conditions
and 15 one of a small number of analogs
capable of operating for  wvery  long-
durations |8 months or longer). Sinee 20013,
||[-\.."!¢|'1|.:!¢ |'I.U. |'|l::l!-.|.l.'l'_‘| I'-::-ur i.II'IiIlI.1E,_'l mi!-.!-.iun.-:', Fh.l“: I.. 'ThE' I"-\HI‘:.*I.E .Ih"ﬂl lE"’il'.Il'l{.". o “.“_. !’il'ﬂ'lﬂl"i 'I:Il tl'ﬂ:

ranging  from - four o twelve month pyaypg 1oa voleans on the istand of Hawai'i. (image eredit: HI-
durations with a 1otal of six crew members SEAS)

in cach mssion. The HI-5EAS facility s

comprised of a 13000 (' geodesic Dome

(erew living space and labomiory, e, “habital™) with 1,200 (£ of usable loor space. Mars-analog simulations are
regarded as the most comprehensive iools for undersianding key human psychology and social behavior, optimizing
development and usage of cnbcal expedition assel= (Leon et al, 2002), while living in an isolated, confined *sgpace” in
a location similar in landscape to that of the red plansi.

UThe information and data presemied in this paper were produced during Mission ¥ of the H1-5EAS program. The &-month Mars
analag was comprised of six crew members and 1ok place January 19— September LT, in the year 2017
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I1L. Plants in Space
L. Lizhtimz

In a coniralled environment, hights mu st provide an adequate flux of photesynihetic achve mdiabion (PAR) to drive
plant growth, as= well as mdiation & conrol photomerphogenic and photobopic responses 0 plant groewth and
development (Folia and Childers, 2008). Both red Light, via phytochrome, and Blue hght, v1ia coypiochome, are
important for contmlling photomorphogenic responses (Goans et al, 19%6). Red hght 15 tmportant as it promotes the
development of the pholosynihetic apparatus and sccumulation of starch 1o plants, while Blue hight helps 0 the
formation of chlomophyll, chloroplast  development,
photomorphogenesis and stimulates slomala CpenLng as PR
well [Heo et al, 2002 Foliz and Marubmch, 2007). Blue LET) Light o .
lights are also known io suppress hypecotyl elongation ALY S Lo . 0

and induce hiomass production, while red hght induces

hypecotyl elongation and leafl area expansion. Nisthasical
Olverall, '|:||:|r.|l_". ahsorh ﬂPFlI'IJ:I.i.n'I.ﬂl.CI.}' W% of red or Ay (1x)

Elue hight, and cnly T-805% of green hght (Jokhan et al,

2011, Plant canopes, especially these wath dense

. . . _—
foliage, can nterfere with red and blue  spectral e —

L I . . . Faot Wai
distributicns. This 1s apparent in plant species found 10

the undersicry, where red and blue Light combinabions
are  absorbed by overmching leaves (Folta and S !

Maruhnich, 20071, This depletion [orces seeds o b

clongate upwards toward the sun, soaking in the Figure 2. CAD model of Vessic, built by
unfiltered green and far-red Light that the plants rely on ORBITEC Technologies, Inc., primarily [ i
o thrive under low fluence rates (Wang and Folta, o we Gemonstration of  smecesdul  Food

2013). The addition of green ]i.._e.hl bas also been found Jucti i fer i i redit:
1o induce o l-::-w-]jghl Eruwﬂ.'l patbem 1:.r|.'.\i|::|||:.r found 1n ﬂﬂﬂlTEt::] nom pravity  (image ¢ :

light-depleted'shaded conditicns (hang et al, 20117

2. Waler and Muitrient Delivery

Factors such as light, air quality, and ventilation are known o have significant impacts cn plant growth in space;
henwever, none of these have more cun:lminjng cllfects on the success of |:||.u|.1L E.ruwl.h than the control ol water and
nutrienl= n the root zone I_E:-I.q:i.nh-urE ot u], IUUEJ. Plaini= n.'qujn: H| "-lTII'i.lL'l.:" of mineral nutrient= for Enc:-wl]n a okl af
sixteen mejor clements [ Teao and Okees, 1997 These elements can come in vanous forms applied through several
different mezins to resch the roots of the planiz, bowever the main elemenis (carkon, hydmgen, oxygen) are absorbed
through the atmospherns and water. Whether achieved through active or passive delivery, nuinent presence in the root
zone 15 vital to the planis for absorplion over 115 growth cycle especially for replacing that which 15 lost due to the
Plant’s transpiration over time.

X Alir Duality

The nlmuq-.-hl:ri.-: :v::-m'p-::ﬁ.ili-::-n cnboard o Space skation 1s \'u.'lll_'r different than that found on Earth, and o pot
cbserved and controlled |:||:|.1Fv|:r|._'|-' Ly lead to adverse irnpu.cls an koth |:||.u|:|l s'pn'_'j:ru.'n: and crew. Mujur comlaminani
sources can include ethylene, methane, aleohols, crgancsilicones, and other minor contaminani=. Ethylens, a gasecus
plant hormone, has been the culpnt in several faled plant experiments onboard Mir and the Space Shuttle.
Emvircnmental control (thermal, C05, and bumidiliy ) in Yeggie 1= provided by a conbinuous floes of 155 cabin air
through the enclosure (e, hight cap assembly; see Fig. 2 above). Thus, the Yeggie environment closely tracks the [55
ciahin environment.

4. Plant Subsirate

The recd #zone 15 genemlly contaned 1o support crop development, which with a solid substmte provides the plant
structure as well as a passive water delivery system the ool vtihize. Some of the primary arcas considered 1o subsirate
selection include moisture bolding capabilities and asmtion for oot sones, especially that sized deally o the Yegzie

pillevwes ( Massa et al, 2003).
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1V, Scope & Ohjectives

The purpose ol this study is 1o idenbily the optimal parameters for gmowing
plantz 1n the HI-SEAS hakiiat vsing Yeggie. Prior studies on ground and 1in
flight writ medels of the scientific payload bave been conducted, however, the
methodology for defining the ideal expeniment charmcteristics on a plant-by-
plant basis requires a more ngid and extensive approach. The setl of parmsters
(shoran an Table 10 investigated over the course of this study included:

11 Change in displacement (Ay) between the pallow upper surfaces and

the LED light cap

21 Meassured Photosynthetic Photon Flux Densty (PPFI cutpats (LED

|ig|'|l cmussion  measurements]  on |:|rE|::-.1.|"|'|i5|'u.'.-:l utp-cm'd p|u.n1

surfaces P e
3 'l:ll':]pc:h:lur.l. T-l'..ln-'ls.. rn1 !'I'I..d.u:ll}' exposure of lemperature, humidity and Figure 3. VEG-03 experiments
= by local crew activibies installed in the Columbus

41 Measured edible mmss of plant specimen products at completion of e onboard  the 155

(imege credit: NASA)

cach growth cycle
3 Plant growih dimensions, correlated  with the  eovimonmental
pemmelers

V. Experiment Scfup and Process

AL Plants

CGireen, lealy Hrassica rapa L. ("Tokye Bekana® Chinese Cabbage] cultivars
were uzed in the 5in.|_.1||: control and three lest tnals. Chinese ('u.l'hh:lgl.' cultivars
was chosen based on 1ls robustness, excellent rapad growih, good slemenial
profile, and palambibity (Massa et al, 2015). In addition, these cultivars are
already under study as part of the YEGA3 testing recently conducted onboard
ihe 155 (Fg. 30

B. Environmental Conditions (FHI-SEAS Hahitat)

Figure 4. Vegzie Prototy
The habiat settemperature - cantrolled by the X-300 Hydroric hesting unit  peviding i the 1S 48

{Rheem Manufaciuring Company, Atlanim, GA) - ran o & “sun up” (0600-

3300 eycle gt 67.57F (19.79C) ard “sun down” cycle a E[].III“I-'TEIE.E-’-'L']. ',:."H"t at the start of Mission
[nternor lemperature (£]°F (#2150, BH (20.1%), and OO0 (£30 Ppm, +76¢
mezsured value) were measured by the Vens CWL sensor (Veris [ndusines, Tualatin, OR). This 3-in-1 squipment
was locabed - 10 feet 1305 m) away from the Veggie growth chamber. Water was tmnsported b the HI-5EAS facality
by comracied services. Infrequent loss in power would occur, which would temporanily (=20 minutes, average) shut

aff all hghbing and passive humidity control to Yeggie, when power would be seilched over from solar to generator,
and wvice versa.

C. Environmental Condifions (' Vezgic)

The 1'.'l|.'J_.',‘I:'i|.' |:'r|.1l|.1l:|-'p-\.' I:'l"ig. 4] 1= 1.'|.||.|ir.|r.l|.'d with Four humidil}- and wentilation control fans. RH (25% RH) and
lemperature levels (20 L°F - 1782370 — -17.72°C)) were measured in the "'rrq.'ggil.' En::-wlh chamber via tao Cornwall
SH-101 thermo-hygrometer sensors (Comwall Electromics, Trare, UKL Two sensors helped o give an average
approximabion. U0 levels inside the Yeggie Probobype, hewewer, was nol measured. Light smissions were measured
by an Apogee Insiruments M-200 Series Chuanium Meter (Omega Engineering, Forl Collins, OO, which was used 1o
moniter PPEI at seed and plant canopy levels dunng the 28-day grosvth eycles.

I Methods

1. Substrate Freparation
The substrate of choice for the Weggie pillows was based on the mixture of media and Fertilizer used both in Veggie
ground testing and in the VEG-01 and VEG-03 Might expernments. Arcillite (Turfce Proleague, Profile Products,

L) woe acquired and wsed as the primary substmate for pillow media. The substrie, however, was oot pre-sweved
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1o oblmn 2 eprofic particke gize, 26 16 standard practice for Wegdie ground teding (Moeea o al, 2018). A polymer-
coated controlled releape fertilizer (1968, iype 190-day, Flordan) was moxed with the arallite ol 2 rate of 7.5 gL of

dry Turfacs.

2, Pillo v Freparation
Vaggie pillo

WEh, AN K
beoac. & malicon foam gankoed, ueed for eesed

through the pAsleit's central ebi, wih 2 1.8 am wack
remo wed cueide the gaeked. Fre-meagured media and
feribzer wae depogited in cach pillow. Seede were
scwn 2l adengiy of iwo par pllow, with the ecared and
of the eeed poinied {owards the pllow rood zone. Bach
wick wa cloeed {o pronide adeqmie modsiurs dunng
the germunabion prossss. Following this dep, =ach
Fillew was placed inthe pillow box containerina 2 x
3 grid (Fag. ).

5. Fillo w Box Frepavraton

Addamx 201 cmx 10075 cm molded, fiberglxme
coniainer wa used o house the g1 pillows in a3 singls,
modubar unil, The pamive walering syelem consisted of
high densily foam murounded by polypropylens
wiclking matenal (KIMTECH Pure W4 Diry Wq:wu,
Kimbesd y-Clark Professicnal), wih an UlHem sema-
ngid ehesd enndwiched 1n- bedwean both mmienale The.
high-dengly foam wa cul o size io the £ the mllow
ke, P.ra-d.un::l.n.g a Pnui.ﬁ.m ]:'.I'H.E.ILI'.i.Etd. ezal arcund the
eyslem. Shi werscul on the op eurface of the wickang
malerml for mr pocheds 1o eecape, providing an ideal
flow path for waler 1o bea beorbed by the mllows.

1, sile within the il

ble Teflon™ coated Kevlar® bag, were used for housing the peeds during the stud .
The pillows, buill by CREITEC (Madison, WD interfaced direcily 1o Ul-b]:mu'.re- walening eysiem within the pillow
w caing materml belwesn the 1op surdface
and the rood growth zone (subetale capaaty of 230 mL) A 12 am x 23 am pece of widkng malerml was ingered

LE ]

Floome 5 Yegoge plllow box cootaloer with =ix
prepared pllows. When lmerted ioto the Yegoe
growth chamber, those plllows oo the et -slde (back
row 1o lmage) of the boxr weare labeled az “A4 =lde
Pllows", rumbared 13, oot to tack. Onthe right-
elde [fromt-row 1o tma ge') were the “B elde pllows",
following the =ame mumbering format as before.
When referrdng to zeed #1 wersie =eed #2 for each
pllow, tha former 12 cloze=t to the plllow'z quick-
Aeocnnect hard ware.

Table 1. Dveslgn parameters for each trial concucted 1o the sody, Tolore Bekana' Hght schedule values are
the bours each Hght zegraent ran, shown in a 24-bour format. Bed:Blue (BB Red:Bloe: Greeh (B:E:5y

Creen ().
Trial Eeed Type ¥fakT  anmal Y kTing Seheduk Lighi Sehedulk Emi=iom ay,
SuFHy. Cripmt, n
L pmoPmais?
Control#l 145 A1LHX @ shart, GO0 ol ] co: F.E= IZES 10
DéF, bidmly 2 EDAP, [EE'II 21000 ;
1080 Al o
[]]EIII-IZElIﬂ
I=#1 121 33 1LHO & st @00 ol ] = H F.E= 111135,
DAF, bidmly 2- EDAP, (0500 - 23007, Pot-11 DAP
"Tdryo 1000l Al oo o =14
Edmmm’ [ 2100050
T 2 i oese 13005 31 HMD @ oot G001 1d-bax Hatt= oo FED= 1.5
cbbage DAF 420 ml ?TWT, bddaly  RUE S 0200 EO, 1705
2 DAF, 100m Lpilkcs 2100200 F Em (02000 FEm EEf;
100N, G FROCLOST] G= 3233
T #3 1203 21 HD @ dort, G00 ral ] 13d-bar Haits <o RES = 1.5
DaP. 420l I D4F, Bdadly  FE D= 080 B0 10,
12 DAF, 100m Lpilkes 210022007, B B (02000 F:E= EE0f;
21000, Gy 2 200U SO= 2233
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%I, Bezul= apd DEaie=lon

A. Tesling

1. Combol#1

th\:hli&d'ﬂllmugh{in:adum wre loade, which wae belisved 1o
have 2 direci impaci on the BH lavels within the chamber. Toloso Bekana'
Chinege Cabbage wae the arop choeen for thie rml. A direci correlation
belwaan high FPED vahes (= 160 pmol*m2 %™ - 170 pmol*m2%e™) and
incremed sdible maeess produced (ghown in Table 2) was confirmed. Width
measuwramanis had 2 much grealer Gorrelalion 1o harves produciion than the
depih, 2 sandidale factor of control for playing in the o wmll susoss of the
arop. This is further explained later in this dudy.

I i suspecied thal photonic refleciance distnbuled by the bellows may
have aided in sprafic edible mes pillows (=g, AT

. thue impacting
ther edible mae producis. Pillows A2 & B2 had the highesi measured
iradiance lasvele and azzounted for 44 3% of 1the 4odal adible maee. Filloow &3,

:-:lj:a&n{iq:- b=ih Ule&.t-]:ﬂll.c-l.b'ﬁ. ]:l.n:-d.u-:ad. ihe l=ael m=ee than any of the odher
Fillows.

2, Te=zl #1
Flanis grownin el #1 were far more symmedns in shape compared 1o
thoee grown in control #1, proving 2 slrong correlabion bedwesn geomelry
and «dible roes produced (ghownin Table 2). Seven of the el
germinaied plank foppled over dunng the 28-day
axparment, causing the final growth heaghie nol
1o b= a6 acourale =& =arker mearuremeanis (1w of
the peven foppled -cwer plank sxcesded i
height 2128 DAPY). The PO values shownin
Table 2 provides evidence Uol poinis 1o 2

poesible correlation bedwesn average seed growth “ycle

Flonwe &.
yellow arrows Indlate  the
loogitudinal and latitndinsl

drectiors of growth for each

The crange and

Tolgpo Bekana' plant o
control #1. The plant shoot
gyztem, Ipcloding both  the
bypoootyl and petoles, directed
thems=elves towards the highest
concentraton of FEED.

Table 2. Average Wand D measimement for =eede#1 & 2
(if appHcable) 1o test #1. Unlike comtrol #1, test #1 had
more =lgoiflcamt POC values  between the plant
dimenzlons apd edible mas=e= at the end of the growth

with edible. maee production, specifically the data
mrocmied with all peed #1'2within cach pll w.
Seed #1 poinis 1o 2 potential valuabion in oplimal

Billow  dvg W,

aa

AwgD, Editk

aa

FCC PCC
Ma=. (EDM W) (EDMID

growlh rte for the "Tokyo Bekam', ac the

greatel edible. moe produck sorres ponding o

grovwih values = 0205 cmiday, The dais

correeponding o exed #2 = potenimlly shewed a8

any sexd, wheher in the eame pllow or adjacent

1o ancther, can impasi gro wih baeed on shading
thal will szuse. lese hgth from reaching a plani

3 Tezl #2

cimular iz resulie collecied in el #1, widih and deplh measurement provided efrong indicators 1o the adible

maxe produced by aach pillow. W hile the average growth mis for thesseds in leel #2 w fSeter than thal of sl #1 -
0,147 amiday verswe 0173 améday (2 17.7% increase in {ael #2), respectively — the sdible maee produsis wess Lower
than thai eeenin el #1 (2 602% decreae). Sl the culsome produssd significant PO vahies (shown in Table 3,
sugdgesling 2 elrong cosralmiion, The daia from lesl #2 idanlifies an avemge growth mie of 0200 cmiday wa
achizved, 11 was ako cbeer wed thal the shood sydens Agid compared 1o previcus tiak. Whea collecied PEFD
meacuramenis ingide the chamber, the planis eeemed o be unaffecied by an y unintended condacl.

2]
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Tahlke 3. Growth rates per “Tokyve Bekana® seed and its correlation to edible masses within each pillow
lor test #2, The growth rates list is reflective either of 1) the maxionum height reached wort the
corresponding DAP immediately following a plant topple-over event or 2) a transition from a dynamic
tiv & statie scate of groweh (height change by = 1.3 cm) within a two-day period. The PCC coluain is in
reference to all six pillows wsed in the erial. <N/A" s indieative of ne growth achieved by that seed.

Al A2 Al Kl B2 B3 I LU
Seed 1 Growth Raie -
(cm / # daays sit s height) 45 193 K MeA 0300 a2 QL0
Edible Mass (2] (.47 1.20 225 M 133 074
S 2 Cirowth Rate - - 5
fem/ # d:l:r:-. al mmx hq.'ighl] (2 — (a2 WA MiA - 0241 0] 0%
Edible Mass (2] [iE* 1.12 (.57 M MifA 006
Pilbows Tuatal Mass (g} (.47 252 282 2.00 1.33 1.70

Py

provide adequabe sensitivily as plant specimen was oo m=igmificant to mezsure.

4. Test #3

Tiest #3 witnessed germination by elewven

||||.';1.-.- ."‘L], seed #1 gl.'rmin'.ll.-l.'d, |'||.11:-.-|:'¢v|.'r.. hardware b measure edible mass prl::ducl did ot

of the twelve “Tokyn Bekana' seeds  Tghle 4. While results gathered both in test #3 and previous
Motably, the most intrigoing aspect al .1|'||.' trials show positive trends between total edible mass and
growth trends was the success of the edible g depths achicved by esch plant, width of the ‘Tekya
mass products by seed #1's Growth mbes Bakana® plant s consistent with the performance expected

above (L213 cmfday produced significant gt harvest,
edible mass totals (mainly seed #178), while

sweds within the  same  pllow  saw Fillow Avg W, Avg Iy, Edible [T B
.-=.|.||'l|.1|-.\lim:|| gn::-wlh rmbe wvalues  wath cm cm Pelnss, (EINI=W (EIN0N
insubstantial edible mmss r.ln::-dl.n.' t= The onl ¥ B
cass where this was presenl was seed #2 in Al 2.15 3.55 0.40
pillow A2, where the second highaest FPED AZ 9.50 10.20 3.5
values were measured (Bohind Al Plant A3 7.5 7.35 2.93 o [F B2
ngidity was confirmed 10 test #3, similar o El = =35 0.3l
test #2. This coincides with the previoos K2 &40 6,35 448
hypoihesis that green hight provided added B3 L. 6.5 301

: B P e Total 1538

integnly o the plant hypocotyl. PCC values
in Table 4 show sirong correlations bebween
the average widih dimension and edible
mies product, which was confirmed in provious trails.

Figare 7. “Tokyo Bekana® resalts from each 28-day growth experiment conducted in the HI-SEAS

habitat. From left to right: Control #1; Test #1; Test #2; Test #3

-
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B, Covrelation Analyzes

1. Flaml Gyowih v=. Edihle Iia=s
Considering the plnd growih raies for the thres kghesi edible marees achisved in 2ach irml, an average growlh
rate of0.233 cmiday par plant wae achieved. The Andinge of thie dudy, with venfiztion by is POC values | proved
thal plani width hae 2 sxgnificani affecion the overall eucosss of the pland, 2 well @n e2rve 26 an indicalor fo1is
poleniial edible mam produchon =l harved. Whils i may be xsumed 2 geometrical growth may b the beed
scananc, i can be argusd ctherwies thai a plani with an =ymmedncl geomedry, when diven by the widih (growth
in the 's' direction], is the ideal gronsth patiem for the plant 40 follons (a1 fired) . This zan ales prove 1o be boneficml
when dedermining crop sussess (final moeses shown abovein Fig. T) s measwring a plant's nitial width at the start
of the growith ool varsue messuring Ul-:»p]nniz:ea lzler on @n give polential indication 1o an edible moes produst

az wall the Zpzbeam 'z
overall healih.

C, Addition of Green

Lighi

The 2dditaon of grean
wa vebands appeare i
uEs kaves 1o Lifl

prlicles —evidence of
changes conmietanl with
Shade A voadance.
S_-.ud.n:uma I:SJ:!;S:I I:E.}mng
el al, 20117, While noded
th=l the affacle of grean

Ligh oppoes those

Flgure 8. ‘Tolgre Bekana" leaf
(clrcled) at loterpode captured 21
DA P of Test #3 at the start (=21007% of
the 10-howr green Hght overnight
exposare. CYallew' Ioe In lmage was

Flgure ¢. Following the 10-hour green
Hght exposimre period, both the “Tolys
Bekana" petiole and leaf has Increnss
o length and ares, rezpectively. The
plant had an ad|uzted, angular

direcled by red and Blue
wa webande (Fola and
Maruhnich, 2007, Fige
% & Sehow leaf growth al the internode of the plant
This evidensce., thus, proposes the theor v thal while
blue bghl mmy be. reeponsible. for the formmation of
chlorophyll and development of chloroplats (Heo ol
al, 2002), phnis may alec une green bght 1o 1)
mmaphn{mynﬂﬂmﬂuam&-bﬂmimm{ of
chlorophek kooaled desp in the mescphyll and 2)
astivatethe une of chlorophylle ae photceynthedic
pamenis by maindain higher yelds for the entive laaf
both in etrong and weak lighl conddicne [ Tarahinm
el al, 20057, The graph in Fig. 10 provides esndence
thal awerage PAR level for the gresn waveband
reached gmed-lewel and ramained relafively constand
cwer each growih oycle, while red and blus

wa webande decrezged frometardAo-snd. This data

collected via ImageT.

an angular  mesEnTerent

Iclinatiom of 6557,

Light Segment Average PPFD
M easurements

150 5%

iz

=

oy
=

[y
=
FRFD Lavalz, pmaol* m-2*=t

=]

o DAF

ow e

e T2t 2 [ B

s Tt 3 [

e Tt 2[f] 17 e Tk 2 (B

g Tant 2 (5] g Tast 3 ()
Tast 3 (REG] Tazt 3 (1G]

Flgure 10. Lines represent FEFD levek for #-2TDAF
for temtz#2 & #3 only. Light levels at the capopy (0
have elight drops due to plants toppling over, ca=ing
average FFED vahes to decrease. Levels for those
wavetance mesznred at the pillow zeed-1e vel (5) have
elrnilar trends for both BB & B:E: & Hght cartparts.

]
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confirms that while cancopy density inereased over the
course of the growth oycle, green Light reached the
seed level and was m.injmull_'r disturbed l'l}' those
cibsiructicns.

I Analog Impacts

Cutside of that rescarch, the impact from crew
members daily life on the plant greewth trals conducted
in this study, including the habiial envircnment and
group activibies, was sludied over the sight months.
These impacts, comelating  habital ielemetry  wath
ircluded
internal bemperature, relabive ]1|.|.r.|1.i|:|i.l_'|-', and E'ﬂ:
exhausticn, The probability of significanee (e), which
provides waluation of the probability the dam provided
has a strong correlabion and not collected by chance, 1=
provided. @ values of 5% and below are considered
highly significant, meaning the data provide has a 1208
chance of being a false-positive walue,

"nqu.'ggi.-l.' Eru'l.-.ﬂh chamber  measurements,

1. Temperature

Average temperature nside the Veggie growth
chamber for best #'s 2 & 3 was 66.5°F (19.2°C). While
this value falls below the nominal 73.4°F (2370 valoe
for a L6-hour light evele temperature limit®, that valoe
was expected 1o remain below an assumed wpper limui
as green light cnly covsed temperatbures ko either reman
constant or drop. An average habimt temperatore of
G5 1°F (18.4°C]) fell 10 the nomiml, stead y-state range

64 1°F-B0.3°F ({1 T.8°0-26.8° for  wehicls
:llm-::ﬁphnus I_:huwn n ]"jg. | |.] l:."ml:ll.':ry::-n ck nl. 3][5].
Avernge lempembures cusade the labiiat was 661 °F-
TOTF (18.9°C-21.27°C], which 1= believed to have had
a relatively small 1mpact on Yeggie with the minimal
insulabion present i the habitat's design ( Aocoing, wall
material and layenng, ventilation, sealed imerdfaces). [t
15 believed that the centmbzed location of Vegeie
within the habitat, where most of the crew were present
(1-3 persons, aversge 165 howrsiday ), cavsed growth
chamber bemperatures o remain 0 a  nelabively
“comforiable™ e for plant growih. POD values
:|'-|.'];1.1an 1o inlermal bempermitures between the habatat
and Veggie growth chamber for the four trals measured
are shown in Table 5.

2. Relative Fhomidity

Veggie & Habitat Temp Levels

co.o
Weaek 1 Wesk 2 ‘Week 3 Weekd
WEG [Test 1) Hab [Test 1)
WEG [Test 2 Hab [Test 2)
— G [Tt 3) Hab [Test 3)

Figure 11. Relationship between the temperaiure
measarements with the Vegsic growth chamber and
habitat imternal temperatures, The “red” dashed lines
represented the assumed mindmem and o xinmm
nominal  limits for erew  cabin  temperaturcs
(Amderson et al, 2005).

Table 5 POC measures signilying the similarity in
the interpal temperatores  within the HI-3EAS
habitat amd the Yeggie growth chamber. The higher
the percentage, the greater the correlation. Control
#1 data i availabile as temperatore probe hardware
lor measuring imternal temperatures inside growih
chamber was received two months into the mission.

Tral P it
Test #1 52.0% 1L.5%
Test #2 EEN G 29E-8
Test #3 T2.0%: |.3E-5

Table &, Correlation between the RH kevels im the HI-
SEAS habitat amd Veggic growth chamber, hased on

the POC valoes shawn below.
Tnal [ i
Test #1 02.5% 2.1E-12
Test #2 04 5% 4.4E-15
Test #3 3.6% 3 1E-13

Average BH levels reached o muin and max of 32.6% and 55.6%, respectively, with a mission average of 43 8%
These levelz do not breach the asmumed crew comfoat level hmis nor would pose any threat 1o vehicle sysiems
{Anderson et al, 2015). Test #58" 1-3 POC measures indicate sirong comelations between the two (shown in Table 6.
The altitude oof the habatat (%, 2000 fieet (2,500 m) abosne sea lewvel] wall influence the water vapor partial pressure extemal

* Per the NASA Life Support Buseline Walves and Assumptions (c. 20151, a 16-hour light cycle tempernture for Letiuee is the

anly plant closcly reszmbling the “Tokyo Hekana' Chinese Cabbage tesicd in this study. Thus, ils comesponding value was usad
for comparison.

!
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io the habiiat, thus impacting the msscciated RH lewel.

Avernge RH mnges for the HI-SEAS habitt and o0 oo Hahitat COZ Levels
"nqu.'ggi.-l.' E.:ruwlh chamber indicats that @ nominal,
stemdy-state BH walue (40F%) for vehicle simospheres E_
was achieved based on the average level measured 10 EIIII:I.IIIII.::
the habitat (43 8% over the course of the #-month E.
mission | Anderzon et al, 2015). E’:":'-':':'E
£}

3. Carbaovn Dioxide 700.008

Average CO: levels, based on five daily E
memsurements, are shown in Fig. 12, These levels E.I:II:I_I:I:E
wire reflective of the gaseous envimonment wathin the
habiizt and assumed o be squivalent to thoss levels 00,00
ihe plants were exposed b inside the growwth . Week 1 Weekl  Wesk 3 Weekd
chamber. Further analy=is cn the concept of proving Hab [Test 1) Hakb (Test 2) Hab [Test 3]

posibive linlogical inbermsctions between plants and
crew 1na deep space mission 1s recommended,

Figare 12, Carbon dioxide measaremenis collected
. im the habitat, assumed io be similar in magnitode
VI Recommendations to those levels within the Veggie growih chamber.

AL Growth Schedule

The results from this ll.l.l.l'_:l}' |:||.'|.1|:|1.||:v|.'|:| several |:|u.1'u:n|.'1|:i|: witlues and l'li.ul-::-g.il:u] PESPOnSsLs. The informmticn E,ulhl.'n.'d
can potentially aid 0 the comstruchion of custom, opiimized growth schedules for plants within o microgmviby
environment. The walues Listed in Table 7 detzuling our lighting schedule provides the opportumity of improvemeni
and refinement, which 15 1deal when 11 comes o determining an ophimal =t of parmmeters needed For growang plants
in an 1solated and confined environment over a long penicd of me.

Table 7. Based on the resulis and observations collected in the live trails condwcted in this siudy, the
PAR levels recammended below are considered “starting peints™ for the customization of a plant
schodule caterad to “Tokyo Bekana® Chinese Cabbage, Results in bold are those tested in this study.
It is nast, however, the lnal scheduale to be implemeonted. Further analysis is recomanended For
conlirmation andior refinement of the lmits listed. R:B max limit collected from Eterature (Massa

ol al, 20175
Llghiing Seledule for the 22 -1y Growoul of “Tokyve Bekana® Chinese Cabbape
Light Combmtion PAR Levels, Time. Mol
pmol*m 2! hours

R:B 188G < R < 200 12-14 Time mnge based on time dumbon of night cycke (w! Gneen

lights
R:B®G 1705 < REG < 886 05-2 Lrsed tor Haht wmnsidon betwesn B8 ard G: implementzd

daily, 1wice

i |5 =< 22,3 a-10 Lo range llsted was not weated, only measorsd in this stody;

revommenchtion based an desine for lessening effecis of
green Haht. Move analysis needed o prove s 15 dwe case.

B. Plant- Astronaut Synergy for Long Duaration Spacellight

The rezults of this xll.l.d_'r revealed thal certain l'liul-::-g.i.-:ﬂ =y=lems, 5'|:ln:|:i.|_||:u|.|._'|-' |:||nnl gmw1]1 chambers, ITLLY e s
several impacts on a space occupaed by that of a habitat crew if ot planned for or contmolled appropnately. These
cffecis, whether those impocting the crew via the plant syslems or vice versa, must be accounted for when these
inhabitamz share both hving space and life-supporting consomables. ldeally cremted i a closed-loop andfor
regenerabve subsysiem within the facihity, thess misaon-cntical ems need 10 affer balance both i their consumphion
and hi-products of use when considenng humans and plants “in the loop”, together.

Plant systems are emerging as desitable among space travel for manned spacetlight. The crew are the largest
consumers of life support commedities, as well as producers of waste products, and plant systems may play o crucial
role in regenerating commodities and remeving waste products from the spacecrlfbhabital’s calin. In addibon o

10

Amencan Institute of Acronavbcs and Astronavtics



providing harvesis (herbs, fruits, wegetables) for crew consumption, plant sy=tems may secve 10 the waler reclamation
process cven while providing mw agroculivml producis. A plant payload takang wp residency onboard 2
.-:.pcr_'n:\-:r.ll'Lﬂ'l:lhil:lL can have rl-::-:-.ili'r'vl.' impu.n.'lh both I.-|.'|.'|1ni|.':|||}'. ph}-:-.if.'u"}'. and ps.:.u.'|'|-::-|-::-Ei|.':|||:|r ter il crew. Whether
they are placed 10 3 common space among astronouls for consumakbles and wastes control (exercise room, kitchen,
crew commeon ared, dining mom, etc.), or used in preparation of crew arnval where the plant systems are automated,
there are wvarichies of ways in which planis can serve witlal roles in crew dailly achwties over the course of a long
duration, deep space mission.

. Desien and Plannime for Mars

Olver the course of the 8-month mission, many lessons were learned when handing the hardware and collecting
data For this study. Martizn crews, whether on an orhiting station or inalerestnal habitat, will need o understand
and learn about the rols p|u.nl.-: will pl'.l}' in their mussion. This role, from m.lr.lph.' menlary facncd r.vr\-c:-d ucks s .-:imrlh.'
cahan air n.'pln:ni.-:l'l ment, asiromuts must be troined to handle the p|u.n1.-: u rin.l_.z the maturation, hur'.-t.-:Linll_.'“ and
replanting phases as every crew member. Having knowledge in these operations not only benshits the crew in
providing fresh herbs and food for the mizsion but alss proven peychological responses for each perzon. In defining
resource prionbization (power, waler, lving space, glc.), mission planning must define where plants rank far as how
much of each musi be allecated both in pormal conditions and in conbingency when anyfall equiremeni= ame low or
unavailable, such as in spacecrall or hakital system anomahesfalures and vnanticipabed weather events 1mpacting
povwer syslems performance.

The use ol the Veggie payload provided several additicnal benelits unanticipated at the start of the mission,
Based on the expericnce gained in using this hardware, o well s daily inberaction with the crew during the #-month
Mars analog, several recommendastions can be made: full aubemabion, closed-loop, plant health and system stalus
monibenng, muli-purpose. With Weggie and other microgravity plant grosth hardware already residing onboard the
[85, success |.1|'p|:|nlx in -'.‘I-L'n:p Space ey find greater success within a habiizt on the surface of Mars I:'|"ig. 131

Figare 13 Plants were initially censidered to play a “cempanien role™ when designing missions e deep
space. Today, plant growth systens are new being cansidered as serving an “essential part™ in missions
to cis-lunar space and Mars. Veggie and a plant growth owtreach project (left) residing in the HI-SEAS
habitat common arca (imagee (right ) crediiz MASA)

VIIL. Concluosion

Az missions to -'.‘I-L'n:rl SpEE conlinue ko evalve and loke xh:lp-:. the p:l}'|-::-:||:|.-: n.'quin.'d 1o suppesrt humin .-:pu-'.'l.'ﬂighl
in |-::-n.|_.1 duraticon will need to kn.'l.'p == =2 and meet the r.rimu.r}- missicn |.1|'l.i|:\'.'li'.l-\.'51. Frem B =lE stabions 1o surface
habiizts, manned BEQ missions will recuite an army of echoology b be tested and venhed before inlegration inio
the mission system archilecture, including plant growth hardware. The plant growth systems designed for long
duration mission will need 1o be adaptable to bandle definmitive sets of growth parameters for supporbng vanous
vegetation, all while offenng rehiability and longevity of the plants and the hardware with mimmal crew interaction
{oulside that of harvesthing and replanting). In missicns o the Moon and Mars, it has been noted that astronauis tending
o microgravily gardens may benehit by having tme away from their beavily stnoctured workload by tnbegrabng with
planis and each other 10 kending to the plant: as a free-time activity (Hasuplik-Meusburger et al, 20121, As stated by
cosmenaut Lebedey onboard Salyut-T, “I1 s amazingly pleasant onboard to ook afler planis and o observe them. |
think that i Future long highis there will be a lot of plans They are simply essenbal oo man i space™ (Bluth and
Helppie, 19867,
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