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Summary report of the ISS-Kibo utilization mission,
“Development of the on-board monitoring system for microorganisms in potable water
on manned spacecrafts (Micro Monitor)”
Principal Investigator; Takashi YAMAZAKI (ISAS/JAXA)
May / 2025

On the International Space Station (ISS), hygiene management of the living
environment, including drinking water, is essential to maintain the health of the crew and
to safely conduct long-term manned missions. In particular, since the recycled water
used on the ISS is purified from human urine, sweat, and moisture in the air, it is
necessary to ensure microbiological safety after sufficient treatment. Microbial
contamination of drinking water is one of the factors that increases the risk of infection in
closed environments such as the ISS. To reduce the risk of infection in a manned space
environment, microbes on the surface, air and water of the ISS are regularly monitored.
Previous studies have shown that the microbes on the ISS are mainly of human origin,
especially those found on the skin and intestines. In addition, the drinking water supplied
by the ISS Potable Water Dispenser (PWD) has been found to contain bacteria that can
cause infections when the immune system is compromised. Currently, the ISS regularly
collects water samples from the PWD and returns them to the ground for microbial
monitoring using culture methods. Although this method is simple and relatively
inexpensive, it takes several days to obtain results, so it cannot provide real-time hygiene
status, it is limited to microorganisms that can be cultured, it may not be able to detect
microorganisms that cannot be cultured or are dormant, and there is a risk of
underestimating the actual microbial load, and it has been pointed out that it is difficult to
return samples to Earth during human space exploration beyond Earth orbit. To solve
these problems and realize real-time microbial monitoring of drinking water that can be
performed in a manned space facility, we have proposed an optimal on-board automatic
counting protocol using a biofluorescent particle counter that can quickly and directly
count the number of bacteria based on the fluorescence intensity of an autofluorescent
substance (riboflavin) in cells. In addition, in order to quickly understand the dynamics of
bacteria in ISS drinking water, we aimed to make practical use in a space environment
of an ultra-compact nanopore DNA sequencing platform that can be placed in the palm
of our hand, and we analyzed the structure of bacterial communities in ISS drinking water
and demonstrated its effectiveness.

As a result of counting the number of bacteria contained in ISS drinking water using a
series of systems including a biofluorescent particle counter, it was shown that the
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accuracy of the count value by this system was high and applicable to the measurement
of ISS drinking water. In addition, it was confirmed that dissolved organic carbon
compounds (mostly considered to be extracellular polymeric substances (EPS))
contained in ISS drinking water can be efficiently degraded by deep ultraviolet irradiation
using mercury lamps integrated into this counting system. In addition, microbiome
analysis using amplicon sequencing of the 16S rRNA gene revealed that Ralstonia spp.
accounted for more than 80% of the bacteria in ISS drinking water. In addition, analysis
using a nanopore DNA sequencing platform showed that Ralstonia pickettii was
dominant at the species level. As a result of three analyses conducted approximately
one year apart from January 2021, no significant changes in the number of bacteria and
microbiota were observed, suggesting that the microbiota in ISS drinking water is
relatively stable.

Since the presence of a biofilm was inferred from the fluorescence microscopy results
of bacteria in the ISS drinking water, a detailed analysis of the biomass composition in
the drinking water was performed. Scanning electron microscopy (SEM) observations
suggest that ISS drinking water is rich in EPS, which may be a factor in the formation of
biofilms in the PWD. EPS in ISS drinking water is rich in proteins and polysaccharides,
and its presence may play an important role in microbial biomass composition,
contributing to bacterial growth and biofilm formation. Detailed analysis of R. pickettii
strains isolated from ISS drinking water revealed that these strains have a high capacity
for EPS production and biofilm formation. This property may be one of the reasons why
the R. pickettii strain predominates in the space environment and is likely to play an
important role in the adaptation of microorganisms to the space environment.

The results of this research will contribute to the development of a water management
system for long-term human space missions beyond the ISS, enabling real-time
monitoring of drinking water. In addition to developing a method for real-time monitoring
of drinking water in space facilities, this study also analyzed the number of bacteria,
microbiota, biomass, and biofilm-forming ability in ISS drinking water. This has deepened
our understanding of biomass and microbial ecology in ISS drinking water. In the future,
we would like to further elucidate the adaptation mechanism of microorganisms in the
space environment and propose the optimization of potable water production and
monitoring systems. By utilizing the results of this research, it is expected to contribute
to the advancement of microbial control methods in the future space environment, and
greatly contribute to ensuring sustainable habitability and maintaining the health of crew

members during long-term human space activities.
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Kibo Utilization Theme
Evaluation of vestibular dysfunction induced by a long-term stay in the ISS (Labyrinth)
Research results summary
Principal investigator: Hironobu Morita (Gifu University)
December 2025

To examine the relationship between balance dysfunction and vestibular function
observed immediately after return from the ISS (International Space Station) and to
propose countermeasures to improve it, we evaluated center of gravity sway, otolith
(utricle and saccule) function, and semicircular canal function, and investigated whether
balance function could be improved by noisy GVS (galvanic vestibular stimulation). In
addition, we compared the results with the results of RNA expression analysis of the
mouse otolith sensory epithelia (utricle and saccule) from the JAXA "Kibo" mouse
experiment MHU-1 (mouse habitat missions-1), and evaluated the adaptation process to
different gravity at the genetic level.™

2% The main focus of this research is human experiments, and MHU-1 mouse

experiments have already been evaluated in a separate project.

Subjects: 7 astronauts (5 males, 2 females, age 45 + 3 years) who stayed on the ISS
for more than 4 months (204 + 22 days).
Otolith sensory epithelial cells from C57BL/6J male mice that returned from a 35-day
stay on the ISS and ground control mice.

Measurements: balance function (center of gravity sway, eyes open/closed, with/without
noisy GVS), otolith function (utricle function oVEMP (ocular vestibular evoked potential),
saccule function cVEMP (cervical VEMP)), semicircular canal function (air caloric test,
measurement not possible in 1 subject). RNA expression analysis of mouse utricle and
saccule.

Data acquisition: Pre (2 m before the flight), P1 (0-2 d after return), P2 (2 w after return),
P3 (2 m after return, except in one case, 28 m after return due to COVID-19). After
applying a linear mixed-effects model, Bonferroni was used for post-hoc testing.

Results: Results for each measurement are listed below.

Research on astronauts

1. Air caloric test: was not affected by the ISS stay. Therefore, it was concluded that
semicircular canal function was not affected by the ISS stay.

2. oVEMP: peak waveform amplitude and its laterality were evaluated; neither was
affected by the ISS stay. Therefore, it was concluded that utricular function was not
affected by the ISS stay.

3. cVEMP: peak waveform amplitude significantly decreased at P1 and returned to
pre-flight values at P2. The laterality tended to increase at P1, but did not reach
significance. Therefore, it was concluded that saccular function decreased during
the ISS stay and recovered over a two-week period.

4. Center of gravity sway: was analyzed by the total locus length, environmental area,
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and rectangular area. With eyes open, total locus length increased at P1 (98 + 9 cm)
compared to Pre (71 £ 5 cm), but the other indices showed no significant effect.
Furthermore, noisy GVS did not affect balance function. With eyes closed, all three
indices significantly increased at P1 without noisy GVS. With noisy GVS, only total
locus length significantly increased at P1, but the other two indices showed no
changes. Furthermore, noisy GVS significantly reduced rectangular area. These
results suggest that although balance dysfunction increases immediately after return,
it is compensated by visual input, and noisy GVS improved balance dysfunction
immediately after return.

MHU-1 mouse experiment

RNA-seq analysis was performed on the utricle (ISS group, n = 3; ground control
group, n = 3) and saccule (ISS group, n = 2; ground control group, n = 3). The RNA-
seq analysis revealed the following: @ The utricle and saccule in the ground
control group showed clearly different profiles. @ While the utricle maintained the
same profile in the ISS group, the saccule in the ISS group appeared to move away
from the ground group profile and approach the utricle profile. These results support
the conclusion of this study in astronauts that cVEMP (saccule function) is reduced,
but oVEMP (utricle function) is unchanged.

Conclusion: A stay on the ISS causes an imbalance in the vestibular organs’ function,
with the sacculus function declining but the semicircular canals and utricle functions
retained. This may be one of the causes of gravity sickness and balance disorders
immediately after the return. It is suggested that noisy GVS may be an effective
countermeasure for this balance disorder.
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Figure 1. Overview of the C. elegans Neuronal Integrated System (NIS) experiment and cultivation status. (A)
The small culture bags were used to observe the motility of the F1 generation of nematodes, which were grown
from eggs laid in the space pG environment until they became adults, and to analyze gene expression after
freezing and recovery. (B) The larger bag contained worms that had been grown to 10-day-old adults in the
same space environment but with the addition of FUdR at D01, which inhibits the development and growth of
the next generation. Half of the worms were chemically fixed in orbit and used for histological analysis on Earth,
while the other half were frozen and used for gene expression analysis to observe the effects of pG on aging.
The photos of the culture bags on the right (A, B) show white plastic beads placed inside to increase contact

stimulation during culture.
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HEoEecEEREI N, FI #RECEFI L, Bud bcod v 7AERYHIZ, NNy 77 A
i L4 ot 1 HE (D01) £ COEMAEREAMEAETH > 72, T b Fl HiHoEikE
FCoWT, ISSHLE Eo nG, pGB (v —XFINEE) 70 & il i 1G BRI L 214, &9
VN, TN EFNEBERESHEEICRE L2, VY ILDOEE~DER, KEHEE b T v 2
70T b= LT T o7z, KBy 77 B D03 v It IRk MBI ICER T % 7
o, FICHE LD ISS BT T da~) VEELZ, FEC, i 10 HE (D10) o Hoik b
FEUT, DT VR 2 YT — LR D 72 D I E 2 AT b 31 BRI B TS L 72,

ISS HETEH O D HEIGES) % AT L 724558, T pG o o E)EREIL 1G o HERE X
D DK T2 2 LAsrh o7z (Fig. 2A), T, Fiff pG B X OB pG coifvioES) IcBI3 %,
rzbonE oW 1010 L —HT 2R TH - 7z, VRN BT E RT3 720, FEHR
e 2 Anzz4 v 7oy Zodic, E 1.00 g/ce. B 250~300 ym O 77 AF v 7 €
— 2 (uGB) # AN, 15 uGB FTCHELZMRZEET 2 L, MBS —XITHREL AP H
T8 K E S A - T BT ER IR I Nz, Lo L, Sz e —X &l L TuviREE
TOH) & 2B T 2 AL 08 LOMYRA O TR T C LA TE T, IEMEREE)E KO T
X o7z (Fig. 2A), 5l &H &, M LR I Nz 3ifs s v T 2 il L < C. elegans DR E%
HIE L 72655, 8 pG T THlE L~ DO HE, 1G FTTHE LR X Y b ERESEEICE Y
B ot, TOMEDL, EEEOET L L bIC, T codd OB ZFBEER KL
Tz, pGB BT v — X X 2 VBRI 7 il TR 2 10 L CREE L 2354, R O &R X5 ©
BH 200, HEREEEZRLE (Fig.2B), ZOREXENRICO VT, 2hEToli k3D
7Y A%y PEBRCOME LR LTz,

ZZT, pG 6T pGB BRIECTH o MR OEEICOWT O FEBZHHR 2720, H L
1G Mgt Z &7 D01 24k — 1+ (L4 S e O Flimpk ) @ RNA sequencing Ik % 7 v 27
U7 =L N L 72, KT3I o0EYL 7Y 7 — F Offtic X Y B ORR %
#1325 BMP/TGF- B DBL-1 v 7' F MREEIG T, FFIC dbl-1 3 X % O TR OIEE AT sma-3.
BN F sma-9 DFIED, pG THE L7 D01 24— F TIRERICHED L. pGB TlidtiEL T
W5 ZERHADICR 5T (Fig. 20), 7, MESHEEZFAET L 72 vy 0Bk a—FT
% hedgehog Bl n 17 7 IV —Warthog (wro) B 7H b RO FIA{L %7~ L 72 2 (Fig. 2C),

Ioic, KM ARRALT — ) Fuy MEFTORE., 4,741 fd 0@ T ID (2,835 i 0 Efm 1 Ic
L) PHEICA Y YL Xal—vay (FBHER 3 50 2 Kb, BFHE%E (FDR) p<0.05) &
., —777C 2,302 fl0#EEF ID (1,768 fAD#EIET) BEREICT v 7L Fa L —v a v (1.5 5,
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FDRp<0.05) 33 Z & 25, uG CHEEL -k — FicB W T L At » 72 (Fig. 2D: pG/1G),
GO = v Uy F A v MEiTid, pG BERICRENICA Y VL ¥ a2 —va v InEnicE
T 5 GOHMGEL LCIME I A s vics 32270 vEBINrF77_—2027F 27 7 (59 1#
/42 102 &) |, T3ES) (139/571) |, TETTH: > 7 7" AR (75/262) |, TR 0 F4 (93/427) |,
[HifEsh~ + U v 7 2 DM (32/58) ). THhRFHE (40/142) ). [1BE1THE (28/71) ). [fifEE®
ek (31/94) 1. [ 7 = vEEIEG (12/26) ). [ F =% 3 V% (11/35) | 72 £ 3% & 7z (Fig. 2E),
WO, RN L 728 E T cBI 9 5 GO HEE I [HllaE o IEo il (18/86) |, THllaEMH o
e ofiE (18/99) ). HEMETFHE o OFIE (39/300) ], MftH#~7 o+ 2o & oHH (68/634) ],
[TaF 7V —LIcXdx vy 2850 (28/224) ], TDNA &1 (37/228) ). e & + v {&fi
(19/167) | 7z £ 23& £ T\ 7= (datanot shown), pG & pGB @ v — XFINIC X 2 FIRAH T 1G
& nG OZB X 0 X KIEICHEAD L, FREXWD L7-013 72 ffloEE T 1D (64 #{nT). FHE
DI L 72 D 1 656 {H DEIRT- ID (443 EInT) TH o7 (Fig. 2F: pGB/pG), Fric, v —XifF
MTEBICT Yy 7L Fal—vavaIns 43H0EBETD GO v vF X v ME<cid, 1G
¢ pG oI E VT pG CTHERETAA LN TETEY > 7 2 RliE (24/262) |, [ES)
(24/571) ). TF—=o8 2 VIRE (8/35) ). TR D34 (14/427) ). THEE~TF V& 7 F V5iE
& (7/140) ], TEhZREFE (7/142) | ¥ THo7- (Fig.2G), 727-L., TNUbE—XFMc X b
B X N7z GO FEEOBEMEFEUZ. 1G I EFEE & T pG FFE T THEPET L2 v
FCTIEEELCTEL T, = XORHMND pG FHETICBWTHERE TS 2 352N ARETH -
722 BRI NI,
mCh Bz bk, Fric, TEfTHE Y F 7 ABHRE] 3L O T V=8I VIR KBS L. pG
THIADWD U 78578 (22 3341D H 101 BB 1), oI F—o8 I v EICEEE 3 % TH/ cat-
2385, F—o% 3 v RIcBIS 4 3 COMT/comt-4 X O MAO/amx-2 &5, F—-¥3I v
7V AR—Z =D dat-1 BEF MZT dop-175-51CF X2 F—% 3 v ZRABEEE T (Fig.
2D, F o#EGOMTRLZ) KWEHLZ, TNHITIEF—o33 VEEELE oA ST, o b
—vRTERFNa) VOEEE X OZEREEERT (B : ph-1, cha-1, gar-1, -2, -3, ser-1, -2, -
7) bA GO & —LBETHICEEENTOE, KZE, BIRENC LI, pG BB — X% HN
(nGB) ¥ 3 &. ZNbDKEBD THED LA L, pG TOFRBHIH O UGS 2 H D 1T 7 o 72,
Fig. 2H iz 206 101 fHDEET D Log2(FOMHICHE S e — b~y 7HRL T3, RLT, &
L FBURNT 2> S it L Oy F 7 REHERF D% < 25 pG ZEMcZH) L, 2 sl o f+ 5
KXo ClHET 5 LRI NT,
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Figure 2. Effects of pG and bead addition under culture conditions on locomotor behavior and gene
expression changes in N2 wild-type D01 worms. (A) The movements of D01 worms were recorded in orbit

using a high-resolution camera, and the frequency of the worms' swimming behavior was calculated from the
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video images downlinked from the JAXA Kibo experimental module on the ISS. (B) The nematodes were
cultured in small culture bags, frozen and recovered, thawed, and the body lengths of the top 20 nematodes
were measured. Significant differences are indicated by different uppercase letters (p < 0.05, one-way
ANOVA with Tukey's post-hoc test). (C) Heatmap analysis of log2(FC) values of nG/1G and pGB/pG
expression of dbl-1, sma-genes, and wrt-genes involved in body length control in C. elegans. (D) Volcano plot
analysis comparing global gene expression by RNA sequencing of D01 cohort (L4 larvae to young adults)
grown at 1G and pG. Expression ratio log2(FC) and -log10FDR values were plotted using data from three
independent biological replicates. Blue: significantly decreased genes, Orange: significantly increased genes,
Glay: not significant, Green: cuticle and collagen-related genes (blue and orange outlines: significantly
increased and decreased), Green with white outlines: /er-2and emb-9 genes, Yellow: response to anterograde
trans-synaptic signaling and dopamine-related genes (Purple outlines: significantly decreased). (E) GO
enrichment analysis of 2,835 genes decreased under uG compared to 1G. (F) Volcano plot analysis comparing
global gene expression of D01 cohort grown at pG and uGB. The color pattern is the same as above. (G) GO
enrichment analysis of 443 genes increased under pGB compared to pG. (H) Heat map analysis of 101
decreased at pG related to anterograde trans-synaptic signaling and dopamine-related genes compared
between D01 nG/1G and D01 nGB/pG.

FHTH - B OMRE S F 7 2/ a8

FHCTH > ARHOMRRICHA SN S > F 7 Z/NEEEE IC O W, #/NalgE, =% V34
F—Y R v F T REICE ST 5 22 DR T ORI & R L 72 2%, pG & 1G, pGB & pG
DM DFIERE( (1og2FC) Db — b= v 7Tl TS F 72/ MatnX icB54 5 ) 7Y v
2RI E/syd- 28 L RF A 77 1Y —1A (KIF1A) /unc-104, v F 7 AEL XV 3 4 + —
2 % FE$ 5 RIMS1/unc-10, > F 7 AZ/Nax ¥V %4 b —> RCBD B unc-13, ¥ F 7 AHIEH)
TEMOMEEHEIE B L TR ICED B cla-1, % LTy F 7 AICEES T 2 MlaEE RN T syg-1 &
LV syg-2%a— T 2BETFORAPEREICHD LT Z EXRHPAL TR -7z (Fig. 3A), X
LI, E—=XORMIC LY 2 —HoBE R FRIEBEIEL /-,

CINOFHDO pGICH T 5 v F 7 R/NEEREICEED 2 BIEFRORBBPMMBET L T2 &b,
KIT, FHDO pG 7213 ISS I X n7z 1G ALES Tl 5L L Fig. 1B o KELSy 7 ©
fHE I N LAShHRT, > F 7 7L vy kT 2 SNB-1c GFP % & 7' ft 1) L 7= itk o fuE b
LEEE Y v 7 2 Fic B, #fEER (NR) IC51F %5 SNB-1:GFP B L v 2 8% L 72,
SNB-1::GFP (1@ > + 7 2 DB # R T RIS F 7 AD < —H —CTdh Y 7 AMHHE (fs[s37] mec-
7p:snb-1:GFP) s 7 v AY — v R FBF 28H) &, A A/ 2 v I —EETFD 1 D mec-7 D
promoter [ T SNB-1::GFP ZJ¥Hfil{Hl5 2 2 & T, #HHDOMICH7 2 NR T ALM il KR = =
— 0 VORI F T ATHET 2 527, it 5T, NR OE# L 2RI > T 3~4EEDL+ 7
A GFP ~v 7 a2 p@liEang (Fig. 3B). Fi pG Tix. BIE{EAD 30%LLE (6/17) 23 HHRE
iy SNB-1:GFP & 7' A% ALM fiffi= o2 — v VETS F 7 A CTHEL, &R Y OPELLE ok

(9/17) TRHPEEDO Y 7 F %, # 10%DFEE (2/17) TiE, —EDHMBIREE T Ly 7
FABBH I N b 572 (Fig. 3C), xHEIc, FH AL 1GBRECFH - 7z filfd > SNB-1::GFP
7B, PRED Y 7 FARIR L EESK 60% (7/12) T, Y D 40% (5/12) X GFP
YU FARREF, £72, B SNB-1:GFP & 7 F L 2R LR Z A b d o7, ©— X%
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252 LT X BRI R L 72 nGB ik Tix., &<Tofitk (11/11) 2hfED Y 7 F L%
KL, Oy 7 F b Ricy ZFAREE IR WEREAS N LD 5 T2,

R OB E TRORBICA T, £4 = v F 5> vz EOERFIC X ) i EEEE) 2
fifo 72BR1ciX, A SNB-1:GFP 22 NR ICEM T 2 2 e I hTwb 2 e 26, Fii pG TlE
L7 MR CIE NR ICH Ty F 7 ZMASIC X 2 WHEEA > T 3 2 L A% CORIB I Lk,
¥ 7o WIEREG A E RO (N2 pG CEE LA ERIC B T B o SR A LETE B T
B2 78 o 72,
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Figure; 3. SNB-1::GFP fluorescence signals under spa(;:ﬂight microgravity and bead application. (A) Heatmap
analysis of the expression levels (log2FC) of 22 synapse-related genes compared between D01 pG/1G and D01
pG/uGB using RNA sequencing of the D01 wild-type cohort (L4 larvae to young adults). (B) Representative
images of SNB-1::GFP presynaptic puncta (jsIs[mec-7p::snb-1::gfp] ) in ALM touch sensory neurons ay the
nerve ring (NR) of L4 larvae grown under space pG, pGB, and artificial 1G conditions. The samples chemically
fixed in orbit and returned were observed by a confocal microscope using a z-stack with the same excitation
laser intensity and sensitivity. Images were captured at 12-bit resolution with a maximum gray level of 4095.
Scale bars represent 10 um. (C) Singal intensity of SNB-1::GFP puncta at NR synapse was classified into three
AU levels: high (signal level: <1000), medium (signal level: 300-1000), and not detect (nd: <300), and the
proportion of individuals was plotted on a stacked bar graph. The numbers of individuals used in the experiment,
from left to right, are n=12, 17, and 11. A 3x3 chi-square test was used to test for significance. *p-value: <0.05,

**p-value: <0.01.

FHuGRET c&t L 2R OB TFHEHE{L (D10/D01)

thizb 2 EOMOWEE S IC X Y EE I NMBOTFH 7 74 Mt Tid, pG TE>Z ¢ T
iEME-CIREEM A B L RMERBORED T oN S L PG kI 10192028 2 h
HIIFH pG BEED C elegans DFIHEL Z 5| TR ST A[EEELNRB INT X 2, 2 2 TR B IL,
S O FH EERIC B W TELITHE S R O ZRIEEFFEL (DEG) I MU T FH nG & 2~
27200, LA Wshihip b FR o 2 v — 7 ¢% 2 D01 2+ — b & Bl 10 His (D10) b2+
— } @ RNA-sequencing fi##t % Ehi L 7z, D10 =+ — Fid, F1 #8 L4 gt (DO1) % AUALHI<
H2% FUAR 2EDH LKAy ZicBiEL, X 6 10 HREk e E%2 T2 db D Th 5 (Fig.
1B), FEEELMHNICE T 227 7 LBETORELE) (BN =8EE) o Es555 (PCA)
TolfiR, Z0biE 3 20FEAh I IR —IcHpfI T (Fig. 4A), #i kD D01 a+—FHD
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1G #. D01 25— FHND pG & uGB Z&bE 728, D10 =& — DL TD, pG, pGB, ISS L
DAL IGEZEK L, % 1 EH (PC1) 13 D01 & D10 BoZLEEZE L 2IE 2. 6 2 T
(PC2) B 1GHLUPpG LW I AFRBICL 22 ERL Tz, b DRI, ENEMLD
FOES FRIC LA Mg & R A 572 2 D01 2k — F CEECTH o7 & 2R L7 (Fig. 4A),
51z, D01 pGB =4 — + oEE 7 #EIZ, PC2H LT D01 1G a4/ — MZilEo< &7 F &KL
722 &5, D01ICE T3 e — XM (GB) 13 1IGEH % —Ekl 5 s R TH 3 2 L BRBI NI,

RIT, Flin e L DI L -8B THERET 2720, WA IGEETICEIF 5 DOl LW
D10 ® DEG (ISS AT 1GD10/#1 £ D01 1G) ###& L 72 DEG KA — /7 Fu v 3Tl
ST 1D30,549 @ 5 5 3,997 ID CHlllis & & & ICHKBIEAE L <A (34 D 2 &, FDR p<0.05)
L. 4,208 1D CTHIREBEE <IN (1.5 f5#. FDRp<0.05) L7z (Fig.4B), Z# 5 DEG @ Gene
Ontology (GO) f@#f<ix, [FAERFE| T2 F 2 734 TS L vozfilgs~1r Y v 72
Lag—rv ) ~—BEicma, TAINAE] DEE) [ F—o3 3 Vg TR 4 £ v 2] TR
A T=a—a vAR] Lvo 2 MREREERE FOFERIEMIBIE I, b o GO HH
M7 1G T CoEIC > TRIAME T T 2 E85FOMRETH 5 & L b2 - 72 (Fig. 4E),
Fric, 757 7 °miflilaz &bt a 5 —7 v IcBi5 3 % 348 @5 T ID (& 278 EIET)
DI b, 2121ID A3 1G &4 T Tl IC X 0 B 2 Gz H 34 191ID) TtH Y (Fig. 4B, %
). Mifasb~= b vy 2 20a g =7 VIidBEEYI» O e P E TR AL, Miine &b Iy S
Z2WVIIAHANCER L T4 R BLAREZGIZRIT L IEATH B 23, BIRFEHNZ Lic, 2
T vEELDETIEINOMEICHEE TR SN2 GO HEH D& DA, FL D01 24—
FTD pG/1G DHERICHEWT, F7 L ¥Fal— a3z GO HH —Ehrabn7- (Fig. 2),
Ioic, BAZENRE T CHE I NZ DI0 oM zItik+d 2 e, a7 -7 vilin T2 7 A%
—DOFEBUTISSOA AT IGERET L v b pGERET T ol L T/ (Fig. 4C; D10 pG/D10
1G), D10puG BETHBPWA L7 DEGs @ GO it c b, [k o4m] [7 v 7 4 v FEEEE
DFA | [EZRFE ] 72 L OMFREE GO 2 —2ichnz, [FABE] © [7F 27 70%E] Lvo
7= GO % — L OEEN R S iz (Fig. 4E),

—J7. 1G TSI L 72 4,208 OB ID X [ 2 v 7 BEAKDOF ) o< —1{L]
&) —2o0 GO HHDOATEMAADLIL, %% 725 4EETFID ZVwIhd A v LF ¥ H L
Tr It ¥ AL vEFL2 Vv 2E (KCTD) #&% TNF-a 582 v 28773 —Tho
7= (Fig. 4G), &k, I OWFEA LY v 7 T 728, FRCEAREE S T L v 4 ~— K5 IcBd
5322 eRRBINT NS 23, Ric, Mis=4— bt D10 Moltiicks »w<, 1IGERE L KL
TG BRECERREZ R LZEG TR, [v7F V-2 ) v ) Vgt (X 7-Fa—7Y vF
>—% [TTBK] 77 3V —%&%). [I rav FU TV Vg4 A+ v EEREgEX] TBY vEt] (&
VRIBEFuL v T3 A7 72—+ [PTPs] 77 2V —) 25T 24W70 7 v X#E O GO
& — LOPEMED RS btz (Fig. 4C, E), IO TTBK I3 MR E-CinicBE S L, o
BRI L VERAEMDFEINDI ZEBAONT VS Z L5 3, nG BESHRE R o
fLZITHEXE TR T EBRBINT,

Ay —77ay bz feGEEFREOUEN R HICE T, Fice—X uGB i X 34
BRI D B B % 2T 3 5 7212, D10 pGB/D10 1G 3 X 1* D10 pG/D10 1G To Hilik d FEfe L
T2o ZORER, nG BT 227 F 27 78X Va7 — 7 vEEERTYZ I R4 —9%6 Xy v ¥
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2L —a voRER, =X uGB OBEMNc X Y & 2 REMFH S 2 2 L 2R &z (Fig. 4D),
ZoHTh, col-12, -13, -14, -39, -81, -129, -139, -146 D 8 DD a7 —7 Vilr ¥k, 1G5
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o kh o7z (Fig. 4E), Lo 2 & h b S o — i a8 o L BB G T RIRA T 23,
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Figure 4.D Changes in gene expression in space-aged worms. (A) PCA analysis of total gene expression with
three biological replicates in the D01 cohort (L4 and young adults) and 10-day-old (D10) wild-type adults
grown under pG, pGB, and 1G conditions. (B) Volcano plot analysis of age-related DEGs in D10 1G/D01 1G
worms. Blue: significantly decreased genes, Orange: significantly increased genes, Glay: not significant, Green:
cuticle- and collagen-related genes (blue and orange outlines: significantly increased and decreased). (C)
Volcano plot analysis of DEGs on the effects of aging under uG by comparing D10 pG/D10 1G. (D) Volcano
plot analysis of DEGs on the effects of aging under pGB by comparing D10 nGB/D10 1G. (E) GO enrichment
analyses of the DEGs observed at from the volcano plot analyses, (B), (C), and (D). (F) Heatmap analysis of
96 cuticle- and collagen-related genes decreased by pG in D10 worms, with additional comparisons between
D10 1G/D01 1G and D10 uGB/D10 1G. (G) Heatmap analysis of 23 TTBK and PTPs family genes enhanced
by uG in D10 worms, with additional comparisons between D10 1G/D01 1G and D10 pGB/D10 1G.
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Figure 5. Changes in GABAergic motor neuron morphology during aging in space nG. (A) Representative
images of SNB-1::GFP-labeled axon commissures of DD/VD GABAergic motor neurons (juls76 [ unc-
256p::SNB-1::GFP]) around the vulva of L4 larvae (D01) and D10 aged worms grown under space nG, pGB,
and artificial 1G. Scale bar indicates 50 um. (B) To quantitatively assess damage to GABAergic motor
neurons in space-grown C. elegans, the number of blebs in the four axon commissures of each individual was
divided into four damage categories: 1-5, 6-10, 11-15, and 16 more, and the proportion of individuals in
these categories was plotted on a stacked graph. The numbers of individuals used in the experiment, from left
to right, are n=14, 12, 14, 23, 24, and 25t. A 6x4 chi-square test was used to test for significance. *p-value:
<0.05, **p-value: <0.01, ***p-value:<0.001. (C) Qualitative analysis of axonal defects, such as axonal
branching and severing at the commissures of GABAergic motor neurons, and improper rotation and fusion
of structures along the axon. In the same individuals (B) were used. Statistical significance was determined
using one-way ANOVA with Tukey’s post-hoc test. Different letters indicate the grouping of statistically

significant differences at p< 0.05.
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Figure 6. Changes in dopaminergic cephalic (CEP) neurons morphology during aging in space uG. (A)
Representative images of DAT-1::GFP-labeled dendrites of CEP dopaminergic neurons (vels! [ dat-1p::GFP
+ rol-6 (sul006)]) of L4 larvae (D01) and D10 aged worms grown under space uG, nGB, and artificial 1G.
Scale bar indicates 50 pm. (B) To quantitatively assess damage to CEP neurons in space-grown C. elegans,
the number of blebs in the dendrites of each individual was divided into four damage categories: 1-5, 6-10,
11-15, and 16 more, and the proportion of individuals in these categories was plotted on a stacked graph. The
numbers of individuals used in the experiment (n >20). A 6x4 chi-square test was used to test for

significance. *p-value: <0.05, **p-value: <0.01.
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Figure 7. Muscle mitochondria aging in space pnG. (A) Representative images of body wall muscle cells from
two D10 nematode, ATU3301 (ccls4251 [ myo-3p::GFP::LacZ::NLS + myo-3p::mitochondrial GFP + dpy-20
(#)] and acelsI [ myo-3p::mitochondrial LAR-GECO + myo-2p::RFP]), cultured under space pG, pGB, and
artificial 1G. In addition to nuclear GFP and mitochondrial GFP, muscle actin filaments were visualized by
staining with rhodamine phalloidin. Scale bar represents 10 pm. (B) Qualitative analysis of body wall muscle
cells with abnormal mitochondrial morphology (n = 250-300 muscle cells from at least 40 worms for each).
Mitochondrial age-related changes were classified as follows: "intermediate", "fragmented”, "very fragmented",
"swelling", and "severely swollen". Chi-square test was used to test for significance. *p-value: <0.05, **p-value:
<0.01, ***p-value:<0.001. (C) Quantitative analysis of mitochondrial Ca?* concentrations ([Ca?*]ui,) in body
wall muscle cells using mtGECO signal levels. [Ca?* ], was calculated in the same mitochondria (B) as

described in %3, Statistical significance was determined using one-way ANOVA with Tukey’s post-hoc test.

Different letters indicate the grouping of statistically significant differences at p< 0.05.
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Figure 8. Body length alteration and gene expression changes compared to mechanoreceptor mutations grown
under space pG, nGB and terrestrial 1G. (A) D01 mec-4, trp-4, and cat-2mutants were cultured in small culture
bags, frozen and recovered, thawed, and the body lengths of the top 20 nematodes were measured. Significant
differences are indicated by different uppercase letters (p < 0.05, one-way ANOVA with Tukey's post-hoc test).
(B-D) Gene expression changes of “ECM collagen and cuticle-related” GO genes (B: 222 gene IDs in total),
“anterograde trans-synaptic signaling,” “axon regeneration,” and “response to dopamine” GO genes (C: 334

IDs in total), “motility” GO genes (D: 485 gene IDs in total), and “regulation of RNA metabolic processes” GO
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genes (E: 147 gene IDs in total) in wild-type and mec-4 mutants were compared using log2(FC) ratios of D01
pG/1G and D01 pGB/uG. (F) Heatmap analysis of the changes in the expression ratios of 18 mechanoreceptor

genes between the D01 wild type and mec-4 mutants cultured under different gravity conditions.
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Figure 9. Effect of mec-4 mutations on neuromuscular aging cultured under a terrestrial 1G environment. (A)
Heatmap analysis of the log2(FC) ratio of 21 “autophagy” and “aggrephagy” related genes between the D01
wild type and mec-4 mutants cultivated in a terrestrial 1G environment. The expression log2(FC) ratio in these
genes were also plotted in a heatmap between N2 wild-type D01 pG/1G and D10 1G/D01 1G. (B)
Representative images of muscle mitochondrial aging in mec-4 mutants compared with wild type in 1G culture
for the indicated periods. Scale bar represents 10 pm. (C) Mitochondrial age-related changes were
morphologically classified according to Figure 7, and statistical analysis was performed by chi-square test. (n =
75-250 muscle cells from at least 15 worms for each). *p-value: <0.05, **p-value: <0.01. (D) Representative
images of age-related changes in SNB-1::GFP-labeled axon commissures of DD/VD GABAergic motor
neurons (juls76 [unc-25p::SNB-1::GFP]) compared between wild type and mec-4mutants in 1G culture. Scale
bar indicates 50 um. (E) To quantitatively assess damage to GABAergic motor neurons in space-grown C.
elegans, the number of blebs in the four axon commissures of each individual was divided into four damage
categories: 1-5, 6-10, 11-15, and 16 more, and the proportion of individuals in these categories was plotted on
a stacked graph. The numbers of individuals used in the experiment, from left to right, are n=25, 23, 42, 39, 35,
and 31. A 6x4 chi-square test was used to test for significance. *p-value: <0.05, **p-value: <0.01, ***p-
value:<0.001. (F) Cytosolic calcium transients during crawling behavior and contact stimulation in wild type
and mec-4mutants fresh adults cultured on the E. coli OP-50 NGM agar medium. Changes in cytosolic calcium
concentration were visualized using goels3 [myo-3p::SL1::GCamP3.35::SL2::unc54 3'UTR + unc-119(+)]
transgene and converted using Royal Color. Sequential clips at approximately 1-second intervals were displayed

from video images.
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Summary report of the ISS-Kibo utilization mission,
“Effect of space environment on aging of the model animal C. elegans
(Neural Integration System)”
Principal Investigator, Atsushi Higashitani (Graduate School of Life Sciences, Tohoku University)
Dec. 2025

This study investigated the effects of space microgravity (u G) on neuromuscular development,
function, and aging in the nematode Caenorhabditis elegans, highlighting the critical role of mechanical
tactile stimulation in maintaining neuromuscular integrity during spaceflight. Using the Neuronal
Integrated System (NIS) space experiment aboard the International Space Station (ISS), researchers
cultured C. elegans under u G conditions, with and without physical stimulation via plastic beads, and
compared them with 1G ground and artificial 1G space controls.

Worms grown in p G exhibited significant downregulation of genes associated with locomotion,
synaptic signaling, cuticle development, dopamine response, and extracellular matrix (ECM) organization.
Phenotypically, u G worms exhibited reduced body lengths, impaired motility, and altered synaptic vesicle
dynamics. The BMP/TGF- 8 DBL-1 signaling pathway and hedgehog-like Warthog gene family, which
regulate body size and cuticle morphology, were notably suppressed under p G conditions. The addition of
beads as physical stimuli partially restored gene expression and improved body length, indicating that tactile
input mitigates u G-induced deficits.

At the synaptic level, u G reduced the expression of genes involved in anterograde trans-synaptic
signaling and synaptic vesicle trafficking and exocytosis, including syd-2, unc-104, unc-10, and unc-13.
Imaging of the synaptic marker SNB-1::GFP revealed accumulation of GFP signal in the neural ring of
1 G-grown worms, reflecting impaired neurotransmission from synaptic vesicles. These synaptic defects
were ameliorated by bead supplementation, which restored the gene expression and synaptic structure.

Aging under u G conditions further exacerbated neuromuscular decline. Transcriptomic analysis
of 10-day-old adults (D10) showed enhanced downregulation of collagen and cuticle-related genes
compared to 1G controls, alongside increased expression of genes related to tau-tubulin kinase (TTBK)
and protein tyrosine phosphatases (PTPs), which are implicated in neurodegeneration. Morphological
analyses demonstrated increased axonal defects, bleb formation in motor neurons, and mitochondrial
fragmentation, swelling, and Ca®" accumulation in body wall muscles under u G, all of which are indicative
of accelerated aging. Bead supplementation significantly mitigated age-related neuromuscular
deterioration.

To elucidate the mechanosensory contributions, we examined mutants deficient in key
mechanoreceptors. The mec-4 (u253) mutant, which lacks the DEG/ENaC channel involved in gentle
touch sensation, did not exhibit u G-induced body length reduction or downregulation of extracellular
matrix genes, suggesting that MEC-4 mediates tactile input critical for growth regulation under u G.
Conversely, trp-4 mutants, which are defective in harsh touch and proprioception, still showed body length
reduction under u G. Beads partially restored gene expression related to synaptic signaling and locomotion

in both wild-type and mec-4 mutants but failed to recover collagen gene expression in mec-4 mutants,
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reinforcing the role of MEC-4 in mechanotransduction of tactile stimuli, affecting body morphology.
Furthermore, mec-4 mutants under terrestrial 1G conditions displayed accelerated neuromuscular
aging signatures, including increased autophagy-related gene expression, mitochondrial degeneration, and
motor neuron axonal damage, paralleling u G-induced aging phenotypes. Calcium imaging revealed that
mec-4 mutants lacked muscle cytoplasmic Ca?" transients in response to weak tactile stimulation,

underscoring MEC-4’s role in mechanosensory signaling in muscles.

The study concluded that the loss of mechanical stimulation in u G environments disrupts neural
integration, synaptic function, and extracellular matrix maintenance, leading to impaired locomotion,
developmental defects, and accelerated neuromuscular aging in C. elegans. Providing physical stimuli
through bead supplementation partially reversed these effects, highlighting the importance of tactile input.
These findings suggest that restoring mechanical stimuli could be a viable countermeasure to mitigate
neuromuscular health risks during long-term space missions, with implications extending to human
spaceflight and aging studies. Therefore, we would like to propose that tactile stimulation and the associated
mechanoreceptors play a crucial role in maintaining the overall health of living organisms in space.
Furthermore, recent studies have shown that kangaroo care and infant massage promote the secretion of
growth factors, oxytocin, opioids, and dopamine through the activation of unmyelinated C-tactile fibers and
myelinated A 8 fibers, contributing to the neurological and behavioral development of infants. This finding
is consistent with the results of the C. elegans grown in the space p G environment. Based on these findings,
in addition to addressing previously known issues such as unloading and fluid shifts, the reduction in tactile
stimulation poses new risks to the development of the neuromuscular system, the overall health, and aging

of all organisms, not only in space but also on Earth.
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Summary report of the ISS-Kibo utilization mission,
“Study of liquid-liquid phase separation of undercooled liquid metals and forming
process of multi shell sphere (Multi-shell Sphere)”
Principal Investigator, Tadahiko Masaki (Shibaura Institute of Technology)
Oct. 2025

1. Overview

Fe—Cu is a peritectic binary alloy that exhibits liquid-liquid phase separation when
supercooled: an Fe-rich and a Cu-rich melt coexist. Under microgravity, these liquids
can spontaneously form core-shell or multi-shell spheres. On Earth, temperature
gradients, gravity, and Marangoni convection obscure the intrinsic mechanism.

This study used the Electrostatic Levitation Furnace (ELF) aboard the ISS to clarify the
formation process of multi-shell Fe—-Cu spheres and to provide insight for thermal-

storage material development.

2. Experimental Methods

Five compositions (FezCus—FesCuzo) were prepared from high-purity metals and
processed into 2 mm spheres by laser melting and gas-jet levitation. In orbit, samples
were electrostatically levitated, melted up to 1200 °C, and freely cooled while recording
temperature and position. After recovery, specimens were sectioned every 50 um and
analyzed by EPMA to map Fe-Cu distributions. Cooling curves were corrected using

the Cu-rich solidification temperature.

3. Results

All compositions showed multiple exothermic peaks during cooling, corresponding to
Fe-rich recalescence. Distinct multi-shell spheres appeared near the critical composition
(=Fe-55 at% Cu): Fe4Cuso: double-shell sphere FesoCuso: triple-shell sphere. EPMA
mapping revealed alternating Fe-rich and Cu-rich layers; Fe-rich regions contained
dendritic Fe and thin surface oxides. Both phases maintained nearly constant
compositions (Fe or Cu = 0.8 mol fraction). A regular-solution phase diagram
reproduced these results, confirming that structures arose from liquid immiscibility

rather than solid-state segregation.

4. Simulation and Mechanism
Using the Cahn-Hilliard and phase-field equations, spinodal decomposition was

simulated. Coupled Lattice Boltzmann simulations including a temperature gradient
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showed that concentration waves develop parallel to the cooling surface and evolve

into periodic Fe/Cu layering.

Hypothesis:

“Temperature-gradient-driven spinodal decomposition in a quiescent spherical melt
produces long-period composition modulations that transform into multiple concentric
shells.”

Under gravity, such layered structures are disrupted by convection, explaining why
terrestrial experiments yield mainly double or triple shells, whereas microgravity

allows stable multi-layer formation.

5. Conclusions

(1) ELF experiments successfully correlated thermal history and phase separation in
Fe-Cu melts.

(2) Double and triple shells were produced near the immiscibility critical point, linking
composition to structure.

(3) Simulations proposed a mechanism of temperature-gradient spinodal layering,
partially verifying the multi-shell formation hypothesis.

These findings provide the first quantitative insight into nonequilibrium phase
separation in metallic liquids under microgravity, guiding future latent-heat storage

material design and advanced space experiments.
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2-1-1. Cell#1 (2017 Jul. to Dec.) : pure GI as a reference
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2-1-1. Cell#2 : pure Gl as a reference
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(1) Yoshihisa Suzuki, et al. Crystals, 9, 2, 90-1-8, 2019.
(2) Yoshihisa Suzuki, et al. Crystal Growth & Design, 22, 12, 7074-7078, 2022.
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Summary report of the ISS-Kibo utilization mission,
“Relationship between the distribution coefficient of impurities affecting the perfection of
protein crystals and the crystal growth mechanism” (Advanced Nano Step)

Principal Investigator : Yoshihisa Suzuki (Tokushima University)
Oct., 2025

1. Introduction

This study aims to measure and compare, through in situ observation under microgravity and terrestrial
conditions, the effects of impurity proteins on the lateral growth rate ( Vera) of spiral growth hillocks on the
surface of glucose isomerase (GI) crystals. In particular, by coexisting smaller impurity proteins than GI—hen
egg-white lysozyme (HEWL) and bovine serum hemoglobin (Hb)—we observe a suppression of Vera on GI
crystal surfaces. The objective is to elucidate the detailed behavior of this phenomenon and clarify the causal

relationship between protein crystal growth in space and resulting changes in crystal quality.

2. Results and Discussion

2-1. On-orbit experiments

2-1-1. Cell#1 (2017 Jul. to Dec.) : pure GI as a reference

Although regrowth on the seed crystal was indispensable but unsuccessful, we measured the supersaturation
dependence of nucleation rates and normal growth rates, and compiled the findings into a research paper‘V.
2-1-1. Cell#2 : pure Gl as a reference

Based on the failure in Cell #1, we successfully achieved crystal regrowth at 20 °C using a HEPES-NaOH
buffer solution, taking into account the results of long-term storage tests (Fig. 1) ®. We also succeeded in
measuring Ve in the direction indicated by the arrow in Fig. 1, and found that when using 99.9% highly
purified GI, there was no difference in growth rate between ground and space conditions (Fig. 2). This
suggests that when purified to 99.9%, the quality of the resulting crystals is equivalent in both terrestrial and

space environments. 25

Bgrouna = 1.02 + 0.05 nm m]%s_l mg~?!
o0 Piss=1.1£0.2nmmlL st mg™?!

»

S

c

<

6
Fig. 1. Spiral growth hillocks on the {110} =P P
face of GI crystals ¥. Composite image of
two-beam interferometry and transmitted 10

o-

light microscopy captured onboard the ISS
in Cell #2 using the NanoStep apparatus. 45

C-C.,/ mgmL"!
Scale bar: 200 pm.

Fig. 2. Step velocity Viep (@) and lateral growth

rate Viuerat (O) of spiral growth hillocks on the
2'1'3, 4. CeH#4 & CeH#5 . GI+Hb & GI+HEWL {110} face of GI crystals as a function of C— (:e

Step advancement rate and lateral growth rate were @ Here & concentration of GI and Ci
measured under coexistence with impurity proteins (Fig.
3,4). As a result, for hemoglobin (Hb), the growth rate

in space was slower, which was consistent with expectations. However, for HEWL, the results showed no
difference between space and ground conditions. This suggests a possible association between GI and HEWL,

which carry opposite charges.

solubility.
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Fig. 3. Step velocity Vie, (@) and lateral Fig. 4. Step velocity Vie, (@) and lateral
growth rate Ve (O) of spiral growth hillocks growth rate Viera (O) of spiral growth hillocks
on the {110} face of GI crystals as a function of on the {110} face of GI crystals as a function of
C- C. under coexistence with Hb, C- C. under coexistence with HEWL,

2-2. Crystal quality evaluation and distribution coefficient measurement

Both the full width at half maximum (FWHM) of rocking curves obtained from synchrotron X-ray topographs
and the mosaicity derived from oscillation photographs indicated that crystals grown in space always exhibited
lower quality. Although the distribution coefficient could not be measured from the retrieved crystals,
measurements taken immediately after ground-based growth showed that the distribution coefficient of
HEWL was approximately 0.4. It has been reported that this value increases under microgravity conditions,
approaching 1. The distribution coefficient of Hb is currently under investigation.

3. Conclusions

Through the Kibo utilization theme, 'Relationship between the distribution coefficient of impurities affecting
the perfection of protein crystals and the crystal growth mechanism (Advanced Nano Step),' the following
results were obtained.

(1) For highly purified GI crystals (99.9%), no difference was observed between Viep on Earth and Vel aboard
the ISS.

(2) When hen egg-white lysozyme (HEWL) was mixed as an impurity, no change was observed in the Ve,
and Wera of GI crystals. This would be due to attractive interactions between Gl and HEWL.

(3) When hemoglobin (Hb) was mixed as an impurity, the GI crystals exhibited the expected behavior of
Vitep > Viateral.

(4) Both the rocking curve and mosaicity of the retrieved crystals showed a tendency for higher quality in
the ground-grown portions.

(5) The distribution coefficient (K.5) of HEWL into GI crystals was approximately 0.4. For Hb, which is
larger and negatively charged like GI, K. is likely even lower. Since K. values below 1 are known to
approach 1 under microgravity conditions, this aligns with the observation that growth rates are more

suppressed in space, indicating a higher presence of impurities at the crystal interface.

Reference
(1) Yoshihisa Suzuki, et al. Crystals, 9, 2, 90-1-8, 2019.
(2) Yoshihisa Suzuki, et al. Crystal Growth & Design, 22, 12, 7074-7078, 2022.
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Summary report of the ISS-Kibo utilization mission,
“Development of High-Temperature Thermal Energy Storage
Materials Using Metastable Liquid Phase Separation

(Thermal Storage)“

Principal Investigator : Hidekazu Kobatake
Faculty of Science and Engineering, Doshisha University

December 2025

The large-scale introduction of renewable energy requires significant
advancements in thermal energy storage (Thermal Energy Storage, TES) technologies.
In particular, for high-temperature applications exceeding 1000 K, the lack of reliable
thermophysical property data has hindered the establishment of robust material design
guidelines for efficient heat storage and release. In this study, we focused on metallic
alloys exhibiting metastable liquid-liquid phase separation and conducted high-precision
thermophysical property measurements and solidification-related evaluations using the
Electrostatic Levitation Furnace (ISS-ELF) onboard the Japanese Experiment Module
“Kibo” of the International Space Station. The containerless and microgravity
environment enabled the elimination of convective effects and container interactions,
allowing for accurate assessment of intrinsic material properties.

The primary objective of this study was to obtain fundamental high-temperature
thermophysical properties—namely density, surface tension, and viscosity—of Fe—Cu-
based alloys, which are considered promising candidates for TES applications. Using non-
contact measurement techniques in ISS-ELF, the temperature and composition
dependence of melt density was successfully determined, and the obtained values showed
good agreement with existing literature data. In addition, stable measurements of surface

tension and viscosity were achieved under oxidation-suppressed conditions, providing
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reliable thermophysical data in high-temperature regimes that are difficult to access in
conventional ground-based experiments.

Furthermore, based on the experimentally obtained thermophysical properties,
numerical simulations were performed to investigate the microstructural evolution during
liquid-liquid phase separation. The simulations revealed that characteristic features of
phase-separated microstructures observed under microgravity conditions are closely
related to initial alloy composition and the formation behavior of core—shell-type domain
structures. By comparing simulation results with experimental observations, a
computational framework was established in which the liquid phase separation process
under undercooled conditions can be described using coupled phase-field modeling and
thermo-fluid dynamic analysis. This framework provides a useful basis for systematic
investigations of phase separation phenomena in high-temperature metallic systems.

The outcomes of this study demonstrate that combining high-temperature
thermophysical property measurements under microgravity conditions with numerical
simulations of microstructural evolution enables an integrated understanding of liquid—
liquid phase separation phenomena in TES materials. Future work will focus on
solidification processes following phase separation, including the development of
dendritic microstructures and the evolution of interfacial morphology, with particular
emphasis on quantifying the effects of interfacial tension and interfacial anisotropy on
microstructure formation. The present study provides fundamental insights that
contribute to the establishment of design guidelines for high-temperature TES materials
and highlights new research opportunities enabled by microgravity-based materials

science.
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Summary report of the ISS-Kibo utilization mission,
“Thrust force measurement experiments for the Space Debris Laser Nudge
(Laser Debris Removal) ”
Principal Investigator; Koichi Mori (Osaka Metropolitan University)
Dec./2025

1. Introduction

Active Debris Reduction is the important issue in the present space development. Especially,
small space debris, whose sizes are from 1 to 10 cm, are not observable from the ground, and their
orbits are not predictable. For such small debris, Laser Debris Reduction is recently studied
actively. Furthermore, it should be noted that the space debris, which is considered made from
aluminum, of 1-10cm is mostly melted in a short period after irradiated by the high-power laser
beam. In order to evaluate the feasibility of the Laser Debris Reduction scenarios, it is necessary
to obtain the experimental data of the laser thrust force on a molten droplet. However, few

experimental data have been available to the best of authors’ knowledge. This is because we are

searching for the experimental methods to measure the laser thrust on an aluminum molten droplet.

In our foregoing study, the Electro-Static Levitator, ESL in the ground facilities of JAXA was
used to measure the Laser-thrust force on a molten metal droplet in vacuum. The Laser-thrust
was estimated from the displacement of the sample motion for such high-melting-point metals as
Zirconium, Titanium, and stainless steel although it was difficult to levitate low-melting-point
metals like Aluminum, which is the main component of the space debris, in ESL under the strong
gravity of the Earth. This is because we decide to use the ELF: Electrostatic Levitation Furnace
in International Space Station, ISS to measure the Laser-thrust on an Aluminum droplet.

In the present study, so-called Free Drift (FD) method is developed to measure the Laser-thrust
of nano-Newton level in the ELF with low-resolution position data. The procedures to deduce the
nano-level Laser-thrust are studied in detail. And then, the Laser-thrust on the Al, Zr, and Ti
droplets are measured.

2. Schedule

This subject is submitted in 2019 to JAXA and is selected in Jan. 2020. After passing the
compatibility tests of the proposed samples, and the Flight Experiment Preparation Transition
Review in Sep. 2021, the flight experiments are prepared. The launch of the samples to the ISS,
the space experiments, and the re-entry and collection of the samples proceeded as planned.

3. Experimental apparatus and procedures

Experiments were performed in the Electrostatic Levitation Furnace (ELF) on the Multi-
Purpose Small Payload Rack #2 (MSPR?2) installed in the Japanese Experiment Module : KIBO
of the International Space Station (ISS). In this ISS-ELF, four semiconductor lasers (Wavelength:
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980 nm, Beam diameter on the object surface: 0.4 mm, Maximum power: 40W) are used to heat
and melt a sample. In the present study, one of the lasers is used to heat until melted and then to
impart an external force, Laser-thrust on the molten sample. In addition to an external force Fex,
which corresponds to the above-mentioned Laser-thrust produced by a heating laser and the aim

of the present study, two different forces: the electrostatic force between electrodes and the

residual gravitational force (gravitational acceleration: G) are applied to the sample. In the

present FD method, Fe is estimated by putting the sample into the constant-acceleration motion
by cutting off the electrostatic force: V= 0.
4. Results

As shown in Fig.1, as a result of a series of experiments for aluminum samples, Cr, was found
3-9x10? N/W for different laser power densities 3-6x10° W/cm?. Both for the molten Zirconium
and the molten Titanium, Cy, was 4-7x10” N/W for the laser power density at 2-3x10* W/cm?. If
all the photon energy of the laser beam is absorbed on the surface of the object, the momentum
of the photon is transferred to the object. The momentum-coupling coefficient, Cy, by this perfect
photon absorption is 3.3x10® N/W. The resultant external force is originated mostly from the
photon absorption and reflection. The ablation from the object surface contributed just a minor

portion of the total external force for all three tested metallic materials.

10 - /|
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Fig.1. Momentum coupling coefficient, Cm for Al, Zr, and Ti.

5. Conclusion

A Free Drift (FD) method is proposed to remotely measure the force generated on an isolated
object simulated using an Electro-static Levitation Furnace (ELF). The FD method can be applied
in high power laser ablation experiments, where the change in the electrostatic charge of sample
is significant. The analyses to deduce the thrust are described in detail. Using this method in the
ELF on the International Space Station (ISS), we successfully measured the thrust generated by
laser beam irradiation to an aluminum droplet. The momentum coupling coefficient when

irradiated by a laser beam with a laser power density of 10° -10* W/cm? was around 10 N/W.
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Powder-bed fusion—type metal 3D printers induce columnar crystal growth along the build direction,
which reduces mechanical strength in specific orientations and causes anisotropy. Technologies that promote
isotropic grain growth are therefore strongly required. This research addresses this problem by refining
equiaxed fine crystal grains through the addition of TiC, heterogeneous nucleation site particles that induces
crystal nucleation from the melt in Ti and Ti-6Al-4V. On Earth, nucleation from container walls and melt
convection obscure only the effect of TiC. To eliminate these effects, melting and solidification experiments
of Ti and Ti-6Al-4V with and without TiC were conducted under ideal containerless conditions using the
electrostatic levitation furnace on the International Space Station (ISS-ELF). The objective of this theme was
to quantify the effects of TiC in grain refinement through temperature profiles, captured images obtained by
high-speed camera, and detailed analyses of recovered samples.

I) Space Experiments (Melting and Solidification in ISS-ELF)

To quantify the effect of heterogeneous nucleation site particles, containerless melting and solidification
experiments were carried out for Ti and Ti-6Al-4V alloys with and without TiC using ISS-ELF. Temperature
profiles were successfully acquired and all samples were recovered, except No.1 lost during levitation.

Analysis of cooling behavior showed that samples without TiC exhibited large undercooling (up to 76 K
for Ti-6Al-4V), whereas the addition of 5 mass% TiC significantly reduced undercooling (to 14 K at most,
excluding an intentionally superheated sample). This reduction of degree of undercooling indicates that TiC
induces heterogeneous nucleation and promotes grain refinement.

Using the newly installed high-speed camera on ISS-ELF, the solidification inside the levitated droplets
was captured for the first time in the world. Image analysis conducted on local crystal growth rate of 2—15
m/s and revealed their temporal evolution during solidification.

IT) Analysis and Simulation (Establishment of prior-f grain Analysis and Phase-Field Modeling)
Because Ti-6Al-4V transforms from the primary B phase to the a phase during cooling to room
temperature, direct observation of solidification microstructure is challenging. Three complementary
methods were established to quantify the number of prior-p grain in recovered samples:

A. Statistical estimation using cross-sectional EBSD and Voronoi Tessellation (VT)
B. Hybrid estimation combining measured surface step and VT-based interior reconstruction
C. Non-destructive p-XRD measurement using synchrotron X-rays at SPring-8

For a representative sample (Ti-6Al-4V + 5 mass% TiC), consistent values of number of prior-p grain were
obtained: 355 grains by Method B and 4.0 x 10? grains by Method C. These highly consistent results validate
the reliability of these established evaluation techniques.

The experimental data (undercooling and number of [B-grains) were further used to identify fitting
parameters for phase-field (PF) simulations. The SEED size distribution representing nucleation precursors
of 16—42 nm and the interfacial mobility of 4.0 X 107 m*-J'-s! were determined, providing key guidelines
for microstructure prediction in additive manufacturing processes.



III) Conclusions
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Containerless melting and solidification experiments of Ti and Ti-6Al-4V with TiC were successfully
performed using ISS-ELF, and both temperature profiles and solidified samples were obtained.
Analysis of temperature profiles and number of prior-f grain revealed that TiC addition reduces
undercooling and contributes to grain refinement during solidification.

Three quantitative evaluation methods for prior-f grains refined by TiC were established:

A. Statistical estimation using EBSD and Voronoi Tessellation

B. Hybrid estimation combining measured surface steps and VT-based interior reconstruction

C. Non-destructive p-XRD measurement using the synchrotron

Application to a representative sample (No.12: Ti-6Al-4V + 5 mass% TiC) obtained the following the
number of prior-f grains:

Method A: 365 + 68

Method B: 355

Method C: 4.0 x 10?

These values agree within approximately 10%, confirming the validity of each method.

High-speed camera newly implemented on ISS-ELF captured crystal growth process within levitated
droplets. Image analysis identified local crystal growth rate of 2—15 m/s and revealed their temporal
dependence.

PF simulation parameters that reproduce the experimentally observed undercooling and the number of
grains were identified. SEED size distribution of 16—42 nm and an interfacial mobility of 4.0 x 107'°
m*-J7'-s™! were determined, providing essential guidance for microstructure prediction in additive
manufacturing.

Including the ground-based control experiments and the above findings, eight peer-reviewed papers
have been published in international journals (including international conference proceedings), and one
manuscript is under review.
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