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@ Lunar Electric Rover

¢ Current plans for lunar surface
exploration include small pressurized
rovers (“Lunar Electric Rovers”) that are
quickly ingressed and egressed with
minimal consumables losses

e Cabin: 8 PSI, 32% O,, 68% N,

+ This capability enables crew members
to perform multiple short extravehicular
activities (EVASs) at different locations in
a single day versus a single 8-hr EVA

¢+ The new operational concept of
multiple short EVAs necessitates short
purge times and short prebreathes to
ensure rapid egress with minimal loss
of consumables

+ Preliminary analysis has begun to
evaluate the potential benefits of
intermittent recompression, variable
pressure EVA suits and Nitrox
breathing mixtures in enabling reduced
purge and prebreathe durations




@ Suit Port Egress and Ingress Procedures

Egress Procedures Ingress Procedures

1. Don Suit (8.0 PSI) 1. Engage Suit Port (red)

2. Close/lock hatch (blue) 2.  Vestibule press to 8.0 PSI
3. Mode to PRESS (6.0 PSI) 3. Leak Check 1 min

4. 2 min leak check in suit 4.  Vestibule-Cabin press

5. Purge 2 min equalization

6. Mode to EVA (6.0 PSI) 5.  Vestibule-Cabin-Suit equalization
7. Start prebreathe clock 6. Open PLSS lock

8. Vestibule depress to 3.5 PSI 7.  Open hatch (blue)

9. Leak Check 1 min 8.  Close PLSS lock

10. Vestibule depress to 0.0 PSI 9. Egress suit

11. Release Suit Port (red)

Egress Time: 11 min + 3 min Ingress Time: 5 min + 1 min

Depress suit to 4.3 PSI 15 mins after
start of prebreathe clock




@ Intermittent Recompression

+ Intermittent Recompressions (IR) during
saturation decompression previously
proposed as a method for decreasing

decompression stress and time
(Gernhardt,1988)

o Gas bubbles respond to changes in
hydrostatic pressure on a time scale
much faster than the tissues

¢ Previous modeling work and empirical
human and animal data indicate that IR
between EVA suit pressure (<4.3 psia,
100% O,) and cabin pressure (8 psia, 32% 0+

O,) may reduce decompression stress 0 123 456 7 891011213115
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+ IR has been shown to decrease decompression stress in humans and animals (Piimanis et
al. 2002, Mgllerlgkken et al. 2007)

¢ During recompressions:

» Reversed N, concentration gradient during recompression means that N, reuptake from blood
into the tissues slowly begins

» At the same time, increased hydrostatic pressure rapidly reduces the size of the bubbles such
that the pressure due to surface tension inside the bubble increases, causing a higher bubble-to-
tissue N, diffusion gradient

o Because the volume of gas in the bubbles is small compared to the volume of gas in surrounding
tissues, the N, elimination from the bubbles does not significantly increase N, tissue tension



@ Abbreviated Suit Purge: Mass and Time Savings -

+ EVA suits are purged of N, prior to

depressurization to achieve = 95% PV
0O Mass of Gas vs. Suit Purge Time :
2
. . . .65Ib
e Purge requires ~ 8 minutes and = 22 ° \£
uses 0.65 |b gas per purge per suit o 0'7 i ~
+ In an airlock, most of this gas is 2 06 0.320b —
. . . . QL
reclaimed but with a suit port this 2 05 or P
gas is vented to vacuum 50 ' N~
> Shortening the purge will & 02 y/
expedite vehicle egress & save gas | g 01 =
. T OO T T T T T T T T T 1
¢+ A2 min purge saves ~0.48 Ib gas . L 2 3 4 s 6 7 8 9 10
and 6 minutes of crew time per Suit Purge Time (mins)
. mins
person per egress compared with a HiTHres Time

standard 8 min purge

6 month mission, 4 crew, 3 egresses /day,
6 days/week:

» 900 Ib gas + tankage = 1800 Ib (819 kQ)
l/ e Over 31 hours of crew time saved

Cumulative Gas and Crew Time >
Saved by Abbreviated Purge




@ Abbreviated Suit Purge: Decreased Off-Gassing Gradie

+ As described, an abbreviated purge Suit Purge Time vs. Suit 02 %
saves gas and crew time, but e R —
decreases the N, off-gassing gradient 80 —
because suit O, reaches only 80% g o //
compared with 95% O, achieved 8 5o
during an 8 minute purge 5 ;lg
ig Approximate. Based on 1.5ft3
0 | | | IroocIJIabIelvqurlne @ 8 P?I |

1 2 3 4 5 6 7 8 9 10
Suit Purge Time {mins)

Decreasing benefit of 95% vs 80% 02

¢ However, the benefit of 95% 02 VS. g with decreasing Saturation pressure
. . . T 1.6
80% O, for denitrogenation is reduced G= |, R
L : . g L AN 26.5% O,
when initial is saturation pressure is IR
8 PSI (LER) vs. 14.7 PSI (ISS) as §§ 1 [21o%o, 32.0% O,
' ' - FxX 08
there is a srg_alletr change in off gz ~
gassing gradien =5 N[ 100% 0,
o '
s ” 02 AN
£ 0 . . B VA
° 14.7 10.2 8 2.5
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¢ Decompression stress index based on

tissue bubble growth dynamics
(Gernhardt, 1991)

Original statistical analysis of 6437 laboratory
dives (430 DCS cases) compared predictions
of the TBDM to Workman M-value and the
Hempleman PrT index. TDBM predictions
(Bubble Growth Index) yielded best log-
Likelihood and Hosmer-Lemeshow
Goodness-of-Fit Test

Used operationally in more than 25,000 dives Surface tension

with extremely low DCS incidence (< 0.1%) Tissue elasticity

Diffusion limited inert gas transport - tissue/bubble
Gas solubllity and diffusivity

Data Set: In-Water Test for
. .| Test for Improvement .
aD Dy 4 . Decompression on Air Goodness of Fit
h{]_‘ t] P1 —vt+ T + 3 mre M — PT-:::-tal - Pmeta}::-.:::-liu:: + 3 LOQ- 2 2 p-valuel
ok L . Index Nt X p-value X
+ Likelihood df
P —vt+ -1 + M Null set -529 n/a n/a n/a n/a

t = Time (sec) Bubble
a = Gas Solubility (mL gas)/(mL tissue)) Growth -498 62.8 <0.001 4.8 | 0.77/8
D = Diffusion Coefficient (cm?/sec) Index
h(r,t) = Bubble Film Thickness (cm) -
P, = Initial Ambient Pressure (dyne/cm?) Relative
v = Ascent/Descent Rate (dyne/cm2.cmd) Super- 524 10.8 001 19.4 | 0.08/12
g = Surface Tension (dyne/cm) saturation
M = Tissue Modulus of Deformability (dyne/cm2.cm3)
P1oia = Total Inert Gas Tissue Tension (dyne/cm?) Exposure
P;ettalbo,ic = Total Metabolic Gas Tissue Tension Index -505 47.9 <0.001 305 | 0.009

Gernhardt M.L. Development and Evaluation of a Decompression Stress Index Based on Tissue Bubble Dynamics. Ph.D dissertation, University of

Pennsylvania, UMI #9211935, 1991.



@ Tissue Bubble Dynamics Model (TBDM) -

¢ Logistic Regression

o Logistic regression quantitatively relates the TBDM Bubble Growth Index
(BGI) to a % DCS risk based on existing altitude DCS data

o Performed using DCS and VGE data from NASA Bends Tests 1-7
» N=345, 57 DCS cases
> 16.5% DCS, 41.4% VGE

o Prebreathe staged decompressions, all with exercise at altitude and
includes data points at 10.2, 6.0, and 4.3PSI

e Does not include adynamic data
o BGI provided significant prediction of DCS and VGE data (p < 0.01)

o Hosmer-Lemeshow Goodness-of-Fit statistic: p=.35 for DCS, p=.55 for
VGE, indicating a good fit of the data

» For Hosmer-Lemeshow statistic, p > .05 rejects the hypothesis that there is a
significant difference between the model predictions and the observed data




@ Objectives & Methods

¢+ Part I: Compare super-saturation in the brain and spinal cord (5 and 10 minute
half-time compartments) and tissue tensions in 40 minute compartments, where
most of the body’s inert gas is located, for the following conditions:

e 15-minute 80% O,, 20% N, prebreathe @ 6.0 PSIA , Sat @ 8.0 PSI, 32% O,, 68%N,
e 40-minute 95% O,, 5% N, prebreathe @ 10.2 PSIA, Sat @ 10.2 PSlI, 26.5% O,, 73.5%N,

¢+ Part ll: Use TBDM to estimate DCS Risk under the following scenarios:
e Purge cases:

> 8 minute, 95% O, suit purge
> 2 minute, 80% O, suit purge
e EVA cases:
> 3 X2 hr EVAs separated by 60 min at cabin pressure (8 PSI, 32% O,, 68% N,)
> 1x8hrEVA
¢ Assumptions:
o Crew begin saturated at 8 PSI, 32% O, / 68% N,
e Purge performed at 8 PSI
¢ 1 minute post-purge depress to 6 PSI
e 15 minutes prebreathe completed at 6 PSI (EVA may begin during this time)
e Depressto 4.3 PSI at 5,000 FPM after 15 min at 6.0 PSI
e Repress from 4.3 PSI to 6.0 PSI at 5,000 FPM



@ Results: Part | -

Comparison of 15 minute 80% O, 6.0 PSI prebreathe
vs. 40 minute 95% O, 10.2 PSI prebreathe

¢ 5-and 10-min Tissues (brain and spinal cord):
e Supersaturation eliminated
¢ 40 min Tissues (most of body’s inert gas):
o 4.0 PSI after 40 minutes @ 95% O,
o 4.37 PSI after 15 minutes @ 80% O, (incl. 2 min purge and 1 min depress)

—> 15 minute 80% O, prebreathe eliminates CNS supersaturation and
provides N, elimination approximately equivalent to standard 40 min 95%
O, prebreathe from 10.2 PSI.



@ Results: Part ||
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@ Results: Part ||
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Discussion

In this analysis:
80% O, vs. 95% O, during an 8-hr continuous EVA increased DCS Risk by 2.2%

1 hr Recompressions between 3x2 hr EVAs performed with 80% O, reduced
decompression stress by 2.8% compared with an 8-hr continuous EVA with 95% O,

Intermittent recompressions reduce decompression stress by limiting the
bubble growth time and size, resulting in a higher bubble to tissue diffusion
gradient due to the effects of surface tension (Laplace’s Law)

Recent analog field test data demonstrated that crewmembers performing
multiple EVAs from an LER achieved 57% greater performance while using
61% less EVA time than when performing continuous EVASs using an
unpressurized rover

—> Actual decompression benefits of LERs may be even more significant

In case an EVA lasts longer than planned, variable pressure suits will allow an
In-suit intermittent recompression back to 6 PSI without ingressing the LER.
Supplemental suit purge (increased suit O, %) could also be performed.

At 80% O,, 4.3 PSIA crewmembers will be hyperoxic. In the event of a suit
leak, the Secondary Oxygen Pack (SOP) will maintain the suit at ~3.6 PSI
making crew only mildly hypoxic (2.9 PSI ppO,) but still maintaining a higher
ppO, than the nominal cabin environment (2.4-2.6 PSI ppO.,)



@ Discussion
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Pilmanis A.A., Webb J.T., Kannan N., Balldin U. The effect of repeated altitude exposures on the incidence of
decompression sickness. Aviat Space Environ Med; 73: 525-531, 2002.



Discussion
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Fig. 10. Two groups of six pigs were compressed to 121 FSW with 90 minutes bottom time and were then decompressed following one of two
decompression procedures; either with a 5-min 12 FSW recompression at the end of the three last decompression stops (experimental group), or
without such recompression (control group). The control profile was a USN profile for this exposure, where the stop times were reduced by 50% as
pilot studies showed that the standard USN profile produced very few bubbles. The average number of venous gas bubbles measured in the
pulmonary artery during the decompression is shown for the control group (A) and the experimental group (B). The results indicate significantly
fewer bubbles in the experimental group than in the control group (p<.0001). From Mgllerigkken et al. (5) by permission.

Mgllerlgkken A, Gutvik C, Berge VJ, Jargensen A, Lgset A, Brubakk AO. Recompression during
decompression and effects on bubble formation in the pig. Aviat Space Environ Med; 78:557-560, 2007



+ Variable pressure suits combined with the ability to perform multiple,
shorter EVAs may enable prebreathe protocols that save several tons
of gas and hundreds of hours of crew time over the duration of the next
lunar program

+ Further research is needed to characterize and optimize intermittent
recompression and Nitrox breathing mixtures across the range of
environments and operational conditions in which astronauts will live
and work during future lunar exploration

+ Laboratory validation trials should precede operational implementation
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& secn s

¢+ 45 min additional time (i.e. 60 min total) at 6.0 PSI required at
beginning of first EVA only

* 45 min also required to match P(DCS) for continuous 8hr EVAs

¢ Or, 35 min additional time at 6.0 PSI required prior to all EVASs



@ Repetitive EVAS

AVERAGE BUBBLE GRADE AS A FUNCTION OF TIME
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Intermittent Recompression, Bubble Model incorporating Hill’
Assumption of Profuse Tissue Bubble Nucleation

Decompression stress goes down
with time for A?

2

Bubble Growth Index (BGI)
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Fig. 4. Exposures A,C with high tissue bubble density and mass balance.



@ DCS and VGE Incidence from Repetitive EVA Exposur

First 3 hr test at 4.3

Second 3 hr test at 4.3

psia psia
TR360 DCS VGE Grades | TR360 DCS VGE | Grades
Day 1 1.68 1/12 7/12 2,2,3,4, 1.12 0/12 2/12 4.1
4472
Day 2 1.37 0/12 4/12 3,3,2,4 0.95 0/12 0/12 all 0
Day 3 1.35 0/12 4/12 3,3,2,4 0.94 0/12 0/12 all 0

Unlike repetitive diving, repetitive EVA results in
lower decompression stress




USE OF VARIABLE PRESSURE SUITS, INTERMITTENT RECOMPRESSION AND
NITROX BREATHING MIXTURES DURING LUNAR EXTRAVEHICULAR ACTIVITIES

Michael L. Gernhardt, Ph.D.1, Andrew F. J. Abercromby, Ph.D.?
1 NASA Johnson Space Center, Houston, TX 77058. 2 Wyle, Houston, TX 77058.

_ = Logistic regression was used to quantitatively relate the TBDM Bubble Growth Index (BGI) to a % * In the event that an EVA lasts longer than planned, variable pressure suits allow an in-suit

DCS risk based on existing altitude DCS data. The Logistics Regression was performed using Intermittent recompression back to 6PSI without ingressing the LER. Supplemental suit purge

= NASA's plans for lunar surface exploration include small pressurized rovers (“Lunar Electric DCS and VGE data from NASA Bends Tests 1-7 (n=345, 57 DCS cases, 16.5% DCS, 41.4% (i -
! . . o . -1 (N=549, , 16. , 4l. Increased suit O, %) could also be performed.
Rovers®) at 8.0 PSIA, 32% O,, 68% N, with suit ports that enable rapid ingress and egress with VGE). All data included prebreathe staged decompressions, all with exercise at altitude and ;

mlnlm_al gas losses. '_I'hls Capabllle en_ables_crewmembers to pe_rform multiple short extravehicular included data points at 10.2, 6.0, and 4.3 PSI. No adynamic data were included.
activities (EVAs) at different locations in a single day versus a single 8-hr EVA. Development and

JSC

= At 80% O,, 4.3 PSIA crewmembers will be hyperoxic. In the event of a suit leak, the Secondary
Oxygen Pack (SOP) will maintain the suit at ~3.6 PSI making crew only mildly hypoxic (2.9 PSI

validation of a prebreathe protocol that reduces the risk of decompression sickness (DCS) risk to = BGI provided significant prediction of DCS and VGE data (p < 0.01) ppO.,) but still maintaining a higher ppO, than the nominal cabin environment (2.4-2.6 PSI ppO.).
Wlthln acceptable levels while preserving rapid egress capability is an essential component of the " Hosmgr-LemeShow Goodness-of-Fit statistic: p:_.3_5 for DCS, p_:.55 for VGE, |nd|c_:at|ng a « An abbreviated purge decreases the N, off-gassing gradient because suit O, reaches only 80%
entire LER concept. good fit of the data (for Hosmer-Lemeshow statistic, p > .05 rejects the hypothesis that

| - | o | _ compared with 95% O, achieved during an 8 minute purge (Fig. 3) However, the benefit of 95%
" Modeling work (1,2) and empirical human (3) and animal (4) data indicate that these intermittent 0, vs. 80% O, for denitrogenation is reduced when initial is saturation pressure is 8 PSI (LER) vs.

decompression stress. = The TBDM predictions are based on the assumption that the volume of gas in the bubble is small

there is a significant difference between the model predictions and the observed data).

- Tygica' 8'rgi” sult purges, to acgie".e 95% O, sult boreathing dmiXt“re’rzeS“'t. n Sig”gﬁca”t gas losses Part I: Comparison of 15 minute 80% O, 6.0 PSI prebreathe with 40 minute 95% O,  compared to the volume of gas in surrounding tissue. This assumption is supported by
g%suﬂpf uctive crew time. A 2-min purge to ~80% O, addresses these issues but may increase 10.2 PS| Prebreathe - - experimental evidence from human (3) and animal (4) decompression trials. If tissues were
115 o | | | profusely nucleated, resulting in many small bubbles, then tissue tensions would reduce as the
" An analys_lsdusmg the TI_SSUGtBmee Dﬁnan}lcs MOdeL(b5) V\(atS gond_;mted to detled”g“neﬁWhﬁtjhetrhthe « 5- and 10-min Tissues (brain and spinal cord): bubbles grow, with the effect of decreasing off-gassing gradients. In this case, the larger quantity
Increase in aecompression stress resulting frrom an abbreviated sult purge would be ofiset Dy the - o of gas in the numerous small bubbles would simply redistribute into the tissue during the
decrease in decompression stress offered by intermittent recompression ~ Supersaturation eliminated - S - - - -
P y P ' = 40 min Tissues (most of body’s inert gas): recompression, resulting in an equivalent decompression penalty and no decompression benefit.
Avalidated T Bubble D cs Model (TBDM) it dict DCS risk using 80% and - 4.37 PSI after 15 minutes @ 80% O, (incl. 2min purge and 1 min depress) 100 L 16 .
= A validated Tissue Bubble Dynamics Mode was used to predic risk using 0 an o 5 |
0 . . . ) _ . . . . . . -g 1.4 -
gg lﬁnOzrgégﬁ:glr(]f% rrr(]jli(it/l}'rr]esbdeli\?/g% rt]hé?/i 25 i?erslizgrssgt:; Zﬁmml\)e%e-ﬁﬁg\t/eﬁ by 1-hr recompressions to =Fifteen minutes at 80% O,, 6.0 PSIA, before a 4.3 PSIA EVA prevents supersaturation in the brain 80 Sz ., %\
« Part I'pExperience o aﬁitude DCS suggests that some d§gree of enric-:hed O, prebreathing is and spinal cord (5- and 10-min half-time compartments) and reduces tissue tensions in fast half- - ;g %‘E‘ L 2 QBiOQ
' . . S 2 . time compartments (< 40-min), where the majority of whole-body Nitrogen is located, to = | g 0
necessary to reduce the risk of central neurological DCS. The objectives of Part | of the analysis mp ( ) jory : y J S 50 - 53 o8- 32.0%0y
were 1) to ensure that the proposed LER prebreathe protocol would eliminate super-saturation in the appt:oxwrr\]ately the Ilevels (4.37vs. 4.00 PSIA) achieved during a standard Shuttle/ISS staged 3 4o £ S o6
neurological tissues (brain and spinal cord, half-times approx. 5 - 10 minutes), and ii) to compare prebreathe protocol. 30 2 .
tissue tensions in <40 minute compartments, where the majority of whole-body nitrogen is located, - f006able vome @8 PSI £o 000,
. . . . ]_D a., . |
with an EStab"Sh_ed Shuttle staged prebreathe protocol in which no DCS cases have been reported. Part II: Comparison of DCS Risk for 80% O, with Intermittent Recompression vs. 95% o 5  o- - ‘ -
* LER Protocol: 15-minute 80% O,, 20% N, @ 6.0 PSIA, Sat @ 8.0 PSI, 32% O,, 68%N, 0, Continuous EVA = L 2 3 4 s 6 7 8 9 10 e 10> . -
= Shuttle Protocol: 40-minute 95% O,, 5% N, @ 10.2 PSIA, Sat @ 10.2 PSI, 26.5% O,, 73.5%N, = 80% O, vs. 95% O, during 40 Suit Purge Time (mins) Saturation Pressure (PS1)
! ! : . ) - 0 . 0
= Part Il: The objective of Part |l was to use the Tissue Bubble Dynamics Model (TBDM) (5) to estimate an 8-hr2continuouszEVA ) _ | | | | | | _
DCS Risk under the foIIowing scenarios: _ ) _ 35 1_5/:D_CS_' R:SE __________________________ FIg. 3. Suit O, concentration as a function of suit purge time. FIg. 4. Decreasing benefit of 95% vs. 80% O, prebreathe on initial N,
| . > g e Increased DCS Risk by off-gassing gradient as a function of decreasing saturation pressure.
Purgse cc'_;\sets. 050t 0. < ' g 2 204 20 | 100 20 -
e 8 minute, 0 O, suit purge . 90 « 18
. . . = 1hr Recompressions 5 Continuous EVAS Q80 T 16|
EVAzcg']sIQ:'te, 80% O, suit purge between 3x2hr EVAs T 25 - e / o A § 70 S u
| . erformed with 80% O £ . 2 0 z 2
e 3 X 2 hr EVAs separated by 60 mins Feduced decompregsiozn 2 50 , et 7 ig s 12
. G ,/ : e O p :
?t cgbrlln E(;e:sure (8 PSI, 32% O, / 68% N,) stress by 2.8% compared o R I S 28 5 2
° . . L2 15 - 7 S : S 5 -
X o nr | | with an 8-hr continuous 2 - ” g .
The following assumptions were made: EVA with 95% O, . st 0n 5hr EUA 0 \ )
» Crew begin saturated at 8 PSI, 32% O, / 68% N, | 107 SN | 0 30 60 90 120 0 S0 10 150 20 250 30 30 400
e P f d at 8 PS| FIg. 2. (right) Theoretical decompression T 3x2hr EVAs with 80% 02, 8hr EVA Cumulative Time at Altitude (min) Time (min)
urge periormea a stress (Bubble Growth Index — BGI) comparison 5 1hr between Fig. 5 . - Cig. 6 .
e 1 minute post-purge depress to 6PS| of 8hr continuous EVAs performed using 95% - = 80% 02, 3x2hr EVAs 1g. O. The p?rcentagg of cumulative DCS o_n_set incidence plottgd 1J. O. Th_e TBDM-_c,taIcuIated BGI fpr the two altltudg |
_ O. and 80% O.. 3x2hr EVAs on 80% O vs. cumulative time at altitude for the two conditions: A (one 120-min decompression conditions described in Figure 5. The intermittent
e 15 minutes prebreathe Completed at 6 PSI Fig. 1. Prototype LER suit ports being developed by NASA. sezparated by 12hr intermittent recompreszsions o | | | | | | | | | altitude exposure with no ground-level preoxygenation), and B (four recompressions in profile B control bubble growth resulting in a
: : ‘ot : - - - i : 30-min altitud to th imulated altitude, but with 1-h ' BGlof 51 file B d with 18 i file A. Th
(EVA may begm durmg this tlme) _ TSre Iéilidm\g;fggtzeept :sggecsoge;v:m?n;age 22 ?Ozgg:;e;];j t 2{22?;’;2@"%V;g'o;,héeilﬁﬂSfﬁg E@figﬁ; 0 1 2 3 4 > 6 / 8 9 10 groumr:r(;-?e\I/; iﬁt:;(yszugfjatﬁingezasiir?\i ;I:Qgr;ihiﬁgl).u FeromuP\il:lrlnanis [Jneilxelq‘ri]t:rgf interomittlennf :g;oemprcezgigirzreg;cted blyr; tl?lreo':';DM arg
o Depresg to 4.3 PSI at 5,000 FPM after 15 mins at 6.0 PSI gnagble rapi%l ehicle egress. J and within the current définition of acceptable Time (hrs) et al. (3) by permission. consistent with the observed DCS incidence in Figure 5.

= The TBDM model provides significant prediction (p < 0.001) and goodness of fit with 430 cases of - \ariabl " hined with the ability t f tinle shorter EVA ol
prebreathe protocols that save several tons of gas and hundreds of hours of crew time over the
duration of the next lunar program
= Further research is needed to characterize and optimize intermittent recompression and Nitrox

= The TBDM model predicts that the benefits of intermittent recompression may enable shortening of

Tissue Bubble Dynamics Model (TBDM) (5 . . L . . . .
4 ( ) ) the suit purge time with significant crew time and consumables benefits while also reducing

Bubble Growth Equation: Table ﬁ Azﬁatt_istica'fatrr"a'yrs:;\; f‘ﬁ 'aff)fatol\;y dilves <43CihDC:’ Casles) decompression stress breathing mixtures across the range of environments and operational conditions in which
comparea preaictions o e O VwWorkman Ivi-value an e Remplieman . - . . .
aD 5 i 2 .4 _aym_p 5 LI PrT index. TDBM predictions (Bubble Growth Index) yielded best log- . _ _ _ _ L astronauts will live and work durmg future lunar exploratlon
- — 4+ — 4+ —T11r - — P olic e~ . . _ _ _Ci _ . . . . . .
R _hey [PV T3 Tt~ Pretabolic |+ 73 Likelihood and Hosmer-Lemeshow Goodness-of-Fit Test (Table 1). The model |nd|cate§ that intermittent recompressions reduces dgcompr(_essm_)n stress by limiting = Laboratory validation trials should precede operational implementation
d P._vt+ g_u%mg,\,l Data Set: In-Water | 1o et Test for the bubble growth time and size, resulting in a higher bubble to tissue diffusion gradient due to the
r Decompression on Air Goodness of Fit : 3
r = Bubble Radius (cm) Lo
g- p-value/
_ T Ind DY 2 -val 2 . . L : :
t_TCISmeS)eIC)b'I't L Lt e Likelihood |~ baTe © | = EVA suits are purged of N,, prior to depressurization to achieve = 95% O,. Purge requires ~ 8
a = Gas solupility (ML gas)/(mL tissue Null set 529 n/a n/a n/a n/a : : : : : : : 1. Gernhardt M.L., Abercromby A.F.J., Conkin J. Potential Fifty Percent Reduction in Saturation Diving Decompression Time Using a
D = Diffusion Coefficient (cm?/sec) ubZT mI-HU'[ES an_d USES-} 0.63Ib gas per purge per suit. In a_n airlock, most c_)f this ga_\s IS replalmed but with a Combination of Intermittent Recompression and Exercise. Undersea and Hyperbaric Medical Society — Annual Scientific Meeting, Maui,
h(r,t) = Bubble Film Thickness (cm) gfowtﬁ 498 60 8 <0.001 18 | 0778 suit port this gas is vented to vacuum. Thus, shortening the purge will expedite vehicle egress and 2007.
P.. = Initial Ambient Pressure (dyne/cm?) Index ' ' ' ' save gas. A 2 min purge saves ~0.48 Ib gas and 6 minutes of crew time per person per egress 2. Abercromby A.F.J., Gernhardt M.L., Conkin J. Potential Benefit of Intermittent Recompression in Reducing Decompression Stress
v = Ascent/Descent Rate (dyne/cm?.cm?) _ _ _ During Lunar Extravehicular Activities. Aerospace Medical Association — Annual Meeting, Boston, 2008.
vy = Surface Tension (dyne/cm) ESLaet:ve 594 10.8 001 19.4 | 0.08/12 ComparEd with a standard 8 min purge. 3. Pilmanis A.A., Webb J.T., Kannan N., Balldin U. The effect of repeated altitude exposures on the incidence of decompression sickness. Aviat
_ - 2 N ) ' ' ' ' _ _ 6 month mission, 4 crew, 3 egresses/day, 6 days/week: Space Environ Med; 73: 525-531, 2002.
M= Tissue Modulus of F)eformab|_l|ty (Qynefem*.cm) saturation Cumulative Gas and Crew Time _ 4. Mallerlgkken A, Gutvik C, Berge VJ, Jargensen A, Lagset A, Brubakk AO. Recompression during decompression and effects on bubble
P4y = Total Inert Gas Tissue Tension (dyne/cmz) _ e 900Ib gas + tan kage = 1800Ib (819kg) per 6 months ) ) : : : _ _ ]
| | _ Exposure 505 479 <0.001 30.5 0.00/9 Saved by Abbreviated Purge: _ formation in the pig. Aviat Space Environ Med; 78:557-560, 2007.
Pretaboiic = Total Metabolic Gas Tissue Tension Index ' ' ' ' » Over 31 hours of crew time saved per 6 months 5. Gernhardt M.L. Development and Evaluation of a Decompression Stress Index Based on Tissue Bubble Dynamics. Ph.D dissertation,

University of Pennsylvania, UMI #9211935, 1991.
6 Gernhardt ML Mathematical modelina of tissue bubble dvnamics durina decombpression. Advances in Underwater Technoloav. Ocean
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