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Fig. 3. Computer-aided design (CAD) model of the U.S. Space
Shuttle EVA spacesuit.11)

Fig. 4. Finite element model (FEM) of the U.S. Space Shuttle EVA
spacesuit.11)

Table 3. Description of CAD modeled space suit components.

Components Mass (kg) Model volume (cc) Computed ensity (g/cc) Composition (atom fraction)

HUT 3.52 2,393 1.47 0.18 H, 0.14 C, 0.02 N, 0.42 O, 0.04 F, 0.19 Si
DCM 5.52 2,760 2.00 0.27 H, 0.31 C, 0.16 O, 0.05 Si, 0.16 Fe, 0.05 Cu
Arm assembly 1.62 1,857 0.872 0.47 H, 0.37 C, 0.05 N, 0.11 O, 0.07F, 0.003 Cl
EVA gloves 0.276 316 " "
LTA 2.88 3,300 " "
Legs (ea.) 1.43 1,641 " "
Headset 3.6 6,984 0.515 0.35 H, 0.41 C, 0.18 O, 0.053 Si
EVVA shell 1.49 1,244 1.2 0.42 H, 0.37 C, 0.09 O
Cen. eyeshade 0.66 364 1.8 0.66 O, 0.33 Si
Sun visor 0.44 353 1.24 0.41 H, 0.50 C, 0.07 O, 0.02 S
Prot. visor 0.43 366 1.2 0.42 H, 0.37 C, 0.09 O
Helmet 0.61 505 1.2 0.42 H, 0.37 C, 0.09 O
Side visors, each 0.065 35 1.8 0.66 O, 0.33 Si
Head vent 0.12 99 1.2 0.42 H, 0.37 C, 0.09 O
EVC 9.02 7,800 1.16 0.34 H, 0.39 C, 0.17 O, 0.05 Si, 0.05 Cu
Warning system 2.64 2,280 1.16 "
Sublimator 1.6 1,600 1 0.67 H, 0.33 O
Water tanks (each) 1.1 1,099 1 0.67 H, 0.33 O
Water S&C 8.35 7,220 1.16 0.27 H, 0.31 C, 0.16 O, 0.05 Si, 0.16 Fe, 0.05 Cu
Prim.O& cont 12.8 11,002 1.16 0.24 H, 0.28 C, 0.14 O, 0.04 Si, 0.22 Fe, 0.08 Cu
Sec.O tanks 1.29 1,643 0.782 0.19 Cr, 0.71 Fe, 0.10 Ni
Back cover 9.8 7,568 1.29 0.42 H, 0.37 C, 0.09 O
Contam. cont. 2.89 2,760 1.05 0.33 H, 0.33 Li, 0.33 O
Battery 4.48 1,200 3.73 0.33 O, 0.33 Zn, 0.33 Ag
Sec.O tanks 7.61 23,416 0.325 0.27 H, 0.31 C, 0.16 O, 0.05 Si, 0.16 Fe, 0.05 Cu
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3. Once the solid CAD model of the suit was complete, a finite
element model (FEM) was applied to it. This model consisted of
28 components representing the different elements of the suit,
visors, and PLSS. Because of the complexity of the model, the
finite element model has over 30,000 facets. This FEM was then
used in the ray-tracing procedure to determine the directional
shielding at a given target point. In Fig. 4 it is shown the FEM of
the Shuttle EVA Spacesuit. This modeling effort is described in
full detail in Refs. 1, 3 and 11.

For the various space suit components, values for the density
are obtained as averages. But for the LCVG, an average areal
density taken only from the values for the fabric is inaccurate
because the water-filled tubes cover approximately 40% of the
surface area. This results in an inhomogeneous structure that
can’t be well represented by only the fabric mean areal density.
In a model of the actual fabric/tube transmission properties, the
water-filled tube geometry must be dealt with specifically by the
transport through actual material layers as opposed to assuming
homogeneity and by the performance of particle transport exper-
iments to provide data for the development of models of inho-
mogeneities within the fabric. These tasks were performed at the
LBNL 88″ cyclotron with a 35 MeV proton beam, and the fabric
transmission properties are represented as an analytical model
that has good agreement with low-energy proton transmission
testing.13) The fabric is best fitted as a normal distribution of
material of mean thickness of 0.161 ± 0.03 g/cm2 of material,
with its mean areal density without cooling tubes being 0.185 g/
cm2.

The chemical composition for this, as for all other space suit
components, needed to be known, but in the transport codes used
in the analysis, it needed to be limited to only six atomic ele-
ments. Table 3 lists each component along with its modeled
composition and mass properties. When the CAD model mass is
compared to the actual mass of the suit, the PLSS and the EVVA
mass estimates are close. For the space suit assembly (SSA)
itself, the values are much lower. This is believed to be because
the disconnects for the gloves, the HUT, and the arm assembly
have not been built into the model, a result of their small solid
angles.3,11)

RADIATION ENVIRONMENTS

The radiation environments to be considered are the LEO
trapped radiation environment for ISS EVA scenarios and solar
particles for deep-space exposures. For the LEO environment,
the electron and proton trapped fluxes modeled in the standard
NASA AE8 and AP8 models of the NASA-GSFC National
Space Science Data Center have been used, as provided by the
SPace ENVironment Information System (SPENVIS).14) The
differential energy spectra in Fig. 5 (a and b) are shown as omni-
directional fluxes and in transport calculations have been
assumed to be isotropic. The orbital conditions have been speci-
fied as 400 km altitude with an inclination angle of 51.6°, nomi-
nally applicable to ISS, and with flux levels pertaining to orbit-

averaged quantities. The solar maximum and minimum spectra
approximately define an envelope of extremes for normal solar
conditions. The SPENVIS 1- and 2-sigma electron spectra have
been used in the calculations for the more variable electron
fluxes, which are taken to represent confidence levels of 68%
and 97%. It should be noted that maximum electron fluxes tend
to occur near solar maximum conditions, whereas the opposite is
true for trapped protons.

For the solar particles, a spectrum with particle fluxes equiva-
lent to four times the intensity of the September 29, 1989, event,

Fig. 5. Differential flux spectra of solar minimum and maximum
for trapped protons (a) and electrons (b).3,11)

Fig. 6. Spectrum of the solar particle event of September 29,
1989.13)
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shown in Fig. 6,15) has been adopted for protons, and a simulated
storm environment for electrons has been generated through the
AE8MAX model for the 3-sigma confidence level, as given by
SPENVIS,14) for nominal ISS orbital conditions. The only ratio-
nale for this choice is the rough correspondence between the 3-
sigma confidence level and the approximate frequency of severe
storms per solar cycle reported by the NOAA Space Environ-
ment Laboratory,16) and it relates to their Kp space weather index
value of 8 to 9. Comparisons between the 1-sigma and 3-sigma
flux distributions are shown in Fig. 7.

HUMAN BODY GEOMETRY MODEL

The model used to represent astronaut body geometry for dose
assessment is the Computerized Anatomical Male (CAM)
model, first developed by Kase17) in 1970, then corrected in com-
binatorial geometry7) in 1973 to represent the 50th percentile
USAF male. This detailed model comprises some 1,100 unique
geometric surfaces and some 2,400 solid regions. The internal
body geometry such as critical body organs, voids, bone, and
bone marrow are explicitly modeled with the proper chemical
composition and density. To take into account the increasing
number of female astronauts, the Computerized Anatomical
Female (CAF) was later developed by Yucker and Huston8,18)

and refined by Atwell1.9,20) Since the average female is approxi-
mately 92% the size of the average male, the CAF was rescaled
accordingly from the CAM, with the male organs removed and
replaced with female organs (breast, uterus, ovaries). A 3-D scal-
ing capability has been added to both models for the consider-
ation of different astronaut sizes. With a ray-tracing procedure, it

is possible to generate shielding distributions for any point
within and on model surfaces; these points have been already
extensively used to obtain body exposures for Shuttle and ISS
astronauts.3)

RADIATION TRANSPORT

The general layout of the computational method used in this
work is sketched in Fig. 8. The solid geometry data provided by
the CAD model of the space suit residing in the IDEAS® com-
mercial software are processed by the RadICal ray-tracing
procedure21) to generate a file containing values for thickness of
materials along rays directed at a chosen target point within the
CAD model. The thickness file includes the distance of each
material traversed in order, progressing from the outer boundary
inward toward the target point. After the selection of the perti-
nent environmental models to specify the charged particle flux
boundary conditions, the relevant transport codes are used to
generate dose vs. depth functions for each material under consid-
eration over a range of thicknesses adequate for interpolation.

Transport calculations for protons in the modeled materials
were carried out by using a current version of the NASA Lan-
gley Research Center (LaRC) heavy ion deterministic code
HZETRN.22) This version provides particle energy spectra as
well as the pertinent dosimetric quantities at predefined positions
in the material layer of interest, with energy deposition from both
primary and secondary particles, including nuclear target frag-
ments, accounted for. Electron transport calculations were per-
formed by using a deterministic code, ELTRN, recently
developed at LaRC,23) which also provides estimates of the expo-
sures from energetic secondary photons (bremsstrahlung). For
shielding thicknesses comparable to those of the space suit,
bremsstrahlung exposures in LEO are known to always be much
smaller than those from charged particles.11) Depth-dose profiles

Fig. 7. Orbit-averaged electron flux for nominal and simulated
storm conditions.11)

Fig. 8. Layout of the computational method used in the analysis.11)
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for trapped protons, electrons and bremsstrahlung photons are
shown in Fig. 9.

From transport computation examples11) for selected space
suit materials, computed with peak flux conditions for protons
(solar minimum) and electrons (solar maximum) as boundary
conditions, it is inferred that the thickness values of 1 or 2 g/cm2

are most important for the EVA suit, though the thicknesses for
some directions at certain target points can be somewhat less or
much greater. It is seen that significant dose levels (> ~0.01 cSv/
day) for protons can occur for thicknesses well in excess of 10 g/
cm2, but electrons produce little or no exposure for thicknesses
above ~2.5 g/cm2. It is also noteworthy that the dose variations
resulting from different material densities are much greater for
electrons in the thickness range of interest.

The special characteristics of the LCVG transmission proper-
ties, with its composition of a relatively thin fabric interlaced
with water-filled acetate cooling tubes and with the large expo-
sure variations that can occur on a small scale, have been incor-
porated with an algorithm based on a random sampling
procedure (along with some geometric complexity). A fully
detailed description of the LCVG model is given in Ref. 3 and an
analysis of its effects on radiation transport in Ref. 11. This anal-
ysis shows an increase in skin dose and dose at depth with
respect to the mean LCVC average density model, which sug-
gests that the space suit fabric is less effective in protecting skin
and body from radiation than previously assumed.

RESULTS

The dose at a location within the astronaut’s body is evaluated
by considering the surrounding shielding by the space suit mate-
rials and body tissues. For a given point in the target, the space
suit material distribution was evaluated along 968 ray directions.

This distribution was chosen to match the ray distribution used in
the CAM data,21) each one with a fixed solid angle (∆Ω = 4π/
968). To better understand these distributions and their effects,
two methods have been used to visualize the results of the ray
tracing. The first is the visualization of the rays as they intersect
the material throughout the suit. In the example in Fig. 10, the
projected rays through the space suit materials in and around a
point in the sternum is shown, with the shielding role of the
EMU lights and camera, the backpack, and the DCM clearly evi-
dent. Another visualization technique is the projection on a
sphere by a color scale of the relative shielding within the suit
around the dose point, as shown in Fig. 11. If the sphere is fully
rotated, the shielding in the total solid angle from every ray
direction is examined. The power of these techniques is assessed
in Ref. 21. To obtain results representative of the whole human
body without actually performing the analysis for the entire set

Fig. 9. Projected space suit material thicknesses along 968 ray
directions about a point in the sternum.3)

Fig. 10. Spherical visualization of the space suit shielding distribu-
tion about a point in the sternum (relative shielding color coding).3)

Fig. 11. Depth-dose curves for trapped protons, electrons and
bremsstrahlung photons.
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of the 147 CAM data points, the analysis was limited to nine
points, namely, three skin points (shin, thigh, and chest), two
Blood- Forming Organ (BFO) points (pelvis and sternum), and
four organ points (thyroid, colon, testes, and lens). These nine
points were then run through the electron transport code,
ELTRN, for solar minimum and maximum conditions for one,
two, and three (storm scenario, which is discussed previously)
sigma. These points were also run through the proton code,
HZETRN, for solar minimum and maximum conditions. Two
space suit layouts are considered in the computation with the
LCVG fabric viewed as a monolayer average density fabric and
the tube structure of the LCVG resulting in shielding nonunifor-
mities. The results are shown in Table 4 (a, b) and Table 5 (a and
b), with the explanation of the abbreviations given in Table 6. By
comparing Table 4b to Table 5b, we see that the self-shielding of
the body contributes significantly to protecting the BFO and
other organs from the trapped electron radiation, whereas the suit
itself does not provide much protection. The trapped proton radi-
ation is much less intense at the skin point locations compared to
the electron radiation, but it does penetrate through the body and
constitutes most of the dose received by internal organs. All

Table 4. Results for space suit with LCVG modeled as a
mono-layer fabric.

a) Proton daily doses received at a given target point

PDEMN PDEMX PDOMN PDOMX

Shin 0.0175 0.0078 0.0115 0.0054
Thigh 0.0184 0.0079 0.0119 0.0054
Chest 0.0118 0.0057 0.0081 0.0041
Pelvis 0.0024 0.0018 0.0017 0.0013
Sternum 0.0042 0.0028 0.0031 0.0020
Thyroid 0.0086 0.0047 0.0062 0.0034
Colon 0.0035 0.0024 0.0026 0.0017
Testes 0.0060 0.0035 0.0044 0.0026
Lens 0.0095 0.0052 0.0069 0.0038

b) Electron daily doses received at a given target point

EDMN1 EDMN2 EDMX1 EDMX2 EDMX3

Shin 0.1287 0.4483 0.3477 1.3217 5.1174
Thigh 0.1567 0.5918 0.4247 1.6068 6.1944
Chest 0.0472 0.1826 0.1258 0.4861 1.9120
Pelvis 0 0 0 0 0
Sternum 0 0 0 0 0
Thyroid 0.0040 0.0163 0.0094 0.0391 0.1625
Colon 0 0 0 0 0
Testes 0 0 0 0 0
Lens 0.0010 0.0040 0.0020 0.0085 0.0356

Table 5. Results for space suit with LCVG modeled with its
tube structure.

a) Proton daily doses received at a given target point

PDEMN PDEMX PDOMN PDOMX

Shin 0.0334 0.0135 0.0213 0.0092
Thigh 0.0323 0.0130 0.0205 0.0088
Chest 0.0914 0.0091 0.0134 0.0065
Pelvis 0.0245 0.0110 0.0167 0.0077
Sternum 0.0192 0.0092 0.0136 0.0067
Thyroid 0.0198 0.0092 0.0135 0.0065
Colon 0.0233 0.0106 0.0160 0.0075
Testes 0.0252 0.0112 0.0171 0.0079
Lens 0.0168 0.0084 0.0119 0.0061

b) Electron daily doses received at a given target point

EDMN1 EDMN2 EDMX1 EDMX2 EDMX3

Shin 0.3020 1.1360 0.8182 3.0842 11.853
Thigh 0.2956 1.1041 0.8025 3.0043 11.475
Chest 0.0809 0.3093 0.2163 0.8271 3.2218
Pelvis 0.1371 0.5415 0.3665 1.4481 5.8008
Sternum 0.0493 0.2003 0.1266 0.5147 2.1137
Thyroid 0.0892 0.3336 0.2405 0.8999 3.4480
Colon 0.1145 0.4544 0.3048 1.2098 4.8661
Testes 0.1425 0.5581 0.3801 1.4897 5.9279
Lens 0.0252 0.0974 0.0660 0.2560 1.0075

Table 6. Abbreviation description list for Tables 4 and 5.

Abbreviation Description

PDEMN Proton dose equivalent (cSv) during solar
minimum

PDEMX Proton dose equivalent (cSv) during solar
maximum

PDOMN Proton dose (cGy) during solar minimum
PDOMX Proton dose (cGy) during solar maximum
EDMN1 Electron dose (cGy) during solar minimum

(1 sigma)
EDMN2 Electron dose (cGy) during solar minimum

(2 sigma)
ENMX1 Electron dose (cGy) during solar maximum

(1 sigma)
ENMX2 Electron dose (cGy) during solar maximum

(2 sigma)
ENMX3 Electron dose (cGy) during solar maximum

(3 sigma)

Table 7. Organ dose equivalent limits (Sv) for all ages, as
recommended by NCRP (data from Ref. 24).

BFO (Sv) Eye (Sv) Skin (Sv)

Monthly (30 Days) 0.25 1.0 1.5
Annual 0.50 2.0 3.0
Career See below 4.0 6.0

Career whole-body dose equivalent limits (Sv) for a 3% lifetime
excess risk of fatal cancer as a function of the age at exposure, as
recommended by NCRP (data from Ref. 24).

Age 25 35 45 55
Male 0.7 1.0 1.5 2.9
Female 0.4 0.6 0.9 1.6
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results are to be compared with the dose limits recently proposed
by NCRP,24) shown in Table 7.

CONCLUSIONS

A computational technique is now available for detailed and
comprehensive astronaut space radiation exposure evaluations
for EVA scenarios. Code validation and streamlining have been
performed to the extent that full implementation with the space
suit/CAM-CAF combination may be carried out for a distribu-
tion, or grid, of target points throughout the configuration. The
results for astronaut exposures can be obtained for the full set of
CAM points in a short time, only minutes on an average compu-
tational speed serial machine such as a 300 MHz DEC/ALPHA
station.11)

The purpose of the present work is to provide a means for gen-
erating accurate and comprehensive exposure evaluations in a
time frame that allows a more or less immediate application, as
opposed to one after the fact, i.e., scenarios with time-varying
external environments, assessment, and optimization of the
effect of space suit modifications on shielding properties. It is
clear from the present analysis and results that the space suit has
some important features that will have some benefit in reducing
the health risks of astronauts under the extreme exposure condi-
tions in space. Even so, the space suit’s design reveals some
weakness with respect to radiation protection, which is already
clear. Mainly, attention has been given to the space suit fabric,
which is less effective in protecting the skin from exposure than
previously assumed and which could be greatly im-
proved.3,11,13,25,26) It is clear that even modest additions to, replace-
ments of, and changes in the fabric elements could have very
important effects, resulting in a greatly improved protection of
crew members engaged in EVA.3,25,26)
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