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We present a spacesuit architecture to enable planetary exploration of Mars by combining 
mechanical counterpressure (MCP) with gas-pressurization (GP). To assess the feasibility and 
benefit of implementing two separate pressure layers in the suit, the design space was 
narrowed by performing a trade analysis from the following criteria: Mobility; Technical 
feasibility; Risk of decompression sickness (DCS); System mass; System complexity; and 
Robustness. Each of these elements was numerically modeled and system metrics were 
established for each to find a desirable pressure layer configuration. Preliminary results are 
presented for combined system performance across different levels of total pressure and 
different degrees of pressure contribution from the MCP and GP layers. Future work includes 
performing a design analysis on the technical challenges of combining these pressure garment 
systems. This conceptual design has the potential to offer a quantifiable increase in mobility, 
increases in safety through pressure layer redundancy, and decreased pre-breathe time to 
improve operational efficiency. This paper outlines an alternative to gas-pressurized suits on 
the surface of Mars and is the first step toward quantifying and evaluating the potential 
improvement and impact on exploration mission objectives. 

Nomenclature 
atm =  Atmospheres 
D = Diameter 
DCS = Decompression Sickness 
EMG = Electromyography 
EVA = Extravehicular Activity 
GP = Gas Pressurized 
lbs = Pounds 
MCP = Mechanical Counterpressure 
min = Minutes 
mV = Millivolts 
Nm = Newton Meter  
P = Pressure 
Pf =  Final Pressure 
Pgas = Gas Applied Pressure 
PIP = Proximal Interphalangeal Joint 
PLSS = Portable Life Support Systems 
PMCP = MCP Applied Pressure 
ppN2 = Partial Nitrogen Pressure 
psi = Pound Squared Inch 
R = Haldane’s Ratio  
ROM = Range of Motion 
S = System Cost 
SMCP = MCP System Contribution to The Overall System Cost  
Sgas = Gas System Contribution to The Overall System Cost 
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t =  Thickness  
VGE = Venous Gas Emboli 
σ = Normal Stress 

I. Introduction 
HIS paper proposes a novel spacesuit architecture to enable planetary exploration of Mars in a way not feasible 
with currently planned mission concepts. Extravehicular activity (EVA) is a fundamental aspect of human space 

exploration and will be one of the main objectives for a surface visit to the Moon or Mars. Since Alexei Leonov’s first 
EVA in 1965, the fundamental design of the spacesuit has not changed and still uses gas to create a suitable pressurized 
environment for the human body [1]. These suits, therefore, have the same limitations – gas pressurized (GP) 
spacesuits have been known to cause injuries and increase metabolic expenditure [2]–[5]. On the surface of the Moon, 
Apollo astronauts sustained hand, joint, and skin irritation injuries [4]. Mars surface exploration will require 
significantly greater ranges of motion and more frequent sorties, leading to more total time spent in EVA. This could 
potentially lead to higher injury incidence if the spacesuit system is not 
enhanced to find long-term, healthy solutions to EVA injury [6]–[8] 
We propose a mechanism by which these limitations can be overcome 
by integrating a secondary, separate layer of mechanical 
counterpressure (MCP) to the spacesuit architecture. MCP suits 
provide pressure to the skin using tight elastics, mimicking the skins 
own functionality. Mechanical counterpressure suits offer advantages 
over gas suits in that they allow for greater mobility, are lightweight, 
compact, and lead to lower metabolic costs due to less wasted energy 
[9]–[11]. Despite these advantages, these suits have not been 
implemented due to technical challenges to create the required level of 
pressure over the entire body [12], [13]. 

If a gas pressure garment and MCP pressure garment were combined, 
for example, at 2.5psi each, the architecture has the potential to 
capitalize on the main advantages of each type of suit, while mitigating 
the primary negative aspects as well (Figure 1). This architecture has 
the potential to offer a quantifiable increase in mobility due to fewer 
GP components, increase in safety through pressure layer redundancy, 
and decreased pre-breathe time to improve operational efficiency. It 
could also be more lightweight, compact, and require fewer 
consumables. Although in concept this architecture could provide these 
advantages [12]–[14], it has not been rigorously investigated. 
Combining these systems could increase system complexity. Further, 
it remains unclear what level each pressure garment would need to be 
maintained at in order to create the optimal combination of these 
different technologies. The objective of this paper, therefore, is to 
explore this concept through evaluating the system architecture to 
determine design configurations that are the most beneficial. 

II. Methods 
To assess the feasibility and benefit of implementing two pressure layers in the proposed suit concept, a design 

optimization was performed based on relevant system architecture factors. The design space is assessed by performing 
a trade analysis from the following criteria, described in Table 1: Mobility; Technical feasibility; Risk of 
decompression sickness (DCS); System mass; System complexity; and Robustness.  
 Each of these elements is modeled numerically to represent the “system cost” (S) from each factor. The cost is a 
metric used to assess architectures and does not imply a monetary cost of the system (although it may ultimately be 
related). To normalize the contribution from each evaluation metric, the maximum value that each can take is S=1, 
meaning it is an extremely difficult spacesuit configuration to implement. On the other hand, S=0 is the minimum 
value that can be achieved, indicating the optimal spacesuit architecture, feasible and easy to implement. In the current 

T 

 
Figure 1. Hybrid MCP-GP Spacesuit 
Concept. An inner MCP garment layer 
covered with a GP envelope is used to apply 
the adequate pressure to the astronaut. 
Image courtesy of Creare, LLC and Michał 
Kracik.  
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analysis, for simplicity, each factor is given equal weighting, contributing equally to the overall system cost. Using 
these equations, the entire trade space will be numerically analyzed to find local minima. The targeted design regions 
are those with the lowest system costs values, which will be considered the most optimal spacesuit configurations.  
 The ratio (%) of pressure applied by MCP vs. GP will be modeled since each technology may not need to contribute 
an equal amount of pressure. Pressures considered will range from 0psi to 14.7psi. However, the minimum pressure 
considered in the overall system cost trade space will be 2.5psi, which is the lower possible pressure before the onset 
of clinical hypoxia in a pure oxygen environment [15]. A graphical representation of the design space is shown in 
Figure 2.  
 In order to simplify the complexity of the overall trade space, only classic gas pressurized suits will be considered, 
while fully hard suit technologies, such as the AX-5 suit, and other emergent technologies will be omitted, and may 
be a topic of future research and comparison. Also, the atmosphere in the host vehicle wll be set to that used on the 
ISS (14.7 psi, 21% oxygen). 

Each of the previously mentioned factors will be discussed in more detail. Each equation is derived based on 
literature or from anticipated valuation 
of each element. These equations 
represent the preliminary system cost 
and establish a methodology by which 
to perform these kinds of spacesuit 
trade studies.  

A. Mobility 
Current GP EVA suits impose a 

large penalty to astronauts, as they 
both restrict the range of motion 
(ROM) and impose large resistive 
joint torques [16]. The mobility 
decrement, can be caused by both a GP 
suit and a MCP suit. To develop 
equations relating the relative cost to 
mobility between the two 
technologies, a mobility comparison 

Table 1: Design criteria by which system costs will be determined. Total system cost will be modeled as 
describe for each criterion to determine design local minima. 

Criteria Description 
Mobility Factor that describes how easy is to perform movements. Elevated gas pressurization will 

increase system cost because it decreases mobility. MCP garments will do the same, but with 
less loss of mobility and scale less with increased pressurization. 

Feasibility Factor addressing the difficulty of creating a full suit. GP configurations will have a smaller 
system cost than MCP because they have been widely manufactured and successfully flown. 
Also, elevated MCP pressurization will increase system cost because higher pressure MCP 
garments have not been feasible. 

DCS Capability of the spacesuit architecture to prevent DCS. Since it is only driven by Pressure, no 
difference will be appreciated between MCP and GP garments. Lower total pressure will 
increase system cost because it increases the risk for DCS. 

Mass Factor addressing the total spacesuit configuration weight. Increased mass will increase system 
cost in both MCP and GP garments because body-born bulk on the surface of Mars could lead 
to increased injury and fatigue. 

Complexity Amount of parts needed to complete a certain configuration, which drive the capability to 
effectively operate over time. Designs incorporating both MCP and Gas pressurization will 
increase system costs because using both technologies simultaneously will increase complexity. 

Robustness Ability to withstand or overcome adverse conditions. Designs incorporating only MCP or Gas 
pressurization will increase system costs because using both technologies decreases risk if one 
technology fails.  

 
 

 
Figure 2.  Pressure layer design optimization. The pressure layer design 
will evaluate pressures from 2.5 to 14.7 PSI ranging from 100% Gas and 
100% MCP pressurization technologies. The design will be optimized by the 
design criteria established in Table 1.  
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performed by Tanaka et al. will be used [17]. This study did a side-by-side mobility comparison of a gas-pressurized 
elastic glove and a GP glove. While the glove utilized in this study is not a classic fully elastic garment, it is expected 
to be functionally and biomechanically similar enough to enable accurate comparison of suit architectures. Utilizing 
a GP glove at 4.4psi, and a MCP glove that produced 9.5psi of pressure, it was observed that the range of motion for 
both gloves was similarly restricted. But, electromyography (EMG, a measure of muscle activation) signals during 
motion was significantly less in the MCP glove than the GP glove [17]. It was also observed that EMG amplitudes 
did not change with pressure in the MCP garment, remaining steady at 3.3mV. While the hoop stress needed in an 
MCP garment does require a significant increase in material thickness with increased pressure, it does not require a 
commensurate increase in joint torque. Utilizing anisotropic textiles, custom fabric weaves, and/or well-designed 
patterns, it is possible to make the fabric resistance in one direction differ greatly from that of another, as seen in the 
results of this study. 

Compared to the GP glove’s EMG measurement of 5.2mV at 4.4psi, the MCP garment required 63.5% of the 
muscle activation. The change in EMG measurements will be used as an analog to joint torque. Therefore, the resistive 
force of an MCP glove will be 63.5% of a GP glove at 4.4psi.  

A study by Mousavi et al. investigated how joint torques change with pressure in GP suits [18]. Mousavi utilized 
a mechanical finger stand in to apply a known torque to the finger of a GP glove at various pressures, allowing 
measurements of joint angle as a function of pressure to be obtained. The proximal interphalangeal (PIP) joint saw an 
approximately linear change in joint torque between 2.9psi and 5.8psi, leading to the conclusion that the required joint 
torque varies approximately linearly with increased pressure. While this is in a finger instead of full body ambulation, 
it is proposed as an approximate scaling analog to large joint resistance with GP suits at non-extreme joint angles. 
Given that the PIP joint also approximates the geometry of other joints of interest such as the knee and elbow, it is 
reasonable to assume they will respond in approximately the same manner. 

 Linearly interpolating between the two data points given by Moussavi’s research, the PIP joint torque at 4.4psi 
was 0.425Nm, while the same joint torque at 14.7psi would be 1.125Nm. Combining the work from these two studies, 
the model may be used to estimate the joint torques observed in GP gloves and the expected joint torques in an MCP 
glove. From this, the MCP glove was determined to require a steady 0.27Nm across all pressures.  

Using these findings, a simplified model shown in Equations 1 and 2 relate the general mobility of both a GP suit 
and an MCP suit, with 1 set as the worst-case scenario for mobility with a GP glove at 14.7psi. A bulk knockdown 
factor of -0.05Nm is also implemented in the MCP equation to acknowledge the materials properties of the suit, where 
an MCP suit is a skintight garment, compared to the bulky bladder required by the GP suit. Figure 3 shows these 
equations for each suit type plotted by pressure and system cost S. 

 

 
Figure 3.  Mobility equation profile. 
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            𝑆"#$ = ( '
'(.*

𝑃"#$ + 0.125)/1.125         (1)   
𝑆123 = (0.27 − 0.05)/1.125           (2) 

B. Feasibility 
For our purposes, feasibility will be defined as the difficulty of creating a full suit at a given pressure, using only 

current technology and maintaining reasonable mobility and weight. It is not a measure of the system’s ability to 
conform to mission requirements, but rather a measure of the difficulty in developing hardware that generates the 
requisite pressure.  

The MCP equation will be defined by the previous full body suit that was developed by Webb, and the current 
estimated maximum achievable pressure generation using MCP over the whole body. Webb successfully created a 
mechanical counter pressure of 3.5psi over the entire body [9]. Given that Webb’s suit was a technology demonstrator, 
and that a flight suit would be more difficult to develop, the feasibility of a 3.5psi MCP suit is set at twice that of a 
typical launch and entry suit. The MCP curve will be linear from zero to one, through this reference point. Above the 
intersect point of 8.6psi, where feasibility reaches a value of 1, the MCP suit above those values will remain a 1. 

GP suit architecture is more thoroughly investigated given the history of achieved spacesuit configurations. In the 
U.S., suit pressures below 4.3psi are within our known design ranges, with many suits, particularly launch and entry 
suits, operating at 3.5psi. Zero-prebreathe suits, such as the Mark III, were designed to operate at 8.3psi [19]. Given 
the demonstrated feasibility, but the relative lack of design points between 4.3 and 8.3psi, a value of 0.25 is assigned 
to suits within these ranges. Suit pressures below 4.3psi will linearly fall to 0, and anything above 8.3psi will linearly 
rise to 1. Figure 4 shows the graphical representation of these curves, presented in Equations 3 and 4. 
 

𝑆"#$ = 0.0581𝑃"#$	; 90 ≤ 𝑃"#$ < 4.3> 
𝑆"#$ = 0.25	; 94.3 ≤ 𝑃"#$ < 8.3> 
𝑆"#$ = 0.1172𝑃"#$ − 0.7226; 98.3 ≤ 𝑃"#$	>         (3) 

 
𝑆123 = 0.1162𝑃123	; {0 ≤ 𝑃123 < 8.6} 
𝑆123 = 1	; {4.3 ≤ 𝑃123}              (4) 

 

C. Decompression Sickness 
Decompression Sickness (DCS) is caused by rapid changes in environmental pressure. This factor is only driven 

by pressure and not by which system applies that pressure, so no difference will be appreciated between MCP and GP 
garments equations. Prior to DCS, a measure of tissue stress is the appearance of Venous Gas Emboli (VGE) in the 

 
Figure 4.  Feasibility equation profile. 
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blood. These measures are correlated but not equivalent [20]–[22]. This medical issue is mainly driven by tissue 
saturation with nitrogen (N2) and the time at the reduced pressure. Haldane’s Ratio (R) sets the risk of DCS. This 
value computes the ratio of N2 stress in the body (Eq.5), being the partial pressure of nitrogen (ppN2) after the prebreath 
protocol, and Pf the final pressure. As DCS is probabilistic, it is considered that the body can handle some stress. Each 
space agency has different R thresholds, depending on the amount of risk they are willing to accept [23]. On the ISS 
R is set to 1.4 and is used for our equations (although in contingency purge flow operations up to R=1.80 is allowed 
for no longer than 30 minutes). At this R level, bubbles may be present in the blood, or even 35% of cases with bubbles 
at the heart. Up to 5% of subjects experience DCS symptoms, too. 

 
 𝑅 = CCDE

3F
  (5) 

 
One assumption for this model is that spacecraft atmosphere will be maintained as on the ISS, with a pressure of 

14.7psi. Data from the NASA Mans System Integration Standards indicates prebreath times to achieve R = 1.4. The 
equation is normalized, where longer prebreath times are the worst-case scenario (i.e. at time=435min, P=2.5psi, S=1). 
The 2.5psi pressure level is considered the worst-case scenario (S=1) because below this pressure a human starts being 
affected by clinical hypoxia (oxygen pressure in the alveolus under 1.16psi) [15]. On the other extreme, any pressure 
equal or over 8.3psi doesn’t require a pure oxygen prebreathing time when coming from a 14.7psi environment [24], 
so any pressure over 8.3psi will be considered the optimal scenario (S=0). Figure 5 shows the values represented in 
Equation 6.  

𝑆G2H = 0	; {8.3 ≤ 𝑃	 ≤ 14.7}  

𝑆G2H =
625 − 76𝑃

435 	; {2.5 ≤ 𝑃 < 	8.3} 
𝑆G2H = 1	; {2.5 > 𝑃} (6) 

D. System Mass 
Comparing the mass across MCP and GP suits and the relationship between suit pressure and system mass is 

challenging with few design cases to reference.  To anchor mass estimates to real world data, a comparison between 
historical suit architectures from the same development era will be used. While the mass of the system, particularly 
the consumables, may change with differing EVA profiles, this may be compensated for via the end weighting of the 
system instead of initial changes to the model if required. 

The Apollo era AL7 spacesuit had a mass of 201lbs [25], 125lbs of which was comprised of the Personal Life 
Support System (PLSS) [1]. Webb states that a MCP suit would require approximately half of the life support mass 
for a planetary exploration, with half of the mass coming from the thermal control system (TCS), and half coming 
from the PLSS [9]. For non-planetary exploration, full active thermal control must be maintained. These factors place 

 
Figure 5.  Decompression Sickness equation profile. 
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the mass of an MCP suit’s PLSS and TCS 
systems at 75% of the Apollo era spacesuit mass. 
Webb further states that the MCP suit itself may 
be safely expected to be 25% the mass of a GP 
suit. Therefore, it may be concluded that the full 
system mass of a MCP suit at Apollo suit 
pressures (3.7psi) will be half that of the Apollo 
baseline, at 100.5lbs. 

To assess how the mass of an MCP system 
varies with pressure, suit materials properties are 
determined. MCP relies upon the hoop stress in 
the circular cross sections of fabric to generate 
pressure through tension, which may be 
approximated for thin wall sections via the hoop 
stress equation (Eq. 7). 
 
𝜎 = 𝑃𝐷/2𝑡  (7) 
 
Where P is the pressure, D is the Diameter of the 
section, and t is the thickness of the material. If 

the stress is held at a constant value, then the material thickness must scale linearly with pressure increase at a set 
diameter. Using the approximate density of a nylon type plastic, at 1400kg/m3, and the average surface area of a large 
male human, at 1.9m2, and an initial average suit thickness of 1mm at 3.7psi, the mass of an MCP suit will increase 
with a slope of 23.44lb/atm. This extrapolates to a nearly 0psi suit mass at 94.6lb. 

The mass of a GP suit is assumed to vary linearly with pressure if the mobility factor is held constant. This 
necessitates the addition of multiple hard bearings and other mobility enhancing additions, leading to a large increase 
in mass as pressure increases, due to the constant mobility constrain that we have imposed when considering this 
aspect of the system. To anchor the GP suit, first the stated mass of 201lbs at 3.7psi is used.  

It is then assumed that the weight of a nearly 0psi GP suit will be equal to that of a nearly 0psi MCP suit. At a base 
level, either suit that produces zero psi is merely a full body covering, analogous to two similar flight suits. Therefore, 
the slope of the mass of the GP system is 422.7lb/atm, placing a 14.7psi GP suit with the same mobility as the Apollo 
suit at 517lbs. The previously stated values provide the anchor points for both suit types and Equations 8 and 9 are the 
linear fits to these points. Equations 8 and 9 are shown in Figure 5. While it is possible to fully normalize the equations, 
it is felt that there should always be some penalty associated with the inherent weight of the system. 
 
 𝑆"#$ = (94.6 + 422.7 ∗ 3PQR

'(.*
)/517 (8) 

 𝑆123 = (94.6 + 23.44 ∗ 3TUV
'(.*

)/517 (9) 
 

E. Complexity 
Complexity is usually expressed as the number of parts needed to complete a system and drives the capability of 

a system to effectively operate over time. The more complex a system is, the more it is susceptible to degradation, 
malfunction, or disassembly of its internal pieces. As the pressure applied to a person increases, the amount of different 
systems to do so also increases. For example, when using a GP system, pressure drives the need for gas storage, 
delivery of the gases inside the suit, more consumable weight, and strength of the pump, which consumes electricity 
and space. When using a MCP pressure layer, additional elements such as gas tightening bladders have historically 
been used to achieve the desired pressure [26]. Importantly, designs incorporating both MCP and GP will have 
additional complexity, increase system costs to integrate the different technologies.   

Separate Complexity equations are developed for each pressure mechanism to reflect their differences. The 
parameters considered to assess complexity are the pressure layer complexity, the number of elements that they need, 
the don/doff times, and the ability to maintain uniform pressure all over the body. Each of these parameters is weighted 
for their relative contribution to overall system complexity. The weights are scored using values between 1-4, being 
1 “not important” and 4 “extremely important”. This is then multiplied by the range within the parameter the 
technology lies on a scale from 1-10, with 1 being “really simple” and 10 “extremely complex”. For some, there is 

 
Figure 6.  System Mass equation profile. 
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not a single scale, but rather is dependent on the pressure extremes being considered. Table 2 shows these numerical 
weightings, but are described as follows:  

● Pressure layer complexity (2): The MCP pressure layer can range from a very simple low-pressure passive 
elastic garment, to a very complex system design in order to achieve high pressures. It is therefore given the 
range from 3 to 9. The pressure garment for the GP suits have an inherently higher complexity, due to the 
patterning and required bladder and restraint layers [10], [13], [14]. These elements are required to a greater 
degree at higher pressures. Therefore, it is assigned the range from 5 to 10.  

● Number of elements (4): As stated before, the number of elements of each of the systems is dependent on 
the pressure needed, as well as the mobility desired to achieve [10], [12]. For higher pressures, more elements 
will be needed to maintain the same mobility capabilities. Baseline configurations of MCP suits required 
fewer components than GP suits and are therefore given the range from 1-4 while the GP system has a range 
from 7-10. 

● Don/doff times (1): Don/doff times for MCP suits are highly dependent on the pressure of the garment. They 
are therefore assigned the full range from 1 to 10. Alternatively, gas suit don/doff times are not dependent on 
the pressure, but rather the implemented configuration (i.e. rear entry hatch vs. modular system). Historically, 
Webb’s MCP suit needs a team of 3 people to don it in 30 minutes (3x30=90 work-minutes) [9] while the 
GP suit requires two people, one being the person wearing the garment, to don in 15 minutes (2x15=30 work-
minutes) [27]. Therefore, for a moderate pressure, the GP is easier to don, so the value is set to a constant of 
3. 

● Uniform pressure capabilities (3): The GP allows a nearly-perfect distribution of pressure all over the body 
with ease. It is therefore assigned a value of 2. MCP garments are much more susceptible to the pressure 
required. Particularly over non-uniformities of the body, such as the concavity of the palm of the hand, it is 
challenging. It, therefore, ranges between 5 and 10 [28].  

The weights of the parameters are used with the range described to find the best and worst-case scenario for both 
technologies. The lowest score is MCP at low pressures. This intercept is removed from both equations, so the line 
for MCP, which has the lowest overall best-case scenario, has a complexity of 0. Therefore, the GP has a higher initial 
offset in complexity. The slope each line is set by the difference between the best and worst-case scenarios. The entire 
equation is then normalized by the highest worst-case scenario, also from MCP, to convert the complexity scale to be 
between 0 and 1. Equations 10 and 11 represent these equations and are shown in Figure 7A.  

          0𝑝𝑠𝑖 < 𝑃Z[C ≤ 14.7𝑝𝑠𝑖	;	𝑆Z[C = \(*(]E^)
'(.*

𝑃Z[C_ 74⁄       (10) 

0𝑝𝑠𝑖 < 𝑃"#$ ≤ 14.7𝑝𝑠𝑖	; 	𝑆"#$ = \47 − 26 + (^a](*)
'(.*

𝑃"#$_ 74⁄      (11) 
 

In addition to the complexity inherent in each technology, an additional factor of complexity should be included 
when the systems are combined. There should be a noticeable increase of the complexity when both systems are 
present. It is achieved with an additive sine function governed by Equation 12. It is scaled such that when 50% of the 
pressure is produced by each technology at the highest pressure configuration, the system complexity is approximately 

Table 2: Trade Study to determine the factors of the Complexity Equation 
 

 
 

Wt factor Best Scen. Worst Scen. Best Scen. Worst Scen. Best Scen. Worst Scen. Best Scen. Worst Scen.
Pressure Layer 2 3 9 6 18 5 10 10 20

# Elements 4 1 4 4 16 7 10 28 40
Don/Doff Time 1 1 10 1 10 3 3 3 3

Uniform Pressure 3 5 10 15 30 2 2 6 6
MCP Total Values: 26 74 GP Total Values: 47 69

Normalization Factor Normalization FactorTotal Total
GPMCP
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33% of the total complexity (i.e. 33% of the complexity comes from the GP, 33% from the MCP, and 33% from the 
combination of technologies). The value in this configuration is a sine wave with an amplitude of 0.25 (Figure 7B). 
 
 𝑆bcdec = 0.25𝑠𝑖𝑛(g

E
∗ %('ii]%)

Ejii
)  (12) 

 
The Complexity Equation is created as the sum of each of the 3 system costs, calculated from Eq. 10, 11, and 12, 

shown in Eq. 13.  
 𝑆[eZCklmdno =

HpqrsHPQRsHtuvwu
HpQx

 (13) 

F. Robustness 
Robustness is defined as the ability to withstand or overcome adverse conditions, designs incorporating only MCP 

or GP will increase system cost because using both technologies together decreases risk if one technology fails. Failure 
mechanisms result in loss of pressurization of a given layer. Costs will incorporate the pressure of each technology 
independently by pressure, then the system costs will be summed.  

MCP is less dependent on redundancy systems, yet it can still be affected by exogenous problems like MMOD 
impacts, so its lowest safety factor is set to Srobust=0.1. If the garment is punctured, a pressure gradient is localized 
around the hole location and the rest of the body. While this effect would be local, if this scenario happens with a GP 
garment, the effect would be on the pressure applied to the entire body, when the “feed the leak” capabilities wth 
redundant oxygen have been exhausted. Also, MCP garments can be repaired while worn. For example, putting a strap 
over the hole, applying a tourniquet style compression, would be enough to counteract the tear [28]–[30]. Additional 
cost considerations for GP suits are their sensitivity to punctures and impacts, leakiness, and is susceptiblity to dirt 
and dust [10]. Therefore, the minimum safety factor will be Srobust=0.3.  

There is no advantage in robustness to maintaining pressures equal or higher than 8.3psi when both technologies 
are used together. Once 8.3psi pressure is achieved in the redundant pressure layer, any increases in pressure don’t 
provide additional protection against DCS. From this pressure to the most extreme hypoxic environment where 
humans can still breathe and assimilate oxygen (2.5psi) the safety that each of the systems provides decreases as the 
pressure decreases. This is due to the fact that they still provide enough pressure to the astronauts, so they can still be 
operative, but these levels less optimal. So, the safety factor in this interval increases up to 0.1 for both systems. 

Below the threshold of 2.5psi, the robustness of the system quickly decreases, with the greatest costs when the 
redundant technology is not present in the system (P=0psi, Srobust=0.5). Although between 0 and 2.5psi pressure levels 
can’t effectively protect the astronaut, the redundant pressure layer does add some buffer, increasing robustness. 
Equations 14 and 15 represent the Robustness cost, and is shown in Figure 8: 
 

𝑃"#$ ≥ 8.3𝑝𝑠𝑖	; 	𝑆"#$ = 0.3 

2.5𝑝𝑠𝑖 < 𝑃"#$ < 3.5𝑝𝑠𝑖	;	𝑆"#$ = 0.3 +
1
58 (8.3 − 𝑃"#$) 

 

A)   B)  
Figure 7.  Complexity equations by suit type. The two suit styles have different complexity slopes (Figure A). The 
union of two suits at nearly equivalent pressure will likely increase system complexity (Figure B) 
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 𝑃"#$ ≤ 2.5𝑝𝑠𝑖	;	𝑆"#$ = 0.4 + '
Ej
(2.5 − 𝑃"#$)  (14) 

 
𝑃Z[C ≥ 8.3𝑝𝑠𝑖	; 	𝑆Z[C = 0.1 

2.5𝑝𝑠𝑖 < 𝑃Z[C < 8.3𝑝𝑠𝑖	; 	𝑆Z[C = 0.1 +
1
58 (8.3 − 𝑃Z[C) 

 𝑃Z[C ≤ 2.5𝑝𝑠𝑖	;	𝑆Z[C = 0.2 + z
Ej
(2.5 − 𝑃Z[C) (15) 

 
The Robustness equation will be the summation of both terms (Eq.16). 
 
 𝑆{e|b$ncl$$ = 𝑆Z[C + 𝑆"#$  (16) 

III. Combined Trade Study Analysis 
The combined analysis was performed by plotting and merging all the factor’s equations using MATLAB [31]. 

The inputs of our equations were the total pressure of the spacesuit (P) and the proportion of pressure amount being 
applied by the MCP garment (MCP%). The pressure values that were considered ranged from 2.5psi, the lower 
possible pressure before the onset of human clinical hypoxia in a pure oxygen environment [15], to 14.7psi, Earth’s 
surface atmospheric pressure. The MCP% ranges between 0 and 100%, intrinsically establishing that the proportion 
of GP system in each point is its opposite (GP% = 100 – MCP%). The populated data derived from each one of the 
factors’ equations is plotted as surfaces, shown in Figure 9. For all the equations, as well as for the overall system cost 
equation, 0 is considered as the best scenario (lowest system cost configuration) and 1 is considered to be the worst 
scenario (highest system cost architecture). The best scenarios (S values near to 0) were given cold-blueish colors, 
while worst case scenarios (S near 1) were given hot-reddish colors. After plotting all the different parameters, it can 
be seen how each contributes independently to the overall system cost design trade space.  

 
Figure 8.  Robustness equations specific to MCP and Gas-
Pressurized suit configurations. The total score of the equation is the 
sum of the two elements 
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 From a pressure perspective, it can be seen in Figure 9 that DCS and Robustness parameters are the ones that 
benefit high-pressure scenarios. These two parameters take into account the importance of maintaining a good 
physiological health when wearing the spacesuit. As the pressure at which the human body is most used to is the 
Earth’s pressure at sea level (14.7psi), the pressures nearer to this value are the ones considered to be more healthy 
and safe. Subsequently, high pressures are the ones with lower system costs. On the other hand, the lowest system 
costs of Complexity, Mobility, Mass, and Feasibility factors can be found in the lowest pressures of the trade space. 
These factors are mainly driven by the characteristics of the mechanical components used in each spacesuits 
configuration. Mechanical components usually perform better when they are not under heavy stress and have less 
interaction between them, resulting in less fatigue and longer mean times before failure. So, as lower pressures mean 

 
Figure 9.  Surface of the parameters equations. The areas with lower system costs (optimal configurations) are 
those with values near to S=0 and painted with cold/blue colors; the areas with higher system costs are those with 
values near to S=1 and are displayed with hot/red colors. 



 
International Conference on Environmental Systems 

 
 

12 

fewer components and less workload applied to them, all of these parameters have their optimal and lower system 
costs in low-pressure regions. 
 From a MCP usage point of view, the factors being plotted in Figure 9 that have lower system costs in high levels 
of MCP usage are Mobility and Mass parameters. This correlates with current literature, which establishes these two 
parameters as two of the main benefits of MCP garments [24], [28]. Their capacity to reduce bulk is translated into 
lighter and more dexterous spacesuit configurations. On the other hand, Feasibility graphic shows that it benefits low 
MCP levels over configurations with higher MCP participation. This is consistent with our historical context that all 
spacesuits flown to the date are 100% GP, so these are more feasible and easier to be implemented. Finally, the other 
parameters (DCS, Complexity and Robustness), as are mainly driven by pressure, they don’t show to be strongly 
influenced by the MCP levels. 
 To assess the integrated system cost equation, what is performed is the summation of the system costs (S) for each 
factor. Then, the value is normalized by the weighting factors to set the overall system cost valuation also on a scale 
from 0 to 1. The total integrated overall system cost equation is shown in Equation 17. In this analysis, each factor 
was given equal weighting (𝐴 = 𝐵 = 𝐶 = 𝐷 = 𝐸 = 𝐹).  

 
 𝑓(𝑃,%𝑀𝐶𝑃) =

�Fpw�v�v��s�F��QRv�v�v��s2F�U�sGFpQRRs�Fqwpr��xv��s�F�w�tR�u�RR
�s�s2sGs�s�

= 𝑆  (17) 
 By combining each factor into the overall architecture cost simulation, the integrated surface, shown in Figure 10, 
indicates that when all parameters are equally weighted, there can be found two main optimal zones painted in yellow 
(those with lower system cost values) for a hybrid spacesuit configuration combining MCP and GP garments. The 
first region of interest is the area that can be found around P=8.3psi, pressure achieved with approximately 30-40% of 
MCP and 60-70% or more of GP. The second is a larger area to the right of the graph, with high MCP levels (>60%) 
and pressures ranging from 5 to 11psi. The first area shows a design configuration where optimal designs are achieved 
with a combined low level of MCP with a GP spacesuit. The second area shows the capabilities that MCP suits could 
have if they were the dominant source of high pressures.  
 Since this second area, though, is unlikely to be technically feasible given the current state of MCP technology, 
the first region is of greater interest to explore. Within this space, there are several designs that could be achieved. For 
example, a configuration within this space would provide 2.5psi with a MCP garment and the remaining 5.8psi with 
a GP one. A 5.8psi suit is well within the design regimes for GP suits, since this is the operating pressure of the Russian 

 
Figure 10.  Integrated parameters’ system cost surface. The areas with lower system cost (optimal configurations) 
are those with values near to S=0 and painted with cold/blue colors; the areas with higher system costs are those with 
values near to S=1 and are displayed with hot/red colors.  
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Orlan spacesuit. This analysis, though, is only one potential evaluation, particularly since all factors were weighted 
equally. For future architecture design, the importance of each factor independently should be assessed against mission 
objectives, and used to tune the model to achieve an assessment of desirable configurations. 

IV. Limitations and Future Work 
The results presented are founded on the spacesuit literature from historical spacesuit designs and estimations of 

trades between the two concepts. This work, though, is preliminary and will be further refined to incorporate additional 
information to anchor the equations. The pressures are varied between but not including 0% MCP (which is 100% 
GP) and 100% MCP, (which is 0% GP). Future work includes comparing the hybrid designs to solely GP or solely 
MCP, which were excluded in this trade study. As programmatic objectives, and as suit designers perform their trade 
studies, each factor can be weighted differently to increase or diminish its relative importance. Future work performs 
these trades by changing the weighting of each factor to determine the sensitivity of the trade study on a given factor.  

From the results of the pressure layer determination, a more detailed conceptual design will be conducted. In 
particular, this effort focused on aspects of the suit that are anticipated to be the most problematic in the design – 
namely the interface between the person’s body and the gas-pressurized helmet. As a baseline architecture, this suit 
concept assumes an all-encompassing helmet, rather than a face mask style for oxygen delivery. Therefore, there is a 
transition between the helmet and the rest of the body where a portion of the pressure is anticipated to be supplied by 
MCP. Potential design solutions to this interface will be explored. Additional future work investigates how life support 
systems will be affected by this pressure garment concept. 

V. Conclusion 
There is a long legacy of spacesuit hardware that successfully used gas-pressurized spacesuits to safely perform 

EVAs. As we move to surface exploration where there will be sustained EVA effort, the limitations of gas-pressurized 
suits become more apparent since they inhibit mobility, cause fatigue, and lead to injury. MCP suits, on the other 
hand, have not demonstrated the technical feasibility required to sustain the human body in vacuum for long durations 
yet. The exception to this was the full body suit produced by Webb, but this suit suffered from operational constraints 
making it infeasible. To shift the paradigm of thinking of these technologies as independent, we propose a hybrid suit 
concept and investigate its potential advantages and feasibility. We performed a trade study on system architectures 
to fuse these technologies, considering the risk of decompression sickness, robustness, complexity, mobility, mass, 
and feasibility. After performing this factorial analysis, a promising spacesuit configuration is detected: the zone with 
the smallest system cost is found around a spacesuit pressure of 8.3psi, 40% or less of this pressure being applied by 
a MCP garment. However, this result is susceptible to future re-weighting of each factor contribution to the overall 
trade study.  

The objective of this work is to establish a spacesuit trade study methodology that can provide an unbiased 
evaluation of the spacesuit design. Further, it is adaptable as new technologies either increase the effectiveness of GP 
suits or increase the feasibility of full body MCP suits. With this work, we hope to further the feasibility of such a suit 
concept for future implementation in planetary exploration suits. When we see astronauts exploring, the scenario is 
intrinsically linked to spacesuits, and the iconic images are fundamentally linked to how we think of humans exploring 
space. Integrating new pressure garment technology to facilitate human exploration and prevent injury on the surface 
will help ensure a successful human mission to the Moon or Mars.  
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