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Orthostatic intolerance garments (OIG) (e.g., the anti-gravity suit (AGS) worn by astronauts during earth 

reentry) produce therapeutic pressures on the body through inflation or through pattern reduction (i.e., 

undersized knit garments that stretch when donned).  While pneumatic garments (AGS) are currently 

employed by NASA, skin-tight OIGs allow for increased mobility and could improve astronaut safety in the 

event of an off-nominal event.  Undersized OIGs have been explored as alternatives to inflatable systems; 

however, they are static and designed from a series of limb circumferences taken from the standing position.  

Lower body radii are not fixed dimensions - but rather dynamic dimensions dependent on body posture, 

composition, and topography; therefore, functional pressures exerted on the body in a seated posture (i.e. 

during earth reentry) are unpredictable and could produce unanticipated blood pooling if radii increase.  

This paper serves as an investigation of the variability and dynamics of the human body in relation to OIGs.  

To quantify body variability due to posture change, anthropometrics from 1264 North American women 

were gathered from the Civilian American & European Surface Anthropometry Resource (CAESAR) 

database.  Four circumferential measurements were collected from a sample of the CAESAR population 

(n=80) at the ankle, calf, knee, and thigh.  A paired t-test was conducted to determine the difference between 

standing and sitting mean circumferences for each region of the leg.  Descriptive statistics were calculated to 

determine the range of percentage change within the sample statistics.  The study concludes that leg radii are 

complex and fluctuate non-uniformly from the thigh to the ankle between body postures (i.e. standing to 

sitting).  Future OIG design will require an incorporation of anthropometric analysis to account for 

dimensional variability to maintain effective and predictable medically therapeutic pressure on the body. 

 

 

Nomenclature  

AGS = anti-gravity suit 

AKCG = active knit compression garment  

BMI = body mass index 

CDS = cardiovascular deconditioning syndrome 

CAESAR = Civilian American and European Surface Anthropometry Resource 

G-LOC = gravity-induced loss of consciousness 

LEO = low earth orbit 

MAP = mean arterial pressure 

MCP = mechanical counter pressure 

NASA = National Aeronautics and Space Administration 

OI = orthostatic intolerance 

OIG = orthostatic intolerance garments 

SMA = shape memory alloy 

 

I. Introduction 

OMPRESSION garments are worn articles of clothing that apply pressure to the body either through garment 

reduction (e.g. knit shapewear) or through inflation (e.g. blood pressure cuff). Compression is an effective 
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medical treatment for disorders ranging from varicose veins and lymphedema to orthostatic intolerance (OI) and deep 

vein thrombosis.1–3 In aerospace medicine, orthostatic intolerance garments (OIG) are a type of compression garment 

that act as countermeasures and treatment for the high gravitational load experienced during astronaut reentry and 

landing on earth which otherwise can disrupt the body’s mean arterial pressure (MAP), cause blood to pool in the 

lower limbs, and make cerebral perfusion difficult to maintain without external assistance.4–6  On earth, the erect 

human body maintains cardiovascular equilibrium under standard gravitational conditions (1G) through physiological 

counter-mechanisms such as venous valves, muscle pumps, and baroreflexes that aid in venous return4.  In 

microgravity conditions (0G), the body’s hydrostatic equilibrium is no longer affected by posture or orientation in 

relation to gravity; therefore, fluids (e.g. blood) are redistributed in the body (i.e. pool towards torso center).7  

Consequently, the body’s normal regulatory counter-mechanisms (e.g. muscle pumps, venous valves) are not useful 

in space and reduce functionality from disuse8.  This deconditioning process, or loss of counter-mechanism 

functionality, is known in the astronautics community as Cardiovascular Deconditioning Syndrome (CDS).8  

Additionally, the body’s fluid redistribution, caused by extended periods of weightlessness, results in the reduction of 

total plasma volume as well red blood cell reduction – a condition known as “space anemia.”7,9  The coupled effects 

of CDS with surging g-load upon reentry and landing on Earth can result in astronauts experiencing mild to severe 

cases of OI, a condition in which the human cardiovascular system is unable to maintain equilibrium, causing blood 

to pool in the lower limbs.  OI symptoms range from dizziness to complete gravity-induced loss of consciousness (G-

LOC), a physiological condition that can be dangerous if experienced during the reentry and landing process.8,10  

Research has found the probability of experiencing CDS and OI increases with duration of exposure to microgravity;11 

therefore, OIGs are critical to preserving human health and wellbeing as we continue to advance space missions 

outside of low earth orbit (LEO) (e.g. The Journey to Mars). 

A. Aerospace Compression Garments  

1. Orthostatic Intolerance Garments (OIG) 

The modern OIG used during spacecraft takeoff and landing of NASA 

astronauts is the anti-gravity suit (AGS) (see Figure 1), an inflatable, positive 

pressure lower body garment initially developed during World War II for military 

fighter pilots.12 This technology was appropriated and incorporated into 

astronautics in the 1980s and the core technology has remained relatively 

unchanged.4,12 AGSs counteract lower body blood pooling by physically 

compressing the venous network through inflation, like medical blood pressure 

cuffs. This compressive force, or positive pressure, increases vascular stiffness 

which improves venous return and cerebral perfusion.7    

While the pneumatic AGS is an effective OIG,13 the AGS poses the following 

functional challenges: (1) the AGS inhibits wearer mobility because it is inflated 

and, therefore, stiff,13–16 (2) the AGS can cause the wearer to experience edema in 

cut-away areas (e.g. knees, feet, groin),13 (3) the AGS increases metabolic cost and 

user exertion during movement,14 (4) pressure within the AGS cannot be 

controlled/modulated away from the shuttle air valve,14 (5) inflation hookup 

complexity can result in technical failures, and (6) the AGS deflates with 

movement.14  Due to these shortcoming, the AGS could be a potential hazard in the 

event of an off-nominal landing situation if the crewmembers are required to get 

out of their seats and/or make an emergency egress.14   

Undersized, skin-tight OIGs are an alternative technology that have typically 

been designed using stretch knits (fabrics made of interlooping yarns, see Figure 2) 

with rubber or elastane (e.g. Lycra® spandex) yarns to provide compression;17 

however, these garments could also be made with wovens or non-wovens.  

Undersized OIGs typically achieve compression through pattern reduction (i.e., 

under-sizing knit elastic garments to stretch when donned).  Undersized OIGs can 

also be designed to apply pressure to the body when adjustable closures are 

tightened (e.g. lacing, straps).  The Russian Kentavr (see Figure 3) is an example of 

an undersized, stretch knit OIG designed with adjustable side lacing18  Recent 
Figure 2.  Plain, weft knit 

fabric architecture.45 

 

 
Figure 1.  Pneumatic anti-

gravity suit (AGS), NASA, 

USA.  Jacobs et al. 

(2011).10  
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studies have shown that undersized OIGs offer superior mobility and 

reduced metabolic cost compared to the pneumatic AGS;16,18 

however, undersized OIGs exert pressures lower than NASA’s AGS 

and are not capable of exerting controllable or dynamic 

compression.18  Additionally, undersized compression garments at 

high pressures are difficult to don/doff and they exert unexpected and 

variable pressure with changes in body posture.2,19 Table 1 provides 

a summary of pneumatic and undersized OIG technologies.   

2. Mechanical Counter Pressure (MCP) Suits 

Aerospace pressure suits (e.g. spacesuits), more broadly, are a 

type of compression garment used in astronautics to maintain the 

body’s homeostasis in vacuum conditions (e.g. space) and are 

required during all extravehicular activities. Gas-pressurized 

spacesuits (e.g. the  Extravehicular Mobility Unit) also suffer from 

mobility limitations due to reduced joint range of travel.20  Consequently, alternative concepts have been explored that 

apply pressure to the body through tight-fitting suits (i.e. mechanical counter-pressure (MCP) suits) rather than 

through inflated systems.21–23 While typical medical compression garments apply 20-40 mmHg (0.39-0.77 psi) to the 

user, MCP suits aim for 222 mmHg (4.3 psi),24 making undersized spacesuits nearly impossible to don/doff without 

external assistance.   

3. Future Compression Garment Technologies  

 Active textiles are an emerging area of research that could advance the capabilities of OIG (and possibly MCP) 

design by contracting on command.25,26  Shape Memory Alloys (SMA), for example, are active materials with 

pseudoelastic properties that can be engineered to “remember” prescribed forms through an annealing process. 

Traditional knit architectures can be engineered to produce contraction if individual yarns are able to straighten, as 

shown in Figure 4.27  Consequently, if an active knit compression garment (AKCG) is constructed using a SMA wire, 

the garment could (1) be donned during an ‘off”, or a loose, relaxed state, (2) contract on command, (3) exert various 

pressure profiles, and (4) adapt to the body’s 

dimensional change.   

 Additionally, a contracting knit fabric could be 

designed to exert specific pressures on the body 

through design choices that would determine 

actuation stroke, such as the knit gauge, wire 

diameter, location of SMA wires within the knit 

matrix (see Figure 4), and stimuli intensity.  Like 

passive knit medical garments designed with 

gradient pressures that decrease from the ankle to the 

thigh, an AKCG can be designed to incorporate 

regions of various pressure profiles and active shape 

change across the lower body.  The design of the knit 

architecture (e.g. knit gauge, wire diameter) will 

determine the maximum amount of shape change 

possible; however, the contraction can be dialed 

back by reducing intensity of the SMA stimuli.  

Consequently, active textiles offer the novel 

possibility to develop advanced OIGs that are 

simultaneously controllable, mobile, and untethered. 

B. Compression Garment-Body Interface Challenges 

 Researchers continue to explore undersized OIGs as suitable alternatives to the pneumatic AGS design in 

preference of their superior mobility;17,18 however, fit (i.e. the relationship between the garment and the body) becomes 

 
Figure 3.  Undersized Kentavr, 

Roscosmos State Corporation for Space 

Activities, Russia.  Ribeiro et al. (2009).18 

 

 

               
 

Figure 4.  Weft knit fabric concept composed of SMA 

wire (grey); unactivated (top), activated (bottom) 

(left);25 Weft knit fabric concept composed of SMA wire 

(grey) and a passive yarn (white); unactivated (top), 

activated (bottom) (right).  

 

 

Table 1. Pressure profiles for pneumatic and undersized OIGs.18 

Garment Method Mode Distribution Pressure (psi) Pressure (mmHg) 

AGS, USA NASA Pneumatic Dynamic Partial 0.5 - 2.5 25.9 - 129.3 

Kentavr, Russia Roscosmos Undersized Static Even 0.6 ± 0.1 30 ± 5 
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a heightened concern.  Pressure generated on the body is a function of the interaction between the compression 

garment’s material properties as well as the fit of the garment relative to the body.28  Undersized compression garments 

are designed to exert a constant pressure on a standing figure through the calculation of fabric tension to leg radius (P 

= T / r), also known as Laplace’s Law28.  This formula provides an accurate prediction when an undersized, stretch 

garment is placed around a smooth, uniform cylinder with a fixed radius; however, the human leg, ranging from the 

ankle to the top of the thigh, is variable in dimension, composition, and topography.  Recent studies have illustrated 

the complications of predicting pressure on the body through Laplace’s formula by comparing a garment’s 

predictive/hypothetical pressure reported by the compression garment manufacturers and the same garment’s actual 

pressure when worn on a body of the appropriate size category.2,29,30  The studies conclude that mathematical pressure 

calculations are unsatisfactory to predict pressures exerted on the body by compression garments because the body is 

neither static nor cylindrical.   

Additionally, a garment’s relationship to the body (i.e. fit) is dynamic and must be evaluated in multiple postures 

habitual to the wearer.31  Measurements taken from the body in one posture (e.g. standing) are not sufficient for OIG 

design because the body’s dimensions fluctuate with postural change (e.g. standing-to-sitting).19,32  Three primary 

characteristics of the human body produce fluctuating radii and inconsistent pressure outputs in vivo: (1) body 

dimensional fluctuation2,19 (e.g. lengths and circumferences) between postures (e.g. standing-to-sitting), (2) body 

composition variations1 (i.e. percentage of bone, muscle, fat), and (3) topographical inconsistencies28 (e.g. concave 

surfaces).  Consequently, an examination of the lower body’s inconsistencies is required before undersized OIGs can 

be designed to exert a desired pressure output.  The variability in radii of the lower body is relevant for all compression 

garment designs because a change in radius alters garment performance.  Because fit is inextricable from function in 

OIG design28 an evaluation of OIG fit is critical to astronaut health and safety.    

C. Body Variability 

 Body dimensional fluctuation, specifically circumferences, 

because of posture is the most critical functional design concern for 

undersized OIGs due to the astronaut’s positioning during reentry 

and landing from space.  Undersized compression garments are 

designed from a series of circumferential measurements taken from 

the limbs in a standing position;17 however, the astronaut maintains 

a seated posture for the duration of the landing sequence.33,34  A 

change in body dimension due to posture alters pressure output and 

causes unpredictable regions of too-high and too-low pressure across 

the body’s surface.  Specifically between a standing and a seated 

posture, the circumference of the knee has been found to increase.32  

When wearing an undersized compression garment, an increase in 

knee circumference produces a pressure spike, or pinch point, at the 

popliteal fossa which could produce blood pooling.2,19  See Figure 5.  

This phenomenon has been observed in medical grade knit 

compression garments (pressure levels approximately 6 – 40 mmHg; 

0.1 – 0.8 psi);2,19 furthermore, compression garments that exert overall higher pressures on the body have been found 

to produce greater spikes in pressure on the body.19  Consequently, undersized OIGs that exert high pressures on 

human limbs (AGS, 25.9 - 129.3 mmHg; 0.5 - 2.5 psi) could put the health and safety of our astronauts at risk.  

Similarly, a transition from a standing to a seated posture has been found to reduce the circumference of the thigh 

and slightly increases the circumference of the calf.32  The fluctuation in the thigh and calf is negligible when 

compression garments are composed of stretch yarns at lower pressures (6 – 40 mmHg; 0.1 – 0.8 psi); however, 

inextensible yarns that produce more tension (and consequently more pressure) are more likely to produce pressure 

peaks and troughs beyond the knee.19  Consequently, multiple limb circumferences require consideration.  

Length change is a secondary concern with postural changes. Anthropometric research shows an increase in center 

front leg length and decrease in center back leg length from a standing to a seated posture.32  An increase or decrease 

in length will affect the distribution and tensioning of a looped yarn architecture if the undersized compression garment 

is knit; however length is beyond the scope of  this investigation and will require a follow up study. 

Body composition – specifically the proximity of either bone, muscle, or fat to the surface of the skin – affects the 

pressure output of a compression garment on the body because areas composed of soft tissue do not have a rigidly 

defined radii.1  Through comparisons of fMRI cross sections of the ankle, calf, knee, and thigh to in vivo pressure 

sensing, researchers have identified areas of the body that receive heightened pressures (e.g. anterior knee, anterior 

calf, anterior ankle) due to the positioning of bones, as well as areas that receive lessened pressures (e.g. posterior 

 
Figure 5.  Median pressure profile in the 

sitting position with the knees flexed at 

90 degrees wearing various knit 

compression stockings.  The shaded 

region represents the ± 20 per cent ideal. 

Wildin et al. (1998)2 

 



 

International Conference on Environmental Systems 
 

 

5 

knee, posterior calf) due to soft tissue.1  As a result of the relationship between pressure and body composition, the 

calf, knee joint, and ankle joint experience non-uniform pressures, while the thigh, the region with the largest 

proportion of soft tissue, experiences more uniform pressures, circumferentially. 

While little is written on the complexity of human topography, 

the complex curvature formed by the interconnection of bone and 

muscle underneath the skin affects the level and quality of pressure 

on the body.  If pressure is applied through a liquid or a gas medium, 

the body will receive evenly distributed pressure.  If pressure is 

exerted by means of a solid (e.g. fabric), it is likely that not all areas 

of the skin will experience contact.  Examples are dimples in the 

knee around the patella and vertical troughs in the shin bone.   

In conclusion, undersized compression garments (e.g. OIG) rely 

on fit to achieve medically therapeutic pressures on the body.  Fit, or 

the relation between the body and the garment, is affected by 

changes in dimension due to postural changes (sitting-to-standing), 

body composition, and body topography.  In the following sections, 

we outline our strategy for quantifying anthropometric variability to 

improve the relationship between compression garments and the 

body to improve space medicine and OIG therapy. 

II. Research Questions 

A. Research Purpose 

Current pneumatic OIGs pose medical and situational risk to astronauts due to the fact that they (1) inhibit wearer 

mobility13–16 (2) cause edema in cut-away areas (e.g. knees, feet, groin),13 (3) increases metabolic cost and user 

exertion,14 (4) do not allow for controllability away from the space vehicle,14 and (5) deflates with movement.16  

Undersized OIGs are an alternative solution to inflatable systems that have been pursued by researchers for the 

superior mobility.16  While undersized OIGs are capable of exerting pressure on the body without impeding movement, 

undersized compression garments inflict unpredictable regions of too-high and too-low pressures on the body in 

response to the variable nature of the body.1,2,19  Consequently, a breakdown and analysis of body shape variability is 

required if future OIGs aim to deliver uniform and medically therapeutic pressures to the body.   

 For this research, we seek to define the relationship between the body and a hypothetical undersized OIG (i.e. fit) 

by conducting an evaluation of anthropometric variability and movement-induced dimensional change of the lower 

body.  While this research is applicable to all compression garment designs, we will focus this analysis on the 

dimensional change that occurs only in the lower body – the region that directly interacts with the OIG.  Consequently, 

we will explore body variability and dimensional change due to posture in a standing and a seated posture – the seated 

posture being the astronaut’s working position maintained during takeoff and landing and the standing position being 

the original posture assumed when the OIG is donned and the potential posture assumed if the astronaut is required to 

get out of their seat for an emergency egress.13  See Figure 6.  The aim of this study is to define and quantify body 

variability to inform the design and development of future OIG technologies.   

B. Population 

 The literature states 83% of astronauts who return from long duration missions lasting over one month experience 

cardiovascular deconditioning while in microgravity conditions11.  Consequently, there is an 83% chance that all 

astronauts returning from a one month or longer mission have experienced a range of physiological changes that could 

impact their health during reentry and landing on Earth.  Additionally, women are five times more likely to experience 

OI after exposure to microgravity conditions;35 therefore, female anthropometrics will be the focus of this research.  

While the cause of heightened female OI is not clear, studies posit that the gender differentiation in orthostatic 

tolerance could be due to a number of factors, notably a lower center of mass35,36 and lower vascular resistance and 

MAP37,38 due to a vasodilatory response to estrogen.36,39,40  

C. Research Questions 

While there are many characteristics of the body that confound uniform and predictable pressure output while 

wearing undersized compression garments, the most critical to the success of OIGs are dimensional changes in leg 

radii due to postural changes because pressure spikes can occur, as shown in Figure 5.  The primary research questions 

in this investigation are as follows: 

 
Figure 6.  Postures assumed by 

astronauts: preflight, standing (left); 

inflight, sitting (center); postflight, 

standing (right). NASA (1978).43 

 



 

International Conference on Environmental Systems 
 

 

6 

 

1. What is the mean change in circumference for the ankle, calf, knee, and thigh between a standing and a 

seated posture for women representative of the female astronaut corps? 

2. What is the range of circumferential dimensional change for the ankle, calf, knee, and thigh due to the 

transition between a standing and a seated posture for women representative of the female astronaut 

corps? 

D. Research Goals 

 The goal of this study is to quantify movement-induced circumferential dimensional change in the lower body of 

female astronauts to inform future OIG designs.  The study speaks to all compression garment designs; however, the 

analysis should be expanded in the future to include the upper body and all genders.  By evaluating body variability 

and dimensional fluctuation, we aim to illuminate the complexity of the human form in relation to compression 

garments (i.e. OIGs) and offer quantified data that could be incorporated into the design process of future OIG designs 

and technologies.  

III. Methods 

To quantify and evaluate female lower body variability, we sought a large database of female anthropometrics to 

lay the groundworks for this study.  The Civilian American & European Surface Anthropometry Resource (CAESAR) 

contains a collection of individual 3-D body scans (NWomen=1264) from which we could extract relevant metrics.  To 

provide structure to our analysis, positive covariance was established between key limb circumferences and a general 

body measurement (such as, height, weight, or body mass index (BMI)) so that the analysis could be organized around 

incrementally increasing body dimensions – similar to the framework of an apparel size system.  A sample of the 

population (n=80) was randomly selected from the database and five circumferential measurements (ankle, calf, knee, 

and thigh) were extracted from the 80 body scans.  The aim of the anthropometric methodology was to gather sufficient 

raw data to fully investigate the dimensional variability due to posture within the female population. 

A. Civilian American & European Surface Anthropometry Resource (CAESAR) 

Anthropometrics from 1264 North American women (age 39.82 ± 12.12 years, weight 67.81 ± 17.10 kg, height 

1648 ± 76.98 mm; means ± SD) were gathered from the Civilian American & European Surface Anthropometry 

Resource database.  CAESAR contains 3-dimensional body scans of men and women in both standing and seated 

postures taken from the years 1998 to 2000.  The database of 3-D scans was accompanied by a spreadsheet that 

contained 40 additional anthropometric measurements gathered by traditional means (e.g. tape measure and calipers).  

This study used certain measurements directly from the CAESAR spreadsheet, like height, weight, thigh 

circumference, and ankle circumference, and the remaining measurements were extracted from the original surface 

scans, as specified in the following section on data collection.  

While the ideal population for this study are military women, anthropometric databases with the dimensions of 

military personnel (e.g. ANSUR, NASA Anthropometric Sourcebook) do not contain lower body circumferences in 

the standing and sitting position for women within the same population.    Consequently, CAESAR was the best source 

for raw anthropometric data of a consistent female population. 

B. Covariance 

Limited metrics for the entire population 

were available in the accompanying CAESAR 

spreadsheet and only two leg circumference 

measurement were included - thigh and ankle; 

therefore, the first step in our methodology was 

to determine a predictive measurement that 

would positively correlate with all leg 

circumferences.  Determining a predictive 

variable that positively correlated with both 

ankle and thigh circumferences allowed the 

population to be analyzed in incrementally 

increasing leg circumferences without having 

all circumferences for the full population 

available.  Additionally, the two circumference 

 
Figure 7.  Predictive variables for ankle and thigh 

circumference (mm); (1) height, (2) weight, and (3) body 

mass index; CAESAR, Nwomen = 1264. 
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points on the leg were an accurate representation of leg variability; the ankle provided a sample bony joint and the 

thigh provided a sample soft non-joint.  From this analysis of covariance, we can assume that the calf and knee 

(dimensions not readily available for the entire population) would follow similar relational trends.  

Figure 7 presents two leg circumferences (ankle and thigh) plotted for correlation with three hypothesized 

predictive variables – height, weight, and body mass index (BMI). The data collected suggests weight (kg) is the 

strongest predictive variable (rankle/weight = 0.747, p < 0.001; rthigh/weight = 0.911, p < 0.001).  Consequently, the analysis 

began by organizing the population numerically by weight.  

C. Intervals 

Once a positive correlation was determined between the two leg 

circumferences (i.e. ankle, thigh) and weight (kg) for CAESAR women (N 

= 1264), the data were organized numerically by weight (kg) and partitioned 

into quartiles for analysis, as shown in Figure 8.  Statistically significant 

outliers were calculated and any subject over 102.49 kg was removed from 

the analysis.  After removing outliers, the potential population pool was 

1169 women.  Because the anthropometric study required measurement 

extraction from the original CAESAR surface data, a sample of 80 

participants (20 per quartile) were randomly selected to level the distribution 

and to provide representative data for the circumferential range within the 

CAESAR population. 

D. Data Collection 

 Four circumferential measurements were gathered for each CAESAR sample (n = 80) from each sample’s standing 

and seated scan: (1) ankle, (2) calf, (3) knee, and (4) thigh.  See Figure 9.  For the sake of this study, the circumference 

of the ankle was defined as the narrowest point of the leg, just above the inferior tibiofibular joint.  The circumference 

of the calf was defined by the apex of the gastrocnemius muscle.  The knee circumference was taken in line with the 

femoral epicondyle and the thigh measurement was taken at the top of the quadricep.  

Thigh circumferences (sitting and standing) were gathered during the 1998 – 2000 CAESAR study with traditional 

measuring tapes and this data for all North American women was used directly from the CAESAR spreadsheet (N = 

1264 – outliers).  The remaining measurements were manually extracted from each, original CAESAR surface scan 

(n=80) using ScanWorX software.   

The measurements gathered within ScanWorX revealed that the body is highly asymmetrical in nature.  

Consequently, we used the right and left legs as their own datasets rather than averaging them together to represent a 

single subject.  Clear measurements (i.e. measurements taken from areas without missing or obscured surface data) 

were gathered for 160 knees in a standing posture by autogenerating a transverse surface measurement at the femoral 

epicondyle, as designated by a CAESAR-placed anatomical marker (12mm white paper placed directly on the body 

when scanned).  Due to missing surface data at the popliteal fossa in a sitting posture (see Figure 10), only 80 knee 

measurement from a seated posture were gathered (one per scan).  The sitting knee circumference was manually 

extracted within ScanWorX by tracing 

the circumference with the guidance of 

a surface plane that intersected the knee 

crease and patella center.  This 

measurement had the greatest potential 

for error because the center patella was 

not marked on the scan and the knee 

crease marker was often missing due to 

gaps in surface data, as shown in Figure 

10.  A measurement error was 

calculated by shifting the approximated 

anatomical markers up and down 2 cm 

to simulate misplacement.  Due to 

differing body slopes above and below 

the approximated landmarker, the 

measurement could increase up to 6.5% 

if taken too high or decrease 3.29% if 

taken too low on the body. 

 

 
Figure 9.  Circumferential measurements taken from the (1) ankle, 

(2) calf, (3) knee, and (4) thigh from a standing and seated posture. 

 

 
Figure 8.  Intervals / quartiles 

determined based on covariance. 
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Clear measurements were gathered for 160 calves (sitting and 

standing) by autogenerating a transverse surface measurement at the 

apex of the gastrocnemius muscle.  While there was not an 

anatomical marker at the gastrocnemius muscle, ScanWorX 

appeared to autogenerate the measurement accurately.  Potential 

measurement error was calculated by shifting the approximated 

landmark up and down 2 cm to simulate misplacement.  The 

measurement error was calculated to be up to -1.41% in either 

direction standing and -3.79% in either direction sitting if the true 

apex were misjudged because the body can only slope down above 

and below the apex point. 

Clear measurements were gathered for 160 ankles (sitting and 

standing).  While the ankle circumference was provided for all 

CAESAR subjects in the spreadsheet and could be easily 

autogenerated at the malleolus medial anatomical landmarker 

designed by CAESAR, the measurement was taken from a location 

low onto the foot.  Consequently, these data were not used in our 

analysis and a new ankle circumference was generated by moving 

the anatomical marker from the malleolus medial up to the narrowest 

part of the leg.  The potential measurement error was calculated to be up to +4.6% in either direction standing and 

+4.06% in either direction sitting if the smallest part of the leg were misjudged because the circumference can only 

increase above and below the smallest leg circumference.  Table 2 presents a summary table with metrics used in this 

analysis. 

Additionally, cross sections were taken from one randomly selected subject in each quartile to provide a visual 

analysis of shape change between a standing and a seated posture.  The cross sections provide a snapshot of the shape 

of the body and relative shape change between posture.  See Figure 13 along with the results. 

E. Statistical Analysis 

 Measurements from standing and sitting postures were evaluated for significant difference using a paired t-test.  

The difference between sitting means and standing means along with their corresponding 95% confidence intervals 

was determined for each population quartile.  Additionally, descriptive statistics were calculated for each of the four 

measured circumferences of the body (ankle, calf, knee, thigh) to determine the range of change per quartile.  

IV. Results 

A. Mean Circumference Change 

The results of the t-test are displayed in Table 3. The findings from the statistical analysis reveal that there is a 

significant difference between standing and sitting leg circumference in almost all regions of the leg.  Figure 11 

plots the difference in means (mm) between standing and sitting circumferences for each area of the body (ankle, 

calf, knee, thigh) per quartile. The plot shows that the mean increase in circumference, sitting-to-standing, is greater 

for the knee than for other parts of the leg. The mean circumferential increase in the calf and the ankle is greater than 

the thigh, but less than the knee. The mean change in thigh circumference experiences the least amount of change 

standing-to-sitting than other areas of the leg.  

Secondly, the statistical analysis shows that the significance of change increases from Q1 to Q4 in all regions of 

the leg, except the thigh.  The difference in mean circumferences at the knee, thigh, and ankle increases with 

incrementally increasing quartile weight. The mean dimensional increase at the calf and ankle is slight while the knee 

increases more sharply as weight increases. Conversely, the thigh decreases between postures with incrementally 

Table 2. Number of measurements compiled for each region of the body. 

 Ankle (R) Ankle (L) Calf (R) Calf (L) Knee (R) Knee (L) Thigh (R) Thigh (L) 

Standing 80 80 80 80 80 80 1264 0 

Sitting 80 80 80 80 80 1264 0 

Total 160 160 80 1196* 

* Number reduced to reflect the elimination of statistically significant outliers. 

 

 
Figure 10.  Missing surface data (red) in 

a CAESAR scan shown in dark areas. 
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increasing quartile weight. To further examine the change in thigh circumference, the data were reshuffled by body 

mass index (BMI). The results are presented in Figure 12. A second t-test was conducted with the data reorganized by 

BMI. The mean change calculated in thigh quartiles 1 and 4 were found to be statistically significant (pQ1 < 0.05; pQ4 

< 0.05). Conversely, no significant differences were observed in Q2 and Q3 (pQ2 > 0.05; pQ3 > 0.05). 

 

B. Range of Circumferential Change 

The descriptive statistics calculated for the ankle, calf, knee, and thigh within each quartile is summarized in Table 

4.  This table presents the minimum, maximum, mean, and range of actual circumferential dimensional change in 

millimeters for each of the four regions of the leg (ankle, calf, knee, thigh).  Figures 14 and 15 plot each dimensional 

value of change along an axis to draw comparison between the leg regions and quartiles.  Figure 14 shows that the 

ankle and calf have the smallest range of actual dimensional change (rangeankle = 17.78 to 20.57 mm; rangecalf = 18.03 

to 18.80 mm).  The range of dimensional change in the knee is larger than the ankle and calf, but less than the thigh 

(rangeknee = 29.21 to 61.98 mm).  The plot shows that the thigh experiences the largest amount of actual dimensional 

Table 4. Range of leg circumference change between a standing and a seated posture in millimeters. 

 

 

Table 3. Difference in leg circumference between a standing and a seated posture in millimeters. 

 
 
 

 
 

Figure 11.  Mean change in circumference with 

confidence intervals grouped by weight (kg) quartiles, 

standing to sitting: ankle, calf, knee, thigh. 

 
 

Figure 12.  Mean change in circumference reshuffled 

by body mass index (BMI). 
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change (rangethigh = 69 to 118 mm).  Figure 14 represents each quartile separately, while Figure 15 presents a summary 

of all quartiles for comparison.   

In addition to the actual dimensional change in millimeters shown in Figures 14 - 15, the percentage of change in 

each of the 5 regions of the lower body (ankle, calf, knee, thigh) were calculated.  Figure 16 presents a comparison of 

the range of dimensional fluctuation percentages in each quartile for comparision.  From the calculations, we can see 

that each region has a unique percent range of possible circumferential fluctuation.  The calf experiences the least 

amount of circumferential change (4-6%).  The ankle fluctuates between 7% and 8%.  The range of percent change in 

the knee spans from 7% to 13%.  Figure 17 depicts the thigh as having the highest percentage of dimensional change 

– from 14 to 17%. 

C. Nature of Circumference Change 

To accompany the statistical results, one randomly selected subject from each quartile was selected to provide a 

visual representation for circumferential change in each sample region of the leg.  The cross-sections were not 

incorporated into the statistical analysis; however, they provide additional information about the nature of shape 

change in each region.  Figure 13 displays a sample cross-section for each region of the body in each quartile. 

 

V. Discussion 

A. Ankle 

1. Mean Circumference Change 

 While prior studies concluded that there is little to no change in ankle circumference between standing and sitting 

postures,32 our statistical analysis found that the ankle increases between a standing and a seated posture in all quartiles.  

The mean change in circumference in the ankle was low (+7.33 to +8.43 mm) compared to other areas of the leg.  

Figure 11 and 12 show that the mean change in circumferences standing-to-sitting increases slightly with weight.   

2. Range of Circumference Change 

 Figure 14 shows that the possible range of circumferential fluctuation for the ankle is narrow compared to other 

regions of the leg.  While the t-tests show that the actual mean dimensional change in milimeters increases with weight, 

the percent change between quartiles is narrow - between 7% and 8%.  This data suggests that the shape change 

experienced at the ankle is relatively consistent across all weight categories in females. 

3. Nature of Circumference Change 

 The cross-sections taken at the ankle (shown in Figure 13) reinforce the statistical analysis claiming that the 

circumference of the ankle increases standing-to-sitting.  In the standing posture, the cross-sections show that the 

     
Figure 13. Randomly sampled cross-sections of leg circumferences: (a) ankle, (b) calf, (c) knee, (d) thigh in 

standing and sitting postures. Note: cross-sections are not to scale. 
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circumference has a prominent anterior apex at the anterior tibial tendon.  In the sitting posture, the circumferences 

appear to smooth out and become more uniform, most likely a response to a change in joint angle.   

B. Calf 

1. Mean Circumference Change 

 The mean shape change experienced at the calf was found to be 

lower than that found in a prior study.  In 2011, Choi and Ashdown 

found a mean change of 15.1 mm in the calf region within their 

sample of 25 females.32  Our analysis determined a mean change in 

circumference standing-to-sitting to be between 8.29 to 9.72 mm, 

suggesting a slight increase in dimensional change with weight.   

2. Range of Circumference Change 

 Like the ankle, the percentage of change in the calf regions was 

found to be more compact than other areas of the leg.  Figure 16 

shows that the percentage of change was found to be less than the 

ankle (4–6%); however, it is unclear if the percentage of change 

increases or decrease with increased total body weight.  It is possible 

that, like the ankle, the percentage of change in the calf is independent 

of weight and all females experience a percent change between 4 and 

6% in the calf between postures.  Additional research is required to 

determine if there is a relationship between the change in calf 

circumference and body weight. 

3. Nature of Circumference Change 

 The statistical data support the visual information provided by the 

sample cross sections taken at the calf (shown in Figure 13).  The 

cross sections show little shape change standing-to-sitting and appear 

cylindrical and uniform in nature. 

C. Knee 

1. Mean Circumference Change 

 The knee experienced a mean change in circumference standing-

to-sitting between 17.31 to 25.25 millimeters.  This calculation was 

lower than that reported by prior studies (43.6mm);32 however the 

analysis shows that the knee experienced a higher change between 

postures than the other three regions of the leg.  While the change 

experience in the third quartile of the knee was greater than the 

change experienced in the fourth quartile, there does appear to be a 

general trend of increasing change with increased body weight. 

2. Range of Circumference Change 

 Figure 15 confirms that the actual dimensional change standing-

to-sitting experienced in the knee was larger in higher weighted 

quartiles – aside from Q3; however Figure 16 shows that the range of 

percent change in each quartile is unpredictable.  In this depiction, 

the data could support an increase in circumference change due to 

weight if Q2 data were removed.  One explanation for the erratic data 

could be that the shape change at the knee is highly unpredictable.  

Alternatively, the analysis could reveal that the data extraction 

method through CAESAR posed chalenges with missing surface date.  

We recommend reevaluating shape change at the knee through 

alternative 3-D body scans with complete or repaired surface data at 

the knee or by means of traditional methods, such as measuring tapes. 

3. Nature of Circumference Change 

 The knee cross sections show considerable change in the body in 

addition to the average 17.31 to 25.25 millimeters to circumference 

increase (see Figure 13).  In a standing posture, the knee has a 

triangular contour with a distinct posterior protrusion at the popliteal 

 
Figure 15.  Comparison, range of 

circumference change (mm) per quartile. 

 
Figure 14 (a-d). Range of circumference 

change (mm) per quartile. 
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fossa.  In a sitting position, the knee becomes oblong with a medial-posterior apex at the hamstring tendons.  This 

formation becomes more prominent in larger quartiles. 

D. Thigh 

1. Mean Circumference Change 

 The mean circumference change in the thigh was unique to other 

parts of the leg in that the dimension was found to decrease between 

postures – a finding that is supported by prior research.32  

Furthermore, the total mean change in thigh circumference was 

found to be minimal – between 1.76 and -3.62 millimeters.  The t-

tests conducted organized by weight concluded that there was little 

to no change in quartiles 1 and 3; however, there was found to be a 

statistically significant increase in Q2 and decrease in Q4.  

Conversely, the t-test conducted by BMI concluded that there was 

little to no change in quartiles 2 and 3; however, there was found to 

be a statistically significant increase in Q1 and decrease in Q4.  

Because the t-test presented scattered results, we will conclude that 

there is not likely to be significant change in Q1-Q3 and there is 

likely a significant decrease in Q4 circumferences between postures. 

 The trend to decrease with added total weight could be explained 

by body composition.  Higher weighted quartiles have a greater 

percentage of soft tissue stored in the thighs compared to other 

regions of the leg41 – a fact that supports the strong correlation found 

between thigh circumference and weight shown in Figure 7.  When 

the body moves from standing to a seated posture, the length from 

the popliteal fossa to the waist increases as the body hinges at the hip 

joint.32  The data suggests that bodies with a higher fat content 

experience a decrease in circumference as a higher percentage of 

fatty tissue in the thigh stretches and disperses along a greater surface 

length of the leg.   

2. Range of Circumference Change 

 While the results of the t-test present the thigh as having the 

smallest mean dimensional fluctuation, the descriptive statistics 

present the thigh as having the greatest variability and possible 

dimensional change.  Figure 17 shows that the thigh circumference 

changes between 14% to 17% - the largest percent change of any 

other regions along the leg.  Additionally, unlike the ankle, calf and 

knee, the full range of percent change in the thigh encompased 

positive and negative percent changes.  Figure 17 shows that within 

Q1, the thigh was seen to increase 6% or decrease 7%.  Similarly, Q2 

incresed up to 8% or decreased up to 9% and Q3 increases up to 8% 

and decreased up to 7%.  This information is consistent with the 

statsitical results that concluded that there is possibly no change in 

dimension in the thigh.  Despite the fact that the t-test found a 

statistically significant decrease in thigh circumference in Q4, the 

descriptive statistics show that there is an equal chance that the thigh 

could increase or decrease 9% in the maximum weight quartile.   

 The reults of this data are challenging to interpret.  Consultations with anthropometric experts conclude that 

measurement error must have occurred during the CAESAR collection process.  Little information is provided by 

CAESAR regarding how the measurements were gathered and further analysis must be conducted to clarify results. 

3. Nature of Circumference Change 

 While the mean circumference change in the thigh region was found to be minimal (average 1.76 to -3.62 

millimeters), the cross-sections in Figure 13 show substantial change in shape.  In smaller quartiles, there is little 

change in contour; however, higher quartiles show a distinct flattening and a widening of thigh.  This effect is most 

likely due to variation in body composition between quartiles.  Soft tissue is highly malleable, therefore higher 

quartiles of greater weight would experience more cross sectional deformation between postures due to gravity.   

 
Figure 17: Range of circumference 

change (%) required for thigh region 

 
Figure 16.  Range of circumference 

change (%) required to accommodate 

anthropometric lower body change due 

to posture. 
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VI. Implications 

The evaluation and quantification of anthropometric variability of the lower body have implications for all 

compression garment designs because garment fit is inextricable from garment function.28  While undersized OIG 

designs currently do not have the capability to adapt to the body and/or maintain consistent pressures between postures, 

future active OIG designs could accommodate body variability into the functional design process.  The results outlined 

suggestion that leg radii are complex and fluctuate non-uniformly from the thigh to the ankle; therefore, active knit 

fabrics designed for an OIG will require regions of varying functional behaviors.  Design requirements for future 

active OIG25,26 that could adapt to lower body circumferential change due to posture are outlined below.   

A. Ankle and Calf Functional Requirements 

As summarized in Figure 16, the ankle and the calf region will require an active material architecture that provides 

consistent tension throughout the dimensional range calculated (maximum, 6% at the calf and 8% at the ankle). By 

adapting to the dimensional change (6% and 8% expansion), an active fabric could guarantee uniform pressure output 

across postures.  A material with 6% expansion at the calf and a second material with 7% expansion at the ankle will 

likely accommodate women across all weight and BMI spectrums. 

B. Knee Functional Requirements 

 Functional requirements for the knee region are critical for future OIG designs because increasing radii can 

transform compression garments into a tourniquet – causing blood to pool into the feet and calves.  The knee region 

will require different active material architectures depending on weight category.  The data suggests that women with 

lower total weights (39.2 to 57.1 kg) require an active architecture that expands up to 7% at the knee when sitting.  

Women with higher total weights (75.3 to 102.5 kg) require an active architecture that expands up to 12% at the knee 

when sitting.  The medium weight categories (Q2, 57.2 to 65.0 kg; Q3, 65.0 to 75.3 kg) require an active architecture 

that expand up to 13% (Q2) and 9% (Q3).  Due to the scattered nature of the results of the knee analysis, it is 

recommended that a follow up study be conducted using traditional measuring tape methods or another method that 

is capable of accurately and reliably capturing the surface of the popliteal fossa at a 90-degree angle.  

C. Thigh Functional Requirements 

The active material requirements for the thigh region are complex and unique from other regions of the leg.  Figure 

17 illustrates that the active material architecture might need to expand or contract from the target standing 

circumference.  To accommodate the anthropometric requirement of the thigh, an active material designed for the 

thigh region requires a greater circumferential stroke change than other regions of the leg.  The garment would most 

likely need to be designed to contract more than other regions of the leg upon initial donning.  Additionally, when the 

individual transitions from a standing to a seated posture, the thigh may follow the behavior of other areas of the leg 

and expand, or it may require additional contraction, an alternative movement to other areas of the leg.  This type of 

modulation of the thigh will require additional research into active OIG controls and sensing capabilities.  

Like the knee, the thigh region requires the design of several different active architectures according to weight 

category.   Women in lower weight categories (39.23 to 57.14 kg) will potentially require circumferential change up 

to 14%.  Women in higher weight categories (75.29 to 102.49 kg) will potentially require active circumferential change 

up to 17%.  Women in medium weight categories (Q1, 57.15 to 64.96 kg; Q3, 64.97 to 75.28 kg) most likely could be 

accommodated by the same active material that possesses circumferential fluctuation up to 15% or 16%.   

VII. Limitations and Future Work 

A. Lower Body Length Change Due to Posture 

 An investigation of length change due to posture was left out of this study because further analysis is required to 

understand how length change affects the distribution of a looped yarn knit architecture.  Generally speaking, an 

increase in length will decrease the circumference of a circular knit and produce a contraction.  Likewise, a decrease 

in length will increase the circumference and produce an expansion.  Because the human leg experiences complex and 

uneven length change – the back of the leg contracts and the front of the leg expands standing-to-sitting32 – further 

analysis is required to determine how much this bidirectional length change affects fabric tension and corresponding 

pressure output.  Even though we attempted to separate out length in this investigation, the analysis of body 

circumferential change revealed the interconnectivity of length and width.  This interconnectivity was most apparent 
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in the thigh where circumference sometimes decreased due to an increased length and stretching of soft tissue along 

the thigh as both knee and hip joints transitioned into 90 degree angles.  

B.  Body Composition 

Body composition was also left out of the quantitative investigation because fMRIs were not available for the 

CAESAR population; however, we can deduce relative composition through paired knowledge of anatomy with 

CAESAR anatomical landmarkers.  It appears that body composition and muscle activity (contraction, relaxation) 

combined with the body’s range of motion produced the circumferential shape change evaluated in this paper.  Areas 

with a higher percentage of fatty deposits (e.g. thigh) appeared to undergo more shape change.  Areas with a higher 

percentage of muscle (e.g. calf) appeared to undergo less shape change.  Areas with a higher percentage of bone and 

ligaments (e.g. knee, ankle) appeared to experience a shape change that was dependent on the degree and nature of 

joint flexion, or displacement of hard tissues.   

Additionally, research shows that pressure can be higher than expected in areas of hard tissue and lower than 

expected in areas of soft tissue.1  Subsequent studies should evaluate the effects of body composition on pressure 

output on a larger population to determine how and if an active OIG could build in isolated regions with more or less 

contraction to counteract uneven distribution due to body composition (e.g. shin bone versus gastrocnemius muscle). 

C. Body Topography 

 The majority of compression garment designers calculate pressure on the body through mathematical formulas 

that assume each body cross section has a consistent radius and a uniform circumference.28  The cross-sectional 

samples collected from one randomly selected CAESAR scan in each quartile (see Figure 13) reveal that the body’s 

topography is highly variable in nature and that variable topography changes with posture.  It is currently unclear how 

this circumferential non-uniformity affects pressure output on the body and further investigation is required.  It is 

likely that body topography and body composition are related – hard protrusion (e.g. medial posterior knee, anterior 

ankle) could produce higher pressure spikes than soft protrusions (e.g. medial and lateral posterior thigh). 

D. Exposure to Weightlessness and Lower Body Volume Loss 

Each of these anthropometric concerns – dimensional, compositional, and topographical – is compounded by 

individual variability, such as age, fitness level, hydration level, etc.  The most important individual variable for 

astronauts is exposure to weightlessness.  In 1977 Hoffler et al. released Inflight Lower Limb Volume Measurements 

as part of the Apollo-Soyuz Test Project Medical Report.42  In the study, researchers from the Johnson Space Center 

determined that astronauts lose leg volume during exposure to weightlessness (i.e. around 1 liter per leg).43  Volume 

loss in the legs is directly tied to limb circumference and would undoubtedly change the pressure output of an OIG.  

Additionally, the location of volume loss is non-uniform (i.e. increased volume loss in the thigh compared to the lower 

leg) and the amount of volume loss is dependent on period of exposure to zero gravity.43  In 2000, LeBlanc et al. 

released an article called Muscle Volume, MRI Relaxation Times (T2), and Body Composition After Spaceflight that 

quantified the percentage of volume loss for specific muscle groups as well as general body composition (i.e. bone 

mineral, fat, lean body mass) for the limbs over short (17 day) and long (16-28 weeks) duration space missions.44   

Studies by Hoffler et al. and LeBlanc et al. both attempt to predict the complex anthropometric changes that occur in 

space.  While neither of these studies incorporated the anthropometrics of female astronauts, the incorporation of 

inflight lower body anthropometrics, specifically tracking volume loss through time, into OIG design and development 

will be critical for future work and success. 

Lower limb volume loss is further complicated by the pooling of blood that occurs in the limbs as astronauts are 

reexposed to gravity during reentry and landing on Earth.  Further research is required to understand the 

anthropometric changes that occur when exposed to weightlessness and subsequently reexposed to gravity; however, 

a successful OIG would be able to anticipate and adapt to those physiological changes to fully protect from OI upon 

mission return.  It is recommended that studies be conducted during future space missions to quantify body 

dimensional change due to exposure to weightlessness.  It is also recommended that anthropometrics from female 

astronauts be collected during such future studies since they are disproportionately affected by OI.36 

This research is intended to improve OIG design for astronauts whose tasks require mobility (i.e. changes in 

posture).  The fundamental value of this anthropometric research is to highlight that human geometry changes during 

movement; therefore, garments (e.g. OIGs) that are used during scenarios where movement is expected must be 

capable of adapting to the body in order to provide consistent garment performance.  While this research poses more 

questions than solutions regarding the human body’s relationship to compression garments, the study is a step forward 

in quantifying anthropometric variability and change to inform and improve future OIG design and research. 
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