3.5
Clothing:

Purpose (intravehicular activities, extravehicular activities)

Types of materials and their properties (flammability, thermal conductivity, electrical conductivity, water and air permeability, insulation value {CLO value}, resistance to abrasion and tearing, chemical stability)

Clothing design considerations (appearance, color, size, fitting, comfort, ease to put on and take off)

Maintenance (cleaning, washing, drying, storage, repair)

CLOTHING

This chapter is designed to provide you with a basic understanding of the types of clothing used during spaceflight.  Emphasis is placed on understanding the purpose and types of clothing, with particular emphasis on the materials and their properties.  The chapter will also include a review how the crew maintain their clothing over the course of a mission, given the absence of either washing machines or clotheslines.
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Figure 1: A spacesuit – a very special type of clothing worn by astronauts

Purpose of Clothing

Why wear clothes at all? Proprieties aside, clothing protects space travelers from numerous hazards, from scrapes and chills, to muscle atrophy and hyperthermia, to orthostatic hypotension and ebullism. Different attire is appropriate for different phases of flight; all will be described below. 

Intravehicular activities:

In the early days of the space program, astronauts wore pressure suits during virtually the entire (short) mission. The Mercury “silver foil” spacesuit that inspired generations of movie makers was a custom-fitted, modified version of the Goodrich U.S. Navy Mark IV high altitude jet aircraft pressure suit. It consisted of an inner layer of Neoprene-coated nylon fabric and a restraint outer layer of aluminized nylon. Joint mobility at the elbow and knees was provided by simple fabric break lines sewn into the suit; but even with these break lines, it was difficult for a pilot to bend his arms or legs against the force of a pressurized suit. As an elbow or knee joint was bent, the suit joints folded in on themselves reducing suit internal volume and increasing pressure.   The Mercury suit was worn "soft" or unpressurized and served only as a backup for possible spacecraft cabin pressure loss - an event that never happened. Limited pressurized mobility would have been a minor inconvenience in the small Mercury spacecraft cabin. 
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Figure 2: Mercury program astronauts. At right is a close-up of boots, helmet, and gloves (http://web.mit.edu/16.00/www/aec/spacesuit.html)
By contrast, current spacecraft have a “shirtsleeve” cabin environment; in other words, no special gear or equipment is needed to live comfortably in the environment. Temperature and humidity is well controlled so that there is no need for special clothing – astronauts do not need to have “summer” and “winter” wardrobes, but simply use ordinary, light-weight clothing for most activities. 
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Figure 3: Astronaut Jim Voss in various ISS attire – T-shirt, flightsuit, and polo shirt. Note Russian flight suit behind Voss in far right image

Crewmembers usually wear polo or rugby shirts, T-shirts, shorts or sweatpants. The latter usually have Velcro straps on them to allow attachment of various tools or implements, since pockets don’t work in microgravity (things just float out of them). Some also wear blue Russian flightsuits, and the crew are given a sleeveless and collarless “operator's suit” made from a knitted fiber in case the cabin temperature drops. Of course, special clothing may also be worn to commemorate events such as a crewmember’s birthday or inflight accomplishment.
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Figure 4: At left, astronaut Ed Lu, a Hawaiian native, wears a Hawaiian shirt aboard the International Space Station. At right, although ground-based space center employees do not usually wear Hawaiian shirts to work, on July 1, 2003, hundreds of employees at various NASA field centers showed up at work attired in Hawaiian shirts and other tropical attire to send birthday wishes to Lu.
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Figure 5: In this photo, special shirts are worn by STS-82 crew following completion of five space walks to service the Hubble Space Telescope (HST). Both the sign held by the crew and the assortment of apparel pay tribute to the HST and its team of ground supporters. Each astronaut is wearing a shirt bearing an image of a planet or other celestial body photographed originally by the giant observatory.

Shoes are not usually worn, in part because there is no need to protect the soles of the feet in zero gravity, but also because they can prove encumbrances. Often astronauts use their feet to hold themselves in position, and shoes would simply be in the way under those conditions. Also, heavy shoes might cause an inadvertent injury to a fellow crewmember if he or she were struck in passing.
 Some crewmembers prefer bare feet, but cultural norms (as well as the cool metal that makes up most of the spacecraft) induce most to wear thick athletic socks or slipper socks.
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Figure 6: Note the socks worn by cosmonaut Alexander Y. Kaleri as he practices docking procedures with the manual TORU rendezvous system in the Zvezda Service Module on the ISS in preparation for the docking of a Progress rocket. With the manual TORU mode, Kaleri can perform necessary guidance functions from Zvezda via two hand controllers in the event of a failure of the “Kurs” automated rendezvous and docking (AR&D) of the Progress. At right, STS-98 crew and Expedition One crew pose for a group photo – note the socks worn by the ISS crew.

During exercise, however, shoes are worn for shock absorbing purposes and to protect the feet from injury against the strike plate or pedals. 
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Figure 7: Crewmembers run on the Shuttle (top left) and Station (top right) treadmills and pedal on the cycle ergometers (ISS at left, Shuttle at right). Note that all astronauts are wearing athletic shoes.
Frequently each crew will have shirts of a particular color or pattern, so that they can dress alike for various public functions. NASA has no formal “uniform”, as does the military, but there is sometimes a need for crews to dress in such a way as to identify themselves as a single team. 
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Figure 8: Different shirts denote different crews: the Expedition Four (green shirts), STS-108 (blue shirts), and Expediton Three (white shirts) crews assemble for a group photo in the Destiny laboratory on the International Space Station (ISS). 
Up to this point, crews have been so small that there has been no need to have crewmembers routinely wear uniforms or insignia identifying them, but in the future, standardized dress (for example to distinguish a professional astronaut from one of several tourists) might become necessary.

In addition to their “street” clothing, crew members also have some special clothes that are unique to the spaceflight environment. One such item of apparel is the Russian “penguin suit”. Designed as a countermeasure for the muscle atrophy associated with prolonged exposure to microgravity, the “penguin suit” is a snug fitting, full-length and long sleeved jumpsuit that zips vertically to the crotch, with horizontal zip pockets on either side of the chest and just below the waist. The suit is made of a synthetic fabric with elastic inserts at the collar, waist, wrists, ankles, and along the vertical sides of the suit. The inside of the suit contains a system of elastic straps and buckles that can be used to adjust the fit and tension of the suit. When astronauts and cosmonauts tighten the tension on these bungee-like bands, the suit can exert resistance on the astronaut, opposing his or her movements and simulating some of the effects of gravity. The Russian company JSC/Zvezda manufactures the suit.
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Figure 9: This “penguin suit” was worn by astronaut Shannon Lucid during her time on Mir. (http://www.nasm.si.edu/research/dsh/artifacts/IS-Penduin3Suit.htm)

Another Russian countermeasure suit makes use of lower body negative pressure to use redistribution of blood volume to combat post-flight orthostatic hypotension. This suit was used on Soviet and Russian space stations, but is not in use on the ISS.
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Figure 10: The Russian lower body negative pressure suit (shown at left) allows the user to be mobile, unlike the LBNP device (at right) used by Skylab astronauts. (http://www.astronautix.com/graphics/p/penguin.jpg)

In addition, special suits are worn during launch and re-entry phases of flight. Although the cabin environment at these times remains unchanged from the “shirtsleeve” parameters, crew wear these protective suits instead of simple street clothing because of the dangers inherent in these periods of flight. The suits differ somewhat between the Shuttle and Soyuz spacecraft, but both are designed to protect the crew in the event of a contingency during take-off or landing.  (See Crash Survival section for more details.)
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Figure 11: At left, a model of the Russian launch and entry “Sokol” suit for use in the Soyuz; at center the Expedition 6 crew in their Sokol suits; at right the American ACES suit for use in the Shuttle

There are few “special purpose” garments on board. Pajamas and workout clothing, for example, are usually multi-purpose T-shirts and shorts. From a medical standpoint, there are no “hospital gowns” or other special clothes designed for diagnostic or therapeutic purposes; in the event of an illness or injury, crewmembers will continue to wear their own clothes. For minor ailments, this is fine, but in the case of a serious, incapacitating condition, where a person will be unable to care for himself, this may pose a problem for caregivers.  During the Shuttle era, when such an event would prompt an immediate deorbit, this was not a source of concern. For long-duration and exploration class missions, however, where return to Earth may be prolonged or impossible, some sort of alternative garments may be needed.

In addition, work on non-invasive sensors is continuing at a rapid pace. Several groups have demonstrated prototypes in which physiologic sensors have been incorporated into a T-shirt or blanket, allowing non-invasive monitoring
. Such devices could be very useful in the spaceflight environment and, as technology evolves, future astronaut clothing might make use of these devices.

Extravehicular activities

The clothing that is worn during an EVA or spacewalk is quite different from that worn by astronauts inside the spacecraft. In many ways, the spacesuit is not a “suit” at all. The American EMU (Extravehicular Mobility Unit) or Russian Orlan is more like a tiny spaceship, one that is only large enough for a single inhabitant. Just like the Shuttle or ISS, they have their own life support and communication systems, provide a pressurized environment, and protect its wearer from the vacuum of space. It is much more complex than an item of clothing. 

[image: image23.jpg]



Figure 12: Shuttle crewmembers doff their EMUs after a spacewalk, showing the LCG’s worn underneath. The bottom half of the EMU is visible on the crewmember at left.
One major difference is that the internal environment of the EMU is 4.3 psi and 100% oxygen (the Russian Orlan spacesuit is 5.7 psi, but is also a single gas environment), as compared with the sea level pressure, dual gas environment of the ISS and Shuttle. As a result of this hypobaric environment, astronauts moving from the ISS or Shuttle cabin to an EMU are at risk for decompression sickness. To minimize the risks, spacewalking crewmembers prepare by prebreathing 100% oxygen through masks while exercising
.  This is designed to wash out as much nitrogen from the body as possible prior to entering the hypobaric environment, so as to prevent bubble formation.
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Figure 13: Astronauts Piers J. Sellers (left) and David A. Wolf, during a pre-breathe exercise in preparation for an EVA. They are wearing the liquid cooling and ventilation garment that complements the space suit.

While they are in the EMU, crewmembers wear what appears to be a pair of long underwear as well as a liquid cooling and ventilation garment (LCG)
. The LCG contains a network of vinyl tubing that circulates cool water and air in order to maintain core body temperature at normal levels. In conjunction with the thermal undergarment, it keeps the astronaut relatively comfortable while they are outside the vehicle and exposed to wildly varying temperatures (-148oF to +248oF), depending upon whether they are in the sunlight or behind the Earth in shadow. 
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Figure 14: Crewmembers in the American Liquid Cooling Garment (LCG) for the EMU (at left) and (at right) the thermal undergarment for the Russian Orlan suit

The joints of the EMU have more limited range of motion and/or move differently than does the body, forcing astronauts to adapt their movements. As a result, astronauts can only work in the roughly 3 foot by 3 foot by 1 foot area directly in front of them. The suit makes certain movements difficult, such as reaching to the side. If, for example, an astronaut wants to grab an object off to the side under normal circumstances, she would just reach out for it, but the EMU shoulder joint rotates only front to back – not side to side – so she cannot use the same motion while on an EVA. Although she could move her arm sideways by bending the inflated arm of the suit, that requires some effort, and it is easier to rotate her body (and the suit) until she is facing the object and then reach for it by moving her arm forward. 

The spacesuit gloves are one place where the pressure is especially noticeable. They were designed so that there is little strain when the hand is at rest, but the astronaut must push against the resistance of the glove to open the hand.
 This can lead to fatigue and puts the crew at risk for repetitive strain injuries. EVA crewmembers usually perform special exercises pre- and in-flight to maintain arm and hand strength for spacewalking tasks.
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Figure 15: At left, an astronaut suits up in the Shuttle, putting on his EMU gloves. At right, gloves from the Orlan spacesuit.
In addition to the gloves, suit fit issues frequently arise in other areas, particularly the boots and shoulders, and can cause injuries such as nail bed damage, bruising, and musculoskeletal aches. The flight surgeon must be aware of these possibilities and  be able to distinguish them from decompression sickness stigmata like skin mottling or bubble-related joint pain.

It is important to point out that the current EMU is designed for use in orbit only. The spacesuits used by Apollo astronauts who walked upon the moon were different, in part because of the different technology in those days, but also because the suits were subject to different strains, including moon dust and lunar gravity. Crews on planetary exploration missions in the future will need new spacesuits, some of which are being designed and tested as we speak.
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Figure 16: Neil Armstrong’s Apollo spacesuit at left; a new model spacesuit for use on Mars is tested at right.

Clothing design considerations: Appearance, Color, Size, Fit, Comfort, Ease of Dressing

Generally speaking, astronaut clothing (other than underwear) is fairly unisex and designed for comfort. Few items are difficult to put on or take off, as wiggling into a  tight-fitting garment could be extremely difficult in microgravity. Astronauts have enough difficulty getting into EVA and LES suits; they have little desire for additional difficulty in their daily wear. In the microgravity environment, for obvious reasons dresses and skirts are inappropriate for female crewmembers, and pants or shorts are the order of the day.
 Most have a “relaxed” or baggy fit, which also facilitates dressing.

Crewmembers often bring along some favorite clothes, such as T-shirts from their alma mater, but most clothes are obtained through the space agencies. In the U.S. several companies provide clothing for spaceflight, but in Russia, the company Kentavr-Nauka has made space clothing for over two decades. Currently, ISS crewmembers can select clothing from either Russian or American distributors. ISS astronaut Michael Foale, for example, ordered all his underwear and clothes from Kentavr-Nauka. "I was on a long mission at the Mir space station and I want to have that underwear," said Foale.  

Kentavr-Nauka tailors all clothes to the individual crewmembers, though underwear is made to standard measurements. A designer goes to Zvyozdny (Star City) to take measurements of the cosmonauts and astronauts. The designer and the person going into space determine the quantity of clothing. 

The crew receive a Kantavr-Nauka catalogue from which they choose both the type of clothes and the colors. When selecting their clothing, the personal tastes of the astronauts and cosmonauts - the shape of the neck, the length of the sleeves, etc. - as well as their color preferences are all taken into account.  For example, ISS Expedition Two astronaut Jim Voss ordered a bright yellow spacesuit, though blues and reds are more popular colors.

The mixed gender nature of the crews also affects clothing selection, as do cultural norms. Sergei Treshchev, a cosmonaut, requested new sports shorts because he said he would feel awkward wearing boxer shorts in the presence of a woman. Astronaut Peggy Whitson was comfortable working out in a cropped sports top, while other female astronauts, such as Susan Helms, preferred T-shirts. 
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Figure 17: Astronauts Peggy Whitson (left) and Susan Helms exercise on orbit.

Tailors even say they try to make women's clothes so that a female astronaut or cosmonaut would "feel she is a real woman in a spaceship, and not just a fellow astronaut." Peggy Whitson selected modest clothing for her spaceflight, including long underwear without trimmings, while Claudie Haignere, a French astronaut, picked a “pretty bikini and tops with lace and ruches”. 

One design consideration takes into account that clothes tend to ride up in weightlessness
. As a result, flight suits come with straps and shirttails that are made very long. In addition, clothes for spaceflight cannot have buttons lest they tear off in weightlessness and fly around the spaceship creating unexpected problems. Instead, zippers, snaps, and Velcro fasteners are used in clothing for space. 



Special Considerations: Flammability, Permeability, Insulation Factors, Conductivity



Before being sent into space, every piece of clothing is checked by a special quality inspection team. If any rough seams are found on a piece of clothing, it is rejected. Then any loose or hanging threads are cut off, the garments are vacuum-cleaned (so that dust will not clog the air filters on the station) and put in a hermetically sealed package. Afterward, the clothes are X-rayed, to ensure that there is nothing else
 in the package, then the package and its contents are sterilized and sent into space.  The garments are stored on orbit in these packets until a crewmember needs a change of clothing.

With the exception of the special items mentioned above, such as the ACES, EMU, and LCG, clothing is not subjected to special tests such as thermal or electrical conductivity, chemical stability, etc. Currently, research is underway to develop a “good and easy fire retardant treatment for fabrics” that will be odorless, cause no significant change in the texture or feel of the material, and will be impervious to washing. Flammable but comfortable 100% cotton clothing is currently permitted, and commercially available fire retardant treatments have met with opposition from crew members because they leave the fabric stiff and with a detectable odor.  

Clothing is not treated with any special process to render it more resistant to tearing or fraying or to alter its permeability or insulation.  This is not necessary as there are no activities on board that are particularly hard on fabrics, leading to accelerated wear, nor is there normally any wide fluctuations in temperature or humidity, leading to a need for well ventilated or insulated clothing. Generally speaking, normal “street clothing” can be worn during the mission, thanks to the shirtsleeve environment. It is only during particularly hazardous parts of the flight that special materials, such as Nomex fire-resistant fabrics, are used.


Maintenance: Cleaning, Washing, Drying, Repair 

Maintaining clothing in a wearable, non-offensive condition can be challenging. There is no washing machine or dryer in space.  As a result, crews usually wear their clothing longer on orbit than they do terrestrially. It can be likened to a long trip away from home, where you are living out of a suitcase. Rather than pack large numbers of clothing and have to transport a large piece of luggage everywhere, most people prefer to pack lightly and wear the same few items more frequently. It is the same on the ISS, where stowage is limited and the cost to manifest items is very high
. As a result, ISS crew tend to change their underwear every 3-4 days. Because of the lack of variation in the temperature and the relatively clean nature of spacecraft, clothes don’t get dirty as quickly. 

Once the clothing is considered too dirty or malodorous to wear further, it is usually stowed away. Shuttle crew then return the items to Earth with them, while ISS crew have the option of doing the same thing, should a Shuttle visit the station in the appropriate time frame or they can use an unmanned Progress rocket. These Russian resupply rockets are regularly sent to the ISS; once their cargo has been unloaded, they are then packed with trash from the station, including dirty clothes, and sent back to Earth where it burns up over the Pacific.
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Figure 18: This Progress supply ship, shown docked to the orbiting ISS, brought the Expedition One crew two tons of food, clothing, hardware and holiday gifts from their families. 
This is an admittedly wasteful practice and one that is not well suited for exploration missions to Mars or moon bases. For these conditions, maximum reusability will be required, necessitating a means to wash clothing. Even if, as some Russian scientists have suggested, clothing on these missions could be made of biodegradable materials, there would still be the matter of new supplies. If the plan is to destroy dirty underwear through bacterial decomposition of its components, then there will need to be a source of new underwear, either from Earth or by de novo creation from raw materials.

If a piece of clothing must be cleaned during flight, the current method is to place it in a plastic bag with water and soap, then seal it and knead the package to distribute the soapy liquid throughout the fabric. The clothing is then rinsed using fresh water in the same way and placed in the cabin to dry. (See reference 16.)
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Figure 19: Astronaut Ken Bowersox demonstrates his makeshift washing machine

In the same way that clothing is not routinely cleaned during flight, it is not usually repaired. If a piece of apparel is torn or damaged, it is generally easier to discard it than to allow its frayed edges to contribute fibers and lint to the onboard environment. In addition, needles and thread are not available, as they pose too great a hazard in microgravity, but in a pinch, repairs could always be attempted with duct tape or medical adhesives. 
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� Particularly on the Shuttle, the cramped quarters often lead to unintentional jostling.


� An exception to this was space tourist Mark Shuttleworth who insisted, "I don't want terry socks. I wear thin socks even in bitter cold." He was given thin socks and three extra pairs were packed for him, just in case.


� Examples include the VivoMetrics LifeShirt system (http://www.vivometrics.com/site/about_faq.html) 


� Shuttle crewmembers also undergo a staged decompression as the Shuttle cabin is depressed from 14.7 to 10.2 psi in anticipation of the spacewalk. The ISS’ larger habitable volume precludes such a depress to its full interior. 


� The LCG that is worn under the launch and entry ACES suit only circulates water for cooling purposes. The garment that is worn under the EMU also circulates air in order to scrub out the CO2. http://www.nasa.gov/audience/forkids/home/CS_Astronaut_Fashion_Show.html)


� To understand the effort involved, close your hand, put a rubber band around your fingers, and then open your hand fifteen times as far as it will go. The strain on the muscles in your forearm is the same as that experienced by EVA astronauts in space, according to a NASA website, http://science.nasa.gov/headlines/y2001/ast04oct_1.htm.


� To date there have been no culturally sensitive topics regarding clothing or the wearing of religious artifacts, but it is possible that this might be an issue in the future, particularly with the advent of widespread space tourism.


� Several years ago, when Mir cosmonauts had a shower cabin, clothing designers created bathrobes out of terry cloth for them. However, when the crew put on their bathrobes, they rode up almost to their ears and the robes were rapidly discarded. 


� Once a pin was left behind in a Russian flight suit. If it had not been detected pre-launch, it might have gotten loose on the spaceship and posed a serious hazard.


� $10,000 per pound, according to Steven Weinberg in “The Wrong Stuff”, New York Review of Books Volume 51, Number 6, April 8, 2004, http://www.nybooks.com/articles/17011 
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