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The space suit contains metallic bearings at the wrist, neck, and waist, which are exposed 

to the space environment but are also able to contact the skin of the astronaut inside the suit. 

Currently, several methods are employed that help protect against electrical hazards, which 

include keep out zones, de-energizing power lines, plasma mitigation systems (plasma 

contactor unit), anodizing exposed metallic parts, and adhesively applied Kapton® film to 

cover exposed metallic parts. The present paper describes the development of a more 

permanent insulation method that is also easy to maintain. Shock hazard prevention has 

been addressed by developing an insulative multi-layer polymer coating on metallic 

bearings. The coating is less than 25 microns thick. The relatively thin multi-layer polymer 

coating stack is comprised of an epoxy-based primer layer, with an overlay of a self-healing 

coating. Not only does the top layer heal itself when the surface is damaged, but it does so at 

room temperature without manual intervention and the healing process can be repeated 

multiple times. Under normal wear and tear usage conditions, any minor damage to the 

surface can be healed autonomously. Deeper damages that penetrate through the coating can 

be healed by a heat stimulus above 60°C, which can be achieved during routine 

maintenance. To date, the applicability of the Self-Healing Coating (SHC) system on 17-4 PH 

stainless steel, titanium and anodized aluminum, has been demonstrated. Both flat and 

curved surfaces, resembling that of a wrist bearing, have been coated and tested for 

electrical insulation, as well as mechanical properties, such as impact damage at ambient 

and cryogenic temperatures. The self-healing response of the SHC system under use 

conditions, will be described. 

Nomenclature 

SHC = Self-Healing Coating 

SSA = Space Suit Assembly 

EMU = Extravehicular Mobility Unit 

EVA = ExtraVehicular Activity 
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ISS = International Space Station 

PCU = Plasma Contactor Unit 

SS = Stainless Steel 

Ti = Titanium 

Al = Aluminum

 

I. Introduction 

HE space suit contains metallic bearings at the wrist, neck, and waist, which are exposed to space 

environment, but are also able to contact the skin of the astronaut inside the suit. Electrically charged 

conductive plasma and exposed energized wiring pose electrical hazards. The photographs

in Figure 1 show metallic parts on the Space Suit Assembly (SSA) that are potential shock paths. The electrical 

environment that the International Spase Station (ISS) is in is unique. ISS uses a +160V power supply and the ISS 

solar arrays react with the ambient plasma environment to cause the ISS structure floating at a negative voltage with 

respect to the plasma.
1
 If unmitigated by Plasma Contactor Unit (PCU), the ISS can float to as low as -80V with 

respect to neutral. There are scenarios where an astronaut can be in contact with the metal suit elements, and contact 

both an electrically grounded portion of the space station as well as an energized portion of the station causing a 

dangerous current path through the body of the astronaut. Currently, several methods are employed that help protect 

against such electrical hazards, which include keep out zones, de-energizing power lines, plasma mitigation systems 

(PCU), anodizing exposed metallic parts, and adhesively applied Kapton® film to cover exposed metallic parts. 

However, these methods are neither completely effective nor fool-proof. Anodized coatings and Kapton® films are 

easily damaged and are hard to replace or repair. Plasma mitigation systems may not operate continuously or be 

faulty, and some circuits in the area of work cannot be de-energized (solar panels).  

 

Figure 1. Metallic bearings on Space Suit Assembly (SSA) as shock paths (Images courtesy of ILC Dover 

LLC). 

The focus of this research is to develop a self-healing coating system that can be applied to the metallic bearings 

on the SSA to provide long term insulation to electrical shock hazards. The research specifically addresses the 

challenges of maintaining the integrity of coating system during usage in space environment without manual 

intervention.  

We investigated feasibility of a three layered coating system capable of providing insulation and self-healing 

through experimenting with the coating layers on stainless steel, titanium and aluminum flat panel substrates.  The 

objectives of the experiments presented in this paper are to demonstrate the feasibility of the concepts.  

II. Technology Overview 

A. Taping 

 Currently, the ISS is using Kapton® tape as one of the means to protect crew members in the EMU Space Suit 

Assembly from shock hazards. When required, Kapton® tape has been applied to the external surfaces of the wrist 

bearings and electrical connectors (See Figure 2). While it is desired to have electrical protection all the time, only 

Extravehicular Activities (EVAs) where shock hazard threat is unusually high, have required taping of bearings. 

This is dependent on on the forecast and location of the EVA on the ISS Stack. If it is deemed necessary, the wrist 

bearing would be taped to reduce the likelihood of electrical contact due to the hand-intensive nature of EVAs.  
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Figure 2. Kapton® taping of Phase VI Wrist Bearing for STS-119 and Increment 18 (courtesy ILC Dover). 

B. Coating 

Except for anodized coating on aluminum bearings, there are currently no coatings on stainless steel and titanium 

bearings for insulation purpose.  This is because organic coatings are prone to being damaged during routine wear 

and tear, leading to the loss of protective function. A coating developed for space suit bearings will need to be 

immune to impact damages sustained during usage because there is no method to repair on orbit. Besides, the 

offgassing of chemicals, like paint would not be allowed on ISS. A self-healing coating, especially one that self-

heals damages at room temperature without manual intervention, will maintain the insulation characteristics of the 

coating at all times and protect the astronauts from the shock hazards. 

C. Existing Self-healing Coating Strategies 

 The prevalent self-healing concept is based on utilizing encapsulated healing agents and catalysts.
2,3

 A surface crack (e.g., scratch made by hand scribing with a sharp razor blade) ruptures the capsules and triggers 

the crosslinking of the released healing agent to seal the crack. A similar methodology uses hollow fibers
4
  or 

interconnected microchannels
5
  to store the healing materials. Fabrication of microvascular networks is a challenge, 

which limits their application. More recently, researchers from the University of Southern Mississippi invented a 

polyurethane based self-healing material by mixing chitosan into the compound.
6
 Upon exposure to UV light, 

chitosan rods are broken up and bond to each other across the damaged area. A conspicuous drawback of the above 

mentioned technologies is that repeated healing at the same site is not possible. Other strategies utilizing reversible 

chemistry based on Diels-Alder reactions,
7
 and hydrogen bonded supramolecular network,

8
  - allow multiple 

healings, however, these are limited to a narrow set of less commonly used polymers, rendering widespread 

utilization of the technology unlikely. While representing significant advances, the existing self-healing polymer 

technologies present profound challenges for commercialization due to raw material cost and process complexity. 

Alternative approaches that are intrinsically low cost and capable of large scale industrial production are needed. 

D. Self-Healing Coating System Architecture 

 We initially investigated an epoxy based nanocomposite coating that has self-healing characteristics. While the 

epoxy based nanocomposite coating displays self-healing characteristics at above 50C, we expanded to 

polyurethane nanocomposite coating in an effort to develop a coating capable of self-healing at ambient conditions. 

It turns out that the developed polyurethane nanocomposite coating has excellent self-healing characteristics. Not 

only does it heal itself when the surface is damaged, but it does so at room temperature without manual intervention 

and the healing process can be repeated for an unlimited number of times. The developed self-healing coating has a 

unique self-healing mechanism that is different from the current self-healing technologies.  

Based on these findings, we developed a three-layered Self-Healing Coating (SHC) system combining the 

advantages of both epoxy and polyurethane nanocomposites. The SHC system demonstrates excellent self-healing 

capability at room temperature and has the desired insulative properties. Figure 3 illustrates the coating architecture 

of the self-healing coating system, which consists of an electrically insulating and durable epoxy coating in direct 

contact with the stainless steel (or titanium, aluminum) substrate and damage protection layers to protect the epoxy 

coating. The damage protection layers further consist of an intermediate self-healing coating which requires heat 
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treatment at about 60C to stimulate healing, and a top self-healing coating layer which self-heals damages at 

ambient conditions. The intermediate self-healing coating is based on NEI’s patented thermally activated self-

healing coating technology (NANOMYTE® MEND) and the top layer is a new development of the research 

program. Together, the two self-healing coating layers form a strong protection against damage to the underlying 

epoxy layer. Under normal wear and tear usage conditions, any minor damage to the surface can be healed 

autonomously. Deeper damages that penetrate to the intermediate layer can be healed by a heat stimulus above 

60C, which can be achieved during routine maintenance. Both the intermediate layer and the top layer are 

polyurethane based nanocomposite coatings. As these are highly insulative polymer coating layers, they provide 

extra insulation protection to the austranaut in addition to the epoxy layer.  

 

Scratch in Coating Scratch Healed

Metal

Damage
Protection 
Coating
System

Electrically insulating and durable epoxy coating

Intermediate coat: Self-healing during maintenance (requires heat)

Top coat: Self-healing at ambient conditions

Coating System Architecture

 
 

Figure 3. Illustration of self-healing in the 3-layer Self-Healing Coating (SHC) system. 

 

The following are the benefits of the newly developed Self-Healing Coating (SHC) system: 

• The SHC system combines the excellent insulative and mechanical properties of epoxy with the self-healing 

characteristics of a polyurethane nanocomposite 

• Minor damages to the surface layer are autonomously repaired at ambient temperature; deeper damages are 

repaired as part of scheduled maintenance 

• The coating layers are increasingly harder, which provides an energy absorption mechanism against impact 

damage 

 • The epoxy layer is protected by two self-healing layers, thereby minimizing the chances of the epoxy layer 

being damaged 
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III. Experimental Set-Up 

A. Coating Flat Test Panels 

 17-4 stainless steel, Al 7075 - T6 alloy aluminum, and grade 2 titanium panels of dimensions 2” X 3” X 1/16” 

were chosen as substrates to apply the self-healing coating system. The three layers of the self-healing coating 

system were applied individually using a motor controlled dip coater. That is, an epoxy coating was applied first and 

cured before NEI’s NANOMYTE® MEND was applied and cured as the intermediate self-healing layer and finally, 

a room-temperature self-healing top layer was applied and cured. 

B. Electrical Insulation Test 

The electrical insulation tests of the coated panels were conducted at ILC Dover. The purpose of the test was to 

test the electrical insulation properties of the coated bearings used on space suits and ensure that the parts (e.g., 

coated bearings) were insulative enough to prevent electric shock of the astronauts.  Based on another NASA/ILC 

Dover non-conductive bearing task, we established the following success criteria: when a voltage of 90 volts is 

applied, the allowable current leakage is 50 µA. 90 V is close to the 80 V difference between certain parts of 

structure due to plasma field and neutral if unmitigated by PCUs, whereas 50 µA is a very conservative current limit 

as the minimum current that causes a faint tingling sensation in human body is 1 mA.
9
 A safety factor of 2 was 

applied to the voltage to represent the worst case and hence the coating needs to withstand 180 V. Using Ohm’s law: 

V = IR; R = V/I; R = (90Vx2)/50uA = 3.6 Megohm. The minimum insulation resistance is 3.6 M Ohm across the 

space suit cross-section. A simplified test was performed utilizing flat test coupons of coated 17-4 PH stainless steel. 

The test samples were placed onto a brass plate with a 1-inch diameter cylindrical electrode placed on top as shown 

in Figure 4. A Megger (Megohm meter) was used to apply a 400 volt voltage
*
 to a test sample and the current that 

passed through the object was measured after 1 minute of voltage.  

 

Figure 4. Test set up for measuring the electrical resistance of a flat coated metal piece.  Left: a coated metal 

piece sandwiched between a cylindrical probe and a brass plate. Right: Megger BM21 insulation tester used 

to apply the voltage and measure the current. 

                                                           
*
 180 volts is not a setting on the equipment and so 200 volts was used and since the test panels have coatings on both sides of the 

plate and single coating will see half the total voltage, a 400 volt was applied. 
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C. Self-Healing Test 

 Self-healing was assessed by generating artificial scratches and cracks. A Gardco PA-2197B balanced beam mar 

tester was used to create scratches/cracks. The mar tester allows for the creation of reproducible cracks by 

controlling the tip geometry and applied load. A 100 g load was applied to create scratches on coated coupons. To 

facilitate self-healing, the coupons were then subjected to 70°C for 5 minutes to test the self-healing of the 

intermediate layer. In addition, the coupons coated with PU-PPA coating were exposed to room temperature for 5 

minutes to test the self-healing of the top layer. The “healed” samples were examined under an Olympus BX51 

optical microscope for evidence of self-healing. 

D. Gardner Impact Testing (ASTM D5420) 

 During the assembly of the space suit and during use, the metallic parts are likely to experience “hits” and 

“dings”. In order to simulate these effects, impact testing on coated coupons was carried out using ASTM D5420 

method. A Gardner Impact Tester with a spherical “impactor” tip of radius of  ̴ 7.9 mm was used for the experiment. 

In order to determine the proper level of impact, a striker of 2 pound (for low impact range) or 4 pound (for high 

impact range) weight was dropped from a given height to strike the test panel. The height was gradually increased 

from 5 inches up to 80 inches or to the point when the coating started to crack. The maximum impact which the 

sample can endure without cracking was deemed a proper level of impact.  

E. Pull-off Adhesion (ASTM 4541) 

Adhesion testing was carried out using the ASTM 4541 standard protocol. The test method requires a dolly (pull 

stub) to be bonded to the surface of the coated surface. A tensile force, perpendicular to the surface, is applied to the 

dolly until it is detached (that is, until failure occurs). The maximum tensile stress or bond strength is calculated 

based on the applied load and the area of the dolly face. A PosiTest® pull-off adhesion tester was used with 10 mm 

diameter dollies. The supplied 2 part epoxy glue (Araldite) was used to stick the dollies onto the coated SS, Ti and 

Al surfaces. Epoxy was allowed to cure completely. An actuator coupled with a hydraulic pump was used to apply 

uniform pressure on the dollies during the curing time. Dollies were then pulled-off after 24 hours. 

 

IV. Experimental Results and Discussion 

A. Coating Thickness Optimization 

The protective properties of a coating are usually positively related to the thickness of the coating. Generally, a 

thicker coating provides more protection. However, for the space suit application, “the thicker the better” is not a 

valid notion for a few reasons. First, increased coating thickness increases the weight of the bearing, which is always 

a concern for space applications. Thicker coatings also lead to increased material cost and processing time. More 

importantly, the current bearing designs are based on bare metallic bearings and therefore any coating deposited 

onto the bearings should be thin enough so as not to change the bearing dimensions appreciably. Otherwise the 

dimensions of the bearing parts have to be re-designed. Lastly, excessively thick coatings exhibit adhesion 

problems. For all these reasons, the coating should be thin and yet satisfy the insulative properties and self-healing 

characteristics. 

In order to optimize the coating thickness of each layer, individual coating layers of different thicknesses were 

applied separately on 17-4 stainless steel panels by changing the coating solution concentration and various settings 

in the automated dip coater. Subsequently, the labelled coupons were sent to ILC Dover for electrical resistance 

measurements. Table 1 lists the electrical resistance values measured. For completeness, all of the results from the 

sample test have been listed. The coated coupons with minimum thicknesses that passed the 400V test have been 

highlighted. 

 

 

 

 

 

 

 

 

 

 



 

International Conference on Environmental Systems 
 

 

7 

Table 1. Electrical Resistance values obtained from ILC Dover 

 
 

The results show that, the minimum thickness needed to meet the electrical resistance requiriments for individual 

coating layers are: > 13 µm for the epoxy layer, > 13 µm for the intermediate layer, and > 18 µm for the top layer. 

Self-healing property of applied coatings on 17-4 PH stainless steel coupons was another key determinant in 

adjusting the coating thickness. The evidence of self-healing on SS coupons coated with intermediate layer is shown 

in Figure 5. These are optical images of a SS panel coated with the intermediate layer that has been marred (left) and 

self-healed at 70C for 5 minutes (right). Tests with coatings with different thicknesses determined that 12-14 µm 

coating is necessary to show effects of self-healing. Coupons coated with thinner coatings had scratches reach all the 

way to the metal and showed limited self-healing. 

 

  
    

Figure 5. Evaluation of Self-Healing on 17-4 SS coupons coated with the intermediate layer: optical 

micrographs showing the scratches before (left) and after (right) exposure at 70°C for 5 minutes. 

 

 The evidence of self-healing on SS coupons coated with lop layer coating is shown in Figure 6. Because the top 

layer coating has room temperature self-healing property, we had to cool the coated panel to below 0C in a freezer 

and create mars on the coating while the coating was still cold. Otherwise at room temperature the healing occurs 

Marred Self-healed 
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too quickly to be captured by images. The scratched coating was quickly mounted onto the optical microscope to 

capture the images of the damaged coatings as a function of time. The actual damage as coming out of the mar tester 

is more severe than what the first captured image shows, because by the time the sample is properly mounted and 

focused, some self healing had already occurred. With time, the mar becomes shallower and eventually disappears. 

Three coupons with different coating thicknesses were examined. It was observed that all coatings (with coating 

thickness of 17-19 µm to 5 µm) exhibited self-healing.  

 

  

  
 

Figure 6. Evaluation of Self-Healing on 17-4 SS coupons coated with top layer coating: optical micrographs 

showing the scratches before and after keeping the panels at room temperature for 5 minutes. 

 Hence, as per self-healing requirements the minimum thicknesses needed for individual coating layers are:  > 12 

µm for the intermediate layer and > 5 µm for the top layer. Based on requirements of electrical insulation and self-

healing, the optmum total thickness of the self-healing coating system is determined to be around 1 mil which is 25 

µm. 

B. Impact Testing 

 Impact tests were performed on the coated SS panels, Al panels, and Ti panels. Figure 6 shows photographs of a 

2” X 3” 17-4 stainless steel coupon after being subjected to 160 inch-lb. and 240 inch-lb. load. The front and back of 

the panel showed that the load was enough to deform the metal. The optical micrographs are shown on the right 

side. Figure 7 (a) shows a coated region where there was no impact. Figure 7 (b and c) show the microscopic image 

of the deformed region under the 160 inch-lb. load. Both front and back images suggest that although the metal has 

been deformed, there was no cracking observed in the coating. The same phenomenon was observed with the 

increased load of 240 inch-lb. (Figure 7 (d and e)). Loads in excess of 320 inch-lb. started to form cracks in the 

coating. Impact tests results on Al panels and Ti panels were similar with metals being deformed without damaging 

the coating layers.  

(a) Freshly marred (b) After 1 min 

(c) After 5 min (d) After 10 min 
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(b) SS – 160 inchlb impact

(d) SS – 240 inchlb impact

(c) SS – 160 inchlb impact-back

(e) SS – 240 inchlb impact-back

(a) SS – No impact

160 inch-lb

240 inch-lb

 
 

Figure 7. Impact test results on 17-4 stainless steel. The left are photographs of flat panels (2” X 3”, front and 

back) after being subjected to 160 inch-lb. and 240 inch-lb. load. On the right are shown optical micrographs 

of the same panels: (a) area that was not impacted, (b) front: area after the 160 inch-lb. impact , (c) back: 

area after the 160 inch-lb. impact, (d) front: area after the 240 inch-lb. impact , (e) back: area after the 240 

inch-lb. impact. 

 In order to verify that the epoxy and the Self-Healing Coating (SHC) system will not crack at low temperatures, 

coated coupons were subjected to impact testing at liquid N2 temperature (-320°F). Ti and Al coupons coated with 

three layered SHC stack were immersed in liquid nitrogen for 15 minutes before they were taken off the Dewar flask 

and immediately impact tested. All three layers of the SHC stack did not show cracking or crazing at the reduced 

temperatures. In the Ti coupons coated with the SHC system, the coatings remained intact after low temperature 

treatment and impact. In the anodized Al coupons coated with the SHC system, there were cracks that appeared as a 

result of liquid nitrogen treatment and that were exacerbated under impact. However, these have been determined to 

be cracks in the anodized layer and not the SHC layers. 

C. Pull-off Adhesion 

Pull-off adhesion test (ASTM 4541) results are shown in Figure 8. A cohesive failure within the glue was 

observed on all the surfaces. This suggested that the adhesion between the coating system and the metal substrate 

was higher than the adhesion between the glue and the coated surface. Table 2 lists the pressure of adhesion failure 

for the tested panels. 
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Stainless Steel

Aluminum

Titanium

(a)

(b)

(c)
  

 

Figure 8. Results of pull-off adhesion testing on stainless steel, aluminum and titanium coated with the self-

healing coating system.  

 

 Table 2. Pressure of adhesion failure for coated panels 

 

 

 

 

 

 

V. Conclusion 

 In an effort to develop a self-healing and insulative coating for metallic bearings to protect astronauts from 

electric shock hazards, a three layered self-healing coating system has been developed, which combines the 

 Pull-off pressure at failure (psi) 

1st 2nd 3rd 4th 5th 6th Average 

Stainless Steel 1028 984 1052 1664 1128 712 1095 ± 313 

Aluminum N/A 524 540 284 360 372 416 ± 111 

Titanium 544 N/A 988 660 1020 N/A 803 ± 237 
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excellent insulative and mechanical properties of epoxy coating and the damage tolerance and repair ability of 

polyurethane composite coatings. The SHC system was applied to stainless steel, titanium and aluminum panels and 

demonstrates excellent insulation (resistance  exceeds 1000 times of requirement under these test conditions). The 

optimum total coating thickness was determined to be 25 µm.  Impact tests show that the SHC system can sustain 

impact without cracking even when metal substrate is deformed. Adhesion of SHC to stainless steel, titanium, and 

aluminum is good. Ongoing work includes coating space suit hardware and demonstrating usefulness of the SHC 

system. A dis-assembled wrist bearing set will be coated and then be re-assembled and tested. Care is being taken to 

mask off some mating surfaces of the bearing set where coating is not needed.  
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