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ABSTRACT 
In anticipation of deep space travel, new materials are being explored to assist and relieve humans in 

dangerous environments, such as high radiation, extreme temperature, and extreme pressure.  Ras Labs 

Synthetic Muscle™ – electroactive polymers (EAPs) that contract and expand at low voltages – which 
mimic the unique gentle-yet-strong nature of human tissue, is a potential asset to manned space travel 

through protective gear and human assist robotics and for unmanned space exploration through deep space.  

Gen 3 Synthetic Muscle™ was proven to be resistant to extreme temperatures, and there were indications 
that these materials would also be radiation resistant.  The purpose of the Ras Labs-CASIS-ISS Experiment 

was to test the radiation resistivity of the third and fourth generation of these EAPs, as well as to make them 

even more radiation resistant.  On Earth, exposure of the Generation 3 and Generation 4 EAPs to a Cs-137 

radiation source for 47.8 hours with a total dose of 305.931 kRad of gamma radiation was performed at the 
US Department of Energy’s Princeton Plasma Physics Laboratory (PPPL) at Princeton University, followed 

by pH, peroxide, Shore Hardness durometer, and electroactivity testing to determine the inherent radiation 

resistivity of these contractile EAPs, and to determine whether the EAPs could be made even more radiation 
resistant through the application of appropriate additives and coatings.  The on Earth preliminary tests 

determined that selected Ras Labs EAPs were not only inherently radiation resistant, but with the 

appropriate coatings and additives, could be made even more radiation resistant.  G-force testing to over 10 
G’s was performed at US Army’s ARDEC Labs, with excellent results, in preparation for space flight to 

the International Space Station National Laboratory (ISS-NL).  Selected samples of Generation 3 and 

Generation 4 Synthetic Muscle™, with various additives and coatings, were launched to the ISS-NL on 

April 14, 2015 on the SpaceX CRS-6 payload, and after 1+ year space exposure, returned to Earth on May 
11, 2016 on SpaceX CRS-8.  The results were very good, with the survival of all flown samples, which 

compared very well with the ground control samples.  The most significant change observed was color 

change (yellowing) in some of the flown EAP samples, which in polymers can be indicative of accelerated 
aging.  While the Synthetic Muscle Experiment was in orbit on the ISS-NL, photo events occur every 4 to 

6 weeks to observe any changes, such as color, in the samples.  Both the 32 flown EAP samples and 32 

ground control samples were tested for pH, material integrity, durometer, and electroactivity, with very  
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good results.  The samples were also analyzed using stereo microscopy, scanning electron microscopy 
(SEM)), and energy dispersive X-ray spectroscopy (EDS).  Smart electroactive polymer based materials 

and actuators promise to transform prostheses and robots, allowing for the treatment, reduction, and 

prevention of debilitating injury and fatalities, and to further our exploration by land, sea, air, and space.  
 

1. INTRODUCTION 

Ras Labs developed and produces Synthetic Muscle™ – electroactive polymer (EAP) based 

materials and actuators, which respond to electricity through contraction and expansion at low 

voltage (0 to 50 V).  This dual motion is achieved by reversing the electric polarity of the voltage 

applied to the EAP.  The electric polarity can be easily switched back-and-forth to produce 

contraction-expansion cycles.   The amount of movement can be controlled by adjusting the 

voltage level, which lends these materials to biofeedback.  In addition, these EAPs serve dual use 

as mechanical pressure sensors, from gentle touch to high impact.    
 

In anticipation of deep space travel, new materials are being explored to potentially relieve the 

need for humans in dangerous radiation environments and extreme temperature and pressure 

conditions. Ras Labs Synthetic Muscle™, which mimics the unique gentle-yet-firm nature of 

human tissue, is a potential asset to unmanned space travel, among other applications. The 

materials will eliminate the potentially harmful effects from ionizing radiation and other extreme 

environments on humans by providing human assist devise and robots with the some of the unique 

abilities of human tissue, such as control, and dexterity, thus minimizing human exposure to 

radiation and other hazards in such extreme environments during space exploration. 
 

The purpose of the Ras Labs-CASIS-ISS Project is to test the radiation resistivity of third and 

fourth generation Synthetic Muscle™, as well as make the materials more radiation resistant.  

Selected samples of Synthetic Muscle™ were proven to be resistant to extreme temperatures (2 to 

408 K),1 and there are indications that these materials may also be radiation resistant.  The radiation 

resistivity to gamma radiation and whether the EAPs could be made even more radiation resistant 

through the application of appropriate coatings and additives was investigated on Earth by 

exposure to a Cs-137 radiation source for 47.8 hours with a total dose of 305.931 kRad.  The EAPs 

were tested for any changes in pH, peroxide, shore hardness, and electroactivity compared to a 

duplicate experiment with no radiation exposure.  

 
Fig. 1.  Radiation profile for Cs-137.2  
 

The ISS orbits the Earth at an approximate altitude of 407 km.  At this altitude, the radiation profile 

differs significantly from that on the Earth’s surface, and there is a significant increase in the 

presence and abundance of broad spectrum ionizing radiation.  Space radiation is primarily 

comprised of atoms in which electrons have been stripped away through interstellar acceleration. 

All three of the main kinds of space radiation: particles trapped in the Earth’s magnetic field; 

particles ejected into space during solar flares; and galactic cosmic rays, which are high-energy  
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and heavy ions from outside the solar system, represent forms of dangerous ionizing radiation.  

Ionizing radiation has the ability to knock electrons out of orbit within an atom upon contact, thus 

causing the formation of ions.  As it passes through matter, including synthetic material and living 

tissue, ionizing radiation loses energy, which is absorbed by the conducting material. This poses a 

danger to living organisms, as the ionization of water and other cell components can damage DNA 

molecules in the path of the radiation, causing breaks and mutations in DNA strands, including 

large clusters of breaks, which are not easily repaired by cells. These mutations can cause varying 

forms of cancer, and pose a serious health risk to those exposed. Other exposure risks include both 

acute and late nervous system complications, degenerative effects, circulatory and digestive 

diseases, and, in severe cases, death.3  

 
 

From the results of the on Earth radiation testing, selected third and fourth generation Synthetic 

Muscle™ with a variety of selected additives, coatings, and combinations of additives and 

coatings, were on the ISS-NL for over a year, being exposed to a broad spectrum of ionizing 

radiation, both solar and cosmic.  A duplicate experiment (the control experiment) was housed on 

Earth.   Once the Synthetic Muscle Experiment returned to Earth, the samples were tested for 

material integrity and electroactivity, and compared to the samples in the duplicate experiment 

(ground control).   Dosimeters were provided for both the ISS-NL experiment and on Earth control 

for comparison, which were analyzed by NASA.  The results were very good, with the survival of 

all flown samples, which compared well with the ground control samples, with good material 

integrity and electroactivity.   

2. EXPERIMENTAL 

Pre-flight radiation exposure testing was conducted, from which the experimental design protocol 

was created for the payload.  Each sample was approximately 1x1x1/4 inches in size.  All of the 

EAP samples were prepped for flight by undergoing a high vacuum (1.5 x10-5 Torr) at 70°C for 

72 hours in order to outgas the material.  Within the four cages, all 32 samples, eight in each cage, 

were adhered to a plasma treated titanium backing that were housed in aluminum cages, enclosed 

in aluminum mesh observation windows.  This mesh was screwed down into the aluminum cage, 

each cage was then individually wrapped with polyethylene, then inside Teflon bags that were 

sealed with Kapton tape.  An additional 32 samples were held on Earth during this time under 

similar conditions as a control.  Each of the eight samples within the cage had a specific testing 

condition, either an additive or coating, in addition to the Gen 3 or Gen 4 sample.  These eight 

positions are detailed in the Figure 3. 
 

Two Radiation Area Monitors (RAM) dosimeters accompanied the flown ISS space experiment 

samples, and two RAM dosimeters accompanied the ground control samples.  Ionizing radiation 

dose measurements on the ISS-NL typically range from an annual dose of 44 to 105 mGy (4.4 to 

10.5 rads),4 where one gray (Gy) is a derivative unit of ionizing radiation corresponding to the 

absorption of one joule of radiation energy per kilogram of matter, while a rad is the depreciated 

unit of the absorbed radiation dose (1 rad = 0.01 Gy).   

Table 1. 

Fig. 2. 
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Fig. 3 The set-up for the Synthetic Muscle Experiment on the ISS-NL.  A duplicate ground control set-up remained on Earth. 
 

Once the materials were received post-flight, the flown and ground control samples were tested 

for pH using Hydrion® Insta-Chek® pH paper, range 0 to 13.  A small corner of each sample was 

removed for microscopic analysis.  Light microscopy was performed using a stereo microscope 

with a digital camera attachment to take photos of the samples in a dried state.  Images were taken 

at 9.8x zoom, 42x zoom, and 63x zoom.  Energy dispersive X-ray Spectroscopy (EDS) was also 

used on a scanning light electron microscope (SEM) to analyze elemental components of the 

samples surfaces and the topography of those surfaces.  The samples were placed in 0.1 M KCl 

electrolyte solution to equilibrate, the pH of the material and solution was tested and recorded 

again one week, two weeks, one month, and two months after equilibration began.  After 14 days 

of soaking, the solutions were replaced with fresh 0.1 M KCl solutions, and the old solutions were 

retained for chemical analysis. Hardness was tested using a Shore O durometer ASTM 2240, 

Hanheng Instrument Co.  This test was conducted upon unpacking the materials post-flight, one 

month, and two months into equilibration.  Using platinum electrodes, each sample was tested for 

electroactivity in a small test cell filled with 0.1 M KCl solution, at 15 V for one minute contraction 

and expansion cycles for a total of four and a half cycles.  In between each cycle, the weight of the 

sample was recorded to monitor the percent change of the samples’ weight.  The first data set was 

taken after one month and the second data set was taken after two months of rehydration.  
 

3. RESULTS AND DISCUSSION 

From the preliminary on Earth radiation exposure and subsequent testing, an experimental design 

was developed and implemented for the Ras Labs-CASIS-ISS-Synthetic Muscle Experiment 

(Figure 3).  The payload was launched to the ISS-NL on April 14, 2015 at 4:10 PM from 

Cape Canaveral on the SpaceX CRS-6 mission.  While the International Space Station was 

traveling 257 statute miles over the Pacific Ocean just east of Japan, Expedition 43 Flight Engineer  

SM001  Cage A:  Gen 3 Moist Synthetic Muscle Samples

SM002  Cage B:  Gen 4 Moist Synthetic Muscle Samples

SM003  Cage C:  Gen 3 Dried Synthetic  Muscle Samples

SM004  Cage D:  Gen 4 Dried Synthetic Muscle Samples

Control EAP        Additives                            Coatings                       Combinations     

ISS-NL Synthetic Muscle Experiment

All 4 Cages have the following 8 conditions : 
1. control synthetic muscle sample 

(no additives, no coatings), 
2. synthetic muscle with BHT additive, 
3. synthetic muscle with γ-tocopherol

(Vitamin E) additive,
4. synthetic muscle with Mylar coating, 
5. synthetic muscle with US Army Natick Labs 

meals ready to eat (MRE) 3-ply coating, 
6. synthetic muscle with US Army Natick Labs 

MRE 4-ply coating, 
7. synthetic muscle with combination BHT and 

Natick MRE 3-ply coating, 
8. and synthetic  muscle with combination BHT 

and Natick MRE 4-ply coating.
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Samantha Cristoforetti of the European Space Agency, with the assistance of Expedition 43 

Commander Terry Virts of NASA, successfully captured the SpaceX Dragon spacecraft with the 

station's robotic arm at 6:55 AM EDT.  On April 20, 2015 at 10:30 AM, the Synthetic Muscle 

Experiment was transferred and placed on the ISS-NL, locker LAB105 ZSR #125, followed by 

the first photo event.  The Synthetic Muscle Experiment, rather than remaining on the ISS-NL for 

90 days, was on the ISS-NL for over a year, returning to Earth on May 11, 2016 via the SpaceX 

CRS-8 mission, and arriving at Ras Labs June 1, 2016 (Figure 4).   
 

   
Experiment in CTB ready to go,  SpaceX CRS-6 launch 4/14/2015,   Photo Event 1,    Payload return to Earth 5/11/2016 
Fig. 4.  Events of the Synthetic Muscle Experiment (Source: NASA). 
 

The flown samples received an average of 65.23 mGy total ionizing radiation and an average daily 

dose of 165.9 Gy/day, compared to 0.855 mGy total ionizing radiation and 1.78 Gy/day for the 

ground control samples.  The ISS radiation measurements depend greatly on the solar cycle, ISS 

altitude and shielding differences within the ISS modules. The Synthetic Muscle measured flight 

dose rate is within the ISS dose rate ranges.5  The 32 flown samples, over their 393 day exposure 

on the ISS-NL, received significantly more radiation than the 32 ground control samples (Tables 

2 and 3). 
Table 2.  RAM dosimeters’ exposure time periods. 

RAM Name RAM S/N Assembled Launched SpX-6 Landed SpX-8 Received at SRDL1 

RAM 1  2752  11/20/2014  4/14/2015  5/11/2016  6/3/2016  

RAM 2  2753  11/20/2014  4/14/2015  5/11/2016  6/3/2016  

Control 1  2754  11/20/2014  N/A  N/A  5/26/2016  

Control 2 (Ras Labs)  2755  11/20/2014  N/A  N/A  6/3/2016  
Table 3.  RAM dosimeters’ total radiation dose and rates. 

 RAM Name  RAM S/N  Mission Duration 

(days)  

2RAM  Mission Dose 

(mGy)  

3RAM Dose Rate 

(μGy/day)  

RAM 1  2752  393  65.60 ± 1.07  166.9 ± 2.7  

RAM 2  2753  393  64.85 ± 1.39  165.0 ± 3.5  

Control 1  2754  N/A  0.238 ± 0.005  1.21 ± 0.03  

Control 2 (Ras Labs)  2755  *481  0.855 ± 0.032  1.78 ± 0.07  
1Space Radiation Dosimetry Laboratory, NASA Johnson Space Center, Houston TX  77058 
2RAM 1 Dose, RAM 2 Dose, and Control 2 Dose values have been already corrected to subtract the ground 

handling/shipping exposure as measured by Control 1.  
3RAM Dose Rate values are computed by dividing the RAM Mission Dose by the Mission Duration.  

*Control 2 Mission Duration represents the time spent at Ras Labs, Quincy, MA  02169. 
 

The 32 flown samples were analyzed for material integrity and electroactivity, and compared to 

the 32 samples (ground control experiment) that remained on Earth for the duration of the 

experiment.  While on the ISS-NL, every 4 to 6 weeks, photo events of the experiment occurred 

and were downlinked to Earth (Figure 5).  This was to keep an eye on the experiment, in terms of 

placement of the samples and coatings within their protective cages, and to discern any color 

changes.  Color changes, such as yellowing, can be indicative of accelerated aging in polymers.   
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Material integrity was maintained through the long duration space flight, and all samples survived  

and returned to Earth in one piece.  Experimental moist samples (SM001 and SM002) turned 

yellow not only throughout the samples, but also in small darker patches on the surface, while the 

dry experimental samples remained clear like the controls.  Side by side images on the left were 

taken at 9.8 x zoom magnification, images on the right were taken at 42x and 62x zoom on a light 

microscope.  In these zoom images, the patches of yellowing on the surface as well as throughout 

the sample were apparent (Figure 6).  This yellowing could indicate accelerated aging of the 

polymer or could be an artifact, possibly due to corrosion of the aluminum mesh screen.  The 

aluminum mesh screens served as viewing areas within the protective aluminum cages for the 

Synthetic Muscle Experiment during the 1 year+ space exposure on the ISS-NL (Figure 5).    
 

          
Photo Event 2, 5/2/2015 Photo Event 3, 6/2/2015   Photo Event 4, 6/25/2015     Photo Event 5, 7/16/2015 

             
Photo Event 6, 8/26/2015                 Photo Event 7, 9/29/2015  Photo Event 8, 11/2/2015 Photo Event 9, 12/10/2015          

           
Photo Event 10, 1/27/2016     Photo Event 11, 2/29/2016      Photo Event 12, 3/17/2016  

Fig. 5.  Photo events of the Synthetic Muscle Experiment on the ISS-NL (Source: NASA).  
 

Energy dispersive X-ray Spectroscopy (EDS) was performed to analyze the elemental composition 

of the samples and to help identify the cause of yellowing in the moist experimental samples 

(SM001 and SM002).  There were high levels of carbon, oxygen, and potassium present due to the 

EAP synthesis and electrolyte solutions used post synthesis.  Analysis of Gen 3 moist (SM001 - 

3) showed a higher presence of aluminum than of Gen 3 dry (SM003 - 3), seen in the spectrum 

analysis below.  From the SEM photos below (bottom), the dry sample has fewer surface 

imperfections than the moist sample (SM003 -1 and SM001 – 1), these artifacts could be the 

aluminum indicated from the EDS analysis (Figure 8).  Aluminum screening was used for 

observation windows of the protective cages for the Synthetic Muscle Experiment.   
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G3M: flown experiment on ISS for 1+ year on left, ground duplicate control that remained on Earth on right

^,

.

G4M: flown experiment on ISS for 1+ year on left, ground duplicate control that remained on Earth on right

G3D: flown experiment on ISS for 1+ year on left, ground duplicate control that remained on Earth on right

G4D: flown experiment on ISS for 1+ year on left, ground duplicate control that remained on Earth on right

Position 1 2 3

,
4 5 6 7 8

63GM'

SW YGM

53GD

G4cp

 

       EAP samples          EAP samples hydrating in    
       6/3/2016  electrolyte solution 7/5/2016 

 

 

Fig. 6. Comparison of ground control duplicate experiment on Earth to flown experiment on ISS for 1+ year, soon 

after arrival (left) and during hydration (right) (Source: Ras Labs).  
 

   
Higher magnification stereomicroscopy of several Photo of piece of G4EM-3  that appeared yellow. 

flown samples (Source: PPPL).    Note localization of color on surface (Source: Ras Labs).  

   
Note:  The top 2 rows remained moist and the bottom 2 rows were dried before sealing the protective cages.  
Fig. 7.  Photo and stereo microscope photos comparing flown to ground control samples (Source: PPPL).   
 

Control                 Experiment                  Control                  Experiment  
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Fig. 8.  EDS and SEM comparing flown Gen 3 dry and moist samples (Source: PPPL). 
 

Post-flight hardness measurements indicated that all 64 samples, experimental and control, had 

dried out and had Shore O durometer measurements similar to that of glass.  Once the samples 

were rehydrated for one month, the samples swelled and became much softer.  In the experimental 

samples, both Gen 3 and Gen 4 moist cages (SM001 and SM002) did not uptake as much of the 

solution, remaining much harder than the dry experimental samples and controls.  After two 

months of equilibrating, durometer measurements showed that all samples became somewhat 

harder.  However, SM001 and SM002 still remained the hardest samples, with a semi-glass like 

and yellow look and feel.  Over the course of rehydration, samples in position 8 did not swell as 

much and on average had the highest hardness measurement.  Results are summarized in Table 4.    
Table 4.  Shore O durometer for flown and ground control EAP samples. 

 Post-Flight 32 Days Rehydrated 60 Days Rehydrated 

 Control Exp Control Exp Control Exp 

Hardness 92-96 91-94 28-37 34-48 40-48 38-58 
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The pH of all Synthetic Muscle™ samples were tested upon unpacking, and were found to be 

within the 4.5 to 6.5 range.  Seven days into rehydration, the pH for the samples themselves ranged 

from pH 3.5 to 6 for the controls that remained on Earth, and ranged from pH 4.5 to 6 for the 

samples that were flown, with G3 samples being slightly more acidic than G4 samples.  After 14 

and 32 days of rehydration and equilibration in solution, all of the Synthetic Muscle™ samples 

and solutions were about pH 4, which is normal and typical for these EAPs (Table 5). 
 

Table 5.  pH of O durometer for flown and ground control EAP samples. 

 

Figure 9 below displays the sinusoidal behavior of the EAPs’ weight in response to electric input 

to mimic lifelike contraction and expansion.  All samples were still electroactive post-flight, and 

compared well with the electroactivity of the ground control samples.  The data taken after 2 weeks 

of rehydration show samples in position 1 (control, no additives, no coatings), position 4 (Mylar 

coating), and position 5 (3-ply MRE coating) had the largest change in percent difference in 

weight.  After 1.5 months rehydrating, position 1 and position 5 samples remained the most 

electroactive.  Gen 3 dry (SM003), Gen 3 moist (SM001), and Gen 4 moist (SM002) have shown 

the most electroactivity overall between the data sets. 

  
Data Set 1, 2 Weeks Hydration       Data Set 2, 6 Weeks Hydration  

Fig. 9.  Electroactivity testing for all Synthetic Muscle™ samples, flown and ground control. 

  

 

 

 Post-Flight 

7 Days 

Rehydrated 

14 Days 

Rehydrated 

32 Days 

Rehydrated 

60 Days 

Rehydrated 

 Control Exp Control Exp Control Exp Control Exp Control Exp 

pH 4.5-6.5 5 – 6.5 3.5-6 4.5-6 4 4 4 4 4 4 
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4. CONCLUSIONS 

Ras Labs makes shape-morphing smart materials that can also sense pressure and are able to 

withstand extreme environments.  EAP based actuators and devices can provide streamlined 

biomimetic motion, without gears, belts, pulleys, or engines (battery packs work well with 

Synthetic Muscle™ based actuation).  Results from the Ras Labs-CASIS-ISS NL Experiment for 

Synthetic Muscle: Resistance to Ionizing Radiation indicate that Synthetic Muscle™ materials 

were able to withstand long duration space flight and will provide a better future for space 

exploration and biomimetic devices.  Yellow patches on the surfaces of samples housed in moist 

microclimates were identified as a localized corrosive effect from the aluminum screening used to 

protect the samples, possibly during the ascent and during the long exposure on the ISS-NL.  These 

moist samples additionally were the hardest samples, even with rehydration, indicating a possible 

hardening due to radiation exposure.  Most samples were proven to be very radiation resistant, still 

intact, and were electroactive once rehydrated.  Both Generation 3 and Generation 4 moist samples, 

and Generation 3 dry samples, responded very well to electroactivity, and in particular, samples in 

positions 1, 4 and 5, were the most electroactive.  These samples all had no additives in them and 

either had no coating (position1) or a coating (Mylar in position 4 and 3-ply MRE in position 5).  

The lack of free radical inhibitor additives gave these samples an advantage during electroactivity.  

It is possible that the additives inhibited electroactivity of the Synthetic Muscle™ because of their 

own electrochemical gradients.  The ground control samples were slightly more acidic than the 

experimental samples, but then once rehydrated, equilibrated over time to a weakly acidic pH, 

which is expected of these types of EAPs.  Further analyses such as EDS and SEM were performed, 

showing by EDS that the samples with more pronounced color changes (yellowing) also had 

aluminum present on their surfaces.  More chemical analyses are ongoing.  Material integrity is 

good overall and all samples had no macro-scale break down.  Overall, the flown Synthetic 

Muscle™ samples, even after over a year on the ISS-NL exposed to high levels of broad spectrum 

radiation, compared well to the ground control samples in chemical integrity, material integrity, 

and electroactivity.   
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