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InnoSense LLC (ISL) has developed modified ionic liquid-based low temperature 
lubricants for use in NASA robotic systems. Ionic liquids are known to exhibit a much lower 
coefficient of friction in comparison to traditional lubricants, operate within a wide 
temperature range and exhibit low volatility. As a result, lubricants based on ionic liquids 
reduce the risk of damage to critical space-based hardware. In this paper, we present our 
latest work developing a method for using pyridinium salts to control thermal stability 
though phase modulation and to improve lubricity. This phase modulation results in lower 
melting points and possibly improved metallic surface interactions. Our results for this 
method have suggested that the modified ionic liquid lubricant exhibits a highly ordered 
structure that forms a boundary layer at the metallic surface through electrostatic 
interactions. This microscopic alignment provides for excellent lubricity through the 
repulsive and attractive interactions between molecules. The ionic liquid lubricant system, 
thus exhibits a higher degree of general performance than traditional liquid lubricants. We 
have tested the physical phase properties of the lubricant in temperatures ranging from –90 
°C to 300 °C. Our lubricant does not corrode metallic substrates, phase separate, or degrade. 
In preliminary side-by-side ball bearing performance testing conducted at the ISL facility, 
our modified ionic liquid lubricants outperformed stock lubricants (preloaded bearing 
hydrocarbon-based lubricant). Our system exhibited lower driving currents with little sign 
of wear. Ongoing work is being performed to demonstrate the low temperature limit of the 
lubricant in field appropriate conditions. 

Nomenclature 
COF = coefficient of friction 
IL, ILs = ionic liquid, ionic liquids 
ISL = InnoSense LLC 
IonoGlide  Modified ionic liquid-based low temperature lubricant  
MCA = multiple crevice assembly 
N2 = nitrogen gas 
P = power output 
PS-A = pyridinium salt additive 
PFPE = perfluropolyethers 
PTFE = polytetrafluoroethylene 
SS = stainless steel 
τ = output torque 
V = rotational velocity  
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N 
I. Introduction 

ASA exploration is expanding to Mars and beyond. Future exploratory missions will need to rely on complex 
robotic operations for mission success. Space-based robotic systems will deliver and deploy construction 

materials, power generation equipment, and inspection systems for various specialized applications.1,2

Remotely operated robotic systems require robust dexterous robotic manipulation under extreme temperatures, 
ranging from –253 °C to 165 °C, in a variety of atmospheric conditions. Existing lubricants deteriorate under 
vacuum and seize in ultralow temperatures due to freezing. Low-temperature performance requirements have led to 
the widespread usage of solid lubricants including noble metal films, molybdenum disulfide, and 
polytetrafluoroethylene (PTFE). When applied as a thin coating, these materials effectively lubricate mechanical 
components such as ball bearings, robotic joints, and fluid transfer joints.

 For example, 
various space-based robotic systems will complete a wide variety of on-planet tasks including site preparation, 
survey, and regolith handling for resource usage. In order to ensure the reliability of these robotics and secure future 
mission success, improved lubrication technologies are needed to minimize cost of operation through wear 
protection and increased thermal operation windows. 

3

Several liquid lubricants have been used in space: silicones, perfluropolyethers (PFPE), polyesters, and alkylated 
cyclopentanes.

 Although solid lubricants easily meet 
many NASA operational needs due to their inherently low vapor pressure and wide operating temperature range, the 
endurance of these lubricants depends on operating conditions such as atmosphere, sliding speed, and applied load. 
Moreover, solid lubricants exhibit poor thermal stability and are often hard to repair. 

4 Traditionally, liquid lubricants mixed with viscosity modifiers are formulated as a grease that is 
applied as a thin film onto surfaces. The many advantages of liquid lubricants include long endurance, low 
mechanical noise, and low friction. They can also reduce wear in the hydrodynamic or elastohydrodynamic regimes 
as defined by the lubricating fluid. Many traditional oil lubricants exhibit temperature stability up to 200 °C, limited 
storage stability, and significantly shorter tribological lifetime compared to their solid counterparts.5 Ionic liquid-
based lubricants offer negligible volatility, nonflammability, high thermal stability, low melting point, and high 
electric and thermal conductivity compared to their silicone- and Teflon-based counterparts. The polar nature of 
ionic liquids (ILs) also facilitates efficient coating of the substrate surface (e.g., SS 440 stainless steel) through van 
der Waals attraction. This coating attraction and alignment to the surface is known to be the main mechanism for the 
low friction and reduced wear observed in metal–metal, metal–ceramic, and ceramic–ceramic pairs under moderate 
sliding conditions.6 The use of ILs as lubricants was first reported in 2001.7,8

7
 Since then, there have been numerous 

reports of ionic liquid lubricants under different atmospheric conditions. ,9,10,11 IL lubricants have been investigated 
and used in three configurations: as base oils, as additives, and as thin films.12,13,14

II. Experiment and Results 

 Although some ILs can be 
distilled under vacuum at 200 °C to 300 °C, they have negligible vapor pressure. Other unique characteristics of ILs 
are their high polarity, miscibility with water and organic solvents, and electrochemical properties. 

The intent of this study is to develop a modified ionic liquid-based low temperature lubricant (IonoGlide) for use 
in NASA robotics. We know from past research (ours and work reported in literature)15,16 that ILs will self-assemble 
on the surface of metals through electrostatic interactions. This self-assembly is thought to generate attractive and 
repulsive interactions that reduce friction and improve component wear resistance. Moreover, ILs also exhibit wide 
operating temperature ranges (typically –70 ºC to over 300 ºC) and low vapor pressures.17

A. Synthesis of Pyridinium Salt Additive (PS-A) 

 In this study, we are 
adding pyridinium salts to the ionic liquid formulation in order to increase the operating range through a melting 
point depression of the neat ionic liquid material. Varying the amount of pyridinium salt additive to the ionic liquid 
enabled the control of the ionic properties, thus controlling the viscosity and ultimately the melting point of the 
formulation. It is important to this work that we observe the impact of these salt additives on other IL characteristics 
in order to reduce operating temperature and to minimize the power requirements for existing robotic systems. 

Using previously reported synthetic schemes,15,16,18  4,4´-(1,4-phenylene)bis(2,6-diphenyl) bis(N-phenyl) 
pyridinium ditosylate (pyridinium salt, PS-A) was synthesized at the InnoSense LLC (ISL) facility. Our synthesis of 
PS-A was scaled to approximately four times that of our previous efforts from 1.8 g to 7.0 g batch size. This resulted 
in an increase in yield from 85.40% to 86.90%. 
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Briefly, reactants are added to a round bottom flask and heated to 150 °C with slow stirring for 24 hours in a Dean-
Stark apparatus. 

After the refluxing period, the flask is cooled. Then, crude pyridinium salt is precipitated out of solution by 
adding small amounts of ethyl acetate thus disrupting the salt solubility in solution. After washing with ethyl acetate, 
the pyridinium salt product is further purified through vacuum filtration followed by several rinses with ethyl 
acetate. The precipitate is placed in a petri dish, covered with a sheet of perforated aluminum foil, and placed in a 
vacuum desiccator, the bottom of which is filled with Drierite calcium sulfate desiccant. Figure 1 shows a general 
reaction that is used to react our monomer M to form PS-A. 

 

B. IonoGlide Formulations 
IL-5 (methyltrioctylammonium bis(trifluoromethyl sulfonyl)imide) was used as a base ionic liquid. It should be 

noted that stock samples were denoted as manufacturer-load bearing samples. The samples were formulated using 
concentrations of 0.5% and 1.0% (w/v) PS-A in ionic liquid. Samples were heated to 90 °C and stirred for 8 hours. 
PS-A salts were effectively incorporated into a uniform mixture. 

C. Viscosity Measurements 
The viscosity of the IL-5 formulations (0.5% IL-5 and 1% IL-5) was measured using a Brookfield DV-II+ Pro 

cone and plate viscometer at rotational velocities ranging from 20 to 100 rpm (Fig. 2). A change in angular velocity 
can be correlated to a change in shear rate thus indicating specific rheological characteristics of the fluid. The 
viscosity over time for 0.5% IL-5 was measured (Fig. 3). Samples were placed in a vial and their viscosity was 
measured at a constant rotational velocity of 50 rpm over the course of 60 minutes at 25 ºC. A slight decrease in 
viscosity over time can be attributed to the rheological effects (thixotropy) of the lubricant. 
 Temperature is a major factor on the viscosity of our lubricants. As we can see from Fig. 2, as temperature is 
increased, the viscosity decreases. The small error bars indicate roughly 10% variation. 

 
Figure 1. Chemical route for the synthesis of PS salt with aniline. 
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(a) 
 

 

(b) 
 

Figure 2. Viscosity measurements of IL-5 formulations at different velocities: (a) 0.5% IL-5 formulation 
results, (b) 1.0% IL-5 formulation results. 
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D. Corrosion Testing  
Corrosion testing was 

conducted on IL-5 formulations at 
Corrosion Testing Laboratories, 
Inc. (Newark, DE) via immersion 
testing. The immersion testing was 
performed following the guidelines 
of ASTM G 31, Standard Practice 
for Laboratory Immersion 
Corrosion Testing of Metals. The 
immersion-based corrosion test 
consisted of T-304L SS (stainless 
steel) specimens fixtured with 
multiple crevice assemblies 
(MCA). A ¼ inch hole was drilled 
in the center of each SS specimen 
to accommodate an MCA. Once 
assembled, the specimens were 
tightened to 40 inch/pounds and 
checked with a voltmeter. The test 
specimens were suspended in a test 
tube with 400 mL of test lubricant 
using PTFE string, sealed and 
placed directly in an ethylene 
glycol bath set at –28 °C. The 
temperature of the bath was 
checked daily. Testing was 
performed on 304 to correspond 
with other test data as availability 
at test center. Expanded test will be 
necessary for implementation in 
devices include use on 440C steel 
testing. 

After 30 days exposure the 
specimens were removed from the 
test lubricant, cleaned, reweighed 
and evaluated for indications of 
localized corrosion. The corrosion 
rates are shown in Table 1. The 
front and back faces of the T-304L 
SS specimens after exposure are 
shown in Fig. 4. The mass loss 
from both the T-304L SS 
specimens was either nil (no 
change) or less than 0.0002 mg, 
which is within the margin of error 
of the calibrated scale 
(± 0.0004 mg). Crevice corrosion 
was not observed on either of the 
test specimens. The lubricant 
appeared unchanged after the 
exposure. 
  

 
Figure 4. T304L SS coupon after 30 days exposure to 090313-RL-3066, 
0.5% IL-5 at an average temperature of –21 °C. 

 
Figure 3. Viscosity of 0.5% IL-5 formulation over time. 
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E. Performance Screening: 1 RPM Ball-Bearing Test 
Low temperature lubricant performance was evaluated with a loaded ball bearing test apparatus in a Tenney 

environmental chamber at –50 °C (ambient relative humidity and pressure). Bearings were cleaned with hexanes 
followed by sonication. The bearings were then prepared using centrifugation, as follows: cleaned bearings were 
loaded with an excess of the lubricant of choice and centrifuged to remove excess lubricant. This ensured a thin film 
layer of lubricant on the ball bearing itself. An average loading of 10 mg per sample was measured. Figure 5 shows 
a schematic of ISL’s in-house ball bearing test apparatus. It should be noted that for all testing, stock lubricant is the 
lubricant available directly from the commercial ball bearing provider that is preloaded into the bearings. 

A Maxon Motor EC 100 motor was set to 1 rpm and held at –50 °C to determine low temperature performance 
in the Tenney chamber. All experiments described herein were performed using a two bearing setup to minimize 
stress applied to the motor itself. No axial force was applied to the motor. A comparison was made between stock 
lubricant, the 0.5% IL-7 formulation, and the 0.5% IL-5 formulation. 

 

The loaded bearing tester was placed in the Tenney chamber at -50 °C and ambient pressure and humidity. For 
this experiment set, the bearing test apparatus was kept in the chamber for two hours to reach equilibrium. The 
motor was run at 1 rpm for a period of 45 min to allow the current curve to reach a steady state. All motor control 
was performed using Maxon Motor proprietary EPOS 2 software. Current output was manually measured every 
5 seconds to obtain a current graph for a full revolution of the bearing.  

Figure 6 compares the results of two different ionic liquid formulations with the stock lubricant. The power 
output (P), in kW, of this tested motor can be calculated as a product of output torque (τ) times rotational velocity 
(V) divided by C , an empirical constant defined by a formula provided by Maxon Motor: 

 𝑃(𝑘𝑊) = 𝜏(𝑁𝑚)∗𝑉 (𝑟𝑝𝑚)
C

 (1) 

 
Figure 5. A representative schematic of the ball bearing test apparatus. 

Table 1. T-304L SS Exposed in the Liquid Phase to an IonoGlide Sample for 30 days at an Average 
Laboratory Temperature of -21 °C ± 2 °C 

CTL Specimen ID Corrosion Rate (mpy)1 Comments 
0.5% IL-5, 1 <0.01 Appear unaffected by exposure 0.5% IL-5, 2 <0.01 
1mpy: mils per year, 1 mil equals 0.001"  
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Here the motor output power is the power required to drive the bearings. The output torque is calculated by 
multiplying the output current by the motor torque constant (24.3 mN/A for the test motor). Figure 6 shows the 
results of comparative experiments demonstrating the required torque to drive a ball bearing lubricated with various 
selected lubricants. The top graph in Fig. 6 shows the raw data illustrating the time dependence of current. Using 
Maxon Motor’s measured torque constant, the current can be related directly to torque. This torque is presented in 
the bottom graph of Fig. 6. It is apparent from this data that the ionic liquid-based lubricants reduce torque.  

F. Performance Screening: 100 RPM Ball Bearing Testing 
We then tested the 0.5% IL-5 for performance at 100 rpm. Ball bearings were prepared using a centrifugation 

loading process. The average lubricant loading was 10 mg. Lubricant-loaded bearings were placed into the ball 

 
Figure 6. Representative current and torque of ball bearings for two ionic liquid-based  
lubricants compared with a stock lubricant. This data enables the calculation of power output. 
Data is from one revolution. 
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bearing test apparatus and cooled in the Tenney environmental chamber to -50 °C. Samples were held at -50 °C for 
2 hours prior to running the test. The EC100 motor was set to 100 rpm and run with an initial 10 psi loading 
followed by a 20 psi loading after equilibrium was reached at the low axial loading. Measurements were recorded 

from raw data retrieved from the control EPOS 2 software. 
Average currents were calculated by averaging three 
measurement recordings for each time period (every 5 
seconds). This data was averaged and is presented in Table 2. 
It should be noted that sample raw data was in the form of 
sinusoidal cycles. 

G. Pin-on-Disk Tribological Study 
Pin-on-disk testing was performed at the Nanovea Inc. 

facility in Irvine, CA. Figure 7 shows an artist rendering of a 
general pin-on-disk experimental set up. A spherical ball 

shaped indenter is placed in contact with a spinning sample stage with a known force. The sample stage is rotated at 
a known speed creating friction between the indenter and substrate. Small deflections are recorded by an electrical 
force transducer attached to the test setup. This experiment demonstrates the frictional behavior of the tested 

lubricant between two prescribed surfaces. It should be noted that follow-on testing will eventually need to be 
performed under vacuum. The tested lubricants are being investigated in ball bearing arrangements at low pressure 
and temperatures. 

Using a Nanovea Pin-on-Disk tribometer, variable rotational velocity was applied to a sample held in place by a 
rotating holding disk. The response of lubricating fluids to variable shear rates was analyzed. For these experiments, 
the instrument base was first leveled in the horizontal plane. A 3 or 6 mm diameter ball in the ball holder was held at 
a height that enabled the pin to rest directly on the liquid sample. The tribometer was then leveled to allow the 
normal load to be applied vertically to the surface of the sample. Weights corresponding to the applied load were 
placed on the lever arm directly over the ball holder. All data was obtained and analyzed using proprietary software. 
Table 3 shows the operating conditions used for all pin-on-disk experiments. 

The environmental conditions of all pin-on-disk experiments are listed in Table 4. 
Two IL-5 formulations were tested in the pin-on-disk tribometer: 1.0% IL-5 and 0.1% IL-5. Figure 8 shows the 

resulting modified Stribeck-type curve that was recorded by Nanovea under the conditions listed in Tables 3 and 4. 
As the PS-A concentration is increased the coefficient of friction (COF) response at low rpms decreases. These tests 
were performed at room temperature, however they clearly show that at low rpms the higher PS-A concentration 

 
Figure 7. Artist rendering of Nanovea’s Pin-on-Disk experimental set up. (Drawn by Nanovea, Inc.) 

Table 2. Representative Average Current (mA) 
at 100 RPM—Comparing 0.5% IL-5 and Stock 

Lubricant 

Load Current (mA) 

 
0.5% IL-5 Stock 

10 psi 171.56 187.55  

20 psi 242.7  294.53  
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sample exhibited a COF that was about half of that of the lower PS-A concentration sample. This result supports our 
use of 1.0% IL-5 IonoGlide formulations for low rpm applications. 

The addition of PS-A reduces friction between surfaces as illustrated by COF measurements. This is potentially 
due to assembly of the molecules on the metallic surfaces. This self-assembly can potentially produce attractive and 
repulsive interactions that will aid in COF reduction. 

 
 

 
 
 

 

Figure 9 summarizes the data obtained for 0.1% IL-5. Figure 10 shows the dependence of time and distance on 
the COF. Both Figs. 9 and 10 correspond to the speed variation demonstrated in Fig. 8. It should be noted that 
samples are initially exposed to higher speeds (100 to 1000 rpm) followed by reduction. 

 

 
Figure 8. Data obtained via pin-on-disk measurements at the Nanovea facility. 

Table 3. Pin-on-Disk Operating Conditions 
Load 3 N 
Duration of Test 2 minutes 
Rotational Velocity 0.01 rpm to 2000 rpm 
Radius 5 mm 
Revolutions 328 
Ball Diameter 6 mm 
Ball Material SS440 Steel 
Substrate Material Glass (microscope slide) 

 

Table 4. Pin-on-Disk Experiment Environmental 
Conditions 

Lubricant Sample 
Atmosphere Air 
Temperature 24 °C 
Humidity 40% 

 



 
International Conference on Environmental Systems 

 
 

10 

  

 
Figure 9. Pin-on-Disk data for 0.1% IL-5 formulation. (Top) Time versus COF as correlating with Figure 8. 
(Bottom) Linear distance as correlating with Figure 8. 
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Figure 10. Pin-on-Disk data for 1.0% IL-5 formulation showing COF vs. time and distance. (Top) Time 
versus COF as correlating with Figure 8. (Bottom) Linear distance as correlating with Figure 8. 
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As illustrated by Figs. 8 and 9, there is an increase in COF over time. However, this increase is reduced by 
increasing PS-A concentration indicating self-assembly induced by the addition of PS-A to the lubricant when it 
comes in contact with the testing surface. 

H. Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) was performed at Accolade Engineering in Irvine, CA. Modulated DSC 

measurements taken using a TA Instruments Q100 Modulated DSC and subsequently analyzed with Universal 
Analysis Software. 0.001 mg samples were sealed in hermetic DSC pans and tested. Modulated DSC was chosen as 
a method to resolve total heat flow into reversing and non-reversing heat flow components. Figures 11 and 12 show 
the DSC data obtained from Accolade Here, the reversing heat flow shows glass transition and melting transitions. 
The non-reversing heat shows a phenomena in the bare IL-5 that is absent in 0.5% IL-5. We know that IL-5 is liquid 
at room temperature so we believe that this is an irreversible phase change such as a reaction. This phenomena is 
eliminated with the addition of 0.5% IL-5 due to possible disruption of the molecular order.  

  

 
Figure 11. DSC of base IL-5. 



 
International Conference on Environmental Systems 

 
 

13 

I. Thermogravimetric Analysis 
ISL sent 5-mL sample aliquots to Accolade Engineering Solutions of Irvine, CA, for thermogravimetric analysis 

(TGA). TGA is used to determine the degradation onset point for various IonoGlide lubricant formulations. 1.0% 
IL-5, 0.5% IL-5 and IL-5 samples were tested at the Accolade Engineering Solutions facility. 

All TGA experiments were performed with a TA Instruments Q500 Hi-Resolution TGA. All data was analyzed 
at the Accolade Engineering Solutions facility with Universal Analysis Software. 

TGA experiments were initiated at room temperature (~24 °C). Temperature was ramped from ambient room 
temperature to 1000 °C at a rate of 20 °C per minute using high resolution mode on the TGA. The sample 
environment was N2. Results are summarized in Table 5. 
  

Table 9. TGA Results Summary 

Sample Onset Point 1 / 
Weight Loss 

Onset Point 2 / 
Weight Loss Residue 

1.0 % IL-5 359.72 °C / 96.31% 466.47 °C / 3.700% -0.05754% 
0.5% IL-5 359.67 °C / 96.78% 467.75 °C / 3.218% -0.001873% 
IL-5 359.43 °C / 97.52% 470.28 °C / 2.498% 0.01630% 

 
 

Figure 12. DSC of 0.5% IL-5. Reversing heat flow shows little transitions. 

Table 5. TGA Results Summary 

Sample Onset Point 1 / 
Weight Loss 

Onset Point 2 / 
Weight Loss Residue 

1.0 % IL-5 359.72 °C / 96.31% 466.47 °C / 3.700% -0.05754% 
0.5% IL-5 359.67 °C / 96.78% 467.75 °C / 3.218% -0.001873% 
IL-5 359.43 °C / 97.52% 470.28 °C / 2.498% 0.01630% 
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IV. Conclusion 
InnoSense LLC (ISL) has successfully demonstrated the use of pyridinium salts as additives to ionic liquids to 

enhance the lubricity and thermal characteristics of the material. By adding our pyridinium salt to neat ionic liquids, 
the coefficient of friction (COF) was reduced. Pin-on-disk experiments show a reduction of start-up COF that 
apparently correlates to the increase in pyridinium salt concentration. This is potentially supported by literature 
reviews indicating the self-assembly of ionic liquids on metallic surfaces. 

The thermal degradation point of our ionic liquid formulations was not altered significantly from neat ionic 
liquids. The reported degradation temperatures are well above the expected operating range of the lubricant. 

Our ionic liquid formulations did not exhibit corrosion when tested at –28 ºC (limited by the test facility to 
define potential operating conditions in NASA applications) for up to 1 month. Corrosion studies were performed on 
stainless steel coupons and exhibited the inherent property of the fluid without applied stress. 

ISL’s ionic liquid formulations present an excellent family of ionic liquid-based lubricants with modulated 
tribological properties through the addition of pyridinium salts. We have proven a method of generating a 
controllable range of viscosities and varying coefficient of friction materials that could be used for a variety of 
NASA-specific applications. Our fluids can thus be integrated into a variety of robotic systems with minimal effort. 
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