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Abstract 

 
The Regolith and Ice Drill for Exploring New Terrain (TRIDENT) is a one-meter class drilling system that 
will operate on the Lunar surface as a part of the Polar Resources Ice Mining Experiment-1 (PRIME-1) 
and Volatiles Investigating Polar Exploration Rover (VIPER) missions. The PRIME-1 payload will explore 
the area outside of Shackleton crater onboard an Intuitive Machines Nova-C Lander (IM-2), while VIPER 
will be delivered to the Lunar surface onboard an Astrobotic Technology’s Griffin Lander and investigate 
numerous Ice Stability Regions on Mons Mouton. Two nearly identical TRIDENT flight units have been 
built, and flight qualified. At the time of writing, one TRIDENT unit has been integrated with the VIPER 
rover, and has completed Comprehensive Performance Testing, while the other unit has been 
mechanically integrated to the IM-2 spacecraft panel, awaiting lander system-level integration and testing. 
 

Introduction 

 
The primary purpose of TRIDENT on the PRIME-1 and VIPER missions is to physically excavate regolith 
from the lunar subsurface and deliver it to the surface for remote sensing instruments to analyze. Regolith 
is captured in the drill flutes and deposited onto the surface in a cuttings pile. Sample excavation is 
performed in such a way as to preserve the volatiles in an uncontaminated state as much as practical, 
while maintaining stratigraphy. On VIPER, the Near InfraRed Volatiles Spectrometer System will 
characterize lunar surface composition, morphology, and thermophysical properties (Roush & Colaprete, 
2021). The Mass Spectrometer Observing Lunar Operations (MSolo) will measure the concentration of 
ice and other volatiles in the extracted samples on PRIME-1 and VIPER (Aguilar-Ayala, 2023). Both 
instruments have their field of view aligned with the expected location of the cuttings pile. In addition to 
supporting remote sensing instruments, TRIDENT measures forces and displacements during operation 
to determine bulk physical properties of the regolith (King, 2024). This information will be used to 
understand the working environment and bound critical excavation parameters for future larger scale 
regolith mining equipment and processes. TRIDENT also includes a heater, and redundant temperature 
sensors inside the auger, which enables downhole measurement of regolith temperature, and potential 
assessment of thermal conductivity (Zacny & Chu, 2024). The two TRIDENT drills will accomplish a 
number of firsts, including the first robotic drilling systems deployed by the United States on the Moon and 
the first drilling systems deployed to the Lunar South Pole by any country.  

 
TRIDENT has a number of subsystems which enable drilling and sample delivery to the surface, as 
shown in Figure 1. TRIDENT is designed with a rotary-percussive drill head which provides the ability to 
penetrate through ice-bearing regolith, and hard rock. The percussive system is able to actuate on an as-
needed basis during drilling, providing 2 Joules per blow at up to 972 blows per minute. TRIDENT uses a 
25.4-mm diameter auger with a tungsten carbide cutting bit and external helical flute structure to capture 
and transport regolith to the surface. The drill auger rotates at a speed of up to 120 RPM during 
operations. TRIDENT uses a deployment linear stage to move the drill footpad from the stowed position 
into preloaded contact with the Lunar surface, providing stability for drilling. After preloading the footpad, 
the rotary percussive drill head is actuated, and the drill Feed linear stage moves the drill string into the 
regolith using a feedback loop from actuator telemetry to adjust Rate of Penetration (ROP) and Weight on 
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Bit (WOB). The right set of images in Figure 1 show the Footpad deployed to the surface, followed by the 
Feed linear stage extending the drill string to its maximum depth. Drilling is performed in short segments, 
known as “bites” (Zacny & Chu). Regolith is captured in the auger flutes during drilling, and after each bite 
segment, the auger is fully extracted from the borehole, and a passive spring-loaded brush is used to 
remove the regolith from the auger, allowing it to fall onto a sample delivery chute, followed by depositing 
in a cuttings pile for remote sensing instruments. Once regolith is cleared from the auger, another bite 
segment is collected, and the process repeats until the maximum depth of 100 cm is reached. 

 

Figure 1. TRIDENT Mechanism Overview 
 
Three total units of TRIDENT were constructed and tested. Two flight units were assembled, and flight 
qualified for PRIME-1 and VIPER, and an Engineering Unit was built to validate requirements associated 
with sample acquisition in Lunar simulants and environments so that cleanliness of the flight units could 
be maintained. The two flight TRIDENT units included two flight avionics systems which were significant 
efforts on their own, and a first-time development for Honeybee Robotics. These avionics systems 
provide power and control for the drill actuators, temperature sensors, and heaters. The two avionics 
systems also include onboard software which provides both low-level motor control and high-level logic to 
control TRIDENT operations. Dedicated ground software was also developed by Honeybee Robotics to 
enable TRIDENT engineers to control the drill in near real time from ground stations at NASA Kennedy 
Space Center (PRIME-1) and NASA Ames Research Center (VIPER). Avionics and software will not be 
discussed in this paper, but are worth mentioning, as they were both developed in parallel with the 
TRIDENT mechanism and form a fully functional flight qualified system. 
 
Both TRIDENT flight mechanism units were environmentally tested, including sine vibration, random 
vibration, thermal vacuum cycling, self-induced shock testing, electromagnetic compatibility, and end-to-
end integrated comprehensive performance testing. Prior to, and during a number of these tests, 
numerous issues were discovered, and the team had to perform detailed investigations to determine root 
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cause, impacts, and solutions to the problems. This paper will focus on lessons learned throughout the 
integration and testing of TRIDENT, as well as unique design features that can benefit the spacecraft 
mechanism community. An example of some of the issues that were encountered, and the lessons 
learned are as follows. 

 

Figure 2. TRIDENT Flight Units for VIPER (Left) and PRIME-1 (Right) 
 
Frangibolt Cup / Cone Design 
TRIDENT uses a Frangibolt non-explosive actuator to initiate release of its Lower Launch Lock (LLL). The 
LLL consists of a pyramid-shaped cup and cone interface with a Frangibolt fastener passing through the 
middle of the connection. This cup and cone interface constrains the TRIDENT Footpad for launch. After 
landing on the Lunar surface, the Frangibolt actuator is initiated by heating a cylindrical shape memory 
alloy (SMA). This SMA expands, putting the Frangibolt fastener in tension, and eventually breaking the 
bolt at a specific location. Once the bolt is ruptured, a spring-loaded hinge mechanism swings the cone 
away from the cup, releasing the Footpad. 

 

Figure 3. TRIDENT Lower Launch Lock Mechanism 

 
A simplified cross section of the LLL Mechanism is shown in Figure 4, and the right image in Figure 3 
illustrates the location and view direction of the cross section. The stack up of components eliminates any 
gaps between the head of the Frangibolt fastener, and the Frangibolt Nut. As shown, while eliminating 
gaps in the bolt path, this resulted in a slight gap between the parallel faces of the cup and cone interface. 
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During sine vibration testing on the VIPER TRIDENT flight unit, the Frangibolt fastener prematurely 
ruptured as the system was approaching peak acceleration in one test axis, releasing the Lower Launch 
Lock while under vibration. The test was immediately halted to protect the hardware, and the test 
campaign was paused while an investigation was performed. Initial reactions to the anomaly suggested 
that TRIDENT had been over-tested, however, upon reviewing the finite element model and 
accelerometer data, the estimated tensile load on the fastener was within expected structural limits. While 
this was being assessed, a parallel effort was initiated to investigate the way in which the bolt ruptured. 
Detailed photos under various lighting conditions were taken of the fastener fracture plane and 
communicated to fracture analysis Subject Matter Experts at the NASA Johnson Space Center to assess.  
 
After reviewing the photos, the team concluded that the fastener had failed due to reverse bending (i.e., 
in-plane oscillation back and forth) as opposed to tension. Reverse bending causes cracks to propagate 
faster than uni-directional bending and can be seen in the fracture plane as semi-circular grooves with 
parallel striations (Figure 5). This suggested to the TRIDENT team that the cup and cone were “rocking” 
relative to one another during sine vibration. Figure 4 shows the direction of vibration during this test 
relative to the LLL cross section. The reverse bending evidence suggested that the slight gap on the outer 
perimeter of the cup / cone interface was the root cause of the anomaly. This issue was corrected on both 
TRIDENT units. The vibration test campaign was continued under the same loading conditions, and the 
Lower Launch Lock survived the remaining tests, and successfully released during follow-on 
comprehensive performance tests. 

 

Figure 4. TRIDENT Simplified Lower Launch Lock Mechanism Cross Section (Not to Scale) 
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Figure 5. Frangibolt Fastener Fracture Analysis 
 
The lesson learned is to minimize any gaps or compliance in the Frangibolt joint design, but do not allow 
the bolt itself to take moment loads, even with seemingly insignificant gaps between the cup and cone 
surfaces. Frangibolts are often used in a cup and cone configuration, where the cup and cone will react 
lateral loads. The Frangibolt bolt is not designed to take moment loads at the "necked down" region. 
Reverse bending fatigue, as well as load amplification due to the "heel-toe" effect will significantly reduce 
the strength capability of the joint and is also challenging to analyze due to the unknown material 
properties of the Frangibolt bolt in the necked down region. 

 
Inappropriate Use of Needle Roller Bearings 
The TRIDENT Upper Launch Lock (ULL) uses a unique method of releasing the Drill Head from its 
stowed position. Two torsion spring-loaded passive swing arms, each with pyramid-shaped cones, 
interface with corresponding cups on the Drill Head assembly, constraining it for launch. These swing 
arms are held in place using a cam roller mechanism connected to the TRIDENT Feed linear stage. 
Figure 6 illustrates the TRIDENT lower and upper launch lock release process, with the stowed for launch 
position shown in (1). After actuating the Frangibolt and releasing the LLL (2), the ULL is released by 
simultaneously actuating the Feed and Deploy linear stages in opposite directions at the same speed (3). 
The drill head cup and cone do not move relative to one another, but the cam roller mechanism slides 
away from the swing arms, eventually releasing them. Redundant torsion springs then pull the swing 
arms away from the Drill Head, unlocking it (4). The ULL cam roller mechanism uses two needle roller 
bearings mounted to the Feed linear stage (orange stage in Figure 6). These bearings hold the ULL 
swing arms in the locked position and are also highly loaded during launch vibration. 
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Figure 6. TRIDENT Launch Lock Release Process 
 
After the Lower Launch Lock anomaly, TRIDENT was inspected in detail to search for any additional 
damage. It was found that the two needle roller bearings used in the ULL cam roller mechanism had 
experienced significant damage, and one of the bearings was completely fractured, as shown in Figure 7. 
These bearings react the full force of the drill head during launch. An investigation revealed that stress 
analysis of these bearings used appropriate loading conditions but compared the applied loads to the 
catalog dynamic load rating of the bearings. Acceptable margins were calculated for this load rating; 
however, this did not account for the fact that the bearing was mounted and implemented in an atypical 
manner. Needle Roller bearings are typically pressed or installed with a clearance fit into a bore, which 
provides support for the thin outer race of the bearing. In this configuration, small roller bearings of this 
size can support thousands of newtons of force. On TRIDENT, the ULL needle roller bearings were 
simply mounted on a shaft, with the outer race acting as a cam roller, holding the ULL swing arms in 
place. The lack of structural support on the thin outer race of the bearing caused one of the bearings to 
fracture due to the high vibration loads. 

 

Figure 7. Upper Launch Lock Fractured Needle Roller Bearing 
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A number of needle roller bearings of the same size were subjected to load testing in the as-mounted 
configuration. A simple test stand was built to replicate the flight mounting method, and the bearings were 
subjected to a number of tests, including qualitative tests with a hand-held hammer, and repeated 
compressive loading at the catalog dynamic load rating of the bearing. The hand-held hammer test 
produced a large scale fracture after approximately 20 hammer blows, whereas the compression fixture 
test (Figure 8, left) produced a number of hair line cracks (Figure 8, right) after 24 load cycles at the 
catalog dynamic load rating. It is likely that the repeated loading during sine and random vibration testing 
caused hair line crack initiation, followed by larger scale fracturing from the thousands of repeated 
impacts throughout the vibration test campaign. 

 

Figure 8. Needle Roller Bearing Load Test Fixture (Left). Hairline fractures in test bearing (Right). 
  
The needle roller bearings were originally selected to reduce friction in the system when releasing the 
ULL. In practice, the Feed and Deploy actuators have significant force margin, and there is not much gain 
to using rolling bearings at this interface. The design was updated to not require these needle roller 
bearings, and follow-on vibration testing showed no issues with damage to the bushings or releasing of 
the ULL afterwards. It should be noted that the method of unlocking the Upper Launch Lock is robust to 
fracturing of the needle bearing. Even with the fractured needle bearing, the Upper Launch Lock was able 
to successfully release the swing arms and free the Drill Head from its stowed position. 
 
The lesson learned is to be careful when applying catalog load limits to atypical bearing mounting 
situations. Any kind of thin-section bearing should not be used as a “cam” device in any mechanism that 
is highly loaded during operation, or launch environments, unless it is supported by a thicker-walled 
housing that can react that load. If this style of mounting is unavoidable, it is advisable to perform 
compression load testing of the bearing at the intended loads, particularly if those loads are close to 
catalog limits. 
 
Surface Preparation for Bonding 
TRIDENT utilizes a number of wire-wound Kapton film heaters throughout the mechanism to control the 
temperature of its actuators. Many heaters are mounted on curved surfaces, with the heaters initially hot-
formed by the vendor to roughly match the shape of the surface. Each heater was applied to the 
corresponding surface using the following procedure. 

1. Clean surfaces to be bonded with de-greasing solution. 
2. Clean surfaces to be bonded with Isopropyl Alcohol using ultrasonic cleaning if possible. 
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3. Remove film covering Pressure Sensitive Adhesive (PSA) 
4. Apply heater to surface and press firmly to allow PSA to make intimate contact with surface. 
5. Place component in oven to cure PSA. 
6. Stake perimeter of heater with epoxy in short beads, leaving gaps between beads for air to flow 

out. 
7. Cure epoxy in oven and perform durometer check on coupon sample. 

 

 

Figure 9. De-bonded Kapton Film Heater after TVAC 
 
After completing one Thermal Vacuum (TVAC) cycle from +85°C to -135°C, the PRIME-1 TRIDENT drill 
was inspected and found to have multiple de-bonded Kapton film heaters on the Drill Head enclosure. An 
example of this de-bonding is shown in Figure 9. The pressure sensitive adhesive had completely 
separated, as well as many of the epoxy beads. The de-bonded portion of the heater had also mostly 
reverted back to its original flat shape prior to hot forming. Subject Matter Experts from NASA Kennedy 
Space Center were consulted on the root cause and recovery from this anomaly. It was determined that 
other than cleaning, no mechanical surface preparation had been performed on the anodized surfaces 
prior to heater application (e.g., scratching the surface or removing surface finish), and that this was the 
root cause of the heater de-bonding. Prior to TVAC, the heaters had survived sine and random vibration 
testing with no visible de-bonding. It is likely that differential thermal expansion between the aluminum 
housings and poorly bonded Kapton film heaters caused the separation during TVAC. 
 
To recover from this anomaly, Subject Matter Experts were consulted, and an improved technique was 
implemented to first remove the existing heaters carefully, properly prepare surfaces for bonding, and 
attach heaters using thermally conductive epoxy, rather than PSA.  

 
The improved heater installation technique was used on the two heaters on the drill head housing, which 
are both bonded to curved surfaces. Heaters on the Feed and Deploy actuators also exhibited a small 
amount of de-bonding after TVAC, however it was determined that removal and re-work of these heaters 
would introduce too much risk, due to significant harnessing re-build and resulting schedule impact if the 
heaters were damaged during removal. Since these heaters were installed on cylindrical actuator 
housings, they were mechanically reinforced with a number of wraps of lacing cord. Flat heaters mounted 
on the Lower Launch Lock housing also experienced issues with the perimeter staking, with a number of 
epoxy beads exhibiting cracks. For these flat heaters, the PSA seemed to still be intact. These heaters 
were removed and re-installed using the same technique. 
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Figure 10. Lower Launch Lock Heater Staking Issues 
 
After reworking the heaters on both TRIDENT units, each mechanism successfully completed their 
respective thermal cycling campaigns, and were closely inspected afterwards. No further de-bonding or 
epoxy cracking issues were observed. The lesson learned is to always use proper surface preparation 
techniques prior to heater bonding. It is highly recommended to completely remove any surface coatings 
and expose the base metal (e.g., black anodize in this case). This should be planned for during design 
and procedure development. If possible, masking of heater bonding surfaces during plating processes 
should be considered, to minimize grinding and sanding work required after receiving parts. For 
aluminum, it is important to perform bonding of heaters as quickly as possible following coating removal 
and cleaning. This minimizes the formation of aluminum oxide, which creates a poor adhesive joint to the 
base metal. The technique and polymerics used in this system worked well for this application, although it 
should not be assumed that it will work for all applications. For example, extremely low temperature 
cryogenic applications may not benefit from this technique due to the difference in thermal expansion 
coefficient between the thermally conductive epoxy and the housing. In the case of wire-wound heaters 
mounted to curved surfaces, it is recommended that Pressure Sensitive Adhesive not be used for 
bonding, even with proper surface preparation technique. Foil-etched Kapton heaters are significantly 
more forgiving when conforming to curved surfaces and should be used if heater power requirements 
allow for it. While PSA was not tested on a properly prepared surface, wire-wound heaters are very 
difficult to hot form to perfectly match the shape of the curved surface. There will likely be residual gaps 
between the heater and the housing where the PSA does not come into good contact. Depending on the 
shape of the curved surface, it may be very difficult to clamp the heater and ensure even pressure during 
PSA application and curing.  
 
Spring Cam Percussion Mechanism 
TRIDENT uses a spring-loaded hammer and helical cam to create percussive impacts at the top of the 
drill string. The design was adopted from the Apollo Lunar Surface Drill (ALDS), with significant 
modifications to allow for operation under vacuum conditions, since the ALDS percussive system was 
enclosed in a nitrogen gas filled chamber. The percussive wave travels down the length of the drill string 
during drilling and creates an impact force at the tungsten carbide cutting bit, which helps to fracture and 
allow penetration into hard rocks such as basalt. As shown in Figure 11, the Percussive Cam Assembly 
consists of a helical cam system which is driven by a brushless DC actuator and supported by a pair of 
angular contact bearings. As the cam rotates, it raises the Percussive Follower Assembly, preloading it 
against the Percussive Spring. The Percussive Follower Assembly and Percussive Hammer are mounted 
to a commercial Ball Spline mechanism, which allows linear motion while constraining rotation of the 
shaft. When the Follower reaches the end of the Cam, it is suddenly released, allowing the potential 
energy in the spring to force the Percussive Hammer into the Drill String Anvil, initiating the percussive 
wave. 
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Figure 11. Percussion Mechanism Design 
 
During drill mechanism TVAC, the TRIDENT percussion mechanism was actuated during an Abbreviated 
Performance Test at -70°C. During this test, the percussion mechanism was unable to function, with the 
actuator stalled at its maximum current limit. After the first occurrence of this issue while in TVAC, a 
number of tests were run during subsequent TVAC cycles to characterize the performance at periodic 
temperature intervals during the thermal ramp-up process. Attempts to actuate the percussion 
mechanism were performed at 10°C increments from -70°C to +20°C. It was found that successful 
operation of the percussive mechanism only occurred at 0°C or warmer. 
 
The team considered a number of possibilities as root cause for this issue, including the following. 

 Increase in lubricant viscosity in Percussive Actuator gears and bearings 
 Increase in lubricant viscosity in Percussive Cam Bearing 
 Increase in lubricant viscosity on surface of Cam and Follower 
 Increase in lubricant viscosity at Hammer Ball Spline 
 Percussive Spring too stiff 
 Thermal Expansion at Cam Bearing 
 Thermal Expansion at Hammer Ball Spline 

 
The system uses Braycote 601EF as a lubricant, which has a useful temperature range as low as -80°C. 
While Braycote is known to increase in viscosity as temperature decreases, the fact that the mechanism 
stalled at a temperature well above the useful lubricant temperature limit suggests that lubricant viscosity 
is not the primary contributor to the consistent stalling of the system below 0°C. It is also unlikely that 
thermal expansion of the angular contact pair (Cam Bearing) is a significant factor. Thermal expansion 
analysis had been performed on this bearing, and showed positive clearance between the bearing, shaft, 
and housing across the entire operational and survival temperature ranges. These bearings were 
lubricated using a 50/50 mix of Braycote 601EF grease, and Brayco 815Z oil (Herman & Davis, 2008) 
intended for highly loaded, long-life bearings. The Percussive Spring stiffness was measured at the 
component level, as well as during assembly of the drill head, and found to be in agreement with the 
intended spring rate. While spring material properties do change at extreme temperatures, it is unlikely 
that a reduction in temperature of ~20°C would result in a drastic change in spring stiffness. 
 
While the exact root cause is still unknown and may be a combination of all of the previously discussed 
factors, it is suspected that the primary contributor is thermal expansion of the linear ball spline 
mechanism which supports the percussion hammer mechanism. This mechanism is likely causing the 
excessive friction in the system at reduced temperature. The commercial off the shelf ball spline comes 
with an outer race and a shaft with grooves for the balls to roll in. The commercial shaft was modified to 
allow for mounting of the Percussive Follower Assembly and Percussive Hammer. The shaft was also 
partially bored out to reduce mass.  
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During system-level analysis, it was assumed that the ball spline subassembly would thermally expand 
and contract at the same rate, since all components are stainless steel, so a detailed analysis was not 
performed to investigate the relative expansion of the spline, balls, and shaft. It is possible that slight 
differences in material properties between these components are causing just enough interference at 
reduced temperature to cause the consistent stalling of the percussive mechanism. 
 
The lesson learned is to perform early breadboard testing to determine torque requirements at 
temperature for a helical cam-style mechanism, or any mechanical system where torque can vary widely 
across the rotational range. In addition, linear ball spline mechanisms should be carefully analyzed for 
thermal expansion, and tested early in the program if possible, particularly if using commercial off the 
shelf components. For the TRIDENT program, requirements for percussion actuator design were 
developed very early in the drill mechanism design phase, without any breadboard activities. These 
torque requirements were based on motor current data obtained from previous Engineering Test Unit 
percussion mechanisms in ambient conditions. Motor current was converted to torque using COTS motor 
catalog torque constants and used to define requirements for the Honeybee Robotics designed 
percussion actuator. Minimal effort was put into the implications of reduced temperature on increasing 
torque drag on the system, as this was thought to be a secondary effect on drag torque compared to the 
mechanical resistance of the helical cam spring mechanism itself. It is likely that some combination of 
thermal expansion and lubricant viscosity is providing just enough drag torque to prevent motion of the 
percussion assembly below 0°C. Lubricant exists in the cam bearings, ball spline, actuator bearings and 
gears, as well as on the surface of the cam and follower. If early breadboarding had been performed, it 
may have resulted in increased volume and mass being allocated to the Percussion actuator, allowing for 
a larger actuator with greater torque capacity at the desired speed. During mission operations, this will be 
mitigated by spending additional time warming the mechanism to operational temperature. 
 

Conclusion 
 
The Regolith and Ice Drill for Exploring New Terrain (TRIDENT) is a one-meter class drilling system that 
will operate on the Lunar surface as a part of the Polar Resources Ice Mining Experiment-1 (PRIME-1) 
and Volatiles Investigating Polar Exploration Rover (VIPER) missions. The primary purpose of TRIDENT 
on the PRIME-1 and VIPER missions is to physically excavate regolith from the lunar subsurface and 
deliver it to the surface for remote sensing instruments to analyze. 
 
A number of issues were discovered during the assembly and testing of the two flight TRIDENT drill 
mechanisms, resulting in lessons learned that may be useful for future spacecraft mechanism designers. 
A seemingly insignificant gap between the faces of a launch lock cup and cone interface caused a 
Frangibolt fastener to prematurely rupture during a sine vibration test. This gap caused the Frangibolt 
fastener to be placed in reverse bending during the test, ultimately leading to fatigue failure. After 
eliminating this gap, subsequent vibration testing had no further issues. Frangibolts are very common 
release mechanisms used in the spacecraft mechanisms community, and care should be taken to 
minimize moment loading on Frangibolt fasteners. 
 
Needle Roller Bearings used in a cam roller configuration fractured during vibration testing. These 
bearings are not meant to be highly loaded without first being pressed or installed into a housing for 
structural support. The thin outer race of the bearing fractured under repeated loading, despite having 
been designed to catalog dynamic load ratings. The needle roller bearings were replaced with bushings in 
the TRIDENT upper launch lock to eliminate this potential issue. Thin-section bearings should not be 
used as a “cam” device in any highly loaded mechanism unless it is supported by a thicker-walled 
housing that can react that load. 
 
Kapton Film heaters applied to anodized coatings de-bonded during thermal cycling. This was due to lack 
of proper surface preparation, as well as applying heaters to curved surfaces using Pressure Sensitive 
Adhesive. It is highly recommended to completely remove any surface coatings and expose the base 
metal prior to bonding. This should be planned for during design and procedure development. In addition, 
Pressure Sensitive Adhesive is not recommended for wire-wound heaters bonded to curved surfaces, as 
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hot-forming of these heaters does not always perfectly match the contour of the bonding surface, 
resulting in gaps where the PSA is not in contact. 
 
An early assumption of isothermal expansion of a commercial off the shelf ball spline mechanism may 
have primarily contributed to consistent stalling of the percussive mechanism at temperatures below 0°C. 
Early prototyping should be performed when designing any mechanism that has a highly variable torque 
profile over the stroke of the mechanism. Linear ball spline mechanisms should be carefully analyzed for 
thermal expansion and tested early in the program if possible. 
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Figure 12. TRIDENT Integrated with Intuitive Machines Nova-C Panel (Left).  
TRIDENT integration into VIPER Rover (Right) 
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