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Abstract 
 
Sampling on planetary surfaces is an integral part of mission operations, as samples can provide an insight 
into various geological and mineralogical characteristics and can ground truth data collected from orbit. The 
Micro-Sampler drill is a sub-kilogram sampling system capable of collecting precise amounts of powder 
from holes drilled in in-situ rocks, including saddleback basalt, and from unconsolidated materials such as 
loose sand. The system has gone through multiple design iterations, recently arriving at the TRL6 model. 
Various types of testing in baseline materials have been conducted along with wear testing and overburden 
testing. In this paper the mechanism design, testing results, and next steps are presented. 
 

Introduction 
 

Honeybee Robotics has developed and tested Micro-Sampler, a lightweight drill and sample collection 
system for investigating planetary surfaces. Micro-Sampler was designed as subsystem of a PICASSO 
project lead by Philippe Sarrazin at the Search for Extraterrestrial Intelligence (SETI) Institute to create a 
small instrument that could collect powder for X-ray diffraction (XRD) and X-ray fluorescence (XRF) 
analysis. The CheMin XRD/XRF instrument was deployed on Mars Science Laboratory (MSL) since 2012 
and allows determination of sample mineral composition and relative mineral abundance [1]. CheMin as-
designed is restricted to Flagship-class missions due to its size, mass, and power, as well as its reliance 
on a heavy and mechanically complex sample collection system. Miniaturization of the sampling systems 
allows deployment of XRD/XRF on smaller rovers (Mars Exploration Rover type) or other similar sized 
exploration architectures. 
 
This paper will discuss the development and testing of the Micro-Sampler, detailing the drill architecture, 
powder funnel collection system, and sample release mechanism. Testing has been performed on a TRL4 
model of the drill and a TRL6 build in a vacuum environment. Sections covering testing will detail the drilling 
results into various substrates including 105 MPa saddleback basalt, wear and lifetime testing into basalt, 
and characterization of overburden collection in the powder funnel design. Next steps will be discussed in 
the paper conclusion. 

 

 
Figure 1. Image of the Micro-Sampler with items shown for scale. This assembly weighs 0.9 kg.  
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Micro-Sampler Drill Mechanisms 
 
The Micro-Sampler is a rotary-percussive drill actuated by two brushless 28 V DC motors. One motor turns 
the drill string and drill bit, and the other motor actuates a lead screw to move the drill body along guide 
rails in the axis of the bit, or z-axis. Weight On Bit (WOB) is generated by loading the drill bit into a rock 
using the z-stage. An internal percussion dog clutch system is activated once there is enough WOB 
generated to compress an internal spring. This percussion provides a kinetic impact that travels down the 
drill string to break up the rock during drilling. A powder funnel collection system preloads against the 
cuttings pile generated during drilling to contain a precise amount of sample. This sample is released from 
the funnel by employing a fourbar mechanism actuated by the z-stage at the top of the lead screw’s range 
of travel. The entire two actuator system is intended to be used on an end effector that can preload into the 
drill surface to counteract the WOB loads. External components are identified in Figure 2. 

 

 
Figure 2. Micro-Sampler TRL6 CAD, detailing the major elements 

 
Rotary Percussive Drill 
The rotary drill system is driven by an axially mounted BLDC auger motor. This motor is coupled through a 
spline interface to a drill string that rotates with a drill bit. The drill bit is a 1/8-inch (approximately 3 mm) 
diameter commercial masonry bit. This size was derived from project requirements to be able to target 
small geological features such as a vein or nodule in a larger rock or outcrop without collecting large 
percentages of surrounding material. The drill body consists of a spring housing that doubles as the auger 
motor mount, and a percussor housing. This body is translated along guide rails using a lead screw driven 
by a second, smaller BLDC motor. Bronze bushings are located within the housings to provide lubricity on 
the guide rails and are match drilled as an assembly to avoid binding issues.  
 
The Micro-Sampler utilizes a dog clutch system in conjunction with a Belville spring stack to provide the 
percussive impact energy to break up the rock. This percussive system participates when the WOB is high 
enough to compress the percussion engagement spring, causing the two halves of the dog clutch to contact 
each other shown in Figure 3. These two elements have a matching lobe tooth profile that can be seen in 
Figure 3. An upper dog clutch element is held by the percussion housings and not allowed to rotate while 
the lower dog clutch is affixed to the drill string and rotates with the drill bit. As the drill string rotates the 
lobes of the dogs slide against each other and force the upper dog (shown in green in Figures 2 and 3) up, 
along with the entire percussion housing assembly, into a Belleville spring stack located in the spring 
housing. Fast rotation of the drill string allows a gap to form when the peaks of the lobes are cleared, 
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allowing the springs to discharge and push the percussion housing and upper dog clutch into the drill string 
and lower dog, creating an impact. This impact travels down the drill string, through the drill bit, and into the 
rock. This percussion continues while the weight on bit remains at the minimum threshold required. If not, 
the dog clutches return to their unloaded state, thus enabling rotary only drilling.  
 
The percussor housing elements and the upper dog clutch form the percussive mass. The total energy per 
blow is dependent on the percussive mass, the Belleville stack spring rate, and the total axial displacement 
induced from the dog clutch, which varies depending on rotary speed and WOB. The spring stack was 
selected to provide enough impact energy to break up saddleback basalt. The spline profile in the motor 
coupler allows the drill string to move axially relative to the auger during WOB loading. Dog-bone elements 
on the spring housing engage with a lip feature on the percussion housing and keep the Belleville springs 
slightly preloaded. Multiple cam tooth profiles were investigated while performing design trades, and a 
symmetrical lobe was chosen for increased functionality over a more standard sawtooth design for the 
sample release.  

 
Figure 3. Section views of the percussive dog clutch mechanism. 

 

 

Figure 4. (left) Sawtooth dog elements extracted from a commercial drill machine. (center) Image of the 
lobed dog clutch in the percussor housing. The dog element on the left rotates with the drill string shown 
in blue in the CAD section view (right). The upper dog (green) is constrained by the percussion housings 

(orange and red). 
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Powder Funnel Collection System 
Sample collection and containment with the Micro-Sampler is achieved through the powder funnel collection 
system. This system consists of three elements that sit around the drill bit: the powder funnel, an 
engagement spring, and a mount element. During initial drilling the bit starts a hole and creates a cuttings 
pile on the surface of the rock. Further z motion from the drill preloads the powder funnel into the initial 
cuttings, and subsequent cuttings are forced up the auger flutes into the conical area around the drill bit, as 
shown in Figure 5. The narrow clearance between the shank of the drill bit and the lower ID of the powder 
funnel, in addition to the granular behavior of the cuttings, keeps sampled material in the funnel during drill 
motion to a deposition site. Counter rotation ribs allow the powder funnel to translate but keep it from 
catching on the spinning bit. The intended XRD / XRF analysis system is highly sensitive to overfill, so holes 
in the side of the funnel and an internal shelf have been added to the design to precisely control the volume 
of collected material. The Micro-Sampler can also use the powder funnel to collect unconsolidated material 
like sand or dust deposits. In these operations the drill processes into the unconsolidated area without 
rotating to a sufficient depth as to compress the powder funnel engagement spring. Then slow rotation of 
the drill will migrate existing particulate matter into the funnel, as demonstrated in Figure 6. Powder 
collection on slanted or natural surfaces is highly positionally dependent with the current design. 
Additionally, powder collection is rate dependent as moving too slow in hard materials will allow the powder 
to shake out of the funnel and cuttings pile during heavy percussion. Initial testing with the TRL4 and TRL6 
drills used a semi-translucent 3D printed material to allow for easy inspection and troubleshooting. Vacuum 
testing replaced these test units with thin-walled aluminum versions with validation of fill being 
accomplished by watching for powder material falling out of the side holes. Future development of the 
powder funnel will allow for collection on more uneven surfaces and will investigate collection of more exotic 
materials. 
 

 
Figure 5. CAD diagram of TRL6 powder funnel operation (left). Powder fill before and after a TRL4 drill 

test into limestone (center and right).  
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Figure 6. Simulant collected from a vial of unconsolidated material (left). Powder collection is possible on 
natural surfaces, but current system design is positioning dependent (right). 

 
Sample Release Mechanism 
Once the Micro-Sampler has finished a drilling profile or collection of unconsolidated material, it is retracted 
from the hole and moved into position above a sample inlet port. It was determined through testing that 
simply running the drill in reverse was not sufficient to discharge the powder contained in the powder funnel. 
A brass thrust plate was added to the bottom of the drill in which a sufficient vertical load applied to its arms 
pushes through the drill string to engage the percussion dog clutch as shown in Figure 7. Percussive shocks 
coupled with reverse spin are highly effective at dropping all of the contained sample from the powder 
funnel. This behavior is why the symmetric lobe dog profile is preferable over a direction biased sawtooth 
profile. Activation of this force could be accomplished with drill motion into a static element above the drop 
point, but an internal solution was devised to avoid any load constraints or keep out zones that the 
instrument sensor area may have. A rapid prototype fourbar mechanism was implemented on the TRL4 
drill that actuates the thrust plate into the percussion system at the top of z-stage travel, shown in Figure 7. 
A more robust fourbar was developed for the TRL 6 drill that saves volume by nesting around the z-stage, 
shown in Figure 8. A guide feature on the drill keeps the fourbar out of the way of the auger during drill 
operations. A gas puff discharge system was also designed to operate in microgravity environments such 
as asteroids.   
 

 
Figure 7. CAD section view depicting force action on thrust plate for percussor activation (left). TRL4 

prototype fourbar mechanism to engage percussion during sample discharge (right). 
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Figure 8. TRL6 sample release mechanism CAD with mechanism disengaged (Left), engaged (Right). 

Elements made transparent for clarity.  
 

TRL4 Model Test Campaign 
 

A test campaign for the TRL4 Micro-Sampler was conducted during 2022 and 2023. Initial baseline drilling 
tests were conducted with a variety of materials with different hardness values (Aircrete, Gypsum, 
Sandstone, Limestone, Concrete, and Saddleback Basalt). These different materials were selected to 
evaluate and document the baseline performance for the drilling system. One of the primary goals of these 
tests was to evaluate which auger velocities and z-stage feed rates were most efficient for each material. 
From this performance data, we aimed to evaluate the amount of auger power required to collect specific 
amounts of sample from each material. The system behavior for multiple materials can be seen in Figures 
9 through 12. In each of the tests, the auger was commanded to its maximum value of 2000 RPM and the 
z-stage commanded to process downward at a constant rate. In each of the plots the mechanism behavior 
can be inferred from the auger motor current data in five main phases noted in Figure 9. The free spinning 
current can be seen initially as the drill is turned on before contacting the rock while the z-stage moves 
down at a constant rate. The current ramps up as the WOB is increased from the z-stage, increasing 
frictional forces on the bit. At slightly over 2 A it can be inferred that the percussion system has engaged, 
which has been correlated to audio taken during testing. The current readings during percussion appear to 
be very noisy and display high oscillations when drilling into hard rock at fast speeds, shown in Figure 10. 
When the z-travel stops at a predetermined point the auger current drops as the borehole is cleared until 
the drill is retracted from the hole. In soft materials or when moving at slow speeds the percussion system 
may not engage as rotary drilling is sufficient to evacuate a borehole enough to keep WOB below the 
percussion engagement load.  
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Figure 9. Plots of the TRL4 Micro-Sampler drilling into limestone (top) and non-vesicular saddleback 
basalt (bottom). 1) Auger spinning while z-stage is moving down at a constant rate before contact with 

rock. 2) Drill tip contacts the rock (~5s) and slowly increases preload to engage hammer mechanism. 3) 
Hammer mechanism engaged as drill cuts through rock. 4) Z stage stopped. Auger current drops as 

hammer spring unloads. Once hole is cleared current drops to no-load. 5) Auger is stopped and the drill is 
retracted from the hole. A faster z translation command into a harder material yields high oscillations in 

the motor current data as the percussor engages in waves and breaks up the rock.  
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Figure 10. Drilling profile into limestone (left). Additional Drilling Profile (right). 
 

 

Figure 11. Drilling profile into sandstone (left). Additional Drilling Profile (right). Oscillatory behavior of the 
percussion system seen in the filtered data. 

 

 

Figure 12. Drilling profile into gypsum (left). Additional drilling profile (right). Note the low current indicating 
the lack of engagement from the percussion system. 

 
Several tests were run with each of the different materials to characterize the behavior and capabilities of 
the Micro-Sampler drill, and to test and evaluate different geometries of the powder funnel. The data 
received from these tests established the baseline efficiency combinations for the different materials and 
provided a foundation for the TRL-6 drill testing. Material collected from these drilling tests was collected 
and categorized for testing evaluation for the subsequent XRD / XRF system development.  
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Bit Wear Test Campaign 
Through testing it was determined that the limiting factor for the Micro-Sampler drilling system is the drill 
bit. A wear campaign was conducted to evaluate the number of cycles the system can perform before the 
bit becomes dulled. We chose to test with our hardest material, saddleback basalt, to quantify bit life cycle 
using a worst-case scenario. These tests were run with an auger velocity of 2000 RPM and a z-stage 
velocity of 2 mm/min. The test campaign results showed that the drill can run a total of fifteen tests. Each 
of these tests aimed to drill down to a maximum depth before stalling. The first data point was a successful 
test to a depth of 15 mm, without any stalling from the auger motor. Following this, fourteen additional tests 
were carried out, where each of them stalled at varying depths. Each test and depth can be seen in the Fig. 
8. System heat may have had an impact on subsequent drill tests. Bit life was monitored for all testing after 
the wear campaign and bits were replaced before they reached half of their linear drill life to ensure quality 
results in all future test data. 
 

 

Figure 13. Drill Bit Endurance Testing 
 

Overburden Testing 
 
Following the initial benchtop and bit wear testing for the TRL-4 Micro-Sampler, we planned and conducted 
an overburden test campaign. On different planetary bodies, overburden can pose a problem for sampling 
and mining. Many Martian sampling targets have a weathered layer that is not of interest to planetary 
geologists. Collection of this layer may be minimized by altering the amount of protrusion of the base of the 
powder funnel. Given this background, an overburden test campaign was set-up that aimed to minimize 
overburden collection while maximizing sample collection. A test matrix showing the different configurations 
to be tested is shown in Figure 14. For overburden characterization it was vital that we could quantify how 
much of the overburden that we collected in our final sample.  
 
Overburden Test Setup 
To create our test media, we poured and formed a concrete block with a sloped overburden layer, which 
allowed us to test varying depths. The overburden layer consisted of self-leveling concrete doped with 20% 
iron powder (5 µm). Initial characterization holes were drilled into the full overburden with no base concrete 
to quantify and validate the percentage of overburden collected with the powder funnel. Multiple tests were 
run and a baseline value percentage of 33% was quantified for the testing block. It is important to note that 
this baseline value is a bit higher than expected, as the percentage of the mixture (concrete leveler, water, 
and iron powder) had an iron percentage of 20%. We believe this discrepancy is due to reactions between 
all the different components along with the settling of the mixture.  
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Figure 14. Chart showing varying levels of drill protrusion with respect to overburden thickness. 
 

 

Figure 15. Different overburden layers shown on side profile of test media (left) and test media overhead 
view (right). The Micro-Sampler was used to drill holes and collect powder along the demarked lines. 

Controls were taken from the right side of the block, drilling only into overburden. 
 
Overburden Sampling Analysis 
Each overburden test is made up of three samples. Each test only yielded roughly 0.050 grams of material, 
so it became necessary to complete three tests to collect enough material for analysis. For analyzing the 
samples, they were first mixed with 99% IPA. Then, the mixture was put under an electromagnet separator. 
The rationale for the inclusion of the iron filings was to make it easily separable once mixed into an IPA 
solution. The separator assembly consisted of an 800 N electromagnet and a 667 N neodymium magnet. 
The magnets were aligned as shown in Figure 16, to attract iron. The electromagnet was pulsed to allow 
other collected sediments to fall out. Following iron collection, the iron samples were left out to dry and then 
were weighed out. 
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Figure 16. Magnetic separation system used for overburden testing. 
 

The data was then analyzed and plotted to see if our measured percentage matched with that of what was 
predicted. Each data point on the graph is the culmination of three samples and the specified drill depth is 

averaged from each test. Upon analyzing the test data, a graph depicting the trend in predicted versus 
measured sample was generated and is shown in Fig. 17. Given the limited number of tests this data shows 

that the drill protrusion from the powder funnel can be designed to avoid collection of a weathered surface 
layer, or at least have a reasonable characterization of the quantity of overburden present in any sample. 
This can also be used to select material of a specified depth for sampling.  

 
Figure 17. Graph depicting overburden percentage trend from samples collected during different drill 

protrusion tests. 
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Sample Collection Metrics 

A baseline for sample collection was done to evaluate the general amount of sample collected with respect 
to drill depth. These tests were run with limestone and sandstone test medias  at varying depths. The auger 

was run at a velocity of 2000 RPM and a z-stage rate of 50 mm/min and 20 mm/min respectively. The 
average amount of sample can be seen for both limestone and sandstone in Fig. 18. 

 
Figure 18. Average powder collection for limestone and sandstone sampling tests. 

 

TRL6 Test Campaign 

The latest version of the Micro-Sampler drilling system is the TRL6 prototype. The goal for the TRL6 
prototype was to test in a vacuum environment with representative flight-forward materials. The housing 

elements of the drill body were machined from titanium and received titanium nitride surface treatment for 
abrasion resistance. The mount structure and powder release elements were machined from aluminum and 

type three anodized. Vacuum compatible Braycote grease is used in all bearing components in the TRL6 
unit. Images of the TRL6 drill are shown in Figure 19. The total mass of the TRL6 Micro-Sampler is 0.9 kg.  

Saddleback basalt, limestone, and sandstone were used to compare performance between the TRL4 and 

TRL6 drill models. Control experiments were done on a benchtop to validate TRL6 operation before drilling 
tests performed in a vacuum environment (~160 Pa or 1.2 torr). The graphs detailing performance 
compared to TRL4 performance are shown in Figures 20, 21, and 22. The basalt test was run at a more 

conservative z rate of 2 mm / min to monitor motor temperature while drilling in vacuum. A full end to end 
sampling and XRD / XRF analysis is scheduled before project conclusion.  
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Figure 19. TRL6 Micro-Sampler set up in vacuum chamber (left). TRL6 drill held for scale (right). 

 

  
Figure 20. TRL4 test into saddleback basalt (left) and TRL6 vacuum test into saddleback basalt (right). 

Note the vacuum test was at a more conservative plunge rate. 
 

  
Figure 21. TRL4 test into limestone (left) and TRL6 vacuum test into limestone (right). 
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Figure 22. TRL4 test into sandstone (left) and TRL6 vacuum test into sandstone (right). 

 
The TRL6 performance matches the TRL4 performance with respect to the different materials. On some 
materials (such as basalt and limestone), the TRL6 model performs better at the same parameters than the 
TRL4 model. This can clearly be seen with respect to the current drawn during the drilling profiles. 
Additionally, thermocouple data was monitored for the auger motor during operation. The auger motor 
nominally stays at 26°C while under vacuum and generally climbs to 29°C during drilling operations. The 
motor has spiked to close to 32°C during longer drilling operations (such as during the 2 mm/min profile for 
basalt) but is far below the motor’s maximum temperature rating. 
 

Next Steps 
 

A full end to end test of the drill system is scheduled before the project conclusion to deliver powder to an 
XRD / XRF system for analysis. Honeybee hopes to investigate improved powder funnel geometries to 
better collect material from natural surfaces and at odd angles. Additionally, Honeybee aims to investigate 
a bit change system or different bit cutter materials to extend the lifetime capability of the drill. Thermal and 
vibration testing may be warranted but we do not expect these to be major hurdles for this system. 
Temperature limits are set by the motor Hall sensors and the internal lubricants. 
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Conclusions 

 
Micro-Sampler is a sub kilogram, TRL6 sample collection and delivery technology that can fundamentally 
change the sampling aspect of a high-level planetary exploration mission. The system can target small 
geologic features and can be designed to collect a precise amount of powdered material from a desired 
depth. Micro-Sampler’s capabilities along with the system mass, volume, and power open the door for lower 
class planetary science mission architectures to include minerology investigations. 
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