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Abstract. The Piezoelectric Rotary Hammer Drill is designed to core through rock using a
combination of rotation and high frequency hammering powered by a single piezoelectric
actuator. It is designed as a low axial preload, low mass, and low power device for sample
acquisition on future missions to extraterrestrial bodies. The purpose of this internship is to
develop and test a prototype of the Piezoelectric Rotary Hammer Drill in order to verify the
use of a horn with helical or angled cuts as a hammering and torque inducing mechanism.
Through an iterative design process using models in ANSYS Finite Element software and a
Mason’s Equivalent Circuit model in MATLAB, a horn design was chosen for fabrication
based on the predicted horn tip motion, electromechanical coupling, and neutral plane
location. The design was then machined and a test bed assembled. The completed prototype
has proven that a single piezoelectric actuator can be used to produce both rotation and
hammering in a drill string through the use of a torque inducing horn. Final data results
include bit rotation produced versus input power, and best drilling rate achieved with the

prototype.

1. Introduction

NASA exploration of extraterrestrial bodies increasingly requires compact, low power and low axial preload
drills to obtain core samples for in-situ analysis'. These samples help reveal the composition and history of the
planets in our solar system, and could also indicate the existence of past or present life. A main focus of the Non-
Destructive Evaluation and Advanced Actuators (NDEAA) Lab at the Jet Propulsion Laboratory is on the use of
piezoelectric materials as actuators for a variety of applications, including ultrasonic/sonic drills. The Advanced
Technology Group’s Ultrasonic/Sonic Driller/Corer (USDC) is a device which requires low power, low axial
preload (beneficial for use on light drilling platforms), and which can withstand extremes in temperature’. A USDC
is composed of a piezoelectric transducer, a free mass, and a drill string’. When an alternating voltage is applied to
the piezoelectric ceramics of the transducer, they respond by expanding and contracting at a high frequency. The
alternating strain created by the ceramics is amplified through a horn of decreased cross sectional area. As the horn
resonates, its tip extends and impacts the free mass, which in turn impacts the drill string. The high frequency impact
causes the drill bit to hammer into the drilled medium. Currently, the USDC operates as a pure hammering drill.
Tests at the NDEAA lab, however, have shown that adding rotation to the pure extensional vibration of the USDC
can increase the drilling rate by about 1000 percent’. At the moment, adding rotary motion to the USDC requires the
use of an external motor. This internship aims to develop a Piezoelectric Rotary Hammer Drill (PRHD), which is
designed to drill by using a combination of rotation and hammering while still maintaining a low level of
complexity. A single piezoelectric stack drives both the rotation and hammering through the use of a horn with
angled or helical cuts. An illustration of the PRHD is shown in Figure 1 on the following page.
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Figure 1. Piezoelectric Rotary Hammer Drill. Drill components include a piezoelectric transducer and
amplifying horn, a keyed free mass, and a drill string which is preloaded against the free mass and horn
using repelling magnets.

The horn with angled cuts is designed to extend in such a way at resonance so as to transmit both linear and
rotary momentum to the free mass upon impact. Due to the angled cuts in the horn, the horn tip will tend to rotate as
it extends. The torque induced by the cuts in the horn is similar to the effect of an impact driver’. Torque will be
transferred from the horn tip to the free mass through friction at impact. When the horn tip retracts and rotates in the
opposite direction, the horn tip and free mass will not be in contact. Thus, a net positive rotation is induced on the
free mass. The cut keyway in the free mass allows efficient torque transfer between it and the rest of the drill string.
The initial design for the Piezoelectric Rotary Hammer Drill was conceived by Dr. Stewart Sherrit, the project’s
Principal Investigator.

As a new feature to the design of the Piezoelectric Rotary Hammer Drill in comparison to the USDC, repelling
magnets will be used instead of a spring to preload the drill string and free mass against the horn. Magnets will
eliminate any friction that may have been caused by a spring due to the rotation of the drill string.

This project consists of modeling, fabrication, and testing of the Piezoelectric Rotary Hammer Drill in order to
verify the use of a horn with angled cuts as a torque inducing mechanism. Different horn designs have been
analyzed in order to find a design acceptable for fabrication. An initial prototype has been fabricated in the NDEAA
lab. The internship has allowed time for preliminary testing of the drill prototype in order to begin to characterize
the bit rotation and drill rate for various power input.

I1. Design and Modeling

The first portion of the internship was spent designing different variations of the torque inducing horn. In order
to better understand the behavior of horns with helical or angled cuts when excited at high frequencies, horns of
various shapes and dimensions were modeled in SolidWorks CAD software to be sent for Finite Element modal
analysis. In analyzing each possible horn design, the primary criteria for evaluating the design was whether or not a
net rotation was produced at the horn tip during axial extension. Multiple mechanisms were considered possible for
producing rotation at the horn tip, such as diagonal extension of individual horn ‘tines’, bending modes present in
the tines, and torsional vibration present in the horn. Besides the tip rotation, a candidate transducer was required to
demonstrate sufficient axial tip displacement, and also to have its neutral plane aligned with the mounting flange. A
neutral plane is any location on the resonator that remains motionless during resonance. It is comparable to a node in
a standing wave on a string. It is desirable to have the neutral plane aligned with the flange to which the drill
housing will be attached, so that energy is not lost to vibration in the housing. A final consideration was the
electromechanical coupling coefficient of the transducer, which is a measure of the efficiency of conversion between
electrical and mechanical energy.

This section presents the methods used in modeling various horn designs, as well as presenting the design chosen
for fabrication and testing. The variety of horn designs considered reflects the variety of mechanisms considered
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possible for producing rotation. Before performing finite element analysis, the horn designs were adjusted using a
Mason’s Equivalent Circuit model in order to optimize their individual performance and to align the neutral plane.
The designs were then analyzed in ANSYS Finite Element software.

A. Mason’s Equivalent Circuit

A Mason’s Equivalent Circuit models a piezoelectric actuator as a one-dimensional resonator using the
piezoelectric material constants and the mechanical/acoustic properties of the transducer horn and backing
materials’. The model was adapted into a MATLAB program for rapid execution. Mason’s Equivalent Circuit was
used primarily for adjusting tip extensional displacement, electromechanical coupling coefficient, and neutral plane
location by quickly changing horn dimensions. By changing the length of the horn or the backing section, the neutral
plane could be adjusted before being sent for Finite Element analysis. An example of this is shown in Figure 2
below. The displacement of the mounting flange has been minimized such that there is a neutral plane at this
location. Note that the spike in tip displacement is located at the first axial mode of the transducer. The second spike
represents the second axial mode, at which the neutral plane is no longer in alignment with the mounting flange,
indicated by the high flange displacement.
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Figure 2. Mason’s Equivalent Circuit maximum displacement prediction. 7he program predicts the
horn tip and flange maximum displacement over a range of frequencies. The peaks represent first and second
axial modes.

The Mason’s program was advantageous because of its rapid execution time compared to a Finite Element
solution. However, the program modeled only the extensional motion of the horn, and therefore was not useful in
determining the shape of a horn’s motion. To learn whether a horn might produce rotation at the tip, Finite Element
software was used.

B. Finite Element Analysis

Once a horn design had been adjusted using the Mason’s Equivalent Circuit, the CAD model was analyzed in
ANSYS Finite Element software to observe the horn tip motion in both a modal and harmonic analysis. ANSYS
Workbench was used as a preliminary test of the general shape of the horn’s motion at resonance, which was
between 10-30 kHz for most horns examined. The ANSYS Workbench harmonic analysis modeled the piezoelectric
effect simply as an arbitrary alternating pressure between the piezoelectric ceramics. This method revealed the
general shape of a horn’s motion. If the horn appeared to produce rotation at the tip, the design was then sent to
another group member for complete Finite Element Modal and Harmonic Analyses in ANSYS Multiphysics. The
ANSY'S Multiphysics Harmonic Analysis was able to directly model the piezoelectric effect with an applied voltage,
and yielded not only the shape of the horn’s motion, but the predicted horn tip displacement and rotation. The
ANSYS Multiphysics Harmonic Analysis provided the most accurate and complete prediction of a horn’s
performance. Mason’s Equivalent Circuit and ANSYS Workbench were useful only in that each horn could be
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analyzed rapidly such that the long execution time of a complete Finite Element analysis would only be needed for
those horns that appeared promising.

C. Modeling Results and Chosen Design

Of the many horn designs initially conceived and modeled, only a few demonstrated simultaneous rotation and
extension at the horn tip. The Modal Analysis finite element results of two of the models that failed to produce
sufficient rotation and extension at the horn tip are shown in Figure 3.
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Figure 3. Finite element models of two rejected horn designs. The purple and gold areas represent the
piezoelectric ceramics. These horns do not display sufficient rotation and extension at the horn tip at
resonance.

Most of the horns that were initially designed were essentially a hollow tube with angled or helical cuts, as seen
in Figure 3 above. To the left in Figure 3, the cuts extend through the horn so as to create individual horn ‘tines’.
The behavior of these individual tines when excited at resonance did not seem to produce tip rotation, and the
motion appeared somewhat arbitrary. It was thought that connecting the tines at the horn tip (as demonstrated by the
horn to the right in Figure 3) would promote a more uniform extension/rotation at the horn tip. Tip extension was
increased, but rotation was still absent at the tip. The final horn selected for fabrication used a webbed cross section
design, such that the cuts do not extend entirely through the horn, but leave a webbing around a center hole. The
webbed cross section of a horn is shown in Figure 4.
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Figure 4. Cross section of webbed horn. Angled cuts extend only partway through the horn to leave a
webbing ring connecting individual horn tines.

This webbing seemed to provide a means to keep the horn tine motion uniform while still giving the horn
torsional flexibility, since the webbing connection is toward the center of the horn where resistance to torsion would
be lowest. The final design selected for fabrication has demonstrated simultaneous extension and rotation at the horn
tip. The Finite Element model of the chosen design is shown in Figure 5.
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Figure 5. Finite Element Modal analysis of chosen transducer design. Dark blue represents areas of
minimal motion at resonance, while red represents areas of maximum displacement. The angled cuts in the
horn cause the tip to rotate counter-clockwise as it extends in resonance.

The above design demonstrated simultaneous extension and rotation at the horn tip. The tip tends to rotate
counter-clockwise (looking from the horn tip) as it extends in resonance as a result of the angled cuts in the horn.
The transducer performance for 1 Watt input power (actual drive power would be between 50 to 100 Watts) as
predicted by ANSYS Harmonic Analysis is shown in the table below.

Table 1. ANSYS predicted performance of chosen transducer design at 1 W input power.
Frequency Coupling Tip Tip Rotation, Voltage, V
(First axial Coefficient Displacement, rad
mode) pm
12217 0.08 1.75 4.40E-5 27.0

It should be noted that 0.08 is a low coupling coefficient. Typical horns for the USDC demonstrate a coupling of
about 0.2 to 0.4. Because of time constraints of the internship, this low value was accepted so that fabrication could
begin. The Piezoelectric Rotary Hammer Drill prototype is primarily designed to verify that a single piezoelectric
actuator can produce both rotation and hammering in a drill string, and while a high coupling coefficient is
desirable, it does not play a critical role in achieving this main goal of the project. Future designs should attempt to
maximize this parameter.

II1. Fabrication and Results

A Piezoelectric Rotary Hammer Drill prototype was fabricated and tested. First, the transducer was analyzed
using an impedance analyzer in order to obtain the actual resonant frequency and electromechanical coupling
coefficient. The horn tip displacement and rotation was also measured using a Fotonic Sensor. Measurements of the
horn tip rotation were used to predict the rotation speed that will be produced in the drill bit, in order to begin to
characterize the rotation produced by the drill. Finally, the assembled Piezoelectric Rotary Hammer Drill was tested
while drilling in limestone.
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A. Transducer Performance

Once the modeling was complete and a design had been chosen, an initial prototype of the Piezoelectric Rotary

Hammer Drill transducer was fabricated in the NDEAA machine shop. A photograph of the transducer is shown in
the figure below.

Figure 6. Fabricated transducer. Six PZT ceramics are pre-stressed to 15 MPa between the horn and
backing using a pre-stress bolt.

The transducer is composed of a stainless steel backing, a stack of six PZT piezoelectric ceramics, and an
aluminum horn with angled cuts. The angled cuts were made by mounting the horn at an angle in a mill, and milling
straight across. The performance of the transducer was first analyzed using an impedance analyzer to obtain its
admittance (the inverse of impedance) spectrum, which is shown below along with the impedance analyzer
equivalent circuit fit. Note that the equivalent circuit used by the impedance analyzer is not the same as the Mason’s
Equivalent Circuit mentioned previously. The impedance analyzer uses an RLC circuit model.
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Figure 7. Admittance magnitude and phase angle of the transducer. The admittance magnitude is shown
above, and admittance phase angle at bottom. The blue above and cyan at bottom represent the actual data,

while the green above and magenta at bottom represent the equivalent circuit fit calculated by the analyzer.
A peak in admittance magnitude represents a resonance point.
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The double peak in the admittance spectrum is likely caused by an overlap between the axial mode and a
bending or torsion mode. This double peak causes some error in the fit. Using the RLC equivalent circuit
comparison within the impedance analyzer, the approximate resonant frequency and the electromechanical coupling
coefficient can be obtained. The results derived from the impedance analysis are shown in Table 2.

Table 2. Transducer performance derived from impedance analysis.
First Resonant Frequency Electromechanical Coupling Coefficient
11 972 Hz 0.07

A Fotonic sensor was used to determine the actual tip displacement and tip rotation of the transducer for various
input power. The Fotonic sensor is able to measure high frequency, low amplitude displacements using a light
emitting/receiving probe. The measured tip displacement versus input power is shown in Figure 8.
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Figure 8. Horn tip displacement versus input power. Measurements taken using a Fotonic sensor, as well
as the Finite Element model prediction. Due to limited time and studies of various horn designs, the Finite
Element model was only analyzed for 1 Watt power input. Future modeling will examine higher power inputs
in order for comparison to the measured data, however, there would likely be error in the prediction caused
by non-linear effects not taken into account in the Finite Element model.

The Finite Element model predicted a horn tip displacement of 1.75 um, and rotation of 4.4E-5 rad for 1 W
power input. Extrapolating from the curve of the measured data, it appears reasonable to assume that the measured
tip displacement at 1 W power input would be of the same order of magnitude as the model prediction. Future work
will include modeling the transducer in Finite Element for higher power inputs in order to obtain a better
comparison between predicted and measured data. There are non-linear effects present in the transducer not taken
into account in the Finite Element model which would likely cause some error between predicted and measured
values.

In order to measure the approximate tip rotation of the transducer, the probe was used to measure the
displacement at a tangent to the horn’s circular cross section. From this tangential displacement measurement, the
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tip rotation could be obtained using trigonometry. The experimental set-up of this measurement is shown in Figure 9
below.

Figure 9. Experimental set-up for making tip rotation measurement. The probe is positioned at the horn
tip to measure tangential displacement, from which rotation is calculated.

The tip rotation derived from measuring tangential displacement versus input power is plotted in Figure 10
below.
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Figure 10. Horn tip rotation versus input power. Measurements taken using a Fotonic sensor, as well as
the Finite Element model prediction. Due to limited time and studies of various horn designs, the Finite
Element model was only analyzed for 1 Watt power input. Future modeling will examine higher power inputs
in order for comparison to the measured data, however, there would likely be error in the prediction caused
by non-linear effects not taken into account in the Finite Element model.
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As with the tip displacement, a direct comparison with the Finite Element Model tip rotation prediction was not
made, however, the curve seems to indicate that the model prediction and an extrapolation of the measured data are
within the same order of magnitude. As well as to compare with the Finite Element model, the measured tip rotation
was also used to predict the rotation speed that would be produced in the drill string. By multiplying the total tip
rotation per cycle by the cycle frequency, an average bit rotation was estimated. The estimation assumes minimal to
no slip occurring at the horn tip/free mass interface. The estimation predicts that for a power input of 110 W, the
drill bit will rotate at about 110 RPM, and that rotation speed increases with power input. The predicted drill bit
rotation is compared to final drill testing results in the following section.

B. Testing Results

Once the transducer had been fabricated, the other components of the Piezoelectric Rotary Hammer Drill were
machined and assembled. A test-bed was also set up in order to test the performance of the drill. A photograph of the
drill and experimental test set-up is shown in Figure 11.

Figure 11. Piezoelectric Rotary Hammer Drill and test bed set-up.

A function generator, power amplifier, oscilloscope, and PC were used to control the PRHD. A LabVIEW
program written by a previous group member, Dr. Jack Aldrich, was used to keep the drive frequency as close as
possible to the transducer’s resonant frequency, which tends to drop as the drill heats up. This HillClimb program
functions by tracking the current entering the transducer and adjusting the input frequency such that the current is
maximized (note that current is maximized at resonance).

Initial testing of the Piezoelectric Rotary Hammer Drill has demonstrated consistent rotation and hammering
present in the drill string. Driven at its first resonant frequency of about 12 kHz, the drill bit rotates counter
clockwise (looking from the drill bit end). As mentioned before, a single piezoelectric actuator is used to drive both
of these motions through the use of the torque inducing horn. One particular area of interest in the performance of
the Piezoelectric Rotary Hammer Drill is the bit rotation produced for a given input power. Preliminary results of the
bit rotation speed for various input power and operating conditions are shown in Figure 12. The plot includes a
comparison with the rotation speed predicted by the horn tip rotation measurement mentioned above.
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Figure 12. Predicted and measured drill bit rotation speed. The drill was tested at various operating
conditions. WOB represents the weight-on-bit, or the force acting on the drill bit end. The preload is the
force from the repulsive magnets loading the drill string and free mass against the horn tip. An estimation of
bit rotation is also predicted using the measured horn tip rotation, assuming no slip between the horn tip and
free mass.

The Piezoelectric Rotary Hammer Drill demonstrates a bit rotation of about 100 rpm for about 100 W input
power. The measured bit rotation shown above fits reasonably well to that predicted by the tip rotation measurement
made using the Fotonic sensor. Error may come from the fact that successive impacts between the free mass and
horn tip likely occur at different instances of the horn tip’s extension/retraction cycle. Depending on the instant of
impact, the horn tip may not be rotating at the same speed. Also, note that as WOB and preload increase, the bit
rotation speed decreases for a given input power. The extra forces loading the drill string and free mass against the
horn likely cause some slipping between the free mass and horn tip. All of the data indicates that bit rotation speed
increases with input power, however, more work is needed to characterize this relationship.

Because of time constraints in the internship project, only preliminary tests of the prototype drilling capabilities
have been completed. The best drilling rates that have been achieved are shown in the table below. These results
were obtained drilling 10 minutes into limestone. Note that the duty cycle represents the percentage of time that the
drill is turned on. A duty cycle of 50% could represent the drill being alternately on for 3 seconds, and off for 3
seconds. Duty cycling is necessary to reduce overheating in the drill.

Table 3. Best drilling achieved using initial prototype.

Input Power, W | WOB, lbs Preload, lbs Duty Cycle Drill Rate, mm/min

100 3 4 80 % 8

As mentioned previously, the drill prototype is un-optimized, and higher drilling rates can be expected in future
designs. Simply by decreasing the free mass weight by 25%, the drill rate was increased from 2 to 8 mm/min.

Another test result worth noting is that rotation in the opposite direction (clockwise) has been achieved when
driving the transducer at its second resonant frequency of about 22.4 kHz. Minimal hammer is present when driven
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at this frequency and therefore the drill could possibly be used as a pure rotary motor. A transducer which can
produce linear actuation and rotary actuation in two directions could prove to be a promising tool on future NASA
missions. In circumstances where both a linear and rotary actuator would typically be required, they could be
replaced by a single actuator, thus reducing the mission payload.

V. Conclusions and Recommendations

Through modeling methods in MATLAB and ANSYS Finite Element software, a transducer design was chosen
for fabrication which exhibited both rotation and axial extension at the horn tip. The fabricated prototype has
demonstrated that simultaneous rotation and hammering can be produced in a drill string through the use of a single
piezoelectric actuator. The ability to produce rotary-hammer drilling by means of a single actuator offers the
potential for low complexity, low mass and low power drills for use on future NASA missions for sample
acquisition.

The Piezoelectric Rotary Hammer Drill prototype discussed in this report has not been optimized, and requires
further development. Future work should include considering different horn shape designs, in order to compare with
the performance of this first prototype. Also, while Aluminum has proven adequate for a prototype, Titanium alloys
should be considered for the fabrication of future horns. Because of its relative softness, the Aluminum horn tip will
quickly show signs of wear. The harder contact surface of a Titanium horn tip may also provide better hammering
against the free mass. In fabricating this prototype, the selection of a free mass size has been somewhat arbitrary,
though efforts have been made to keep it proportional to the free mass sizes of past drills developed in the NDEAA
lab. Testing of multiple free mass sizes will help to optimize the drills performance. Future work should also explore
the ability of the drill to reverse rotation direction when driven at different frequencies. A single transducer which
can produce linear and rotary actuation in two directions could prove to be a valuable tool on future NASA
missions.
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