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Abstract

Actuators and encoders used in MR-guided robotic interventions are subject to strict requirements
to ensure patient safety and MR imaging quality. In this paper, we present an open source
computer aided design (CAD) of our MR-safe Pneumatic Radial Inflow Motor and Encoder
(PRIME). PRIME is a parametrically designed motor that enables scalability based on torque and
speed requirements for a wide range of MR-guided robotic procedures. The design consists of
five primary modifiable parameters that define the entire motor geometry. All components of the
motor are either 3D printed or available off-the-shelf. Quadrature encoding is achieved using a 3D
printed housing and four fiber optic cables. Benchtop experiments were performed to validate the
performance of the proposed design. To the best of our knowledge, this is the first open source
MR-safe pneumatic motor and encoder in the field. We aim to share the design and manufacturing
guidelines to lower the entry barriers for researchers interested in MR-guided robaotics.

[. Introduction

Magnetic Resonance (MR) -guided robaotic interventions have attracted significant research
attention in the last several decades [1]. By integrating the advantages of high-resolution
imaging feedback with compact and precise robots, state-ofthe-art robotic systems have
been proposed in several MR-guided clinical procedures. These include epilepsy ablation
[2], intracerebral hemorrhage removal [3], [4], [5], tumor ablation [6], prostate biopsy [7],
gynecological brachytherapy [8], [9], [10], lower back pain injections [11], generalized
needle interventions [12], and more [13]. Despite increasing prevalence, generalized
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adoption of MR-guided robotic interventions is limited by the stringent requirements of

the MR environment and review/standards criteria from the FDA [14] and ASTM [15], [16],
[17]. Specifically, standard DC motors and encoders are not applicable for use inside the
MRI without appropriate protections and shielding techniques.

This has motivated many research groups to investigate safe and effective MR-safe/
conditional actuation approaches [19]. One such alternative is the use of piezoelectric
motors, which rely on the piezoelectric effect to induce strain in crystal materials to generate
motion. Several groups have used piezoelectric motors for MR-guided interventions,
including transrectal prostate needle placement [20], deep brain stimulation [21], lumbar
needle placement [11], and shoulder arthrography procedures [22]. However, piezoelectric
motors rely on a variable electric waveform, which can result in a reduction in signal-
to-noise ratio (SNR) and often precludes real-time imaging in MRI [23]. Additionally,
piezoelectric motors and their electronic drivers are often costly (> $1500) and require
significant production lead time (8-weeks).

To circumvent the limitations associated with piezoelectric motors, pneumatic-driven
actuators have been developed for MR-guided robots. These include (i) deformation-based
stepper actuation, (ii) non-deformation based stepper actuation, and (iii) continuous-based
actuation [19]. Deformationbased stepper actuation uses case-specific geometry, such as
bellows [24], [25] or auxetic structures [26], to generate stepwise motion. However, these
devices are typically designed for a specific task and are difficult to be scaled/modified

for generalized clinical adoption. Non-deformation based stepper actuation relies on either
custom gear teeth [27], [28], [29] or pistons [30], [31] to obtain step-wise motion. These
motors typically require short pneumatic hose length (< 3-m) during implementation,
requiring proper shielding of the pneumatic valves inside the scanner room. Continuous
based actuation implements either double acting cylinders [32], [33], [34] or novel turbine
based designs [18], [35]. Double acting pneumatic cylinders are often cumbersome and
limited to linear motion [32]. Of the alternatives listed above, turbine based motor

designs present significant promise in enabling generalized adoption of MR-guided robotic
interventions, allowing continuous output torque and real-time imaging during interventions

[5].

In this paper, we provide an open source design and fabrication guidelines of an MR-safe
Pneumatic Radial Inflow Motor and Encoder (PRIME) that can be generalized and scalable
for a variety of MR-guided robotic interventions (see Fig. 1). The motor parametric design
uses five primary design parameters that define the entire motor geometry using global
variables in SolidWorks™. The contributions of this work include the following: (1) open
source of the motor CAD for use in MR-guided interventions, (2) open source fabrication
instructions of the motor and optical encoder, and (3) parameter selection guidance based
on required torque and speed needs. The manuscript is arranged as follows. Section

Il discusses the pneumatic motor and encoder design, and general guidance for design
parameter selection. Section 111 discusses fabrication instructions and guidelines for motor
and encoder assembly. Section IV presents torque and power curves of the motors in Fig.
1, MRI characterization, and a discussion of possible use cases. The paper is concluded in
Section V.
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Il. Hardware Design

A. Motor Design

The motor design used herein is developed based on our prior work [18]. However, we
have incorporated design modifications to improve scalability and operation efficiency.
These include (i) parametric modeling using five primary modifiable parameters (rotor
outer diameter, inner diameter, and length, nozzle angle of attack, and nozzle diameter) in
SolidWorks™ to enable scalability of the motor, and (ii) the inclusion of exhaust ports that
leave axially from the periphery of the gearbox cross-section m.

The motor is considered a radial inflow turbine [36] that consists of a stator, cap, and

rotor, all 3D-printed using either Tough 2000 or Clear resin with a FormLabs 3D printer
(Form 3B, FormLabs, MA, USA) (Fig. 2A). The smallest feasible motor size is 28 mm in
diameter and 30 mm long (not including pneumatic attachment and gearbox flanges). This
dimension is based on the smallest off-the-shelf bearing size obtainable that is placed in
the stator (B623B3G, igus®, RI, USA) and the internal jet diameter used. Coupled to the
motor is a series of plastic planetary gearboxes, which can be selected to provide a variety
of gear-reductions in multiples of 5:1 or 4:1 (72001, Tamiya, Japan). The gear boxes are also
28 mm in diameter (not including the flanges) and each stage is 7.62 mm long. The stator
has internal jets (Fig. 2B—C) that redirect the airflow from the inlets to attack the rotor at
an angle a (Fig. 2D). The rotor rotates on two bearings (B6800B3G and B623B3G, igus®,
RI, USA) that are recessed into the cap and the stator. The cap has six exhaust ports that
taper outward to reduce pressure losses associated with sudden expansions [37]. The motor
is assembled using plastic hardware (screws, all-thread rod, and hex nuts), all of which are
listed in the bill of materials shown in Table I. The rotor and stator are aligned using dowel
pins that ensure concentric alignment of the rotor’s bearings. The expanded view of the
assembly can be seen in Fig. 3.

The Computer Aided Design (CAD) is parametrically designed using equations and global
variables to define the motor geometry. This enables quick modification of the design for
the specific applications (i.e. torque, rotational speed, and size requirements). The encoder
remains the same size for all motor sizes. The global variables are: (1) rotor outer diameter,
(2) rotor inner diameter, (3) rotor blade length, (4) nozzle diameter, and (5) nozzle angle

of attack. Of these parameters, the rotor inner diameter and the nozzle angle of attack are
minimized to maximize torque output and rotational speed, and the rotor blade length is
minimized to reduce the overall length of the motor. Thus, the user only needs to change two
parameters to modify maximum torque and maximum rotational speed: (1) the rotor outer
diameter and (2) the nozzle diameter. These two parameters affect the maximum torque and
maximum rotational speed given mass flow rate and density of the air as follows [36]

_m - |m|cos(a)

r,—r 1

DA (r: ), 1)
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where zis the maximum torque, w is the maximum rotational speed, m is the mass flow rate
of the air, p is the density of the air, 1 is the outer radius of the rotor, ris the inner radius

of the rotor, 77is the number of nozzles per inlet (i.e., 3), Anozze iS the nozzle area, 7, is

the efficiency at the stall torque, and 7,, is the efficiency at the terminal rotational speed of
the rotor. It should be noted that it has been observed that n, ~ 7, ~ 0.55. Using (1) and
(2), and taking into consideration the use of the planetary gearboxes, an appropriately sized
motor can be selected to meet a variety of torque and speed applications.

B. Encoder Design

The MR-safe encoder consists of an encoder housing and four fiber optic cables (FDPF
4001 EH, Fibre Data, USA) (Fig. 4A). The encoder housing is 3D-printed using Tough 2000
resin (as opposed to Clear resin) with a FormLabs 3D printer (Form 3B, FormLabs, MA,
USA). This opaque resin is used to prevent ambient light from creating a high signal on the
receiver channels of the encoder. Of the four fiber optic cables, two are receivers and two
are transmitters. Note that the optical fibers are 10-m in length. This is to keep all circuitry
in the control room, enabling complete decoupling of the electronics from the MR scanner
and preserving MR imaging quality. The receiver channel A is located on the side with the
receiver of channel B to prevent cross-talk from their transmitters, as shown in Fig. 4A. The
light transmission data is interpreted using an off-the-shelf educational fiber kit that includes
a transmitter and receiver circuit (IF E22, Industrial Fiber Optic, USA). The transmitters
provide a constant supply of light to the encoder. When the receivers receive this light, the
signal is interpreted as high (i.e. 5V); conversely, when the receivers do not receive this
light, the signal is interpreted as low (i.e. V). To enable quadrature encoding, the fibers

are angled toward the rotor shaft. The rotor shaft has a slit in it to act as a light interrupter
(Fig. 4A, Section A-A). As the rotor rotates the light from the transmitters is interrupted in a
sequential manner that results in standard quadrature encoding, as shown in the oscilloscope
screen in Fig. 4B.

[1l. Fabrication Instructions

A. Motor Fabrication Instructions

The MR-safe motor is fabricated using the FormLabs SLA printer with an orientation as
shown in Fig. 5. Note that this orientation is used to ensure that the circular geometry of

the rotor, stator, and cap are in the X-Y plane of the printer. The layer height in the slicing
operation should be set to 0.050 mm. Following the printing process, the printed components
are post processed in the Form Wash for 8 minutes in 90% isopropyl alcohol (IPA). The
parts should then be removed from their supports and rinsed for 1 minute in a separate basin
of 90% IPA. It is then advised to dry off the motors using compressed air (30 psi-gauge with
1/8” tubing). Additionally, air at 90 psi-gauge should be administered through the inlets of
the stator for 10-15 seconds. Note that this should be done over a basin or sink to ensure
the residual resin is collected, avoiding ejection onto the floor. All the components can then
be cured in the Form Cure for the recommended time and temperature based on the selected
resin (Tough 2000 cures at 70°C for 60 minutes). After curing, these parts should not come
in contact with IPA, as the resins intentionally degrade when in contact with IPA. However,
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some FormLabs resins are compatible with IPA (Surgical Guide Resin, FormLabs, USA),
while others can be autoclave steam sterilized.

Following the curing procedure, all the threads should be tapped. These include the
following: (1) the three M2x0.4 threads in the stator for motor assembly, (2) the two M2x0.4
threads in the stator for mounting the encoder, (3) the two M5x0.8 threads in the stator

for the pneumatic inlets, (4) the three M3x0.5 threads in the flanges of the motor cap, and
(5) the three M3x0.5 threads in the gearbox cap for mounting of the entire assembly to a
surface. All threads listed above should be tapped all the way through, and the parts should
be supported using standard fixturing techniques (i.e. a cushioned vice). The authors prefer
to use a drill to rotate the tap at the lowest speed setting to avoid the need for manual
tapping. Additionally, small amounts of 90% IPA may be used as a tapping lubricant to ease
the tapping process. After tapping the threads, the pneumatic fittings of choice (5463K557,
McMaster, USA) should be connected to the stator and air should again be forced through
the jets and nozzle. It is advised to use air at 90 psi-gauge and to administer this pneumatic
flow for 10-15 seconds.

The rotor requires the attachment of the plastic sun gear provided in the planetary gearbox
kit listed in the bill of materials. The rotor is designed to ensure the sun gear has a light press
fit. To attach the sun gear, a deep-well socket (such as a 1/2” deep-well socket) should be
used to support the rotor from the back in a vice. This socket prevents the thin shaft used for
encoding from bearing the load. The sun gear is then placed in front of the recess at the front
of the rotor and the vice is used to press the sun gear into the recess. It is strongly advised

to include three small drops of cyanoacrylate on the cylindrical surface of the recess. The
bearings (B6800B3G and B623B3G) can then be mounted to the rotor.

The motor can now be assembled using the associated plastic hardware listed in the

bill of materials (Table I). Using the all-thread (98831A760, McMaster, USA) and the
corresponding hex nut (94905A005, McMaster, USA), a stud of appropriate length (based
on the number of gearbox stages) can be created that attaches the gearbox to the motor
assembly. This stud is used due to the unavailability of offthe-shelf plastic bolts of this
length. It is advised to use the provided DC motor in the planetary gearbox kit (72001,
Tamiya, Japan) to run the gearbox for 2 minutes or more. This operation hones the gears
for smoother operation. The gearbox can now be assembled to the motor, resulting in the
finished assembly of the motor and gearbox (excluding the encoder). Note that due to the
low cost of the motor, the authors typically apply glue to the flanges that mount the gearbox
to the motor. This is to ensure that the studs do not vibrate loose. In the event that a
malfunction occurs, a new low cost motor can be made. Note that this should only be done
after smooth motor operation is confirmed.

B. Encoder Fabrication Instructions

The MR-safe encoder is fabricated using the FormLabs SLA printer with an orientation as
shown in Fig. 5. The washing and curing steps used for post processing the encoder are
identical to the post processing steps of the motor. Note that the encoder does not possess
any threads; however, before curing, pressurized air should be used to clear out the internal
fiber optic guides. After clearing the guides, curing can be performed.
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After curing, a strip of fiber optic cable should be used as a tool to clear out the fiber optic
cable guides once more in the encoder. This tool can be made by stripping approximately
1” of the fiber optic jacket from a piece of the fiber optic cable and reciprocating the

fiber through the encoder guide. Now the encoder operation must be validated. To do this,
four fiber optic cables must be cut to an arbitrary length (<0.2-m as these cables will be
thrown away). Approximately 1/8” of the fiber optic jacket should be removed from the
fiber optic cable at each end using a pair of strippers (IC-375, Jonard Tools, China). Using
a specialized high-grit polishing kit (HFBR-4593Z, BROADCOM, USA), both ends of the
fiber optic cable should be polished in a planar manner using a figure-eight pattern. Care
should be taken to ensure that the polishing creates a cross-section that is perpendicular to
the longitudinal axis of the fiber. After the polishing operation, one end of each fiber optic
cable should be placed in the corresponding transmitter and receiver position for channel
A and channel B. The other end of the fiber optic cable, which will go into the encoder,
should have an additional 1/2” of the fiber optic jacket removed (i.e. a total of 5/8”). Using
an oscilloscope, the transmitters and receivers should then be placed in the encoder in a
configuration similar to Fig. 4A until both signals read as high (i.e. > 4.5V). Then, the
encoder should be placed on the motor and the quadrature operation should be validated
using the oscilloscope. Following validation, the fiber optic cable inclusion procedure listed
above should be performed again using fiber optic cables at the appropriate length (i.e. 10-m
for MRI-conditional devices). Once finished, the fiber optic jacket should be epoxied to the
encoder housing to restrict motion.

C. Motor Control Setup

In this section, we describe the system setup for the implementation inside the MRI scanner,
depicted schematically in Fig. 6. A Simulink xPC target machine is used to control two on/
off, normally closed, solenoid valves (2v025-08, Tailonz, USA) using two N-channel power
MOSFETSs (RFP30NO6LE). The valves are connected to a compressed air supply (8010,
California Air, USA) that is regulated to 80 psi. The valves are connected to the motor

using 10-m pneumatic tubing (5233K52, McMaster, USA). The encoder fiber optic cables
are connected to the transmitter/receiver boards, which transmit electrical signals back to the
XPC target machine. Using a bang-bang control algorithm that switches the the flow inlet
based on the sign of the motor error, an output shaft accuracy of £20° an be achieved for

the smallest motor configuration using a 100:1 gear reduction (rotational speed of 345 rpm).
Note that in our experience, this motor configuration is most commonly used while coupled
to a lead screw due to the fast rotational speed. Using a 10-32 lead screw (98873A105,
McMaster, USA), a 20° error would result in a translation error of 0.04 mm. For rotational
operations, we often use a 500:1 gear reduction, which results in a rotational error of +4°
due to encoding at the input shaft. Note that due to the considerable time delay induced

by the 10-m pneumatic tubing, which substantially affects the closed-loop stability of the
system, a dead-zone region has been incorporated in the control with the bound of 20 degree
in output shaft (i.e. control input is zero for position error of £ 20°). This modification
enables the system to reach a desired error with minor oscillation.
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IV. Results and Discussion

A. Motor Examples and Parameter Selection

To highlight the scalability of the motor, we have printed three different motors (Fig. 1).
Each motor had the same blade length (10 mm), rotor inner diameter (11 mm), angle of
attack (20°), and nozzle diameter (2 mm). However, each motor used a different rotor outer
diameter: 19 mm (our nominal motor design), 35 mm (rotor size from [18]), and 61 mm.

A torque and power curve for each motor using a 100:1 gear reduction was generated

using an electromagnetic brake (B6-12-2, Placid, USA). The system input pressure was 80
psi-gauge and a 10-m pneumatic transmission line (5233K52, McMaster, USA) was used.
The torque and power curves can be seen in Fig. 7. Note that with increasing rotor diameter,
the torque increases while the speed decreases. However, the peak power of each curve
remains within 10% variation, which is to be expected since the pneumatic input power
remains unchanged. Differences in the peak power can be explained by printing tolerances
which affect the mass flow rate. The motor model was able to predict the maximum motor
torque and speed with a mean error of 15.6% and 14.6%, respectively (see Table I1). It
should be noted that the largest error occurs with motor using a 61 mm OD rotor, which is
likely due to the complexities associated with pneumatic modeling and fluidic uncertainties
from manufacturing tolerances.

B. MR-Safe Encoder Validation

The MR-safe optical encoder was validated by coupling the motor to a commercially
available encoder (E6C2-CWZ6C 1000P/R 2M, Omron Automation, USA). For validation,
the motor was connected to a 100:1 gearbox configuration. Note that the gear transmission
possessed a mechanical backlash of £8°. Each encoder was connected to a Simulink xPC
target machine and positional data was recorded at an update rate of 1 kHz. The motor was
commanded to spin continuously at a pressure of 80 psi-gauge. The gearbox output shaft
rotated 58000° in 14.5 seconds, during which the positional error between the two encoders
remained below the mechanical backlash of the system (Fig. 8). The final steady-state error
between the two encoders was 0°. This suggests that our MR-safe quadrature encoder is
effective at tracking motor position.

C. MR-Safety Validation

MR-safety validation was performed in a 3T Philips MR scanner. The motor was placed
close to a CuSO4 phantom bottle. T4 sequence images were obtained using TE (4.6 ms), TR
(10 ms), FA (15°), Resolution (0.5 x 0.5 x 1.3 mm3) (see Fig. 9). Image artifact was defined
as a change in the pixel intensity of over 30% due to the presence of the motor. SNR was
calculated based on [38]. No noticeable image artifact or significant SNR variation (< 1%)
was observed during the experiment. MR test according to the F2052 and F2213 standards
were also performed [16], [17]. No magnetically induced forces and torques were observed
in the experiment and the motor can be safely classified as MR-safe due to the absence of
metallic materials and electrical signals.
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D. Motor Applications

The proposed motor, and its previous iterations, have been used in a wide variety of
applications. In prostate needle placement for focal laser ablation, this motor has been

able to place a needle template with an overall targeting accuracy in ex-vivotissue with an
accuracy of 2.17+£0.47 mm [39] and in canine studies with an accuracy of 0.9+0.47 mm

[4]. However, it should be noted that the stages directly controlled by the motor were able
to provide sub-millimeter positional accuracy [40], [41]. Due to the accuracy performance
achieved by the motor, it has also been used in many other high-risk procedures, such

as microinjector intraocular pressure regulation [42] and intracerebral hemorrhage (ICH)
evacuation using concentric tubes [3], [5]. In ICH evacuation robot development, the motor
was able to provide distal tip placement accuracy of less than 1.75 mm [3], [4]. In more
recent work using large diameter plastic tubes (OD: 6 mm), the motor was able to provide
distal tip positioning accuracy of less than 1 mm [5]. Another positive feature of this

motor is the ability to operate with real-time MR-imaging guidance [5]. For example,

this motor has also been used in MR-conditional experimental test-beds embedded with
real-time tracking systems [43]. These numerous studies of this motor validate its efficacy
and generalizability. Note that the most recent use of this motor found in [5], which uses the
current motor design at its smallest feasible dimension (28 mm OD), has been used for over
one year without replacement or repair.

E. Broader Dissemination During ISMR

The authors plan to organize a mini-workshop on the fabrication of the motor to expedite
the adoption of this motor during the 2023 International Symposium of Medical Robotics
(ISMR). During the training, the authors will provide the hands-on fabrication practise
for the participants to fabricate their own motor, develop the control mechatronics, and
implement the control. The material and supplies will be covered by the authors’ lab at
Georgia Tech.

V. Conclusion

This paper presents the open source design and manufacturing guidelines of PRIME, a
MR-safe pneumatic radial inflow motor and encoder (PRIME). The motor consists of
five modifiable global parameters, ensuring scalability, that define the entire geometry of
the motor assembly. PRIME is manufactured using a Form 3 SLA printer and consists
of off-the-shelf components. Note that in this work the control algorithm and hardware
presented focused on the most simple implementation. Future work will investigate a
comprehensive, model-based control scheme that accomodate system delay to improve
setpoint and trajectory tracking performance.

PRIME has been extensively validated by the authors in a variety of MR-conditional
robotics projects, and demonstrated the feasibility and generalizability of the motor
hardware. The motor original CAD and quick download STL files will be uploaded to
our lab website. We hope this open source motor and encoder design will lower the
barrier to entry and eventually benefit a wide range of researchers that are interested in
MR-compatible devices and robots.
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Fig. 1.
Three different scaled motor designs. (Left) Motor with 19 mm OD rotor (authors’ nominal

preference). (Center) Motor with 44 mm OD rotor (motor size from [18]). (Right) Motor
with 61 mm OD rotor.
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Fig. 2.
(A) The full motor with air stream lines for inlet 1 (blue) and inlet 2 (red) can be seen. (B)

The first set of jets that redirect the flow from inlet 1 can be seen in the sectioned motor. (C)
The second set of jets that redirect the flow from inlet 2 can be seen in the sectioned motor.
(D) The flow can be seen leaving the nozzles with an angle of attack of a.
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Fig. 3.
The motor assembly in an expanded configuration with trace lines representing the assembly

directions. Note that only the general housing shape of the planetary gearbox is modeled.
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Section A-A
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(A) Working principle of the quadrature encoder design. Note that receiver A and receiver B
are on the same side to avoid cross-talk from the transmitters. (B) The oscilloscope screen
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capture depicts the electrical signal detected by the proposed encoder.
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Rot

Fig. 5.

The printing setup in the PreForm software can be seen here. Note that this orientation is
used to ensure the circular geometry of the rotor, stator, and cap are in the X-Y plane of the
printer.
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Schematic of the system setup for the motor inside the MRI scanner.
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The torque (top) and power (bottom) curves of the three different motor designs from Fig. 1.
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(Top) Tracking performance of the encoder (blue) to the commercial encoder (red). (Bottom)
Error results of the MR-safe encoder to the off-the-shelf encoder. Note the mechanical
backlash of the system was +8°.
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No Motor Motor Off Motor On

Fig. 9.
T1-weight images of the phantom can be seen with no motor, with the motor in the scanner

and off, and the motor in the scanner and running.
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Motor Modeling Results

TABLE Il

Rotor OD [mm] Model Torque[mNm] Measured Torque[mNm] Model Speed [rpm] Measured Speed [rpm]
19 722 69.8 295.3 305.0
35 196.4 188.7 152.6 155.0
61 348.6 249.7 80.8 133.0
Mean Error 15.6% 14.6%
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