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Abstract

To address the challenges of biopsy and intratumoral drug delivery using microdevices, a miniature multifunctional teth-
ered device that has tissue cutting, biopsy and drug delivery capabilities is presented in this paper. The cutting module
in the prototype is hydraulically powered and has an outside diameter (OD) of 2 mm at the tip and a cutter attached to
500 pum drive shaft. The hydraulic micromotor prototype was fabricated using micro additive manufacturing. It was tested
using a benchtop set-up and had an average speed greater than 100,000 RPM at a water flowrate of 45 mL/min and a
speed of about 34,000 RPM at 15 mL/min flowrate. This micromotor design was numerically modeled using 3D-transient
simulations in ANSYS CFX to determine its performance characteristics and internal resistance. Preliminary testing was
performed using cutting modules with five cutter geometries on agar tissue phantoms of different concentrations and
other biological materials. The dissection ability of the cutting module, its ability to deliver particles, and collect biopsy
samples were successfully demonstrated. Scaling the 2 mm OD device further, a 1 mm OD micromotor, with a nominal
output shaft diameter of 250 um, was fabricated and operated with air establishing the proof of concept.
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1 Introduction

Evolution of minimally invasive procedures requires overcoming challenging barriers such as the reach of the
devices. Reach is constrained by the device size, its navigation capabilities, and the ability to traverse through or
around biological structures along the way. For example, a key step in procedural planning for a biopsy is the strat-
egy to access the target depending on its location and the ability of existing instrumentation to reach the tumor.
In cases where the tumor is hard to access, a surgical biopsy may be required. Increased reach and dexterity of
instrumentation potentially decreases the invasiveness and provides an opportunity to develop highly targeted
therapies. Improving the reach and flexibility of minimally invasive instrumentation is an active academic and
commercial research area. Solutions are being developed for minimally invasive and non-invasive interventions
utilizing numerous tetherless micro/nano devices [1-5], tethered devices [6, 7] and robotic systems with increased
dexterity and precision [8].

Despite the advances, controlled movement of microdevices in viscoelastic media and tissue for tumor pen-
etration or biopsy is still a challenge. Since collection of biopsy samples requires retrieving the microdevices after
deployment to the desired location, complex tracking and control are required. One of the solutions proposed was
to retrieve the sample collected by magnetic microrobots using a guide wire like a fishing line [9, 10]. A tethered
device with a hydraulic micromotor powered cutter is presented in this paper to explore the possibility of pen-
etrating the tumor for sample retrieval and drug delivery. A 2 mm target size is of particular interest as the needle
typically used for a core needle biopsy is 2.1 to 0.91 mm OD [11]. Considering an average tumor cell diameter of
20 um [12], the 2 mm tip would cover about 100 tumor cells.

Amount and type of drug or a biopsy sample that can be carried by a single microrobot is also severely limited,
thus requiring a swarm of microrobots [13]. Even though a tether would alleviate problems such as retrieval and
the amount of on-board drug, the reach is severely limited by the length and diameter of the tether. A tethered
device's reach can, to some extent, be improved by reducing its diameter. However, as the size reduces the ability
to perform operations such as cutting become challenging. The tethered device detailed in current work utilizes
a microhydraulic motor developed by the authors to power a cutter and demonstrated dissection ability on tissue
phantoms. The micromotor size is comparable to a commercial steerable cardiac catheter (~2 mm) so that the
tendon based steering mechanism can be leveraged for navigation. Solutions combining the micro/nano devices
with the commercial devices like catheters have the potential to accelerate the maturity from research lab to com-
mercialization [6, 7, 14, 15]. Such a hybrid system combines the advantages of tetherless microrobots (reach) and
tethered devices (sample retrieval, amount of drug, delivery closer to target) to advance the therapeutic options
currently available.

The design and development of a miniature multifunctional tethered device that has tissue cutting, biopsy and
drug delivery capabilities is presented in this paper.

2 Methods
2.1 Prototyping

The prototype device consisted of a hydraulic cutting module mounted at the distal end of a tether. The cutting
module comprised of a hydraulic micromotor, cutter, and a stainless steel inlet conduit. The design details are pre-
sented below.

Micromotor and cutter fabrication: The micromotor designs presented in this paper evolved from the previous
work on miniature hydraulic motors by the authors [16, 17]. It has 3 core components as in the previous scaled-up
designs, i.e., cap, base and rotor, and works based on the principle of an impulse turbine. The main body of the cap
has an outside diameter of 2 mm. The inlet nozzle (conical) has a mean diameter of ~ 250 um. The rotor has 4 blades
and an output shaft of 500 um diameter. The CAD cross-section of the micromotor is shown in Fig. 1. The drum was
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attached in place of a cutter for RPM experiments (Sect. 2.2). A custom fixture was designed for holding the micromo-
tor during the RPM experiments as shown in the figure. Supportless micro additive manufacturing (Projection uSLA
technology) was utilized to avoid post-processing defects and improve precision of the components. BMF microArch
S-140 printer (BMF, Maynard, MA, USA.) was used for manufacturing hydraulic micromotor components using HTL
resin. Since the device is intended for biomedical applications, instead of the HTL resin, BMF BIO which is a medical
grade resin [18] can be used for fabricating the future iterations of the device. The components were assembled using
adhesive (Gorilla super glue). Medical grade glues, such as cyanoacrylate super glue from Adhesive Systems, Inc. [19],
can also be used in place of the non-biocompatible glue used for the proof-of-concept. The assembled micromotors
were tested with air to verify proper operation before assembling the rest of the components.

Different cutting tools were created for attaching to the micromotor output shaft: (1) re-sized piercing needle tip
and (2) 3D printed cutters. A 20 g piercing needle was cut and ground such that approximately 1 to 2 mm of shank was
available beyond the bevel tip for assembly (Fig. 2). The bevel tip was attached to the micromotor output shaft using
adhesive. Also, cutters of 4 different baseline geometries were 3D printed in HTL resin (BMF microArch S-140 printer)
and attached to the output shaft. The cutter geometries and printed porotypes are shown in Fig. 3. The intent for
creating these variants was to study the relative cutting action between the prototypes using agar tissue phantoms.

Cutting module and full device fabrication: The 3D printed fixture for the RPM measurement set-up was replaced
with about 2 inches of stainless steel tube (8988K19, McMaster-Carr, EiImhurst, IL, USA.). The tube forms an annular
fluid channel of 143 um (Fig. 4) around the micromotor to feed fluid into the inlet nozzle. The prototype micromotor
was attached to the steel tube using adhesive. A glue bead was created around the collar and allowed to dry com-
pletely to prevent leaks. Silicone Tubing, 3/32" (2 mm) ID was used to connect a stainless steel dispensing needle
(75165A265, McMaster-Carr, EImhurst, IL, USA.) from a syringe to the steel tube of the cutting module prototype
(Fig. 5). Five devices were fabricated with different cutter geometries presented in Fig. 3.

2.2 Experimental set-ups
2.2.1 RPM measurement

A single channel programmable syringe pump (NE-1010, New Era Pump Systems Inc., Farmingdale, NY, USA.) with a 60 mL
syringe was used to control the water flowrate through the device. The prototype micromotor in a 3D printed fixture
(Fig. 6) was held by the vibration damping clamp (3015T999; McMaster-Carr, Elmhurst, IL, USA.) and the water line from
syringe pump was connected to the prototype via the fixture. The prototype was run using air to verify shaft rotation
and integrity of the full assembly prior to connecting with the syringe pump. A black cylinder (drum) of 2 mm diameter
and height was attached to the output shaft. The manufacturer supplied retroreflective tape (2 mm wide) was attached
to the cylinder on the flat face over the full length of cylinder. A laser tachometer (LH900RF, EHDIS, Amazon, Seattle, WA,
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Fig.2 20g piercing needle
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Fig. 3 CAD models of various
cutter geometries
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USA.) was used for RPM measurement. The tachometer was mounted on a stand at 4 to 6 inches from the device with the
laser perpendicular to the axis of the device as shown in Fig. 7. The data sampling rate was set to 30 Hz on the tachometer.

2.2.2 Experiments with tissue phantoms

Agar gel phantoms are commonly used by researchers to simulate the properties of different types of tissues. The
limitation of gel phantoms is that they are homogeneous and do not have the morphology of biological tissue.
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However, for proof of concept studies, gel phantoms work very well as they mimic some mechanical properties of
interest (e.g., shear modulus) and are safe, easy to handle, store and are inexpensive compared to using actual tissue.
Therefore, gel phantoms are preferred for the initial testing by many research studies. A 2 g agar gel was used for
mimicking liver and breast tissue by Manickam et al. [20]. Wang et al. used 0.6%, 0.8% and 1% agar gels for demon-
strating a drug delivery micro driller [21]. 0.2% agar gel was used for simulating blood clots by Jeong et al. [22]. For
the current study, 0.6%, 0.8%, 1% and 2% agar gel tissue phantoms were prepared for testing the cutting action of
the prototypes. 0.6% to 1% agar phantoms were shown to have shear moduli similar to the human brain [21, 23]. The
2% agar phantom is representative of a normal human breast and liver tissue [20]. The agar powder (Landor Trad-
ing Co., 900 strength, Amazon, Seattle, WA, USA.) and 5 drops of red gel food coloring (Simple Truth™ Natural Food
Color Tubes, Kroger, Cincinnati, OH, USA.) were added to room temperature distilled water and stirred. The solution
was boiled for 1 min and transferred to petri dishes. Once the gels were at room temperature, the petri dishes were
transferred to a refrigerator for 24 h. The gel samples were brought back to room temperature before testing. For
testing the prototypes on non-homogeneous materials, grapes, blueberries, and chicken liver were procured from
Whole Foods Market. These samples were also brought to room temperature prior to testing.

The flowrate on the syringe pump was set to 35 mL/min. The cutter rotation was initiated prior to coming in contact
with the gel by pumping 10 mL of water into the prototype. The gel specimen was placed in a petri dish and held
vertically by hand so that the cutter tip is perpendicular to the specimen surface as shown in Fig. 8. The steel tube
was held in hand and positioned such that the tip touches the gel specimen surface. A gentle circular motion was
applied to the device to initiate cutting or enlarging the hole. If the cutter stalled, the device was pulled back and
reinserted using a pecking motion. For all test cases, 40 mL of water was run through the device before stopping the
syringe pump (10 mL was left in the 60 mL syringe at the end of the experiment). The hole created was imaged after
removing water from the cut by gently blowing air into it. Five different cutters were tested using 4 concentrations
of agar gel tissue phantoms.

Duration of the test was limited to 40 mL of water at a given flowrate to avoid refilling the syringe and running
the test in multiple passes which could introduce experimental errors for a side-by-side comparison of the cutters.
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Procedure for biopsy experiment: Ability to perform biopsy was one of the desired device functions. For this experi-
ment, a cutter with pockets shown in Fig. 3 was used. An empty 60 mL syringe was operated in reverse to apply
suction. Therefore, there was no fluid flow to rotate the cutter. The prototype was inserted 1.5-2 cm into the bulk of
tissue phantom (~ 1 cm thick) by applying axial force on the device. Once in position, suction was applied by manu-
ally pulling the syringe plunger backward. During suction, the agar gel entered the body of micromotor through its
outlet openings and was stored around the rotor in the body of the cap. The plunger on the syringe was manually
pulled back 3 to 4 times (while maintaining the pull force on the plunger) before retracting the device out of the
tissue phantom. The steel tube was detached from the silicone tubing and weighed by placing it in a petri dish. The
mass of the retrieved prototype was compared to the mass of the empty prototype prior to the test to calculate the
amount of tissue phantom retrieved by the device. The experiment was conducted with agar gels of 0.6% and 0.8%
concentrations brought to room temperature. Between trials, the device was thoroughly rinsed with water and dried
by forced air to remove any trapped gel. It was visually inspected after cleaning to ensure there was no gel residue.
One trial was conducted without suction, during which the device was inserted to the target depth and removed 3
to 4 times and weighed.

3 Results and discussion

This section presents (1) Fabricated prototypes (2) RPM experiments results (3) Numerical modeling results (4) Tissue
phantom experiments results.

3.1 Observations during prototypes fabrication

The dimensions of mating features were measured prior to assembly to ensure fit. A VHX2000 optical microscope
(Keyence, Itasca, IL, USA.) was used for dimensional measurements with 3 samples. The data is shown in Table 1. No
dimensional issues that would prevent assembly were detected.

Micromotor parts and assembled prototypes (no cutters) are presented in Fig. 9. 3D printed cutters in HTL resin are
shown in Fig. 10a. These were assembled to the output shaft of the micromotor to function as cutting tools (shown in
Fig. 10b). The cutting modules were fabricated by attaching steel tubes to the micromotors as described in Sect. 2.1
to create fluid lines to the micromotor inlet and to attach a tether. Cutting modules with different cutter geometries
ready to be tested are shown in Fig. 11. The collar on the cap was sized to fit in the custom fixture for RPM testing.
Since the same batch of micromotor parts (same design) were used for creating the cutting modules for testing with
agar tissue phantoms, the collar protrudes slightly beyond the steel tube.

During the inspection of prototype components, it was observed that 2 types of rotors were printed. One set had
the correct orientation of blades as per the CAD model and the other set had mirrored blades i.e., the inlet jet would
hit the convex side of the blade instead of the concave side. Both the blade orientations are shown in Fig. 12. Experi-
ments were conducted using micromotors assembled with both types of rotors. The experimental data is presented
in Table 2.

Fig.8 The cutting module
prototype and agar phan-
tom held in place during the
experiment

Gel specimen in a
petri dish held
perpendicular to the
cutter tip
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Fig.9 Micromotor prototypes,
OD 2 mm and a drive shaft of
500 um (nominal)

To investigate the possibility of further scaling, the 2 mm OD device models were scaled down to 1 mm OD (output
shaft diameter of 250 um) and they were printed using the same BMF S-140 printer in HTL resin. No other changes were
made to the design. The intent was to establish work output from the micromotor that size.

A fully assembled micromotor in a fixture is shown in Fig. 13. The operation of this micromotor using air is shown in
supplementary file 1. It must be noted that the collar was sized to attach it to the larger fixture and test for output. In a
tethered configuration, the collar would be more compact. The OD of the cap body was measured to be 871 um (Fig. 14).
To put this in perspective, if an average tumor cell is approximately 20 um [12], the cutting module tip would cover about
45 cells. Circulating tumor cells can be in the range of 4 to 30 um [24]. These can be collected from the tumor site blood/
tissue sample and stored inside the micromotor body by applying suction. The outlet openings in the cap are large
enough to accommodate clumps of tumor cells (275 pm x 450 um).

3.2 RPM experiments results
The summary of data from the RPM experiments is presented in Table 2. Micromotors assembled with both the correct
and mirrored rotors were tested.

During initial tests, an average RPM of 35,319 was observed with prototype 1 (correct rotor) at a flowrate of 15 mL/
min and. At 25 mL/min the average RPM was 61,999. During these experiments, the prototype developed a leak at the
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tion in the correct and mir-
rored rotors

t

Mirrored blade - inlet jet interaction

Correct blade - inlet jet interaction

fixture-collar interface and its performance degenerated over the duration of the run. The leak was repaired using glue,
and the prototype was retested. The data in Table 2 for prototype 1 was collected after attempting to fix the leak. However,
a thin jet of water bypassing the device was still visible at the collar resulting in lower RPMs than prior to the detection
of leak. After attempting to repair the leak on prototype for a second time, the experiment was repeated. At a flowrate of
15 mL/min, an average RPM of 34,790 was observed. At 25 mL/min, the average RPM was 63,238. These values indicate
that the seal between fixture-collar improved after the second time repair.

Similarly, a leak was observed in the joint between the fixture and collar on prototypes 3 as well at higher flowrates.
At lower flowrates, if a leak was present, it was harder to detect as the water exiting the device masked the water from
the leak. After fixing the leak in the prototype 3, it was retested at 45 mL/min flowrate and an average RPM of 18,545
was observed.
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Tallalle 2 :xpgrimeptal data Flowrate Average RPM Proto-  Average RPM Proto-  Average RPM Proto- Average RPM Pro-
collected using micromotors ) /min)  type 1 (Correct rotor)  type 2 (Correct rotor)  type 3 (Mirrored rotor) ~ totype 4 (Mirrored
assembled with correct and rotor)
mirrored rotors

15 32,105 32,552 4792 5809

25 56,940 62,055 8203 11,010

35 75,244 91,991 11,336 15,727

45 97,328 Out of range® 14,261 18,956

Fig. 13 (a) Wire attached to
the base as a makeshift tool
for assembly (b) 1 mm OD
device in a printed fixture (c)
Tube attached to the fixture

12g piercing needle

2The tachometer range was 2.5 to 99,999 RPM. The RPM was greater than the maximum value of 99,999
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Wire to manipulate
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Fixture for connecting a tube. It was also used

during assembly to hold the cap in place

Fig. 14 (a) 1 mm OD micromotor in a 12g piercing needle (b) Micromotor tip and output shaft dimensions

Table 3 Prototype 5 RPM
data. This prototype had
higher internal friction due
to migration of glue onto the
functional surfaces

500.00pm

[S——

Lens Z00:X50

Flowrate (mL/min)

Prototype 5 Average RPM (Correct rotor)

-
15 7456
25 19,047
35 28,279
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Prototype 5 also had multiple issues with leakage at fixture-collar interface. During the assembly or repair, glue
migrated onto the micromotor functional surfaces. This increased the internal friction of the prototype. There was no
rotation at 15 mL/min to start with. Rotation was initiated at 25 mL/min and then the flowrate was dropped to 15 mL/
min for sustained output. The data recorded is shown in Table 3. The RPMs were much lower than the other prototypes
with correct rotor.

Data was analyzed using Minitab statistical software (version 21.4.3) for generating box plots in Fig. 15 and descrip-
tive statistics in Table 4. A larger spread was observed with higher RPM prototypes (correct rotor). This could be due to
the leakage issues described earlier. At higher flowrates, the tachometer was operating at the upper end of its range
(0-99,999 RPM) which could also introduce measurement error. The standard deviation calculated captures the overall
spread in the experimental values whether the variation in RPM is due to inherent periodicity from spatial distribution
of rotor blades or the experimental error.

The experiment was repeated in ambient light and in a dark room setting, however no significant difference in RPM
readings were observed in the 2 trials conducted (Table 5). Prototype 4 at a flowrate of 25 mL/min was used for these trials.

3.3 Numerical simulations results

The modeling methodology developed in previous works [16, 17] was utilized once again for the hydraulic micromo-
tor. The total time for the analyses was 0.05 s with a timestep of 5 us. Based on the experiments, a mass flow inlet
boundary of 0.00025 kg/s (15 mL/min) was defined. The outlets were defined as openings at atmospheric pressure.
For simulation details refer to supplementary file 2, parameters are tabulated in supplementary Table 1.

A mesh independence study was conducted by varying the number of elements from 0.3 to 6 million (Fig. 16). An
opposing torque of 0.1 uNm was applied to the rotor. The relative error in rotor steady state angular velocity between
a mesh with 4.1 million elements and the finest mesh with 6 million elements was 0.2%. A mesh size of 4.1 million
elements was used for the subsequent analyses. The change in absolute value of rotor average steady state angular
velocity between these two grids was 8.6 rad/s (82 RPM). Assuming experimental data was normally distributed, =3
standard deviations (£ 1024 RPM) would represent 99.7% of prototype 1 data, which gives a spread of 2048 RPM.
The observed range in RPM from experiments was 918 for a flowrate of 15 mL/min (0.00025 kg/s) from Table 4. These
values were much higher than the modeling uncertainty of 82 RPM. The assumption of normality was tested for the

35000
= ==
30000

25000

20000

RPM

15000
10000

5000 _

Prototype 1 Prototype 2 Prototype 3 Prototype 4

Fig. 15 Box plots of prototype micromotors output RPMs at a flowrate of 15 mL/min. Higher spread at higher RPMs was observed
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Table 4 Descriptive statistics Device Number of Data Mean RPM Standard Devia- Median Range
of prototype micromotor Points tion
RPMs at 15 mL/min flowrate
Prototype 1 11 32,105 341.3 32,029 918
Prototype 2 17 32,552 454.8 32,608 1643
Prototype 3 21 4792 27.7 4792 100
Prototype 4 20 5809 65.9 5814 276
Ta.ble 5 Expe.rimeljt with and Trial 1 (Average RPM) Trial 2 (Average RPM)
without ambient light
Light on Dark Light on Dark
10,688.4 10,735.3 11,010.3 11,031.8
Fig. 16 Mesh independence 4800
study. A mesh with 4.1 million
elements (circled) was used
for subsequent analyses 4700 @ °
= 4600
2
£ 4500
9
Q
2 4400
o
F
c 4300
<
4200
4100
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Elements (Millions)

experimental data of prototype 1 using Minitab statistical software and was found to be valid as the P-value, 0.321,
was greater than 0.05 (for 95% confidence).

As the size of fluid domain reduces, the streamline curvature increases due to the increase in outer wall curvature.
In ANSYS, to sensitize the turbulence model to the streamline curvature, modification of the turbulence production
term in the form of curvature correction coefficient is available. To test the effect of this curvature correction coef-
ficient, 4 simulations were run by varying the default value. A resistive torque of 0.25 uUNm was applied on the rotor
in all the cases. The inlet mass flow was set to 0.00025 kg/s. The spread in the output RPM from Table 6 (Maximum:
27,569-Minimum: 26,234 = 1335 RPM) was lower than that observed during the experiments (+ 3 standard devia-
tions, 2048 RPM for prototype 1). Therefore, for subsequent analyses, the default curvature correction coefficient
with a k-e turbulence model was used.

A mesh with 4.1 million elements was used to predict the performance of the model with mirrored rotor blades as
well. The simulations were set up using the same boundary conditions as above, with the only difference being the
rotor/inlet jet interaction. From the numerical simulations, the torque vs. RPM plot (Fig. 17) was generated for the 2 mm
OD micromotors, both for the correct and mirrored rotors. Both orientations showed an inverse relationship between
torque and speed as anticipated, but the mirrored prototypes generated on average 55% lower power compared to the
correct orientation (Fig. 19).

The simulations assumed that there is no tilt to the rotor shaft i.e. rotor axis is along the device axis. However, during
the experiments, the weight of the drum used for RPM measurement would tilt the shaft and increase the frictional
resistance in the cap bearing surface. This results in a higher resistive torque or consequently lower RPM. Although the
net torque could not be measured experimentally for each device, an estimate can be made from Fig. 17. For a given
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-fl;'aobr:wef nSsimsl:l:uagtig'rf]fg;trﬁUt Turbulence model Average rotor angular velocity (rad/s) Average RPM
u usi I
curvature factors K-w with curvature factor 1.25 2791.9 26,661
K-w with curvature factor 1.1 2797.1 26,710
K-e with curvature factor 1.1 2887.0 27,569
K-e (default curvature factor 1) 2747.2 26,234
0.35
Stall torque -’) ® Inlet jet striking concave
0.3 + surface of the blade
Inlet jet striking convex
surface of the blade
0.25 ™
£
€ 0.2 4Iirme. =g mmmmmmmmmmm e ., Average RPM of
P 1 : prototypes with
- i I correct rotors
S 1 I
2 0.15 : :
1 ]
I ]
1 ]
1 ]
1 ]
0.1
X Predicted average RPM of : i
' prototypes with mirrored .
! rotors at a given torque '
0.05 1 .
1 ]
] 1
: - Free RPM
0 l i y
0 10,000 20,000 30,000 40,000 50,000 60,000

RPM

Fig. 17 Torque vs. RPM for both the correct and opposite inlet configurations. The dashed black lines indicate the predicted RPM at a given
torque of 0.2 uNm for micromotors assembled with the correct and mirrored rotors

experimentally measured RPM, the corresponding torque from Fig. 17 is a combination of the internal friction due to
component surface imperfections, fluid resistance and additional friction from the shaft tilt.

The endpoints of the plot (Fig. 17), i.e., stall torque point and the free RPM point represent the two extreme cases
during the micromotor operation. For the free RPM case to occur, there should be no losses or frictional resistance in the
system. This is an ideal case as there is always some internal resistance to the shaft rotation. On the other hand, stalling
of the output shaft can happen during the micromotor operation. During the experiments stalling was observed when
the resistance to cutting from the agar tissue phantoms (Sect. 3.4) was higher than the output torque of the system.
In a stall situation, the fluid tries to rotate the rotor but cannot overcome the resistance on the output shaft. Therefore,
the fluid pressure drops and results in a large pressure loss before the fluid exits via the outlets. The preferred operating
torque of the micromotor would be in between the two extreme cases of stall and free rotation. This corresponds to the
peak power zone in Fig. 19.

Prototype 1 (correct rotor) at a flowrate of 15 mL/min (0.00025 kg/s) had an average RPM of 35,319 during the experi-
ments prior to the leak. Prototype 2 had an RPM of 32,552. Therefore, from the torque vs. RPM plot, the internal friction of
the micromotor can be predicted to be ~0.2 uNm for an average RPM of ~ 34,000 (Prototypes 1,2). At this frictional torque,
the predicted angular velocity for the devices with mirrored rotors is around 6000 RPM. Experimentally, the devices with
mirrored rotors had much lower RPMs as shown in Table 2. The average RPM for prototype 3 was 4792 and prototype 4
was 5809 at 15 mL/min. These align well with the prediction of 6000 RPM from the simulations.
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Although it was assumed that internal friction is the same for both the devices in the numerical model, device-to-

device variation in output RPM was observed during the experiments. The frictional torque would depend on the sur-
face finish of the components. Also, during manual assembly if any glue migrates to the surface where the rotor blades
touch the base, the friction will go up due to the tackiness of the surface. This was observed during experiments with
prototype 5 (Table 3).

In general, lower RPM of the mirrored devices is likely due to reduced momentum transfer between jet and blades.
In the mirrored rotors, once the water jet strikes the convex surface of the blades, the outlet jet is in the direction of the
inlet jet (assuming no separation) as shown in Fig. 18, therefore the amount of momentum transferred from jet to blade
is reduced. The amount of jet deflection w.r.t horizontal is dependent on the blade angle and, therefore, is an important
design parameter.

Performance curves from simulation data show that the peak power is 0.73 mW for the correctly assembled micromo-
tors at 27,000 RPM and 0.33 mW at 25,000 RPM for the micromotors with mirrored rotors (Fig. 19). This is less than half
of the correctly oriented rotor blades. The difference in power highlights the importance of rotor blade orientation w.r.t
inlet jet, suggesting that it could be an important design parameter to optimize the torque output from the device for
specific applications.

Figure 20a shows the velocity distribution on a plane passing through the inlet as the jet strikes the convex surface
of the blade. The jet separates from the blade after striking it, thus reducing the momentum transfer from jet to blade.
Recirculation behind the blade is also visible in Fig. 20b.

Fig. 19 Power vs. RPM for the

et 0.8
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lower peak power (less than
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; L
E
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[}
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a
0.2
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Figure 21a shows the theoretical interaction between correct rotor (jet on the concave surface) and the inlet water
jet, it assumes that the jet is perpendicular to the blade. Whereas a tilt in the jet w.r.t the blade was observed in the
simulations (Fig. 21b).

To validate the difference in power predicted by the numerical simulations (Fig. 19), an experiment was conducted
with gel phantoms using prototype cutting modules with mirrored rotor and correct rotor with conical cutter (straight
edges) and the needle tip cutters. The flowrate was 35 mL/min for 40 mL of water through both the cutting modules.
For 2% gel, a flowrate of 45 mL/min was used. The diameter of hole (~4 mm) created by the cutting module with cor-
rect rotor in 1% gel phantom was much larger and well defined than the cut made with mirrored rotor cutting module.
It was wide enough to accommodate the collar for the device to go through the bulk of the gel specimen (highlighted
in yellow in Fig. 22a). Even with the needle tip cutter and a 2% gel phantom, the difference in cutting performance, in
terms of hole diameter and depth, between the correct and mirrored prototypes was evident (Fig. 22b). The prototypes
with mirrored rotors stalled frequently and did not rotate for most of the duration due to low power output. The hole
created was distinctly undersized compared to the one created by the prototype with correct rotor. This difference in
performance was in line with the numerical simulation results (Fig. 19), where the power of the micromotors assembled
with mirrored rotors was expected to be less than half of the output when correct rotors were assembled.

3.4 Comparison with other miniature motors in an equivalent size range

In this section, the output of the hydraulic micromotor developed is compared to the motors with different working
principles (Table 7). Experimentally the hydraulic micromotor exhibited much higher angular velocity than other
motors in the literature.

3.5 Tissue phantom experiment results

Overall, the cutting modules demonstrated the ability to cut the agar tissue phantoms and other materials such as
grapes, blueberries, and chicken liver. Delivery of particles along the cutting module travel path and the ability to collect
a biopsy sample were also demonstrated. Some cutter geometries were better suited for certain agar gel concentrations.
For instance, the conical cutter with straight edges performed better than the other cutters, in terms of cut diameter and
depth, for concentrations of 0.6-1%, whereas the needle tip cutter performed better in the 2% agar phantom (Fig. 23). This
was an important finding that emphasized the need for designing application specific cutters to achieve optimal device

Velocity (b)
Inlet Plane
' 5.895
Recirculation
L 4.421 behind the
blade

bl 2048
I— 1474

0.000

m/s

Fig. 20 (a) Velocity profile at the convex surface where the jet strikes the blade (b) Velocity vectors showing recirculation behind the blades
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Fig. 22 (a) Cuts in 1% agar tissue phantom using conical cutter (straight edges) at 35 mL/min flowrate for 40 mL of water through the cut-
ting module: (i) Mirrored rotor (ii) Correct rotor. (b) Cuts in 2% agar tissue phantom using needle tip cutter at 45 mL/min flowrate for 40 mL
of water through the cutting modaule: (iii) Mirrored rotor. The cut was much smaller compared to the cut made by prototype with correct
rotor in it (iv) Correct rotor

performance. In general, as the strength of the agar gel increased, the depth of cut had to be reduced to prevent the cut-
ter from stalling. The cutting depended on the sharpness, depth of cut, torque, and angular velocity of the cutting tool.

Experiments were conducted using the needle tip cutter prototype (correct rotor) on grapes, blueberries, and chicken
liver. Unlike agar phantoms, these test materials are not homogeneous and have specific morphologies. The grape was
cut in half and the skin of the blueberry was peeled to expose the inside pulp to the cutter. In the case of chicken liver,
the cutter was brought in contact with the smooth outer surface. A flowrate of 45 mL/min was used for pumping about
40 mL of water through the device for each run. It was observed that the performance of the needle cutter, in terms of
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Table 7 Comparison of hydraulic micromotor with other miniature motors in an equivalent size range

Motor Notes Stall Torque (UNm) RPM Peak Power (mW)
Hydraulic micromotor 2 mm OD at the tip 0.3 34,000 at 15 mL/min 0.73
100,000 at 45 mL/min
Electric motor 2.4 mm OD from Orbray [25] 10 100-6000 Not reported by
the manufac-
turer
Electro-Conjugate Fluid motor 2.8 mm OD [26] Not reported 1200 0.2
Ultrasonic motor 2.7 mm OD ultrasonic motor witha  10.2* 2500-5300 Not reported

foil type stator (Ti polymer) [27]

“Starting torque

the resultant cut, was similar to what was observed during the experiments with the 2% agar phantom. The cutter stalled
when it got caught on the fibers in the grape or when the resistance to cutting was high. The cuts made in chicken liver
are shown in Fig. 24a, and Fig. 24b, c are the cuts in grape and blueberry. These results are promising as they showcase
the ability of the prototype to cut not just agar phantoms but also biological structures.

The heat generated during device operation is primarily frictional heat from the interaction of the cutting tool and
tissue or phantoms. This heat would be dissipated by the fluid exiting the micromotor. The surrounding structures that
the device is in contact with also help in heat dissipation. As a reference for assessing the heat generated by the milliro-
bot, thermal effects of rotational atherectomy catheters were examined. During plaque removal, the mechanical cutting
action between the rotating cutting tool (typically 135,000 to 180,000 RPM [28]) and arterial plaque also generates heat.
Saline flows inside the catheter sheath for cooling and mixes with blood at the sheath exit. Therefore, the blood flow,
along with the saline flow (flowrate of ~ 14 mL/min [29]), dissipates the heat generated during the procedure [29, 30].
The function of the fluid exiting the micromotor (flowrate of 35 mL/min was used in the tissue phantom experiments) is
similar to that of the flush solution used to provide lubrication and cooling in an atherectomy catheter.

The syringe was filled with a suspension of iron particles (325 mesh ultra fine, Consolidated Chemical & Solvents Store,
Amazon, Seattle, WA, USA.). 1.4 g of particles were sonicated in 100 mL of water for 1 min. The prototype cutting module
was run as described earlier for creating a path using this iron particle in water suspension to deliver the particles into
0.6% agar gel specimen. The same flowrate of 35 mL/min was used to rotate the cutter as it traversed through the speci-
men. During the experiment, some of the particles settled in the syringe as no other solvent or surfactant was added
to form a colloidal solution. Despite this settling, the iron particles were delivered along the path of prototype motion
as shown in Fig. 25. Instead of the iron particle suspension, different suspensions of nanoparticles or drugs can be used
for intra-tumoral delivery.

An improvement in cutting action was observed if the knife edges extend to the tip as in the conical cuter with
straight edges. The spiral cutter had a nose cone with a larger angle at the tip and the cutting edges started beyond the
nose cone as shown in Fig. 26. This resulted in no cutting till the cutter was pushed in by hand to a point past the nose
cone for the gel phantom to come in contact with the cutting edges. The same was observed for the cylindrical cutter

Fig.23 Cuts in agar tissue
phantoms of different concen-
trations using all 4 cutters at
35 mL/min flowrate for 40 mL
of water through the cutting
module. For 2% gel phantom
45 mL/min flowrate was used.
Sequence from left to right

in (@—c): Needle tip, coni-

cal cutter with spiral edges,
cylindrical cutter with straight
edges and conical cutter with
straight edges (d) Needle

tip (top), conical cutter with
straight edges (bottom)
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Fig. 24 Cuts during experiments using: (a) Chicken liver (b) Grape (c) Cut initiated in a blueberry. In all the cases, cuts could be made using
the needle tip cutter prototype

with straight edges as well. The base diameter of the spiral cutter (2 mm) was also larger than that of the conical cutter
(1.8 mm) i.e., the cone angle was larger. Overall, smaller cone angle with the conical cutter (straight edges) resulted in
better cutting performance.

Biopsy experiment results: Fig. 27 shows the cutting module before and after the biopsy trial. As the concentration of gel
increased, higher suction was needed to pull the sample into the device. When the pull force was removed, the plunger
tended to spring back. The force required to pull the plunger back was noticeably different between 0.6 and 0.8% gels.
Very little tissue (3 mg with 0.8% gel) could be sampled without suction. Mass of the collected specimen was converted
to volume using the density of agar gel (average gel density of 1.1 mg/mm?3).

In the guidelines for liver biopsy, a minimum of 20 mm length sample using a 16 g needle was recommended [31].
Considering an ID of 1.194 mm for a 16 g needle, the volume of sample can be calculated to be 22 mm?3. From Table 8,
most of the samples collected were much greater than this value except for one trial with 0.8% agar gel. As the gel stiff-
ness increases, more suction is needed to collect the sample. Another unknown is how similar the stiffness of the agar
gels created is to the actual liver tissue being biopsied. However, this calculation gives a good initial estimate about the
prototype’s ability to collect a biopsy sample.

4 Conclusions

Innovative minimally invasive instrumentation need to be dexterous and multifunctional to address the issue of reach.
Microdevices being developed to improve reach have challenges in the context of biopsy and intratumoral drug
delivery due to their limited ability to carry the collected sample/drug and move in viscoelastic media and tissue.
Retrieval of microdevices carrying the biopsy sample is also a herculean design challenge. The miniature tethered
device of OD ~2 mm presented herein offers a solution to the above mentioned challenges such as cutting, sample
retrieval etc. The prototype device size is in the range of needles used for core needle biopsy and typical steerable

Fig. 25 Iron particles (darker
coloration circled in yellow)
delivered along the path

of prototype as it traversed
through 0.6% agar tissue
phantom
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Fig. 26 Differences in geom- Smaller cone
etry leading to poor perfor- angle nose Larger cone
mance of the cutter with spiral / angle nose
edges and the cylindrical Ciitting edges

cutter. Since the nose does
not have any sharp edges,
no cutting takes place till the

extending to the

tip Cutting edges

start beyond the

depth of insertion is beyond nose cone
the extent of nose cone. Cut-
ting edges extending to the
tip and a smaller cone angle
are desirable
Conical cutter with Conical cutter Cylindrical cutter
straight edges with spiral edges with straight edges
@) Specimen sucked into the (b)

device via outlet openings

Gel trapped in
cutter pockets

Fig. 27 (a) Device before biopsy experiment; (b) Agar tissue phantom sample collected inside the prototype after the experiment

Table|8 Tissge phant.om h Trial 0.6% agar gel sample  0.6% agar gel sample  0.8% agar gel sample  0.8% agar gel
samples retr{eveq usmg.t e retrieved (mg) volume (mm?) retrieved (mg) sample volume
prototype with biopsy tip (mm3)
. 70.5 64.0 36.2 329
2. 46.0 41.8 20.1 18.3
3. 429 39.0 393 357

cardiac catheters. It established a proof of concept for consistent mechanical work for tissue dissection from a hydrau-
lic micromotor combined with other functionalities such as biopsy and particle delivery.

Hydraulic micromotors of ~2 mm OD (500 um output shaft) were successfully manufactured with components
printed using Projection uSLA technology. The micromotors were tested extensively using a benchtop set-up design
with a syringe pump. Rotational speeds of 34,000 RPM (average) at 15 mL/min and greater than 100,000 RPM were
observed at 45 mL/min water flowrate. The peak power for the 2 mm OD micromotor was estimated to be 0.73 mW
at 27,000 RPM with a free RPM of 53,300 for a flowrate of 15 mL/min (0.25 mL/s). The stall torque was predicted to
be 0.3 uNm. From the simulations, it was found that the peak power decreased by more than half when the inlet jet
strikes the convex side of blades instead of the concave side. This degradation in performance was also observed
experimentally during the RPM and tissue phantom experiments.

Cutting modules were fabricated by assembling cutters of five different geometries and fluid lines to the 2 mm
OD micromotors. Tissue phantoms of different concentration agar gels (0.6%, 0.8%, 1% and 2%) to emulate human
brain, breast and liver tissues were created to demonstrate the cutting module’s performance. Prototypes were also
successfully tested on other materials such as chicken liver, grapes etc. Of all the geometries of cutters that were
tested, the conical cutter with straight edges had the best relative performance in terms of cut diameter and depth
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on 0.6%, 0.8% and 1% phantoms. For the 2% phantom, the needle tip cutter had a better performance. Even with
as-printed polymer cutters and preliminary micromotor design, the prototypes demonstrated dissection capabil-
ity on tissue phantoms and other materials such as chicken liver. These experiments highlighted the importance of
optimizing the torque output of the micromotor and the cutter geometry for a specific application.

Delivery of iron particles along the path of travel of the cutting module was also demonstrated using 0.6% phan-
tom. This is important from an intra-tumoral drug delivery perspective as a nanoparticle suspension or drug solution
can be used to drive the micromotor and deliver the nanoparticles along the cutting path. A biopsy experiment was
successfully conducted on 0.6% and 0.8% phantoms to demonstrate retrieval of sufficient specimen by the cutting
modaule for histological analysis.

Scaling the 2 mm OD device further, a proof of concept 1 mm OD micromotor, with a nominal output shaft diam-
eter of 250 um, was fabricated and successfully operated with air. A utility patent application was filed with the United
States Patent and Trademark Office (USPTO) by the University of Cincinnati Office of Innovation (reference number:
U.S. Serial No. 18/756,618, Filed June 27, 2024).
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