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Abstract: The application of force in surgical settings is typically accomplished via physical tethers
to the surgical tool. While physical tethers are common and critical, some internal surgical procedures
may benefit from a tetherless operation of needles, possibly reducing the number of ports in the
patient or the amount of tissue damage caused by tools used to manipulate needles. Magnetic field
gradients can dynamically apply kinetic forces to magnetizable objects free of such tethers, possibly
enabling ultra-minimally invasive robotic surgical procedures. We demonstrate the untethered ma-
nipulation of a suture needle in vitro, exemplified by steering through narrow holes, as well as needle
penetration through excised rat and human tissues. We present proof of principle manipulations for
the fully untethered control of a minimally modified, standard stainless steel surgical suture needle.

Keywords: magnetic control; magnetic needle steering; magnetic surgery; needle-tissue dynamics;
sutures

1. Introduction

Suturing is a longstanding, critical, and routine component of surgical procedures
and wound closure. Anthropologists have recorded ancient suture methods that include
wound closure by allowing ants or beetles to bite opposing sides of a wound then detaching
the insect’s body, leaving the mandible stitch in place and the wound closed under the
compression force of the bite [1]. Modern suturing is performed via manual or robotic
suture needle manipulation, with minimally invasive surgeries (MIS) performed using
robotic suturing instruments achieving increasing levels of autonomy in recent years [2].
Minimally invasive surgeries (MISs) currently involve inserting miniature manipulators
into a patient via a single incision [3] or a natural orifice [4]. Such procedures routinely
access hard to reach tissues through laparoscopic ports of decreasing size and number. For
surgeries requiring internal sutures, the procedure is commonly performed using a suture
needle and an attached thread, manipulated by surgical manipulators for needle guidance.
Of these, surgical manipulators for needle guidance often require the most space inside the
patient and, thus, often cause tissue damage that could be avoided if needle guidance could
be performed via a tetherless application of force to steer the needle. Further minimizing
the invasiveness of surgical procedures remains an important goal of surgical robotics,
as manipulators used for guiding needles during interventions have the potential to initiate
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infections at the surgical site, result in large scars, and may cause unnecessary damage to
tissues during the manipulation process [5].

Magnetic fields are safe and can be applied at significant amplitudes and a broad
range of frequencies with no ill effects, thus offering a possible route for the safe manip-
ulation of such devices. Naturally, care must be taken to ensure the environment is free
of magnetic materials not involved in the surgical procedure so as to avoid the inadver-
tent motion of magnetic objects by the applied magnetic fields. Recently, magnetically
actuated robots, ranging from sizes on the order of 10 nanometers to a centimeter, have
been developed for medical applications, including drug delivery [6], biofilm removal [7],
biopsy [8], ligation [9], catheter guidance [10-12], tissue penetration [13], cutting [14], shape
programming [15], and needle advancing and steering [16]. At the milli- and centimeter
scale, devices and manipulation platforms for performing surgical procedures are being
developed which make use of different actuation methods, manipulating a broad range
of functional robotic devices [17]. Specifically, recent efforts have magnetically actuated
surgical tools such as organ retractors [18,19], endoscopic cameras [20-22], catheters [23,24],
and drug delivery robots [25] for enabling minimally invasive procedures.

As it stands, suturing is still a “tethered” technology in which the suture needle is
manipulated via mechanically contacting the needle using fingers or robotic end-effectors
for physically grasping, pushing, pulling, wiggling, or twisting the suture needle. The
capability to manipulate the suture needle using non-contact methods could significantly
decrease the invasiveness and resulting trauma of some surgeries. This is particularly
true for suturing and other needle manipulation tasks occurring inside the body. For
manipulating sharp, penetrating, needle-like devices, magnetic control techniques may
obviate the need for physically contacting the suture needle, further reducing the size and
number of entry ports for internal surgical procedures [26]. Recently, complex schemes
of drilling particles [13,27], Gauss guns [28], and magnetic hammers [29,30] have been
proposed for magnetically powered tissue-penetrating robots. These elegant methods
overcome the issue of providing a sufficient force to move through the dense, entangled
protein matrix that makes tissue penetration difficult for magnetically actuated tools.
For sutures, the optimum suture guidance instrument minimizes tissue damage, has
many degrees of freedom, is capable of exerting a broad range of forces with a high
force resolution, and enables high position resolution. The untethered manipulation of
suture needles may one day enable ultra-minimally invasive surgeries (u-MIS) which
would involve fewer incisions and remove the need for using trocars to manipulate the
surgical needle.

Here, using a magnetic system similar to that used in our previous work [9,31,32],
we demonstrate the manipulation of a standard suture needle with an attached suture
thread using an array of up to five electromagnets. While our previous works in this
field utilize a larger system with a workspace of 100 mm on a side, the system presented
here fits a Petri dish only 35 mm in diameter. A second differentiating characteristic of
the present system over our previous work is the addition of a fifth coil, used here for
tilting the needle out of the plane of the Petri dish floor, opening possibilities towards 3D
manipulations. Here, we use the fifth coil to tilt the needle out of the plane of the Petri
dish so as to enable moving the needle over and under the suture thread for tying a knot.
Using this smaller system, we demonstrate the ability to steer the needle around fixed
structures, stitch together adjacent sections of plastic, and (separately) penetrate a segment
of rat intestine and a segment of human skin ex vivo. Contributions of this paper include
the first demonstration of a magnetic suture system being used to penetrate human skin ex
vivo, the first demonstration showing applications to standard surgical needles without
NdFeB hard magnet modifications, and the first demonstration using MagnetoSuture™ to
generate an out-of-plane motion for tilting the suture needle so as to tie a rudimentary knot.
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2. Materials and Methods
2.1. Manipulation System and Suture Needle Magnetization

Our manipulation system consisted of four electromagnet coils (EMs) arrayed in a
plane (X-Y plane), separated by 90 degrees. Faces of opposing EMs were 40 mm apart.
Each EM had an inner diameter of 22 mm, an outer diameter of 40 mm, and a length of
40 mm, having 14 layers of windings with 29 turns per winding, created using AWG 16
magnet wire. Coils were wound on 3D-printed forms composed of high-performance
polyetherimide (PEI) thermoplastic (ULTEM™ 1010 resin, Stratasys Direct). Iron cores
(40 mm long, 19 mm diameter) were inserted into the EMs to increase the field and gradient
generated during activation. Coils were energized by PWM supplied by RoboClaw motor
controllers powered by AC/DC converters (60 V, 55 A output, CUI Inc., Tualatin, OR,
USA). Two dual-channel motor controllers were used for 2D manipulation, with each
coil being individually addressable and bipolar. EMs were controlled by wireless remote
controller (Spektrum SPMR6750 DX6), and individual coil current ranged from —20 A to
20 A. Figure 1A shows a schematic of the experimental hardware and remote controller.
Figure 1B shows a photograph of the coil array and inserted Petri dish. When necessary,
a fifth coil, placed above the sample Petri dish, was inserted and powered by a separate
motor controller and wireless remote (not shown). The fifth coil was used for suturing
acrylic sections and knot formation (Section 3.2). This fifth coil allowed for tilting the tip
or tail of the needle out of the X-Y plane, significantly expanding the capabilities for
experiments such as targeting out-of-plane holes or passing the needle over or under the
suture thread. The coil array was partially submerged in a bath of ice water (for cooling
EMs) and placed on a transmitted light stage. Thus, all experiments were backlit, with the
camera collecting images from above the workspace.

A
___ MOTOR
CONTROLLER 1

DC

POWER

SUPPLY ___ MOTOR
CONTROLLER 2

RECEIVER

ILLUMINATOR

Figure 1. (A) Schematic of power system, motor controllers, receiver, coil array with illuminator and
camera, and handheld remote controller ((A), right). The handheld remote controller converted
the operator’s movements into a radio signal and broadcast this signal to the receiver, which was
previously bound to the handheld remote controller via recognition and confirmation of the remote
controller’s Globally Unique Identifier (GUID). (B) Photograph of coil array sitting on a ruler (units
in centimeters). The central region of interest fit a 35 mm diameter Petri dish. Scale bar is 1 cm.

All experiments were performed using standard surgical steel suture needles (ARO-
Suture E11A06N-45, AROSurgical Instruments Corporation, Newport Beach, California,
USA). Needles were 0.39 mm in diameter and 11 mm long, with 3/8 circle curvature prior
to straightening, and extra reverse cutting tips. Needles were swaged, with the suture
filament being attached by passing through a laser drilled hole in the suture needle. Suture
thread was non-absorbable black polyimide monofilament, size 6-0 (0.07 mm diameter).
Needles were straightened with pliers, then magnetized by sliding the needle against a
NdFeB magnet (K&] Magnetics, DX0Y0, 25.4 mm diameter, 50.8 mm length, axially magne-
tized, surface field of 640 mT). The suture needles were composed of 304 stainless steel,
coated with a thin layer of silicone, and sterilized by electron beam irradiation. The 304
surgical stainless steel had some small remanent magnetization that persisted so long as
the needle remained below the Curie temperature and was not magnetically switched due
to the application of a large, opposing magnetic field. As discussed below in Section 2.3,
the needle was pre-magnetized with a strong magnetic field provided by a permanent
magnet prior to use. The modeling section discusses needle magnetics further.
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2.2. Experimental Setup and Sample Preparation

All experiments were performed in 35 mm diameter Petri dishes with honey or
dilute honey used as the fluid medium for motion. The increased viscosity of honey was
used to decrease needle velocity, thereby making fine-tuned motion control of the needle
easier to accomplish using the handheld remote controller. Decreased needle velocity
was particularly useful in scenarios where meticulous needle positioning was required for
completion of the designed task. Various experimental setups were generated for specific
types of tests. These scenarios included steering the suture needle around three fixed-
location hexagonal nuts, steering the needle so as to stitch together two pieces of acrylic
having pre-drilled holes, and steering the needle so as to penetrate a section of tissue (rat
intestine, human skin). For steering around hexagonal nuts experiments, nuts were glued
to the Petri dish and the dish was filled with 100% honey. A suture needle with a shortened
suture thread was maneuvered around the nuts. For stitching together plastic pieces, acrylic
sections were placed side-by-side in the Petri dish (held in place by a twist tie) and a suture
needle with a full suture thread attached was used. For rat tissue penetration experiments,
rat intestine (BioIVT) was rinsed in saline solution, sectioned, and then secured between
two aluminum tissue mounts. For human tissue penetration experiments, skin was excised
from a blister on the heel and placed in the MagnetoSuture™ workspace. The heel tissue
was mounted in a poly(dimethylsiloxane) (PDMS) holder that kept the tissue from being
pushed out of place by the needle during the magnetic needle penetration experiment.

2.3. Modeling

Here we provide some modeling on needle magnetization as well as equations for
understanding forces and torques on steel needles in magnetic fields. Additionally, we
provide simulations of the magnitude of magnetic field possible using our coil array so as
to provide the reader with a picture of the spatial distribution of field magnitude in the
manipulation workspace when the coils were activated in various configurations (Figure 2).
Our magnet geometry utilizing four (or five) coils was chosen based on the desire to have a
simple system which offered easy access to the sample and was moderately portable. Here,
we provide information that informs expectations regarding system geometry, workspace
size, distribution of magnetic fields in the workspace, and manipulation of steel needles.

The suture needle was pre-magnetized along the needle’s major axis with a strong
magnetic field from a permanent magnet. We denoted the finite remanent magnetization
along the axial direction of the needle as rﬁi = [mr 0 0] (in the needle’s coordinate
frame), where the first element was the axial direction along the needle’s length. In
addition to the remanent magnetization, there was a field-induced magnetization in the
needle. It occurred due to the soft magnetic properties of the needle material. The induced
magnetization could be described by the expression i, = uN ﬁ, where H is the external
magnetic field acting on the needle, y is the needle magnetic susceptibility, and N is the
magnetizing factors tensor. Due to the elongated shape of the needle, the component of the
N-tensor along the needle axis was much larger than the perpendicular components [33].
Therefore, generally, i, was not co-directed with the external field. The total magnetic
moment 712; was the sum of remanent and induced magnetizations. The ratio between
these contributions depended on the external field strength and was not studied in the
present work.

For our magnetic needle in the Petri dish exposed to magnetic fields and gradients,
the magnetic force acting on the needle was given by:

F=v(i.H)=m VH +2uHNVH (1)
and the torque was given by:

?:thﬁzﬁrxﬁ+yﬁxNﬁ. )
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Both contributions, generally, induced needle translation and rotation. The second
component of the force always pulled the needle to the region with stronger magnetic
field (usually toward the magnets). The first component may either pull or push the
needle depending on the needle’s orientation. However, in our experiments, the magnetic
field gradient changed slowly in time (insufficiently fast to cause magnetization direction
reversal) and the needle axis and magnetization directions followed the local magnetic
field direction. Therefore, the action of this component was similar to the second one and
the needle was pulled to the region with stronger field.

To demonstrate the field magnitudes and field distributions for energized electromagnets,
we simulated magnetic field maps for three different configurations (Figure 2). Simulations
for single-coil activation (+20 A), as well as double-coil activation with the same (+20 A, +20 A)
and opposite (+20 A, —20 A) current directions, are shown in Figure 2A-C, respectively.
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Figure 2. Simulations of the magnitude (B norm) of magnetic fields generated for various conditions,
with inserted iron cores. Simulations cover a square sample area of 40 mm on a side. (A) Magnetic
field in the case of one coil energized at +20 A. (B) Magnetic field in the case of two coils both
energized at +20 A. (C) Magnetic field in the case of one coil energized at +20 A and a second adjacent
coil energized at —20 A.

For all experiments, the needle was moved through a fluid with minimum viscosity of
10~ Pa-s (water) and a maximum viscosity of 10 Pa-s (honey). Our steel needle experienced
forces due to magnetic field gradients, fluid drag, gravity (ignored due to 2D nature of
experimental setup), and friction due to needle interactions with the Petri dish surface.
Understanding the Reynolds number Re of our needle in the range of fluids used was a
helpful exercise in understanding and anticipating needle movement. Reynolds number,
a ratio of inertial forces to viscous forces, is given by

Re = 4D )
M fluid

where D is the characteristic length of the object, p is the fluid density, u represents the
object’s velocity, and p ;s denotes the dynamic viscosity of the fluid. For our needle
having diameter of 0.39 mm, the needle speed needing to reach Re = 1 was approximately
2.3 mm/s in water and greater than 9000 mm/s in honey (dynamic viscosity of water
Hwater =~ 8.9 X 1074 Pa-s, dynamic viscosity of honey Hhoney = 10! Pa-s). As most
experiments took place in honey or diluted honey, and since the velocity of the needle
was in orders of magnitude less than the speed to obtain Re = 1 in honey, the drag forces
acting on the needle could be modeled as largely in the Stokes flow regime [34]. In pure
water, it is likely that we would begin to see non-Stokes flow behavior from the needle,
particularly near the coils. Due to the scalability of the unitless Re number, using honey
allowed us to emulate the experiments in smaller scales by keeping the same Re number,
where the needle was much smaller and the medium was less viscous (i.e., water instead
of honey) [35]. Therefore, studies here may demonstrate further applicability in the realm
of magnetic microrobotics.



Robotics 2021, 10, 129

6 of 14

3. Results and Discussion
3.1. Manipulation around Fixed Structures

Our coil array and remote control manipulation hardware enabled us to steer the
suture needle around fixed structures in a truly untethered manner. By truly untethered,
we mean that the user wirelessly communicated with the motor controllers and the su-
ture needle was manipulated via magnetic fields and gradients. In previous iterations,
the MagnetoSuture™ control system used handheld controllers tethered to a logic board.
Here, we present modifications that enabled wireless communication between a handheld
remote controller and motor controllers. While a modest change, the protocol allowed the
operator to be fully untethered from the manipulation of the magnetic suture needle. First,
demonstrations performed a lemniscate pattern around two of the fixed hex nuts (Figure 3).
Hex nut manipulation experiments were performed in 100% honey. In honey, the needle
was steered around the hex nuts in the Petri dish and the suture thread glided easily over
the hex nut structures. The purpose of the manipulation around fixed structures was
to confirm that the selected hardware and remote controller provided sufficient control
via user-friendly, robust, wireless communication before moving on to more challenging
manipulation tasks. Video of the manipulation is included as Supplementary Information.

Figure 3. The suture needle was steered in a lemniscate pattern around fixed metallic nuts using
handheld manual controller. (A) Needle, suture thread, and hex nuts (affixed to the Petri dish) are
labeled. Red arrows in the upper right corners of each panel indicate the direction of increasing
magnetic gradient and the corresponding pointing direction of the needle anticipated at that time
during the manipulation. (B-J) Dotted red lines generally outline the path of the needle throughout
the manipulation. (J) A lemniscate pattern was completed around two hex nuts. The manipulation
took approximately 7 min. to perform. Video is included in Supplementary Information.

3.2. Suturing Acrylic Sections

Suturing pieces of tissue together was the ultimate task for the MagnetoSuture™
system. The task required repeated targeting and passage through two segments of
material. The purpose of suturing acrylic sections was to determine what challenges would
need to be overcome in the manually controlled magnetic manipulation of a needle with
an attached suture thread for repeated passage through segments of material. Here, we
modeled such a capability using clear plastic (acrylic sheets), which contained pre-drilled
holes for passing the suture needle, stitching together the two pieces with the attached
suture thread (Figure 4A-]). The final manipulation accomplished tying a simple overhand
knot after the two segments were sewn together. Additionally, because the holes in the
acrylic were above the floor of the Petri dish, a Z-axis coil was implemented to enable
tilting the needle out of the X-Y plane. Tilting the needle was critical not only for aiming
the needle into the pre-drilled holes (~1.5 mm diameter), but also for allowing the needle
to move over/under the suture thread for passing the needle through a loop of thread
(Figure 4L), knot formation (Figure 4M), and knot tightening (Figure 4N,O). The Z-axis coil
was powered via PWM controlled by a third RoboClaw motor controller receiving signals
from a second remote controller operated by a second user. Using all five EMs, the suture
needle passed through the pre-drilled holes repeatedly, weaving together the two pieces
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as the maneuvers were completed. Figure 4 demonstrates this process, culminating in a
rudimentary overhand knot being formed by passing the needle through a loop of thread
and pulling the thread taught against one side of the acrylic sheet (Figure 4K-O).

Due to the low magnetization of the needle, it was challenging to provide sufficient
magnetic force to overcome the friction of the suture thread being looped through the
acrylic multiple times in all suture thread configurations. As shown in the accompanying
Supplementary Information Video, some interventional assistance via manual thread
manipulation was required (timestamps 24:48 through 25:02). EMs capable of generating
stronger fields and gradients could significantly increase suturing capabilities.

acrylic_
D

STITCH TOGETHER

TIE KNOT

Figure 4. Stitching together two pieces of acrylic via sequential targeting and passage through
pre-drilled holes. Red arrows in the upper right corner of each panel describe the maneuver being
performed in terms of the pointing direction of the needle tip, as well as the direction of increasing
magnetic gradient. (A) The needle, acrylic, and holes in acrylic are labeled. The needle began
the stitching procedure, completing one passage in (B). The needle turned around in (C,D), then
completed a second passage in (E). In (F), the needle turned around again, proceeding through a third
passage in (G), before turning around in (H,I) and completing a fourth passage in (J). In (K) through
(O), the needle was manipulated so as to tie a rudimentary overhand knot. First, in (K), the needle
was aimed towards the initial starting position; then, in (L), the needle looped under the starting
thread, returned over the starting thread, and in (M) began to pull the knot tight. In (N), the needle
entered a hole in the acrylic, and in (O), the needle completed its final passage, tightening the knot
against the acrylic sheet on the left side. A full video is available in the Supplementary Information.

3.3. Penetrating Rat Intestine

Without haptic force feedback, operators performing tetherless manipulation under
magnetic guidance lack a sense of how a suture needle interacts with the tissue. The pur-
pose of penetrating rat intestine was to determine if any unique dynamics or manipulations
would be required for the penetration of ex vivo tissue using the magnetic guidance of a
standard suture needle. A segment of cleaned, rinsed rat intestine was mounted against
the floor of the Petri dish and the needle was brought into contact with the intestine and
simultaneously pulled along the +X direction so as to first pierce the tissue (Figure 5).
Subsequently, the needle was oscillated in the +Y/—Y directions so as to enable the needle
to move through the tissue. Figure 5A shows the experimental setup, with rat intestine
pinned to the floor of the dish using aluminum holders.
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top view

suture thread

needle

aluminum

holder rat
intestine

Figure 5. Figure (A) shows schematic of rat intestine holder, needle and shortened thread, and rat
intestine positioned in Petri dish. (B) Top view of the rat intestine after penetration procedure.
(C) Bottom view through the Petri dish of the rat intestine after penetration. Suture thread partially
obscured as it passed through tissue. (D-G) Sequential penetration of the rat intestine under
transmitted light. Red arrows in the upper right corner of each panel describe the maneuver
performed in the panel in terms of the pointing direction of the needle. The needle was first pulled
towards the right (D), then pulled through the intestine using oscillating torques (+/—Y direction) in
combination with a gradient (E,F), and, finally, was free of the intestine tissue (G) . Red arrows in
(E,F) depict the oscillations imposed on the needle via lateral magnetic fields. (H) Minimum intensity
projection showing the swept angle 0 of the needle from time 0:39 through to time 2:29, as the needle
tip first penetrated the rat intestine and was oscillated along the Y-axis. (I) Minimum intensity
projection from time 2:34 through to time 2:46 showing that, as the needle penetrated the intestine, 6
diminished significantly, from ~34° initially to ~15° after the needle was embedded in the tissue,
making similar magnetic fields insufficient for large 6 deviations. The penetration took approximately
5 min. to perform. All scale bars are 5 mm. Video is included in Supplementary Information.

The setup allowed for the needle to contact and pierce the rat intestine without
immediately going under the tissue sample. Figure 5B,C shows the top-down and bottom-
up images, respectively, of the rat intestine after penetration.

The video, included as Supplementary Information, shows the needle moved into
contact with the intestine, piercing the intestine, and pulled without lateral (+Y/—-Y)
oscillations for 20 s with little progression through the intestine. A slight mechanical
deformation of the tissue was observed. Once the tip of the needle was partially lodged
into the intestine and penetrative progress had essentially stalled, oscillations were induced
via the activation of the Y-axis coils, generating a yaw-style motion of the needle. Torque
transferred to the needle resulted in needle oscillations centered at the location where
the needle was most ensnared in the tissue. Figure 5D,E shows the tissue penetration
process, with the needle oscillated in the direction perpendicular to the gradient pulling
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direction during penetration. During the early needle-tissue interaction period, while the
suture needle was less than 20% of the way through the intestine, magnetic fields in the
Y-axis swept the tail of the needle through the 6 ~ 34° range of deflection (Figure 5H).
Large oscillation angles were possible because only the tip of the needle was mechanically
ensnared by the tissue. Once the needle was halfway lodged into the intestine, Y-axis
fields of equivalent field strength induced smaller oscillations of the # ~ 15° range of
deflection (Figure 5I). Control mechanisms were able to position needles and apply force
for penetration despite the slippery surfaces of rat intestine, possibly due to the very sharp
tip of the suture needle.

3.4. Penetrating Human Tissue

The final objective of a MagnetoSuture™ system would be sequential penetration of
human skin. Our purpose here was to demonstrate, for the first time, the magnetically
guided penetration of human tissue ex vivo using a standard suture needle with an attached
thread. Here, we demonstrated the ability to penetrate a single layer of excised human
heel tissue (Figure 6). Figure 6A shows a schematic of the experiment, and Figure 6B
shows a photograph of the sample, holders, skin, needle, and thread after the needle had
passed through the skin twice. Figure 6C-J show stills from the skin penetration process.
As in the case of the rat intestine, the process began by engaging the needle with the
skin and initiating a back and forth motion of the needle. Because the needle had a low
overall magnetization and the magnetic gradients generated were relatively small, there
was insufficient force to induce a smooth penetration of the needle through the tissue.
As was the case in the rat intestine experiments, the needle was first moved into contact
with the tissue. As in the rat intestine experiments, the initial penetration was the most
time-consuming aspect of the procedure, with the needle velocity increasing substantially
after the initial hole formation. Once the initial penetration was partially accomplished,
the needle was magnetically wiggled side to side so as to enable penetration into and
passage through the tissue (Figure 6E). After repeated back and forth motions (along the
Y-axis) with a combination of a magnetic gradient pulling the needle (in the +X direction)
into the tissue, penetration was accomplished (Figure 6F). Turning the needle around and
aiming it at a site near the original penetration, we successfully guided the needle back
through the tissue at a different location; thus, demonstrating proof of principle for the
repeated MagnetoSuture™ penetration of human skin (Figure 6B,]). Importantly, the initial
penetration of the tissue required small oscillation angles 6 ~ 32°, as shown in Figure 6K.
Larger oscillation angles generated prior to the initial penetration resulted in slippage
between the tissue and the needle tip, making penetration impossible. Once the tip of
the needle had penetrated the tissue, larger oscillation angles of 8 ~ 93° were possible
without dislodging the needle from the tissue, as shown in Figure 6L. This switch from
small initial oscillations to larger final oscillations differed from the case of the rat intestine
penetration possibly due to differences in tissue thickness, surface properties, or elastic
modulus. The skin being a comparatively thin tissue sample allowed for larger deviations
after penetration as compared with the thicker intestine tissue.
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Figure 6. (A) Schematic of skin holder and experiment; (B) photograph of skin after double penetra-
tion using suture needle and thread. (C) through (J) show the sequential penetration of the human
heel skin with the gradients first pulling in the +X direction (C-E), then turning around (F,G), and
pulling in the —X direction (H-J). Red arrows in the upper right corner of each panel describe the
maneuver performed in the panel in terms of the pointing direction of the needle. (K) shows a
minimum intensity projection, depicting the oscillation angle § used during initial needle-tissue
interactions. Initial oscillations of 6 ~ 32° were purposefully small, as the needle could be seen to
slip in respect to the tissue surface when larger oscillations were applied prior to tip penetration.
Here, small oscillation angle ensured that the penetration point was retained during changing needle
angles. (L) shows a minimum intensity projection, depicting the oscillation angle 6 once the tip
had penetrated the layer of skin and tip-surface slippage was no longer a concern. Once the tip of
the needle was securely through the tissue, larger oscillations of 6§ ~ 93° allowed for more rapid
progression of the remainder of the needle through the puncture. Scale bar in (K,L) is 10 mm. Red
arrows in (D,H,I K,L) depict the oscillations imposed on the needle via lateral magnetic fields. Video
is included in Supplementary Information.

4. Future Work

We presented proof of principle for using a standard suture needle, free of NdFeB
magnetic materials, to perform human skin penetration under magnetic guidance. There
were several limitations of the system, including, but not limited to, the small size of the
workspace, low magnetic fields, lack of force feedback, lack of closed-loop control, and long
experimental times for accomplishing manipulation and tissue penetration tasks. Overall
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improvements to the system could be performed by increasing the current in the coils and
adding turns to the coils. Furthermore, significant improvements in speed and control
performance could be possible with increased user expertise and experience in needle
manipulation obtained via practice with the tool. Adding computer vision and computer-
aided control techniques would also improve control and reduce task completion times.

4.1. Needles in the MagnetoSuture™ System

The needle design, needle magnetization, needle sharpness, and actuation strategy
all play an important role in tissue penetration. These factors all affect how easy it is for
any given needle to pierce tissue, and what magnetic fields or field pulses are required to
generate sufficient force for steering and penetration. Increasing the force on needles may
be accomplished by increasing the magnetization embodied by the needle, either by adding
more magnetic material (such as NdFeB) or making the needle larger. We previously de-
scribed MagnetoSuture™ efforts using magnetic gradient pulling applied to three different
needles. Our initial work used a sharpened cylindrical NdFeB magnet ~25.4 mm long and
1.6 mm in diameter [9,31]. Improving upon that simple design, Pryor et al. manipulated
a 22 G hypodermic stainless steel needle (0.413 mm inner diameter, 0.7176 mm outer
diameter, 23.5 mm length) with embedded NdFeB magnets (0.3 mm diameter, 0.5 mm
length, 42 inserted magnets, axially magnetized), demonstrating the ability to find and
track the needle in highly occluded environments [32]. Increasing the force on needles may
also be accomplished by switching from magnetic pulling forces to magnetically-induced
impact-based forces. Improvements over the gradient pulling technique were determined
by Leclerc et al. [29], as well as Erin et al. [30], via the demonstration of a magnetic hammer
composed of a hypodermic needle tip (14 G) attached to a hollow plastic tube having
movable internal NdFeB magnets. In both cases, the hammering mechanism was used to
demonstrate tissue penetration. In the case of Erin et al., the magnetic hammer yielded a
22.7-fold increase in force applied to the needle as compared with gradient pulling forces.

While previously published needles were able to penetrate tissues as shown here, those
needles all consisted of some hard magnetic material (NdFeB) incorporated into the needle
architecture. Standard suture needles of surgical stainless steel are ubiquitous, inexpensive,
easy to obtain, commonly used across multiple medical fields, come in a variety of shapes
and sizes, and can be magnetically manipulated without any further modification to the
needle. As discussed in Section 2.3, these surgical stainless steel needles have both remanent
and induced magnetization. As these needles are commonly used, future work detailing
how induced needle magnetization responds to specific applied magnetic fields would
enable an increasingly accurate control of such needles in magnetic manipulation systems.
Here, we demonstrated that solid surgical 304 stainless steel can be used to accomplish
basic tissue penetration procedures using only magnetic forces and torques. The only
modification to the needle was straightening the needle and stroking the needle against a
permanent magnet to increase the needle’s remanent magnetization. Demonstrating tissue
penetration with standard suture needles absent of NdFeB components is an important
step in demonstrating the proof of principle for magnetic suturing protocols.

While we demonstrated the penetration of skin, tissues in the body span a wide range
of stiffnesses. Elastic moduli of tissues and biopolymers in the body range from 11 Pa
(intestinal mucus) to 20 GPa (cortical bone), with brain typically having ~1 kPa and skin
having an elastic modulus of ~100 MPa [36]. Future work will explore penetration through
various tissues.

Many common procedures rely on curved suture needles. Our use of straight needles
in the present work was clearly a limitation, as we were uncertain how a curved needle
would move under such forces. However, curved needles maintain an overall remanent
magnetization and magnetization vector. In the presence of a magnetic field, it would
be expected that this overall remanent magnetization would cause the needle to align its
overall magnetization vector with the applied field, granted the magnetic field induces
torque sufficient for needle rotation, given the surrounding material.
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4.2. The Significance of Lateral Magnetic Fields for Enhancing Translation through Biomaterials

Previous experiments employing oscillations [37] and rotating fields [38,39] to enhance
the transport of microscale and nanoscale particles through biologically relevant gels and
tissues have demonstrated the advantage of combining gradient pulling with time-varying
fields oriented perpendicular to the gradient. Needle rotation has been demonstrated
to improve targeting and reduce needle placement errors by as much as 17% [40]. Here,
we demonstrated that perpendicular, time-varying fields can be implemented to improve
penetration for centimeter-scale needles. Future directions may take advantage of these
time-varying fields, possibly employing combined pulling sutures with screw-shaped
surgical segments that can also drill through tissues, as has been demonstrated by Rah-
mer et al. [13]. Here, standard surgical needles composed of surgical steel were able to
penetrate rat and human tissue using magnets placed close to the sample region. However,
other methods such as the previously discussed magnetic hammering methods [29,30]
which can significantly increase the force applied to the tip of the needle may be required to
enable a long-range, clinical scale application of these robotic technologies or manipulation
in larger workspaces. Additionally, imaging the needle during manipulation is a critical
challenge and future efforts aim to perform suturing tasks in occluded environments under
guidance from ultrasound or endoscopic imaging techniques.

4.3. Magnetic Manipulation Lacks Inherent Haptic Force Feedback

A major disadvantage of untethered surgical operations is that force feedback to
the surgeon’s fingers and hands is not inherent. This is a common issue in magnetic
manipulation and may pose a serious challenge to the concept of magnetically guided
surgical intervention. Our ex vivo manipulations were plagued with issues of the needle
overshooting its target location immediately after a tissue penetration event. This was
due to the needle localization having no accompanying local viscosity or local motion
resistance information transferred back to the operator, as well as a slow operator response
time. Previous demonstrations of magnetic needle steering and magnetic needle guid-
ance have largely focused on mechanically uniform needle environments in which the
viscosity was uniform or varied only slightly [16,24]. Our experiments included solids,
liquids, and needle passage from liquids, through solids, and back into liquids. Our work
showcased how, in mechanically heterogeneous environments, hand-guided magnetic
manipulation without haptic force feedback fails to capture a critical aspect of successful
surgical procedures taking place in such heterogeneous environments. Future work in the
field would benefit from control methods using image-based force feedback into haptic
devices capable of providing variable resistance to the remote user interface/hardware
being used by the operator.

Based on our experiences so far, the lack of haptic feedback on the needle that is typi-
cally available for standard suturing operations performed by a surgeon may lead to safety
issues. Additionally, the nonlinear magnetic field distribution nature for electromagnets
may result in snapping and unwanted extreme force exertion on the magnetic needles. To
prevent such a complexity, and to further advance the performance of magnetic suturing,
a closed-loop feedback control algorithm should be implemented. This algorithm should
also take the soft-magnetic property of the needle into account, such that computations
for the magnetic pulling forces are accurate. With proper localization, path planning,
and control algorithms, these magnetic suture needles may one day provide an alternative
to routine suturing operations.

5. Conclusions

Here, we demonstrated the manipulation of standard steel suture needles using
magnetic forces, showing the ability to stitch together pieces of clear plastic, tie knots, and
penetrate human tissue ex vivo. Future work aims to scale the capabilities up to larger
sizes, enable larger magnetic forces over larger distances, and increase the complexity of
possible field shapes and configurations generated by the system.
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