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Abstract—This paper describes a novel tissue positioning
system with an integrated suturing robot and demonstrates its
ability to perform semi-automatic anastomoses of synthetic
blood vessels. We began with a finite element analysis-based
design consideration for achieving adequate grasping of blood
vessels to demonstrate robust performance under expected
clinical forces. We then conducted standardized positioning
tests to measure the repeatability of the system and
incorporated a high-resolution optical coherence tomography
(OCT) fiber imaging sensor within the tip of the suturing tool to
provide position feedback of the robot during a suturing task.
Using the microvascular positioner and OCT sensor, the system
performed semi-automatic suturing of synthetic 5 mm diameter
blood vessels (N=4), and the suture quality was evaluated for
consistency in spacing, bite depth, percent lumen reduction, and
maximum suture strength. The system completed the task in an
average time of 31.75 minutes. The samples had zero missed
stitches, average spacing of 1.64 mm, an average bite depth of
2.14 mm, an average lumen reduction of 57.98%, and an
average suture strength of 3.13 N.

Keywords—Semi-Automatic, robotic suturing, microvascular
anastomosis, OCT imaging, microsurgery

1. INTRODUCTION

Anastomosis is a surgical reconstructive technique that
involves the joining of two luminal structures. Vascular
anastomosis (joining two blood vessels) can be particularly
challenging as small vessel diameters must be joined to form
a leak-free connection that can withstand intraluminal blood
pressures [1]. In 1902 Alexis Carrel pioneered the field of
vascular surgery by developing the first surgical technique to
join two vessels. In his technique, Carrel triangulated the two
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vessels by equally placing three staging sutures around the
vessel wall which were used to reapproximate and align the
vessels so a continuous running stitch could be applied [2].
This technique was later refined to include placing sutures
using a patch technique whereby the lumen was opened so
sutures could be easily placed along the tissue edge [3].

Despite recent advancements in surgical imaging, tools,
and techniques that enable reconstructive microsurgery in
vessels smaller than 1 mm in diameter [4], [5], microvascular
anastomosis remains a challenge [6]. Despite microvascular
surgery being perform in the open setting under a
microscope, inadequate visualization can lead to suturing of
both walls of the vessel, while non-absorbable suture [7] and
anastomotic leak are responsible for significant
complications such as early dehiscence (rupture) or late
stricture  which occur in up to 25-30% of visceral
transplantation anastomoses [8]. For even the most skilled

Fig. 1. A: Smart tissue autonomous robot (STAR) positioned over
microvascular positioning system (MAPS). B: MAPS clamp carriage and
nitinol vessel holder. C: STAR in suturing positing with OCT imaging
fiber. Circular needle path shown with red dashed line.



surgeons, anastomotic thrombosis occurs in 0.5-10%. These
complications significantly undermine the clinical outcomes,
and diminish the quality of life for affected patients, and can
make repeat surgery extremely difficult [9]. Additionally, a
single microvascular anastomosis may take more than 40
minutes to complete [10] which puts stress on time sensitive
surgeries such as limb or organ transplantation.

Advances in medical robotics have enabled highly
dexterous and precise surgical systems that reduce surgical
time and improve patient recovery [11]. Tele-operated robots
such as the da Vinci Surgical System (Intuitive Surgical,
Sunnyvale, California) [12] are already used in urology,
gynecology, cardiothoracic, and general surgery, but have
had more limited success in microvascular anastomosis [13]
as functional outcomes depend on the proficiency and skill of
the surgeon which varies greatly between individuals. The
Smart Tissue Autonomous Robot (STAR) has outperformed
expert surgeons in suture quality and consistency in
preclinical open [14] and laparoscopic [15] studies. However,
at present the imaging system and suturing tools are too large
to perform anastomosis on microvasculature.

In this paper we overcome this limitation by introducing
a novel microvascular anastomosis positioning system
(MAPS) that can be integrated with STAR to enable semi-
automatic anastomoses of vessels 5 mm in diameter. MAPS
is a specialized robotic tool for manipulating blood vessels
which enables vessel suturing with the STAR robot. As a first
contribution we describe the design and development of
MAPS, capable of grasping and positioning synthetic blood
vessels as shown in Fig. 1. Performance of the positing
system is reported including finite element analysis and
repeatability of positioning. Second, we integrated the MAPS
with STAR to create a microvascular suturing system.
Optical coherence tomography (OCT) fiber image sensor was
used for positioning feedback between the MAPS and STAR
system so that the needle trajectory is aligned correctly with
the blood vessel. Finally, the overall system was evaluated by
performing semi-automatic vessel anastomosis in synthetic
vascular grafts (N=4). The quality of the suture line was
evaluated for consistency in suture spacing, suture bite depth,
percent luminal reduction, and mean tensile strength which
was shown to be within clinical requirements.

II.  PRIOR WORKS

A. Manual Anastomosis Tools

While the conventional method for manually performing
microvascular anastomosis is still performed with a standard
suturing toolkit, several manual tools have been created to
make performing anastomosis easier. The Cardica C-Port
system streamlines the creation of an end-to-side anastomosis
in vessels as small as Imm inner diameter by utilizing small
staples to create the joint [16]. The device is not indicated for
end-to-end anastomosis and in most cases traditional manual
sutures are needed to finish the hemostatic seal. Another
commonly used device is the venous coupler. This is an
implant comprised of two barbed halves which join two
vessels together. Using the device is simple and reduces the
total amount of time it takes to perform an end-to-end
anastomosis [17], however a retrospective study found that
anastomoses formed with the coupler had a higher revision
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rate and higher occurrence of thromboses than anastomoses
performed with sutures [18]. Additionally, these methods
have presented complications when used in arterial
anastomosis [19]-[22]. Therefore, hand sutured techniques
remain the gold standard for vessel anastomosis [4].

B. Teleoperated Robotic Anastomosis

Advances in imaging and robotics technology make
robotic microvascular anastomosis a promising alternative to
sutureless devices. The da Vinci Surgical System by Intuitive
is one such robot that uses a teleoperation control strategy to
mirror a surgeon’s hand motions with highly dexterous
laparoscopic tools. The system also provides motion scaling
to remove surgical tremors which are magnified in
microvascular suturing [23]. The system has been trialed in
microvascular applications [24] but widespread use has been
limited because the tools sets are designed for general surgery
and the vision system does not have fine enough resolution at
magnification for microsurgical applications  [25].
Alternatively, Cau describes the design and evaluation of the
MicroSure Robot (MicroSure, Eindhoven, The Netherlands),
a light weight teleoperated robot designed specifically for
microvascular anastomosis [26]. MicroSure incorporates a
surgical microscope to solve the magnification and resolution
limitations of the da Vinci system and has a surgical tool set
designed specifically for microsurgery [27]. Similarly,
Mitsuishi et. al describe a teleoperated microsurgical robot
[28] which can anastomose synthetic vessels 0.3 mm in
diameter. However, despite the improved dexterity and
reduced tremor, both tele-operated systems suffer from
increased procedure times compared to manual operation.

C. Autonomous Robotic Anastomosis

Autonomous surgical robotic systems take advantage of
the accuracy and repeatability of robotics to complete
repetitive sub-tasks of a surgical procedure such as needle
positioning [29] and suture path planning [30]. As Sen et al
demonstrated in 2016, it was possible to perform autonomous
multi-throw, multilateral suturing of synthetic tissues using a
da Vinci Research Kit (DVRK) if a sequential convex
programming strategy was used [31]. More recently, Saeidi et
al, demonstrated that autonomous laparoscopic anastomosis
was feasible in a preclinical model using the STAR system
[15], and that the anastomosis was more consistent than
samples sutured by expert surgeons using manual or tele-
operated techniques. The autonomous suturing was performed

Fig. 2. MAPS System workflow. A: Vessels loaded into clamps. B:
Vessels loaded over sheaths. C: Sheath is pulled back allowing the
nitinol to expand inside the vessels. D: Clamp carriage and nitinol
rotated to move vessels between suturing positions.



in small intestines and was enabled by a novel structured light
laparoscope and laparoscopic suturing tool. However, while
the performance was adequate for small intestine, the
resolution of the camera and deformation of the anastomosis
exceeds the size of microsurgical vasculature. Thus, as a first
step towards automating microvascular anastomosis, we
proposed that developing MAPS and integrating an OCT fiber
imaging sensor, would enable accurate and repeatable
anastomosis in 5 mm diameter blood vessels with STAR. This
system simplifies tissue manipulation, has the potential to
automate vascular and microvascular anastomoses, and could
lead to improved outcomes.

III. MATERIALS AND METHODS

A. MAPS Design

During standard microvascular anastomosis procedures,
as performed in many transplant procedures, it is common for
the surgeon to use a double approximator clamp to hold the
vessels while suturing in an open surgical setting under an
operating microscope. The clamps on either side of the
approximator are used to prevent blood from flowing into the
vessel while suturing is done in between them. Once the
sutures on the front half of the vessel are complete, the
approximator clamp is flipped over 180 degrees, rotating the
vessels and allowing the surgeon to suture on the back half
[5]. Our robot design attempts to emulate this style of
workflow by rotating the vessels to access suture positions.
Because the procedure is performed in an open setting,
MAPS form factor could be larger, with physician interviews
confirming it was appropriate for the surgical scene.

A demonstration of the MAPS workflow is shown in Fig
2. First, the vessels were loaded into the clamps on either side
as in Fig. 2A. Next, each vessel was loaded over the sheathed
nitinol (Fig. 2B), which was feasible as physicians currently
load over vessel dilating forceps. Once the nitinol was
unsheathed, the tines expanded, which gripped the vessel and
fixed its orientation (Fig. 2C). The system was designed to
rotate the nitinol holders and clamped vessel in tandem as in
Fig. 2D.

Each half of the system was driven using two stepper
motors. The first motor, the sheathing motor, rotated a pulley
attached to its shaft, see Fig. 3A. Rotating the pulley actuated
either the left or right cable. Each cable was attached to the
sheath and wrapped around a pulley on either end of the
travel. Then, when the stepper motor was moved, the nitinol
was sheathed or unsheathed. A limit switch on either end of
the sheath’s travel informed the system when to stop. The
second stepper motor drove the rotation of the nitinol and
clamp carriage together, which was also referred to as the
stage. The motor rotated a pulley which was attached to two
pull wires, see Fig. 3B. These pull wires were coupled to a
corresponding pulley in the device. When the stepper motor
was actuated, the pulley in the device was rotated. The pulley
was attached to a shaft along with a 25-tooth gear. This gear
drove a larger 56 tooth gear, also called the large gear, which
was fixed to the nitinol vessel holder. A US Digital E4T
encoder was mounted to the nitinol on the outside of the
housing which allowed the system to track orientation.

To ensure the clamp rotated in unison with the nitinol, the
clamp was attached to a carriage that had a circular slot which
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Fig. 3. A: Top view of the MAPS illustrating motion during sheath
actuation. B: Front view of MAPS showing motion during stage rotation.

allowed it to rotate in the device housing. On the outside of
the carriage was a geared edge with 56 teeth to match the
large gear, but to ensure the top of the clamp was accessible,
the teeth did not cover the full circumference. Because of this
the carriage had only 37 teeth but maintained the same
spacing and pitch diameter as the large gear. The large gear
rotated a smaller 25-tooth gear which drove the clamp
carriage. To ensure the carriage continued to be driven when
the 25-tooth gear was not engaged with the teeth of the
carriage, another gear on the opposite side of the carriage also
drove the carriage. This gear was rotated by a belt and a small
series of gears under the carriage, which synchronized the left
25-tooth gear with the right 25 tooth gear.

MAPS was designed using Fusion 360 (Fig. 1B). Smaller
plastic components such as the clamp carriage and pulleys
were 3D printed using an Anycubic Photon SLA printer and
photopolymer resin. Larger components such as the housing
were printed with PLA on a Creality CR-10 V2 FDM printer.

Each half of the system was controlled by an Arduino
Mega 2560 which controlled two TMC 2130 stepper motor
drivers. The limit switch and encoder were connected to the
Arduino and the system was controlled by breadboard
buttons. There were 5 buttons for controlling each half of the
system, these buttons included: sheath toggle, rotate
clockwise 45°, rotate counterclockwise 45°, rotate clockwise
1°, and rotate counterclockwise 1°. One 45° rotation moved
the system from one suture position to the next, while the 1°
rotation was used to fine tune the position.

B. Nitinol Vessel Holder

The centerpiece of the MAPS design was the nitinol vessel
holder shown in Fig. 1 and Fig. 4. This component allowed
the system to hold the vessel open from the inside, providing
counterforce for the needle to pass through the tissue without
puncturing the opposite wall of the vessel. The component
was made from a laser-cut nitinol tube which had been heat
set to an expanded position. Gaps between each of the nitinol
tines allowed space for the needle and helped to ensure the
consistency of suture spacing. There were 8 gaps in the nitinol
for 8 sutures to be placed, which was decided based on similar
microvessel surgeries [32] and physician interviews. Because
of the superelastic properties of the nitinol, the holder could
be sheathed into a much smaller diameter, allowing for easy
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Fig. 4. FEA of nitinol vessel holder. Red areas mean maximum deflection,
while blue means no deflection. (Fusion 360)
vessel loading over the nitinol. Once unsheathed, the nitinol
expanded inside the vessel, holding it from the inside.

To ensure the nitinol component would meet the clinical
needs of the suturing procedure, radial force and puncture
force measurements were taken from the synthetic blood
vessels (Microvessel, 3-Dmed, Franklin, OH) that were also
used for feasibility testing. 3-Dmed synthetic tissues offer
similar suturing and elasticity properties to real tissue. These
results were used to define finite element analysis (FEA) loads
in simulation which enabled the design of the nitinol to be
optimized to have the smallest possible outer diameter (OD)
while still adequately supporting the vessel during suturing.
Other design constraints were availability of stock nitinol
components, laser cut width, manufacturability, and the force
required to sheath the nitinol. Resulting collapsed nitinol is
50% the diameter of the vessel which enabled easy insertion
into the vessel.

The puncture force was tested with the vessel stretched to
a range of diameters, but no relationship was found between
expansion and force. For our analysis we used the maximum
recorded force value of 0.31 N and added a 20% safety buffer.
Hence, the force used for analysis was 0.37 N.

The vessel was pressurized with saline, and the correlated
OD was measured throughout using Imagel (National
Institutes of Health, Bethesda, MD) [33]. The pressure results
were used to calculate a linear regression which enabled
estimation of radial pressure on the nitinol holder when the
tissue was expanded to a given diameter. The resulting linear
equation (1) had an R? value of 0.93. Vessel OD was measured
in mm and pressure was in kPa.

Vessel OD = 0.0715 * Pressure + 4.9275 (1)

During optimization in FEA an expanded OD of 5.5 mm
was selected to minimize OD and deflection. By plugging 5.5
mm into the linear regression and adding a 20% buffer, this
produced an anticipated radial pressure of 9.61 kPa.

Using the calculated radial pressure and maximum
puncture force, the loads in the model were defined for FEA.
Fusion 360 with the ADS NASTRAN solver was used for the
simulation. The radial pressure was applied to the OD of the
nitinol tines where the vessel would be loaded, and the
puncture force was applied to the approximate suture site (8.5
mm along the length of the tines). Results are shown in Fig. 4.
The maximum deflection was 0.38 mm and the deflection at
the puncture force location was 0.20 mm. This deflection was
anticipated to be acceptable for performing the suture.
Additional nitinol holders would need to be manufactured for
use in other vessel sizes.

C. STAR Integration

Suturing was performed using the STAR system which
has been described in detail in earlier works [14], [15]. The
STAR was outfitted with a circular needle drive based on the
Endo360 suturing tool (EndoEvolution, North Chelmsford,
Massachusetts) and was compatible with 2-0 and 3-0
polyester suture. In this study, the control workflow used a
high-level task planner so that an operator could control
STAR in a semi-automatic mode. The workflow combined a
sequence of robot motions that traverse pre-planned points as
well as stitch placement routine. A total of 8 points could be
taught prior to the procedure and were preloaded to the task
planner. The operator then specified the point sequence of
execution in the high-level task planner and defined the
automatic sections of the robot motion. When executing the
routine, the system would pause the task planner prior to
suturing so that alignment of the suturing tool and target
tissue may be verified with the integrated OCT imaging.
Once the operator confirmed the position of the suturing tool,
the system applied a suture, and the task planner resumes
automatic motion along the pre-planned points. For low-level
motion planning of STAR, Moveit! was utilized with
integrated Pilz motion planner to interpolate point-to-point
and linear motion with smooth trajectories. The Cartesian
trajectory was transformed to waypoints in joint space via
inverse kinematics. OROCOS real-time toolkit was used for
real-time control of STAR components including the robot
system and the suturing device.

D. OCT Imaging

The system used common-path optical coherence
tomography (OCT) to provide real-time positioning feedback
of the suturing tool with respect to the vessel and nitinol tines.
The signal was acquired using a single-mode fiber (1060XP,
Core Index: 1.45, Thorlabs, Newton, NJ, USA ) that was
connected to a swept-source OEM engine (AXSUN,
Billerica, MA, USA), a broadband mini optical attenuator
(BVOA-1050-L-10-FA, OF-Link, ShenZhen, China), a
broadband  circulator  (OF-Link, = BPICIR-1060-H6,
ShenZhen, China), a Camera-Link frame grabber (PCle-
1433, National Instrument, Austin, TX, USA) and a laptop
(Precision 5520, DELL, Round Rock, TX, USA). The
interference signal came from the sample and the interface
between fiber and outside medium. The original spectrum
data was sampled by a frame grabber (National Instrument,
PCI-E-1433) and processed parallelly with a discrete
graphics card on the laptop to achieve the sensing speed of
100 Khz. By combining the sample and reference beam with
the same single-mode fiber, the system was immune to
dispersion and polarization noise. The OCT fiber imaging
sensor was integrated into the suturing tool by gluing the

MAPS STAR octT STAR
Load p Tie
rotates moves to images sutures i
vessel wissd] vessel vessel vessel

Operator
adjusts

16X MAPS

Fig. 5. Workflow for semi-automatic placement of one suture. Routine
repeats sixteen times for one anastomosis. Red: Manual. Green: Automatic.
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Fig. 6. OCT imaging data as it was displayed during the procedure.

Spikes associated with nitinol are noted with red arrows.
single mode fiber within a stainless-steel hypotube that was
embedded within a distal sleeve as shown in Fig. 1C. The
sleeve was oriented such that the fiber was co-planar with the
path of the suturing needle and aligned the OCT signal with
the target tissue. The center wavelength was 1060 nm with an
output power of 2 mW which provided an axial resolution of
4.5 um with a scanning depth of 3.7 mm in air.

E. Semi-Automatic Suture Placement Workflow

The workflow to perform semi-automatic suture
placement with the described system is detailed in Fig. 5. We
note manual tasks are in red, and tasks performed semi-
automatically in green. The workflow described is for a
single suture throw and must be repeated a total of sixteen
times for the complete anastomosis. The procedure began
with STAR at a home position while the operator manually
loaded two vessels onto the MAPS platform. Next, STAR
automatically moved the suturing tool to the first suture
location on the left vessel. When at the suturing position, the
operator observed the OCT imager and determined if MAPS
should be used to perform positioning adjustments to the
orientation of the blood vessel. MAPS could be used to apply
fine rotational adjustments of 1° to correct any errors in
positioning. After confirming the needle location, the robot
applied the first throw, then automatically moved to the right
vessel, and waited for manual confirmation to apply the
second throw. After both suture throws had been completed,
STAR automatically moved back to the home position while
the operator used MAPS to rotate the vessels 45°. The suture
routine was then repeated, and knots were tied manually after
all sutures had been thrown.

IV. EXPERIMENTS AND RESULTS

A. Repeatability of Stage Rotation

To test the repeatability of the system, the MAPS rotation
stage was rotated in 45° increments through the full motion of
the robot. This includes starting at the zero position, rotating
180° in one direction, 360° in the opposite direction, and then
back 180° to the starting point. This resulted in 16 steps for
the full motion. ImageJ was used to record the angle between
each increment. For the left stage the average was 44.51° and
a standard deviation of 2.08°. For the right stage the average
was 49.31° with a standard deviation of 9.68°.
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B. OCT Imaging Feedback

During the anastomosis procedure, the operator was able
to determine if the OCT, which was aligned with the plane of
the needle, was above just air, tissue, nitinol, or both tissue
and nitinol. An example of the OCT output is show in Fig. 6
with the nitinol signal identified by an arrow.

C. Suture Testing with STAR System

To setup the entire system, MAPS was fixed onto a table
in the field of the STAR system, see Fig. 1A. A test vessel was
loaded into the system which was used for reference to teach
the STAR robot all the points in the workflow. The OCT
display was setup in view of the operator to allow the operator
to use the feedback from the OCT to adjust the spacing of the
sutures before passing the needle. Every 4 sutures, as the
suture was depleted, the needle and suture were replaced.

For evaluating the setup, four anastomoses were
performed on synthetic vessel samples from 3D-Med, placing
8 sutures in each vessel. Any necessary adjustments to the
spacing based on OCT feedback were recorded. For the right
stage of MAPS, the average angulation adjustment per stitch
was 0.97°. For the left stage the average angulation adjustment
per stitch was 0.16°.

Beginning and end times of all trials were recorded.
Procedure duration ranged from 27 to 35 minutes with an
average of 32 minutes. Anastomosis duration was faster
compared to clinical anastomoses ranging from 40 to 75
minutes [10], however our trials did not include time to tie off
sutures. Additionally, a few issues were noted during the
procedure. A communication error with STAR resulted in a
21-minute pause during trial 4 which was subtracted from the
total time. During sheathing at the end of each procedure the
nitinol tended to catch the suture thread, requiring an
additional sheath cycle to remove the tissue. The system
successfully placed 64 consecutive sutures without missing
the vessel tissue, crossing, or tangling suture threads. Human
assistance was only needed on 12 sutures to adjust the spacing
via OCT feedback. No sutures missed the vessel or punctured
both walls. Additionally, no stretching, tearing, or other
trauma was observed from MAPS handling the tissue.

D. Suture Spacing and Bite Depth

Pictures of sutured vessels were taken, and measurements
of suture spacing and bite depth were recorded using ImageJ.
Examples of the sutured vessel are shown in Fig. 7 where
suture spacing is defined as the distance between two
consecutive sutures, and bite depth is the shortest distance
from the point of a suture on the vessel wall to the cut edge.

Bite Deptk

Fig. 7. A: Sutured vessel spacing and bite depth measurements. B:
Sutured vessel after sutures have been tied off.
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For spacing and bite depth the averages were 1.64 mm and
2.14 mm, respectively. Standard deviations were 0.34 mm and
0.76 mm. Ideal suture spacing for the tissue was 1.77 mm.

To compare the vascular suturing performance to past
anastomoses with STAR, we normalized the data by dividing
the average suture spacing and average bite depth by their
respective standard deviations to obtain the coefficient of
variance for each metric (COV). The COV for
microvasculature suturing was calculated to be 20.9% for
spacing and 35.6% for bite depth. Prior studies using the
STAR without using MAPS had achieved a COV of 26.36%
for spacing and 29.99% for bite depth [15]. Using Forkman’s
method described in [34] and a statistical significance level of
0.05, we found that STAR had more consistent suture spacing
with the MAPS system (p = 0.045), while no significant
difference in bite depth was observed (p = 0.113) (see Fig. 8).

E. Lumen Reduction

After spacing and bite depth measurements were taken,
the sutures were manually tied off using a surgeon’s knot.
Pictures were taken of the cross-section of each anastomosis
and one non-sutured vessel sample. ImageJ was then used to
calculate the percent reduction in area (TABLE I).

TABLE I. LUMEN REDUCTION MEASUREMENTS

Lumen Reduction

Sample: Norm 1 2 3 4 Mean SD

Lumen Area | g 07 | 342 | 438 | 438 | 272 | 372 | 081
(mm"2)
Percent

Reduction (o) | /A | 614 | 505 | 505|363 | 579 | 915

F. Pull Force

Each of the anastomosis samples were tensioned in a
tensile tester at a strain rate of 1 mm/second along with one
intact synthetic vessel sample and one hand-sutured sample.
The peak forces are recorded in TABLE I1.

TABLE II. PULL FORCE TESTING SUMMARY

Pull Force
Trial: Vessel 1 2 3 4 Mean SD
Peak 677 | 2.88 | 3.18 | 3.56 | 2.88 | 3.13 | 032
Force (N) ) . ) . . ) )

Other studies have measured the tensile strength of a
hand-sutured anastomosis to be 3.64 N with a standard
deviation of 2.2 N when using porcine coronary arteries [35].
All the pull force results in this paper were well within one
standard deviation of porcine artery data. Therefore,
anastomoses from MAPS produce sufficient tensile strength.
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V. DISCUSSION AND CONCLUSION

MAPS successfully performed 4 anastomoses when
paired with the STAR Robot and OCT fiber imaging sensor.
When compared to previous STAR studies the MAPS system
reduced variance in suture spacing, but not in bite depth. This
was due to bite depth placement being driven by pre-
programmed points and not adapting to the tissue placement.
OCT was shown to differentiate between air, tissue, nitinol,
and tissue over nitinol. Integrating OCT into the control loop
allowed MAPS and STAR to automatically position the suture
relative to the tissue. Additional issues in variance were
caused by encoder miscounts in the MAPS stage, and tissue
movement on the nitinol holder. Changes to encoder mounting
would improve repeatability and modifying the outer surface
of the nitinol with etching or coatings that are used in other
cardiovascular devices would improve vessel grip.

Leak testing is an important step in demonstrating the
efficacy of this system. Such a test was not able to be
performed on the phantom 3-Dmed tissue samples. Air leaked
through the needle insertion site of these synthetic blood
vessels, which made a pressurized test of the anastomosis
unfeasible. Future testing will need to be done on ex-vivo
tissue to enable leak testing. In place of this test, the pull force
test was performed and sufficient tensile strength was shown.

Additionally, we considered the percent lumen reduction
as a marker for clinical success. Using MAPS, the average
lumen reduction of the resulting anastomoses was 57.98%
with the maximum being 61.43%. However, research by
Jahangiri et al. indicates that arteries can be reduced up to 70%
while maintaining laminar flow [36]. Additional data from Dr.
Mann et al. found a Smm canine artery can be reduced by up
to 90% before blood flow is reduced by 50% [37]. While
studies seem to indicate lumen reduction of 57.98% might be
acceptable, efforts should be applied to reduce this in future
iterations. Tighter control of bite depth using OCT would help
minimize lumen reduction.

In summary, MAPS successfully performed vascular
anastomosis with minimal human intervention in 5 mm
vessels. This size is applicable to femoral and brachial artery
surgery [38], [39]. Enhancements to the system are needed to
improve repeatability along with larger studies for validation,
but in its current state MAPS offers better spacing variation
when compared to previous STAR system studies. While 5
mm vessels were used in this study due to limitations with the
size of STAR’s needle driver, we envision that anastomosis of
smaller vasculature, such as 1 mm vessels encountered in
maxillofacial and head and neck reconstruction [40], [41]
would be possible with a robotic needle driver that can support
9-0 suture. Notably, high resolution OCT imaging shows
promise to make the system fully automatic and more
accurate. While a human in the loop is necessary to run the
system today, a feedback control loop where OCT data is used
to inform correct suture placement would enable a fully
autonomous system in future studies with the MAPS system.
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