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Lung cancer is one of the deadliest forms of cancers and is often diagnosed
by performing biopsies with the use of a bronchoscope. However, this diag-
nostic procedure is limited in ability to explore deep into the periphery of the
lung where cancer can remain undetected. In this paper, we present design,
modeling, fabrication, and testing of a one degree of freedom soft robot with
integrated diagnostic and interventional capabilities as well as vision sensing.
The robot can be deployed through the working channel of commercial bron-
choscopes or used as a standalone system as it integrates a micro camera to
provide vision sensing and controls to the periphery of the lung. The small di-
ameter (2.4 mm) of the device allows navigation in branches deeper in the lung,

where current devices have limited reachability. We have performed mechan-
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ical characterizations of the robotic platform, including blocked force, maxi-
mum bending angle, maximum angular velocity, and workspace, and assessed
its performance in in-vitro and ex-vivo experiments. We have developed a com-
puter vision algorithm, and validated it in in-vitro conditions, to autonomously
align the robot to a selected branch of the lung and aid the clinician (by means
of a graphic user interface) during navigation tasks, and to perform robotic-
assisted stabilization in front of a lesion, with automated tracking and align-

ment.

1 Introduction

Among all types of cancers, lung cancer has the highest death rate. Of the 228,820 new cases
of lung cancer estimated to be diagnosed in 2020, an estimated 135,720 are expected to result
in deaths (7). This is due, in part, to the frequent failure to detect lung cancer at its earliest
and potentially curable stage: less than 20% of lung cancer patients are diagnosed in their early
stage (2). Therefore, early diagnosis and treatment is of paramount importance to increase the
survival rate of lung cancer and can only be achieved via accurate tissue sampling (3). This can
be particularly challenging in the work-up of peripheral indeterminate pulmonary nodules due
to their deep location within the lung. Medical imaging is the first screening method to detect
potentially malignant nodules, however biopsy is necessary for definitive diagnosis (4). Biop-
sies can be obtained percutaneously or bronchoscopically. The latter method is often preferred
as it doesn’t require puncturing the pleura that may cause complications, such as pneumothorax
(i.e., lung collapse) (5). Nevertheless, traditional bronchoscopes cannot access small bronchi
and navigate easily through the peripheral lung because of their large diameter, typically around
5-6 mm (6, 7). In addition, current endoscopic tools have limited dexterity and sensor feedback,

thus limiting not just diagnostic but also therapeutic capabilities, and the possibility of perform-
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ing advanced surgical tasks at the site of intervention, such as targeted drug delivery. The main
causes of this rely on the design of the endoscopic instrumentation itself. Traditional endo-
scopes are based on conventional cable-driven actuation, which is prone to friction, backlash,
hysteresis, and wear after multiple uses, that can affect precision and accuracy (8). Perform-
ing diagnosis and delivering therapy through these platforms introduces several challenges in
terms of instrument controllability, stability, and capability to provide accurate and repeatable
dexterous motions at the surgical site (9).

Robotic platforms for interventional bronchoscopy and navigation systems have been de-
veloped to tackle these issues and are now available on the market. The Auris Health Inc.
Monarch™ Platform is using flexible robotics and cable driven actuation to create a bron-
choscope robot (composed of two independently controlled telescoping, articulating devices —
a bronchoscope and an outer sheath) to ease navigation in the peripheral lung (/0). This is
achieved using a joystick interface to control the robot in a more intuitive way with respect to
a traditional bronchoscope. However, the outer diameter (OD) of this system is still quite large
(bronchoscope OD is 4.4 mm and outer sheath OD is 6 mm). The Ion™ Endoluminal sys-
tem from Intuitive Surgical consists of a 3.5 mm cable-driven robotic bronchoscope with one
bending degree of freedom and an integrated vision probe, which needs to be removed to insert
interventional tools (i.e., needles) to perform biopsies (/7). The Medtronic superDimensionTM
Navigation System utilizes fluoroscopic navigation technology to guide a robot in hard-to-reach
areas of the lung (/2). Once the target area is within reach, the system requires removal of the
navigation probe to insert interventional tools (similarly to the Ion™ Endoluminal system),
which need to be constantly switched in the working channel.

Substantial research efforts are currently ongoing to enable robotic access and surgery in
deep locations of the body (/3, 14), such as the bronchial tree and the trachea, and to improve

image-based navigation methods in the lungs (/5, 16). Recent research advances in robotic
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catheters have shown encouraging results in improved accuracy and repeatability of tip position
control (/7, 18). The Virtuoso Surgical (Virtuoso Surgical Inc., Nashville, TN, USA) system
has recently demonstrated treatment of central airway obstruction (/9). So far, only a few re-
search groups have proposed surgical robotic platforms for lung cancer surgery; however, these
systems do not embed vision probes (20) nor interventional tools (27). Soft robotic systems
are currently being investigated for minimally invasive surgical applications (22-26) and they
represents a promising approach in the field of interventional bronchoscopy because soft robots
are constructed from compliant materials, thus they are inherently safe (27), and can be man-
ufactured at small-scale sizes (28-30). Mechanical performance of soft actuators for robotic
applications at different scales are discussed in (37). Another advantage of soft surgical robots
is distal soft fluidic actuation, which can ensure safe interaction with biological tissue even in
case of failure and no loss due to friction or backlash (32, 33). A soft actuator with a 7 mm
diameter and ~ 60° bending range was proposed for bronchoscopy in (34). The field is still
in its infancy but growing rapidly and review papers on general biomedical applications of soft
robotics, soft robotics in minimally invasive surgery, and soft robotics in endoscopy can be
found in (33, 35-37).

In this paper, we present a 2.4 mm soft robot with integrated vision sensing as well as
diagnostic and interventional capabilities (Fig. 1, also please refer to Movie S1). The system is
actuated through a one degree of freedom (DOF) soft pneumatic micro chamber that provides
full retroflexion (i.e., bending backwards — 180°). It can be deployed through the working
channel of a bronchoscope or be used as a stand-alone system as the vision probe does not
need to be removed to insert interventional tools, thus avoiding the need to perform “blind”
surgical tasks. The purpose of this miniaturized device is to address critical unmet needs within
the world of lung cancer, such as increasing the depth of access in peripheral regions of the

bronchial tree, improving navigability within the lungs, and facilitating rapid diagnosis and
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simultaneous treatment of lung cancer.

2 Clinical Requirements

Clinical requirements for the soft robot were identified as a first step during the design and
development phase.

The robot needs to be designed to be integrated with current endoscopic instrumentation
without disrupting endoluminal navigation or surgical workflow, while avoiding the necessity
for dedicated or customized instruments, thus making it easy and intuitive to use by the clini-
cian and minimizing their learning curve. The typical internal diameter (ID) of bronchoscopes
working channels ranges from 2.2 to 3.2 mm (6). The proposed system needs to be capable of
accessing deeper locations in the peripheral lung with respect to traditional bronchoscopes, that
typically have an OD ranging from 5 to 6.3 mm, thus getting in closer proximity to a lesion.

Current bronchoscopes have one bending degree of freedom and a camera. They are rotated
manually from the clinician during the examination. Patients are fully sedated during bron-
choscopy so that they do not feel the discomfort of having the tube down their mouth or in their
nose. Because the robot needs to navigate in the bronchial tree complex anatomy, it needs to be
equipped with similar distal dexterity and sensor feedback capabilities.

The need to remove vision or navigation probes presented by some commercial robotic bron-
choscopes (See Section 1) can potentially decrease the accuracy and precision of these systems,
as it can cause displacement of the tip away from the ideal position, with no way to compensate
for this accidental movement, since the clinician is performing “blind” surgical tasks at this
stage. To avoid this, the robot must maintain direct visual feedback and direct guidance during
navigation to the peripheral lung throughout the duration of the procedure as well as location
of the targeted lesion. This will also help minimizing risks of X-rays exposure (associated with

traditional fluoroscopy or computed tomography) for the patient and the clinician.
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Current systems also introduce a “delay in diagnosis” (38). The process of bringing a pa-
tient in for a procedure takes sometimes two to four weeks and if diagnosis is missed by a “blind
biopsy” that captures healthy lung tissue rather than the actual tumor, it may take another month
before a patient can get back into the operative room (e.g., one week to get the biopsy results,
one to two weeks to schedule them in clinic to follow-up on those results and tell them they
need to try again, another two to four weeks to schedule, another week to get the results again).
That’s if everything goes right and does not include patient frustration and potentially leaving to
go elsewhere or getting lost to follow-up altogether (39, 40). Late diagnosis and therapy lower
the chance of survival and increases health care costs, therefore it is crucial to develop a solution
to get accurate results and treatment. The robot must provide the capability to puncture lung
tissue to perform biopsies and drug delivery, at the surgical area of interest, through robotic-
assisted tracking and stabilization in front of the lesion. The main goal of this requirement is
to enhance precision and avoid performing inaccurate biopsies and generating false negatives
as well as hampering precise and accurate drug delivery in a desired location. Since forces
required to puncture lung tissue are not known in the literature, we performed ex-vivo tests to
evaluate them and designed our system so that it could meet this specific clinical requirement
(see Section 4.1). Two separate working ports need to be integrated to deliver, for the first time,
simultaneous (i.e., within the same bronchoscopy procedure) diagnostic and therapeutic capa-
bilities in early stage lung cancer. This can potentially shorten delays in diagnosis and treatment
of lung cancer. We envisage that this system will allow real time diagnosis and therapy, with
the aid of digital microscopy techniques and on-site pathology (4/—43). The development and
use of chemotherapy drugs is not part of the scope of the paper. We instead focus on the design
and integration of the delivery system. The drug will be simulated by dyed water that will be
visually inspected to evaluate successful therapy delivery. Simultaneous diagnosis and therapy

within a single bronchoscopy procedure can be a promising approach towards battling lung can-
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cer: a few studies have shown that each week that a patient with a new diagnosis of early lung
cancer awaits surgery significantly increases the risk for tumor growth, spread and ‘“upstaging”.
Specifically, patients with stage I non-small cell lung cancer have a 4% increased risk of up-
staging generally (to stage II, III, or IV) each week until their surgery. Their risk of upstaging to
stage III disease was 1.3% per week of surgery delay (44). The second working port has a dual
function as it can also be used when visualization is hampered by bleeding (for instance, when a
lesion of interest begins to bleed after the initial biopsy but more tissue is needed). The second

port could be used to deliver saline solution to clean out the area and improve visualization.

3 Materials and Methods

This section describes the soft robot design, fabrication, image capture and control system, and

surgical workflow. A schematic diagram is shown in Fig. S1.

3.1 Soft Robot Design

We propose a miniaturized, multi-functional soft robot (2.4 mm diameter) that can be deployed
from the working channel of current bronchoscopes or be used as a standalone system to reach
the peripheral lung and enhance current diagnostic and therapeutic capabilities in early stage
lung cancer detection and treatment. The robot (Fig. 1) is composed of a soft body that pro-
vides safe interaction with the surrounding environment during navigation in the anatomy. The
main body is designed to have four microchannels (Fig. 1, C) to integrate: 1) a one DOF soft
actuation chamber, 2) two working channels for biopsy and drug delivery end-effectors, and 3)
a micro camera. The one DOF soft actuation chamber is integrated to steer the robot tip and aid
navigation in peripheral lung locations as well as assist in diagnosis and targeted therapy tasks
by positioning end-effector tools in front of the target surgical area. An end-effector biopsy

tool and an end-effector delivery tool (Fig. 1, D), each consisting of a microneedle attached to a
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channel, are used to respectively aspirate biological material (for diagnostic purposes) and inject
fluids into a lesion (i.e., chemotherapy drugs), thus paving the way to simultaneous diagnosis
and targeted therapy. A 1.2 mm diameter micro camera (microScout Cam 1.2, Medigus Ltd.,
Omer, Israel) shown in Fig. 1, D, selected for its small size, provides visual feedback and direct
guidance during navigation to the peripheral lung throughout the duration of the procedure as

well as location of the targeted lesion.

3.2 Soft Robot Fabrication

The soft robot was fabricated out of Dragon Skin 00-10 Medium (Smooth-On, USA) casted
in a four-piece CNC machined aluminum mold (Fig. 1, F). The mold (Fig. 1, F) is composed
of two pieces with a groove to shape the cylindrical body of the robot (i.e., bottom and top
parts), and two lateral parts (end caps) with holes to allow integration of metal pins to form four
microchannels and produce the cross section shown in Fig. 1, C. The size and position of the
pins necessary to meet the clinical requirements was informed through Finite Element Analysis
(FEA) experiments. The dimensions of the pins are as follows: the micro camera channel pin
is 1.24 mm, the working channels pins are 0.56 mm, and the actuation chamber channel pin is
0.36 mm. The mold end caps are interchangeable, which permits implementation of new robot
designs without the need to re-fabricate the entire mold assembly.

The fabrication process (see Fig. 1, F and Movie S2) of the device began with assembling
the mold base, lateral end caps, and masking pins (see Step 1 in Fig. 1, F). Then, the sili-
cone polymer was mixed in a 1:1 ratio with the addition of 5-6% by-mass OS-2 solvent (Dow
Corning, USA), poured over both components of the exposed mold cavity, then degassed in a
chamber at a vacuum pressure of 100 kPa for 5 minutes (bottom component shown in Step 2
in Fig. 1, F). Finally, the top piece of the mold was mounted, displacing the excess polymer.

The sealed cavity was then cured at 70° C for 45 minutes (Step 3 in Fig. 1, F). Once curing
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was complete, the masking pins were removed and the device was removed from the cavity.
The smallest (0.36 mm) channel is sealed at the end of the fabrication process by injecting a
silicone plug in one end of the device and inserting a piece of tubing (Micro Renathane Tubing
0.254 mm, Braintree Scientific, USA) in the other end (via bonding a 25 G needle segment to
the tubing and actuation chamber), to create an air-tight actuation chamber to provide the robot
with one bending DOF (Fig. 1, B). Air is used as the actuation fluid and chamber pressurization
is controlled by means of a syringe pump (Pump 11 Pico Plus Elite, Harvard Apparatus, USA)
and is monitored by a pressure sensor (BSP BO10-EV002-A00AOB-S4, Balluff Inc., USA) with
data collection from an Arduino Mega 2560. The fabricated robot tip is mounted on a flexible
plastic tubing (McMaster, USA), acting as the robot body (Fig. 1, E), and the micro camera as
well as biopsy and delivery needles are inserted in the working channels (Fig. 1, D). The final
system consists of a 2.4 mm diameter soft robot (Fig. 1, E). The larger (1.24 mm) working chan-
nel on the bottom of the device is designed to integrate the micro camera and the medium-sized
(0.56 mm) working channels on the sides are designed to integrate biopsy and delivery needles.
The needle tools consist of two 30 G (0.312 mm) diameter stainless steel needles, which were
laser machined to create a sharp 75° profile cut. A refurbished commercial bronchoscope (EX-
ERA II BF-1TQ180, Olympus, Japan), with a 6.3 mm OD and 2.8 mm working channel ID,

was selected to test the platform (Fig. 1, B).

3.3 Image Capture and Control System

The image capture and control system consists of hardware and software components (Fig. S1)
which enable vision, navigation, stabilization in front of a lesion, and operator input through a

graphic user interface (GUI), and are explained in the following subsections.
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3.3.1 System Hardware

The micro camera captures video images at a resolution of 220 x 224 pixels with a frame rate
of 30 fps. The unedited video signal from the micro camera initially passes through a digital
signal processor (DSP) video processor (Medigus Ltd., USA), which converts the video to an
HDMI output. Still frames are captured via a USB capture device (USB Capture HDMI Gen.
2, Magewell, China) connected to a workstation running Ubuntu 16.04 LTS with 16 GB RAM.
Each frame is converted to an OpenCV (OpenCV (C++), version 4.1.0) Mat container
class, which enables further image processing. After the software performs image processing,
and upon receiving an input selection from the operator, the software commands the syringe
pump via a USB serial connection. The pump, which receives continuous feedback from the
software, controls the actuation of the robot and the pressure is monitored to ensure safety. This

entire system is represented in Fig. S1.
3.3.2 System Software

An anatomical model (Bronchoscopy Training Model 50-191, WorldPoint), typically used for
surgical training purposes, was used for testing (in-vitro) the proposed soft surgical robotic
platform (Fig. 2, A). To produce usable images to aid navigation tasks in the lung and perform
robotic-assisted stabilization in front of a lesion, several image processing steps are executed
(Fig. 2, B). First, a contour tracking algorithm was developed to enable the soft robot to rec-
ognize branches in the lung and automatically steer towards them to allow navigation. Images
obtained from the micro camera are captured by the Magewell frame grabber as a Red-Green-
Blue (RGB) imaged, passed to an OpenCV Mat object, and then converted to grayscale. To
improve the contrast between a bronchial passage and the lumen wall, histogram equalization
is performed, then a median filter is applied to remove image grain. This resulted in smooth

contours that is converted to regions the software identifies as bronchial passages and subse-
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quently tracks between frames as the robot moves. This procedure, called binary thresholding,
produces the final contour shapes that the robot tracks. Eq. 1 is used to determine if a pixel
would be converted to black or white, where the value T is the user-selected threshold value,
and the coordinates (x, y) are the gray-scale pixel values from the median filter image.

(D

0, else

255, if (x,y)iy < T
(xzy)out:{ (x.y)

To determine the center of mass of the target contour (X, y) in the local image-coordinate
system where (0, 0) corresponds to the top-left corner of the image, the OpenCV function
findContours is used. The center of mass of the contour region is calculated (in pixels) by
using the OpenCV moment s function (referring to moments of area) and using Eq. 2, where
My is the total area of the contour, My is the moment in the x direction (horizontal), and M

is the moment in the y direction (vertical).

My _ My

¥ = L U=
Moo 4 Moo

(2)

The robot tip position is autonomously controlled via syringe pump actuation, that is based on
live image processing of a continuous micro camera feed from the device tip that controls the
alignment of the device to a branch of the lung. The robot can be automatically steered (with the
embedded distally actuated one DOF) to align to a specific branch of the lung and then pushed
and rotated manually from outside the patient to enter the branch.

To account for potential changes in lighting and contrast inside the lung model, an adap-
tive threshold algorithm that dynamically adjusts the threshold value was developed. The basic
function of this algorithm is to automatically adjust the threshold to an optimal value that re-
moves extraneous contours from the processed images. To execute this procedure, the software
uses a buffer array of ten elements to log the number and location of contours found in each

frame. The threshold value is increased if the number of contours found is zero; or if the buffer

11
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array is filled and all the elements of the array are within one value of each other. Otherwise,
the threshold is decreased if the array is filled and the values are not within one value of each
other. The threshold is also decreased if the area of any contour found in an image has fewer
than a 10 pixel-square area, since this indicates noise in the image and can be eliminated.
Another embedded feature of the software is its ability to track an object of interest inside the
lung. During a bronchoscopy procedure in which a biopsy or drug delivery must occur, it is crit-
ical to maintain alignment of the soft robot and its tools relative to potentially cancerous lesions.
Thus, an optimized template tracking algorithm from the OpenCV function matchTemplate
was utilized, which allows a user to select an object of interest that is continuously tracked by
tracing a box around the target. The algorithm, which is expressed in Eq. 3, performs the sum

of the squared difference (SSD) technique for feature tracking:

SSDlx,yl = Y Y (hlp.q] — Lix+p.y +4q])? 3)
p=04g=0

where I is the template image, I, is the target image, (m,n) are the number of pixels in the
template image corresponding to the horizontal and vertical size of the template image, respec-
tively (which are known from the box traced by the user), and (x, y) are the pixels of the target
image. The template is moved over the target image and the pixel values are subtracted pixel
by pixel. The sum of the squares of these subtracted values returns the score for the current
region, where the best match corresponded to the lowest score. The maximum cost of our
feature tracking algorithm is ~0.4 ms/frame when template tracking compared to no tracking
tasks, see Supplementary Information and Table S1. In this application, the target is considered
“centered” if the center of the box is within &£ 2 pixels from the center of the image. In order
to account for the radial distortion of the camera, a calibration method was implemented using
Matlab, see Supplementary Information and Fig. S2. Additionally, a pixel to mm conversion

procedure was implemented to improve results readability, see Supplementary Information and

12
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Fig. S3.

3.4 Surgical Workflow

The surgical workflow for the proposed system will involve the following steps: 1) positioning
the bronchoscope to a desired site in the bronchial tree; 2) deploying the soft robot from the
endoscope working channel to the bronchial wall, and navigating through the smaller cavities
of the peripheral lung to the target lesion, using direct visual feedback from the integrated
micro camera and the on-board actuation mechanism to steer the robot tip as necessary; 3) once
reached the surgical area of interest, the clinician can push the system to puncture lung tissue
with the biopsy needle and enter the spongy lung parenchyma to perform a biopsy applying
suction through the channel and aspirating biological material; 4) if necessary, fluids and/or
drugs will be released into the lesion via the other delivery needle. Step 1) can be skipped, if
so desired by the clinician, and the soft robot can be used as a stand-alone system, as the vision

probe does not need to be removed when performing surgical tasks.

4 Results

This section covers testing methodologies implemented and characterizations results for the soft

robot and the image capture and control system.

4.1 Lung tissue puncturing force characterization

Since forces required to puncture lung tissue are not known in the literature, we performed ex-
vivo tests (Fig. 3) to evaluate them and designed our system so that it could meet this specific
clinical requirement. The test was carried out on explanted porcine lung tissue (Fig. 3, A),
sliced to expose different anatomical structures: 1) the spongy tissue of the lung, which con-

tains a homogeneous network of micro-scale bronchioles and alveoli (Fig. 3, B), and 2) the
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stiffer tissue that makes up larger bronchial passages (Fig. 3, C). Tests were repeated five times
on each specimen. A 30 G needle was attached to an Instron testing machine (5943 Instron,
USA) and pushed into the tissue at a rate of 0.5 mm/s while collecting force data, which were
subsequently analyzed to determine the maximum force needed to puncture through the two
different types of tissue. The average puncture force of the bronchial wall tissue was deter-
mined to be 430 mN + 44 mN. The average force required to puncture the spongy tissue was
88 mN + 18mN. Because we are interested in performing diagnosis and therapy of lesions in
peripheral lung locations (i.e., where the tissue is predominantly spongy), we set this last value

to be the target puncture force for our soft robot.

4.2 Finite Element Analysis

We modeled the soft robot behavior upon actuation using Abaqus (Simulia, Dassault Systems)
in order to guide the design of the robot (specifically, its working channels and actuation cham-
ber), predict the robot behavior upon pressurization, and evaluate areas of maximum deforma-
tion. The properties of the constituent material (Dragon Skin 00-10) of the robot were experi-
mentally characterized using a tensile test dogbone that was subjected to a uniaxial tensile test
on the Instron materials testing machine (using test parameters according to ASTM D412-16)
to determine the engineering stress and strain behavior. For our FEA experiments, we fit the
testing data in Abaqus to the third order hyperelastic Yeoh model (45, 46), see Supplementary
Information. A comparison between this model and the experimental tensile test data is shown
in Fig. S4, in order to provide the accuracy of the Yeoh model fit to the experimental data within
the range of strain of the robot.

In the FEA, the device was subjected to a uniform static gravity load and a uniform static
pressure load within its actuation chamber. A hexahedral mesh with quadratic geometric order

and a hybrid element type was utilized with a global seed size of 0.24 mm. These parameters
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generated 14,945 individual C3D20 hybrid elements.

The modeled robot was successfully simulated up to an actuation pressure of 66 kPa. An im-
age comparing the model results to the actual performance of the device is shown in Fig. 4 and
in Movie S1. The simulation captures the behavior of the robot upon pressurization (Fig. 4, B).
This model provides insight into both the actuation chamber deformation and how its expansion
affects the shape of the working channels (Fig. 4, A), which allows for the FEA to guide and
validate the design of these microchannels. The size of the actuation chamber of the model and
robot under no deformation is 0.36 mm and the working channels are 0.56 mm in diameter.
As the chamber is pressurized the gap between the actuation chamber and working channels
decreases. This progresses until approximately 56 kPa in the simulation, at this point the actu-
ation chamber is closer to 0.72 mm in diameter and the working channels have less than a 2%
change in overall shape, consequently the internal gap of the aforementioned channels is now
comparable in size to the gap between the actuation chamber and the outer surface of the device.
Due to this, the chamber begins expanding more evenly between the outer surface and the in-
ternal chambers, thus more significantly distorting the working channels as pressure continues
to increase. Upon reaching the maximum pressure simulated, the actuation chamber deforms to
a diameter of 1.50 mm and the working channels become more severely deformed ellipses with
approximate major and minor axis of 0.71 mm and 0.43 mm, respectively. However, the work-
ing channels remain undeformed at the infilled silicone plugged ends of the actuation chamber,
thus retaining original shape at the distal end of the device. This is considered satisfactory
since the distal end is where the micro camera and interventional tools (biopsy and delivery
needles) are integrated. The working channels only integrate the micro camera cable and tubing
(for biopsy and delivery needles) along their length, which are significantly smaller in diameter
compared to the microchannels. We also used FEA simulations to compare the retroflexion of

the robot with integrated needles and micro camera to the physical device (see Fig. S5).
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4.3 Blocked Force

We evaluated blocked force for the soft robot. The Instron testing machine, equipped with a
50 N load cell (PN 2530-50 N), was used to collect force data. Input pressure was measured
with the pressure sensor connected to the Instron’s DAQ, which recorded data in parallel with
the Instron. During each test, one side of the robot was fixed with a frame and the other was
constrained under the Instron load cell in a straight configuration (0° bending), as shown in
Fig. S6. Similarly to (47), the entire length of the robot was constrained (the robot is positioned
in the setup such that the actuation chamber is on the bottom) to minimize nonlinear effects
(i.e., the tendency of the robot to bend when pressurized) and to concentrate the force at the
distal tip. Testing was conducted on three different soft robots. For this experiment, force data
was sampled every 1 kPa until the robots failed due to rupture of their actuation chambers. The
experimental results from this test are reported in Fig. 5, A. The mean maximum blocked force

resulted in 0.47 N with a standard deviation of +0.097 N.

4.4 Bending Angle

We evaluated the maximum bending angle of the soft robot by tracking different samples’ tra-
jectories using images taken from a camera during unloaded pressurization. First, the syringe
pump, connected via USB to a computer running a Python script, was connected to the actuation
chamber. Air was injected into the actuation chamber at a flow rate of 5 mL/min to simulate
quasi-static conditions and each test was repeated three times. During each test, one side of the
device was constrained and the other was left free to move. The robot was positioned horizon-
tally. The actuation pressure was monitored with the pressure sensor, and data was collected
via a Teensy 3.2 microcontroller with 10-bit resolution (PJRC, USA). Photographs were taken
with a DSLR camera (Nikon D7500, Japan), the shutter of which was triggered remotely by

the microcontroller, at predetermined discrete pressure values. Finally, after the image data was
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collected, Matlab (Mathworks, USA) was used to determine the bending angle at each pressure
step, according to the schematic of Fig. S7.

The data resulting from this test are shown in Fig. 5, B. The system requires an initial
minimum pressure before the bending can start, which is ~50 kPa. After reaching this pressure,
a small pressure increase is necessary to achieve full bending. Results show that the soft robot is
capable of bending up to 253° (upon pressurization up to 85 kPa), thus beyond full retroflexion
(i.e., 180°). Similar pressure ranges are typically used in soft surgical robots currently being
investigated in the literature, please refer to the following review papers (35-37). Finally, the
bending angle testing results were compared to the FEA results to further validate the system

design (see Fig. S8).

4.5 Angular velocity

We assessed the angular velocity of the soft robot by tracking three different samples’ trajecto-
ries using images taken from a camera during unloaded pressurization up to 85 kPa. The results
from these tests are shown in Fig. 5, C. This experiment was performed using four different
flow rates from the syringe pump in the range of 20-80 mL/min. Angular velocity was com-

puted using angular position data (obtained with the same method described in Section 4.4) and

0i—0i_1

the recorded time interval between each photograph as: 6 = o

, where i represents the
index position within an array of recorded pressure steps. Results (Fig. 5, C) show a tunable
and controllable speed from 12.3 + 3.30 °/s (corresponding to a 20 mL/min flow rate) up to

43.7 + 3.54 °/s (corresponding to a 80 mL/min flow rate). Angular velocities corresponding to

40 mL/min and 60 mL/min flow rate are respectively 17.6 4= 3.90 °/s and 27.8 £ 5.00 °/s.
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4.6 Robot Workspace

An optical motion capture system (OptiTrack, USA) was used to characterize the motion of the
soft robot in free space. Reflective tape was wrapped around the tip of a robot (i.e., distal end)
and the proximal end. Then, the robot was actuated through its full range of motion. The system
recorded Cartesian coordinate data that was later processed in Matlab to visualize the motion.
Testing was performed with the robot hung downwards vertically, such that its center axis was
perpendicular to the ground and the tip was closest to the ground. A series of five tests was
performed up to a maximum pressure of 110 kPa, achieving over 270° bending. Test results
are shown in Fig. 5, D. To best illustrate the performance, photos of the robot during testing are

superimposed over the plot.

4.7 Soft robot ex-vivo testing

In this test, we assessed the interventional capabilities of the proposed soft robot ex-vivo on
explanted porcine lung tissue specimens. To evaluate the capability of the system to perform
lung tissue puncturing, which is necessary for diagnosis (i.e., biopsies) and therapy (i.e., targeted
drug delivery), the soft robot with an integrated 30 G stainless steel needle (with a sharp 75°
profile cut) was used to puncture lung tissue and inject it with dyed water. The spongy tissue was
obtained by resecting transverse cross sections of the lung, each approximately 2 cm thick. The
tissue was assumed to be approximately homogeneous, so puncture sites were chosen randomly.
The robot was setup on the Instron testing machine such that, if a puncture was successful, it
could inject a solution of dyed water into the spongy tissue, thus producing a visible indication
of successful puncture. The average force required to puncture the tissue was 48 mN + 7.9 mN.
We demonstrated the capability of the system to puncture lung tissue and perform diagnostic and
therapeutic tasks by in-situ delivery of a drug model. The dye indications from these successful

punctures and injections can be seen in Fig. 6 and Movie S1.
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4.8 Navigation and Tracking Tasks

This section details the performance characterization of the image-guided control system. For
all tests, the soft robot with the integrated micro camera was inserted in the 3D bronchoscopy
training model (Fig. 2, A), which served as an in-vitro lung model. A schematic of the test setup

using the lung model is shown in Fig. SO.
4.8.1 Navigation: Contour Tracking

The two inputs that have the greatest effect on the shape and ability of the system to find con-
tours representing lung branches, are the size of the median filter and the magnitude of the
threshold cutoff value. The robot was inserted into the lung model and images are taken and
then processed with different combinations of median filter sizes and threshold values to de-
termine the effect on finding contours and evaluate the performance of the contour tracking
ability. The operator selected the contour, commanding the robot to align to the contour’s cen-
ter of mass. The software logged the elapsed time and the tracking error, i.e. the difference
between the actual coordinate position of the camera and the coordinate position of the con-
tour’s center of mass. This data was then exported to be evaluated in Matlab. The same contour
was tracked for each test, and the device was reset to its original position after every run. With
one DOF, the camera is able to track and align a selected branch to the middle of the frame in
either the horizontal or vertical plane. In the tests performed, the center of mass of the con-
tour was aligned with the middle of the image in the vertical plane. Once a contour is chosen,
the location of the contours center of mass is subtracted from the center of the image and the
robot is instructed on which way to move. An overview of how the tracking works is shown
in Fig. 7, A. After a branch contour has been selected, the system state is changed from STOP
to CENTER_CONTOUR. The closest contour to the mouse click, found via the Euclidean dis-

tance, becomes the contour of interest to be tracked. A global X,Y variable corresponding to
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the center of mass of this contour is updated with these coordinates. During every frame, a con-
tour is searched for in the immediate (5-pixel area) region around these global coordinates. If a
contour’s center of mass is found, the global coordinates are updated to reflect the movement of
this contour. Once a contour is found, it is inserted into a list that keeps track of the contour ID
and the frame it was found in and a future frame is designated to be the frame where the contour
will be removed from the list if the contour is not found again. If the contour to be centered is
removed from the list, the system will stop and change state to STOP.

The results (Fig. 7, B) show that if the threshold value is too small, the computer vision al-
gorithm may find peripheral contours of branches that are too far down a bronchial passage, and
a too high threshold value caused the contours to blend in with other features (e.g., bronchial
wall). Furthermore, if the median filter value was too small, the contour appeared to be noisier,
consisting of many overlapping and smaller contours; and if it was too large, it began to elim-
inate contours that had a small area. Threshold values between 20 and 40 pixels, and median

filter sizes between 15 and 37 pixels produced viable results for most scenarios.
4.8.2 Navigation: Adaptive Threshold

The adaptive threshold procedure was characterized inside the lung model by initiating the
contour tracking logic with an extremely high or low threshold value that, effectively, rendered
the contour tracking unusable. The software was then commanded to optimize the threshold
value. Dynamic thresholding allows for the software to determine a threshold value that is able
to find the contours of the branch automatically. The soft robot was tested five times for both
low and high threshold values, resulting in ten total tests.

The results for an image using the dynamic thresholding are shown in Fig. 8. The system
tended to converge to the same threshold value in all tests, regardless of whether the threshold

value is increasing or decreasing. The threshold value converged faster when threshold value
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was initially high, because the conditions to decrease the threshold were easier to meet than
the conditions to increase it. This is because, when evaluating if there is noise in the image,
if any of the contours have a pixel area less than 10, the threshold is immediately decreased
and the buffer array is restarted. However, to increase the threshold, there either needs to be
zero contours found in the image, or 10 successive frames where all the value of the elements
in the buffer array are within one from each other. This can be seen in the step like trend of
the increasing threshold data series before it reaches the final value as certain frames are not
increasing the threshold as the buffer is not full. The dynamic threshold will stabilize right on

the edge of noise and will constantly be trying to update through a procedure.
4.8.3 Navigation: Robotic-assisted navigation

To evaluate the tracking speed of the robot, four pump injection rates between 1.5 °/s and 8.2 °/s
were tested, and a single system was tested three times for each of these rates. Results are shown
in Fig. 9, A. The error is defined as the difference from the middle of the image to the center of
the contour that is being tracked, with the aim of the operation being to drive the error to zero.
Faster injection rates resulted in a faster tracking time, but caused the robot to overshoot the
contour before settling (see Movie S1). For our purposes, we defined settling time to be the time
the system took to stabilize at the target location within an error of 4 2 px starting from the time
that the initial position error begins decreasing. This settling time varied with angular velocity
and we found the mean maximum and mean minimum settling times to be 30.2 s and 8.46 s
for 1.5°/s and 8.2°/s, respectively (Fig. 9, A). Additionally, for these maximum and minimum
angular velocities, the mean overshoot amount past alignment of 2 px positional error (target is
considered the bounds of 2 px error for overshoot) was 0.996 mm and 0.175 mm, respectively.
Due to the 4 px (£ 2 px) span of positions considered aligned, the system will continue to

track and align to avoid substantial steady-state error. These values can be controlled by using
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different angular velocities or changing the bounds of the pixels that are considered aligned to
meet clinical requirements and could vary depending on the tracking capabilities required for
each patient. In all cases, the soft robot is able to reach the target position, even if the system

overshot. At this point, the robot can be inserted in the desired lung branch.
4.8.4 Stabilization in front of a lesion: Template Tracking

During a bronchoscopy procedure, it is common for a lesion to move slightly due to the clinician
moving the bronchoscope or the patient breathing. Thus, it is important for the robot to be able
to re-align to the lesion in order to adjust for these small movements. Similar to the contour
tracking test, an object of interest was selected to evaluate the template tracking capabilities of
the system. In this case, a 7 mm diameter dyed paper ball was used as an analog for a lesion.
When the system is told to perform a lesion tracking procedure, it will center the lesion to
the vertical center of the camera and maintain this positioning even if the lesion moves off the
center line. To start the lesion tracking, the operator must first draw a box around the lesion or
area of interest using the mouse. The area selected becomes the template image for a template
tracking procedure. Once the mouse button is released, the system will align the middle of the
box to the center of the image. The lesion will be considered centered if the center of the box is
within & 2 pixels from the center of the image. Once a lesion is selected by the user, the system
will center the lesion to the vertical center of the image and maintain this positioning even if the
lesion moves off the center line (i.e., by actuating the robot) — see Movie S1.

A graph of the error and pressure variation versus time for lesion tracking is shown in
Fig. 10, A. The variation of the pressure response during all navigation and tracking tasks is
consistent with the results shown in Fig. 10 with minor differences in overshoot and settling
time depending on the angular velocity (see Fig. S10). For this test, the robot was actuated

at an angular velocity of 3.2°/s. Once the lesion was centered in the frame, the system was
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perturbed several times to verify that the system was capable of recognizing the location of the
lesion and re-align to it (Fig. 10, B). Perturbations were done by manually moving the system
from the outside of the anatomical model. The figure shows that, despite the disruptions to the
alignment, the system was capable of re-aligning the robot to the lesion and hold this position.
The error is defined as the difference from the middle of the image to the middle of the lesion’s
box, as such the error will be positive if the middle of the box is to the left of the center of the
image and negative if the middle of the box is to the right of the center of the image. The green
shaded region on the graph represents the region for 0 &= 2 pixels (0.180 mm) which is when
the lesion is considered centered. As in the contour tracking this pixel value was converted to a

millimeter value utilizing the method described above.

5 Conclusion

We have designed, modeled, and fabricated a 2.4 mm soft robot, with vision-based navigation
capability as well as diagnostic and therapeutic capabilities, to treat early stage lung cancer.
The system is designed with the intent of improving access and treatment options in peripheral
regions of the lung. We have performed mechanical characterizations of the robotic platform
and assessed its performance in in-vitro and ex-vivo experiments to ensure it would meet clin-
ical requirements. Our technology enables low-cost batch manufacturing, thus paving the way
for disposable miniaturized soft surgical robots, with the benefit of reducing number of uses
and reduce risks associated with material aging, wear, and breakage after repeated use. Since
health care associated infections are an important source of morbidity and mortality, a dispos-
able surgical robot has the potential to help reduce these risks and the related high cost for
sterilization and disinfection of instruments (which can also cause material damage). The only
component of the robot that is not disposable is the micro camera, which can be removed from

the robot working channel, cleaned, and disinfected. Another advantage of our system is distal
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soft fluidic actuation, which can ensure safe interaction with biological tissue, as opposed to
other small-scale actuators like piezoelectric bimorph and shape memory alloys — that require
high voltage or current to operate (48-50), and no loss due to friction or backlash.

Our results show the suitability of the proposed system for interventional bronchoscopy
applications. We have modeled the soft robot behavior upon actuation and assessed the perfor-
mance of the robot through experimental characterizations of blocked force, deflection, velocity,
and 3D workspace. The soft robot is capable of bending up to 253 °, thus beyond full retroflex-
ion and outperforming capabilities of current commercial bronchoscopes. For example, video
bronchoscopes manufactured by Olympus and Pentax, two major manufacturers of endoscopic
devices, are reported to be capable of bending up to ~180 ° (6, 7). The proposed device has the
potential to augment dexterity in interventional bronchoscopy and aid in complex navigation
tasks in peripheral areas of the lungs, where the angles of the various takeoffs of the bronchi
can be difficult to navigate and bronchi branches are difficult to reach, such as apical segments.
Angular velocity characterizations showed a tunable controllable speed up to 45 °/s. Evaluation
of 3D reachable workspace of the robot in free motion showed repeatability and accuracy of
the robot. We demonstrated the interventional capabilities of the proposed soft robot ex-vivo
on explanted porcine lung tissue specimens, including the capability to perform lung tissue
puncturing to perform diagnosis (i.e., biopsies) and therapy (i.e., targeted drug delivery).

The system is capable of performing robotic-assisted navigation in deep peripheral lung
locations in in-vitro conditions (i.e., using a 3D bronchoscopy training model) through an on-
board micro camera and a dedicated computer vision algorithm, that allows the clinician to
select the bronchial branch they want to navigate into through a GUI and steers the robot au-
tomatically (see Movie S1). The computer vision algorithm is based on a dynamic threshold
function to automatically find a suitable threshold cut-off value needed for identifying branch

contours in the bronchial tree. This function can be tuned by the clinician on-the-fly via the
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GUI to select smaller branches as they move deeper in the lung, thus providing an easy-to-use
navigation and guidance system. Navigation is performed under visual guidance at all times
throughout the procedure, since there is no need to remove the embedded micro camera to in-
sert additional interventional tools. The soft robot is capable of performing robotic-assisted
stabilization in front of a lesion during a simulated procedure in an in-vitro experiment. This is
achieved through a function embedded in our computer vision algorithm that enables automated
tracking and aligning to a lesion. Through the GUI, the clinician is able to locate and identify
a lesion and instruct the robot to track it as well as center and stabilize itself with respect to the
lesion (i.e., target surgical area) in real-time, so that it can hold its position to perform a biopsy
or deliver a drug, and recover its position centered in front of the lesion when perturbed.

The proposed system is a miniaturized soft surgical robot able to access peripheral lung lo-
cations. It will pave the way towards simultaneous diagnostic and therapeutic capabilities (i.e.,
within the same bronchoscopy procedure) in early stage lung cancer treatment, with the aid of
digital microscopy techniques and on-site pathology. This can potentially shorten current de-
lays in diagnosis and treatment and become a promising approach towards battling lung cancer.
Future works include: /) improving the robot angular velocity by increasing the fluid injec-
tion rate, developing a dedicated electropneumatic control system, and using an incompressible
fluid (e.g, saline solution); 2) developing and integrating a distally-actuated needle deployment
mechanism to avoid the need for the clinician to manually push the robot to puncture lung tissue;
3) integrating our image-guided approach with pre-operative CT imaging to plan navigation and
identify the most effective and efficient path to the target lesion; and 4) validating the robot’s

safety and functionality in an in-vivo animal model.
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Figure 1: Proposed soft robot. A) Challenges in interventional bronchoscopy. Bottom: close-
up view of the bronchoscope navigation limitations due to its size (left), and navigation capabili-
ties of proposed miniaturized system (right). B) Robot integrated in the Olympus bronchoscope,
with integrated biopsy and delivery needles and micro camera, demonstrating one DOF (actu-
ating upwards) and performing complete retroflexion (180° bending). C) Robot frontal section
after fabrication (without integrated micro camera and needles), showing its working channels.
D) Close-up view of fully assembled system. E) Whole prototype. F) Fabrication steps.
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Figure 2: A) Anatomical lung model used for in-vitro testing. B) Image processing procedure.

Bottom right: the contours are shown overlaid on top of the original image with the center of

mass of each of the contours marked with a green dot.
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Figure 3: Lung tissue puncturing force characterization ex-vivo to find clinical requirements.
A) Explanted porcine lung. B) Testing on resected spongy lung tissue. C) Testing on resected
stiffer lung tissue. In both tests (B-C), a 30 G needle is attached to the Instron testing machine
and positioned vertically, facing down towards the lung tissue.

36



This article has been accepted for publication in a future issue of this journal, but has not been fully edited.
Citation information: DOI 10.1089/s0r0.2020.0127, Soft Robotics.

McCandless, M., Perry, A., DiFilippo, N., Carroll, A., Billatos, E. and Russo, S., 2021. A Soft Robot for Peripheral Lung Cancer Diagnosis and Therapy. Soft Robotics.

+1.276
+1.021
+0.7961
+0.5957
+0.4175
+0.2592
+0.1187
-0.006184

a B
Engineering Strain b
(Avg: 75%)
+3.112 /
B o
+2.245
+1.883
+1.562
a@ |

Figure 4: FEA of the soft robot during chamber pressurization and consequent actuation.
A) Engineering strain of the device at full extension depicting the deformation of the cross
section at: a) the midsection of the device and b) the tip of the device. The bending motion of
the device does not alter the working channels at its distal tip. B) Bending of the device upon
chamber pressurization (model versus physical testing).
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Figure 5: Soft robot performance characterizations. A) Blocked max force versus input pres-
sure. B) Bending angle versus input pressure. C) Angular velocity versus input pressure, tested
at four different flow rates. D) Robot workspace. In plots A-C, the solid line is the mean
resulting from three experiments, and the shaded area is the standard deviation.
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Figure 6: Ex-vivo test showing the soft robot capability to perform tissue puncturing and injec-
tion of dyed water (drug model). Please see Movie S1 for a complete visualization of this test.
A)-D) Test sequence. E) Detail of two different testing locations with dyed water in the lung
after experiment.
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Figure 7: Contour tracking algorithm. A) An illustration of the logic used to achieve contour
tracking. B) Results showing the contours with various combinations of threshold values and
median filter sizes.
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Figure 8: Adaptive threshold algorithm. A) Plot of threshold value versus time during dynamic
thresholding. B) These images show the contours of the image that are found at the different
threshold values as the image is stabilizing. The image under the column heading 40 is the final

threshold value from the dynamic threshold operation.
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Figure 9: A) Plot of the position error versus time showing the alignment of the center of
mass of a contour to the center of the vertical plane of the image. The trials were run with
four different angular velocities of the robot. The solid line is the mean resulting from three
experiments and the shaded area is the standard deviation. B) Graphic user interface that allows
the clinician to select the branch to align to (top) and robot tip steering towards desired direction
(bottom). Corresponding pressurization of the soft robot during this experiment are reported in
Fig. S10.
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Figure 10: Template tracking algorithm. A) Plot showing the error between the position of the
center of mass of the lesion and the center plane of the image and the pressure variation versus
time. The green region shows 0.180 mm (0 = 2 pixels) from the center of the vertical plane
which is considered aligned. B) Automated tracking and aligning to a lesion: two perturbations
are shown (in two different directions). From left to right: 1) the system is centered on the
lesion, 2) it is perturbed and moved towards the right, 3) it recovers its position in front of the
lesion, 4) it is perturbed again and moved towards the left, 5) it recovers its position again.

43





