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Figure 6: Model of surgical robot's four quadrant capabilities

Figure 7: Benchtop experiment of multiple quadrant
capabilities
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Section 4.4: Jacobian

The Jacobian matrix can be utilized to determine information such as
manipulability, force, and speed capabilities of the robot based on its kinematic and joint
properties. The infinitesimal translation and rotation of the end-effector corresponds with
the manipulator Jacobian. The Jacobian matrix for this six DOF robot would take the
form of a 6 x 6 matrix made up of column vectors representing the velocity and linear
velocity generated by each corresponding joint. This method of computing the Jacobian

follows the formula of
= [
where each component is the sum of
Jui= bi-1 XTiqe
and
Jai = bi_1.

In this equation, b; is the unit vector for the joint and ri; is the position vector [22].
Calculation of components of the Jacobian matrix was performed utilizing MATLAB.
The code used is further detailed in Appendix A, along with the output of the 6 x 6

Jacobian matrix.

The 6 x 6 Jacobian matrix can be used to determine the end effector force
capabilities of at various positions across the workspace. Joint torques are related to end

effector forces by the equation
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t=JTF

where 1 is the joint torque vector, J" is the transpose of the Jacobian matrix, and F is the

force vector.

Using the guidelines based on the Blue Dragon data of maximum required forces
in the X, Y, and Z direction of 5 N, 5N, and 20 N, respectively, the force capabilities
were tested. Although of the values of the Blue Dragon were force requirements required
by a user controlling laparoscopic tools from outside the body where trocar friction and
lever arms effect the end effector forces, they can provide initial target values. Due to the
fact the workspace of the robot is revolved, a cross section of the workspace represents
the force capabilities of the robot across the majority of the workspace. MATLAB was
utilized to plot the data points in this cross sectional plane where the respective values of
Fx Fy, and F, met the requirements the force targets of 5 N, 5 N, and 20 N, respectively,

as shown in Figure 8.
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Figure 8: Cross sectional force data of the surgical robot's ability to meet or exceed
force requirements determined by the BlueDRAGON

The first three joints were stepped through their joint limits with a step size of 10°
while the last three joints were stepped through their joint limits with a step size of 5°.

The cross section used for plotting was .5 mm thick centered at the y = 0 plane. These
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plots demonstrate the theoretical force capabilities meet or exceed the requirements as
determined by the Blue Dragon over a wide range of the workspace. With a smaller step

size, the addition data points would likely fill in more of the workspace area.

The velocity capabilities of the robot at various points across the workspace can
also be found by utilizing the Jacobian matrix. The equation relating end effector angular

velocity is
V=6

where V is the linear velocity vector and @ is the joint angular velocity vector. In a
similar method as for plotting force, MATLAB was utilized to plot data points where the
robot was capable of obtaining a maximum linear velocity of the end effector benchmark
of 0.072 m/s, as found through the BlueDRAGON data. A step size of 10° was used for
all six joints. Each data point represents a point in the robot workspace where a linear
velocity of 0.072 m/s is obtainable in the 1 mm cross section centered at the y = 0 mm

plane. These plots are displayed in Figure 9.



Figure 9:Cross sectional velocity data of the surgical robot's ability to meet or
exceed linear velocity requirements determined by the BlueDRAGON
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Chapter 5: Prototype LESS Robot

Section 5.1: Design

A miniature in vivo surgical robot was developed for insertion through a single
incision into the peritoneal cavity to perform surgical tasks. The robot, as shown in
Figure 10, consists of two arms, both containing a torso, upper arm, lower arm, and
forearm. Once inserted inside the peritoneal cavity, both arms are mated together with
the use of a central assembly rod. The left and right end effectors are a grasper and a
monopolar hook cautery, respectively. The end effectors are interchangeable depending

on the procedure requirements.

Figure 10: Prototype surgical robot
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Section 5.2: Insertion and Attachment

Each arm of the robot is independently inserted through a single incision in the
peritoneum from its home position. Once each arm of the robot is individually inserted
into the peritoneal cavity through the single incision in the peritoneum, one control rod
rigidly attached to each torso will be left protruding through the incision. Each of these
control rods are aligned with the corresponding hole before the assembly rod is lowered

until coming in contact with the torso of each arm.

Each torso then mates with the assembly rod, being constrained rotationally due
to the geometry of each piece. A thumb screw is then threaded onto the free end of each
control rod until the translation of each torso is constrained to the assembly rod. A
rubber gasket between the thumb screw and the assembly rod prevents the escape of CO,
used for insufflation. The free end of the assembly rod is fed through a Gel Port and
extra wire is pulled through the wire races. The Gel Port is then attached to the lower

ring and the peritoneal cavity is insufflated.

Section 5.2: Electronics and Communication

The communication and power for the actuation of the robot is provided through
tethered wires connected to each motor. Each motor is a coreless permanent magnet
direct current motor with a magnetic encoder. These wires are connected to
CompactRIOs (National Instruments) NI 9505 motor modules, which provide motor
driving using a proportional-integral-derivative (PID) control method. Passive filter
printed circuit boards (PCB) have been implemented between the motors and the

CompactRIO to filter out signal interference that may be introduced due to the electrical
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signal from the cautery. Power for both the motor and encoders are provided using
external power supplies. An Ethernet cable facilitates communication between the
CompactRIOs and a laptop computer. Mcobotor position information is sent to the
CompactRIOs from LabVIEW graphical programming environment (National

Instruments).

Section 5.3: Remote Surgical Interface

The remote surgical user interface system consists of a monitor, triple-action
footpedal, and controller. Two controllers were developed in parallel. The first system
utilizes Phantom Omni (Sensable) haptic devices while the second system utilizes a

scaled, kinematically-matched Master.
5.3.1: Master Controller

One of the controllers for the remote surgical user interface system developed
used a kinematically matched master that was scaled 1.8:1 as compared to the surgical
robot. The master system consists of two arms mounted onto an adjustable base. Each
arm has a one degree of freedom shoulder, two degree of freedom elbow, two degree of
freedom wrist, and handle that can be rolled. Additionally, a trigger is used to control the
actuation of the end effector. As the handles, which represent the end effector of each
robotic arm, are moved around the workspace of the master, potentiometers at each joint
record the joint angles for each arm. This information is then sent to LabVIEW via a
USB DAQ (National Instruments) to provide motor position set points for each joint of

the robot. Since each joint is directly mapped, there is no need to calculate the inverse
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kinematic solution for each end effector position. An image of the Master is shown in

Figure 11.

The monitor provides visual feedback for the surgeon. The triple action foot
pedal provides for locking of both the right and left arm of the surgical robot. Before
each arm of the robot is unlocked, the respective arm of the master must be positioned in

the same orientation as the robot to avoid undesired movement of the robot.

Figure 11: Master controller for remote surgical interface

5.3.2: Phantom Omni Controller

A second control system was implemented utilizing two Phantom Omni

(Senasable) haptic devices with specialized handles, as shown in Figure 12. The
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Phantom Omni devices have the capability of measuring six DOF. The X,Y,and Z
Cartesian coordinates and three rotational degrees of freedom of the devices gimbal are
measured. The device also provides force feedback in the three translational degrees of
freedom. To use this device for the six DOF robot, the robot was broken into two sets of
three degrees of freedom. The first system is determined by the Cartesian coordinates of
the wrist joint. The rotation of the gimbal is then used to correspond to the three
rotational degrees of freedom (Rx, Ry, and Rz) of the forearm of the robot. By doing
this, the problems associated with multiple solutions to larger order degree of freedom
robotic systems are mitigated. It is approximated that the three axese intersect at the
wrist despite the length of the link between the lower arm and forearm. This is justified
due to the relatively short length of this link and the fact that the robot is controlled based
on the vision of a surgeon, allowing for intuitive compensation by the surgeon to position
the end effector. This visual compensation is also used to mitigate the effects of motor
backlash propagation through the robot, although solutions to reduce backlash are being

attempted.
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Figure 12: Phantom Omni controller for remote surgical interface

The position of the wrist can be determined based on the first three rotational

frames of reference corresponding to the first three joints of the robot as

Pyrist = T10T21T32P

LLA
1o
P_o
1

This resulting forward kinematic location of the wrist joint gives the Cartesian

where

coordinates based on the Phantom Omni coordinate system of

X = (c1¢2¢3 — 5153) L0 + S1Lya

Y = (516263 + ¢153)Lp4 — ¢1Lya
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Z= —55c3L14

In order to map the joint angles for a desired wrist position, the inverse kinematic
solutions for each of the joints can be solved using the geometric solution. The inverse
kinematic solutions for the first three angles follow the equations

Ly =72 = (2 +y)) — L,

B x LA
0, = abs(arctan (E)) — arccos( 2w Ly, * \/m

)

%]A + L%A - |Pwrist|2

L
0, = 1.570796 — arccos( v L 1
ua * Lra

)

VA

63 = arcsm(— m)

The position of the wrist is prevented from exiting the usable workspace through
the use of haptic feedback in the Cartesian coordinates of the Phantom Omni controllers.
A haptic workspace consisting of a torus and inner cylinder was programmed into a C++
program used to communicate between the Phantom Omni controllers and the LabVIEW

program. The C++ code is attached in the Appendix A.

A custom handle was designed to be implemented with the Phantom Omnis to
control the end effector position and orientation on the robot. The handle is scaled such
that the length from the gimbal axis to the end of the handle corresponds to the length
between the wrist of the robot and the end effector. Once the handle is in the surgeon’s
hand and the robot is unlocked, the Rx, Ry, and Rz orientations of the handle will be
translated to the corresponding orientations for the robot’s end effector. While Rz is

completely decoupled from the other joint angles of the robot, Rx and Ry are partially
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decoupled from the other joint angles. Due to the rotational orientation of the lower arm,
each of these angles must be compensated for, resulting in the last three joint angles to be

calculated from

—(L%A—Zz)+x2 +y2_L%]A

0, = Rx — (90 + 6; — arccos(
—2# Ly *y/Li, — 2*

0s = Ry — 03
96=RZ

This solution mitigates previous issues resulted from the lack of haptic feedback
in the gimbal which could be used to prevent the robot from reaching orientations outside
of its joint limits which were possible to reach with the Phantom Omnis. It should be
noted that in the equation for 6, the area of the workspace where Lia?> — 22 = 0
corresponds with the upper boundary of the workspace. Due to the implemented haptic
boundary limits, this situation is prevented from occurring. With previous generations of
higher degree of freedom robots, when these orientations outside the robot’s workspace
were reached, an inverse kinematic solution could not be solved, which often resulted in
the robot “jumping” into undesired orientations. Through the method of partially
decoupling the gimbal orientation, only one joint is affected if the orientation is not
within the robot’s workspace. If the determined joint angle is out of the range of joint
limits for that particular joint, the joint is held at that joint limit until the gimbal is
brought back into the usable workspace volume. No other joints are affected by this
exiting of the workspace. Additionally, the internal mechanical joint limits of the

Phantom Omni controller and the ergonomic arrangement of the user interface greatly
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reduce the occurrence of a joint set point exceeding its joint limit. A spring-loaded
trigger allows for open/close actuation control of the respective end effector. The angle
of the trigger is read through the use of a potentiometer and is mapped to a corresponding

angle of the robotic end effector.

This system provides possible advantages over the direct master-slave system,
including tremor filtering, clutching, and motion scaling. In order to implement motion
scaling, an adjustable handle would need to be implemented to compensate for the
change in scale to the forearm. Due to the approximate intersection of the final three
axes, Pieper’s solution [23] was originally considered as an inverse kinematic solution to
use for the controller. Because of complications associated with the lack of rotational

orientation haptic feedback, Pieper’s solution was not implemented for this controller.

Section 5.4: Segment Design

The design of each arm segment will be presented in further detail. Each of the
components for the torso, upper arm, lower arm, and forearm are identical, and therefore

interchangeable between the left and the right arm.
5.4.1: Torso

Shown in Figure 13, the torso motor housing holds the motor and actuation
mechanism for the first joint. A spur gear is rigidly attached to the output shaft of the
torso motor. As the motor output shaft turns, the motor spur gear rotates the output shaft
spur gear, which is radially constrained with the torso rotational shaft through a flat
placed on the output shaft and the bore of the spur gear. The output shaft is supported

with two flanged ball bearings. The lower flanged ball bearing is seated in the lower
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torso cap. The output shaft is constrained to the torso to upper arm link with a bolt. A

hex nut provides an axial constraint to the output shaft.

Control Rod

Assembly Rod Interface

Torso Motor Housing

Motor

Motor Shaft
Spur Gear

' Flanged Bearings

Lower Torso Cap

Shaft Spur Rotational Shaft

Gear

Figure 13: Internal view of the torso

5.4.2: Upper Arm

The torso to upper arm link is constrained to both of the upper arm motor housing
halves with bolts threaded into the torso to upper arm link, as shown in Figure 14. The
second joint is actuated from a motor located inside the upper arm motor housing. An
encoder provides position information for the motor. A planetary gearhead is attached to

the motor by way of mating threads standard on these motors and planetary gearheads.
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The planetary gearhead is rigidly attached to the upper arm gear housing by use of epoxy
to prevent rotation and translation of the motor assembly. A spur gear is rigidly attached
to the output shaft of the gearhead. As the spur gear is rotated by the motor, torque is
transmitted to the output spur gear, which is rigidly attached to the upper arm to lower
arm link. This link is supported by a pair of ball bearings housed in the upper arm gear
housing. A button socket cap bolt is threaded into this the link, preventing translation.

This joint provides roll for the lower arm.

Torso to Upper Arm Link

Upper Arm Motor Housing
Halves

Motor Shaft Spur Gear

Motorand Planetary Gearhead
Upper Arm Gear Housing

Upper Arm to Lower Arm Link

Ball Bearings Rotational Shaft Spur Gear

Figure 14: Internal view of the upper arm

5.4.3: Lower Arm

Shown in Figure 15, the upper arm to lower arm link interfaces with the lower
arm by way of the lower arm rotational shaft. A flat has been placed on both the lower

arm rotational shaft and the bore of the upper arm to lower arm link to constrain the
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rotation of these parts. A set screw also threads into the link to constrain the parts
axially. Ball bearings, which are housed in the lower arm motor housing, support the
lower arm rotational shaft. A spur gear is rigidly attached to the rotational shaft. A bolt
constrains the rotation shaft axially. The rotation shaft is rotated as the 15 mm motor is
actuated, rotating the motor output spur gear, which is rigidly attached to the output shaft
of the motor. The motor is constrained utilizing two bolts which go through the motor
housing and are threaded into the mounting holes of the motor. The lower arm gear
cover covers the moving gears to prevent outside objects from contacting the moving
gears. Itis held in place by the mounting bolts for the motor. This joint provides yaw for
the lower arm. This joint actuation mechanism is identical to the actuation of the fourth
joint with the lower arm to forearm link being actuated with respect to the lower arm,

providing yaw for the forearm.
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Lower Arm Motor Housing

Motor Shaft Spur Gear

Rotational Shaft Spur Gear

Ball Bearing

Rotational Shaft

Ball Bearing
Lower Arm Wiring Cap

Figure 15: Internal view of the lower arm

5.4.4: Forearm

The internal workings of the forearm pitch joint are shown in Figure 16. The
lower arm to forearm link is connected to the forearm by interfacing with the forearm
rotational shaft. A flat has been placed on both mating surfaces to constrain these parts
radially. The forearm rotational shaft is supported by ball bearings which are seated in
the forearm pitch motor housing. A spur gear is rigidly attached to the rotational shaft.
The rotational shaft is constrained axially through the use of a button socket cap bolt.
When the 15 mm motor is actuated, the motor shaft spur gear, which is rigidly attached to

the output shaft of the motor, also rotates. The motor is constrained by two bolts through
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the motor housing which are threaded into the mounting holes of the motor. These bolts
also hold the forearm gear cover in place to prevent outside objects from contacting the
moving gears. Torque is transmitted from the motor spur gear to the rotational spur gear,
providing pitch for the forearm. The forearm pitch motor wiring cover provides a back
support for the motor as well as covers the wiring. This cover is held in place using two
bolts through the motor housing. Four bolts attach this motor housing to the rest of the

forearm.

Forearm Pitch

i g Forearm Gear
Cap
Cover
15 mm Motor Forearm
Motor Spur
Rotational Shaft Gear
Lower Arm to
Forearm Link
Rotational
Ball Bearings ShattSpur
Gear

Figure 16: Internal view of the forearm pitch joint

Shown in Figures 17 and 18, the grasper housing is mated with the rotational

motor spur gear. Actuation of the rotational motor and rotational motor gearhead causes
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rotation of the rotational motor spur gear, also resulting in the rotation of the grasper
housing. The grasper housing is supported by two bearings to reduce rotational friction
of the grasper housing. A distal hex preload nut limits translation of the grasper housing
and provides a preload for the bearings to further help reduce friction during rotation of
the grasper housing. A beveled washer is located between the ball bearing and hex

preload nut to provide compliance.

GrasperTeeth

Rotation Motor
Spur Gear

! Planetary Gearhead
Open/Close Motor

Rotation Motor

Figure 17: Internal view of grasper forearm
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GrasperHousing

Driveshaft

Ball Bearings

Preload Nut

Figure 18: Cross-sectional view of grasper rotation mechanism

The grasper actuation motor is rigidly coupled to the motor housing by two
actuation motor mounting bolt, as shown in Figure 19. These two mounting bolts
constrain the translation and rotation motion of the actuation motor to motor housing.
The motor is rigidly attached to a spur gear. Actuation of this motor causes rotation of
the spur gear, which leads to the rotation to the driveshaft housing spur gear. The
driveshaft housing spur gear is rigidly coupled to the driveshaft housing coupled to the
grasper driveshaft. Rotation of the driveshaft housing spur gear is provided through the
actuation motor, resulting in rotation of the driveshaft housing and the translation of the

grasper driveshaft due to it being constrained radially by grasper teeth.



44

Bearing
Preload Hex Nut ~—l=li
XNU Driveshaft
Housing
o Spur Gear
Actuation Motor=——t—
Spur Gear Bearing
=y :
Bearing
Bolt
Actuation Motor=—————_
Housing ‘
Actuation Motor

Figure 19: Cross sectional view of grasper driveshaft actuation mechanism

As shown in Figure 20, a grasper rotation bolt threads through one side of the
grasper housing and extends through a hole in both grasper teeth. A pin machined into
the grasper driveshaft rides in the grooves of the grasper teeth. As the grasper driveshaft
is translated forward and back, the pin moves along the grooves, resulting in the opening
and closing of the graspers.

The rotation mechanism of the grasper driveshaft is assisted by a proximal hex
preload nut, beveled washers and bearing elements. The driveshaft housing is rigidly
coupled to a driveshaft housing screw. This constrains translation of the driveshaft

housing to the proximal bearing.
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Grasper
Rotational Boit

Driveshaft

Figure 20: View of grasper teeth actuation mechanism

The cautery rotational gear is mated with a rotational motor spur gear, as shown
in Figure 21. The motor spur gear is actuated by a rotational motor and motor gearhead
coupled to the motor. Actuation of this motor and gearhead causes rotation of the motor
spur gear, resulting also in the rotation of the cautery rotational gear and the cautery
housing. The cautery housing is supported by two bearing elements proximal to the
cautery rotational gear: The cautery housing and proximal bearing are further coupled to

a cautery shaft nut that limits translation of the cautery housing and provides a preload
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for the two bearing elements to aid in reducing friction during rotation of the cautery

shaft.

Cautery Shaft
Rotational
Spur Gear

Cautery Shaft
Rotational
Spur Gear

Ball Bearings <

Preload Nut

Figure 21: Cross-sectional view of cautery rotation mechanism

Section 5.5: Dual End Effector Forearm

This robot is also capable of utilizing a dual end effector forearms for use with bi-
directional kinematics on a miniature in vivo surgical robot. In this design, two end
effectors can be utilized by a surgeon controlling the miniature in vivo surgical robot with
equal dexterity and similar control. This can allow for more complex procedures to be
completed that require various end effectors without the need to remove and insert new

tools into the peritoneal cavity.

The surgeon can control the default end effector of the robot to perform its typical
surgical task. Once the surgeon needs the use of the other end effector, the proximal joint

can be rotated 180 degrees. Once this occurs, the surgeon is able to use the second end



