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Abstract— The use of robotics for laparoscopic surgery has
been an established field for over a decade. However, with the
influx of advanced tools and algorithms for general purpose
robotics, there is a need to incorporate these advancements
into medical robotics technology. The daVinci Research Kit
and its software framework provides a step towards these
advancements. This paper presents the development of new
tools and utilization of previously developed tools used for
general purpose robotics, and their tailored use in medical
robotics. Additionally, a method for computing haptic forces for
tele-operated surgical robots is presented. The technique utilizes
elastic, Spherical Proxy Regions (SPR) to readily compute
directional interaction forces and manipulate them to create
a dynamic behavior at the surgeon/user’s manipulator.

[. INTRODUCTION

The origins of Robotic Laparoscopic Surgery date back to
mid 1980’s when PUMA 560 was used to perform a neuro-
surgical biopsy [1]. A few years following this procedure,
the first robot was used to perform a cholecystectomy[2];
ultimately catalyzing the increase in robot-assisted surgeries
throughout the late 80s and into the 90s[3][4]. Through the
continued success of such surgeries, the use of robots for
surgical use has proven to be advantageous over traditional
laparoscopy, as it provides increased precision, ease of use,
elimination of fatigue for labor-intensive movements in tra-
ditional laparoscopy, as well as motion scaling[5]. However,
while this continued use of robots for laparoscopic surgeries
has proven to be intrinsic in providing surgical precision, the
loss of touch/haptics, non-stereoscopic view of the internal
body, and reduced degrees of freedom pose to be significant
areas of improvement which much be addressed for the
continued success of robot-assisted surgeries[5].

The following years saw the development of several
robotic surgery platforms such as Robodoc [6], Probot [3],
Zeus etc. By the end of the 20th century, these technolo-
gies/platforms were either deprecated or merged into a single
robotic platform know as the daVinci Surgical Robot [7].
The daVinci Surgical Robot gained FDA approval for lower
abdominal laparoscopy in 2001 [5] and has since dominated
the robot assisted surgical space.

Advancements in general purpose robotics and a more
frequent release cycle of new software/hardware tools have
increasingly made inroads for general purpose robotic in
medical technology. We are certainly at the footsteps of the
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Fig. 1: User holding an MTM on the right and two PSMs
on the left.( dVRK setup at AIMLab, WPI)

dawn of a new age of medical intervention using robotic
assistance.

This research focuses on the development and inclusion
of several general purpose robotic tools tailored for appli-
cation in medical robotics. More specifically, this research
provides a study and implementation of a haptic feedback
framework for tele-operated minimally invasive surgery. The
study intends to take a step towards intelligent, generic
and customizable solutions to address some of the key
disadvantages associated with robot assisted surgery and
haptics[8].

II. THE DAVINCI RESEARCH KIT

The daVinci Research Kit (dVRK) setup AIM Labs is
shown in Figure 1. The dVRK includes the clinical daVinci
Surgical Robot (Master Tool Manipulators (MTM), Patient
Side Manipulators (PSM), Endoscopic Camera Manipulator
(ECM) and the footpedal tray) without the proprietary con-
trollers and software. PSMs and the ECM are kinematically
similar and are teleoperated by the surgeon using MTMs and
the footpedal tray, allowing clutch based engagement.

Custom controllers and software had to developed to
control the dVRK components. John Hopkins University
(JHU) led this effort [9][10] and choose an open source
architecture for the controllers(based on FGPA-1394/QLA
design) and the software(CISST/SAW libraries). While this
control architecture forms the low level control of the dVRK,
a significant amount of work has been done afterwards to
include general purpose and modern robotics tools, predom-
inantly focusing on building a ROS interface.

The ROS interface forms the high level control archi-
tecture and allows the inclusion of a variety of advanced
simulation tools. A motion planning framework for the
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Fig. 2: Figure showing the general outline of the Mo-
tion Planning Framework. The MTM teleoperates the PSM
through the core packages under the cisst-ROS bridge and
TeleOp Emulation namespace. Motion planning and colli-
sion checking tasks are performed by packages under than
environment management namespace

dVRK [11] is one such example of the utilization of ROS
with dVRK. This tool allows the intelligent manipulation of
PSMs in simulated and real environments.

A. Manipulation inside Simulated Environment

The motion planning framework for dVRK has been
implemented using a combination of both native and self-
created ROS tools. Such an implementation has been aided
by the hierarchical control architecture, thus performing high
level algorithmic tasks using node-based ROS packages,
while maintaining low latency and high bandwidth control
of the actual manipulators.

The motion planning interface for the dVRK relies on
Movelt[12] and Fast Collision Library (FCL)[13]. The in-
terface allows for the simulation, sensing and planning
inside virtual environments. The ultimate goal is to replicate
simulated environments with actual environments, streamed
as point cloud data, while successively performing sensing
and manipulation.

For the current system, a mesh can be visualized in the
planning environment and collisions can be retrieved using
FCL, Figure 3b. The fast and visual collision check is
useful for motion planning tasks for tele-operating PSMs
in simulated environment. An extrapolation of this tool is
to generate haptic feedback when PSM comes in contact
with the environment. To allow for the tele-operation of the
simulated PSMs using actual MTMs, the interface shown
in Figure 2 has been developed. Figure 2 demonstrates a
modular node based design with packages categorized in
3 different name-spaces, highlighting their utility. Such a
node based design is the backbone of this research which
is presented in the remaining paper. A collision detection
with a virtual environment is demonstrated in Figure 3.

III. NEED FOR HAPTIC FEEDBACK

One of the major disadvantage of robot assisted la-
paroscopy is the loss touch. While there hasn’t been a conclu-
sive study to prove its effectiveness, it is generally believed
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Fig. 3: A 3D volumetric skeletal mesh is loaded as an
environment. Figure (b) shows the collision point when the
PSM interacts with the skeletal mesh

that such a feature would enhance the surgical procedure as
argued in [14][15]. As a result, research has been focused
towards achieving haptic feedback in teleoperated surgical
test cases. Among many others, Okamura [16], Ryden et al
[17] and Westebring et al [18] are notable for their research
in the field of surgical haptics. Ryden presents a novel proxy
based approach towards haptic feedback, where a deflection
from a proxy region is used to compute haptic feedback.

In general, the research towards haptic feedback has been
evaluated using commercially available devices (e.g. Falcon
and Phantom haptic devices). This research, however, is
focused on implementing haptic feedback on the Master
Manipulator of the surgical robot itself. As opposed to the
commercially available systems, the inertial parameters of
the master manipulator pose a major challenge to achieve a
reliable haptic feedback.

A. Problem Formulation

In robot assisted teleoperated laparoscopy the physical
segregation between the MTM and the PSM takes away
direct force interaction. To compute an interaction force at
the MTM, a simulated environment replicating the actual
surgical area is created. The simulated PSMs are then teleop-
erated via actual MTMs using the interface shown in Figure
2.

Once the simulated PSMs come in contact with the
collision environment, a haptic force needs to be computed
that acts on the surgeon/users hand (via the MTM) to
get a sense of the environment being interacted with. The
computation of the haptic force and the interaction control
of the MTM are seperate problems. Haptic force computation
requires the analysis of topological contact of the PSMs with
the environment[19] while interaction control requires the
computation of the dynamics of the MTM.

The first problem in computing haptic force is that the
collision checking using FCL only provides the points where
the collision occurs and not the explicit information of
the contact normals. A trivial solution to get the contact
normals is to explicitly compute the normals of the en-
tire mesh environment. Consequently, the normal vector(s)
corresponding to the collision point(s) can be retrieved and
directional forces can be generated. This approach requires
pre-computation and storage of normals for the collision
mesh which is both computationally demanding and requires
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Fig. 4: The surface normals
Y(xy, 25, 25) and Y(yi,v5,v5) as the two contin-
uously differentiable parameteric surface U(zy,z2,x3)
and V' (y1,y2,ys) approach each other while minimizing
A(U,V)

modifications to the established framework for dVRK and
Movelt.

A different approach of generating contact normals with
collision surfaces is presented in the next section. The
second problem dealing with the computation of the haptic
feedback requires the knowledge of the arm dynamics and
a developing a control methodology for regulating forces on
the MTM. This is presented in section IV.

B. Generation of Normal Forces on Point Contact

As the PSM comes in contact with the environment, the
FCL collision checking library provides points at which the
collision occurs. These points by themselves cannot be used
to generate normal forces as the direction of the force vector
is unknown. One approach to address the problem is to use
the direction of velocity of the PSMs end-effector, v, just
before the collision occurred. It can be shown that such an
approach only works for cases in which the direction of
approach of the PSM is normal to the surface. For different
angles of approach, the direction of feedback force is not
normal to the collision surface. The problem in this case
is addressed using concepts from geometry, presented as
follows.

C. Point Contact between Two Surfaces

Consider a continuously differentiable, parametric surface
U defined as:

U = azx" + bxy + ca§ (1)

The function U maps each point in surface to SE(3) space.
The surface gradient of U yields the surface normal to any
given point.

oU oU oU
) ’ =VU = — T < €z ~ €z

(1,72, 73) 6m16 1+ 53:26 2+ 51‘36 3
Where €, = [1 0 0], €22 = [0 1 0] and €,3 =
[0 0 1]. Given a point of interest p* = (a7, x5, x%) with

2

Wly,yys)

Fig. 5: Demonstration of collinearity of surface normals
VU (z1,22,23) and VV (y1,y2,ys3) at point contact.

the corresponding normal ¢ (z}, 25, 23%):
(a7, x5, 23) = VU = Uy, (1) + U, (23) + Usy (23) 3)

the equation of a plane tangent to the point can be calculated
as:

P(@7) (w1 —27)+(03) (w2 —5) +(23) (13 —23) = 0 (4)

Now consider a secondary, continuously differentiable, para-
metric surface V, the normal to which can be computed in
a similar fashion to eq. 2.

oV n oV n oV 5)
— — —€

oyr U oy T oy

At a point of interest p* = (yf,vy3,y5) with the normal
Y(yF,y5,y5), the corresponding tangent plane is expressed
as:

V(i) —y7) +0(y3) (2 —y3) +¥(y3) (s —y3) = 0 (6)

. If the two surfaces U and V/, shown in Figure 4, approach
towards each other such that A(U, V') approaches zero then
at the point contact, their surface normals (a7, x5, 23)
and ¥ (y7,v3,y5) should become collinear. This condition
is explored in Lemma below.

Y(y1,y2,y3) = VV =

Lemma 1. For two continuously differentiable, parametric
surfaces, represented by U(x1,x2,23) and V(y1,y2,y3)
having normals (x1, 22, x3) and ¥(y1,ys, ys) respectively.
At any point contact p*, their normals (a7, x5, x%) and
(YT, y5, y5) are collinear to each other.

Proof. By contradiction, if the two normals v(z7,x3, %)
and ¢ (y7, y5,y5) are not collinear to each other at a contact
point p*, we shall have two non coplanar tangential planes at
the point p*. This means that for each surface U and V, there
exist two different tangential planes at the point p*. This is
mathematically impossible by the definition of tangent planes
along a continuously differentiable surface. Thus Lemma 1
is proved. O

D. Generation of a CPR around the PSMs End-Effector

Using the discussion and proof in section III-C and a few
geometrical concepts, the problem encountered in section III-
B can be addressed as follows.

Consider a sphere (for which all the normals at the
circumference pass through the center) as a proxy (Figure 5).
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This proxy, positioned at the tip of the PSM, is referred to as
a spherical proxy region (SPR). Whenever a collision occurs
between this sphere and the environment, a collision point
can be collected using FCL. Using Lemma 1 it can be argued
that for the SPR, the contact normal passes through its center.
Hence we can readily get the direction of normal along which
the contact occurs by taking the vector difference between
the collision point and the centroid of the SPR.

E. Dynamic Haptic Model

For haptic feedback during teleoperation, the SPR is
modelled with an elastic spring and damper as shown in
Figure 6. The spring K and the damper B are essentially
multi-dimensional mapping functions, providing stiffness
and damping in Cartesian space. The penetration of the SPR
in the environment causes a force to emanate at the tip of
the PSM as shown in Figure 8.

Fhaptic = H?(q)KO(x) + H)P(q)Bo(&) (1)

In equation 7, a spatial force at the PSM is expressed
in Body Frame of the MTM, H;’;S is the constant trans-
formation between the PSMs and MTMs Base frame and
H™®(g) is the transformation between MTMs Base frame
and Tip frame. The transformation H!"’(q) is the function

of q = (q1,¢2,...,q7)", the MTM joint angles.

Hy?(q) = Hyd (o) Hyy® ®)
In equation 7, K and B € R**3 diagonal matrices:
Kyp 0 0 By 0 0
K=]0 Ky 0 |B=|0 DBy 0 )

0 0 Ky 0 0 By

IV. MODELLING CONTACT DYNAMICS AROUND
SPHERICAL PROXY REGION

A. Classification of the Haptic Interaction for the MTM

The haptic interaction of the MTM when the teleoper-
ated PSM interacts with the environment can be classified
as either Admittance Control or Impedance Control. In
Impedance control, an input deflection in position results in
the computed force as output, while in Admittance control,
an input force results in a deflection of position as the output.
Hogan argued that for any interaction of a manipulator with
the environment, the manipulator be treated as Impedance
and the environment as Admittance while Newman suggested
vice-versa. For the dVRKs use case, the haptic feedback at
the MTM can be readily classified as an additional force at
the end-effector. This classification leads towards Impedance
control. Implementation wise, a specialized impedance con-
troller is proposed, with just the proportional and damping
gains. Such a control scheme is classified in literature as
stiffness control [20].

Consider the general dynamics equation of a manipulator.

M(q)i+C(q,q)g+G(q) =T —7e (10)

Where M(q) € R™ ™ is the Inertia matrix, C(q,¢) €
R™*™ is the Coriolis matrix, G(q) € R™*! Gravitational

vector and 7 € R™ ! and 7. € R"*! the dynamic and
external torque on the manipulator. Equation 10 provides the
dynamic behavior of the system in joint space. A more useful
approach is to convert this dynamic equation into Cartesian
space. Using the Jacobain J(gq) € R™*P and some pre and
post multiplication of the terms of M (q), C(q,q) and G(q),
we arrive at the following dynamic equation representing the
system dynamics in Cartesian space.

Ag)a+T(q,q)v+n(q) = F — Fe (11)

In equation 11, a and v represent the instantaneous
Cartesian acceleration and velocity of the end-effector. The
remaining terms are evaluated as follows:

Ag) = (J(q)M(q)~ T(g)") " (12)
I(q) = J(a) " Clg, )T (@) ™" — M) (q) T (a)"  (13)
n(q) = J(q)""G(q) (14)

It is important to point out that the conversion from Joint
Space to Cartesian Space requires the pre and post multipli-
cation of the Inverse of the Jacobian with the Inertia, Coriolis
and Gravity Matrices. For this, the Jacobian has to be a
non-singular square matrix. Kinematically speaking, either
a 3 DOF planar manipulator or 6 DOF spatial manipulator
satisfies the criteria for the inverse of the Jacobian to hold.
MTMs on the other hand are 7 DOF manipulators, hence
only the pseudo inverse of the Jacobain can be taken. One
way to avoid taking the pseudo inverse is to distribute the
kinematics of the MTM and consider its first three links only.
This allows for just the external forces F, = [Fy Fye Fe]' to
be included in the dynamic model while ignoring the end-
effector torques T, = [TycTyeT%c)'. From the perspective
of haptic feedback, this meets the minimum criteria for
interaction control.

Fyaptic can be incorporated with equation 11 to create the
full haptic feedback equation for the MTM.

A@)a+T(q,q)v +nlq) = F = Hy2(a) ™ Fraptic  (15)

B. Implementation Details

Most of the dynamic components of the MTM are un-
known. A regression approach has been used to evaluate
just the gravitational torques. By collecting the known pa-
rameters from the unknowns, the gravitational torques can
be estimated as follows:

~dawp)  awPp)
n(q) = ) + ) (16)
d d(P) O(P) . nx
25 Ty I YeR™ (17
790 9 (g, 4, §)IT; € (17)
g =-"(q,4,4)"T(q); TR (18)

In equation 18, IIg is vector of estimated parameters using
the manual calibration of torques T'(q) € R™*! at different
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Fig. 7: A simplified block diagram representing the Stiffness
Control with Gravity Compensation for the haptic feedback
framework

configurations, keeping the arm stationary with minimum
effort.

For special scenarios in which the environment is static,
the desired velocity in equation 7 is set to zero so that the
goal of B is to minimize the residual velocity when a contact
between the SPR and the environment happens. Additionally,
for cases involving the motion of the MTM with minute end-
effector acceleration and velocities and considering equation
17, equation 15 leads to equation 19.

F=(J(a)")"0(q,4,d)g + H2 (q)(Kdx — Bi) (19)

The high level control loop for haptic feedback is set to
run at 500 Hz, with a consistent update rate to the MTM
controllers. The low level torque controller runs at a much
higher speed (> 2K hz) and maintains the torque in between
the update cycles of haptic feedback. Higher speeds are
possible but have not been tested yet. The collision update
rate is set to run at 250 Hz. A block diagram for the control
scheme is shown in Figure 7.

V. RESULTS AND DISCUSSION

The experimental setup consists of one PSM in simulation
being teleoperated by an actual MTM. The PSM follows

Fig. 8: Figure showing the deflection response and conse-
quently the computed force as the penetration depth of the
SPR increases

all the control protocols that the actual PSM follows in
teleoperation mode (engaging/disengaging movements on
pressing foot pedals). The diameter of the SPR is 30 mm,
K = diag(200,200,200) and B = diag(10,10,30). As the
PSM moves into the collision environment, a collision is
detected and the SPR is used to generate a collision normal
at that point. This gives the direction of the force, while the
penetration of the SPR inside the collision environment is
used to calculate the deflection Jx, the penetration velocity
—2a is the current velocity of any point inside the SPR. It
can be seen in the Figures 9(a)-(c) that a normal force is
computed at this point according to equation 7. In Figures 9
(d)-(f), two wrenches are visualized for the MTM, Spatial
Wrenches are represented by green arrows and Body or
Tool Wrenches in red. At the MTM, the body wrench is
continually mapped to spatial wrench using equation 8.

This research is a step towards implementation of haptics
for surgical robotics using generic tools. The contribution is
geared towards using the actual surgical manipulators rather
than off-the-shelf haptic devices and proprietary software.
The concept of a spherical proxy region allows for the
computational economy and a dynamic behavior of the
interaction environment.

It should be noted that the selection of the diameter of the
SPR is dependent upon the required clearance of the slave
manipulators tip with the environment and the topological
detail. Environment with finer details would require a smaller
radius of the SPR, however, a smaller radius would induce
noise in the direction of the haptic force. For such scenarios,
a filter on the output of the haptic force is proposed.

For the cases shown in Figure 9, the environment meshes
have a relatively high number of faces. This requirement is
based of the discussion presented in section III-C. This is a
drawback to the algorithm in its current implementation. For
a surface with lower number of mesh faces compared to its
curvature, sudden changes in the mesh normals will occur.
This will result is jagged output of the Haptic Force. This
problem can be addressed by using a filter to smooth out the
computed normals and a topic of further research.

The haptic feedback at the MTM acts as 3 dimensional,
linear spring with added damping. As the SPR penetrates into
a collision environment, the elastic behaviour of the MTM
might be feasible for some cases. However, for other cases,
a more appropriate interaction could be stiff wall that the
MTM is forbidden to penetrate through. This is a further
area of research and would rely on the review and study
of the interaction schemes that a user experiences while
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Fig. 9: The pair of Figures for each column demonstrate the interaction of the PSM with a different mesh and the
corresponding haptic forces on the MTM

manipulating objects in real life. The work of Colgate [21]
provides an interesting insight into this, however most of
the existing research deals with haptic devices that have low
mass properties and are designed with the intended uses case
of haptic interaction. Dealing with generic manipulators and
tuning the response to provide appropriate interaction is a
challenging task and a focus of this research.
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