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Design and Experimental Evaluation of a Leader-follower Robot-assisted

System for Femur Fracture Surgery
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Abstract: In the face of challenges encountered during femur fracture surgery, such as the high rates of malalignment
and X-ray exposure to operating personnel, robot-assisted surgery has emerged as an alternative to conventional
state-of-the-art surgical methods. This paper introduces the development of a leader-follower robot-assisted system
for femur fracture surgery, called Robossis. Robossis comprises a 7-DOF haptic controller and a 6-DOF surgical
robot. A control architecture is developed to address the kinematic mismatch and the motion transfer between the
haptic controller and the Robossis surgical robot. A motion control pipeline is designed to address the motion transfer
and evaluated through experimental testing. The analysis illustrates that the Robossis surgical robot can adhere to the
desired trajectory from the haptic controller with an average translational error of 0.32 mm and a rotational error of
0.07°. Additionally, a haptic rendering pipeline is developed to resolve the kinematic mismatch by constraining the
haptic controller’s (user’s hand) movement within the permissible joint limits of the Robossis surgical robot. Lastly,
in a cadaveric lab test, the Robossis system was tested during a mock femur fracture surgery. The result shows that

the Robossis system can provide an intuitive solution for surgeons to perform femur fracture surgery.

Keywords: Haptic rendering, kinematic mismatch, Robossis, robot-assisted surgery.

1. INTRODUCTION

Robot-assisted surgery has surged in the spotlight of
surgical technology due to the demand for increased accu-
racy and speed needed for the evolution of healthcare [1-3].
This evolution has impacted many targetable areas in need
of improvement for ideal surgical outcomes [1-3]. Further-
more, the challenges faced during femur fracture surgery
have positioned robot-assisted surgery as a potential alter-
native to the traditional state-of-the-art clinical techniques
[4,5]. These challenges include the substantial amount of
force required to reposition and fixate the bone fragments,
unacceptably high rates of malalignment and malrotation,
and the high X-ray exposure to the operating staff [4,5].

Numerous research studies have been conducted on de-
veloping a robot-assisted system for femur fracture surgery,
but no system has yet been adequately designed to meet
the clinical and mechanical requirements specific to fe-
mur fracture surgery applications [4,5]. Particularly, the

need for immense force competence, 517 N and 74 N-m
[6,7], pinpoint accuracy, Thoresen scoring system as: 1
cm translational and +5° rotational alignment [8], and the
required surgical-robot workspace.

In previous attempts, Li et al. [9] and Kong et al. [10]
developed teleoperation robot systems for femur fracture
alignment based on the Gough-Stewart platform (GSP).
Their systems include a bilateral force feedback control
framework, a tracking system, and bone-fixing support.
However, the main challenge that hinders the developed
systems is their practical use in the clinical setting. The
small translational and rotational workspaces of the GSP,
in combination with the large mechanism size, limit the
design’s efficacy for femur fracture applications [11]. Fur-
thermore, Westphal et al. [12] developed a teleoperation
robot system based on the serial-robot mechanism and
6-DOF haptic joystick. A limitation of the robot’s serial
connection structure is that it is unable to produce the force
needed to withstand the large muscle loads around the fe-
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mur while maintaining an appropriate size for use in the
operating room [4,5].

To address these challenges faced during femur frac-
ture surgeries, Abedin-Nasab et al. [13] presented a novel
3-armed 6-DOF parallel robot, called the Robossis surgi-
cal robot (RSR). The previous theoretical and experimen-
tal analysis demonstrates that the RSR has a rotational
workspace 15 times larger than the GSP and can gener-
ate the required traction forces up to 1,100 Ns with sub-
millimeter accuracy [14-16]. Furthermore, preclinical ca-
daver testing demonstrates the feasibility of the RSR to be
used in a clinical setting [17,18] .

In this paper, we advance upon the development of the
Robossis system by integrating a haptic controller (HC),
named the leader, to the RSR, named the follower, to 1)
provide an intuitive method to manipulate the RSR and 2)
experience haptic feedback.

2. RELATED WORK AND CONTRIBUTION

Intuitive control of kinematically dissimilar leader-
follower robotic systems is essential for ensuring safe sur-
gical operation. In these systems, the workspace of the
leader manipulator often differs significantly from that of
the follower manipulator. The leader is designed to copy
the full range of the user’s motion input, whereas the fol-
lower robot typically has a limited range of motion. As
such, when the follower robot reaches its limit during ma-
nipulation, the robot may deviate from the intended path
and potentially cause additional patient injuries [19].

Developing control strategies to manage kinematic dis-
similarity between a leader-follower robotic system is vital
for improving the precision and safety of robotic-assisted
procedures. To counter this challenge, previous work has
introduced varying non-haptic control methods, including
soft constraints for joint limits [20], joint limiter approach
(JLA) [21], and prescribed performance control (PPC) [22].
The highlighted challenge of these methods is that due to
the non-linear kinematics mapping, constraint at the joint
level may result in an undesired behavior at the end-effector
space.

Furthermore, virtual fixture (VF) is a framework that
has been implemented to reshape the task space user in-
put to match the end-effector space of the follower robot.
Previous work incorporated VF to address singularity mis-
matching with repulsion fields [23], incorporating joint
limit constraints into cost functions [24], hierarchical opti-
mization frameworks [25], human-centric forbidden-region
VF [26], and constraint avoidance-based VF [27]. However,
these methods are mainly developed to reshape the task
space user input to match a follower robotic system that
inherits a serial robotic structure.

However, reshaping the task space user input to match a
follower parallel robotic structure is highly complex due
to the coupling between the translational and rotational

workspace. In parallel robots, the translational and rota-
tional spaces are coupled, meaning that movement in the
translational space affects the rotational space and vice
versa. This coupling leads to a dynamic and variable for-
bidden region at the end-effector space with every position
and orientation.

Addressing this complexity requires an approach that
can dynamically approximate the forbidden region for the
follower robot end-effector task space and, therefore, esti-
mate the required haptic information that reshapes the user
input motion within these allowable limits. As such, we
model the HC end effector by two spherical point clouds
to determine the interaction with the dynamic forbidden
region and then determine the required haptic information
that prevents the user from reaching these locations.

To this end, we propose a novel control architecture that
includes 1) a control unit to transfer the motion from the
HC to the RSR and 2) a haptic rendering pipeline that
addresses the kinematic mismatch between the HC and
RSR. The key aspects of our development in this paper are
the following:

1) Propose a novel control architecture that integrates the
HC with the RSR. The control architecture addresses
the challenges of integrating a leader-follower system
for kinematically dissimilar robots and motion transfer
while maintaining safety and accuracy requirements.

2) Develop a real-time motion control pipeline for the
motion transfer from the HC to RSR. We present the
integration of the Kalman filter to predict the state
of the RSR while maintaining a continuous position,
velocity, and acceleration profile. Also, we propose
a robust velocity-dependent method that limits the
instantaneous velocity of the RSR trajectory to meet
the required safety limits.

3) Develop a haptic rendering pipeline to resolve the
kinematic mismatch by constraining the HC’s (user’s
hand) movement within the permissible joint limits
of the RSR. We model the HC end effector by two
spherical point clouds to determine the interaction with
the workspace surfaces. The users experience haptic
feedback in the directions of the workspace edges to
keep the HC inside the RSR workspace limits.

Furthermore, we design a virtual RSR within the Gazebo
environment to validate the kinematics of the mechanism
and the relationship between users’ desired motion and
input trajectory. Also, we evaluate the performance of the
proposed work via theoretical and experimental testing.
Lastly, we conduct a cadaver experiment to demonstrate
the feasibility of the Robossis system.

3. ROBOSSIS SYSTEM ARCHITECTURE

The architecture of the Robossis system is described in
this section. The Robossis system includes a 7-DOF HC
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(Sigma.7, Force Dimension - Switzerland) and the 6-DOF
RSR. The sigma.7 HC is a hybrid robot structure based on a
delta mechanism providing 3-DOF translational manipula-
tion, a wrist serial mechanism providing 3-DOF rotational
manipulation, and a grasping unit for 1-DOF [28,29] (Fig.
1). The RSR is designed based on a 3-armed parallel mech-
anism where each arm is placed on a moving and fixed
ring (Fig. 1). Each arm is actuated with a linear and rota-
tory actuator (Fig. 1). The Robossis system is designed to
meet the clinical requirements of femur fracture surgery,
which includes 1) adequately applying the large traction
forces/torques, 2) precisely aligning the fractured bone,
and 3) manipulating the distal bone fragment during the
surgical procedure (in our previous work we provide a clear
description of the mechanical and clinical requirement of

Fig. 1. The leader-follower Robossis system. The HC con-
sists of three identical legs connected in parallel
(1-H), attaching between a top triangular fixed base
and a mobile end-effector platform and coupled
with a hybrid serial arm (2-H). The RSR consists of
a moving ring (1-R), a fixed ring (2-R), and three
arms, where each arm consists of a linear (3-R) and
rotary actuator (4-R).

the RSR [14,17]).

The entire architecture includes a leader unit, a follower
unit, and a communication channel (Fig 2). First, in the
leader unit, the user interacts with the HC, and the instanta-
neous position and velocity are measured from the HC as
x(t)nc € R® and x(t)gc € RO, respectively. The architecture
implements a force restriction, F (t) € R® & T(t) € R®, on
the HC to reshape the user input motion within these allow-
able limits of the RSR. These restrictions ensure that the
movement of the HC is within the boundaries of the RSR
and eliminate any damage to the RSR actuators and struc-
ture. Second, motion transfer between the HC and RSR is
implemented to map the position and velocity of the users
(surgeons) to the end effector of the RSR as x(t)ggp € R°
and x(t)ggg € RC, respectively.

We implement the Kalman filter to predict the state of the
RSR with continuous position, velocity, and acceleration
trajectories. Additionally, we implement a robust dynamic
scaling method that restricts the input trajectories to the
maximum linear and angular velocity (user-defined). Fur-
thermore, we establish a communication channel between
the leader and follower units. In the follower unit, the tra-
jectories are unpacked, and the RSR joint velocities are
estimated as §(t) € R®. We handle the low-level communi-
cation between the control software and the RSR actuators
as pulses and directions.

4. INVERSE KINEMATIC ANALYSIS

4.1. Inverse kinematics: Haptic controller

Based on the previous kinematic analysis of the Falcon
3-DOF haptic controller [30-32], a kinematic analysis for
the sigma.7 is presented. Fig. 3 presents a top-side view
schematic for the three kinematic chains of the sigma.7
HC and its dimension, where i denotes the ith kinematic
chain. The origin (center of the stationary platform) is
attached to the coordinate frame and labeled point O, and

_______________________________________
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Fig. 2. The proposed Robossis system architecture is illustrated. A leader unit is established where the haptic rendering
loop is included to ensure safety for the manipulation of the RSR within its joint space limits. Also, the motion
transfer is included that integrates the motion of the user’s hand to the RSR for a continuous position, velocity, and
acceleration trajectories. A communication channel is established between the leader and follower. In the follower
unit, the RSR joint velocities are estimated and the low-level communication with the RSR actuators as pulses and

direction are established.
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Fig. 3. Kinematic variables of the HC delta mechanism
ith arm are shown. The serial mechanism has 3
independent axes of rotation.

point P is defined as the center of the moving platform.
The links’ lengths are labeled “a” (84 mm) and “b” (175
mm), while the distance between the lowest joint A; and
the center of the stationary platform is indicated by “r” (79
mm). Furthermore, “c” (42 mm) denotes the distance of
the highest joint E; to the center of the moving platform,
and “f” (37 mm) denotes the length to the center of the
moving platform. A coordinate frame (u;, v;, w;) is defined
for each kinematic chain, attached at point A,;.

Equation (1) presents the coordinate transformation of
the position of point P in the (u;, v;, w;) coordinate system

Pu; cos(¢;) sin(g;) O
Pv; | = | —sin(¢;) cos(@)i) 0
Pw; 0 0 1
cos(f) 0 sin(0) | [Px —r

ey

where 0 is 45°, and the angle of the u;-axis, ¢;, is the
distance of the rotation joint from the y-axis. ¢; evaluates
as —17°, —137°, and 103°. From Fig. 3, an expression for
(Pu;, Pv;, Pw;) is derived as below (2)-(4)

Pu; = acos(6y;) — ¢+ [bsin(65;)] cos(6y), 2)
Pv; = bcos(6s;) — f, 3)
Pw; = asin(0,;) + [bsin(65;)] sin(6y;). “)

Using (3), a unique solution is determined for the passive
joints 65;. Thus, (2) and (4) can be solved for a solution
for the passive and active joints 8,; and 6y, respectively, as
outlined in [30-32].

4.2. Inverse kinematics: Robossis surgical robot

We map the input of the user’s hand location and orien-
tation (Fig. 4), P € R, as the desired location of the RSR
end effector (center of the moving ring (P)). Given the posi-
tion (P(x,y,z)) and orientation (R(a, 3,7)) of the endpoint
effector (P), the length of the linear actuator (d;) and the
rotation of the active joint (6;) are computed. Referring to
Fig. 4, a; and b; epresent OA; and PB;, respectively.

Denoting the a; and b; position vector in frame {A}, it
can be concluded from the structure that

ri—a;=p+bi—a, ®)
where the left-hand side is the length vector of the linear

actuator (d;). Simplifying and using Euclidean norm, d;
can be expressed as

di = \/(X—Xi)2+(y—yi)2+(Z_Zi)27 (6)
where

x; = —h(cos(¥)Ri1 +sin (¥;)R12) + gcos(7),
Yi = —h(cos(%)Ra1 +sin (¥,)Ro) + gsin(y), ()
z; = —h(cos(¥)R31 +sin(7;)R32),

where R is the rotation matrix from {B} to {A}, using Euler
angles (X-Y-Z). Also, g and # are the radii of the fixed and
moving platforms, respectively, and ¥; is the location of
each of the ith arms on the moving platform and denoted
as —30°, 90°, and 210°. Thus, the active (6;) and passive

Fig. 4. Kinematic variables of the ith arm of the RSR are
shown. d; is the linear actuator length, 6; is the
active rotation, followed by the passive y; rotation.
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(y;) are expressed in (8) and (9) as

6 s <sin<%~>*<x—x,->—cos<m*<y—y,~>)

d;cos*(y;) ’
@®)

P (cosm rle=x) i) <y—y,->) |
©

Physical constraints, including the length of linear ac-
tuators (70 mm), and spherical joints (4+25°), are im-
posed to determine the allowable translational and rota-
tional workspace of the RSR structure.

4.3. Kinematic analysis: Joint space limits

The dexterous and rotational workspaces for the RSR
and HC were constructed given the joints’ dimensions
and constraints (Fig. 5). The HC’s dexterous workspace
presents a cone-like shape, and it’s independent of the
position and orientation of the end-effector. Whereas the
RSR dexterous workspace presents a dome-like shape
and it’s dependent on the position and orientation of the
mechanism end-effector. Furthermore, the theoretical rota-
tional workspace of RSR presents a diamond-like structure,
whereas sigma.7 is based on a serial arm, so it is a grid-like
structure with the following limits (235° x 140° x 200°).
The kinematic analysis illustrates the kinematic dissimi-
larities between the HC controller and RSR, where each
structure presents a unique operational dexterous and rota-
tional workspace. Also, the RSR operational dexterous and
rotational workspaces change as a function of end effec-
tor position and orientation, whereas the HC workspaces
remain unchanged due to the hybrid nature of the HC mech-
anism.

5. VIRTUAL ROBOT SIMULATION AND
ANALYSIS

To verify the kinematics of the RSR mechanism and
input-output relationship, we develop a virtual RSR us-
ing the Gazebo simulator. The robot was represented in
the simulator by dividing its components into different
links (L1-L5) and connecting them through joints (J.Ai-
Di), following the parent-child convention to establish the
link-joint relationship. This resulted in a closed-loop link-
joint relationship in Gazebo that closely resembled the
real-world configuration of the RSR. A simulation inside
the Gazebo simulator was performed to determine the RSR
end effector deviation from the input desired path.

During the simulation, a sinusoidal path with varying
periods for each axis was input as the desired path for RSR
to follow for all 6-DOF (translation and rotation) (video
attached). During the simulation, the lengths of the linear
actuators and the angles of the active joints’ were calcu-
lated and interfaced with the RSR in the Gazebo simulator

Haptic Controller
Robossis surgical robot

-

100

Y (mm) 00 X (mm)

(a) Dexterous workspace
oa=0,8=0°y=0°

(b) Rotational workspace
x=0mm, y=0
mm, z =275 mm.

Z (mm)
o

100

-101 100
Y (mm) X (mm)

(c) Dexterous workspace o = 10°,(d) Rotational workspace
B=10°,y=10°. x=50mm, y = 100
mm, z = 305 mm.
Fig. 5. Theoretical simulation of the HC and RSR opera-
tional workspace for the dexterous and rotational
workspace. (a) shows the dexterous workspace of
RSR and HC at constant orientation of the end ef-
fector. (b) demonstrate the rotational workspace of
RSR and HC at constant position of the end effec-
tor. (c) and (d) present the dexterous and rotational
workspace at a different position and orientation
of the end effector. The RSR operational dexter-
ous and rotational workspaces change as a func-
tion of the end effector position and orientation
whereas the HC remains unchanged due to the hy-
brid nature of the HC mechanism. The rotational
workspace for sigma.7 is based on a serial arm, so
it is a grid-like structure with the following limits
(235° x 140° x 200°).

using a custom model plugin. Fig. 6 displays the desired
and measured input path for translation (Fig. 6(a)) and rota-
tion (Fig. 6(b)), as well as the corresponding error observed
during the simulation (Fig. 6(c)). The maximum absolute
deviation observed for the translational and rotational mo-
tion was 0.2 mm and 0.1 degrees. As such, the simulation
validates the kinematics of the RSR to accurately follow a
desired trajectory and defines the relationship between the
users’ desired motion and input trajectory.

6. MOTION TRANSFER AND CONTROL

Motion transfer and control of the RSR can be achieved
with a manual graphical user interface (GUI) or real-time
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Fig. 6. Robossis surgical robot’s desired trajectory as com-
manded a sinusoidal trajectory in 6-DOF ((a) trans-
lation and (b) rotation). (¢) A maximum absolute
deviation for the translational motion (0.2 mm) and
rotation motion (0.1 deg) during the entire simula-
tion.

motion via the HC (sigma.7). For manual motion, a time-
controlled trajectory generation scheme is implemented
using a trigonometric function as

Xo, 1 <lo,
Xo+dx, t>ty+dt,

x(t)rsr =
dx . 180 dx
— xsin W*(r—to)—90 +x0+—,

2 2
(10)

where x is the initial position, dx is the desired change of
motion, fy is the initial time of change, and dt is the desired
time to complete the motion. The time-controlled trajectory
scheme is generalized to all translational and rotational
motions. Furthermore, the real-time motion integration
between the HC (user’s hands) and RSR is achieved as an
incremental trajectory as

x(t)gsgr = XrsR(t — 1) +8* [x(t) o —x(t — 1) ycl,

where x(t)geg € R® and xgsg(t — 1) € RS is the current
and previous location of the RSR, and x(t)gc € R and
x(t — 1)y € R® is the current and previous location of the
HC (user’s hands). Also, § € R%® is the linear and angular
dynamic scaling matrix and defined as

[Max,
*
Lo et O3

S= ) 12)

Max,
*
O3 T3 * ol

where |[vgc|| and ||@gc|| is the norm of the linear and an-
gular velocities of the HC (user’s hands) during motion
~X(t)ye € R®. Also, Max,, Max, are the desired max-
imum linear and angular velocities based on the user’s
desired input, and I,x, is identity matrix with n rows
and n columns. Additionally, the trajectories from the HC
(x(t) ) are collected at a sampling rate of 1 kHz, due to
the communication protocol (USB — connection), which
does not meet the required sampling rate to actuate the
RSR stepper motors. Given this, the incremental trajectory
of the RSR (x(¢)ggg) is up-sampled using linear interpola-
tion. After, we implement the Kalman filter to predict the
future state of the RSR where the hidden states of trajec-
tories are continuous (i.e., velocity, and acceleration). In
our approach, we infer the hidden states of RSR (velocity
and acceleration) from the observable state, i.e., position
trajectory. The Kalman filter can be modeled as

x()rsry =%t )gsrp + K (t) * [x(t)gep — HxX(t) g p)
(13)

where x(t)ggz p € R® is the predicted observable state,

x(t)psg € R® observations, H € Ig¢ is the observation ma-
trix, x(t + 1) pop € Ioxs 1s the updated state estimate. Also,
k(t) is the Kalman gain and can be estimated as

k(t) = Prsg ,(t)H” % [HPgsg ,(t)H” +N] !, (14)

where Prsg () € R and N € [100000 I, are the
predicted covariance and noise covariance matrix, respec-
tively. The noise covariance matrix N is experimentally
determined to generate a stable trajectory for the RSR.
Fig. 7 illustrates the analysis of the motion integration
approach proposed in this paper. The HC (hand-motion)
trajectory shows a breakage in position, velocity, and accel-
eration (Figs. 7(a)-7(c)). The high velocity and acceleration
in the raw trajectory are due to the breakage in the position
profile and the loss of communication between the HC and
control software. We implement two cycles of moving aver-
age filter, once before the up-sampling and once before the
Kalman filter, to smooth the hidden state of the trajectories.
After processing, we are able to generate a trajectory that is
continuous for the position, velocity, and acceleration (Figs.
7(a), 7(d), and 7(e)). Also, the trajectory hidden state (i.e.,
the velocity proﬁle) is capped for the different case scener-
ies at 10 27, 5 57, and 2 % (for demonstration purposes

sec ’ sec ?
only, in the actual setting, the speed is at 2 mm/sec) despite
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Fig. 7. Analysis of the motions control approach. The input
trajectory from the HC has a breakage in position,
velocity, and acceleration. (a) shows the position
profile from the HC and RSR desired trajectory at a
different speed as set by the user. (b) and (c) show
the instantaneous velocity and acceleration profile
for the original raw HC trajectory where there is a
breakage in position, velocity, and acceleration. (d)
and (e) show the instantaneous velocity and accel-
eration profile for the RSR where the trajectory is
continuous in position, velocity, and acceleration.
(d)-right axis shows the user speed moving freely
for the different case sceneries, despite, the RSR
trajectories are scaled to meet the maximum desired
speed as set by the user. For each case scenario 1,
2, and 3, the maximum speeds set by the user were
10 mm/sec, 5 mm/sec, and 2 mm/sec, respectively.
Implementation of the proposed approach results
in a smooth and continuous position, velocity, and
acceleration trajectory as input to the RSR.

the user velocity (user’s hand speed) moving freely at a
speed of ~ 0-100 mm/sec (Fig. 7(d)-right axis). The user
is able to dynamically set the desired maximum linear and
angular velocity using a developed guided user interface
(GUD).

6.1. Motor actuation

The joint velocity of the Robossis surgical robot is a
6 x 1 vector denoting the three rotatory and linear actuators,

respectively
drsg =01 6, 05 d) dy d5]". (15)

The linear and angular velocities of the moving platform
are defined to be v and , respectively. Thus, Xgsg € RS
can be written as a velocity vector

Xrsr = [VRsr Orsr). (16)

The Jacobian matrix relates grsg and xgsg as follows:

qrsg = JXRSR- (17)

The concept of reciprocal screws is applied to derive J.
As such, the angular velocity of each joint is determined
to derive the corresponding actuator pulses. By definition,
the number and frequency of the pulses for each motor are
proportional to the angular velocity of the joints. We use
the Euler backward numerical approximation to estimate
the number of revolutions for each ith motor and, hence,
determine the number of pulses to actuate each motor

CI(”)RSR,i = 6](” - 1)RSR,[

+kxt(n)—t(n—1)] *Q(H)RSR,IW (18)
1 i ' 0

Pulses = { ’ sTn(q<n)RSR.1) >0, "
Oa Sln(q(n)RSRJ) < 0’

where k is the gain constant that is a property of each motor.
The RSR motors are a five-phase stepper with a 0.72 step
angle, so for one complete revolution of the shaft, there are
500 pulses, and this is equivalent to the k constant.

7. HAPTIC 6-DOF JOINT SPACE RENDERING

Due to the nature of the RSR parallel mechanism
and coupling between the translational and rotational
workspaces, the allowable workspace of the RSR changes
with respect to the end effector position and orientation.
Addressing this complexity requires an approach that can
dynamically approximate the forbidden region for the fol-
lower robot end-effector task space and, therefore, estimate
the required haptic information that reshapes the user in-
put motion within these allowable limits. As such and to
account for the kinematic mismatch, a haptic rendering
pipeline is proposed. The haptic rendering pipeline restricts
the movement of the haptic controller inside the changing
virtual workspace of the RSR based on the physical con-
straints of the structure (Fig. 8).

7.1. Haptic rendering pipeline
The haptic feedback imposed on the user’s hand is mod-

eled as a spring-damping system
Fwall = 7kf*||d||>k;l\7Cf *VHC, (20)
Tyatl = —k¢ * ||d|| 1 — ¢ * ©pc, 21
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Fig. 8. Haptic rendering pipeline. The method used to ren-
der the motion of the HC within the RSR joint space
limits. The haptic rendering pipeline restricts the
movement of the HC inside the virtual workspace
of the RSR which changes based on the orientation
and position of the RSR end-effector. The end effec-
tor is encapsulated by two spherical point clouds, a
translational and a rotational spherical point cloud,
with radii 15 mm and 5°, respectively. When any
of the points in these two spheres are outside the
RSR joint space limits, the movement of the HC is
restricted via haptic force feedback.

where F a1 € R> and Ty,q; € R? are the force and torque
vectors inserted at the contact of the virtual wall, respec-
tively. Also, ||d|| is the modeled sphere interaction to the
forbidden region of the RSR workspace, 7 is the unit vector
that approximates the direction of the haptic information;
vuc and @gc are the linear and angular velocity vectors of
the HC, respectively; ¢f and c¢; are the damping constant
(15 N s/m and 0.001 Nm s/deg); and kf and k; are the
spring constant (2000 N/m and 0.12 Nm/deg). ||d|| € R*
and 7 € R>*3 can be estimated as

H HC Z Pm(-x)'z>
XyZ n
Il = Ix( auapr | | @2)
HC apy
d
A= 23
id] =
where £ P’; byz) ZI’R‘"}Eaﬂ V) are the mean of the point clouds

remaining inside the operational workspace of the RSR.
The end effector of the HC is encapsulated by two spherical
point clouds (100 points), a translational P;, (xyz) and a ro-
tational R;, (aB7y) spherical point cloud, with radii 15 mm
and 5°, respectively. To ensure evenly distributed points on
the surface of the sphere, we generate the points following
the Fibonacci method on the surface of the sphere, i.e., the
golden angle distribution [33]. When any of the points in
these two spheres are outside the RSR joint space limits,
the movement of the HC is restricted via haptic force feed-
back. We implement parallel computing to determine the
point clouds that are inside/outside the operational limits
of the RSR workspace. As such, with this implementation,
the computation cost of the haptic rendering is minimized
and designed to meet the required 1 kHz haptic update loop

Algorithm 1: Haptic rendering pipeline.

1:  Haptic rendering pipeline

2:  Input: Haptic controller— X ()¢ € RS

3:  Outpoints—|]

4:  For —N # of point clouds (PC)

5:  flag — Virtual Robot InvKinematics(X (¢) gc +
PC(N))

6: If flag — True (True if (X (t)gc+PC(N)) is outside)

7: Outpoints — (X (t)yc +PC(N))) € R®

8: Else

9: Pin(xyz) = (X(t) ey T PC(N)) € R?

10: m(aBY) (X )HC,aﬁy+PC( )) eR’

11:  End

12: End

13:  If Outpoints.Length() > 0

14:  Penetration Depth Norm — (22) € R? (averaged)

15:  Direction of Force/Torque — (23) € R*3

16:  FX,FY, FZ — (20) € R? (mean weighted)

17:  Tea, TB, Ty — (21) € R® (mean weighted)

18: Else

190 FX,FY,FZ — —cy+vhc € R (damping force)

20: Ta,TB, Ty — —c+x®gc € R3(damping force)

21: End

22: Output: Force & Torque Projected on the Haptic
Controller

[34].

Furthermore, we implement a moving average (win-
dow of 20) on the modeled interaction (||d||), and a mean
weighted (window of 20) on the forces and torques to ac-
count for the sharp changes in the surface and stability of
the haptic feedback. Algorithm 1 shows the overall pseu-
docode for the haptic rendering pipeline. The input from
the HC includes the mapped translation and rotation lo-
cation of the end effector. Then, a check for all the point
clouds determines if the points are inside or outside the
operational workspace while implementing the parallel
computing to optimize the run time for the computation.
Furthermore, if any of the point clouds are outside the
workspace, the pipeline imposes haptic feedback on the
user’s hands.

7.2. Haptic feedback analysis

A simulation study was completed to analyze the hap-
tic feedback magnitude and direction at the edges of the
workspace. The simulation was completed by moving the
end effector of the RSR into the edges of the workspace
and collecting the haptic feedback responses. Fig. 9 shows
the magnitude of the forces and torques as the haptic end-
effector penetrates the surfaces of the RSR’s dexterous and
rotational workspaces, where it was at a maximum at the
edge of the boundary. The force feedback analysis shows
the magnitude of the force and torque increases to a maxi-
mum (15 N and 0.3 Nm) at the edge of the boundary. Also,
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Fig. 9. Force feedback analysis shows the magnitude of
the force and torque increases to a maximum at the
edge of the boundary. The haptic feedback is normal
to the penetrating vectors, with increasing forces
(a) and torques (b) as the end effector reaches the
boundary (dashed-black line).

haptic feedback is modeled as a gradual haptic increase as
the motion approaches the boundary of the workspace. The
haptic feedback is normal to the penetrating vectors, with
increasing forces and torques as the end effector reaches
the boundary.

Furthermore, an additional study was completed where
the user was tasked to move in the workspace of the RSR.
Fig. 10 shows the forces and torque feedback analysis of
the haptic rendering pipeline. Overall, as the user manip-
ulates the haptic controller and reaches the limits of the
linear actuator (d;) (0.284 +0.07) m and or spherical joints
(£25°), haptic feedback is projected into the user’s hand
to keep the user’s hand within the limit of the workspace.
If the user was forcing the HC to exceed the maximum
limits of the workspace, 15 N and 0.3 Nm were the max-
imum haptic feedback would be experienced during the

Linear Actuator (m)
Spherical Joint (deg)

103

10.2

Force (N)
Torque (Nm)

i ‘{1,‘.” )
[l
' b8 \ 101
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Fig. 10. (a) As the user manipulates the haptic controller
and reaches the limits of linear actuator (0.214 m-
0.354 m) and spherical joints (£25°), (b) haptic
feedback is projected into the user’s hand to keep
the user’s hand within the limit of RSR joints. If
the user was forcing the HC to exceed the maxi-
mum limits of the workspace, 15 N and 0.3 Nm
were the maximum haptic feedback would be expe-
rienced during the simulation from the HC. When
the user is not in a collision with the surfaces, a
viscous force is projected onto the user hand. The
user maximum speed while interacting with the
haptic surfaces was 10 mm/sec and 1 deg/sec.

simulation from the HC (75% of the maximum forces and
torques of the sigma.7 HC). Also, the computational cost
of the haptic rendering pipeline during the simulation is an-
alyzed. The result shows that the haptic rendering pipeline
can meet the required 1 kHz haptic update loop during the
simulation.

8. EXPERIMENTAL TESTING AND RESULTS

The Robossis system was tested in a benchtop and ca-
daver lab as a proof of concept. Fig. 11 shows the Robossis
system, which consists of a haptic unit, a surgical unit, and
the different components of the system, including sigma.7,
RSR, hardware/software, and the optical tracking system
(Optitrack Flex 13, residual within £0.08 mm and 4-0.03°,
NaturalPoint, Inc. DPA OptiTrack). Optitrack’s motion cap-
ture cameras and Motive software were used to track the
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6-DOF motion of RSR during the experimental testing. To
track the end effectors of the RSR, markers were placed in
a specific location and orientation on the moving rings and
three Optitrack cameras were placed above RSR to capture
movements.

8.1. Real-time motion analysis

Real-time motion testing of the Robossis system is com-
pleted to determine the system’s accuracy when moving to
different locations in the operational workspace using the
GUI and HC. During testing, the RSR was tasked to follow
the motion of the user’s hand and manual motion. The the-
oretical trajectories from the HC (user’s hand) and manual
motion (GUI) were recorded and synced with the RSR
actual trajectory (optical tracking software) (Fig. 12). Fig.
12 shows the motion testing procedure trajectories for the
translational and rotational motion while synced with the
absolute error throughout the entire testing. The results in
Fig. 12 show that RSR can follow the motion of the desired
trajectory while maintaining a minimal deviation. Error
analysis (Fig. 12) shows an average translational, and rota-
tional error of 0.32 mm and 0.07° between the RSR actual
trajectory and HC-GUI desired trajectory. Maximum trans-
lational and rotational errors of 1.8 mm and 0.27° were
observed in the z-direction and y-direction, respectively.

8.2. Cadaver lab testing

In a cadaveric lab, the Robossis system was used to as-
sist surgeons during a mock femur fracture surgery. Fig.
13(a) shows the cadaver lab setup, which includes the HC,
RSR, and the cadaver patient attached to the RSR. Dur-
ing the mock surgery, the patient’s femur was cut using a
reciprocating saw to represent a midshaft femur fracture.
The distal fragment was attached to the RSR moving ring,
and the proximal fragment was clamped down to eliminate

Fig. 11. Robossis system. The haptic unit includes @ the
haptic sigma.7, @ screen monitors, @ the haptic
unit PC, and @ the Optitrack optical trackers. The
surgical unit includes ® Robossis surgical robot,
® the surgical unit PC (Speedgoat, Mathworks -
Switzerland), and @ motor drivers.
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Fig. 12. Trajectory comparison between the RSR actual tra-
jectory (Optitrack) and theoretical trajectory from
the HC and GUI. The motion testing procedure tra-
jectories for the translational and rotational motion
were synced with the absolute error throughout the
entire testing. The box and whisker plot shows an
average translational, and rotational error of 0.32
mm and 0.07° between the RSR actual trajectory
and HC-GUI desired trajectory.

movement. The orthopedic surgeons utilized the Robossis
system to manipulate the RSR. Throughout the surgical
procedure, the surgeons completed varying maneuvers to
assess the Robossis system load-holding capacity (muscle
traction forces) and usability in the clinical setting. The
results showed that Robossis was able to assist the surgeon
in performing femur fracture surgery and aligning the bro-
ken femur fragments (Figs. 13(b) and 13(c)). In addition,
the RSR was able to counteract the actual physiological
muscle traction forces while manipulating the distal bone
fragments during the surgery. In [18], we present a clear de-
scription of the cadaver lab experimental testing as assisted
by the novel imaging software. Lastly, the surgeons were
able to conclude that the Robossis system able to provide
an intuitive solution for surgeons to perform surgery.

9. DISCUSSION

The outcome of this study demonstrates the development
of the leader-follower Robossis system that is designed to
assist surgeons during femur fracture surgery. Considering
the Robossis system in the application of femur fractures,
the surgical robot needs to be highly maneuverable, insert
the required forces, and have highly accurate manipulation.
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Fig. 13. (a) Robossis system was used to assist the ortho-
pedic surgeons during a cadaveric femur fracture
surgery where @ the haptic sigma.7, @ the RSR
attached to the cadaver patient ®. (b) shows the
femur pre-fractured location of the bone. (c) shows
the aligned fracture using the Robossis system.

In previous work [16], we performed a kinematic compari-
son between the RSR and the well-known Gough-Stewart
platform to evaluate their ability to meet the required align-
ment ranges. Our results demonstrate that the RSR can
achieve the femur fracture malalignment ranges in each
axis, as previously reported in the literature, whereas the
Gough-Stewart platform exhibits limited motion capability.
These findings confirm the advantages of the RSR in meet-
ing the clinical requirements for femur fracture surgeries.

Additionally, the haptic rendering pipeline is imple-
mented to reshape the user input motion to match the
RSR’s operational workspace. This ensures the safety of
the RSR’s joints and eliminates any chances of failure
during surgery. For future work, we will render muscle re-
action forces to the operator interacting with the RSR. This
information provides critical insight into the traction force
and robot-patient interaction. Rendering muscle reaction
forces is crucial as it enhances realism by simulating the
forces exerted by muscles and other soft tissues, thereby
reducing the risk of over-correction or causing additional
trauma to the patient, such as bone-bone collision. It also
ensures safety by helping to prevent excessive force appli-

cation, which can lead to tissue damage. This is particularly
important for the Robossis system, given its high-load in-
sertion capabilities.

Further, the current system requires experience and train-
ing to significantly improve the standard of care for long-
bone fractures. To address this, our team is developing the
Robossis surgical simulator to enable surgeons to feasibly
train and master the system. Within the virtual reality en-
vironment, we have created digital twins of the Robossis
system to train users on how to interact with the system and
understand its limits in a low-cost, low-risk setting. This
implementation ensures that users transitioning to the real-
world Robossis system will have the necessary knowledge
and skills to operate the system effectively and safely.

For future work, we plan to optimize the Robossis sys-
tem and overcome the limitations presented in the current
study. Optimization of the hardware of the robot and struc-
ture will be performed to meet a wide range of patient
sizes and weights. We recognize the limitations of using a
single cadaver and plan to expand our testing to include a
larger sample size and a variety of fracture types in future
work. This will aid in the identification of potential risks,
limitations, and long-term use considerations associated
with the proposed system. Additionally, we will optimize
the Robossis system control architecture to include a bi-
lateral control framework with advanced control methods
[35]. This will create a transparent system that can meet the
demands of the user experience and clinical requirements.
We will also explore extending the Robossis system into
different surgical applications.

10. CONCLUSION

To successfully restore the length, alignment, and rota-
tion of the fractured femur, the femur fragments must be
manipulated and returned to their correct anatomical posi-
tion. All of this must be done while the surgeon is exerting
large traction forces and torques (517 N and 74 N-m). In
this study, we have been able to present the development
of the leader-follower Robossis system for femur fracture
surgery that includes the design of an architecture that ad-
dresses 1) the kinematic mismatch and 2) real-time motion
transfer between the HC and RSR. The feasibility of the
Robossis system was experimentally evaluated through a
benchtop and cadaveric experiment. Through experimental
testing and clinician feedback, we demonstrated that the
system has the potential for clinical use to improve the
quality of fracture reduction.
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