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A Surgical Robotic System for Long-Bone Fracture
Alignment: Prototyping and Cadaver Study

Marzieh S. Saeedi-Hosseiny, Fayez Alruwaili, Sean McMillan, Iulian lordachita™, Senior Member, IEEE,
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Abstract—In this paper, we design, develop, and validate a
surgical robotic system, entitled Robossis, to assist long-bone
fracture reduction, i.e., alignment, surgeries. Unlike traditional
long-bone fracture surgeries, Robossis enables the surgeon to
precisely align the fractured bone in the presence of large trac-
tion forces and torques. The proposed surgical system includes a
novel 3-armed robot, a bone-gripping mechanism, and a master
controller. The 6-DOF 3-armed wide-open parallel robot has a
unique architecture, which facilitates positioning the bone inside
the robot, providing a large workspace for surgical maneu-
vers. Kinematic analysis shows that the symmetric 3-armed
mechanism provides a significant advantage over the Gough-
Stewart platform, i.e., 15 times larger rotational workspace,
which is a vital advantage for fracture alignment. Theoretical
and experimental testing are performed to demonstrate Robossis
performance, including high accuracy and force insertion capa-
bilities. A successful cadaver test was performed using a Robossis
prototype, which shows that guided by intraoperative X-ray
imaging, Robossis is able to manipulate bone in all translational
and rotational directions while encountering the muscle payload
surrounding the femur. Robossis is designed to balance accuracy,
payload, and workspace, and its innovative design presents major
advantages over the existing robot designs for the reduction of
long-bone fractures.

Index Terms—Cadaver testing, fracture reduction, long-bone
fractures, parallel mechanisms, robot design, robotic surgery.

I. INTRODUCTION

ONG-BONE fractures account for more than half of all
fractures [1], [2]. Globally, an estimated 1.0-2.9 million
femoral shaft fractures occur every year due to motor vehicle
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Fig. 1.  Advantages of the proposed robotic surgery to align long-bone
fractures compared to current manual surgery. The limitations of the cur-
rent method include huge force insertion, the use of up to 100 intraoperative
X-ray images, and a trial-and-error approach, which causes malalignment in
28% of patients and leads to reoperation [11], [49]-[51].

accidents [3], [4], and in the U.S., there are 430,000 proxi-
mal femur and femoral shaft fractures annually [5], [6]. Due
to the aging population, this number is increasing with a
CAGR of 5% and is anticipated to double by the year 2050.
Current methods for treating long-bone fractures are primarily
composed of three steps: positioning the patient on a surgi-
cal bed or a fracture table, manually reducing the fracture
by the surgical team, and fixing the bone using plates and
intramedullary (IM) nails [7]-[9].

Current long-bone fracture surgeries are performed manu-
ally, and a major limitation with current protocols lies in the
realignment, which presents difficulties due to the bone’s elon-
gated anatomy and the need to overcome the strength of the
surrounding counteracting muscles [8]-[11]. The fracture ends
are usually far from the distal and proximal joint attachments
and are free to move with very limited restrictions [12]-[19].
This necessitates that surgeons and medical staff exert a high
traction force to pull the bone fragments together. The surgi-
cal team must rely on experience and limited visual feedback
from consecutive 2D C-Arm fluoroscopic images while trying
to align the fragments in 3D. This trial-and-error approach
raises the risk of physical overshoot, unnecessary soft tis-
sue damage during the manipulation process [20]-[22], and
malalignment-related complications (Fig. 1).

Furthermore, the devices currently used for traction during
surgery may cause nerve palsies, numbness, and soft tissue
injury. Rotational malalignment is a serious complication with
long-bone fractures, with a malalignment of 15° or more after
femur fracture fixation occurring in 28% of patients [23]. This
is the second most common reason that orthopedic surgeons
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are sued. Malalignment can lead to leg-length discrepan-
cies, abnormal gait, and potential tertiary effects. Patients
may require additional surgery, far more invasive than had
the first surgery been performed correctly, which increases
blood loss, length of hospital stay, hospital costs, and risk
of complications.

Due to the limitations of manual surgery to reduce long-
bone fracture, robotic surgery is a potential option with
benefits to improve patient outcomes. To date, researchers have
studied three different mechanisms for robots to reduce long-
bone fractures, including a (1) serial mechanism, (2) parallel
mechanism, and (3) serial-parallel hybrid mechanism (Table I).

Prior to 2012, researchers were interested in developing
robots with a serial mechanism that would assist in reduc-
ing long-bone fractures [10], [20], [21], [24]-[26]. In 2004,
a group from Regensburg Clinical University presented a
serial robot system, RepoRobo, with a two-finger gripper
mechanism [20]. The presented system was shown to be able
to insert a maximum force of 240 N and successfully reduce
bone in a benchtop model. A similar industrial robot system
was further developed in 2006 and 2009, which incorpo-
rated imaging software, a navigation surgical system, and
a control unit. The robot was tested on mice and human
bones [10], [21], [25]. However, many limitations prevented
the serial robot from being completely successful in reduc-
ing long-bone fractures. For example, due to the robot’s serial
connection structure, the system was unable to produce the
force needed to withstand large muscle loads and reduce bone
fractures [27], [28]. Also, the robot’s extensive motion space
created challenges in the operating room layout [27], [28].

More recently, parallel robots have become more widely
tested than serial robots due to their higher precision, stabil-
ity, and load-carrying capability [29]-[42]. Several researchers
studied the well-known 6-armed Gough-Stewart parallel robot
for the closed reduction of long-bone fractures. Since the
Gough-Stewart mechanism has a restricted rotation as well as
limited dexterous workspace [27], [28], [40], it has not been
successfully used to reduce long-bone fractures [41], [42].
Li et al. developed a robot based on the Gough-Stewart
platform coupled to a hydraulic cylinder and showed that
it was able to insert a very large force of more than
1000 N [29], [30], [32], [35]. The same group proposed
a master-slave teleoperation robot to enable surgeons to
adjust the reduction’s velocity and path during the surgical
procedure [29], [30], [32], [35]. However, limitations of their
proposed system include a large size and a limited rotational
workspace of £13° in the x- and y-directions and +17° in the
z-direction [27].

Researchers have combined the advantages of both serial
and parallel structures by building a robot with a parallel-
serial hybrid structure. Ye et al. proposed a 6-DOF serial-
parallel hybrid reduction robot that presents a large workspace:
a rotational workspace of £30° in the x- and z-direction
and £15° in the y-direction and a translation workspace of
475 mm in the x- and z-direction and +100 mm in the
y-direction [43]-[45]. However, the presented robot only grabs
the bone from the distal end, which could affect the outcome of
the surgical procedure [43]-[45]. More recently, Dagnino et al.

TABLE I
ROBOT-ASSISTED LONG-BONE FRACTURE
REDUCTION.GOUGH-STEWART PLATFORM (GSP), SERIAL (S),
PARALLEL (P),HYBRID (H), AND NOT REPORTED (NR)

Year Researchers Type of Subject Max
Mechanism Study Load
™)
2004  B.Fiichtmeier et S, Stdubli Bone 240
al [20] RX130 Model
2004 K Seide. et al P, GSP Human NR
[39] Model
2006  Westphal R. et al S, Staubli Human <300
[26] RX90 cadaver
2008  Oszwald M. et al S, Stdubli Rat Model 250
[21] RX90
2009  Westphal R. et al S, Staubli Bone <300
[10] RX90 Model
2010  Markus Oszwald. S, Stdubli Human <300
et al [25] RX90 Cadaver
2013 Peifu Tang, et al P, GSP Animal NR
[31] Bone
2012  Ruihua Ye, et al S-P-H Bone 600
[45] Model
2013 Jungiang Wang. P, GSP Human NR
etal [33] Cadaver
2014  Tianmiao Wang, P, GSP Bone 2460
et al [36] Model
2017  Changsheng Li, P, GSP Animal 1243
etal [35] Bone
2016  Giulio Dagnino, S-P-H Human <300
etal [61] Cadaver
2021 T. Essomba, et al P, GSP Bone NR
[34] Model

presented a novel robot structure to reduce bone fractures
while preventing soft tissue and nerve damage [46]-[48]. The
researchers attached the Gough-Stewart platform to a serial
robotic arm and performed a cadaver experiment. Despite
the high accuracy achieved, the robot could not provide the
forces needed to reduce the broken bone. As the applied force
increased, the system deformed [46].

Despite many attempts (Table I), no robot has yet been suc-
cessful in assisting long-bone fracture surgery. This is mainly
due to the lack of an adequate robotic design that can prop-
erly address the needs for this application, including huge
force insertion capabilities, high precision, and a large sur-
gical workspace. In our previous works, we introduced and
theoretically simulated 3- and 4-armed parallel mechanisms to
address the challenges faced in long-bone fracture surgeries.
The theoretical analysis, covering the rotational and dexterous
workspace, singularity, and dynamic performance, illustrated
the advantage of the mechanisms compared to the Gough-
Stewart platform [49]-[53]. In the present study, we further
improve the design by optimizing the structure of Robossis.
In the new robot design the arms are positioned in a sym-
metric configuration to enlarge the rotational workspace and
increase the stability. To validate our robot’s capability for the
specific application of long-bone fracture reduction, we dis-
cuss the results of the performed laboratory and cadaver tests.
This paper is organized as follows; Section II describes the
wide-open 3-armed parallel mechanism; Section III provides
the theoretical analysis; and Section IV explains the experi-
mental tests including the workspace, fracture alignment, and
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Fig. 2. Clinical and mechanical criteria to design a robot to assist long-bone fracture reduction surgeries, based on a 6-DOF 3-armed parallel mechanism.

The robot design needs to be able to insert the required forces and be able to manipulate the fractured bone with high accuracy in a large workspace. Also,
the design of the robot should be compatible with the different sizes of the patient’s leg, the location / type of fracture, and provide an accessible surgical

field for the surgeon to perform the surgical procedure.

Fig. 3. Illustration of the 6-DOF 3-armed Robossis, a surgical robot for
long-bone fracture reduction. (A) The mechanism consists of (1) a fixed plat-
form, (2) a moving platform, and (3) three arms. (4) Bone gripping system,
which attaches the robot’s rings to the fractured bone through half-pin rods.
(B) The robot utilizes a 6-DOF 3-RRPS parallel mechanism. (C) Each leg
consists of (5) an active and (6) a passive rotary joint, (7) an active prismatic
joint, and (8) a passive spherical one. The center of the moving ring has
3 translational (X, y, z) and 3 rotational («, 8, y) motions.

cadaveric study. In Section V, we discuss the results, followed
by a conclusion in Section VI.

II. ROBOT ARCHITECTURE
A. Mechanical and Clinical Criteria

Robots used for fracture reduction must be precise, able to
apply large amounts of force, and provide 6 degrees of free-
dom (DOF) control [8]. In addition, these robots must provide
surgeons with an accessible surgical field, ample workspace,
and the ability to perform safe manipulation (Fig. 2). To
achieve such a robot, we designed a unique mechanism that
provides the robot with the clinical and mechanical specifica-
tions required for bone fracture reduction surgery (Fig. 3). The
forces and torques required to reduce a fracture are determined
based on a local coordinate system located in the center of the
femoral fracture [54], [55].

The maximum force along the medial-lateral axis (x-axis)
was 203 N and the maximum forces along the anterior-
posterior axis (y-axis) and the femoral shaft (z-axis) were

517 N and 505 N, respectively. The maximum torques around
the y-axis and the x-axis were calculated to be 16.4 N-m
and 38.3 N-m, respectively, and the maximum torque around
the front axis was 74 N-m [54], [55]. Therefore, the designed
robot must withstand forces up to 517 N and torques up
to 74 N-m to be suitable for long-bone fracture reduction
surgeries. The final desired position for the fractured bone
segments is anatomical alignment. To avoid malalignment and
malrotation, the assisting robot should be able to achieve
alignment with submillimeter accuracy.

Additionally, a key mechanical requirement for a robot
assisting in long-bone fracture reduction is a large workspace
and high maneuverability to provide an accessible and safe
manipulation for the surgeon. As such, the design of Robossis
rings and arrangement of its actuators are placed so that a max-
imum desirable dexterous/rotational workspace is achieved.
The final desired position for the fractured bone is anatom-
ical alignment. To avoid malalignment and malrotation, the
assisting robot should be able to achieve alignment with sub-
millimeter accuracy. To achieve the stated, Robossis gearboxes
have low backlash of less than 5 arcmin and robot components
have been manufactured with high accurate machine tools to
avoid clearances between the moving joints.

B. 3-Armed 6-DOF Parallel Robot

Given the required mechanical and clinical criteria, a unique
design of Robossis to reduce long-bone fractures is proposed
(Fig. 3A). The architecture of Robossis, with its low number of
arms in a symmetric configuration, enables it to easily grip and
manipulate cylindrical objects such as long bones. The robot’s
open-ring structure precisely grabs the leg while providing free
range of motion for varying surgical maneuvers. As shown
in Fig. 3B, Robossis has a parallel mechanism in which a
fixed platform and a moving platform are connected by three
robot arms. Cartesian coordinates A(O, X, Y, Z) and B(P, x,
y, z) represented by {A} and {B} are attached to the base and
moving platforms, respectively. The robot utilizes a 6-DOF
3-RRPS parallel mechanism, where each leg consists of an
active and a passive rotary joint, an active prismatic joint, and
a passive spherical joint. The center of the moving ring has
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Fig. 4. Robossis lower (1) and upper (2) arms are equipped with a (1-1)
Autonics-A8K stepper motor, (1-2) apex 60:1 gearbox, (1-3) universal joint,
(1-4) roller bearing and thrust roller bearing, (1-5) rod, bolt, nuts and washer,
(2-1) Autonics-A3K stepper motor, (2-2) lower arm, (2-3) Hiwin KK40 linear
guide, and (2-4) spherical joint.

3 translational (X, y, z) and 3 rotational (¢, 8, y) motions
(Fig. 30).

Each arm consists of three joints; universal, prismatic, and
spherical (Fig. 4). A rotary and linear actuator are used to
actuate each arm. The lower rotary actuators, Autonics-A8K
stepper motors, are attached to the semicircle on the fixed
platform. The shafts of the lower rotary actuators are attached
to the linear actuators through universal joints. The spheri-
cal joints connect the upper parts of the linear actuators to
the moving rings. The Autonics-A8K stepper motor has a
maximum torque of 0.83 N-m operated at 1.4 A/phase.

The Autonics-A8K is attached to a gearbox, Apex
Dynamics, with a reduction ratio of 60:1 and low backlash
of less than 5 arcmin. The gearbox increases the max hold-
ing torque to 48.6 N-m for each arm, which results in total
torque of 145.8 N-m for the whole mechanism. The gearbox
shaft is connected to the lower part of the arm using a revo-
lute joint, which is made of a needle bearing. Linear actuation
at each arm is provided using a Hiwin KK40 linear guide
with a 1.0 mm pitch. The linear actuator is powered by an
80W Autonics-A3K stepper motor with a maximum torque
of 0.24 N-m, which results in a maximum insertable linear
force of 1527 N at each arm. Therefore, using the A3K micro-
stepper, the proposed Robossis can exert up to 4559 N of force
in the z-direction.

Robossis features a mechanism for gripping the fractured
bone fragments and can insert sufficient force, as theo-
retically estimated, to reduce long-bone fractures. Standard
half-pin rods are the connecting device between the robot
rings and the bone fragments. These rods are currently being
used in other orthopedic applications, such as external fixa-
tor devices, and are designed to withstand the existing large
payloads.

III. THEORY AND ANALYSIS
A. Inverse Kinematics

In this section, inverse kinematic equations of the proposed
symmetric and non-symmetric 3-armed mechanisms are
derived. Given the desired position and orientation of the
end-effector, the length of the linear actuator d; and the rota-
tion of the active joint 6; are to be computed [53], [56]-[58].
A(O,x,y,z) and B(Pu,v,w) are the Cartesian coordinate frames
attached to the fixed and moving platforms and they are rep-
resented by {A} and {B}, respectively (Fig. 3C). Referring to
Fig. 3C, a; and Bp, represents OA; and PB;, respectively. aj =
g[cosy,- siny; 0 ]T and Bb; = h[cosyi siny; 0 ]T, where g
and h are the radii of the fixed and moving platforms, respec-
tively. y; is the arm attachment angle as shown in Fig. 5. The
rotation matrix from {B} to {A}, ’éR = [r;], using Euler angles
are represented as

cBey —cBsy s
’gR = | cysBsa+ syca —sysBsa + cyca  —cBsa |,
—cysBca + sysa sysBca + cysa cBeca

ey

where ca = cosa and so = sina, and so on. «, B, and y
are the three Euler angles defined according to the x-y-z con-
vention. Thus, the vector 2b; would be expressed in the fixed
frame {A} as b; = ‘gR Bp,;.

Vector d;, which represents A;B;, can be written as

di=p-+b;—a, (2)

T . .
where p = [x y z] ., which denotes the position vector
of the center of the moving platform. Therefore, d; can be
rewritten as

X — X;
di=|y—y |, 3)
72—z

in which

xi=—h(cyi rm+ syiri2)+gcyi
vi= —h(cy; ro1 + syir»n)+g syi. (4)
zi= —h(cyi r31 + syi r3)

Using (3), the length of the linear actuator d; can be
calculated as

di= J =5+ 6 — 3% + (2 — 2 ®)

Coordinates C;(A;,x;,y;,2;) are attached to the fixed platform
with their x; axes aligned with the rotary actuators and z; axes
perpendicular to the fixed platform.

Thus, vector dj can be expressed in {C;} as

sYi
Cid; = d;| —sOicy; |. (6)
cOicy;
Using (6), vector d; can be expressed in {A} as

d; = ¢.R “id;, @)
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Fig. 5. Arm structure and attachment angles (yi) of the proposed 3-armed

mechanisms and Gough-Stewart platform. We compared the dexterous
workspace for the three mechanisms. From top to bottom, the dexter-
ous workspaces of the mechanisms are 66270, 66190, and 27072 cm3,
respectively.

where féiR is the rotation matrix from {C;} to {A},

cyi —syi O
GR=|svi om0 ®)
0 0 1

By equating (7) and (3), the rotation of the active joint 6;
is obtained as

0; =

gin~! (Si”)’i(x —x;) — cosy i(y — yi) ) ©)

dicosy;

As a result, the value of the active joints of the 3-armed
mechanisms can be calculated using (4) and (9). The only
difference in the inverse kinematic solution for the proposed
symmetric and non-symmetric mechanisms is in the arm
attachment angle y;, which is shown in Fig. 5.

B. Workspace Comparison

To investigate the kinematic performance of the two differ-
ent configurations of Robossis mechanisms, we study their
rotational workspace in comparison with the well-known
Gough-Stewart mechanism. For this analysis, the three mech-
anisms are assumed to be constructed with an architecture
shown in Fig. 5. During simulation, the endpoint effector of
each mechanism is assumed as a point (P), and is fixed at
the center of the workspace, where all linear actuators are at
their center range. Then, we simulate the orientation of point
P by steps of 5° to obtain a theoretical representation of the
rotational workspace for all three mechanisms.

Euler angles o1, @2, and «3 are used based on the X—Y—Z
convention. At each step, the extension of the mechanism actu-
ators is measured and verified to be within a possible range
for the actuators, in order to include the corresponding set
of {1, 2, o3} in the rotational workspace. As illustrated in
Fig. 6, the proposed symmetric 3-armed parallel mechanism
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Fig. 6. Rotational workspaces of the symmetric and non-symmetric design

of a 6-DOF 3-armed parallel mechanism compared to the well-known Gough-
Stewart mechanism. At zero yaw («3) angle, the symmetric 3-armed design
can reach pitch («2) rotations of up to +/—90° combined with roll («¢1) rota-
tions of up to 90°, while these values are, respectively, +/—30° and 30°
for the Gough-Stewart platform. Based on different types of long-bone frac-
ture, the robot needs high rotational capabilities that are significantly met in
the proposed symmetric parallel mechanism. The rotational workspaces of
the three mechanisms, from top to bottom, are 2.71, 1.32, and 0.18 (rad3),
respectively. The proposed symmetric 3-armed mechanisms has a significantly
larger workspace compared to the two others.

has a 15 times larger rotational workspace compared to that of
the Gough—Stewart mechanism. To handle different types of
femur fracture, the robot needs such high rotational capabilities
to provide a vital advantage in fracture alignment. We can see
also non-symmetric mechanism has more than 7 times larger
rotational workspace compared to Gough-Stewart platform.

IV. SURGICAL ROBOT SUBSYSTEMS
A. Control Panel

We develop a control panel interface to manipulate the
robot moving platform with smooth and low-speed motions in
6 DOF (3 translations and 3 rotations). The surgeon can use

Authorized licensed use limited to: Rowan University Libraries. Downloaded on April 17,2023 at 19:17:26 UTC from IEEE Xplore. Restrictions apply.



SAEEDI-HOSSEINY et al.: SURGICAL ROBOTIC SYSTEM FOR LONG-BONE FRACTURE ALIGNMENT 177

Control Panel
X (mm) Y (mm) Z (mm)
0 - . 0 + = 300 +
Alpha (d=g) Beta (dez) Gamma (dez)
0 ik - 0 + - 0 +
Dslta Trn (mm) Time interval () Step ratio
10 1 1
Delta Rot (d=z) Sample time (s)
1 S Siop 0.001
Fig. 7. Concept for the control panel graphical user interface (GUI). The

user is able to manipulate the robot in all 6 DOF while imposing the desired
time interval.

the control panel to direct the robot’s moving platform, bring
the robot to the home position, and enact an emergency stop.

The control panel also includes step ratio, degree interval
and time interval that can be adjusted to increase precision
according to the user’s needs. This panel provides the user with
a precise and smooth way to manipulate the fracture (Fig. 7).

A new graphical user interface (GUI) is developed to allow
the positions and rotations to be controlled, show real-time
data from optical trackers, and compare the error between the
data derived from the kinematics model of the robot (desired
position) to that of the optical trackers (actual position). Each
axis has an original, change, and final position/rotation. The
change and final values can be manipulated by typing in new
numbers. The GUI allows multiple changes to be entered but
not implemented until a “Start” button is touched.

B. Master Controller

We control the movements of the presented robot prototype
using the Falcon 3D Haptic Controller (Fig. 8). The workspace
has a cone shape with five sections. The Falcon provides hap-
tic feedback based on a boundary setup within MATLAB,
while sending its current position to MATLAB for process-
ing. When these coordinates are on the boundary, the device
provides force feedback and moves the user’s hand back inside
the boundary region. This way, the surgeon will stay inside the
workspace.

To deliver the required force feedback and DOF, we develop
different codes to connect the Falcon to the robotic system;
(1) a gravity code, which enables the Falcon to maintain posi-
tion while force is not applied, (2) a cylinder code that forms
artificial borders to the workspace, and (3) a viscosity code
that applies a small opposing force. This viscosity force pre-
vents sudden movements from affecting the overall position,
which results in higher accuracy.

To show the importance of the viscosity function, we per-
formed tests on the gravity and viscosity code. A weight of
106 g was tied to the end of the Falcon’s handle and was then
pulled to the max height of the workspace. This results in a
force of 1.04 N to emulate a user’s hand operating the device.
The time it took the Falcon’s handle to fall to the bottom
of the workspace was then recorded using the gravity code
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Fig. 8. Multiple views of the workspace. The purple and red dots denote
the initial and real-time positions of the robot’s end-effector, respectively. The
blue cylinder shows the boundaries of the robot’s dexterous workspace. The
bottom left image clearly illustrates how the Falcon force-feedback controller
restricts the movements of the end-effector inside the workspace.

first and then the viscosity code. On average for the gravity
code, it took 0.31 s for the weight to fall to the bottom of the
workspace, and on average for the viscosity code, it took 4.2 s.
This shows the oversensitivity of the gravity code, which can
cause issues during surgery if the user were to accidentally
hit the handle or apply too much force. For this reason, the
viscosity code is a useful and necessary addition to the master
controller code. This test was then replicated multiple times
with different weights to collect more data on the viscosity
and gravity performance difference.

To address speed, we develop a computer algorithm that
is compatible with slow movements for long-bone reduction
surgery. We use a speed threshold of 2 mm/s and eliminate
faster movements.

C. Bone Gripping System

We design a passive mechanism to easily attach/detach the
bone-gripping system to the moving and fixed platform using
knob grip screws. This allows the surgeon to attach the grip-
ping mechanism to the robot, intra-operatively, after attaching
it to the fragments. The design requirements include the abil-
ity to grip main bone fragments and withstand traction forces
of more than 500 N without damaging or breaking the bone
fragment after force insertion. The robot requires a precise
mechanism for adhering to the fractured bone fragments that
will be attached to the rings.

An important consideration is to keep the femoral canal
open so that the surgeon can pass the IM nail through it in the
fixation step while the robot holds the bone fragments in place.
Providing a stable attachment is also critical to prevent damage
to the bone, soft tissue, muscles, and nerves. The unicortical
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Fig. 9. Experimental testing of the workspace presented as deviation points,
the difference between the desired and measured location read by the Optitrack
systems. Colors: green = deviation < 0.5 mm, yelow = 0.5 mm < deviation
< 1.5 mm, and red = deviation > 1.5 mm.

half-pin option (with flat, not blunted, tips) as a direct attach-
ment is a promising option. Half-pins are either self-drilling
or pre-drilling.

Seitz, Jr. et al. studied the pin purchase between the two
groups and found that self-drilled pins at a depth of 10 mm
and pre-drilled pins at a depth of 4 mm had a comparable pur-
chase that is sufficient for external fixation [59]. Croker et al.
report that the average cortical thickness of the femoral mid-
shaft is approximately 50% [60]. If a cortical thickness of 50%
is assumed on ~30 mm diameter cadaver bones, this equates to
~7.5 mm of purchase depth for the half-pins, which is almost
double the required purchase depth for pre-drilled pins, while
falling short of the purchase depth for self-drilling pins.

So, we use self-tapping half-pin rods as the gripping system
for the presented surgical robot. These rods are attached to
the fixed and moving platforms via angled pin connectors
(Fig. 3A).

V. PRE-CLINICAL TESTING AND RESULTS
A. Workspace Testing

We performed workspace testing to determine the accuracy
of the Robossis end effector in reaching different locations in
the dexterous workspace. During the experiment, the desired
dexterous workspace locations were generated in a circu-
lar pattern every 5° and increased in height and radius by
10 mm and 3 mm. The generated data points were fed into
the inverse kinematics model, and the location of the end-
point effector was tracked using stereoscopic vision system
(Optitrack Flex 13, tolerance = 0.5 mm, Frame Rate: 30-
120 FPS NaturalPoint, Inc. DPA OptiTrack). Markers were
placed in a specific location and orientation on the fixed and
moving rings of the robot, using two Optitrack cameras placed
above the robot to capture the movements. Results of the
workspace testing shown in Fig. 9 illustrate the high accuracy
of the robot in reaching the desired locations of the workspace,
with an average error of 0.324 mm. Furthermore, boxplots
shown in Fig. 10 illustrate the deviation in the workspace
testing in the X-, Y-, and Z-directions. The presented sym-
metric mechanism is able to reach all of the generated points
with maximum deviations of 2.3 mm (X-direction), 3.0 mm
(Y-direction), and 1.4 mm (Z-direction) (Fig. 10).
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Fig. 10. Box plots illustrate the deviation of the robot in the workspace
testing. Maximum deviations of 2.3 mm (X-direction), 3.0 mm (Y-direction),
and 1.4 mm (Z-direction) were observed.

B. Benchtop Femur Fracture Alignment

To test the performance of the proposed robot, we performed
an experiment using a broken plastic model of the femur to
align the broken parts of the bone by Robossis. Four half-
pin surgical rods were drilled into the midshaft of the broken
femur, two in the proximal part and two in the distal seg-
ment. The surgical rods were then connected to the fixed and
moving platforms using angled pin connectors. We cut the
bone with a saw to create a transverse fracture. Next, the dis-
tal femur fragment was displaced from the proximal fragment
to resemble a practical fracture. Then, we aligned the femur
fragments by controlling the robot movements in 6 DOF using
our touch screen control panel. Figure 11 presents the steps
taken to align the femur fracture. In the first step (A to B),
moving ring rotated the bone —5° in the «-direction. Next
step (B to C) was +5° rotation in the a-direction. Afterward
(C to D), we rotated the bone —10° in the y-direction. Then
(D to E), —20 mm displacement in the Y-direction happened
and from E to F, we had —20 mm displacement in the X-
direction. Finally (F to G), the robot shifted the distal bone
—20 mm in the Z-direction. This experiment demonstrates that
Robossis can successfully manipulate the bone fragments in
6 DOF in space, in a smooth and controlled way.

C. Cadaveric Testing

Guided by X-ray images taken by a C-Arm, a femur shaft
fracture reduction surgery was conducted on an 85-year-old
male cadaver using the Robossis mechanism (Fig. 12). Results
of testing showed that Robossis is able to manipulate bone
in all translational (X-Y-Z) and rotational (a-8-y) directions
while encountering the muscle payload surrounding the femur.
During the reduction, the distal bone fragment was manipu-
lated in all directions to test the functionality of Robossis and
then realigned with the proximal fragment (Fig. 13). Robossis
was able to insert the needed traction forces to extend the
fractured bone segments as well as significantly rotate the dis-
tal bone fragments. Thus, the large rotational workspace was
validated as well as the ability to manipulate long bones in a
precise and controlled manner in the space. It should be noted
that no noticeable deflection of the robotic arms was observed.
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Fig. 11.

Demonstration of bone reduction in 6 DOFs: (A to B) Rotation of —5° in the «-direction. (B to C) Rotation of +5° in the S-direction. (C to D)

Rotation of —10° in the y-direction. (D to E) Displacement of —20 mm in the y-direction. (E to F) Displacement of —20 mm in the x-direction. (F to G)

Displacement of —20 mm in the z-direction.

Fig. 12. Robossis setup and cadaver testing. (1) Robossis attached to (2) its
height-adjustable stand. The surgeon workstation consists of (3) a compact
dual-tier cart, (4) control hardware, (5) 7-DOF force-feedback master con-
troller (Sigma.7), (6) touchscreen control panel, and (7) two monitors. (8)
A leg holder stabilizes the foot. (9) A C-Arm takes X-ray images intra-
operatively. The robot fits inside (10) a normal surgical bed. (11) Cadaver, an
85-year-old man, in the lateral position.

The surgeon was able to access the fracture site, maneuver
around the operating room, and use C-Arm regularly without
interference.

Robossis is compatible with the C-Arm since a standard
C-Arm has an opening of 0.8 m, which allows for rotation
around the patient’s limb while robot is attached to the limb.
During the test, the C-Arm was able to obtain images at angles
of 0° (full lateral) and 60° without the intervention of the robot
arms (Fig. 13). We took 54 intraoperative X-ray images of
the fractured bone using a c-arm, although improved planning
should be able to reduce this number and increase the available
angles for viewing.

A preliminary bone gripping test was also performed on
a cadaver. Using self-drilling self-tapping external fixation
pins, the surgeon could successfully attach the cadaver’s femur
fragments to the Robossis platforms. The surgeon drilled
two half-pin rods in the cadaver’s femur, one in the proxi-
mal segment and one in the distal bone fragment. The rods
were efficient in bearing the loads of the bone manipulation
by the robot throughout the test. Although the cadaver was
an 85-year-old male, we could successfully attach the half-
pin rods without any extra fracture. In addition, the bone
could withstand the forces exerted by the robot during the
test run. The bone-gripping mechanism of Robossis provides
localized manipulation of the distal bone fragment while main-
taining other proximal bone fragments stable. The gripping

system was shown to be effective in controlling the rota-
tion, elongation/distraction, and alignment capabilities of the
fracture through robotic assistance (confirmed under direct
visualization and fluoroscopy).

The robot stand is compatible with a typical surgical bed, as
it has a width of 0.5 m and an adjustable height from 0.57 m
to 1 m. The Robossis stand can slide onto the standard surgical
bed with a clearance of 0.05 m on both sides.

VI. DISCUSSION

To complete the reduction of a long-bone fracture, the
proximal and distal bone fragments must be manipulated and
returned to their correct anatomical position while the surgeon
is exerting large forces (~500 N) to overcome the surrounding
muscular traction forces. For this application, we have been
able to successfully present the design, development, theoret-
ical analysis, and experimental testing of a 6-DOF 3-armed
parallel robot. The feasibility of the system was theoretically
and experimentally evaluated through the workspace simula-
tion, experimental testing of the workspace, benchtop femur
fracture alignment, and cadaveric testing.

Mechanism design is a key issue in any robotic applica-
tion. Our new 6-DOF 3-armed robot satisfies clinical and
mechanical design requirements. To manipulate the bone frag-
ments, the robot needs to be highly maneuverable. In contrast,
a limited workspace restricts the possibility of placing the
patient at the surgeon’s discretion, which leads to greater risks
of injury to the patient and reduced efficiency of the sur-
geon’s performance. The theoretical simulation showed that
the Robossis symmetric and non-symmetric mechanisms have
a significant advantage over the Gough-Stewart platform, with
15x and 7x larger rotational workspace, respectively. Further,
testing demonstrates that Robossis can reach the most extreme
points in the workspace while maintaining minimal deviation
from those points.

The benchtop femur fracture alignment test was a prac-
tical demonstration and synthesis of the proposed robot’s
straight-line accuracy and configuration accuracy. By sim-
ply distracting and then realigning the femur fractures, the
robot qualitatively shows efficient and precise reduction.
Furthermore, the results of the cadaver experiment illustrate
the capability of Robossis to reduce femur fractures under
immense muscle forces. Guided by X-ray images taken by
C-Arm intraoperatively, Robossis was able to successfully
manipulate the bones in all translational (X-Y-Z) and rotational
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Fig. 13. Demonstration of the robot capabilities for fracture reduction in a cadaveric experiment at Virtua hospital. The robot was attached to the fractured (1)
proximal and (2) distal femur fragments. As our gripping mechanism, one biocritical pin was drilled into each fragment to attach the bone to the rings of
the robot. We used (3) a marker to identify the bone movements in the X-ray images. We were able to take X-rays using the C-Arm at 0° and 60°, while
the robot was attached to the cadaver, without interference of the robot arms. (4) A part of the robot arm is seen in lower left corner of the images when the
C-Arm is in full lateral 0°. A total of 59 steps were executed by the robot to test different maneuvers. Some are as follows: (A to B) +15° in the y-direction
and —30 mm in the z. This step demonstrates the force insertion capability to extend and rotate the fragments in the presence of muscle traction forces.
(B to C) —15° in the y-direction and —10 mm in the z-direction. (C to D) —10 mm in the y-direction and —10 mm in the z-direction. The X-ray image
of the C-Arm at 0° shows the fragment ends are aligned and adjacent. (E) The robot remained at the previous position, while the C-Arm rotated to 60° to
check the alignment. (E to F) —15 mm in the y-direction. The X-ray image shows reduction from 60° angle. (G) The robot remained at the previous position

while the C-Arm rotated to 0° to check the alignment. The X-rays from both angles validate reduction in 3D space.
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Tllustration of the proposed Robossis-assisted surgical flow. Current work focuses on development of the robot, its bone-gripping system, and a

force-feedback master controller for the surgeon. In future work, a path-planning algorithm, which utilizes key femur landmarks, will be developed to aid the

surgeon in image-guided reduction of the fractured bone.

(a-B-y) directions to place the bone to its correct anatomical
alignment.

C-Arm could take images at angles of 0° (full lateral) and
60°, while the robot was attached to the limb, to determine
the relative position of the bone fragments. These images
were captured without any interference of Robossis arms.
During surgery, X-ray images are very critical in monitoring
the fracture and success in the reduction.

A limitation of this early test is an undesired movement
of the Robossis moving platform due to the weight of the
patient’s leg, although only during movements along the
upward vertical direction. This indicates the need for a stronger
gearbox and perhaps a harness to support and stabilize the
distal portion of the leg.

The presented robot-assisted surgical flow integrates four
critical subsystems including the master controller, the
3-armed robot, the bone-gripping mechanism, and the imaging
software (Fig. 14).

This research lays the groundwork for future work to auto-
mate long-bone reduction with an innovative image-guided
surgical system. Imaging software will be utilized to develop

a path-planning algorithm to assist the surgeon in finding the
optimal path to anatomically reduce the long-bone fracture
with sub-millimeter accuracy. Two X-ray images will be used
to identify the broken bone’s main landmarks and subsequently
determine the relative position of the main parts of the bone in
space. In addition, unbroken bone CT information will be used
to find the final anatomical location of the fractured bone. As
a result, the robot will autonomously follow the optimal path
to align the long-bone fragments with sub-millimeter accuracy
under the surgeon’s supervision. The robot will hold the frag-
ments in the correct final position until the surgeon fixes the
fracture.

In our further work, the commercial Sigma.7 (Force
Dimension) haptic controller will be integrated to Robossis
based on its parallel structure and high fidelity. Sigma.7 pro-
vides 6-DOF force feedback plus 1 DOF for gripping, along
with high force insertion, high precision, and large workspace.
The master controller will be a critical component of the
surgeon’s console to control the robot during the surgical pro-
cedure while providing the muscle force feedback. Surgeons
will utilize the master controller to manipulate Robossis in
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all 6 DOF and subsequently realign the bone fragments. To
further investigate the force insertion capabilities of the robot,
extensive laboratory and cadaver experiments with different
fracture types and locations will be performed. Additionally,
the bone gripping mechanism will be optimized and quan-
titatively tested using 3 or 4 (bicortical and/or unicortical)
half-pins on cadavers to study their alignment accuracy. Cuffs
or braces could be considered with elderly patients, pediatric
patients, or those with osteoporosis.

VII. CONCLUSION

The analytical and experimental tests conducted in this
study confirm the ability of Robossis surgical system to assist
long-bone fracture reduction surgeries, using its unique mech-
anism features. Robossis has significant advantages over the
alternative parallel mechanisms presented in the literature,
including fewer number of arms, which significantly increases
the workspace, reduces the weight and inertial effects, and
provides a wider accessible surgical field for the surgeon. The
designed control panel enables the surgeon to manipulate the
bone fragments in a smooth and precise manner, while the
Robossis gripping system grabs the bone segments tightly with
no extra damage to the bone. Therefore, Robossis as a superior
orthopedic surgical system can assist surgeons in long-bone
fracture reduction surgeries.
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