ASME

SETTING THE STANDARD

ASME Journal of Mechanisms and Robotics
Online journal at:

hitps:/fasmedigitalcollection.asme.org/mechanismsrobotics

Michael Clancy

Surgical Robotics Laboratory,
Department of Biomedical Engineering,
Rowan University,

201 Mullica Hill Road,

Glasshoro, NJ 08028

e-mail: clancymi@rowan.edu

Fayez Alruwaili

Surgical Robotics Laboratory,
Department of Biomedical Engineering,
Rowan University,

201 Mullica Hill Road,

Glassboro, NJ 08028

e-mail: alruwal6@rowan.edu

Marzieh S. Saeedi-Hosseiny

Surgical Robotics Laboratory,
Department of Biomedical Engineering,
Rowan University,

201 Mullica Hill Road,

Glassboro, NJ 08028

e-mail: saeedi64@rowan.edu

Sean McMillan

School of Osteopathic Medicine,
Rowan University,

113 E Laurel Road,

Stratford, NJ 08084

e-mail: smemillan@virtua.org

lulian 1. lordachita

Mem. ASME

Laboratory for Computational Sensing and
Robotics,

Johns Hopkins University,

3400 N Charles Street,

Baltimore, MD 21218

e-mail: iordachita@jhu.edu

Mohammad H.
Abedin-Nasab’

Surgical Robotics Laboratory,
Department of Biomedical Engineering,
Rowan University,

201 Mullica Hill Road,

Glasshoro, NJ 08028

e-mail: abedin@rowan.edu

Analysis and Optimization

of a 6-DoF 3-RRPS Parallel
Mechanism for Robot-Assisted
Long-Bone Fracture Surgery

Robot-assisted femur repair has been of increased interest in recent literature due to the
success of robot-assisted surgeries and current reoperation rates for femur fracture surger-
ies. The current limitation of robot-assisted femur fracture surgery is the lack of large force
generation and sufficient workspace size in traditional mechanisms. To address these chal-
lenges, our group has created a 3-RRPS parallel mechanism, Robossis, which maintains the
strength of parallel mechanisms while improving the translational and rotational work-
space volume. In this paper, an optimal design methodology of parallel mechanisms for
application to robot-assisted femur fracture surgery using a single-objective genetic algo-
rithm is proposed. The genetic algorithm will use a single-objective function to evaluate the
various configurations based on the clinical and mechanical design criteria for femur frac-
ture surgery as well as the global conditioning index. The objective function is composed of
the desired translational and rotational workspaces based on the design criteria, dynamic
load-carrying capacity, and the homogeneous Jacobian global conditioning index. Lastly,
experimental results of Robossis were obtained to validate the kinematic solution and the
mechanism itself; Robossis had an average error of 0.31 mm during experimental force
testing. [DOI: 10.1115/1.4063167]

Keywords: parallel mechanism, optimization, genetic algorithm, mechanism design, femur
fractures, robot-assisted surgery, medical robotics

1 Introduction

The need for improved clinical outcomes, both intraoperative and
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patient outcomes [2,3]. These affirmative clinical outcomes coupled
with the rise in fractures since the turn of the century have motivated
research on robot-assisted fracture reduction and alignment surger-
ies. Femur fracture surgeries have been of particular interest, pri-
marily due to undesirable clinical outcomes. The 1-year mortality
rate for persons >50 is 25%, 21%, and 20% for proximal, shaft,
and distal femur fractures, respectively. For males >50, the proxi-
mal femur fracture mortality rate is 32% [4]. A significant factor
in this is the postoperative malalignment rate and the need for reop-
eration. The torsional malalignment rate for all femoral fractures has
been reported up to 27.5%, where malalignment is defined as
>5 deg of angulation in any coordinate plane [5]. These high rates
of malalignment and 1-year mortality suggest that it is necessary
to improve surgical procedure efficacy and patient outcomes for
femur fractures.

During the surgical procedure for femur fracture repair, the
reduction of fragments poses significant challenges. The difficulties
associated with the reduction and alignment of these fractures are
due to the complex anatomy of the femur and the significant
passive muscle forces of the thigh (maximal recorded forces:
504.7 N and 38.3 Nm) [6].

Robot-assisted orthopedic trauma surgery is a developing field of
research. This field aims to provide surgeons with techniques that
allow for high precision and high force generation in the operating
room. Despite the growing field, traditional and current mechanisms
have not been shown to be capable of opposing the large forces
observed during long-bone fracture reduction while maintaining a
sufficiently large translational and rotational workspace. Table 1
illustrates the various parallel mechanisms that have been used
for robot-assisted femur fracture surgery, their maximal load, and
range of motion.

To address these load and workspace challenges, our group
previously presented Robossis, a novel design of a 3-RRPS
6-degree-of-freedom (DoF) parallel mechanism, and has completed
a comprehensive theoretical analysis, including the derivation of the
inverse and forward kinematics, Jacobian via the theory of screws,
and inverse dynamics. In addition, our group conducted an investi-
gation into the kinematic and dynamic performance, focusing on
singularity, force transmission, Jacobian, and performance index
analysis [18-21] as well as preliminary benchtop and cadaver
testing [22-25].

For the application of femur fractures, the size of the translational
and rotational workspaces is an important indicator of the perfor-
mance of a parallel mechanism. Based on the literature available,
we used the reported femur fracture malalignment ranges to

Table 1 Parallel mechanisms used for femur fracture reduction
Year Type Max. load (N) Range of motion
2004 [7] P, GSP NR NR
2013 [8] P, GSP NR NR
2012 [9] S-P-H 600 N x+75 mm, +30 deg
y=+ 100 mm, +15 deg
z+75 mm, +30 deg
2008 [10] P 260 N x+100 mm, +10 deg
y+200 mm, +35 deg
z+ 100 mm, +10 deg
2013 [11] P, GSP NR NR
2014 [12] P, GSP 2460 N NR
2017 [13] P, GSP 1243 N x+220 mm, +43 deg
7 20-250 mm, +35 deg
y+95 mm, +130 deg
2016 [14] S-P-H 147N NR
2020 [15] P, 3RRPS NR x+ 120 mm, [—15 deg, 18 deg]
y [—138 mm, 106 mm], +183 deg
z [235 mm, 375 mm], +180 deg
2020 [16] P, GSP 500 N NR
2022 [17] P, GSP 561 N NR

Note: P: parallel; S: serial; H: hybrid; GSP: Gough—Stewart platform; NR:
not reported.
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quantify certain translational and rotational ranges a mechanism
must satisfy to be considered a viable solution for robot-assisted
femur fracture surgery. We compared the workspace viability of
Robossis alongside the traditional Gough—Stewart platform (GSP).

In this paper, we propose an optimal design methodology of par-
allel mechanisms for application to robot-assisted femur fracture
surgery using a single-objective genetic algorithm. The genetic algo-
rithm will use an objective function to evaluate the various configu-
rations based on the clinical and mechanical design criteria as well as
the homogenous Jacobian global conditioning index (GCI). Addi-
tionally, we demonstrate the performance of Robossis through
force and position testing to validate the inverse kinematic solution.

2 Clinical and Mechanical Requirements

One of the significant and impactful complications in femur
repair is the malrotation of the femur fragments. Regardless of the
location of the fracture, proximal, shaft, or distal, there is no less
than a 24% reported malrotation rate [5,26,27]. These malrotations
have been shown to alter a person’s gait and quality of life [28].

In part, the reason a surgical robot has not yet seen widespread
clinical use is due to the clinical and mechanical design require-
ments necessary for use in the operating room. A surgical robot
designed for long-bone femur fracture surgeries is required to
meet or exceed the required accuracy, rotational and translational
movements, and maximal forces observed during the procedure.
The required accuracy is derived from the Thoresen metric [29].
The highest score on the Thoresen metric, “Excellent,” is defined
as alignment within +1 cm and +5 deg. A goal of this work is to
show that Robossis can perform at least 50% better than the Thor-
esen “Excellent” metric of +0.5 cm and +2.5 deg.

To understand the maximal forces present during femur fracture
repair, Zhu et al. measured the intraoperative passive muscle forces
along the anatomical axes. The maximal anterior—posterior (AP),
medial-lateral (ML), and femoral-shaft (FS) forces were 472.4,
203.0, and 504.7 N, respectively [6]. Zhu et al. reported maximal
torques for the anterior—posterior and medial-lateral axes of
16.4 Nm and 38.3 Nm, respectively. Estimated forces from pressure
readings were not included in Table 2.

In addition to the mechanical requirements of force and torque,
there are clinical criteria that focus on the usability of the design.
It is desired to have a surgical robot that can be used with all
patient body types. McDowell et al. [30] reported the average
male center thigh circumference as 53.8 cm +9.13 cm. Robossis,
with a ring circumference greater than 81.1 cm (radius greater
than 12.9 cm, Table 2), can be used with 99.7%, 3 standard devia-
tions, of all patient body types.

Furthermore, the femur fracture malalignment range was deter-
mined to provide a preliminary approximation of the translations
and rotations necessary for femur fractures. The required rotations
were derived from the maximal reported malrotations for the AP,
ML, and FS axes [27,31]. The required translations along the FS
were derived from the maximal reported leg length discrepancy
reported by Citak et al. [32]. Lowe et al. studied cadaveric femur frac-
tures and found a medial and anterior translation of 17.1 mm+
10.4 mm and 6.0 mm + 4.3 mm, respectively, when reducing the frac-
tures [33]. Using three standard deviations gives a maximal medial and
anterior translation of 48.3 mm and 18.9 mm, respectively. These
values are the femur fracture malalignment range listed in Table 2.

3 Robossis Architecture

The 6-DoF 3-RRPS parallel mechanism, Robossis, is shown in
Fig. 1. The design is a three-arm parallel mechanism, with each
arm affixed to both a moving and stationary ring using spherical
and universal joints, respectively. The proposed application of
Robossis is shown in Fig. 2. Robossis will be placed over the
lower leg to allow clinicians access to the fracture surgical area. Sur-
gical Schanz screws will be used to attach Robossis to the distal
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Table 2 Clinical and mechanical requirements
long-bone femur fracture robot

and femur fracture malalignment range for a

Parameter

Mechanical requirement

Accuracy [29]

+lcm, +5 deg

Anterior—posterior axis

Medial-lateral axis Femoral-shaft axis

Load [6]
Torque [6,34]

4724 N
16.4 Nm

203.0 N
38.3 Nm

504.7N
39 Nm

Clinical requirement

Ring size

>12.9 cm [30]

Femur fracture malalignment range

Anterior—posterior axis

Medial-lateral axis Femoral-shaft axis

Translations [32,33]
Rotations [27,31]

+1.89cm
+10.3 deg

+54cm
+42.0 deg

+4.83cm
+8.1 deg

Fig. 1 Constructed mechanism in (a) the neutral position and
(b) the maximal rotation position (~45 deg): (1) the moving ring,
(2) the fixed ring, (3) linear slide actuator, (4) the universal joint
connects the gearbox to the lower arm, (5) spherical joint,
(6) gearbox, and (7) stepper motor

fracture (Fig. 2(2)). The robot will be attached after traction is
pulled to eliminate large variances in the femoral—shaft axis (z-axis).

Robossis is actuated by two types of Autonics stepper motors.
Affixed to the stationary ring are three Autonics-A8K (Busan, South
Korea) stepper motors with a nominal holding torque of 0.814 Nm.
The A8K motors are coupled with a 60:1 gearbox to increase the
output to 48.6 Nm. Each arm consists of a HIWIN-KK40 (Hiwin, Tai-
chung, Taiwan) linear actuator with a 1 mm pitch. The linear actuator is

Fig. 2 Proposed use case of Robossis for robot-assisted long-
bone fracture surgery: (1) shaft femur fracture, (2) Schanz
screws attach the distal femur fragment to the moving ring,
(3) moving ring (h), and (4) fixed ring (g)
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powered by an Autonics-A3K (Busan, South Korea) stepper motor,
nominal holding torque=0.235 Nm. Assuming a torque-to-
force efficiency of 0.9, the maximal linear force generated is 1527 N
for each arm, for a total theoretical load insertion of 4581 N.

4 Inverse Kinematics

Based on the 6-DoF position of the end effector, P(x, y, z, @, §, 7),
the linear actuator length (d;) and active joint angle (6;) are calcu-
lated. Referring to Fig. 3(a), signifying a; and b; (representing
OA; and PB;) in reference frame {A}, it can be determined that

ri—ai=p+bi—a M
d; can be expressed using the Euclidean norm
di=\/x =P + 0=y + G- z) @)
in which
x; = —h(cosy; ri; +siny; ry1) + gcosy;
yi=—h(cosy; rip +siny; rn) + gsiny; 3)

zi = —h(cosy; riz + siny; r3)

The active and passive joints 6; and w; respectively, are
expressed as

v = sin"! (COS 7i (x — x;) ; siny; (y — }’i)> @
e
iCOSY;

5 Inverse Dynamics

The principle of virtual work is used to determine the relationship
between joint and end-effector forces and torques. The principle of
virtual work is described as

8q"t+5x)F, +» _ox[F;=0 ©6)
1

The 6-dimensional wrench F; is the sum of both inertial and
applied wrenches around link i’s center of mass (CoM). F, is
denoted as the sum of applied and inertial wrenches around the
moving ring’s CoM. The wrench applied on the actuators is
denoted by 7. dx,, ox;, and 6q are denoted as the virtual displace-
ment and rotation about the center of the moving ring, center of
link i, and q, respectively, where q = [0, 6, 65 d, d» 517 is the
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di = 0.284m +0.07m \

| dli = 0.362m +0.07m

Fig. 3 (a) The ith arm kinematic variables are shown. The active and passive rotations are
denoted by 6; and ¢;, respectively. (b) The CAD model for Robossis with arm angles
y1 =—30 deg, y, =90 deg, y; =210 deg. (b, c) The CAD models for Robossis and the 3_3
SPS Gough-Stewart platform. h and g are the moving and fixed rings, respectively. d; is the
linear actuator range. Robossis utilizes a sliding stage linear actuator allowing for a more
compact linear actuator while maintaining the same stroke length: +0.07 m. (c) The arm
angle positions for the Gough-Stewart platform moving, and fixed rings are hy,_g =
82.5 deg, 97.5 deg, 202.5 deg, 217.5 deg, 322.5 deg, and 337.5 degand gy,_g = 37.5 deg,
141.5 deg, 157.5 deg, 262.5 deg, 277.5 deg, and22.5 deg.

joint velocity vector, and 6q and éx,, are related as
oq=Jéx, @)

where J denotes the Jacobian matrix. Designating J; as link i’s
Jacobian

ox; = Jibx, ®)

Solving for 7 provides the necessary motor torque to support a
given position and speed of the mechanism

r=-J7T (Fp + ZJ,.TF,«) )

6 Translational and Rotational Workspace Analysis

To understand the performance of Robossis, a comparison with
the 3_3-SPS-GSP was made [35]. The 3_3 GSP has the best perfor-
mance metrics of all the well-known GSP variations [21]. Robossis
and the GSP were analyzed in terms of their theoretical translational

061006-4 / Vol. 16, JUNE 2024

and rotational workspaces. For both mechanisms, the fixed and
moving rings g and h have a radius of 0.175 m (Figs. 3(b) and
3(c)). The radius is defined as the distance from the center of the
ring to the center of the spherical joint. Both mechanisms have a
linear actuator stroke length of 0.14 m but have different midrange
positions (d; in Figs. 3(b) and 3(c)). The linear actuator ranges, d;,
for Robossis and the GSP are 0.214 m-0.354 m and 0.292
m-0.432 m, respectively. For the unconstrained comparison of
Robossis and the GSP, the only limit on the inverse kinematic solu-
tions of both mechanisms is the prismatic joint linear actuator range.
This approach allows for a comparison of different parallel mecha-
nisms based on their best possible theoretical workspace, not
limited by any rotational joint angles.

6.1 Translational Workspace Comparison. The transla-
tional workspace was determined by assuming an initial 3D space
with a length and width equal to 0.8 m and a height from 0.1
t00.45 m. Each [x, y, z] point in the 3D space was input to the
inverse kinematics solution (Egs. (2)—(5)) to determine if it was
within the linear actuator range, d;. This analysis determines the

Transactions of the ASME



[__JRobossis

Eo3 I Gough-Stewart

»

=

®o2f

N

0.1 : : .
-0.4 -0.2 0 0.2 0.4
x-axis (m)

Fig.4 (a) The unconstrained translational workspace of Robos-
sis and the Gough—Stewart platform are overlaid for visual com-
parison and (b) the translational workspaces at y=0m

translational workspace each mechanism can reach without exceed-
ing the linear actuator range. The results are shown in Fig. 4. Robos-
sis and the GSP have workspace volumes of 4.66E-2m’ and
8.53E-3m’, respectively. Robossis has a larger workspace due to
the nature of the mechanisms. The GSP workspace is the result of
the intersection of six spheres, while Robossis is the result of the
intersection of three spheres.

6.2 Rotational Workspace Comparison. The rotational
workspace was determined by first setting the point P (Fig. 3(a))
of the moving platform to be at the midrange position, [x=0m,
y=0m, z=0284m] and [x=0m, y=0m, z=0.362 m], for

0°
~Jase

] Robossis
I Gough-Stewart

90°

a=0°

Fig. 5 (a) The unconstrained rotational workspace of Robossis
and the Gough-Stewart platform in cylindrical coordinates and
(b) the rotational workspace of Robossis and the Gough-
Stewart platform at y=0 deg

Journal of Mechanisms and Robotics

Robossis and the GSP, respectively. The Euler angles a, f,
and y, based on the XYZ convention, were then incremented by
1 deg varying from [—180 deg, 180 deg]. At each step, the position,
[x, ¥, z, @, B, y] was input to the inverse kinematics solution (Egs.
(2)—(5)) to determine if the position was within the constraints of the
linear actuators. The results are shown in Fig. 5 using cylindrical
coordinates [r, ©, z], where r= a, ®=f, and z=y. Due to the
nature of cylindrical coordinates, only the positive values of a are
shown. Based on Fig. 5, it can be observed that Robossis has a
larger rotational workspace than the GSP and provides an advantage
in applications requiring large rotational capabilities.

7 Mechanism Analysis Based on the Clinical and
Mechanical Requirements

Based on the literature data in Table 2, it is desired to analyze the
ability of the GSP and Robossis to meet the mechanical design
requirements of femur fracture surgeries. Since 2004 (Table 1),
the GSP has been investigated as a possible mechanism for robot-
assistive femur fracture surgery, yet there is not currently a commer-
cially available device for this application. This may be, in part, due
to the GSP lacking the translational and rotational workspace nec-
essary for clinical applications. To address this concern, we
attempt to quantify specific minimum translations and rotations nec-
essary for a device to be used in robot-assisted femur fracture
surgery. From the literature, we were able to assign translation
and rotation requirements based on the femur fracture malalignment
range (Table 2). The maximal reported malalignments in Table 2
were linearly interpolated to create a 3D volumetric malalignment
range.

In contrast with the unconstrained workspace in Sec. 6, both
Robossis and the SPS-GSP are now also constrained by spherical
joints ranging from +25 deg in addition to the stroke length of
the linear actuators. This provides a comparison of how both mech-
anisms would perform if manufactured with commercially available
parts. The workspaces in Secs. 7.1 and 7.2 show all points the pro-
totypes in Figs. 3(b) and 3(c) can reach. The mechanical interfer-
ence limitations on the active and passive revolute joints do not
affect the workspace volume and are not included as constraints.

7.1 Rotational Requirements: Malalignment Range. We
compare the constrained rotational workspaces of Robossis and
the GSP and label the femoral-shaft axis rotational requirement
from Table 2. Figure 6(a) provides the constrained rotational work-
spaces for Robossis and the GSP. Figure 6(b) provides a 2D slice at
p=0deg. Robossis can reach the clinical rotation requirements
around all axes while the GSP cannot.

7.2 Translational Requirements: Malalignment Range.
The comparison of the constrained translational workspaces of
Robossis and the GSP with the malalignment range provides us
with a malalignment range workspace in which we will focus on
analyzing the performance of Robossis and the GSP.

Figure 7(a) provides constrained translational workspaces for
Robossis and the GSP. From Fig. 7, Robossis can reach the clinical
translational requirement around all axes while the GSP cannot.

7.3 Clinical Load Requirements. The experimentally mea-
sured fracture reduction forces from Zhu et al. (Table 2) were
used as a minimum required carrying capacity. We conducted a
static load-carrying capacity (SLCC) simulation to determine the
maximal loads Robossis can support within the malalignment work-
space defined in Sec. 7.2. Based on the SLCC methodology in
Fig. 8, the design of Robossis requires stepper motors with a
nominal torque of at least 1.6 Nm to support the external loads in
Table 2.

JUNE 2024, Vol. 16 / 061006-5



330"

Robossis
I Gough-Stewart
Malalignment Range

5 =-60° e
(b)
¥ =60°

780" oo 10° 20° 30°
Fig. 6 (a) The constrained cylindrical rotational workspaces for
the parallel mechanism, Robossis, and the traditional Gough—
Stewart platform. Both mechanisms are at their midrange posi-
tion, [0 m, 0 m, 0.284 m] and [0 m, 0 m, 0.362 m], for Robossis
and the GSP, respectively. The malalignment range outlined in
Table 3 is shown in blue. (b) A 2D slice of the rotational work-
space at g =0 deg.

(a)

.
Robossis

I Gough-Stewart
Malalignment Range

(b) (©

~0.4
£

&
[N}

femoral shaft axis (
o
w
anterior-posterior axis (m
<}
o
w (=]

-0.1 0 0.1 -0.1 0 0.1
medial-lateral axis (m) medial-lateral axis (m)

Fig. 7 (a) The constrained translational workspaces of Robos-
sis and the Gough-Stewart platform are overlaid for a visual
comparison, (b) a 2D slice of the translational workspace at y =
0 m, and (c) a 2D slice of the translational workspace at the mid-
range position
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Medial-Lateral
——Reachable Workspace
= = Malalignment Range

(a) —— Femoral-Shaft Slice (b) 220N

-------- Anterior-Posterior Slice
—=-=-Medial-Lateral Slice

L . ~ . H " 320N

(C) Femoral-Shaft 1600,\,( ) Anterior-Posterior
230N

4600N 330N

Fig.8 A static load-carrying capacity simulation was conducted
to determine the maximal forces the mechanism can support
throughout the maximal malalignment ranges. The nominal
torque of the motors used was 0.81 Nm with a 60:1 reduction.
(a) The three planes that external loads are applied to. (b) A 2D
slice of the y-z plane from Fig. 3, with load applied along the
medial-lateral axis (x-direction). (c) A 2D slice of the x—y plane
from Fig 3, with load applied along the femoral-shaft axis
(z-direction). (d) A 2D slice of the x-z plane from Fig. 3, with
load applied along the anterior-posterior axis (negative
y-direction).

Table 3 Genetic algorithm parameter range and initial
conditions

Parameter range
Parameter Minimum Maximum
71 (deg) —60 30
72 (deg) 45 90
73 (deg) 150 240
g (m) 0.129 0.200
h (m) 0.129 0.200
Population size of individuals 50
Minimum number of individuals 3
to crossover to next generation
Probability of crossover 0.8
Generation limit 500
Constraint tolerance le-3

8 Optimization Problem Design and Formulation

Real-world optimization problems tend to be difficult due to the
numerous variables as well as insufficient information about the
relationship and trends of modifying variables. The genetic algo-
rithm (GA) is population-based, where each population or genera-
tion has individuals with randomly assigned values for each
parameter [36]. The individuals who are “fittest,” that is, perform
the best based on the fitness test (objective function), have their
parameter values passed onto the next generation [36]. The use of
a genetic algorithm for this application is especially important as
it robustly searches for a global solution. For optimizing the config-
uration of Robossis, these individuals have five parameters outlined
in Table 3 and shown in Fig. 3(b).

8.1 Global Conditioning Index. The GCI was introduced by
Gosselin and Angeles [37]. The GCI can be thought of as a
single number to describe the isotropy of a parallel mechanism,
that is, how uniform and consistent the mechanism will move

Transactions of the ASME



throughout the workspace. Since the formulation of the GCI, it has
been used as a performance indicator and optimization criterion.
The conditioning number (CN) is defined as a measure of the accu-
racy of the end effector Cartesian velocity

CN = |13 x 137"l (10)
where ||-|| is the Frobenius norm of the matrix
I3 =/ traceQWIT), W=wL, w=1/m (11)

where m is the dimension of matrix J. This CN is not bound and can
range from 1 to infinity. To bound the value between 0 and 1, the
inverse is taken and is defined as the conditioning index (CI)
1

" CN

The GCl is the integral of the CI over the translational workspace
divided by the volume of the workspace

CI (12)

_ JyClaw

= (13)
w

where W is the parallel mechanism’s translational workspace and n
is the GCI. As the GCI approaches 1 from 0, the manipulator will
have better performance [38]. The CI used to calculate the GCI
has been called into question as it is based on the inhomogeneous
Jacobian matrix [39]. This criticism stems from the argument that
since the Jacobian has both dimensionless and dimensioned units
and thus is dimensionally nonhomogeneous, there may not be a
physical meaning for the condition number. Tandirci et al. [40] pro-
posed the characteristic length (CL) to create a homogeneous Jaco-
bian. The CL was further studied by Nawratil [41], and it was
determined that the CL should be a predefined design constant

2
L=R -
C *\/;

where R is the radius of the operation sphere as defined by Nawratil.
The CL is then used to create a dimensionally homogeneous

Jacobian matrix
|: o i|
L = I
0 -
CL

where L is a 6 x 6 matrix, / is a 3 x 3 identity matrix, and O isa 3 x3
Zero matrix.

(14)

15)

Jan=JL (16)

8.2 Objective Function Description. An objective function
(OF) is created to evaluate the fitness of each individual in the pop-
ulation. The OF in Eq. (17) evaluates an individual based on the
translational and rotational workspace volumes, the overall force
that can be supported, and the GCI

ng nr

Nin Ri in Fi in

O(x) =max| wi —+wp — 4+ w3 —+w4GCIL ) (17)
( Niot Xl: Riot Z Fiot

where n;, is the number of points of the desired translational work-
space the individual encompasses out of the total number of desired
points N, and a value of n;,/Nioc= 1 indicates the robot configu-
ration can encompass the desired workspace. Similarly, for the rota-
tional workspace, R;;, is the number of points of the desired
rotational workspace the individual encompasses out of the total
number of desired points R,. Due to the nature of parallel mecha-
nisms, the rotational workspace changes in size depending on where
the end effector is in the translational workspace. Addressing this
point, the points inside the desired workspace R; ;,/R;: are evaluated
at three positions (ny is set to 3) in the translational workspace: at

Journal of Mechanisms and Robotics

the (1) midrange position of Robossis and at the (2) maximum
and (3) minimum x-position of the medial-lateral malalignment
range (Table 2). The x-axis was chosen as this is the largest propor-
tion of variance that is observed. After pulling traction, Robossis
would then be attached to assist with the procedure. The action of
pulling traction is anticipated to significantly reduce variance in
the z-direction (femoral-shaft axis), leaving the x-axis (medial—-
lateral axis) as the largest axis of variation.

To ensure the individual can meet the forces observed during
femur fracture surgery, the dynamics model (Eq. (9)) was used
to determine the minimal force the individual can support. It is
desired that the minimal force the individual can support is
equal to or greater than the maximal force observed during
femur fracture repair (Table 2). In Eq. (17), F\y is the maximal
force from Table 2 for each direction. F;;, is the minimal
amount of force the individual can support in each direction.
The individual was evaluated on the ability to support loads
in the x, y, and z directions (ny is set to 3). For each direction,
the SLCC simulation from Fig. 8 was used to determine the
minimum guaranteed load within the femur fracture malalignment
range. The smallest load recorded from the SLCC is Fj;,. Fju/
Fio=1 indicates the individual can support all the maximal
loads reported in Table 2. The motor torque used to determine
the maximal load was 1.6 Nm, the minimum result from the
SLCC analysis. Lastly, the GCI was calculated using the homo-
geneous Jacobian. Weights were used to apply significance to
the different parameters (w; —w,). Figure 9 depicts the genetic
algorithm pipeline used to obtain the optimal parameters for
Robossis.

8.3 Single-Objective Genetic Algorithm. Based on the
results found by Yoon et al. [42], the GCI decreases as the rotational
and translational workspaces increase. This inverse relationship
provides a challenge when trying to optimize a mechanism for
both parameters. To observe the effects of GCI and workspace
size, the weights in the GA were set to only include GCI, and
only include R;;,. For maximizing GCI: (a) w;_4 =10, 0, 0, 1].
For maximizing the rotational workspace: (b) w;_4=[0, 1, 0, 0].
Figure 10 shows the result of the genetic algorithm for maximizing
rotational workspace and GCI. The GCI and rotational volume for
Robossis appear to have an inverse relationship.

Next, it is desired to have a robot configuration that meets the
desired translation and rotation requirements as well as the force
requirements (all ratios: n;/Niot, Riin/Riots Fiin/Fior=1). The
weights were all initially set to 1: wy_4=[1, 1, 1, 1]. After the

Generate
Population
3 1 v
Homogenous Dynamics Inverse Kinematics
Jacobian (eq. 15) (Eq. 8) (Eq.2-4)
Global Conditioning External Load Translation Rotation
Index (Eq.12) Capacity Workspace || Workspace

Objective Function
Eq. 16

Selection & Crossover
End Conditions Met?

Yes

Fig. 9 Overview flowchart depicting the individual steps during
the genetic algorithm optimization

JUNE 2024, Vol. 16 / 061006-7



5(A)
2 o7 (@ weights: [0,00,1] (b) weights: [0,1,0,0]
5 mean fitness 832
t 0.6 ==== best fitness 0'01
R DN R P 0
2 0.5
o 50 100 0 20 40
o Generations Generations
(B) =905
y=0° e

(a). GCI=0.22
I (b). GCI=0.47

a=0°

Fig. 10 Five input design parameters of the parallel mechanism,
Robossis, were optimized using a single-objective genetic algo-
rithm. (A) (a) The objective function with weights: w,_,=[0, 0,0, 1],
and (b) the objective function with weights: w,_,=[0, 1, 0, 0]. (B)
The rotational workspace at [0 m, 0 m, 0.284 m]. The five design
parameters obtained from (A) were used to determine the rota-
tional workspaces and GCI values. From (B) increasing GCI
results in decreasing rotational volume and vice versa. (C) A 2D
slice of the rotational workspace in (B) at y = 0 deg.

genetic algorithm was run, if a ratio did not equal 1, the weight for
that ratio was altered, and the GA was run again. The final weights
for the GA were [w; =1, w,=2.5, w3 =1, wy=0.5]. Figure 11 com-
pares the results of the three GA optimizations.

For parallel mechanisms, it is understood that the size of the rota-
tional workspace decreases as the end effector moves from the mid-
range position. Figure 12 displays the rotational workspace at two
end effector positions, the midrange position and the edge of the
medial-lateral femur fracture malalignment range. The configura-
tions from (a) and (c) can encompass all the requirements:
Nin/Niots Riin/Riots Fiin/Fior=1, as seen in the objective function
parameter outputs in Table 4.

Table 4 includes the results of the GA for the three optimizations
performed: (a) maximize rotations, (b) maximize GCI, and (c)
meet all the OF requirements. In addition to the three GA optimiza-
tions, the current configuration of Robossis is shown for a compar-
ison. Based on the information presented in Table 4, no
configuration is the best in all areas of analysis. The GA result (c)
meets all the objective function criteria and has a GCI of 0.407.
Compared to the current Robossis design, the GA result (c) has a
29% decrease in translational workspace volume, a 38% increase
in rotational volume, and a 7.3% decrease in GCI.

9 Experimental Testing

Experimental testing was conducted to study the accuracy, preci-
sion, and reliability under anatomically relevant loads. Three Opti-
Track Flex-13 (NaturalPoint, Corvallis, OR) motion capture
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Fig. 11 (A) The objective function with weights: (c) w;_,=[0, 0,

0, 1]. (B) The rotational workspace at [0 m, 0 m, 0.284 m]. The
objective function (c) is compared to the two objective functions
(a) and (b) from Fig. 10 (C) A 2D slice of the rotational workspace
in (C) aty =0 deg.
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Fig. 12 The three different individuals generated by the genetic
algorithm (a—c) have their rotational workspace compared at
various end effector positions. (a-b) A 2D slice of the rotational
workspace at the base position: [0 m, 0 m, 0.284 m] at y = 0 deg
and g=0deg, respectively. (c-d) A 2D slice of the rotational
workspace at the edge of the medial-lateral femur fracture mala-
lignment range [0.048 m, 0 m, 0.284 m].

cameras were used alongside the MOTIVE software to track the
6-DoF motion of Robossis during the experimental testing using
IR reflective markers (Fig. 13(a)). The testing was segmented into
two parts: complex movements while under varying external
forces (Fig. 13(b)) and repetitive precision testing under constant
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Table 4 Comparison of results using the single-objective genetic algorithm with the current design of Robossis
GA optimization

GA weights (a) [0,0,0,1] (b) [0,1,0,0] (c) [1,2.5,1,0.5] Current Robossis design

y; (deg) -31.81 -1.07 -32.11 =30

7, (deg) 88.19 47.29 87.88 90

73 (deg) 208.19 165.92 207.89 210

h (m) 0.200 0.131 0.150 0.175

g (m) 0.182 0.131 0.130 0.175

Objective function parameter outputs

Tin 1 1 1 1

Nlol

Rijn 0.96 1 1 0.98

Rlol

Fin 1 1 1 1

Ftot

GCI 0.468 0.217 0.407 0.439

Mechanism performance at midrange position

[0m, 0 m, 0.284 m, Odeg, 0deg, Odeg]

Translational volume (m”) 4.76E-3 6.48E-3 4.63E-3 6.49E-3

Rotational volume (rad’) 1.80E-2 3.57E-2 2.68E-2 1.94E-2

External load limits

F.(N) 518 249 519 517

F, (N) 553 613 552 564

F, (N) 4571 2436 4569 4581

Rotational limits

a(deg) Min. -20.51 -23.18 -24.14 -21.74
Max. 20.47 24.94 23.77 23.34

P (deg) Min. —23.46 —22.60 —23.87 —22.16
Max. 23.35 22.52 23.86 22.17

7 (deg) Min. —40.23 —60.79 —55.87 —44.46
Max. 40.24 60.79 55.86 4445

Note: GA weight labels: the arm angle locations shown in Fig. 3(b): 1, 7, and y3; moving ring: 4; and fixed ring: g.

load (Fig. 13(c)). The error metric used was the Euclidean distance
between the theoretical position of the robot and the actual position
recorded by OptiTrack.

9.1 Repetitive Precision Testing. To evaluate if there is an
accruing error, repetitive testing was conducted. Robossis was com-
manded to move in isolated repetitive motions to gauge the accu-
racy and reliability of the mechanism. An isolated repetitive
motion is defined as a 1D movement along each of the 6-DoFs
(x, y, z, @, B, y). The experimental results are displayed in Fig. 14.
A one-sided 7 test was used to determine if the experimental
results were less than the OptiTrack accuracy threshold of
0.088 mm. All isolated repetitive motion errors were significantly
less than OptiTrack’s accuracy threshold (p <0.05).

9.2 Complex Movements. During the proposed use case,
femur fracture repair, the movements of the robot will not be
simple in nature, and the robot will move simultaneously along mul-
tiple axes. To evaluate the performance of Robossis, the robot was

Fig. 13 Experimental testing configuration: (a) (1) reflective
markers attached to the moving ring to track the position of
Robossis, (b) a variable load is achieved with springs attached
to the moving and fixed rings, and (c) a static load is created
by hanging weights from the moving ring
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Fig. 14 Robossis was commanded to move in isolated repeti-
tive motions. OptiTrack’s moTive recording software was mea-
sured to have an accuracy of 0.088 mm, shown as the dotted
lines. The movements along the x, y, and z, axes and «, 8, and
v rotation axes were 10 mm and 10 deg, respectively. Each move-
ment was performed 20 times. (a) Isolated repetitive movements
with no external load. (b) Isolated repetitive movements with an
external load of 230 N.
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Fig. 15 Robossis was commanded to move in complex motions
while under external load, each trajectory was repeated 10 times.
Robossis maintained accuracy better than the Thorsen metric:
excellent (<1 cm and <5 deg error) and 50% of the Thorsen:
excellent (<0.5cm and <2.5deg error) throughout all move-
ments. (a, c) Robossis was tasked to move along 2D and 3D tra-
jectories while experiencing loads from 223—-429 N and from 101-
197 N, respectively. (b, d) Average trajectory completion error.
Springs were attached to both the moving and fixed rings to
allow for changing forces throughout the movement.

commanded to move along two paths: a 2D path and a 3D path. The
first path was a circle with a varying external load, as seen in
Fig. 15(a). The second path was along a 3D trajectory (Fig. 15(c)).
Both experiments had an average trajectory error of less than
1 mm (Figs. 15(b)-15(d)). Additionally, both experiments were
able to maintain the clinical criteria of at least 50% better than the
Thoresen Metric “Excellent,” as shown by the green markers in
Fig. 15.

10 Discussion

Based on our analysis and work, the need for improved clinical
outcomes in femur fracture surgeries, the limitations with traditional
parallel mechanisms for this application, an optimized solution of
Robossis based on the femur fracture design criteria, and experi-
mental force testing to evaluate the precision of Robossis has
been demonstrated. The GSP is not able to meet the workspace
limits outlined by our preliminary femur fracture malalignment
range; this may be one of the reasons the GSP has not been used
for femur fracture surgeries. Based on the static load-carrying
capacity, Robossis needs motors capable of generating 1.6 Nm of
torque; these motors can be adapted to the design without affecting
the overall workspace. The genetic algorithm was able to find a
solution to meet all the desired criteria of the objective function,
increasing the rotational workspace volume by 38%. This result
was only possible due to a 29% decrease in the translational work-
space and a 7.3% decrease in GCI, as seen in Table 4. Further anal-
ysis and discussion may be necessary to determine if this tradeoff is
overall beneficial.

The limitations of this study are the lack of literature-reported
values on the necessary clinical and mechanical design criteria.
The design criteria are based on the femur fracture malalignment
range, which provides an estimate of the translational and rotational
movements during femur fracture reduction surgery but does not
give the exact movement ranges during surgery. In future work, it
would be pertinent to design a musculoskeletal model to determine
how the femur fragments can be manipulated before causing soft
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tissue damage and to record translational and rotational ranges
during femur fracture repair surgeries. The goal would be to have
an exact fracture reduction range similar to Lei and Wang’s work
on pelvic fractures [43]. This would allow for a more accurate
description of the workspace a robot must have to be used for
femur fracture repair surgery and provide foresight on how much
clinicians can manipulate the femur fragments before risking soft
tissue damage.

11 Conclusion

Femur fracture surgery requires both large forces and rotations to
reduce the fracture. Currently, these forces are generated manually
by surgeons with the assistance of traction tables. We propose a par-
allel mechanism, Robossis, which is shown to be capable of gener-
ating the required forces, as well as meeting the clinical
requirements to improve patient outcomes during femur fracture
surgeries. In this study, we investigated the theoretical workspace
and force generation limits and optimized the design to satisfy the
mechanical and clinical design criteria. Through this analysis and
optimization, it has been concluded that Robossis has the potential
to improve clinical outcomes and reduce the chance of reoperations
as a robot-assistive surgical device.
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