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ABSTRACT The rapid development of today’s society and the rapidly increasing incidence of skeletal
injuries caused by traffic and industrial accidents have led to a significant increase in the number of patients
with fractures accompanied by severe soft tissue injuries, as well as an increased incidence of osteomyelitis
and bone defects. Many of these patients cannot be treated with internal fixators and can only be treated
with external fixators. The Taylor Bone External Fixator is the most advanced bone external fixation brace
in the field of orthopedics, in which the algorithm study of the forward and backward solution of the
computer software that accompanies the Taylor Bone External Fixator is the key. In this paper, we analyze
the positional kinematic model based on the Taylor Spatial Frame and derive the equations for solving the
six positional parameters of the fracture segment in the dynamic platform with this model. A multi-objective
genetic algorithm and Pareto optimization theory are combined to propose a solution to the kinematic
positive solution problem. The algorithm proposed in this paper has a minimum accuracy improvement of
about 0.8 mm compared to the conventional Newton-Raphson in terms of the accuracy of the Taylor frame
mounting parameters solution. Finally, based on the human tibial fracture as the test object, the healing
process of the tibial fracture end was simulated using the prescription data generated by the orthopedic
system, and the experimental results proved the accuracy and feasibility of the software system, and achieved
the expected orthopedic effect.

INDEX TERMS Taylor bone external fixator, multi-objective genetic algorithm, Pearson correlation
coefficient, kinematic positive solution, correction prescription.

I. INTRODUCTION
The term ‘‘bone external fixator’’ was introduced by Euro-
pean orthopedic surgeon Albin Lambotte, who designed a
bone suture device in 1990. Albin Lambotte fixes multiple
steel nails with a spiral pattern outside the fracture segment
and controls the depth of the nails in the segment by constant
adjustment to correct the morphology of the bone segment.
In recent years, there has been an increase in the number
of fractures and orthopedic arthropathies caused by traffic
accidents and workplace injuries [1], and the open reduction
internal fixation technique for limb fractures requires an inci-
sion of the patient’s fracture site, and internal fixation cannot
be performed in cases where the fracture segment is severely
damaged or the bone segment is deformed. In this case, the
Taylor Spatial Frame (TSF) technique of external bone fixa-
tion has shown good healing rates in clinical practice [2] and
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is one of the main modalities used in orthopedics in medical
institutions, with the characteristics of a small incision, stable
correction, simple and easy to operate orthopedic method,
effective prevention of cartilage tissue and nerve strain dam-
age, and few postoperative complications [3].

Most of the current algorithms for solving positive and
negative solutions of the kinematic platform in Taylor bone
external fixator structures use traditional numerical, includ-
ing the Newton-Raphson method, the modified Jacobi matrix
method, and some local optimization algorithms. However,
the kinematic positive solution process has a high number
of iteration steps when solving the deformation parameters
and a high dependence on the initial values [4], which is very
likely to cause the poor accuracy of the feasible solutions.
In the clinical of TSF, even millimeter-level parameter errors
can cause the prescription data of subsequent orthopedic
treatment to be less accurate. It is also based on this problem
that makes it difficult to apply and develop TSF in the actual
orthopedic treatment.
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Due to the many advantages offered by TSF, this similar
framework model has been studied in many literatures. The
study in [5] implements a fast and efficient evolutionary
algorithm for solving the kinematic positive solution problem
of a 6-degree-of-freedom frame consisting of a non-planar,
non-symmetric fixed and moving platform. The authors use
inverse kinematics to formulate this through a system of
position-based equations to maximize the reduction of errors
in platform movement. A new approach to the kinematic pos-
itive solution of the Stewart platform with additional sensors
is proposed in [6], where the magnitude of the position vector
can be measured by an additional sensor. The authors in [7]
propose a neural network-based kinematic solution method
for parallel robots, using a novel network model to optimize
the computational accuracy.

In addition, the process of solving the kinematic pos-
itive solution of the machine platform involves 12 sets
of 6-dimensional nonlinear equations [8], and it is
extremely difficult to obtain the optimal feasible solution
of this multi-objective optimization problem. Furthermore,
by examining recent studies, it can be hypothesized that
previous studies targeting similar TSF frameworks have
not focused on considering fixed-point coordinate models
incorporating the human skeleton and lack visualization to
simulate the process of skeletal correction. In this paper, the
key technologies related to the Taylor Bone External Fixator
Orthotic System are investigated and a set of mathematical
models for the fixed-point coordinates of digital images and
the kinematic solution of the TSF platform structure are
established.

Based on these explanations, the main contributions of this
paper are summarized as follows:

For the first time, themulti-objective genetic algorithmwas
creatively combined into the Taylor Bone external fixation
orthopedic system platform, which solved the current prob-
lems of difficulty in solving the deformity posture parameters
and the accuracy of the solved result parameters.

To facilitate the verification of the accuracy and feasibil-
ity of the multi-objective genetic algorithm in the study of
Taylor bone external fixation correction, a software system of
correction prescription was designed at the later stage of the
experiment, and the kinematic orthogonal solution algorithm
combined with the idea of the multi-objective genetic algo-
rithm was embedded into the software system to verify the
accuracy and feasibility of the study through the visualization
interface operation. This is another innovation of this paper,
which has not been addressed in any previous study.

II. RELATED WORK
In 1994, orthopedic surgeon J. Charles Taylor combined the
Chasles axis theory and the projective geometry based on
the Stewart-Gough platform to link six freely rotatable and
retractable metal support rods between rings with a rigid
structure to form the Taylor Bone Fixation Brace, which
is now used in orthopedic surgeries referred to as the TSF
Bone Fixator. The TSF structure based on the Stewart-Gough

platform fills the gap in the theoretical design of medical
device structures in the field of orthopedics [9] and is charac-
terized by a strong and adjustable fixator and high accuracy of
orthopedic prescription data. By calculating the deformation
pose parameters of the fracture segment and coordinating the
length change of the six retractable rods, the spatial position
of the dynamic and static platform can be adjusted by chang-
ing the scale value of support rods. In clinical practice, this
method allows dynamic and static platforms in the TSF struc-
ture to reach the ideal position for the orthopedic treatment of
the fracture segment.

A. TAYLOR BONE EXTERNAL FIXATOR STRUCTURE
The TSF structure derives from the Stewart-Gough platform
mechanism [10], and the overall frame structure of TSF
consists of two orthopedic platforms (including the dynamic
platform Q and the static platform P) and six retractable
rods marked with graduated values (in millimeters). To apply
to different skeletal orthopedic scenarios, non-regular rings
with different inner diameter specifications are available for
each platform. The schematic structure of the fixator and its
components are shown in Figure 1(a). The 3D simulation
illustration of the structure is shown in Figure 1 (b), blue color
indicates the dynamic platform Q, gray color indicates the
static platform P, and the 6 retractable rods are assigned to
6 different colors.

FIGURE 1. Schematic illustration of the TSF structure.

The dynamic and static platforms and the six retractable
rods are interconnected by Hooke hinges through the plat-
form holes [5], forming six connection points at the top
and the bottom respectively, to form a fixation effect on the
retractable rods. When the static platform is fixed to the
patient’s fracture site, we assume that the static platform
will not produce displacement and angular offset difference
during the kinematic solution of the whole orthopedic system,
which means that the lower static platform of the orthopedic
system will not change its position once installed during the
whole orthotic cycle of the patient. By examining the current
patient’s treatment process in the field, we found that the
static platform does take into account during the orthopedic
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treatment phase to try not to deflect its position and angle,
which is precisely determined by the structural properties of
the Taylor frame. Therefore, the static platform Pwill be used
as the base coordinate system of the algorithm during the
kinematic solution of the dynamic and static platform, the
coordinate systems of other positions will be modeled and
calculated using P-xyz as the reference. The six retractable
rods between the dynamic platform and the static platform
are numbered from 1 to 6 in the clockwise order. They
are rendered in red, orange, yellow, green, cyan, and blue
respectively, and each rod is marked with a scale value rep-
resenting retraction range as well as accuracy, as shown in
Figure 1(b). To ensure the adjustability of the orthopedic
system data, the scale value range of the telescopic rod
is also changed according to different skeleton correction
scenarios.

B. TAYLOR PLATFORM POSE KINEMATIC MODEL
The focus of this paper is to find a suitable computational
approach to solve the parametric problem of the kinematic
positive solution based on the TSF structure. For this cal-
culation, we propose to consider two dimensions: the effi-
ciency (time) of solving the parameters and the accuracy
of the parameter results. Two concepts related to kinematic
solution algorithms are involved, the kinematic inverse solu-
tion algorithm and the kinematic positive solution algorithm.
The kinematic inverse solution algorithm means that the
position and attitude of the dynamic platform are known
and the amount of motion of the drive is calculated. For
this paper, the movement of the actuator is the amount of
expansion and contraction of the six struts compared to
the initial length. The kinematic positive solution algorithm
refers to solving the position and attitude of the dynamic
platform of the TSF mechanism platform with known lengths
of its six struts. The Taylor bone external fixator is com-
posed of two dynamic and static platform structures and six
scalable telescopic rods. Only by adjusting the scale val-
ues corresponding to the six freely movable telescopic rods
respectively can the positional data of the dynamic platform
obtained from the positive solution algorithm be reflected in
the mathematical model. From the definition of kinematic
positive and negative solutions, it is easy to see that the
process of solving kinematic positive and negative solutions
is reciprocal, and since the inverse solution algorithm is
much easier than the positive solution algorithm, later studies
of the positive solution algorithm can use the inverse solu-
tion algorithm to verify the accuracy and feasibility of the
results.

The process of solving kinematic positive solution val-
ues of the Taylor bone external fixator can be viewed as
an optimization problem of solving a multivariate objective
function, which falls within the scope of operations research.
For this solution process, the research strategy of this paper
is to set it as a set of six-element nonlinear equations to
solve optimally, and we can set a set of nonlinear equations
according to the parameters of the initial attitude of the

measured dynamic platform, and the optimal solution found
in its feasible solution domain is a set of unique and optimal
positional parameters for the positive kinematic solution of
the Taylor bone external fixator, an idea we follow from
Pareto optimization theory.

First of all, the coordinate system of the dynamic platform
is set as Q, and its three-dimensional coordinate system is
u, v, w, which is defined as the moving coordinate system
Q − uvw. The corresponding coordinate system of the static
platform is P with three-dimensional coordinate systems x,
y, z, and is defined as the base coordinate system P − xyz.
The point P is the geometric center of the static platform,
Q is the geometric center of the dynamic platform, the six
positions of the dynamic platform connected to the hinge are
set as N1, N2, N3, N4, N5, N6, and the six positions of the
static platform connected to the hinge are set as M1, M2,
M3, M4, M5, M6. The specific simple coordinate structure
of the Taylor bone external fixator is schematically shown
in Figure 2.

FIGURE 2. Coordinate structure diagram of TSF.

The static platform is always stationary compared to the
dynamic platform because of the structural properties of the
Taylor frame, so the static coordinate system P is at relative
rest for the dynamic coordinate system Q [6]. To reduce the
unnecessary parameters generated during the solving process,
the positive direction of the x-axis in the static coordinate
system P is set as the midpoint of M1 and M2, the direction
of the z-axis is set perpendicular to the horizontal plane of the
base, the positive direction of the y-axis can be obtained by
the right-hand rule. In the coordinate system of the moving
stage Q − uvw, the positive direction of each axis is kept
parallel and in the same direction as the static stage. We can
understand that the coordinate systemQ−uvw of the dynamic
platform is obtained by the upward vertical projection of the
static platform coordinate system P− xyz.

In the dynamic platform coordinate system, the angle of
rotation around the x-axis is denoted as α, the angle of
rotation around the y-axis is denoted as β, the angle
of rotation around the z-axis is denoted as γ , and the
three-dimensional spatial angle attitude coordinates of the
dynamic platform in the coordinate system can be obtained
as (α, β, γ ).
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The vertical projection of the movable and static plat-
forms of the immobilizer shows that the graph formed by
the connection points of the six hinges and platforms has
a non-positive hexagonal distribution, we can abstract the
structural schematic shown in Figure 2 into a mathematical
geometric model, as shown in Figure 3. The angle of rotation
in the coordinate system can be calculated from the offset
angle formed by the fracture and the vector displacement of
the line segment [11].

FIGURE 3. Taylor rack geometry model.

During the movement of the Taylor frame, both the con-
necting rod and the dynamic platform will generate complex
movements. But if we consider these objects as rigid bodies,
then we can describe their poses in space in the same way that
we describe the position and pose of a rigid body in space.
We describe it in a Cartesian coordinate system with the top
view of the Taylor frame shown in Figure 4, where ai is the
radius of the dynamic platform and bi is the radius of the static
platform.

FIGURE 4. Top view of Taylor rack.

If the rotation angle of the dynamic platform Q around the
static platformP-x axis in the bone external fixator is recorded
as α, the bone part can be approximated as a line at this
point, and the corresponding matrix can be obtained by the
formula xy

z

 = R

x ′y′
z′

 (1)

The coordinate conversion calculation is performed, and
the coordinate conversion matrix of its rotation angle α can
be expressed as

R (x, α) =

1 0 0
0 cosα − sinα
0 sinα cosα

 (2)

Similarly, when the rotation angles of a point A in the
dynamic platform Q of the bone external fixator around the
static platform P-y axis and P-z axis are β and γ , respectively,
the specific matrix representation of each rotation angle can
be obtained as

R(y, β) =

 cosβ 0 sinβ
0 1 0

− sinβ 0 cosβ

 (3)

R(z, γ ) =

cos γ − sin γ 0
sin γ cos γ 0
0 0 1

 (4)

Equation (2), Equation (3), and Equation (3) are already
known, then the calculation process of projecting the coor-
dinate system Q of the dynamic platform into the coordinate
system P of the static platform can be expressed as

R′ = R(x, α) ∗ R(y, β) ∗ R(z, γ )

=

1 0 0
0 cosα − sinα
0 sinα cosα

 cosβ 0 sinβ
0 1 0

− sinβ 0 cosβ


×

cos γ − sin γ 0
sin γ cos γ 0
0 0 1


=

 cβcγ −sγ cβ sβ
sγ cα + sαsβcγ cαcγ − sαsβsγ −sαcβ
sαsγ − sβcαcγ sβsγ cα + sαcγ cαcβ

 (5)

In Equation (5), we use the letter s represents the function
sin, and the letter c represents the function cos.

For Taylor’s bone external fixator, the coordinates of the
real-time pose of the dynamic platform coordinate system
Q−uvw in the static platform coordinate systemP−xyz can be
expressed as

(
uq,vq,wq

)
, and its matrix form can be expressed

as q= [uq,vq,wq]T . The rotation angle of the dynamic plat-
form Q around the three-dimensional coordinate axis of the
static platform is known as (α, β, γ ). The six real-time pose
parameters of the dynamic platform Q can be expressed as a
set of 6-dimensional vectors [u,v,w,α,β,γ ].
The optimal solution to the dynamic platform pose param-

eters in the two platform structures of the entire Taylor bone
external fixator originates from the typical Stewart kinemat-
ics of the positive solution process [7]. By reading the specific
scale values displayed in the six scale-marked retractable
measuring rods and calculating the rotation matrix, the pose
parameter of the dynamic platform Q corresponding to the
known parameters can be found, and the pose parameter is
unique. The rotation matrix of the dynamic platform coor-
dinate system Q concerning the static platform coordinate
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system P is set as R
′

, and its rotated pose parameters are
denoted by (α, β, γ ).

After the displacement and angular offset happen between
the two platforms, the origin of the coordinate system Q and
the coordinate system P do not coincide in a geometric sense,
and the direction of the positive axes of the two coordinate
systems do not coincide. For each connection point Ni and
Mi on the platform, the specific value of the telescopic rods
can be calculated by the spatial geometric projection and the
translation of the line segment.

Assuming that the cross-section of the fracture position
is considered as the geometric center of the entire section,
denoted as point A, the expression of point A in the static
platform coordinate system P− xyz is

PA = R′QA+ PAQ (6)

Then the length of the extendable rod is represented by the
vector

PA+ ANi = PMi +MiNi, i = 1, 2, . . . , 6 (7)

and

MiNi = R′Qni + a− Pmi, i = 1, 2, . . . , 6 (8)

Therefore, the rod length li of the retractable rod in the bone
external fixator is equal to the norm of the vector MiNi,
which is the square root of the three-dimensional coordinates
of the vector MiNi, according to the definition of a norm
in geometric mathematics, that is,

∥∥MiNi
∥∥. In the dynamic

platform Q, we can obtain the value of the rod length li,

li =
√
(R′Qni + a− Pmi)T (R′Qni + a− Pmi)

i = 1, 2, . . . , 6 (9)

In Equation (9), Qni is denoted as the parameter value at
the hinges and dynamic ring connection point in the dynamic
platform Q, and Pmi is denoted as the parameter value at
the hinges and static ring connection point in the static
platform P.

III. TSF KINEMATICS POSITIVE SOLUTION BASED
ON MULTI-OBJECTIVE GENETIC ALGORITHM
A. ENCODING
Encoding is the primary problem to be solved when applying
a genetic algorithm and is a key step when designing a genetic
algorithm. The coding method affects the operation method
of genetic operators such as crossover operator and variation
operator, and it can be said that coding largely determines
the efficiency of genetic evolution. There are two main types
of coding for genetic algorithms, one is binary coding and
the other is real coding. The study in this paper focuses on
solving the optimal solution of a multidimensional system
of primary equations, using a real number coding approach.
In this paper, we try to align all the branches of the unknown
Taylor skeleton and model them as a gene sequence.

B. GENERATE INITIAL POPULATIONS
In this paper, we assume that the size of the initial population
is N.We can generate N individuals by random number as the
initial gene sequence.

C. GENERATE THE FITNESS FUNCTION
In the kinematic positive solution problem of the Taylor
bone external fixator, the core part of the multi-objective
optimization problem is how to avoid excessive computa-
tion while ensuring the high efficiency of the algorithm cal-
culation results, therefore it needs to calculate the fitness
function value of each individual. By using the calculated
fitness function values to stratify and filter all the population
individuals N, and selecting individuals with better fitness
for the next iterative solution work [12], among the set of
all feasible solutions, the set of the fitness function values
corresponding to the best fitness is called Pareto front [13].
The proposal of the Pareto front shows the adaptability of
each n clear in the set in the current problem environment,
and the workload of screening the optimal feasible solution
is greatly reduced [14].

D. SELECTION OPERATION
After the range of the solution set of the optimal solution is
further reduced, there are two solutions for how to choose
among several feasible solutions without merit and compar-
ison. The first one is to obtain the shared function habitat,
calculating the Euclidean Distance between each individual
in the Pareto front and the other individuals that need to be
filtered, and sort each calculated Euclidean Distance value
in descending order and use it as the progeny for the next
iteration [15]. However, the parameters of the fitness func-
tion change in real-time according to the specific solution
situation. For example, the fitness function obtained in the
formula with different parameters is different, and the num-
ber of parameters of the function changes linearly with the
dimension increase, which has extremely complex parameter
requirements. It is obvious that this solution cannot be used
in the kinematic positive solution problem of the Taylor bone
external fixator. Therefore, in this paper, we choose the sec-
ond solution by adding a scaled fitness selection probability
to the multi-objective genetic algorithm to ensure the diver-
sity of the feasible solution population, and the parameter val-
ues that are more consistent with Pareto’s optimization theory
are used as the parent population of the new generation of the
genetic algorithm, whose selection probability is determined
by the individual fitness function in the feasible solution set.

E. CROSSOVER OPERATION
Crossover is crucial in genetic algorithms, where a parent
crossover can produce new offspring that inherit superior
characteristics from the parent, essentially an exchange of
information. The operation step is to randomly select two
individuals in population N and combine the chromosomes
of the two individuals to form a new offspring. In this paper,
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we adopt the real number coding approach, and the specific
steps are as follows:

a) We assume a crossover probability of pc and i iterations,
with each iterative process first generating a random number
rand;

b) If rand> pc, the crossover is abandoned, otherwise the
crossover proceeds to the next step;

c) Randomly selecting two chromosomes, ci = (ai), i =
1,2,. . . ,6, cj = (aj), j = 1,2,. . . ,6, the real-time positional
parameters of the dynamic platform Q can be expressed as
a set of 6-dimensional vectors [u, v,w, α, β, γ ], so the values
here can be taken as 1,2,3. . . ,6. A random number rand is
generated by randomly selecting position k as the crossover
position, and the swap operation for the two real numbers at
position k is:

ak = rand ∗ bk + (1− rand) ∗ ak (10)

bk = rand ∗ ak + (1− rand) ∗ bk (11)

F. MUTATION OPERATION
We assume that the element Xi in the individual X = (X1,
X2, . . ., XN) mutates into a new element X′i by the following
equation:

X′i = C1R1(Xbi − xi)+ C2R2(Xbi − xi) (12)

where: C1, C2 are both positive constants; R1, R2 are both
random numbers on [0,1]; b is a parameter that controls the
change in the size of element Xi.
The optimization of the optimal solution in this paper

mainly relies on the selection and crossover operations, while
the main role of the variational operation is to avoid the algo-
rithm from falling into a local region of the search space, thus
ensuring the global convergence of the algorithm.We assume
that pm is the variation probability and a random number
rand∈ (0,1) is generated on each individual, and if rand< pm,
then that individual needs to perform the above variation
operation.

G. MULTI-OBJECTIVE GENETIC ALGORITHM
EXECUTION STEPS
The multi-objective genetic algorithm can be described in
pseudo-code, and the specific algorithm execution steps are
shown in Figure 5 below:
Step 1: By measuring the initial pose parameters of the

dynamic platform Q including the 3-D coordinates (u, v, w)
of the geometric center point A and the rotation angle
(α, β, γ ) of the point A in the static platform coordinate
system P − xyz, a set of vectors Si are noted, and Si =
[ui, vi,wi, αi, βi, γi] , i = 1, 2, . . . , n;
Step 2: The least-squares theoretical calculation of the

rod length scale value of the retractable rod obtained from
the inverse solution and the known rod length scale value,
when the residual of the two sets of data

∣∣∣∑6
i=1 V

2
i

∣∣∣< 2σ ,
the program iteration ends and outputs the corresponding
kinematics positive solution; The residual refers to the dif-
ference between the observed value and the theoretical value,

FIGURE 5. Flow chart of positive solution.

and the residual formula is a test criterion proposed by the
theory of least squares. Otherwise, it is transferred to the
multi-objective genetic algorithm for screening.
Step 3: Determine the objective function and constraints

of the algorithm in the mathematical model, which can be
written as

fmin (u, v,w, α, β, γ )

s.t.



−97 < u < 97
−97 < v < 97
−158 < w < 158
−90◦ < α < 90◦

−90◦ < β < 90◦

−90◦ < γ < 90◦

(13)

Step 4: According to the mathematical model of Taylor’s
bone external fixator platform structure in the objective func-
tion and constraints generated by all solutions of the system
of Twelve 6-D primary nonlinear equations the initial pop-
ulation Si is noted in the multi-objective genetic algorithm,
the composition of the dynamic platform Q will generate the
possible initial pose parameters and Si is a set of input 6-D
vectors, S1 = [s1 s2 s3 s4 s5 s6]T and the first input pose
parameter is S2, and the next input pose parameters in order
are S3, S4, S5, . . . , Si, i = 2, i++;
Step 5: Calculate the functional fitness of the initial popu-

lation Si output from Step3; among the initial population Si,
compare the remaining population of individuals S2, S3, . . . ,
Sj with Si in turn to obtain the dominant and non-dominant
relationship between individuals, and i6=j, when the superior-
ity of Si is greater than Sj, Si is the non-dominant individual
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of the initial population; so let i = 1, j = 2, i = i+ 1,j++;
loop the algorithm in turn Step3, until all non-dominated
individuals are found.

(a) Calculate the Euclidean distance between each individ-
ual xi and the other remaining individuals xj in the set of non-
dominated individuals in the initial population obtained from
Step 4.

d(i, j) =

√√√√ n∑
i=1

(
xi − xj

xmax
i − xmin

i

)2 (14)

xmaxi denotes the maximum value of the range of variation
of individual xi, xmini denotes theminimumvalue of individual
xi, final execution j = j+ 1, i++;
(b) The shared function s representing the relationship

between each individual xi and the other remaining individu-
als xj in the initial population is calculated, and its functional
expression is

s(d(i, j)) =

 1− (
d(i, j)
σ

)α, when d(i, j) < σ

0, others
(15)

Among them

σ =

√√√√√ 6∑
i=1

V 2
i

n− t
=

√√√√√ 6∑
i=1

(Si − S ′i )
2

n− t
(16)

t is the dimension of a set of vectors of the dynamic plat-
form position parameters of the Taylor bone external fixator,
here t = 6.

Then the functional fitness of each individual xi in the
nascent parent population is

Pi =
fi
n∑
i=1

fi

=
s (d (i, j))
n∑
i=1

s (d (i, j))
(17)

And i = 1, j = 2; i = i+ 1, j++, perform repeatedly until
the fitness function value for each non-dominant individual
in the population is obtained;
Step 6: Determine whether Pi is greater than 0.0001 and

whether the number of iterations i is less than or equal to 105,
if yes, go to Step2 and cycle in turn, otherwise, stop the cycle.
Step 7: At the end of the algorithm, output the Pareto opti-

mal solution of the positive solution process for the dynamic
platform Q of the Taylor bone external fixator corresponding
to the pose parameters.

H. MULTI-OBJECTIVE GENETIC ALGORITHM
FEASIBILITY VERIFICATION
Using the size of the Taylor Bone External Fixator component
prepared in the laboratory and the maximum elongation scale
values of the six retractable rod scales as reference bases,
the circle radius of the dynamic platform is ai= 97.0mm
and the circle radius of the static platform is bi= 97.0mm,
select a vector set of initial attitude parameters of the dynamic
platform Q, noted as S1= [u1, v1,w1, α1, β1, γ1].

The maximum elongation value of the telescopic rod
in the dynamic platform is 205mm, so the initial values
of the rod lengths of the six telescopic rods are taken
as l1 = 183.92mm, l2 = 185.22mm, l3 = 182.89mm,
l4 = 156.62mm, l5 = 157.16mm, l6 = 180.37mm.
The calculation is performed using the multi-objective

genetic algorithm proposed above, the value of the pose
parameter S1 = [u1, v1,w1, α1, β1, γ1] of the dynamic
platform Q corresponds to the initial rod length vector set
L1 = [183.92, 185.22, 182.89, 156.62, 157.16, 180.37].

For the method of estimating the accuracy of the algo-
rithm fit between the values obtained by the multi-objective
genetic algorithm, this test takes the Root Mean Squared
Error (RMSE) as judging the reasonableness of the two sets
of data. The numerical analysis module of standard error in
statistical theory is extremely important, which can screen
out a set of abnormal data in the comparative data, and can
filter out the unsatisfactory pose parameters of the dynamic
platform kinematics positive solution, the specific calculation
formula is

RMSE =

√√√√√ n∑
i=1

(
Xobs,i − X mod el,i

)2
n

=

√
Pi
n

(18)

where the algebraic expression for Pi is given in
Equation (17). For the initial rod length array L1 of the
dynamic platform Q in this test, the data are calculated for
10 repetitions. Each group of pose parameters, the function
fitness value Pi and Root Mean Squared Error (RMSE) is
calculated by the positive solution of the multi-objective
genetic algorithm, as shown in Table 1.

For the pose parameters of the 10 sets of dynamic platform
Q corresponding to the vector group L1 of the telescoprod
length, the errors between the values of angular offset αi,
βi, and γi of each group basically remain within ± 0.1, and
the errors between the Cartesian coordinate system (ui, vi,wi)
of each group basically have stable performance fluctuating
between ± 1, except for the 9th group that has a small devia-
tion from the other groups. All the other groups are available
and the accuracies are less than 0.01, and the standard error
values of each group are stable basically remaining within
2.5 × 10−2 ± 4 × 10−3.

As for the feasibility of the algorithm, it is verified by
setting up experimental cases that the optimal solution of
the pose parameters is selected by multiple positive solutions
without abnormal data, and the multi-objective genetic algo-
rithmwith the introduction of adaptation selection probability
Pi and standard error calculation RMSEi performs well in
the mathematical model of the Taylor bone external fixation
machine platform mechanism, and the whole algorithm pro-
cess is solved with high efficiency, high accuracy, and stable
performance of the pose parameters. It well avoids the hot
machine learning and deep learning in the processing of big
data models. For the surgical operation of fracture correc-
tion using Taylor bone external fixation, its multi-objective
genetic algorithm is enough to meet the requirements of data
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TABLE 1. Data of related parameters in 10 groups of tests in positive solution process.

accuracy, which can be solved by the positive solution process
in the dynamic platform in the mathematical model.

Among the 10 sets of pose parameter data obtained from
the positive solution of the mathematical model, any one set
of data is selected for the inverse solution of the model, and
the inverse solution formula is

li =
√
l2xi + l

2
yi + l

2
zi (19)

The first set of parameters S1 = [20.128 −50.792 90.724
30.5− 24.536.5] is chosen as the substitution value for the
inverse solution of the model, and the rod length of the
extendable rod L

′

1 is obtained by the inverse solution mod-
eling process, that is

L
′

1 = [182.73, 184.53, 179.85, 156.67, 156.14, 178.81].

The correlation test between the data is performed using
the Pearson correlation coefficient for the two sets of data L1
and L

′

1 that are obtained. It can reflect the closeness of the
correlation between two sets of data L1 and L

′

1. Its Pearson
correlation coefficient is calculated by the formula

r
(
L1,L ′1

)
=

Cov(L1,L ′1)√
Var [L1]Var

[
L ′1
] (20)

where Cov(L1,L
′

1) denotes the covariance between the vari-
ables L1 and L

′

1,Var[L1] and Var[L
′

1] denote the variance of

L1 and L
′

1 respectively. The specific values of each component
are calculated algebraically as shown in Table 2 below:
After reviewing the information, the strength levels of

Pearson’s correlation coefficient are shown in Table 3:
Combining Table 3with Table 2, the initial rod length value

of the Taylor Bone External Fixator telescopic rod and the
rod length value obtained from the inverse solution are tested
by Pearson’s correlation coefficient r(L1,L

′

1), and the result
is 0.955, which is within the range of 0.8-1.0 confirming a
strong correlation between the data, therefore, both sets of
data are normal and no abnormal data are generated. For bone
surgery, the precision of the instruments is not particularly
high and the error is within the acceptable range, so using
the multi-objective genetic algorithm as a method to solve
the mathematical model of Taylor’s bone external fixation
retainer platform is feasible and efficient.
To verify the superiority of the proposed multi-objective

genetic algorithm compared with other methods, we com-
pare the proposed multi-objective genetic algorithm with
the traditional numerical method, and here we take the
Newton-Raphson method as an example to consider the supe-
riority of the algorithm in a more intuitive way from the
dimension of the accuracy of parameter solution.
The Newton-Raphson method is an extremely basic algo-

rithm for solving nonlinear problems, and its basic idea is to
linearize the nonlinear problem one at a time to form an iter-
ative procedure. Like the multi-objective genetic algorithm

TABLE 2. Partial substitution of pearson correlation coefficient (Unit: mm).

TABLE 3. Pearson correlation coefficient grade comparison table.
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TABLE 4. Positive solution results with RMSE accuracy.

TABLE 5. Telescopic rod length for different algorithms.

solution process, we need to solve the positional values (u, v,
w, α, β, γ ) of the dynamic platform under the precondi-
tion that the lengths of the six stubs of the Taylor frame
are known. We randomly use the same set of strut lengths
[130, 143, 112, 161, 169, 152] of the Taylor frame as the
initial data source, which we refer to as the baseline data.
We use the positive solution procedure of this scheme to
compare with the Newton-Raphson method and limit the
RMSE to 2.67 × 10−2, and the comparison data are shown
in Table 4 below:

We obtained the telescopic rod lengths of the six Taylor
frames corresponding to the two sets of solutions based on
the positive solution results in Table 4 and using the inverse
solution Equation (9), as shown in Table 5 below.

FIGURE 6. The algorithm in this paper simulates the correction chart.

The lengths of the telescoping rods solved from the same
set of benchmark data are worth the variability is relatively
large, and the corrected graphs of the experimental simulation
are shown in Figure 6, Figure 7. As shown in Figure 6 and
Figure 7, we can visually see that although the difference
between the two algorithms is only on the order ofmillimeters
in the installation parameters of the struts, we can see the
difference in attitude between the two correction charts of
the experimental simulation with the naked eye. Due to the
high requirements of the Taylor frame in clinical orthopedic

FIGURE 7. Newton-Raphson simulation correction chart.

FIGURE 8. Error comparison chart.

applications for the installation parameters of the struts, and
the long orthopedic cycle, once the pre-installation parame-
ters are inaccurate, it will have an increasing impact on the
later treatment of skeletal patients. From this perspective,
we aim to improve the accuracy of the parameters required
for the installation of the Taylor frame as much as possible,
and to promote the application of the Taylor frame in actual
clinical treatment.

In the simulation correction process, we draw the error
comparison graph shown in Figure 8 below according to
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the error values in Table 5, from which it can be seen that
the accuracy of the calculation of the required parameters
for TSF proposed in this paper is much higher than that of
the traditional numerical method. Among them, although the
installation accuracy of Rod 4 rod has a smaller improvement
compared with the accuracy of other struts, it also has about
0.8 mm accuracy improvement.

IV. SIMULATION TEST OF TIBIAL FRACTURE
WITH ORTHOPEDIC SYSTEM
The orthopedic system is designed based on the multi-
objective genetic algorithm combined with the kinematic
model of the Taylor bone external fixator, which provides the
algorithm and technical environment to support the fracture
correction simulation test. In this paper, we use the ortho-
pedic prescription data generated by the system to simulate
the orthopedic test on the fracture end of the human tibia,
to understand the orthopedic method and steps by simulating
the whole process of orthopedic correction on the fracture
segment of the tibia, and to verify the accuracy and clinical
feasibility of the prescription data generated by the orthope-
dic system in the test.

A. DEVELOP THE TEST ENVIRONMENT AND THE STEPS
The tools used in the testing hardware environment are the
six degrees of freedom type Taylor Bone external fixation kit
produced by Beijing Ruilong Medical Device Co, in which
the dynamic platform and static platform both adopted the
rigid structure platform with an internal diameter of 194mm,
the range of the retractable rod is 50mm-300mm, the type
of tibial segment fixation pin is selected as the Kirsch pin,
and the length of the tibia is 40cm and the circumference
is 11cm, which meets the requirements of the external fix-
ator for the tibia. The tools of the software environment
include OriginPro and the orthotic system platform. The
whole experimental process includes five parts: setting up
the experimental environment, solving the pose parameters,
generating the correction prescription data, manually simu-
lating the correction and verifying the experimental effect.
The specific test process is shown in Figure 9 of the following
structure.

B. SOLVING FOR DISTORTIONAL POSE PARAMETERS
1) MARKING OUT IMAGE FIXATION POINTS
Before marking the fixed point, the deformity shape of the
tibial fracture segment suitable for the test equipment should
be selected. Since the inner diameter of the test equipment has
been fixed, the shape of the fracture segment withmore severe
deformity should not be selected. In this study, clinical data
of 2 cases with different degrees of tibial fracture deformity
positions are selected as the test sample data, which are
recorded as the test sample data of group i, i = 1,2, respec-
tively. After the tibial segment deformity shape is determined,
the truncated tibia should be passed through the hole of the
bone model with Kirschner wire according to the pre-selected
deformity shape and fixed on the fixator of the platform.
Digital images are taken on the tibia of the patient, in which
the angle of the telescopic rod numbered 1 and 6 is selected to
shoot the anteroposterior digital images of the tibia, and then
the patient is rotated counterclockwise by 90◦ to shoot the
lateral digital images. The anteroposterior and lateral digital
images of the patients are imported into the visualization
window of Digitizer function in OriginPro software, and a
reasonable two-dimensional coordinate system is developed
according to the specific positions of the fixator and tibial
segment in the digital images, and a fixed-point coordinate
model based on Digitizer function is established.

2) SOLVING FOR DISTORTIONAL POSE PARAMETERS
Choose the geometric center of tibial fracture end on the
cross-section as point A, circle a point B, the geometric center
dynamic platform on the surface of the tibia bone fracture end
designates point C, the geometric center of the end of the tibia
in cross-section designates point D, 6 ABC for the tibia and
the deformation of the z-axis offset Angle 6 ϒ , because of the
tibia and the Angle between the axis u dynamic platform and
tibia and the Angle between the axes x are similar, so it is 6 β.
The four selected fixed points A, B, C and D are calculated
in the model, and the coordinate values of each fixed point in
the Digitizer function model are counted. The morphology
diagram of the tibial fracture and the corresponding fixed
points in the digital image in the coordinate mode1 are shown
in Figure 10.

FIGURE 9. Test flow chart.
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TABLE 6. Coordinate of digital image fixed point in model.

TABLE 7. The solution results of relative pose parameters in each group of sample data.

FIGURE 10. Fixed point coordinate model of positive image.

According to the fixed point coordinates and pose parame-
ters of Experiment 1 and Experiment 2 in the model shown in
Table 6 and Table 7 below, the position and pose parameters
Si, i= 1,2, and Si = [u v w α β ϒ] of the upper tibia fracture
end in the dynamic platform coordinate system Q−uvw are
obtained by using the above formula.

The values in the test sample data of w of two groups
can be known from Table 7 that each group of w

′

= w′′,
so according to the parameter determination conditions of
fixed coordinate model validation, sample test data of each
deformity pose parameters of the solving result is correct and
effective, parameter values can be input to Taylor bone exter-
nal fixator orthopedic system and participate in the process
of TSF action platform kinematics solution.

C. DEVELOPING A PRESCRIPTION FOR CORRECTION
The six deformity pose parameters are obtained by the
fixed-point coordinate model, and the scale value of each

retractable rod li is adjusted according to the corresponding
parameter values during the test, and the pose and shape of the
tibial segment on the external fixation platform is obtained.
Before making the correction prescription in the system,
the installation parameters of the 194mm internal diameter
Taylor bone external fixator kit, including the median height
of the rigid body ring structure and hinge ball distance, need
to be calculated.

The straight-line distance between the hinge ball and the
center of any two holes used to fix the hinge in the outermost
part of the rigid body structure ring of the movable platform
of the external phalangeal fixator is denoted as Ldistance, and
the unit is millimeter. The structural diagram of the hinge
ball is shown in Figure 11. According to the vernier caliper
measurement, the movable platform hinge ball distance of
194mm TSF external bone fixator is selected as 25mm in this
experiment.

FIGURE 11. Schematic diagram of hinge ball distance of the dynamic
platform.

Median height refers to the geometric distance between the
center of the fixed hinge between the dynamic ring and the
static ring after the bone segment is adjusted in place in the
fixator platform, we use hmid to denote themedian height, and
the formula is expressed as

hmid = h = a+ b− 2c (21)
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FIGURE 12. The schematic diagram of 2 cases of abnormal position and
some parameters in the fixator structure.

Since the median height is defined as the height of the
bone segment after it is adjusted in place in the platform, the
distance of the upper tibia segment A is measured at the initial
state of the platform, where A represents the geometric dis-
tance between the section of the upper tibia and the center of
the circle on the lower surface of the dynamic ring. When the
tibia segment is in the adjusted state, the mounting parameter
b ismeasured, where b represents the geometric distance from
the section of the lower tibia to the center of the circle on the
upper surface of the static ring. The measurement results of
distance A and distance B are different in different deformity
poses. C is the hinge fit height, specifically referring to the
vertical distance between the center of the Hook hinge axis
and the surface of the dynamic platform. According to the
actual measurement, the installation parameters of the TSF
retainer in the first test are a = 51mm, b = 116mm, and
the hinge fit height c = 24.2mm, so the calculated value
of hmid is 118.6mm. The installation parameters of the TSF
retainer in the second test a = 43mm, b = 116mm, and the
hinge fit height c = 24. 2mm, so the calculated value of hmid
is 110.6mm.

The correction period T represents the number of days to
be adjusted, and the longer the correction period is, the higher
the accuracy of correction prescription data value calculated
by the orthopedic system is. In this test, T = 100. Corrective
interval t means the length value of the retractable rod, which
is adjusted once every few days. The specific value is calcu-
lated by the degree of injury at the fracture site of the patient.
The greater the degree of fracture, the greater the value t of
the selected interval is; in this experiment, t = 1.
After all the installation parameters in the system are calcu-

lated and confirmed to be correct, the user logs into the ortho-
pedic system platform according to the account and password
assigned by the super administrator and fills in the patient
history information, each installation parameter of the device

FIGURE 13. Cross-section of tibial posterior fracture correction.

and the postural deformity parameters in Table 7 following
the instructions and precautions for the use of each functional
module of the orthopedic system, and the specific values
of each variable and deformity parameter are compared as
shown in (a) and (b) in Table 8 below, respectively. After
checking the input data and confirming it is correct, click
‘‘Add’’ and ‘‘Prescription’’ buttons to generate prescription
data corresponding to the morphology of the tibial fracture
segment of the two groups in the orthopedic system.

D. ANALYSIS OF TEST RESULTS
Taylor bone external fixator adjusting system based on
the input segment tibia abnormalities in patients with pose
parameters are calculated to generate correct prescription
data in predistortion cycle log report. This part of the log data
generated test orthopedic system of the display is shown in
Figure 14, the data displayed in green indicates that the cor-
rection data is out of the range of the current retractable rod
and needs to be replaced with another size of the retractable
rod to match the current prescription data.

Calculate according to the system to generate the correct
prescription of log data, click the correct parameter manage-
ment interface to view the correct details every day, to adjust
the predistortion cycle in each experiment group 6 telescopic
rod length value and be able to response to the sudden situa-
tion in the later in the process of clinical orthopedic, need to
purpose the edit log and add notes, until the end of 2 groups
of the simulated correction process. Part of the experimental
group after the correction of the tibia in the position of TSF
holder form is shown in Figure 13, tibial fractures can strictly
coincidence, the section will correct after tibial form into
a digital image according to the measured analog correct
experiment 1 and 2 on the tibia bone, and the bone at the
center of the cross-section of the axis offset angle is 0.9◦

and 0.7◦, fracture end section overlap, corrective effect is
good.

Since the median height hmid of the tibial segment with-
out fracture is fixed in the dynamic platform of the Taylor
external bone fixator, the median height hmid can be used
as a standard condition to judge whether the results of the
simulated correction test for tibial fracture are valid. During
the simulation test, the median height hmid of each group of
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TABLE 8. Comparison of parameters in the test.

FIGURE 14. Partial correction prescription data.

FIGURE 15. The change trend of hmid in each experimental group.

simulated correction tests is recorded every 10 days, and the
median height value of each group of data is compared with
the median height value under the condition of no fracture,
and the curve diagram of the change trend of the median
height hmid of the two groups of test data with time T is drawn,
as shown in Figure 15.

By analyzing the hmid curves of the median height of the
tibia in each experimental group, it can be seen that the hmid
changes of the two experimental samples are infinitely close

to the hmid value of the tibia without fracture, which indicates
that the correction data generated by the system is accurate
and effective, and the healing state and correction effect of
the bone section is good, reaching the expected effect of the
experiment.

V. CONCLUSION
In this paper, we analyze the hardware structure of TSF,
establish a reasonable platform structure model and analyze
the positive and negative solution process of TSF dynamic
and static platform. We perform the kinematic solution to
the kinematic inverse solution process by the vector solution
method, and obtain the formula for the kinematic inverse
solution problem by projecting the geometry of the dynamic
platform and selecting the appropriate line segments for vec-
tor derivation, and use this formula to verify the feasibility of
the experimental later scheme in this paper.

By studying and analyzing the positive solution process
of the TSF kinematic platform, the multi-objective optimiza-
tion problem with 12 6-dimensional constraints is solved by
drawing on the multi-objective genetic algorithm, and the
results show that the optimal solutions of the initial positional
parameters obtained multiple times are extremely correlated.
In this paper, a genetic algorithm is creatively introduced into

46998 VOLUME 10, 2022



J. Guo, J. Su: Study of Multiobjective Genetic Algorithm on Taylor External Fixation

the parameter solving process of TSF for the first time, and
the superiority of this scheme is analyzed by experimental
comparison. The solution of this paper has better accuracy
than the Newton-Raphson method, which is a traditional
numerical method, and can better promote the application of
TSF in the field of orthopedic surgery.

Simulation tests on tibial fractures show that the results
of solving the posture angle information are stable, although
there is some error in the coordinate position information,
the error of each calculation is stable within a certain range
and the difference is small. It is acceptable for the kinematic
positive solution of the platform, indicating that the method
can be used for the solution of the platform poses.

In this paper, the Taylor Bone External Fixator Orthopedic
system was designed based on multi-objective genetic algo-
rithm in the later stage of the experiment, and the experimen-
tal case of human tibial fracture was used to simulate the
fracture correction process by using the orthopedic system
platform to generate the correction prescription data within
the predetermined correction cycle, and the experimental
results showed that the reunion status of the tibial fracture end
section was well performed. This paper provides a solution
for the development of a precision treatment platform for
orthopedic medicine while validating the constructability of
the correction prescription data generated by the orthopedic
system for the treatment of tibial fractures in the trial.

The genetic algorithm can well solve the effect of errors
brought by TSF in the actual sampling, and the genetic
algorithm has high global and excellent adaptability. Accord-
ingly, the disadvantage is the slow convergence rate. And, the
genetic algorithm generates N individuals at random to form
an initial solution during initialization, which may bring bad
random effects. In this paper, a set of solutions is derived by
least-squares theory and added to this initial population as
an initial qualification of the initial population. Of course,
we can also try to combine the simulated annealing algorithm
to improve the finding speed and accuracy of the parameter
solution of this scheme.
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