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ABSTRACT In this study, the focus is on an implant used in the treatment of early-onset scoliosis called
magnetically controlled growing rods (MCGR). The primary goal of the study is to address and propose
solutions for the mechanical problems reported in the literature concerning MCGR. The problems of the
MCGR are mainly due to excessive stress and mechanical bearing problems. Therefore, an MCGR removed
from a patient is teardown and geometrically modeled. Then, eleven design parameters are determined on
the MCGR for the mechanical problems experienced and these are evaluated by mechanical analysis over
14 control points. In this study, analysis processes are carried out with L12 orthogonal array for eleven
design parameters and 2 levels using Taguchi’s experimental design method (DoE). With the obtained data
by analyzing the experiments in L12, the fitness functions depending on the design parameters are created for
14 control points. Since the problem ismulti-objective, a non-dominated sorting genetic algorithm (NSGA II)
and multi-objective particle swarm optimization (MOPSO) are used to minimize stress and displacement
in existing mechanical problems using fitness functions. The obtained design models from NSGA II and
MOPSO are analyzed and evaluated in comparison with the existing mechanical model obtained through
pre-optimization teardown study of MCGR.

INDEX TERMS Growing rod, mechanical complications, MOPSO, NSGA II, multi-objective optimization.

I. INTRODUCTION
Scoliosis is a lateral deviation of the spine of more than 10◦ in
the coronal plane. This condition is frequently accompanied
by vertebral rotation in the transverse plane and hypokyphosis
or lordosis in the sagittal plane [1]. There are four com-
mon types of curve patterns, which are thoracic, lumbar,

The associate editor coordinating the review of this manuscript and

approving it for publication was Utku Kose .

thoracolumbar, and double major. Anteroposterior and lateral
X-ray images are taken as a reference for diagnosis. Specific
intervention is made based on the Cobb angle measured on
the anteroposterior radiograph shown in Figure 1. Treatment
modality is determined according to the degree of curvature,
skeletal maturity, and risk of progression [2], [3]. In the case
of scoliosis with a low Cobb angle, conservative treatment
methods such as physical therapy and bracing are used to
prevent surgery [1].
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FIGURE 1. Cobb angle [19].

Treatment options for scoliosis vary depending on the
severity and cause of the condition. Early-onset scoliosis
(EOS) presents its own set of challenges, as it begins before
the age of 10 years regardless of its [4], [5], [6], [7]. Because
of serious problems in lung development, life expectancy
significantly reduces in EOS compared to adolescent scolio-
sis [8]. For this reason, the main goal in the treatment of EOS
is to minimize spinal deformity, create a well-developed tho-
racic cavity, increase lung volume, and maximize pulmonary
function [9].

Conventional surgical methods such as spinal fusion,
which were preferred for the treatment of EOS in previous
periods, give us a great chance to treat spinal deformity
but affect pulmonary function and quality of life adversely.
Because of the negative effects of conventional surgical meth-
ods, new surgical methods such as growing rods have been
developed recently [9], [10], [11]. Conventional growing
rods and magnetically growing rods are distraction-based
and growth-friendly treatment approaches. The main dif-
ference between conventional growing rods and magneti-
cally growing rods is repeated anesthesia and open surgical
lengthening [9].

Magnetically controlled growing rods (MCGR), the sub-
ject of our study, were first reported in the literature
as remote-controlled growing spinal instrumentation in
1998 [9], [12]. An initial clinical study of MCGR was
performed by [13]. Various structural modifications of the
MCGR (insertion of a keeper plate or stainless-steel plate,
a smaller-sized actuator for smaller children, reinforcement
of the actuator pin, etc.) have occurred since the initial clinical
study [14], [15], [16].

MCGR maintains the initial preoperative correction and
enhances the spinal growth through outpatient distraction ses-
sions at 2-4 months intervals. Due to non-invasive distraction
sessions, MCGR reduces the high complication rate observed
in conventional growing rods as much as possible by reducing
anesthesia exposure and consequently minimizing surgical
scarring, surgical site infection, and psychological distress
due to multiple surgeries, improving quality of life, and sav-
ing health care costs [9], [17]. Clinical studies evaluating

FIGURE 2. Double assembly with MAGEC®magnetic rod: external
lengthening system, and radiograph of the magnetic rod in the
position [19].

the effectivity of MCGR in patients with EOS have shown
that MCGR decreases Cobb angle and increases T1-T12 and
T1-S1 distances [18], [19]. In addition, it has been reported
that the frequent distraction ofMCGR stimulates longitudinal
vertebral body growth [20], [21].

The MAGEC (MAGnetic Expansion Control) developed
by Ellipse company is the only commercialized and clini-
cally available product as shown in Figure 2. Although this
system aims to optimize children’s scoliosis treatment and
additionally increase their quality of life, it has somemechan-
ical and physical complications. One of the serious possible
complications of MAGEC is the radiation-related cancers
associated with the increased need for radiological imaging
during patient follow-up [8], [9].

FIGURE 3. Teardown Studies and Detailed Component Explanations of
MCGR.

A growing rod basically consists of a telescopic (extend-
able) bar, an actuator, and a static (reference) bar as shown
in Figure 3. In this system, the actuator starts rotating as
the electromagnetic field is generated with the effect of a
permanent magnet (PM) located in the actuator. A screw
shaft concentric with the PM, on the other hand, converts the
rotational motion into linear motion, allowing the telescopic
bar to be elongated [22], [23].

This study aims to find solutions for the mechanical
issues reported in the literature by optimizing the mechanical
parameters on designated reference planes. The approach
taken in this study is to optimize the design parameters col-
lectively, rather than optimizing each parameter individually,
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as this could lead to incorrect results. To find the best possible
solution, multi-objective optimization is used to optimize all
parameters at the same time. The results of this optimization
process are represented by a set of non-dominated solutions,
also known as the Pareto front. These solutions represent a
balance between multiple objectives and are considered to be
the Pareto optimal solution in cases where multiple objectives
must be considered simultaneously.

In this research, the current mechanical problems of
MCGR are tried to improve by the mechanical analysis
with intelligent optimization based on multi-objective parti-
cle swarm optimization (MOPSO) and non-dominated sort-
ing genetic algorithm II (NSGA II) with Taguchi’s design of
experiment (DoE).

DoE is a method that is used to determine the relationship
between control factors and design parameters. This method
determines how much the design parameters change the rel-
evant control factors. It is widely used in the literature to
reduce simulation times and costs in optimization processes.
In addition, it is seen that it is used to create valuable data sets
for data-based optimization and to increase efficiency [24],
[25], [26], [27], [28], [29], [30]. In this study, DoE is used to
generate datasets and calculate objective functions.

FIGURE 4. Process Step of the Methodology.

Particle swarm optimization ensures that randomly gener-
ated position and velocity vectors converge to the objective
function. The process here is to improve the position of
the particles in the solution space, which changes in each
iteration. Therefore, it is aimed to determine the optimal posi-
tion. Similarly, MOPSO tries to provide a non-dominating
solution by running the particle swarm optimization algo-
rithm to meet all objective functions and constraints. The
algorithm can find a diverse set of solutions by using a

concept called ‘‘crowding distance’’ to measure the diversity
of solutions in the population and ensure that a wide range of
solutions is explored. As a result, MOPSO can identify the
non-dominated solutions in the set and generate the Pareto
front [31], [32], [33].

NSGA II is used to solve non-convex and discrete multi-
objective problems. Its main features are increased conver-
gence, guaranteeing diversity, and non-dominated sorting
without the need for constraints [34], [35]. In this study,
MOPSO and NSGA II are analyzed comparatively to achieve
multi-objective optimization.

II. MATERIALS AND METHODS
The process steps followed in this study are shown in Fig-
ure 4. Firstly, the problem that is commonly encountered
in the literature is examined for the MCGR. Then, a tear-
down study is performed for a growing rod removed from
a patient, and both the geometric measurement is performed
on the product and the current mechanical problems are
observed. After the teardown study, the growing rod is mod-
eled and parameterized. Furthermore, the determined exper-
iments from DoE are analyzed considering the mechanical
problems. Multi-objective fitness functions are calculated by
evaluating the analysis results. Then, optimization processes
are carried out with MOPSO and NSGA II, and the optimal
design parameters are tried to be estimated. Finally, mechani-
cal analysis is performed for optimal design parameters, then
the results are compared.

A. THE MECHANICAL COMPLICATIONS OF MCGR
The main problems for the growing rods in the literature
are summarized in Table 1. Here, it has been observed that
mechanical problems such as rod slippage due to bearing,
loss of distraction, formation of abrasion-related debris, rod
breakage, actuator locking pin breakage, and abrasion of the
gear mechanism.

FIGURE 5. Teardown Studies of the MCGR.

B. TEARDOWN STUDIES
The teardown studies for the MCGR removed from the
patient’s body after the treatment are given in Figure 5.
Here, the geometric measurements are performed forMCGR.
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In addition, it is tried to be observed in the mechanical prob-
lems that are commonly encountered. It has been observed
that the surface of the telescopic bar is abraded by the off
axis loads and the deterioration of the bearing.

FIGURE 6. The CAD model of the MCGR.

C. MODELLING AND PARAMETERIZING
The obtained geometric dimensions from the teardown study
are used to create the CAD model for MCGR as shown in
Figure 6. The modeled MCGR consists of sub-components
such as stator, telescopic bar, bearing, PM, locking pin, cou-
pling type, leadscrew, and implant case. The MCGR shown
in Figure 6 is separated for parametric analysis. Separation
into subcomponents is carried out by taking into account
the mechanically problematic areas. Thus, the system can be
analyzed in eleven parts shown in Figure 7. The abbreviations
and explanations of MCGR sub-components are given in
Table 2.

FIGURE 7. The Sub-Components of the MCGR.

D. DESIGN OF EXPERIMENT
In this study, Taguchi’s experimental design method is used.
So, L12 orthogonal array is chosen for eleven design param-
eters and two levels referred to as high and low levels. This
allows the researcher to test the effect of the factor at two
extreme levels. By using only two levels for each factor,
the experimental design is simplified and the number of
experiments required to identify the optimal combination of
input variables is reduced. The experimental design for L12
is formed as given in Table 3.

E. MECHANICAL ANALYSIS
Basically, seven control points are determined for mechanical
analysis. These are locking pin stress (LPS), rod stress (RSS),

TABLE 1. The mechanical complications of MCGR.

TABLE 2. The definition of the sub-components of the MCGR.

leadscrew stress (LSS), telescopic bar surface stress (TSS),
implant case conical geometry surface stress (ICS), implant
case lead nest stress (ILS), x-y axes displacement. (XYD).
The control points are shown in Figure 8.
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TABLE 3. L12 Orthogonal array for the MCGR.

FIGURE 8. The Control points for mechanical analysis.

FIGURE 9. The analysis case of the mechanical complications.

TABLE 4. The optimal design parameters of NSGA II and MOPSO.

The mechanical loads experienced by MCGR were ana-
lyzed by conducting static analyses. Static analysis studies
were conducted using SOLIDWORKS Simulation Premium.
The boundary conditions applied in the static analysis are
shown in Figure 9. The Von-Mises stresses and deformation
results that occurred in the system were examined as a result
of the analysis.

Here, 2 cases can be considered for the control
points except for x-y axis displacement. These control

points represent axial and off-axis loadings. In addition,
it is necessary to analyze the stress that will occur due
to torque during the operation of the MCGR. Consider-
ing all these, the analyzes given in Figure 9 should be
performed.

On the other hand, case 2 given in Figure 9 is performed
for x-y axes displacement. Considering all cases and control
points, the fourteen control factors should be analyzed for the
DoE shown in Table 3.
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FIGURE 10. The analysis results of L12 Exp.1.

TABLE 5. The analysis results of NSGA II.

F. MULTI-OBJECTIVE FITNESS FUNCTION
In this study, the fitness functions are obtained with linear
regression as given in equation (1). The coefficients (βik )
given in equation (2) are calculated for 14 control points.

Ff =

FLPSCase1 ,FLPSCase2 ,FICSCase1 ,FICSCase2 ,FTSSCase1 ,
FTSSCase2 ,FLSSCase1 ,FLSSCase2 ,FILSCase1 ,FILSCase2
,FRSSCase1 ,FRSSCase2 ,FXYDx ,FXYDy


(1)

Here, Ff is fitness functions vector of all cases as
first and second case of LPS, RSS, LSS, TSS, ICS, ILS,
and XYD.

F(Ff ) =

14∑
k=1


β0k + β1k .CT + β2k .HOD
+β3k .HID+ β4k .LPD+ β5k .LD
+β6k .SW + β7k .SH + β8k .SL
+β9k .SN + β10k .CH + β11k .CUD+ ε0k


(2)
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TABLE 6. The analysis results of NSGA II.

FIGURE 11. The analysis results of the mechanical complications.

FIGURE 12. The ranking of the design parameters according to DoE.

G. OPTIMIZATION ALGORITHM
This study aims to minimize the stress values and displace-
ment in the x-y axes. Therefore, both NSGA II and MOPSO
are run to obtain the optimal design parameters for four-
teen control points. The optimization algorithm is defined as
follows.

OBJECTIVE

Minimize : F
(
Ff

)
(3)

SUBJECT TO (
Ff

)
≤ Median

(
Ff

)
(4)

VOLUME 11, 2023 40113



U. Demir et al.: Comparative Design Improvement of the Growing Rod

FIGURE 13. Plot matrix of NSGA II.
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FIGURE 14. Plot matrix of MOPSO.
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FIGURE 15. The Analysis Results of NSGA II.

DESIGN VARIABLE

X (CT ,HOD,HID,LPD,LD, SW , SH , SL, SN ,CH ,CUD)

(5)

III. RESULTS AND DISCUSSION
The obtained results are discussed in this section. First of
all, twelve different MCGR models given in Table 3 are ana-
lyzed and the maximum stress and displacements on fourteen
control points are logged. An example of analysis results for
L12 Exp. 1 is given in Figure 10.
In Figure 11, the obtained plot box as a result of the

mechanical analysis is given for all experiments in L12. Using
the data in L12 and Figure 11, the relationship between the
design parameters and factors according to DoE is given in
Figure 12. Here it can be seen that the parameter relationships

change between Case 1 and Case 2. For example, in LPS
Case 1, CT, LPD, and CH dominate, while in the same stress
analysis for Case 2, the effect of CT, LD, and CH decreases,
but the effect of SL, SN, and HID increases. This indicates
that different dynamics are effective in both cases. It is clear
that the situation is not so clear for ICS and that CUD, which
dominates this stress value, is at a very high level in both
cases. The effect of Lead Diameter is high on all stress and
displacement values. At the same time, it can be said that CT
has a significant effect on the stress on the lead screw.

The obtained coefficients for the 14 control factors as
a result of linear regression show that the maximum error
obtained as a result of the regression is 5%. The obtained
plot matrix as a result of the optimization performed using
NSGA II is shown in Figure 13. Another plot matrix
for MOPSO is shown in Figure 14. The optimal design
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FIGURE 16. The Analysis Results of MOPSO.

parameters obtained within the scope of the multi-objective
are given in Table 4.
As seen here, the non-dominated solutions for the eleven

parametric states are defined for a total of 14 control points
and 7 control points for each case, and the median and
optimal points for these solutions are shown. Non-dominated
solutions are sets of optimal solutions that do not dominate
all other parameters. A scatter plot matrix, as shown in
Figures 13 and 14, is a reduced graph for examining a
14-dimensional solution space in a two-dimensional way.
This allows for a comparison of the optimal solution led by
NSGA II and MOPSO with stresses and displacements.

The histograms in the main diagonal of the figure show
the concentration of fitness values calculated for each metric.
From here, it can be examined which range the solution set
shows concentration for the relevant parameter. For exam-
ple, the solutions for LPS Case 1 concentrate in the range
of 100-150 Mpa while they are evenly distributed between

10 and 60 for LPS Case 2. The optimal solution points shown
with a star on the graphs are seen to be in these concentration
zones.

The graphs at the intersection of rows and columns in the
plot matrix graphics show the correlations between the row
and column variables. One of the notable results here is the
linear correlation between ICS Case 1 and ICS Case 2. There-
fore, the Pareto face in the graph is seen as a single point.
There is also a strong linear correlation between XYD Case
X and XYD Case Y in a similar but more aggressive way.
This shows that both variables are affected by the solutions
in the same way. It is also seen that the correlations of the
pairs that can be observed linearly are correlated with the
other parameters.

When compared with Figure 14, it is seen that the standard
deviation of the solution space proposed by theNSGA II algo-
rithm is lower than the solution space led by MOPSO. This
may be interpreted as the reason that the NSGA II algorithm
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TABLE 7. The overall assessments.

uses the non-dominated sorting method as an elitist selection
method. In the MOPSO results, strong linear relationships
also appear at similar points.

Table 4 shows the optimal solution proposals led by the two
algorithms. The greatest difference between the two solutions
is seen in Slider height (SH) Slider width (SW) and HOD.
In addition, the distance between the two parametric vectors
is less than 1%.

Themechanical analysis results of the solution architecture
proposed by NSGA II, seen in Figure 15, are shown in
Table 5.

The results of the analysis done with the results suggested
by the MOPSO model are seen in Table 6. Here, there is
a difference of approximately 8-10% between the LPS and
ICS values for the model analyses suggested by the NSGA II
algorithm. The difference in the other variables is clearly very
small.

The obtained stress and displacement because of mechani-
cal analysis are shown in Figure 15 for NSGA II and Figure 16
for MOPSO. The maximum stress and displacement results
obtained in the analyzes are given in Table 5 for NSGA II
and in Table 6 for MOPSO. Considering the analysis and
optimization, the findings regarding the general assessments
and correlation results are given in Table 7. As can be seen
here, the correlation values estimated and analyzed with both
optimization models are given in the second column. When
compared to the analysis results, the MAPE (Mean Absolute
Percentage Error) for NSGA is 14%, and for MOPSO it is
10%. This shows that the success rates of the prediction mod-
els are 86% and 90% respectively. The section on improve-
ments after optimization compares the results of the first
experiment with the optimization results. This result shows
that both algorithms have positively impacted the results of
the recommended optimum solutions.

IV. CONCLUSION
In this study, the use of a magnetically controlled grow-
ing rod (MCGR) for the treatment of scoliosis is analyzed.
The common mechanical issues associated with MCGR are
explored and efforts are made to find solutions for improve-
ment. After the treatment, the MCGR removed from a patient
is a tear downed, and a solid model (CAD) is created
and geometrically parameterized. Here MCGR is separated

into eleven different parameters. Considering the mechanical
problems experienced, fourteen control points are determined
for mechanical analysis. Then, it is decided that the MCGR
modeled for eleven parameters and two levels using the DoE
method should be subjected to the L12 orthogonal experimen-
tal array. Experiments in L12 are carried out and stress and
displacement observation taken from fourteen control points
are recorded. Linear regression-based fitness functions are
created with the experimental combinations in L12 and the
obtained data because of the mechanical analysis. Stress and
displacements on MCGR are tried to be minimized with both
NSGA II and MOPSO by using the created fitness functions.
The obtained design models with NSGA II and MOPSO are
reanalyzed, and the results are recorded. The findings show
that a quite regression is performed with the results of the
analysis of the fitness functions, with an accuracy of 14%
for NSGA II and 10% for MOPSO. In addition, considering
the fitness functions in L12 Exp.1, it is seen that there is an
improvement of 34% for NSGA II and 18% for MOPSO.
Moreover, the obtained findings as a result of mechanical
analyzes show an improvement of 32% in NSGA II and
30% in MOPSO compared to L12 Exp.1. It can be deduced
from the analysis results that the newly manufactured MCGR
takes into consideration the design parameters calculated
using both multiobjective optimization algorithms, is more
resilient against mechanical complications when the stress
and displacement parameters established at the control points
are considered. This will reduce the negative impact of these
mechanical complications on patients and treatment pro-
cesses. The optimization process can be confirmed through
the performance of durability tests on the MCGR produced
utilizing the design parameters established in this study.
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