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Background: The fifth and sixth cervical vertebra (C5-C6) is the most easily injured segment encountered in clinical prac-
tice. The anterior cervical plate and cage (ACPC) fixation system is always used to reconstruct the interverte-
bral height and maintain the segmental stability. The postoperative effect, such as subsidence, neck pain, and
non-fusion, is greatly affected by the cervical cage structure design. This study determined reasonable struc-
ture size parameters that present optimized biomechanical properties related to the postoperative subsidence
often accompanied with ACPC.

Material/Methods: Twenty bionic cages with different structural sizes (distance between the center of the cage and groove, groove
depth, and groove width) were designed and analyzed based on the regression optimization design and anal-
ysis method combined with FE analysis. Because a previous study showed that greater stresses on the end-
plate are associated with higher risk of subsidence, the optimization object was selected as the stresses on
endplate to lower it.

Results: The postoperative stresses on the endplate of all cages with bionic structure design were proved to be low-
er than with the original one. The optimal structure size was the distance between the center of the cage and
groove=0 mm, groove depth=3 mm, and groove width=4 mm. Regression analysis found the cage with opti-
mized bionic structural parameters resulted in a 22.58% reduction of endplate stress response compared with
the original one.

Conclusions: The bionic cage with optimized structural sizes can reduce the subsidence risk, suggesting that the optimiza-
tion method has great potential applications in the biomechanical engineering field.
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Background

Anterior cervical interbody fusion is widely used for decom-
pression and fusion in patients who have severe cervical spon-
dylosis myelopathy and intervertebral disc herniation [1,2]
Postoperative complications (postoperative subsidence and
non-fusion) have attracted increasing attention [3-5]. There
now exist many types of cervical interbody fusion devices,
classified as transverse cylindrical structure (BAK-C Cage and
Inter Fix Cage) and stand/vertical annular (AcroMed I/F Cage,
SynCage, and Wing Cage). Cadaver and in vivo experiments
showed that the vertical ring fusions have a lower postoperative
subsidence rate and were conducive to fusion compared with
the horizontal cylindrical ones [6-9]. Oliver et al. showed that
ACPC resulted in reduced rates of subsidence, increasing rates
of fusion, and lower rates of neck pain at last follow-up [10].
Moreover, Fernandez-Fairen et al. reported that the cages with
plating were still in good condition at 11-years follow-up post-
operatively [11]. Use of fusion cages and plates with screws
can promote fusion [12]. Kettler et al. found that fusion de-
vice design greatly affects the subsidence rate [13]. The verti-
cal ring-shaped cage is now regarded as the most reasonable
design [14]. However, further research is needed to determine
how fusion cage design influences postoperative outcomes.

The cage design in this study was guided by the concept of bi-
onics, which is an interdisciplinary subject taking various sci-
entific ideas and engineering solutions from nature. Bionics
is divided into several categories: structural bionics [15], me-
chanical bionics [16], control bionics [17], and information bi-
onics [18]. The human cervical intervertebral disc is an indige-
nous component that can be used as a natural bionic prototype.
The discs contain 2 different structural elements — the annulus
fibrous and the nucleus pulposus. From the viewpoint of mate-
rial mechanics, the annulus fibrous is flexible protein, and the
nucleus pulposus is a gelatinous solid that is always regarded
as an impressible material [19,20]. Cages designed using hard
materials such as titanium/titanium alloy/PEEK provide suf-
ficient mechanical support but have less flexibility compared
with human tissue. To mimic the real annulus fibrous and nu-
cleus pulposus, a design was developed with side slotting of
the titanium cage, called bionic structure, so the cage can re-
main flexible during structural change/modification without
adding any new materials.

The research techniques applied in this study including the ex-
perimental optimization design method and the finite element
(FE) method. The experimental optimization design method,
such as orthogonal experimental optimization (Taguchi meth-
od), can simplify and standardize the fractional factorial ex-
perimental design, which had been applied to prosthetic de-
sign optimization [21-24]. The finite element analysis method
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has been widely used to simulate the various situations of the
optimization design of cages [23,24].

In the present study, we designed a bionic structure and then
used the optimization design method to determine the opti-
mal structural size based on the FE model. Firstly, based on
previous studies, we made some improvement in the struc-
tural design of cages and focused on factors that change the
influence of the cage bionic structures on the inner stress re-
sponses of endplates. Secondly, quadratic universal rotation
design [25], which is a regression optimization design analysis
method, was used to optimize the cervical cage size.

Material and Methods

Model generation

This study was follow-up research of a previous study of the
influence of shape changes of cervical cages on the biome-
chanical properties of ACPC [26]. The previous C5-C6 FE mod-
el with fixed plate and screw was used. The model’s vertebral
parts included cortical bone, cancellous bone, endplates, and
posterior structure. Seven ligaments were built anatomically:
an anterior longitudinal ligament, a posterior longitudinal lig-
ament, a ligament flavum, a supraspinous ligament, an inter-
spinous ligament, a transverse ligament, and a capsular liga-
ment. The intervertebral disc contained the nucleus pulposus
and annulus fibrosus. The model’s material properties — verte-
bra, ligaments, and annulus fibrosus — were derived from ex-
isting literature [27-29] (Table 1). The nucleus is considered
as incompressible solid elements whose volume is one-third
that of the disc volume [30]. The facet joints were assigned
as a frictionless surface to surface contact property, as previ-
ously reported [27,31].

The cervical cage was modeled and implanted to mimic the
ACPC approach. The materials for cage and fixing system
were titanium alloy with a Young’s modulus of 100 GPa and
Poisson’s ratio of 0.30 [32]. The bone graft material was set
as cancellous bone with a Young’s modulus of 3.5G Pa and
Poisson’ ratio of 0.30 [33]. The tie contact properties were as-
signed between C5-C6 FE model and designed cages. A uni-
form compressive force of 52.5 N was axially exerted on the
vertebrae of C5, which imitated the gravity of the head, and
a torque of 1.8 Nm was exerted to mimic the bending motion
mode, while most of the nodes at the bottom of C6 were com-
pletely constrained (Figure 1). In the middle of the cage along
the superior-inferior direction, there is a groove intended to
mimic the cage’s stiffness change in the same direction, and
the specific dimensional design is shown in Figure 2.
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Table 1. The material properties [23-25] set in the C5-C6 FE model.

ot Element Density Young’s modulus Poisss'on’s Cross-section area
type (Ton/mm?3) (MPa) ratio (mm?)
Cortical bone Trilateral 1.83E-09 12000.0 0.29 =
Cancellousbone  Tetrahedral 100E09 as00 029 -
posteriorstructure  Tetrahedral 18309 35000 029 -
CAnnulus Tetrahedral 120609 34 040 -
Nucews  Tetrahedral 136600 T 04 -
CEndplate  Trilateral 183609 120000 029 -
 Anterior Longitudinal ligament ~ Truss L1009 0 040 61
 Posterior longitudinal ligament  Truss L1009 200 040 s4
ligamentum flavam  Tuss L1009 100 040 s01
 Supraspinous ligament  Truss L10E09 s 040 131
Interspinous ligament  Truss L1E09 100 040 131
| Capsular ligament  Tuss L10E09 00 040 166
Transverse ligament  Tuss L10E09 200 040 150
Procedures of the optimization method 1/4
r=m. €))

Building the objective function
p represents the number of the factors, p=3 in this study; m_

The purpose of cervical cage optimization is to find the best
combination of cage parameters to obtain the lowest stress on
the endplate to reduce the subsidence rate. Because the ma-
terial property of human bones has been shown to be elasto-
plastic [34], Von Mises stress was used to analyze FE simula-
tion output aiming to reveal the stress state of the bones and
compare the cage subsidence tendencies [35].

Determining controlling factors and levels

Three key controlling factors of the cage structural dimensions
were considered: the distance between the center of cage and
center of the groove (represented as s), the width of groove
(represented as b), and the depth of the groove (represent-
ed as h) (Figure 2). Z (i=1, 2, 3) refers to the 3 factors: s (z)),
b (z,), and h (z,), respectively. Among them, the positive/neg-
ative of factor z1 represented that the center of a groove lo-
cated above/below the center of the cage. These factors, lev-

els, and coded formula are shown in Table 2.

The experimental points calculation was based on the for-
mula (1-3):

m, = 2P 1

m, = 2p Q)

represents the two-levels for all factors full experimental point
number, m =2°=8 and m,_ represents the asterisk points distrib-
uted on the coordinate axes whose number is p, m =27=6. r de-
notes the asterisk arm length, which represents the distance
between asterisk points and the center point. r is the unde-
termined parameter, used to obtain the orthogonality and ro-
tational property; it can be determined using the formula (3).

From the above, we can get: m =8, m =6, r=16818. According
to the parameter design table, we can get: m =6, m, repre-
sents the experimental points when each factor was set as
zero levels. From the above, the experiments’ total number N
can be determined using the equation (4):

N=m,+m, +my =20 )

The experimental scheme design is shown in Table 3, and the
simulation models were established according to this plan.

Performing experiments based on experimental conditions

Different FE models were generated through parametrically
setting the controllable factors. The test was conducted based
on the 15 FE models. The maximum Von Mises stress on the
C5 inferior and C6 superior endplates of each model was col-
lected and compared to define the optimal structural dimen-
sional parameters of cage.
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Figure 1. The C5-C6 FE model with cage
implantation and its boundary
and loading condition. A uniform
Gravity Extension compression force of 52.5 N mimicking
the gravity of head, and a moment of
1.8 Nm mimicking the flexion motion
pattern was exerted on the vertebrae
of C5, while the nodes at the bottom
of C6 were completely constrained.

52.5Nm 1.8Nm

Figure 2. Schematic diagram of cervical cage’s
structural dimensions. H — Distance
from the superior and inferior edge;

s — Distance between the center of
cage and center of groove; h — Depth
of the groove; b — Width of the groove.

Centre of the groove

H/2

Centre of the cage
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Table 2. Factor level coding table.

xj(zj) z,/mm z2/mm z,/mm
R(z,) 1 2 2.5
ey oses  1es 2005
""""" o) 0o 1s 15
"""""" -  —oss  og4 o095
"""""" @ a5 o5
A= %) Zrzlj 0.595 0.446 0.595
%, Zj — Zoj v = (z; —0) v = (z, — 1.25) e o (z3 — 1.5)
4 170595 2 0.446 7 0595
Table 3. Quadratic rotating experimental design scheme.
No. ofF:;;:rr?ments x,(z,) x(2)) x,(2,)

1 1 (0.5946) 1 (1.696) 1 (2.0946)
"""""""""""" 2 10s5%§ 16  -109059
"""""""""""" 3 10s5%9  -1080)  10%
e 1059  -1(0s4  -1(09054
"""""""""""" s -1(osee  1(1e%)  1(0%
& -1(os4s 169  -1(09058)
7 (o549  -10808 100946)
& -1(o5%9  -10809  -1(09054
e —ey ows ows
""""""""""" o @ 0@z  o@y
""""""""""" n 0®  =we»  oan
""""""""""" 2 ® r®  oa»
""""""""""" 5 o® o2 w05
""""""""""" “  o® o2 ey
""""""""""" s o® o2  oay
""""""""""" & o0  o@»  o@sy
""""""""""" v o0  o@2  o@sy
""""""""""" 8 o0  o@»  o@sy
""""""""""" v o  o@2  o@sy
""""""""""" 2 o0 0@z 0@y
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The quadratic rotation regression analysis design method

The stress responses of all bionic optimal experimental tests
were used for the regression analysis.

For the p-dimensional factor space, the regression equation
is assumed as:

y = bo + Zi?:l b]x] + Zh<j bhjx]'x]' + 25;1 b”sz (5)
Regression coefficient analysis

When calculating the regression coefficient of quadratic rota-
tion design, the formula is based on:

bO _KZL 1Yl+EZJ 121 1 LJ.Yl
_ B;
bj=e XN %y = D—]_ ©)
_ Bhj
bhj = mclzlly=1_(xih xij)}’i = D—:;
<Jj

1
bjj = EZ?’:M&' +5T - ilel]yl +GZP 121 1X1,yl

K =2r*H7[f + (p — 1)m,]

E=—-2Hter*

G =H1(e? - Nm,) )
e=m,+2r?
f=m+2r*

H=2r*[Nf + (p — 1)Nm, — pe?]

The significance test of the regression equation

In the significance test to the regression equation, we assume
thaty, y, .., ¥, .., yy are experimental data of quadratic ro-
tation design, thus the sum of the deviation squares and de-
gree of freedom is:

SO y)? ®)
f=N-1 ©)

S= ?’=1in

Sg = ZiLyf — boBo — Z}F=1 b;B; — Z}}:A] b)?})an - 2?21 bj;B;; (10)
frR=N-2p—21" -1 (11)

Sreg =S — Sk (12)
f1’eg=f_fR=2p+/1* (13)

1 2
Se = Z:Z01ylo __(Z:::Olyh)) (14

mo
15
fe=my—1 13)
Sif = Sg — Se (16)
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fir =fa—fo 17)

The significance test and the lack of fit test of the regression
formula still use the F test as follows:

_ Sreg/freg
E‘eg - S /f

Siglfif
LR (fy ) (19)

The regression coefficient test using the t test is as follows:

~Fa(freg' fR) (18)

Flf

( D(by) = Ko?,ty = |bol/\/KSe/ fo ~ta(f)
D(b;)) = e~ g2 = |b'|/\/ 1./ fo ~ta(fe) (20)
lD(th) m 0%, tyy = |bh1|/ me 1S/ fo ~ta(fe)

D(by;) = Fa*,tj; = |bjj|/\JFSe/ fo ~ta(fe)

In this formula, the value of F can be obtained from formula
(19) or referring to Table 4. If the regression equation match-
es, use S./f, for S /f, in formula (19) for the regression coeffi-
cient t test. The K, E, G can be calculated from formula (7) or
directly looked up from Table 4.

The significance of each item of the regression equations on
the test index were tested by the t test:

t(f.) = ||/ D (b)) ~to(f) (21)

If t(f) >t (f), the regression item tested can be considered as
significant at the level o, and vice versa:

D(by) = Ko? = 0.166302 22)
to = |b0|/V0.16630-2
{ Pl i=1,2,3

{ Plow) =mee” h<j; h, j€3 (24)
& <; e E
tay = |by|ymzio?
{D( j) =Fo® 123
i 25)

Results

The optimization design simulation results

The values of all the results according to the quadratic rota-
tion design layout were obtained. Fortunately, stress responses
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Table 4. The quadratic regression general rotation design parameter [21].

0.1000 0.1438

0.0357 0.0350

Stress/MPa

20 T T T T T T T T T T T

Nomber of experiments

Figure 3. The comparison between Von Mises stresses of the
original structural cage (the black dotted line) and
bionic structural ones using quadratic rotation design
(the blue polyline).

distributing at the endplates of bionic structural cages’ simu-
lation results were all lower than before (Figure 3).

Regression coefficient analysis

According to formulas (6) and (7), we calculated the regres-
sion coefficients. The value of F, K, E, G were obtained using
Table 4. We calculated the regression coefficient such as b,
bjj as follows:
by = 0.1663 %72, y; — 0.0568 X3, 217, xfy; = 2.39222
1 _
bj; = —0.0568%72, y; + o Y2 xFy; +0.0069 23, 370 xPy;

==

Then, we can get:

by, = —2.0139 + 0.0625B,, = —0.4795,
b,y = —2.0139 + 0.0625B,, = —0.0534,

—2.0139 + 0.0625B55 = —0.0603.

S
w
w

I

The calculation results of the above regression coefficients
are listed in Table 5.
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Among these coefficients, the values of x x, and x,x, are close
to zero and can be neglected. Then, the regression equation
can be simplified as follows:

$ = 23922 + 0.0313x; — 0.0237x, — 0.0522x; + 0.0144x, x5 — 0.4795x% — 0.0534x3

—0.0603x2

The significance test of the regression equation

Before the significance analysis, various squares sum of de-
viations and degree of freedom are calculated as follows ac-
cording to formula (8-17):

S =32y - - (N2, y)" = 112.8877 — 112.8173 = 0.0704,
f=N-1=19,
Sg = X2 y? — boBy — X3 biBj — Yne; bnBrj — %=1 bj;Bj; = 0.0054,

Syeg =S — Sp = 0.0065,

freg =9

fo = f = freg = 10,

Se = X621, = Fo)? = 0.0037,

f,=6—1=5,

Sif = Sg — S, = 0.0016,

fir =fr—fe=5.

The significance test of the regression formula used the F

test, carried out according to formula (18) and (19) as follows:

The loss of quasi inspection:

_ Su/fy _ 0.0016/5

= = 0.4324 < Fy,5(5,5) = 1.89
Se/f.  0.0037/5 025(5,5)

Flf

Thus, the regression equation did not lose quasi:

_ Sreg/freq _ 0.0065/9
79 = TS /fx  0.0054/10

= 1.3374 < Fy,5(9,10) = 1.56
However, the regression equation is not significant.
Among them, a2 = S /fz=0.0054/10=0.00054. .

The t test results are listed in Table 5. The items of b, b,, b, ,
b? have significant effects on different degrees. To obtain the
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Table 5. The calculation results of regression coefficients.

No. X, x,(z,) x,(z,) x,(z,) XX, X, X, X, X, x2 x2 x2 A
1 1 1
1 1 1 1 1 1 1 1 2.332
(0.595)  (1.696)  (2.0946) 3
1 1 -1
2 1 1 -1 =il 1 1 1 24
(0.5946) (1.696)  (0.9054) 37
3 1 ! 1 ! -1 1 -1 1 1 1 2.396
(0.5946)  (0.804)  (2.0946)
1 -1 =il
4 ! (0.5946)  (0.804)  (0.9054) -1 -1 ! ! ! ! 2:448
-1 1 1
> ! (-0.5946) (1.696)  (2.0946) -1 -1 ! ! ! ! 2.208
=il 1 =il
1 -1 1 -1 1 1 1 2
6 (-0.5946) (1.696) (0.9054) 369
-1 -1 1
1 1 -1 =il 1 1 1 2
/ (0.5046) (0.804) (2.0946) 307
-1 -1 -1
8 1 (os046) (0804) (0.9054) ! ! ! ! ! 2418
-1.6818 0 0
9 1 1) s s) 0 0 0 2.8284 0 0 2.346
r 0 0
10 1 M (1.25) (5) 0 0 0 0 0 0 2.415
0 -1.6818 0
11 1 0 0 0 0 2.8284 0 2.408
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Ul 0 R O O e e e
0 1.6818 0
12 1 0 0 0 0 2.8284 0 2.348
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, LI 0 O ERE e e e
0 0 -1.6818
13 1 ) (1.25) ©5) 0 0 0 0 0 2.8284  2.443
0 0 1.6818
14 1 ) e 2.5 0 0 0 0 0 2.8284 2274
0 0 0
15 1 ) (1.25) (5) 0 0 0 0 0 0 2.396
0 0 0
16 1 0 a5 (s) 0 0 0 0 0 0 2414
0 0 0
1 1 2
7 0 o (5) 0 0 0 0 0 0 359
0 0 0
18 1 0 a5 (5) 0 0 0 0 0 0 2.377
0 0 0
19 1 ) . 5) 0 0 0 0 0 0 2.432
0 0 0
20 1 ) (1.25) 5) 0 0 0 0 0 0 2.374
D, 20 13.6569 13.6569 13.6569 8 8 8 15.9998 23.9997 23.9997 225.7753
B, 47501 04270442 -0.3239 -0.7132  0.073 0.115  -0.103 255504 323669 32.2566
b, 23922 0.0313 -0.0237 -0.0522 0.0091 0.0144 -0.00129 -0.4795 -0.0534 -0.0603
b.B.  113.6319 00134 0.0077 00372 0.007 0.0017 00013 -12.2506 -1.7297 -1.9461
t 2524379 22200 16815  3.7036 0 0.0001  0.0001  0.0029  0.0003  0.0004
a 0.001 0.1 0.2 0.02 = = = = = =
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lower stress response of the endplate, the factors which have
a significant effect were put into the equation, so the regres-
sion equation can be described as follows:

$ = 2.3922 + 0.0313x, — 0.0237x, — 0.0522x;

According to the relationship formula between z,, z,, z, and
X, X, X;, the x,, x,, x, are all replaced using z,, z,, z,, the equa-

tion could be changed as:

To ensure the formation of the groove structure, the width
of the groove and the location of the groove should meet the
condition as equation as follows, namely 2.5 — (|s| + g) > 0.5,
namley |s| +§s 2.

The depth of the groove is relative to the radius of the cage
itself and the radius of center opening. The radius of the cage
was 6.5 mm, the radius of the center opening was 2.5 mm.
Thus, after processing groove structure, the thickness of cage
(k") radially should not less than 1 mm to ensure the cage’s
minimum size. Specifically, h’=6.5-2.5-h >1, thus the groove
should meet 0< h <3.

From the discussion above, the groove size optimum problem
can be represented using the following equations:

[a = 2.5902 + 0.05265 — 0.0531b — 0.0877h

||+b<2
{ S 2=
b=0
L Is| =0
0<h<3

From the regression equation, the stress response of end-
plate is positively correlated to the s, the larger of value of s,
the larger of stress response of endplate; the stress response
of endplate is negatively correlated to the value of b and h,
the larger of the value of b or h, the smaller of stress response
of endplate. According to the equation (28), the optimum struc-
tural size parameters for minimum stress response of end-
plate were s=0 mm, b=4 mm, h=3 mm, respectively, and the
minimum stress response of endplate was 2.1147 MPa. In or-
der to validate the regression results, the cage designed us-
ing the size of the optimum parameter was simulated under
the same boundary and loading condition with the others,
and the endplate’s stress response obtained from the simu-
lation was 1.90527 Mpa, which was lower than the value cal-
culated by the regression equation. Moreover, the stress re-
sponse of endplate has decreased by 22.58% compared with
the original one. The stress distribution on endplates, cages,
bone grafts, and cancellous and cortical bone of C5 and C6
for the original cage and optimum structural cage were con-
trasted (Figures 4, 5).

CLINICAL RESEARCH

Discussion

In this study, a cage with bionic structure was designed and
optimized. As a result, the front view of the bionic structural
cage is I-shaped. Because a previous study demonstrated that
the contact area between cages and the endplates influenced
the stress of endplates [24], in the present study, the same sur-
face area of all cages with bionic structure was set to weak-
en the influence of cage surface area. Optimization was car-
ried out based on the experimental optimum design idea [25].
Testing with only 20 runs using the regression analysis meth-
od reduces the test number and improves the efficiency of ex-
ploring optimization parameters.

In addition, the relationship between the 3 structural size pa-
rameters of the cervical cage and the end plate stress was
proved using regression analysis theory. The results showed
that a cage with a lower distance between the center of the
cage and groove and higher depth and width of the groove
produced a lower stress response on the endplate. According
to the simulation results, the regression formula showed that
all the structural factors demonstrated in this work took part
in influencing the stress responses of endplates. Furthermore,
the results show that the optimization target changes linear-
ly with the change of factors. The distance between the cen-
ter of the cage and groove has a positive effect on the stress
response of the endplate; nevertheless, both the depth and
width of the groove have negative effects.

To understand the influence mechanism of the structural de-
sign compared to the original one, the stress distribution was
compared in Figures 4 and 5. As shown in Figure 4, the stress-
es distributed on the endplates was smaller and more uniform,
which directly resist the occurrence of subsidence. Figure 5
showed that the new optimized structural cage changed the
stress distribution state on the adjacent tissues. The stress was
distributed mainly on the edge of the superior-inferior surfac-
es of vertebra of the original cage design, but it was mainly
distributed on the center of the vertebra of the optimized de-
sign. This was conductive to the promotion of the cage’s sub-
sidence-resistance. In short, when using 3 variables that vary
within a certain range for experimental design, a regression
analysis method can be effectively used to explore the rela-
tionship between these structural parameters and the target
stress response. In addition, the experimental optimization de-
sign method can improve the consistency of experimental de-
sign and analysis and can reduce the experimental time and
cost. Because there are many products or processes in the
field of biomechanics that require optimal implementation,
regression analysis methods could make a huge contribution.

This study has some limitations. The model established in this
study sets the material properties of vertebrae, bone grafts,
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S, Mises

SNEG, (fraction=-1.0)

(Avg: 75%)
+2.510e+00
+2.301e+00
+2.092e+00
+1.883e+00
+1.674e+00
+1.465e+00
+1.256e+00

Original design

+1.047e+00
+8.378e—01
+6.287e—01
+4.197e-01
+2.106e—01
+1.556e—03

S, Mises
(Avg: 75%)

+3.170e+02
[+2.906e+02

+2.642e+02
+2.378e+02
+2.114e+02
+1.850e+02
+1.586e+02
+1.322e+02
+1.058e+02
+7.935e+01
+5.295e+01
+2.654e+01
+1.379e-01

S, Mises

(Avg: 75%)
+3.803e+00
+3.493e+00
+3.183e+00
+2.873e+00
+2.563e-+00
+2.253e+00
+1.942e+00
+1.632e+00
+1.322e-00
+1.012e-00
+7.017e-01
+3.915e-01
+38.135e—02

Optimum structure

Endplate

(age

Bone graft

Figure 4. The stress distribution on endplates, cages, and bone grafts for original cage and optimum structural one.

and cages to be isotropic linear. Furthermore, the screws were
set as solid cylinders in combination with vertebrae and plates,
and the screw threads were not modeled in the analysis [36].
Theoretically, by keeping the test conditions of all the surgi-
cal models consistent, the results obtained from the FE anal-
ysis can be taken as an effective method to demonstrate the
biomechanical properties related to the bionic structure de-
sign of the cervical anterior surgical cage.

Conclusions

In the study, the influence of bionic structural design of cervi-
cal intervertebral cage on the postoperative effects was inves-
tigated. The simulation results showed that cages with bionic
structure design could effectively decrease the stress response

of endplate, which improved the subsistence property. By using
secondary rotation regression optimization design and analy-
sis method, the regression equations were developed between
stress responses of endplate and the structural sized parame-
ters. Furthermore, the equation could significantly predict the
value of the optimum object (the stress response of endplate)
through significance analysis of the equation. The simulation
model established using the cage with optimization parame-
ters calculated the stress response of endplate matched well
with the prediction of the regression equation. Our results sug-
gest that the optimization method has great potential appli-
cation in the biomechanical engineering field.
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S, Mises Original design
(Avg: 75%)

+2.415e+00
+2.215e+00
+2.014e+00
+1.814e+00
+1.613e+00
+1.413e+00
+1.212e+00
+1.012e+00
+8.115e-01
+6.111e-01
+4.106e—-01
+2.102e-01
+9.764e—-01

S, Mises

(Avg: 75%)
+2.530e+00
+2.321e+00
+2.112e+00
+1.903e-+00
+—1+1.694e+00
+1.485e+00
+1.276e+00
+1.067e+00
+8.579e—01
+6.489e—01
+4.399e-01
+2.309e—01
+9.186e—01

S, Mises

SNEG, (fraction=-1.0)

(Avg: 75%)
+1.467e+01
+1.345e+01
+1.222e+01
+1.100e+01
+9.779e+00
+8.557e+00
+7.335e+00
+6.112e+00
+4.890e-+00
+3.667e+00
+2.445e+00
+1.222e+00
+9.227e+00

S, Mises

SNEG, (fraction=-1.0)

(Avg: 75%)
+2.318e+01
+2.123e+01
+1.946e+01
+1.769e+01
+1.592e+01
+1.415e+01
+1.238e+01
+1.061e+01
+8.846e-+00
+7.077e+00
+5.307e+00
+3.538e+00
+1.769e+00
+0.000e+00

Optimum structure
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Figure 5. The stress distribution on cancellous and cortical bone of C5 and C6 for the original cage and optimum structural one.
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