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Abstract 34 

Purpose: The multiscale vibratory response of the spine following orthopedic surgery in 35 

patients with idiopathic scoliosis and postoperative traumatic fatigue injury remains largely 36 

unexplored. 37 

Methods: This paper analyzes the postoperative macroscopic spine model in the modal, time, 38 

and frequency domains to obtain the vibration response of the patient's entire spine. 39 

Subsequently, the stresses in the cortical bone mesoscopic bone units around the surgically 40 

damaged interface were calculated using submodeling algorithms. The pore stresses and pore 41 

flow velocities of the osteocytes were then derived from the stresses of the mesoscopic bone 42 

units to predict fatigue damage at the fusion surface.  43 

Results: The findings indicated that the first three orders of intrinsic frequency exerted the 44 

most significant influence on the spine model. The maximum stress of the bone unit was 45 

observed at the X3 bone plate on the left side of the fusion surface, and the maximum pore 46 

pressure and flow velocity of the bone cells occurred at the X4 on the right side of the fusion 47 

surface. The medical implants used in spinal orthopedics, titanium cages and pedicle nails, 48 

change the mobility of the adjacent segments and also create a stress shielding effect that 49 

impacts the fusion of bone tissues. 50 

Conclusions: Microscopic bone cell synapses experience greater pore pressures and pore 51 

flow velocities in the vibration environment compared to those under the static environment, 52 

which may promote cell growth. Vibration at low loads typically does not induce fatigue 53 

damage to cancellous bone at the fusion surface of medical implants. 54 

Key words: Modal, Frequency domain analysis, Time domain analysis, Submodels, Fatigue 55 

damage, Finite elements 56 

1. Introduction 57 

Idiopathic scoliosis (IS) is a prevalent three-dimensional structural deformity of the spine, 58 

characterized by anteroposterior convex deformity of the vertebral bodies, lateral curvature, 59 

and vertebral rotation [3]. If severe IS is not corrected through surgery in a timely manner, the 60 

degree of deformity will gradually deteriorate, resulting in postural abnormalities, thoracic 61 

compression, and even endangering life [3], [32]. Treatment options for severe IS typically 62 

include osteotomy, along with internal fixation with pedicle nails, or placement of a titanium 63 

cage for osseointegration if the intact vertebrae are amputated [28]. The vibration 64 

environment can adversely affect the spine [12], [14], and prolonged exposure to vibration 65 

may cause cyclic stretching and compression of the spine, leading to fatigue of the 66 
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surrounding muscles as well as damage to the soft tissues [17], which can particularly lead to 67 

cause degenerative disc disease [20]. Furthermore, the vibration environment can influence 68 

the patient's postoperative period. It may also affect the degree of postoperative interbody 69 

fusion and even causes damage to the vertebrae (such as loosening of the pedicle rod system 70 

and titanium cage fusion device, stress shielding effect, degradation of neighboring vertebrae, 71 

and fatigue damage to cancellous bone). Therefore, it is necessary to analyze the macroscopic 72 

vibratory response of the spine in the postoperative period. 73 

Although macroscopic analysis is the cornerstone of biomechanical studies [6], it often 74 

hinders the understanding of growth and damage at the bone cell level. Finite element 75 

analysis of mesoscopic microstructures can effectively target human bone under disuse, 76 

physiological, overuse, and pathological overload [1], [7]. The macroscopic loading of bone 77 

exposed to vibration in the human body generates distinct mechanical signals in the meso- 78 

and micro-structures of bone, and these differences in the mechanical signals are also 79 

reflected at the macroscopic level [10]. By adopting a multiscale finite element approach to 80 

investigate the biomechanics of postoperative IS, we can explore the relationship between 81 

macroscopic loading and meso- and microstructures after IS, as well as further examine the 82 

mechanical effects of medical titanium alloy implant materials on the patient's bone structure. 83 

The mesoscopic level primarily pertains to the bone unit, while the microscopic level focuses 84 

mainly on the bone Lacunar-Canalicular System (LCS). 85 

This paper takes idiopathic lateral kyphosis patients as an example. Given that vibration 86 

experiments on patients after orthopaedic surgery are unreasonable and can easily cause harm 87 

to patients, finite element methods are used in this paper to analyze the spine, bone units, and 88 

bone cells of the patients in a vibration environment at macroscopic, mesoscopic, and 89 

microscopic levels. Compared with previous studies on human vibration mechanics, the 90 

response of bone units and bone cells to the vibration environment is further investigated. Our 91 

findings provide new insights for physicians to formulate orthopaedic surgery programs, offer 92 

new ideas for further research on the mechanics of vibration damage to bone structures, and 93 

establish a theoretical basis for preventing patients from suffering from secondary injuries. 94 

2. Materials and Methods 95 

2.1. Ethics 96 

The patient provided written informed consent for the use of their clinical data in this 97 

study. 98 

2.2. Data sources 99 

The subject of this study is a patient with idiopathic scoliosis. The patient is a female, 47 100 
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years old, with a height of 140 cm and a weight of 39 kg. In a standing state, the proximal 101 

Cobb angle of the upper thoracic vertebrae is 32 °, the Cobb angle of the thoracolumbar 102 

vertebrae is 67 °, and the Cobb angle of the lumbar vertebrae is 40 °. The patient has a 103 

particularly severe kyphosis, with a kyphosis Cobb angle of 124 °. The Cobb angle of the 104 

proximal thoracic vertebrae is 21 °, the Cobb angle of the thoracolumbar vertebrae is 32 °, the 105 

Cobb angle of the lumbar vertebrae is 27 °, and the kyphosis Cobb angle is 34°. The patient 106 

was from the Sixth Affiliated Hospital of Xinjiang Medical University and gave her consent 107 

for participation in this study, and the study was performed by all authors. 108 

2.3. Finite element modeling 109 

A 64-slice helical CT scan of the patient's thoracolumbar spine was conducted with slice 110 

spacings of 0.5918 mm and 0.7578 mm, and a total of 509 images in DICOM format were 111 

obtained. To construct the macroscopic model, the CT scan dataset was imported into Mimics 112 

21.0 (Materialise, Belgium) for threshold setting and manual segmentation, and the 3D 113 

geometric model of the thoracolumbar spine was obtained. Subsequently, the 3D model in 114 

Mimics was exported in STL format to Geomagic Studio 12.0 (Geomagic, USA) for surface 115 

configuration and smoothing optimization. The Geomagic Studio model was imported into 116 

SolidWorks 2023 (Dassault Systèmes, USA) in IGS format to construct the intervertebral disc, 117 

nucleus pulposus, and articular cartilage. At last, the vertebral cortical bone, vertebral 118 

cancellous bone, and ligaments were imported into Hypermesh 2021 (Altair, USA), and all 119 

the components were meshed. Mesoscopic models were developed in Abaqus 2021 (Simulia, 120 

USA), while microscopic models were created in COMSOL Multiphysics 5.6 (Comsol AB, 121 

Sverige). 122 

The finite element modeling process established in this paper is illustrated in Fig. 1. The 123 

model included various components, including vertebral cortical bone, vertebral cancellous 124 

bone, endplates, nucleus pulposus, annulus fibrosus, articular cartilage, and seven associated 125 

ligaments. The ligaments were composed of the supraspinous ligament (SSL), interspinous 126 

ligament (ISL), transverse ligament (ITL), ligamentum flavum (LF), capsule ligament (CL), 127 

posterior longitudinal ligament (PLL), and anterior longitudinal ligament (ALL). The 128 

vertebral cortical bone was simulated using triangular linear strain shell units with a thickness 129 

of 1 mm [15]; the cancellous bone was simulated using tetrahedral first-order linear solid 130 

units; the endplates were simulated using rectangular linear strain shell units; the annulus 131 

fibrosus matrix, medulla oblongata, commissures, and medical titanium staple rod system 132 

were simulated using eight-node hexahedral solid units; the ligaments were simulated using 133 

one-dimensional linear rod units as linear elastic isotropic material [36]. 134 
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According to the orthopedic plan proposed by the physician based on this patient's actual 135 

condition, the required implants were modeled in SolidWorks 2023. The orthopedic procedure 136 

was simulated in accordance with the surgical plan, which is detailed as follows: after surgical 137 

exposure of the patient's spine, the T8 vertebral body was resected using a snatch forceps and 138 

a bone knife, along with the bilateral articular synchondrosis joints of L1. The corresponding 139 

widths of the vertebral plates and ligaments were also resected. A titanium cage was placed in 140 

the original T8 vertebrae, and 16 pedicle screws (universal Xinjunte) were implanted in the 141 

T6-L2 vertebrae under the guidance of a C-arm. The T6-T10 pedicle screws had a diameter of 142 

4 mm, a nail length of 35 mm, a thread length of 20 mm, and a thread depth of 0.5 mm. The 143 

T11-T12 pedicle screws had a diameter of 5.5 mm, a nail length of 35 mm, a thread length of 144 

20 mm, and a thread depth of 0.5 mm. The L1-L2 pedicle root nail has a diameter of 6 mm, a 145 

nail length of 40mm, a thread length of 25mm, and a thread depth of 0.5mm. Two connecting 146 

rods were installed at T7-T9 and L1-L2. The resected part of the vertebral body was utilized 147 

as bone graft material, and after implanting a large amount of autogenous bone graft fusion, 148 

the incision was closed layer by layer. 149 

A bone unit is a component of bone at the mesoscopic scale, consisting of Havers canal 150 

and multilayered concentric bone plates, bone plate media, and bonding wires [31]. In this 151 

paper, bone units with six layers of concentric bone plates were established on the lower 152 

surface of T7 vertebra and the upper surface of T9 vertebra in the upper, lower, left, and right 153 

directions, numbered (X1-X4) and (S1-S4), respectively. 154 

The LCS is the primary component of bone at the microscopic scale. In this paper, one 155 

LCS was selected from each of the aforementioned eight bone cells for microscopic study, 156 

maintaining the same numbering as the corresponding bone cell. The bone cells comprise a 157 

cell membrane, cytoplasm, and nucleus inside, with each part idealized as a homogeneous 158 

ellipsoidal sphere [29]. Considering the symmetry of the microscopic LCS model, the number 159 

of cellular synapses was set at 6, with traps and tubules enveloping the cell cytosol and 160 

synapses [30]. 161 
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 162 

Fig. 1. The process of developing the finite element model of the spine. 163 

 164 

2.4. Materials of the model 165 

The material properties of the macroscopic spine components and bone units are 166 

presented in Table 1. The dimensions of each structure of the microscopic LCS finite element 167 

model are detailed in Table 2. The microscopic LCS is defined as isotropic materials, and the 168 

material properties of each structure of the finite element model are provided in Table 3. 169 
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Table 1. Characteristics of spinal components [16], [19], [38]. 170 

Spinal 

components 

Elastic 

modulus/MPa 

Poisson’

s ratio 

Cross-sectional 

area/mm2 

Element 

type 

Density/ 

(g∙cm-3) 

Cortical 12000 0.3  S3/S4R 1.7 

Cancellous bone 100 0.2  C3D4/C3D5 1.1 

Endplate 24.3 0.4  S4R 1.2 

Nucleus pulposus 1.0 0.49  C3D8R 1.02 

Fibrous rings 4.2 0.3  C3D8R 1.05 

Articular capsule 20 0.3  C3D8R 1 

ALL 7.8 0.3 63.7 T3D2 1 

PLL 10 0.3 20 T3D2 1 

LF 15 0.3 40 T3D2 1 

ISL 10 0.3 40 T3D2 1 

SSL 8 0.3 30 T3D2 1 

ITL 10 0.3 1.8 T3D2 1 

CL 20 0.3 30 T3D2 1 

Titanium cage 110000 0.34  C3D4 4.4 

Medical 

titanium alloy 

nail rod system 

110000 0.34  C3D4 4.4 

Bone plate 21500 0.3  C3D8R/C3D6 1 

Bone plate 

medium 

120 0.3  C3D6 1 

Cement line 6850 0.49  C3D6 1 

Table 2. Dimensions of each structure of the microscopic LCS finite element model [9], [30]. 171 

Components Value/nm Components Value/nm 

The side length of the bone 

matrix 

40000 The short axis of the nucleus 4000 

The height of the nucleus 2500 The long axis of the nucleus 5000 

The long axis of the cytoplasm 14000 The short axis of the cytoplasm 8000 

The height of the cytoplasm 8000 The thickness of the cell 

membrane 

200 

The diameter of the cell 

process 

440 The thickness of lacunar 2100 

The thickness of the 

canalicular 

80   
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Table 3. Material properties of each structure of the microscopic LCS finite element model 172 

[4], [9], [16], [19], [30], [38]. 173 

Property Nucl

eus 

Cytopl

asm 

Cell 

membr

ane 

Cell 

proc

ess 

lacun

a 

canali

culi 

Bone 

matri

x 

Modulus 

elasticity /(Pa) 

1000 250 4470 4470 16E+

09 

43000 2.0E+

10 

Poisson’s ratio 0.3 0.49 0.3 0.3 0.38 0.3 0.3 

Solid density 

/(kg/m3) 

2000 2000 800 800 1800 1200 2000 

Dynamic 

viscosity/(Pa·s) 

0.00

1 

0.001 0.001 0.00

1 

0.000

697 

0.0006

97 

0.000

697 

Porosity 0.1 0.1 0.2 0.2 0.08 0.1 0.05 

Permeability 

/(m2) 

1.0E-

20 

1.0E-1

8 

1.0E-1

8 

1.0E

-18 

1.0E-

19 

1.0E-1

8 

1.0E-

20 

Biot-wills 

coefficient 

2.5E-

01 

2.5E-0

1 

2.5E-0

1 

2.5E

-01 

1.4E-

01 

1.8E-0

1 

1.32E

-01 

Compressibility

/(1/Pa) 

4.0E-

10 

4.0E-1

0 

4.0E-1

0 

4.0E

-10 

4.0E-

10 

4.0E-1

0 

4.0E-

10 

Fluid density 

/(kg/m3) 

1000 1000 1000 1000 1000 1000 1000 

2.5. Boundary conditions 174 

Modal analysis provides intrinsic frequencies and vibration modes. The mass of the 175 

upper body significantly affects the dynamic response of the human spine, and studies on the 176 

body mass distribution of Chinese people have pointed out [27] that the upper body accounts 177 

for approximately 52% of the total body weight, with the head, neck, and shoulders 178 

comprising about 22% of the body weight. Therefore, a simplified mass point of 10.5 kg was 179 

added to the upper surface of the first thoracic vertebrae, T1, in the macroscopic spine model 180 

[18], along with a simplified mass point of 0.45 kg added to each side of the T1-L5 vertebrae. 181 

All degrees of freedom of the lower surface of the sacrum were fixed [37]. The boundary 182 

conditions for frequency-domain analysis were as follows: a 40 N sinusoidal axial excitation 183 

was applied to the upper surface of the T1 vertebral body within a frequency range of 0-30 Hz 184 

[18], and an equivalent damping ratio of 0.08 was adopted [16]. For time-domain analysis, the 185 

boundary conditions were set as follows: a cyclic load of 40 N corresponding to the first three 186 

orders of intrinsic frequencies of the spine model was applied to the apical surface of the T1 187 

vertebral body [17], and the spine was analyzed from 0 to 6 seconds postoperatively at a step 188 
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size of 0.01 seconds. The mesoscopic model of the bone cell utilized a submodeling function 189 

based on Saint-Venant's principle. The submodeling method is a finite unit technique designed 190 

to obtain more accurate solutions for specific regions of the model, with the displacement 191 

values calculated by the macroscopic model serving as the boundary conditions of the 192 

submodel. The boundary conditions were imposed on the exterior of the bonding line of the 193 

bone cell. 194 

In the microscopic model of bone cells, the microstrain results of the mesoscopic model 195 

were applied to the Y-axis of the model in the form of displacement loads196 

1 cos(2 )S a a ft= − +  and 2 cos(2 )S a a ft= −   in negative-to-negative and 197 

negative-to-positive directions, respectively. Here, f denotes the loading frequency with a 198 

value of 1, and a is a quarter of the maximum displacement amplitude.The specific boundary 199 

conditions are shown in Fig. 2. 200 

 201 

Fig. 2. Schematic representation of the boundary conditions of the finite element model (a-c). 202 

 203 

2.6. Model validation 204 

In this paper, the modular thoracolumbosacral spine (T1-S1) finite element model can be 205 

decomposed into several segments for validity verification. Firstly, the T11-L1 segment was 206 

selected, the lower end of L1 was fixed, and a moment of 10 Nm was applied to the upper end 207 

of T11 to simulate forward flexion, backward extension, lateral bending, and torsion 208 
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conditions. Additionally, a uniform pressure and tension of -200N, -100N, 100N, 200N, and 209 

300N were applied, respectively. The simulation results were compared with the literature of 210 

the isolated experiments [24], as shown in Fig. 3 (a). 211 

Similarly, the L4-L5 segment was selected, the lower end of L5 was fixed, and uniform 212 

axial loads of 500, 1000, 1500, and 2000 N were applied to the upper end of L4. Meanwhile, 213 

a moment of 10 Nm was applied to the upper end of L4 under the positive pressure of 500 N 214 

on L4 to simulate the forward flexion, backward extension, lateral bending, and torsion 215 

working conditions. The axial displacement and mobility of the vertebrae [2], [8], [21]–[23], 216 

[33], [34] are illustrated in Fig. 3(b), compared with the disembodied experiment. Under 217 

identical conditions, the finite element simulation results have the same trend and close values 218 

as the results of the ex vivo experiment, thereby confirming the reliability and validity of the 219 

model. 220 

 221 

Fig. 3. Comparative validation plot of the validity of the finite element model for this study 222 

(a-b). 223 
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 224 

3. Results 225 

3.1. Modal analysis results 226 

The macroscopic spine model was subjected to modal analysis, and the first four orders 227 

of modes were selected for analysis. The results are as follows: the first-order mode was 0.59 228 

Hz, with a vibration pattern characterized by the left-right swing of the thoracolumbar 229 

segment along the X-axis; the second-order mode was 0.85 Hz, with a vibration pattern 230 

characterized by anteroposterior and posterior flexion of the thoracolumbar segment along the 231 

Y-axis; the third-order mode was 5.29 Hz, with a vibration pattern characterized by up-down 232 

stretching of the thoracolumbar segment along the Z-axis. The fourth-order mode is 5.75 Hz, 233 

with a vibration pattern characterized by the torsion of the thoracolumbar segment along the 234 

Z-axis. Figure 4 illustrates the modal vibration pattern. 235 

 236 

Fig. 4. Plot of the first four orders of modal vibrations (a-d). 237 
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3.2. Macro model frequency domain and time domain analysis results 238 

The frequency domain and analysis results of the spine model are demonstrated in Fig. 5. 239 

The findings indicate that the primary resonance frequencies of the spine following the 240 

patient's orthopedic surgery correspond to the first three orders of the intrinsic frequency, with 241 

the most significant resonance near the first two orders of the intrinsic frequency. The 242 

first-order intrinsic frequency resonance of thoracic vertebrae T7 and T9-T10 reached it 243 

maximum in the X-direction of T7, with a value of -256.99 mm; the second-order intrinsic 244 

frequency resonance reached it maximum in the Y-direction of T7, with a value of 62.63 mm; 245 

the third-order intrinsic frequency resonance reached its maximum in the Y-direction of T7, 246 

with a value of 7.29 mm. The first-order intrinsic frequency resonance of lumbar vertebrae 247 

L1-L3 reached its maximum in the Y-direction of L3, with a value of -256.99 mm. The first 248 

order intrinsic frequency resonance of the lumbar vertebrae L1-L3 reached its maximum in 249 

the X direction of L3, with a value of -310.54 mm; the second-order intrinsic frequency 250 

resonance reached its maximum in the Y direction of L3, with a value of 74.87 mm; the third 251 

order intrinsic frequency resonance reached its maximum in the Y direction of L3, with a 252 

value of 7.35 mm. 253 
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 254 

Fig. 5. Frequency domain analysis results of the thoracic as well as lumbar spine of the 255 

postoperative spine model (A), and time domain results of the first three orders of frequency 256 

excitation (B-D). 257 

 258 

The time-domain results demonstrate that, under the external excitation at the first-order 259 

intrinsic frequency, the displacements of the thoracic vertebrae T7, T9-T10, and the lumbar 260 

vertebrae L1-L3 in the X-direction gradually increase, and the displacements in the 261 

Y-direction are smaller relative to those in the X-direction but larger than those in the 262 

Z-direction. Under the external excitation of the second-order intrinsic frequency, both 263 

thoracic and lumbar vertebrae exhibited a steady-state response, with minimal displacement 264 

response in the three directions. Similarly, under the external excitation at the third-order 265 

intrinsic frequency, the thoracic and lumbar vertebrae remained in steady-state response, and 266 

the displacements were also small. Among the first three orders of intrinsic frequency, the 267 

first-order intrinsic frequency excitation exerted the most substantial effect on the vibration 268 

displacement of the thoracic and lumbar spine. Therefore, the macroscopic model under the 269 
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excitation of the first-order intrinsic frequency was continued to be analyzed at both 270 

mesoscopic and microscopic levels. 271 

The intervertebral discs are more susceptible to degenerative diseases than the vertebral 272 

body, so the annulus fibrosus and nucleus pulposus are analyzed for stress and strain. 273 

Meanwhile, the spinal column after surgery incorporates medical implants such as pedicle 274 

pins and titanium cages, which also require analysis regarding stress and strain. In this way, 275 

the stress shielding effect of medical implants under the whole-body vibration environment 276 

was further evaluated. The results of the time-domain mechanical property analysis are 277 

illustrated in Fig. 6. It can be seen that the annulus fibrosus and the nucleus pulposus have the 278 

highest stress under the third-order intrinsic frequency excitation, with a maximum annulus 279 

fibrosus pressure of 1.28 MPa at T3/T4 and a maximum nucleus pulposus pressure of 0.51 280 

MPa at T9/T10. The implant, the pedicle nail, and the titanium cage have the highest stress 281 

under the third-order intrinsic frequency excitation, with a maximum stress of 84.32 MPa in 282 

the pedicle nail at T7 and 95.32 MPa in the titanium cage at T9/T10, respectively. 283 

 284 

Fig. 6. Time-domain mechanical property analysis result plot (a-d). 285 

 286 

3.3. Results of mesoscopic model bone unit analysis 287 

The maximum stress map of the mesoscopic bone unit and the results of the structural 288 
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dynamic response of the bone unit after the removal of the stress concentration points are 289 

depicted in Fig. 7. The highest stresses are observed on the left cortical bone units X3 and S3 290 

at the upper end face of T7 and the lower end face of T9. The macroscopic vibration mode of 291 

the model corresponds to the first-order intrinsic frequency vibration, which involves 292 

oscillation around the thoracolumbar vertebral segments along the X-axis, aligning with the 293 

actual vibration situation. Notably, the inner side of the bone plate and the bonding line 294 

experience greater stresses, and the pressure on the bone plate medium is relatively smaller. 295 

The results of the time-domain analysis of the bone unit indicate that the structural stress of 296 

each part of the bone unit exhibits the same periodic changes with the macro model cycle 297 

vibration. Compared with the anterior bone units X1 and S1 and the posterior bone units X2 298 

and S2, the left and right bone units endure greater stress. Consequently, in a postoperative 299 

whole-body vibration environment, the cortical bone at the fusion surface of the titanium cage 300 

is more prone to stress concentrations at the corresponding locations of the lower-order 301 

vibration pattern, potentially leading to further damage. The microstrain of the bone plate was 302 

calculated based on its average stress, and then these results were converted to the 303 

displacement load applied to the microscopic model. The average stress of the bone plate, as 304 

well as the value of a in the conversion to the displacement load of the microscopic bone cells, 305 

are presented in Table 4. 306 

 307 
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 308 

Fig. 7. Plot of the results of the kinetic analysis of the mesoscopic bone unit. 309 
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Table 4. Average stresses in the bone plate and the value of a in the microscopic osteoclast 310 

displacement load equation. 311 

Bone unit 

numbering 

 

X1 

 

X2 

 

X3 

 

X4 

 

S1 

 

S2 

 

S3 

 

S4 

Bone plate mean 

stress(MPa) 

 

26.49 

 

22.17 

 

31.33 

 

51.10 

 

29.62 

 

33.84 

 

41.39 

 

24.62 

a value(μm) 0.0123 0.0103 0.0146 0.0238 0.0138 0.0157 0.0193 0.0115 

3.4. Results of microscopic model osteoblast analysis 312 

The maximum pore pressure and maximum pore flow velocity of the microscopic 313 

osteocytes are illustrated in the cloud diagram and statistical graph in Fig. 8. The maximum 314 

pore pressure and pore flow velocity were observed at X4 and S4 on the lower face of T7, 315 

measuring 1800 Pa and 3.21×10-7m/s, respectively. The osteocytes at X3 and S3 exhibited 316 

significant pore pressure and pore flow velocity, with values of 1090 Pa and 1.95×10-7m/s and 317 

1460 Pa and 2.61×10-7 m/s, respectively. Notably, the maximum pore pressure of the 318 

osteocyte was located distal to the synapse, while the maximum pore flow velocity was found 319 

at the synapse near the cytosol. These microscopic findings are further corroborated by the 320 

observation that the left and right cancellous bones, affected by the first-order modal 321 

oscillations in the whole-body vibration environment, are more prone to damage. 322 
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 323 

Fig. 8. Maximum pore pressure and maximum pore flow rate in bone cells. 324 

3.5. Results of fatigue damage prediction in cancellous bone 325 

Repeated loading below the static structural strength can impact the development of 326 

fatigue damage. The study focused on the fusion surfaces of the cancellous bone at the lower 327 

end of T7 and the upper end of T9, which were in direct contact with the titanium cage after 328 

the surgery, as well as the vertebrae of T6-L2 that were fused with the threads of the pedicle 329 

screws. Haddock et al. [11] carried out cyclic compression loading experiments on human 330 

cancellous bone trabeculae to observe their apparent fatigue behavior. They found a classical 331 
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power function relationship between the ratio of stress to elastic modulus of cancellous bone 332 

0/   and the number of cycles to failure fN , which more accurately describes the fatigue 333 

damage behavior of cancellous bone with varying volume fractions, structures, and material 334 

properties. 335 

( )
8.5418

04.57 10 /fN 
−−=   

 
336 

According to the simulation results, the average stress in the cancellous bone at the lower 337 

end face of T7 was σ=0.09 MPa, and at the upper end face of T9, it was σ=0.23 MPa under 338 

the load of 0.59 Hz. The maximum average stress in the threaded fusion surface of the pedicle 339 

nail at L2 was σ= 0.04MPa, which was calculated by the aforementioned equation to obtain 340 

the fN  values of 4.68×108, 1.55×105, and 4.77×1011 times. 341 

The average stress in the cancellous bone at the lower end face of T7 was σ=0.02MPa, 342 

and at the upper end face T9, it was σ=0.22 MPa. The maximum average stress in the 343 

threaded fusion surface of the pedicle nail at T10 was σ= 0.03 MPa under a load of 0.85 Hz, 344 

which was calculated by the aforementioned equation to obtain fN  values of 1.77×1014, 345 

2.27×105, and 5.56×1012 times. 346 

Under the load of 5.29 Hz, the average stress of the cancellous bone at the lower end face 347 

of T7 was σ=0.94MPa, and at the upper end face of T9, it was σ=1.07MPa. The maximum 348 

average stress at the fusion surface of the threaded pedicle nail was σ= 0.08 MPa at L2, which 349 

was calculated using the previously mentioned equation, yielding fN  values of 1.72×102, 350 

2.67×103, and 1.28×109 times. It can be concluded that medical implants are unlikely to cause 351 

fatigue damage to the cancellous bone of the fusion surface under low load vibrations; 352 

however, the fatigue life of cancellous bone will be significantly reduced under high load 353 

vibrations. 354 

4. Discussion 355 

This study offers a novel perspective for analyzing the vibration response and fatigue 356 

damage in patients with severe lateral kyphosis of the spine, who are exposed to whole-body 357 

vibration after orthopedic surgery. The modal, time-domain, and frequency-domain responses 358 

of the spine were initially investigated on a macroscopic scale, revealing that the first three 359 

intrinsic frequency vibration modes, especially the first intrinsic frequency vibration mode, 360 

exert the greatest influence on the macroscopic model. The mesoscopic model of the bone 361 

unit located near the fusion surface of the titanium cage was established using the 362 

sub-modeling technique, and stress changes of the bone unit under whole-body vibration were 363 

examined. Subsequently, the microstresses of the mesoscopic bone unit were converted into 364 
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microstrains loaded onto the microscopic model of bone cells, and the pore pressure and pore 365 

flow velocity of the bone cells were assessed. At last, based on the classical fatigue damage 366 

prediction formula, the number of fatigue damage cycles of titanium cage fusion surfaces and 367 

pedicle nail fusion surfaces under the first three orders of intrinsic frequency excitation were 368 

predicted. 369 

For the macroscopic model, the first-order intrinsic frequency of the patient was 370 

determined through modal analysis to be (0.59 Hz) higher than the T1-S1 first-order 371 

resonance frequency (0.41 Hz) reported in the standard human spine model of Kong et al. 372 

[13]. This discrepancy may be attributed to the addition of medical implants from the patient's 373 

orthopaedic surgery, which increased the stiffness of the spine. Frequency domain analysis 374 

identified the first three orders of intrinsic frequency as the main resonance region of the 375 

spine, particularly around the first and second-order intrinsic frequencies, where the patient's 376 

spine exhibited significant displacement response. This observation is consistent with the fact 377 

that the lower-order modes of vibrational mechanics involve a greater effective mass, have the 378 

highest energy, and exert the most substantial impact. The amplitudes of the first two modes 379 

are particularly noteworthy, likely due to medical implants restricting the mobility of the 380 

vibration mode corresponding to the third-order mode. The frequency domain results 381 

indicated that the maximum displacement occurred in the L3 segment, contrasting with the 382 

findings by Li et al. [17], which reported that the maximum displacement occurred in the 383 

thoracic spine segment. This difference may stem from the selected segments being located at 384 

the upper and lower ends of the titanium cage, with the implantation of the titanium cage 385 

reducing the mobility of the joints and consequently concentrating the vibration 386 

displacements primarily in the lumbar spine segments. The results of time-domain analysis 387 

demonstrated that under the first-order intrinsic frequency excitation, the displacement in the 388 

X-direction exhibited a significant amplification trend, while the displacement in the 389 

Y-direction also gradually increased. The first-order resonance is more likely to induce 390 

secondary damage to the patient, and exposure to the vibration environment of the first-order 391 

intrinsic frequency should be avoided. Under the second-order intrinsic frequency excitation, 392 

the Y-direction displacement also displayed a slow amplification trend, suggesting that the 393 

second-order intrinsic frequency excitation may harm the spine. Under the third-order 394 

intrinsic frequency excitation, the displacements in all three directions increased gradually. 395 

This may be because the implantation of pedicle pins and titanium cages in the patient's spine 396 

after orthopedic surgery significantly limited the mobility of the spine model in the Z-axis 397 

direction and caused the vibration response to increase slowly. For the mesoscopic model, the 398 
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maximum stress in the bone unit was borne by the bone plate. However, in contrast to the 399 

hydrostatic study by Yu et al. [35], the maximum stress occurred in the innermost bone plate, 400 

indicating that the inner Havers tube will experience greater stress in the vibration 401 

environment. Compared to the hydrostatic study of the mesoscopic bone unit, stresses are 402 

generally magnified several times under vibration conditions, supporting the conclusion that 403 

dynamic cyclic loading is more likely to cause damage to the structure. Elevated stresses are 404 

beneficial in stimulating tissue fluid flow in the region, thereby promoting cellular 405 

regeneration (Ganesh et al. [9]), while lower stresses on bonding wires and bone plate media 406 

are beneficial for self-protection of the bone structure. 407 

For the microscopic model, the increased pore pressure and pore flow velocity of the cell 408 

synapse facilitate fluid movement, thereby enhancing osteocyte metabolism and information 409 

exchange and guiding osteoblasts to carry out bone reconstruction [25], [26]. Osteoblasts 410 

located in areas corresponding to the vibration pattern have greater pore pressure and pore 411 

flow velocity, indicating that the use of effective vibration can better stimulate osteoblast 412 

growth, thus accelerating the building of new mesoscopic bone units. This, in turn, has a 413 

positive impact on macroscopic bone growth, benefiting patients recovering from surgery. 414 

Repeated loading of cancellous bone below static structural strength leads to fatigue 415 

damage, with bone trabeculae being the primary contributors to the damage behavior of the 416 

vertebral body. According to the fatigue damage prediction results of cancellous bone in this 417 

study, under low load vibration conditions, fatigue damage to the cancellous bone of pedicle 418 

pins, as well as titanium cage fusion surfaces, is generally minimal. However, the fatigue life 419 

of cancellous bone is significantly reduced under high-load vibration conditions, suggesting 420 

that heavier patients should be more careful to avoid exposure to vibrations compared to 421 

lighter patients. 422 

This study also acknowledges several limitations: the macroscopic model did not 423 

account for the impact of the spinal cord on the spine, the mesoscopic model of the bone unit 424 

did not consider the irregular bone structure around it, the microscopic model of the LCS 425 

failed to consider the interstitial fluid in the bone canal and the bone cavity, and the fatigue 426 

injury prediction did not take the osteoporosis condition into account. Future research should 427 

incorporate additional factors when constructing macroscopic, mesoscopic, and microscopic 428 

models to enhance their realism. It is noteworthy that investigating the effects of vibration 429 

environment on stimulating bone growth will further advance our understanding of the growth 430 

mechanism of human bone tissue. 431 

5. Conclusion 432 
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Spinal orthopedic implants, such as titanium cages and pedicle screws, change the 433 

mobility of the adjacent segments and produce a stress shielding effect that impacts the fusion 434 

of the bone tissues. Meanwhile, mesoscopic bone cells experience greater stresses under 435 

vibration compared to static loads, with peak stresses occurring at locations consistent with 436 

modal vibration. In addition, microscopic bone cell synapses exhibit higher pore pressures 437 

and pore flow velocities under vibration than under static loads, facilitating cell growth. 438 

Moreover, low load vibration generally does not induce fatigue damage to the cancellous bone 439 

at the fusion surface of medical implants. 440 
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