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Abstract.
OBJECTIVE: To explore the biomechanical influence of posterior tibial angle on the anterior cruciate ligament and knee joint
forward stability.
METHODS: The left knee joint of a healthy volunteer was scanned by CT and MRI. The data were imported into Mimics
software to obtain 3D models of bone, cartilage, meniscus and ligament structures, and then Geomagic software was used to
modify of the image. The relative displacement between tibia and femur and the stress of ACL were recorded.
RESULTS: ACL tension was 12.195 N in model with 2◦ PTS, 12.639 N in model with 7◦ PTS, 18.658 N in model with 12◦

PTS. the relative displacement of the tibia and femur was 2.735 mm in model with 2◦ PTS, 3.086 mm in model with 7◦ PTS,
3.881 mm in model with 12◦ PTS. In the model with 30◦ flexion, the maximum tension of ACL was 24.585 N in model with 2◦

PTS, 25.612 N in model with 7◦ PTS, 31.481 N in model with 12◦ PTS. The relative displacement of the tibia and femur was
5.590 mm in model with 2◦ PTS, 6.721 mm in model with 7◦ PTS, 6.952 mm in model with 12◦ PTS. In the 90◦ flexion models,
ACL tension was 5.119 N in model with 2◦ PTS, 8.674 N in model with 7◦ PTS, 9.314 N in model with 12◦ PTS. The relative
displacement of the tibia and femur was 0.276 mm in model with 2◦ PTS, 0.577 mm in model with 7◦ PTS, 0.602 mm in model
with 12◦ PTS.
CONCLUSION: The steeper PTS may be a risk factor in ACL injury.
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1. Introduction1

The injury of anterior cruciate ligament (ACL) is2

one of the common sports injuries, of which about3

more than 70% are caused by non-contact events [1].4

The risk factors of non-contact ACL injury include:5

movement types, female, intercondylar fossa of the6
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form, fatigue, etc. In recent years, the influence of pos- 7

terior tibial slope (PTS) on non-contact ACL injury 8

is gradually concerned. However, most researches fo- 9

cused on the clinical multiple factors [2,3], and the 10

consensus on this problem was not achieved. The ba- 11

sic research on the role of the changes of the PTS in 12

the ACL injury is limited [3–6]. To further investigate 13

the relationship between PTS and knee biomechanics, 14

the three dimensional finite element analysis of knee 15

joint was employed to analyze the biomechanical in- 16

fluence of posterior tibial angle on the anterior cruciate 17

ligament and knee joint forward stability. 18
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Fig. 1. The tissue was segmented and extracted automatically after the data of CT scans were imported into Mimics software to obtain accurate
3D model reconstruction.

2. Materials and methods19

2.1. Objects and equipment20

In this study, a healthy male volunteer was selected21

as research object, with the height of 175 cm, the22

weight of 75 kg, the body mass index BMI was 24.5,23

and the knee joint had no chronic pain or trauma his-24

tory.25

The equipment used in this study were 1.5 T26

dual gradient nuclear magnetic resonance (Philips27

Achieva), Philips ingenuity core 128 slice spiral CT.28

The working platform was LENOVO workstation29

with CPU: I7-3770, memory: 32 G, operating system:30

Windows 7.31

The analysis software were Mimics10.01, Geo-32

magic2013, SolidWorks 2012, ANSYS14.5.33

2.2. Establishment of three-dimensional finite element34

model of knee joint35

2.2.1. Basic data acquisition36

Informed consents were obtained from all the in-37

cluded patients. The left knee set in extension position38

(genuflex at 0 degrees) was scanned with CT and MRI.39

CT and MRI images of the upper and lower 15 cm40

range of the knee joint were obtained. Layer thickness41

of CT scanning was 0.625 mm, which of MRI scanning 42

was 0.8 mm. The image is saved as DICOM format. 43

2.2.2. Establishment of a preliminary model of bone, 44

cartilage, ligament and meniscus tissue 45

CT and MRI scanning data in DICOM form were 46

imported into Mimics10.01 software. By using the im- 47

age segmentation and automatic extraction of the sys- 48

tem, the accurate 3D segmentation and model recon- 49

struction were performed. 50

The 3D model of bone tissue is obtained from the 51

CT scan data (Fig. 1). After that, the MRI scan data 52

were imported into the Mimics software, the sagit- 53

tal plane, coronal plane, cross section and a three- 54

dimensional view of knee joint could be observed. The 55

outline of cartilage, meniscus, medial and lateral col- 56

lateral ligament as well as the cruciate ligament were 57

described, and the data were obtained. The preliminary 58

data of knee joint cartilage, meniscus and ligament in 59

the model was obtained (Fig. 2). 60

Surface mesh editing tool of Geomagic2013 soft- 61

ware was used to build a 3D model for each part. In 62

particular, the 3D model reconstructed by MRI was 63

modified to make the model more smooth, supple, and 64

get the model with high quality surface. Registration 65

alignment of the three dimensional model of soft tis- 66

sue surface was performed in Solidworks 2012 soft- 67
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Fig. 2. The tissue of cartilage and meniscus were outlined and extracted automatically after the data of MRI scans were imported into Mimics
software to get 3D model reconstruction.

ware based on two different modal data. The three-68

dimensional model of main ligament, meniscus re-69

constructed by MRI was converted to CT scanning70

data space. The biomechanical finite element mesh of71

Solidworks is used to directly partition the 3D solid72

model in to high quality body mesh, and to integrate73

the three-dimensional finite element model of the knee74

joint.75

The ANSYS software was used to import the 3D fi-76

nite element model of knee joint into ANSYS 14.5 fi-77

nite element analysis software. Tetrahedral units were78

classified to improve numerical accuracy. The model79

was divided into 48909 unit, 81593 nodes (Fig. 3).80

2.2.3. The establishment of different flexion angle81

model and different angle of posterior slope of82

the medial tibial plateau83

According to the previous report [7], the PTS of the84

posterior aspect of the tibia through MRI sagittal im-85

age. The posterior slope of the medial tibial plateau86

was 7◦. The cutting function of Solidworks 2012 image87

processing software was used to cut the bone under the88

tibial plateau. After adjusting the posterior slope angle89

of the platform by rotating the proximal end of the os-90

teotomy, the clearance was filled with bone of the same91

Fig. 3. The tetrahedral elements were parted with ANSYS14.5 soft-
ware, the model is divided into 48909 units and 81593 nodes.

attribute material. The knee joint model of 12 degree 92

and 2 degree were reconstructed respectively. Three 93

kinds of knee joint model with different posterior tilt 94

angle were obtained, which were classified as, group A 95

with posterior tilt angle of 2◦, group B with posterior 96

tilt angle of 7◦, group C with posterior tilt angle of 12◦. 97

In the three groups after the reconstruction, the fe- 98

mur was rotated backward to 30◦ and 90◦ respectively. 99

The skeleton model of genuflex with 30◦ and 90◦ was 100
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Table 1
Models with different knee flexion angle and with different PTS

Posterior tibial Extension Knee flexion Knee flexion
slope (PTS) position at 30◦ at 90◦

2◦ A1 A2 A3
7◦ B1 B2 B3
12◦ C1 C2 C3

Table 2
Biomechanical parameters of each tissues in the 3D finite element
model of knee joint

Organization Elastic modulus E Poisson
structure (MPa) ratio

Bone 2.06 × 105 0.30
Cartilage 5.0 0.46
Ligament 215.3 0.40
Meniscus 59.0 0.49

set. Adjustment of the spatial position of the ligaments101

of the knee joint was made in order to achieve a bet-102

ter spatial anastomosis. The stress concentrated and103

the potential interference zone for late calculation were104

corrected. In this way, three different state model of105

knee flexion with 0◦, 30◦ and 90◦ were established (Ta-106

ble 1).107

2.3. Material properties and boundary conditions108

According to previous reports [8,9], experiments109

and analysis, the deformation of the bone tissue struc-110

ture is smaller than soft tissue structure, including111

articular cartilage and meniscus. Therefore, we set112

the material properties of femur, tibia and fibula as113

isotropic elastic material with elastic modulus of 2.06114

× 105 MPa, poisson ratio of 0.30, set the material prop-115

erties of articular cartilage and meniscus as homoge-116

neous, continuous, isotropic elastic material with elas-117

tic modulus of 5 MPa, poisson ratio of 0.46 and with118

elastic modulus of 5 MPa, poisson ratio of 0.49 respec-119

tively [8,9]. At last, we set ligament as homogeneous,120

continuous, isotropic elastic material with elastic mod-121

ulus of 215.3 MPa, poisson ratio of 0.4 (Table 2).122

In order to make the model closer to the entity, the123

two ends of the main ligaments and anatomical at-124

tachment points were set to be connected to the com-125

mon nodes. Setting the surface of the articular carti-126

lage fixed with the surface of the bone tissue, the an-127

terior horn and posterior horn of the meniscus and the128

outer edge of the medial meniscus were fixed with the129

edge of the tibial plateau, to simulate the attachment130

of the meniscus in the tibial plateau. The contact be-131

tween cartilage and meniscus was surface-surface con-132

tact and the contact property was nonlinear no friction133

contact [8,9].134

2.4. Loading condition 135

In the genuflex model with 0◦, the X, Y and Z axes 136

of tibia were fixed. In the femoral condyle, the medial 137

collateral ligament is given vertical stress of 1150 N 138

to observe the relative displacement of the femur and 139

tibia and the tension of anterior cruciate ligament [8,9]. 140

In the genuflex model with 30◦, the X, Y and Z axes 141

of tibia were fixed. Vertical ground stress of 750 N and 142

external rotation stress of 10 Nm were given at the at- 143

tachment point of medial collateral ligament upper the 144

femoral condyle. 145

In the genuflex model with 90◦, the X, Y and Z axes 146

of tibia were fixed. A point fix method was performed 147

on the distal end of tibia. The anterior forward stress of 148

134 N was given at the lower surface of the tibia [8,9]. 149

The load of 1150 N with the extension of the knee 150

joint is the maximum load of one side of the knee joint 151

in the 70 kg person’s normal walking gait. The load of 152

750 N along the femoral load and 10 Nm torque in the 153

genuflex of 30◦ is to simulate the condition of the knee 154

joint during the take-off or landing. 155

3. Results 156

In the genuflex model with 0◦, the maximum dis- 157

placement of the femur in the three groups were 158

2.735 mm of A1, 3.086 mm of B1, 3.881 mm of 159

C1 respectively (Fig. 4A–C). The maximum tension 160

of the anterior cruciate ligament were 12.195 N of 161

A1, 12.639 N of B1 and 18.658 N of C1 respectively 162

(Fig. 4D–F). 163

In the genuflex model with 30◦, the maximum dis- 164

placement of the femur in the three groups were 165

5.590 mm of A2, 6.721 mm of B2, 6.952 mm of 166

C2 respectively (Fig. 5A–C). The maximum tension 167

of the anterior cruciate ligament were 24.585 N of 168

A2, 25.612 N of B2 and 31.481 N of C2 respectively 169

(Fig. 5D–F). 170

In the genuflex model with 90◦, the maximum dis- 171

placement of the femur in the three groups were 172

0.276 mm of A3, 0.577 mm of B3, 0.602 mm of C3 173

respectively (Fig. 6A–C). The maximum tension of the 174

anterior cruciate ligament were 5.119 N of A2, 8.674 N 175

of B2 and 9.314 N of C2 respectively (Fig. 6D–F). 176

4. Discussion 177

Knee joint anterior cruciate ligament injury caused 178

by knee joint injury was considered as a hot topic in 179
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Fig. 4. The relative displacement of the tibia and femur and ACL tension in the genuflex model with 0◦. A. The relative displacement of the
tibia and femur was 2.735 mm in model A1; B. The relative displacement of the tibia and femur was 3.086 mm in model B1; C. The relative
displacement of the tibia and femur was 3.881 mm in model C1; D. The ACL tension was 12.195 N in model A1; E. The ACL tension was
12.639 N in model B1; F. The ACL tension was 18.658 N in model C1.

Fig. 5. The relative displacement of the tibia and femur and ACL tension in the genuflex model with 30◦. A. The relative displacement of the
tibia and femur was 5.590 mm in model A2; B. The relative displacement of the tibia and femur was 6.721 mm in model B2; C. The relative
displacement of the tibia and femur was 6.952 mm in model C2; D. TheACL tension was 24.585 N in model A2; E. The ACL tension was
25.612 N in model B2; F. TheACL tension was 31.481 N in model C2.
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Fig. 6. The relative displacement of the tibia and femur and ACL tension in the genuflex model with 90◦. A. The relative displacement of the
tibia and femur was 0.276 mm in model A3; B. The relative displacement of the tibia and femur was 0.577 mm in model B3; C. The relative
displacement of the tibia and femur was 0.602 mm in model C3; D. The ACL tension was 5.119 N in model A3; E. TheACL tension was 8.674 N
in model B3; F. The ACL tension was 9.3141 N in model C3.

the research field of orthopaedic sports medicine. The180

former research focused mainly on the functional dam-181

age of the knee joint after ligament injury and the oper-182

ation method of the repair and reconstruction. In recent183

years, the research on knee joint anterior cruciate liga-184

ment injury accessed to the mechanism of damage. In185

particular, the mechanism of non-contact ACL damage186

of the knee joint had been made a few progresses. Fe-187

male, menstrual cycle, exercise fatigue, genetic genes,188

and so on, are thought to be associated with ACL dam-189

age [10–13].190

The association between posterior tibial slope (PTS)191

and non-contact ACL damage has attracted increas-192

ing attention worldwide. It was considered that the in-193

crease of posterior slope angle would lead to tibial194

antdisplacement and the increase of ACL load, which195

would affect the biomechanical properties of knee joint196

and increase the risk of ACL injury [14–16]. Giffin et197

al. [15] performed osteotomy on 10 cadaveric speci-198

mens. When the PTS increased 4.4◦, the tibial antedis-199

placement increased 4.7 mm with genuflex of 30◦ un-200

der 200 N axial stress. Dare et al. [16] also found that201

large posterior tilt angle was rick factor for ACL injury.202

When the posterior tilt angle was more than 4◦, sensi-203

tivity of the prediction for ACL damage was 76%, and204

the specificity was 75%. Patients with higher PTS had205

a relatively high failure rate of the reconstruction of 206

ACL. Moreover, some surgeons performed osteotomy 207

to reduce the tension of the ACL in the ACL recon- 208

struction [17,18]. 209

However, the results of current study on the risk of 210

ACL damage and PTS are not consistent. It was re- 211

ported that there were no association between PTS and 212

ACL injury [3,19]. The results of that control study 213

showed that both medial and lateral bony PTS were 214

not associated with ACL injury. Kostogiannis et al. 215

compared the PTS of the patients with obvious knee 216

instability after ACL fracture, required reconstruction 217

surgery and the PTS of the patients without knee in- 218

stability and reconstruction surgery. This prospective 219

research showed that knee instability after ACL injury 220

was more obvious in the patients with smaller PTS. 221

Therefore, it was considered that the lager the PTS 222

was, the more stable the knee joint was and it was not 223

considered that the increase of PTS will increase the 224

risk of ACL injury. 225

There is controversy about whether PTS has become 226

a risk factor of non-contact ACL damage, which may 227

be induced by following reasons. First, the research 228

methods were different. Some researches were con- 229

ducted by cadaver specimens and some results were 230

obtained from clinical observation. There is an great 231
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disadvantage in cadaver specimens. Beside the differ-232

ence of PTS in different specimens, other parts in-233

cluding the difference between the inside and outside234

posterior tilt angle, the size of the condylar fossa, the235

thickness of the meniscus etc., would interfere the re-236

sults. Second, the object of study is different. Differ-237

ences in race may also lead to differences in the results238

of the study, or even to the contrary.239

To investigate the effect of PTS single factor on the240

biomechanics of ACL and knee stability and to reduce241

the interference of other factors, our study used com-242

puter inverse reconstruction method to build a digi-243

tal model of normal human knee joint and a computer244

finite element analysis method was performed. The245

method used the image data to reconstruct the highly246

simulated knee joint model and overcome the short-247

comings of cadaver specimen. In this study, we set up248

different posterior tilt angle and kept the consistent of249

other anatomic parameters. At the same time, the way250

to build posterior tilt angle was not the same as the os-251

teotomy and fixation method used in the corpse. This252

method can avoid the influence of bone discontinuity253

after osteotomy and the difference between steel plate254

and the elastic modulus of bone.255

In this study, the loading was set according to pre-256

vious reports [20–22]. The load of 1150 N with the257

extension of the knee joint is the maximum load of258

one side of the knee joint in the 70 kg person’s normal259

walking gait. The load of 750 N along the femoral load260

and 10 N.m torque in the genuflex of 30◦ is to sim-261

ulate the condition of the knee joint during the take-262

off or landing. The load of 114 N in the genuflex of263

90◦ is mainly in order to compare to the related re-264

search [21,22].265

We have found that when the posterior tibial angle266

was increased, no matter the stress was applied in the267

extension position or in the flexion position, the dis-268

placement of the tibia and the femur will increase sub-269

sequently. Similarly, tension changes of the anterior270

cruciate ligament also showed the same trend. There-271

fore, we speculate that the larger PTS will lead to272

greater stress in the ACL movement, which is a high273

risk factor for non-contact injury of ACL. Further re-274

search with larger sample size is needed to verify this275

speculation.276

In conclusion, our results support the conclusion of277

most clinical observation, that is PTS is the high risk278

of anterior cruciate ligament injury. However, beside279

PTS, other factors would also affect the ACL stress in280

actual motion. Therefore, the significance of PTS in the281

non-contact ACL damage and the possible influence on282

the choice of the ACL reconstruction method are still283

need to be further studied.284

Conflict of interest 285

None to report. 286

References 287

[1] Arendt E, Dick R. Knee injury patterns among men and 288

women in collegiate basketball and soccer: NCAA Data and 289

review of literature. Am J Sports Med 1995; 23(6): 694. 290

[2] Wang B, Xu Q, Sun L. The correlation between the posterior 291

cruciate ligament injury of the tibial plateau and the poste- 292

rior cruciate ligament injury. Chinese Journal of Orthopaedic 293

Surgery 2015; 23(12): 1083-1085. 294

[3] Kostogiannis I, Swärd P, Neuman P, Fridén T, Roos H. The 295

influence of posterior-inferior tibial slope in ACL injury. Knee 296

Surg Sports Traumatol Arthrosc 2011; 19: 592-597. 297

[4] Anderson AF, Dome DC, Gautam S, Awh MH, Rennirt GW. 298

Correlation of anthropometric measurements, strength, ante- 299

rior cruciate ligament size, and intercondylar notch character- 300

istics to sex differences in anterior cruciate ligament tear rates. 301

Am J Sports Med 2001; 29: 58-66. 302

[5] Shao Q, MacLeod TD, Manal K, Buchanan TS. Estimation of 303

ligament loading and anterior tibial translation in healthy and 304

ACL-deficient knees during gait and the influence of increas- 305

ing tibial slope using EMG-driven approach. Ann Biomed 306

Eng 2011; 39: 110-121. 307

[6] Hudek R, Fuchs B, Regenfelder F, Koch PP. Is noncontact 308

ACL injury associated with the posterior tibial and menisal 309

slope? Clin Orthop Relat Res 2011; 469(8): 2377-2384. 310

[7] Hudek R, Schmutz S, Regenfelder F, Fuchs B, Koch PP. 311

Novel measurement technique of the tibial slope on conven- 312

tional MRI. Clin Orthop Relat Res 2009; 467: 2066-2072. 313

[8] Ramaniraka NA, Terrier A, Theumann N, Siegrist O. Ef- 314

fects of the posterior cruciate ligament reconstruction on the 315

biomechanics of the knee joint: a finite element analysis[J]. 316

Clin Biomech (Bristol, Avon) 2005; 20(4): 434-442. 317

[9] Leroux MA, Setton LA. Experimental and biphasic FEM de- 318

terminations of the material properties and hydraulic perme- 319

ability of the meniscus in tension[J]. J. Biomech Eng 2002; 320

124(3): 315-321. 321

[10] Liu H, Wu L, Wu Y. Fatigue effect on knee joint anterior cru- 322

ciate ligament of non-contact injury biomechanics. China Tis- 323

sue Engineering Research 2014; 18(7): 1101-1108. 324

[11] Ao Y, Yu C, Tian D, et al. Investigation and analysis of the 325

injury of anterior cruciate ligament in female athletes. Chinese 326

Journal of Sports Medicine 2000; 19(4): 387-388. 327

[12] Li J, Li Y, You M, et al. Advances in the study of suscepti- 328

bility genes for anterior cruciate ligament injury. Journal of 329

Bone and Joint 2015; 4(7): 582-585. 330

[13] Sonnery-Cottet B, Archbold P, Cucurulo T, Fayard JM, Bor- 331

tolletto J, Thaunat M, et al. The influence of the tibial slope 332

and the size of the intercondylar notch on rupture of the an- 333

terior cruciate ligament. J Bone Joint Surg Br 2011; 93-B: 334

1475-1478. 335

[14] Agneskirchner JD, Hurschler C, Stukenborg-Colsman C, 336

Imhoff AB, Lobenhoffer P. Effect of high tibial flexion os- 337

teotomy on cartilage pressure and joint kinematics: a biome- 338

chanical study in human cadaveric knees. Winner of the AGA- 339

Don Joy Award, Arch Orthop Trauma Surg 2004; 124: 575- 340

584. 341

[15] Giffin JR, Stabile KJ, Zantop T, Vogrin TM, Woo SL, Harner 342

CD. Importance of tibial slope for stability of the posterior 343

un
co

rre
cte

d p
roo

f v
ers

ion



Galley Proof 23/03/2018; 10:20 File: bmr–1-bmr169703.tex; BOKCTP/xjm p. 8

8 Y. Qi et al. / 3D analysis of the anterior cruciate ligament

cruciate ligament deficient knee. Am J Sports Med 2007;344

35(9): 1443-1449.345

[16] Dare DM, Fabricant PD, McCarthy MM, Rebolledo BJ,346

Green DW, Cordasco FA. Increased Lateral Tibial Slope Is347

a Risk Factor for Pediatric Anterior Cruciate Ligament In-348

jury: An MRI-Based Case-Control Study of 152 Patients. Am349

J Sports Med 2015 Jul; 43(7): 1632-1639.350

[17] Christensen JJ, Krych AJ, Engasser WM, Vanhees MK,351

Collins MS, Dahm DL. Lateral Tibial Posterior Slope Is In-352

creased in Patients With Early Graft Failure After Anterior353

Cruciate Ligament Reconstruction. Am J Sports Med 2015;354

43(10): 2510-2514.355

[18] Dejour D, Saffarini M, Demey G, Baverel L. Tibial slope cor-356

rection combined with second revision ACL produces good357

knee stability and prevents graft rupture. Knee Surg Sports358

Traumatol Arthrosc 2015; 23(10): 2846-2852.359

[19] Hudek R, Fuchs B, Regenfelder F, Koch PP. Is Noncontact 360

ACL Injury Associated with the Posterior Tibial and Meniscal 361

Slope? Clin Orthop Relat Res 2011; 469(8): 2377-2384. 362

[20] Sathasivam S, Walker PS. A computer model with surface 363

friction for the prediction of total knee kinematics. Journal of 364

Biomechanics 1997; 30: 177-184. 365

[21] Markolf KL, Gorek JF, Kabo JM, Shapiro MS. Direct mea- 366

surement of resultant forces in the anterior cruciate ligament: 367

An in-vitro study performed with a new experimental tech- 368

nique. J Bone Joint Surg Am 1990; 72A: 557-567. 369

[22] Wang Z, Hao Z, Wen S. The influence of the mechanical char- 370

acteristics of anterior cruciate ligament on the finite element 371

simulation results of knee joint. Medical Biomechanics 2012; 372

27(4): 375-380. 373

un
co

rre
cte

d p
roo

f v
ers

ion




