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The Use of a Large Animal Model

and Robotic Technology

15

to Validate New Biotherapies
for ACL Healing

Jonquil R. Mau, Huizhi Wang, and Savio L-Y.Woo
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15.1 Introduction

The anterior cruciate ligament (ACL) is a major
knee stabilizer and also the most frequently
injured. In the United States alone, there are over
150,000 isolated ACL injuries and an additional
50,000 combined ACL and medial collateral liga-
ment (MCL) injuries that occur annually. It is
also generally known that midsubstance ACL
tears do not heal well. If left untreated, it could
cause chronic knee instability and damage to sec-
ondary stabilizers, especially the meniscus that
could lead to early onset of osteoarthritis [1].
Historically, primary suture repair had been tried
to reconnect the torn ends of the ACL to encour-
age its healing but with poor clinical outcome
[2-4]. As a result, surgical reconstruction by
means of soft tissue replacement grafts (ACL
reconstruction) has become the treatment of
choice as this procedure could provide initial
joint stability and improved knee function [5].

While the results of ACL reconstruction have
been excellent especially in the short term, long-
term follow-up on patients at 10 years or more
postsurgery has shown that up to 25% had unsat-
isfactory results that include graft donor site mor-
bidity, residual knee pain, and prevalence of
osteoarthritis [6-8]. These complications have
also prompted the development of a large number
of surgical techniques and a variety of postopera-
tive rehabilitation protocols.

In recent years, alternative approaches to
heal the injured ACL by means of biotherapies

185
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Influence of Different Boundary Conditions in Finite
Element Analysis on Pelvic Biomechanical Load
Transmission

Pan Hu, MD', Tao Wu, MD, PhD', Hui-zhi Wang, MD?, Xin-zheng Qi, MD?, Jie Yao, MD, PhD?, Xiao-dong Cheng, M.Eng',
Wei Chen, MD, PhD', Ying-ze Zhang, MD, PhD'

'Department of Orthopaedic Surgery, Emergency Center of Trauma, Key Laboratory of Orthopaedic Biomechanics of Hebei Province,
Orthopaedic Research Institution of Hebei Province, Third Hospital of Hebei Medical University, Shijiazhuang and “International Research
Center for Implantable and Interventional Medical Devices, School of Biological Science and Medical Engineering, Beihang University, Beijing,
China

Objective: To observe the effects of boundary conditions and connect conditions on biomechanics predictions in finite
element (FE) pelvic models.

Methods: Three FE pelvic models were constructed to analyze the effect of boundary conditions and connect condi-
tions in the hip joint: an intact pelvic model assumed contact of the hip joint on both sides (Model I); and a pelvic
model assumed the hip joint connecting surfaces fused together with (Model Il) or without proximal femurs (Model IlI).
The model was validated by bone surface strains obtained from strain gauges in an in vitro pelvic experiment. Vertical
load was applied to the pelvic specimen, and the same load was simulated in the FE model.

Results: There was a strong correlation between the FE analysis results of Model | and the experimental results (R? =
0.979); meanwhile, the correlation coefficient and the linear regression function increased slightly with increasing load
force. Comparing the three models, the stress values in the point near the pubic symphysis in Model Il were 48.52
and 39.1% lower, respectively, in comparison with Models | and Il. Furthermore, the stress values on the dome region
of the acetabulum in Models Il and Ill were 103.61 and 390.53% less than those of Model |. Besides, the posterior
acetabular wall stress values of Model Il were 197.15 and 305.17% higher than those of Models | and lIl,
respectively.

Conclusions: These findings suggest that the effect of the connect condition in the hip joint should not be neglected,
especially in studies related to clinical applications.

Key words: Biomechanics; Finite element analysis; Pelvis

Introduction management. Various implants have been utilized in the

IC

(gr’rhopoed
urgery

he pelvis, as the center of a musculoskeletal biomechani-

cal system, facilitates transfer of weight from the upper
part of the body to the lower extremities. The resultant force
through the hip joint during walking is around three times
greater than body weight, and may be up to six times greater
than body weight during running and stair climbing"”. Thus,
the reconstruction of pelvic comprehensive biomechanics
after an injury is the primary consideration of clinical

management of pelvic injuries, such as reconstructive plates,
dynamic compression plates, locking plates, lag screws, and
sacral rods’. Generally, the clinical efficacy and biomechani-
cal features of the implants used for pelvic injuries should be
evaluated through biomechanical experiments in vitro. How-
ever, irregular geometry and material heterogeneity of the
pelvis often make mechanical experiments challenging®. In
the past decade, the finite element (FE) analysis method has
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DEVELOPMENT AND VALIDATION OF A 3-D FINITE ELEMENT MODEL OF GOAT STIFLE JOINT

Huizhi Wang"?, Jonquil R. Mau®, Huijun Kang*, Cheng-Kung Cheng? and Savio L-Y. Woo'!
! Musculoskeletal Research Center, University of Pittsburgh, Pittsburgh, PA, USA. “International Research Center
for Implantable and Interventional Medical Devices, Beihang University, Beijing, China.

RATIONALE

Novel functional tissue engineering approaches have enabled successful healing of a torn anterior cruciate
ligament (ACL) [1-3]. In our research center, we have used an innovative magnesium (Mg) ring device to improve
ACL healing in a goat model [3, 4]. This success begs the question on the stress and load levels in tissues of interest.
As such, an accurate computational model of a goat stifle joint would help to better understand how the Mg ring
works as mechanical augmentation. With this data, we can develop success criteria and use them to guide the design
of devices for human ACL repair.
METHODS

A realistic three dimensional (3D) finite element model of a goat stifle joint was built from MRI images (Figure
1). Bones, cartilages, meniscus and ligaments were included. Geometric dimensions including the width of ligaments,
the width of femoral notch and the height of menisci were measured in Creo 2.0 and compared with experimental
measured data using the same joint. A total of 130144 tetrahedral elements were used to segment the model.
Kinematics of the goat stifle joint at different joint flexion angles (30< 60< 90 under a 67-N anterior tibial load
obtained previously in our research center were used as boundary conditions for the model calculating [4].
Calculated in situ forces in the ACL were then compared to those obtained experimentally for validation of the
model.
RESULTS AND DISCUSSIONS

Geometric differences between computational and experimental measurement were found to be within 1 mm
(Table 1). The in situ forces in the ACL under different joint flexion angles as calculated by the model had a
difference less than 7.5 N to those obtained from robotic testing (Table 2). Thus, the model is anatomically and
kinematically validated. In the future, we will scale the model up to mimic the human knee and use the results of this
study to guide the design of the Mg devices for the human ACL.
Table 1 Geometrical data from stifle joint model and experimental measurement (mm)

ACL width Notch width | MM height LM height

Experimental 5.6 7.6 4.4 3.9

Computation 6.1 8.0 5.2 4.5

Difference 0.5 0.4 0.8 0.6

Table 2 ACL in situ force from model calculation and robot testing

Joint flexion (° ) 30 60 90

ACL force from robot testing (N) 71.8 76.9 68.8

ACL force from model calculating (N) 61+8 5944 51+9
Figl. 3D model of goat stifle joint Difference (N) 7.2 -0.1 5.1

REFERENCES:
1. Steadman JR, et al. Journal of Knee Surgery, 2012, 25(03); 2. Murray MM, et al. Journal of Orthopaedic Research,

2007, 25(8); 3. Fisher MB, et al. Knee Surgery, Sports Traumatology, Arthroscopy, 2012, 20(7); 4. Farraro KF, et, al.
Journal of orthopaedic research : official publication of the Orthopaedic Research Society, 2016, 34(11).
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FINITE ELEMENT ANALYSIS OF JOINT STABILITY AND ACL LOAD FOLLOWING MECHANICAL
AUGMENTATION FOR GOAT ACL HEALING
Huizhi Wang*?, Jonquil R. Mau?, Huijun Kang? Jie Yao®, Cheng-Kung Cheng®, and Savio L-Y. Woo0?
!School of Biological Science and Medical Engineering, Beihang University, Beijing, China. 2Musculoskeletal
Research Center, University of Pittsburgh, Pittsburgh, PA, USA.

INTRODUCTION

In a previous study, we have shown that a novel magnesium (Mg) ring device could improve ACL healing in a
goat model [1]. Such mechanical augmentation could restore joint stability and simultaneously load the ACL and its
insertion sites [2]. The objective of this study was to develop a computational finite element model of goat stifle joint
in order to determine load in the ACL and stress distribution on it following ring repair surgery in order to better
understand how the novel Mg ring device performed as mechanical augmentation.

METHODS

A three dimensional (3D) finite element model of a mature goat
stifle joint was built from MRI images (Figure 1) [3]. Geometric
dimensions were measured experimentally using electric calliper and
compared with those measured in the computational model.
Anterior-posterior tibial translation (APTT) and load in the ACL under a
67-N anterior-posterior tibial load (APTL) were calculated and compared
with robotic testing data to validate the model. A 67-N APTL was then
applied at 37° , 60° and 90° of joint flexion at three joint states:
ACL intact, ACL deficient and after ring repair. APTT was calculated
and compared with results from previous in vitro study. Load in ACL
and maximal effective stress at its femoral insertion after ring repair
surgery were then explored.

RESULTS

With a relative high resolution of MRI (0.1 mm), differences of
geometric  dimensions between computational and experimental
measurements were within 1 mm. Meanwhile, calculation differences of APTT and load in ACL were validated to be
within 0.3 mm and 5 N, respectively. With ACL deficient, calculated APTT increased to more than twice that of the
intact joint. After ring repair, APTT was reduced by around 50% from ACL deficient state (Tablel), showing a well
consistency with previous in vitro study. Load in ACL after ring repair was restored to 46-60% of intact ACL, while
the maximal effective stress at femoral insertion was restored to 39-71% that of the intact joint state (Tablel).

Figure 1. 3D Model of Goat Stifle Joint &
ACL with Ring Repair

Tablel. Anterior-Posterior Tibial Translation, Load in ACL and Maximal Effective Stress at Femoral Insertion

Maximal Effective Stress at

APTT (mm) Load in ACL (N) .
Femoral Insertion (MPa)
Joint Flexion 37° 60 90° 37< 60° 90° 37° 60° 90°
ACL Intact 4.4 3.7 2.7 67 79 68 15.2 255 59.9
ACL Deficient 10.6 9.0 52 -- -- -- -- -- --
Ring Repair 52 4.4 29 31 38 41 9.8 10.0 42.6

DISCUSSION

A 3D computational model of a goat stifle joint was built. It was then validated with the published results from
an in vitro study. Restored APTT after ring repair implicates good joint stability immediately after surgery which is
important for the following healing of the ligament. Stresses at ACL femoral insertion could reduce the risk of disuse
atrophy. Further, the loads in the repaired ACL and stress distribution at femoral insertion can now be used in a
model of the human knee as a basis for Mg device designs for ACL repair.
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Biomechanical Study on Pre-Bending for Clavicle Plate

PENG Yuanlai', MA Xingshuo', WEI Ziyi', YANG Zhanzong*, LI Mei’, HUO Erfan’,
ZHU Baozhang’, QI Xinzheng', WANG Huizhi', ZHENG Chenggong'~

(1. School of Biology Science & Medical Engineering, Beihang University, Beijing 100191, China;2. Department
of Medical Engineering, National Yang-Ming University, Taipei 11221, China;3. Institute of Medical Science,
Beijing Naton Institute of Medical Technology, Beijing 100082, China)

Abstract. Objective To compare biomechanical properties between anatomical clavicle plate and reconstructed
clavicle plate, and investigate the influence of pre-bending or repeated bending process on biomechanical proper-
ties of the reconstructed clavicle, so as to provide biomechanical evidence for treating midshaft clavicle fracture in
clinic. Methods The reconstructed clavicular plate was bent by 1, 2, 3, 5 times respectively based on shape of
the anatomical clavicular plate. The biomechanical differences in anatomic plate group, reconstructed plate group
and pre-bending plate group were compared by static compression test. Results (1) The fixation stiffness and
strength of the anatomical plate were better than those of the reconstructed plate. 2) There was no significant
difference in stiffness and strength between the anatomical plate group and one-time bending group. @ Pre-ben-
ding had a great effect on mechanical properties of the bone plate, and stiffness and strength of the bone plate
were obviously improved after one-time bending. @ The mechanical properties of the bone plate were obviously
reduced by bending of the bone plate after one-time bending. Conclusions The stiffness and strength of the ana-
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