
Mathematical Biosciences and Engineering, 16(2): 898–908. 

DOI: 10.3934/mbe.2019042 

Received: 12 November 2018  

Accepted: 17 December 2018 

Published: 30 January 2019 

http://www.aimspress.com/journal/MBE 

 

Research article 

Biomechanical analysis of the meniscus and cartilage of the knee 

during a typical Tai Chi movement—brush-knee and twist-step 

Yan Li
1,
†, Kuan Wang

2,3,
†, Lejun Wang

4
, Tongbo Chang

1
, Shengnian Zhang

1,
* and Wenxin Niu

2,3,
* 

1 Key Laboratory of Exercise and Health Sciences of Ministry of Education, Shanghai University of 

Sports, Shanghai 200438, China 
2 Yangzhi Rehabilitation Hospital, Tongji University School of Medicine, Shanghai 201615, China 
3 Department of Rehabilitation Engineering, Tongji University School of Medicine, Shanghai 

200092, China 
4 Sport and Health Research Center, Physical Education Department, Tongji University, Shanghai 

200092, China 

* Correspondence: Email: zhangsnx@163.com; niu@tongji.edu.cn. 

† These two authors contributed equally. 

Abstract: This study aimed to analyze the biomechanical response of the knee cartilage and 

meniscus to a typical Tai Chi (TC) movement, brush-knee and twist-step (BKTS). Kinematic and 

kinetic data was recorded while an experienced TC practitioner performed normal walking, jogging 

and BKTS. The kinetic data were then imported into a validated finite element model of the knee 

joint to examine the biomechanical response of the articular cartilage and meniscus. Compared with 

walking and jogging, the BKTS movement showed a greater increase in the range of motion (ROM) 

of the knee. The ROM in the sagittal plane was 56
°
 (walking), 38

°
 (jogging) and 93

°
 (BKTS). In 

coronal plane, the knee ROM was 8
°
 (walking), 11

°
 (jogging) and 28

°
 (BKTS). And in horizontal 

plane the ROM was 17
°
 (walking), 15

°
 (jogging) and 29

°
 (BKTS). The finite element simulation 

demonstrated that the pressure contact stress is much more concentrated during walking and jogging 

than BKTS, which is consistent with the lower peak contact stresses recorded on the cartilage and 

meniscus. In conclusion, the TC movement produced a gentler stress state on the meniscus and 

cartilage, while also requiring a greater knee ROM. Practicing TC may have a lower risk of knee 

joint injury compared to walking and jogging. 
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1. Introduction 

Osteoarthritis (OA) is one of the most common causes of disability in the elderly, and brings a 

huge a burden to patients, family and even the wider community [1,2]. There is evidence for 

short-term improvements in pain, stiffness and physical function in patients with knee OA who 

practice Tai Chi (TC) on a regular basis [3,4]. It has also been indicated that TC can improve the gait 

performance of elderly OA patients [5]. Due to these findings, the American College of 

Rheumatology has recommended TC as a treatment option for patients with knee OA [6]. 

While the benefits of TC are known, the specific mechanism behind its action on the knee isn’t 

clearly understood. The smooth and wide-ranging motions may allow the knee to profit from the 

biomechanical features of special TC movement patterns, as the loading and stress on the knee is 

closely linked with the development and progression of OA [7,8]. Previous studies in this area aimed 

to understand the kinematic and kinetic characteristics of TC movements. Mao et al. [9] found that 

TC movements, compared with normal walking, had a greater number of stages with 2-leg support 

and less with 1-leg support, and each support stage had a longer duration. Law and Li [10] recorded 

knee motion during two typical TC movements, Repulse Monkey and Wave-hand in Cloud. During 

both movements, the knees remained flexed and had greater abduction and adduction angle than 

during normal walking. 

However, it is still unclear how TC acts to alleviate knee OA and how the movements affect the 

different structures of the knee joint. Although cartilage and meniscus play an important role in 

absorbing the shock between femur and tibia, and their degeneration has high relationship with knee 

OA [11], it is still poorly understood how these two structures respond to the loading conditions 

while practicing TC. Various finite element (FE) models have been constructed for biomechanical 

analysis [12,13]. Compared with in-vitro test and in-vivo sensors, the advantage of FE analysis is its 

non-invasiveness and is a powerfulness tool to in studying the internal stress/strain of the tissues 

under certain loading. 

Therefore, the purpose of this study was to analyze the biomechanical response of the knee 

cartilage and meniscus to a typical TC movement, brush-knee and twist-step (BKTS) using FE 

analysis. BKTS involves basic TC movement of the lower extremity, in which the foot needs to be 

draw back and forth cyclically in coordination to the torso movement [14]. As reference, the results 

obtained from walking and jogging were also analyzed for comparison. It was hypothesized that the 

peak ground reaction force (GRF) and the contact stress on the knee joint of BKTS would be 

different to both walking or jogging because of the therapeutic effects reported from randomized 

controlled trials [15,16]. 

2. Materials and method 

2.1. Kinematic measurement 

An experienced male TC practitioner (age: 26 years; body mass: 80 kg; height: 1.76 m) was 

recruited. An ethical approval was given by the Medicine and Life Sciences Ethics Committee of 
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Tongji University (No. 2016yxy21). The subject had over ten years’ experience in practicing TC and 

declared no knee injuries in the past 3 years. As shown in Figure 1, the BKTS movement was 

recorded at 100 Hz using a VICON Motion Analysis System (Vicon MX, Oxford Metrics, UK) with 

eight cameras. Two force plates (9287B, Kistler, Corporation, Switzerland) were used to record the 

ground reaction force (GRF) at 1000 Hz. The BKTS, jogging and walking were performed three 

times respectively, and the GRF data was averaged in terms of percentage of one stance phase for each 

movement. The results were then processed using Visual 3D software (C-Motion Inc., USA). Low-pass 

filtering at 10 Hz was used for kinematic data and 100 Hz was used for kinetic data [17,18]. 

 

Figure 1. The kinematic measurement of brush-knee and twist-step movement. 

2.2. FE modeling and validation 

The subject’s knee joint was scanned using magnetic resonance imaging (MRI) in an upright 

position and when flexed. The MRI confirmed that the subject had no signs of knee joint disease. 

The images were saved in DICOM format and then imported into Mimics 15.0 (Materialise Inc., 

Leuven, Belgium). The femur, patella, tibia, fibula and soft tissue waswere segmented using a 2D 

mask in order to obtain three-dimensional point cloud images which could be further exported as 

STL files into the Geomagic software (Geomagic, Inc., Research Triangle Park, NC, USA) for 

further smoothing. The data was then converted into non-uniform rational B-spline surfaces. 

Finally, ABAQUS (Simulia, Providence, USA) was used to mesh the femur, patella, tibia and 

fibula models with hybrid tetrahedral and hexahedral elements. Both the meniscus and cartilage were 

generated as hexahedral elements. The distal femur, proximal tibia and fibula, and meniscus were all 

assumed as isotropic and linearly elastic. The main ligaments of the knee joint (anterior cruciate 

ligament, ACL; posterior cruciate ligament, PCL; lateral collateral ligament, LCL; and medial 

collateral ligament, MCL) were all modeled as incompressible truss elements. Therefore, the 

incompressible truss elements could represent the feature that ligaments produced no force when they 

were compressed. The material properties of all components were sourced from literature [13,19–22] and 

are detailed in Table 1. To simulate the interaction between different parts of the knee, frictionless 

surface to surface contacts based on hard contact constraints were used. 
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Table 1. Material properties and element types used for different structures in the FE 

model [12,15–18]. 

Component Element Type Young’s modulus (MPa) Poisson’s ratio 

Bone Tetrahedral, hexahedral 11000 0.3 

Cartilage Hexahedral 5 0.35 

Meniscus 

Ligaments 

Hexahedral 

Truss 

59 

215 

0.45 

0.40 

To determine an optimum mesh size for the FE model, contact areas distributions and contact 

pressures stress of the meniscus in the FE model were recorded under a 700 N axial load [23]. Three 

meshes were constructed on all model components with elements ranging from 0.5 mm to 1.5 mm in 

length through h-refinement method, and 1.0 mm was chosen to be the optimal mesh size. Convergence 

was considered to be reached if the relative change (contact areas and peak contact stress on the 

tibiofemoral joint in the validation step) between two adjacent meshes was less than 10%. 

Fukubayashi and Kurosawa [24] recorded the contact area and stress pressure distribution on 

the tibiofemoral joint under various loads. This current study adopted these same boundary 

conditions to the FE model for model validation. The base of the tibia and fibula were constrained in 

six degrees of freedom, and a vertical load of 200, 500 and 1000 N was sequentially applied to the 

proximal femur while the knee joint was held in a fully extended position. The contact areas on the 

tibial platform were recorded and compared with the experimental measurements by Fukubayashi 

and Kurosawa [24]. 

2.3. Boundary and loading conditions 

We simulated the condition when the peak GRF was produced in each of the three movements. 

To achieve this, the angular displacements of the knee joint at the moment of peak GRF were extracted 

and incorporated to the knee FE model through a reference point (RP). As shown in Figure 2, the 

lower part of the tibia and fibula were constrained in six degrees of freedom. Then, for the simulation 

of each movement, a vertical force equal to the peak GRF was applied as a concentrated force on the 

RP. It was assumed that the meniscus and cartilage sustained the greatest loading when subjected to 

the maximum GRF. 

3. Results 

3.1. Model validation 

As shown in Figure 3, under vertical loads of 200, 500 and 1000 N, the contact areas of the 

medial and lateral tibial cartilage in the FE model were found within the range of one standard 

deviation, and close to the mean values reported by Fukubayashi and Kurosawa [24]. 

3.2. Kinematics and kinetics 

The coordinate system was established with the subject in an upright standing posture. 

Extension, adduction and internal rotation of the knee joint were considered as positive motions in 
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each anatomical plane. Compared with walking and jogging, the knee joint showed a greater ROM 

during the BKTS movement and the subject’s pace was also slower. The overall ROM of the right 

knee joint during each movement is shown in Table 2. 

 

Figure 2. Finite element model of the knee joint, with the lower part of tibia and fibula 

constrained in six degrees of freedom. Loads were applied to the proximal end of the 

femur for model validation and to simulate the three movements under examination 

(ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; LCL, lateral 

collateral ligament; MCL, medial collateral ligament). 

 

 

Figure 3. Validation against the results of Fukubayashi and Kurosawa [24]. The medial and 

lateral contact areas of the FE model were within the experimental measurement ranges. 
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Table 2. Range of motion of right knee during each movement. 

Movements Extension/Flexion (
°
) Adduction/Abduction (

°
) Internal/External rotation (

°
) 

Walking −48~−8 −6~2 −9~8 

Jogging −32~−6 −9~2 −8~7 

BKTS −92~−1 −16~12 −15~14 

Note: BKTS, Brush-knee and Twist-step. Negative angles indicate flexion/abduction/external rotation, while 

positive angles indicate extension/adduction/internal rotation. 

Walking and jogging were found to have a greater peak GRF than BKTS (Figure 4); peak 

GRF during walking was 121% body weight (BW), jogging was 187% BW and BKTS was 98% 

BW. From these results it is clearly evident that the GRF never exceeded 100% BW during the 

BKTS movement. Detailed angular displacements of the right knee at the point of peak GRF are 

shown in Table 3. 

 

Figure 4. The vertical Ground Reaction Force in terms of body weight during each 

movement. The horizontal axis indicates the time from when the right foot contacted the 

force plate until the moment contact was lost. 

Table 3. Angular displacement of the right knee at the point of peak GRF. 

Movements Extension/Flexion (
°
) Adduction/Abduction (

°
) Internal/External rotation (

°
) Vertical load (% BW) 

Walking −10.5 −1.7 −3.6 121 

Jogging −26 −7.5 2.7 187 

BKTS −82 −9.8 6.6 98 

Note: BKTS, Brush-knee and Twist-step; BW, body weight. Negative angles indicate flexion/abduction/external rotation, 

while positive angles indicate extension/adduction/internal rotation. 
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3.3. Finite element analysis 

The angular displacements (Table 3) and peak vertical force (Figure 3) of each movement were 

incorporated into the finite element model. The peak contact stress pressure on the femoral cartilage 

was recorded as 4.2 MPa (walking), 6.4 MPa (jogging) and 3.2 MPa (BKTS). The peak contact stress 

on the meniscus was 4.2 MPa (walking), 6.5 MPa (jogging) and 3.2 MPa (BKTS). And the peak 

contact stress on the tibial cartilage was 3.2 MPa (walking), 4.7 MPa (jogging) and 2.4 MPa (BKTS). 

Figure 5 shows the distribution of contact stress pressure on the knee joint during walking, 

jogging and BKTS. It can be seen that the stress pressure is much more concentrated during walking 

and jogging than BKTS, which is consistent with the lower peak contact stresses recorded on the 

cartilage and meniscus. 

 

Figure 5. Peak contact stress under each simulated movement (a, femoral cartilage; b, 

meniscus; c, tibial cartilage). 

4. Discussion 

The purpose of this study was to explore the biomechanical effects of TC on the knee joint. In 

order to quantify the mechanical response, a typical TC movement, BKTS, was chosen and 

compared to typical daily movements (walking and jogging) in terms of kinematic and kinetic 

performance. The results showed that BKTS produced a greater ROM and lower stress on the knee 

joint, which is consistent with previous studies [9,25]. 

This study demonstrated how the BKTS movement produced a more uniformly distributed 

contact stress on the meniscus and cartilage than either walking or jogging in the healthy knee joint. 

The lower load and greater angular displacement were attributed to this. The peak vertical load on 

the knee joint during the BKTS movement was 98% BW, which was approximately half of the load 

experienced during jogging (187%); the peak load was 121% BW during walking. It was showed 

that the subject’s movements tended to slow down once their foot touched the floor while performing 
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the BKTS movement. This is a characteristic of TC movement. Such moving pattern of 

well-controlled coordination is required because TC movement should be performed slowly and 

smoothly with very small acceleration of center of mass [26]. At that moment, the subject would also 

shift the center of mass towards the other leg, thus balance the GRF on both feet. We simulated the 

condition of the knee joint when the peak GRF was produced during the BKTS movement, and the 

knee was flexed to 82
°
 at that moment. 

This FE analysis demonstrated that the position of the knee joint in a more extended position 

lead to a greater peak stress. Compared to walking and jogging, BKTS had a lower peak contact 

stress pressure on the femoral cartilage, meniscus and tibial cartilage at the point of peak vertical 

GRF. The gait analysis of BKTS also revealed that when the foot was close to the ground, the subject 

tended to slow their movements and reduce the contact speed, thereby reducing the peak stress 

pressure. In addition, when the movement was in the double-limb support phase, if the GRF of one 

foot was large, the subject’s would partially shift their center of mass towards to the other leg, thus 

effectively reducing the effect of the reaction force on the meniscus and cartilage. This action of 

frequently shifting the center of mass is characteristic of TC movements. This result suggests that it 

may have a low risk of injury when performing TC. 

Moderate contact stress pressure improves the generation of collagen and proteins in the 

cartilage polysaccharides and extracellular matrix, and increases modulus of the cartilage [27]. On 

the other hand, prolonged overloading leads to cartilage degradation [28]. The meniscus has the 

capability to transfer and redistribute loads from the femur onto the tibial plateau. This mechanism of 

load transfer and redistribution may be impaired under repetitive overloading, leading to stress 

concentrations and eventual injury to the knee joint [29]. Additional long-term effects including joint 

motion abnormalities and obesity would likely lead to further degradation of articular cartilage [28]. 

Therefore, the more uniform stress distribution and lower contact forces observed with the BKTS 

movement is a likely reason why TC is often recommended as a rehabilitation exercise for people 

suffering from osteoarthritis. However, whether the mechanical stimulation by this loading pattern 

may contribute to the improvement of the knee osteoarthritis observed in the clinical trial should be 

verified in future studies. 

There are some limitations to this study that should be noted. Only one male subject and one TC 

movement was selected for testing. Wu et al. [30] reported the intra- and inter-subject variations of 

knee motion were 9
°
 and 14

°
 in TC gait, respectively. Therefore, a larger cohort of subjects including 

both male and female with different joint conditions examined through a series of TC movements 

would provide a more comprehensive biomechanical evaluation of the beneficial effects of the BKTS 

movement TC. The current study included only BKTS movement for the FE analysis because BKTS 

involves basic TC movement of lower extremity, which is cyclically performed in TC [14]. To 

further understand the biomechanics of whole TC movement on the knee joint, a series of TC 

movements should be investigated in the future studies. Also, a microscopic analysis of knee 

structures after undergoing simulated TC movements may also be useful to further explore the 

influence of TC movements on the knee joint. The present study is based on static analysis, but a 

dynamic study should be considered in future studies. Ultrasound provides high-quality images as 

well as timely spatial information of the scanned area [31]. The present study is based on static 

analysis. Future studies could investigate the dynamics of knee joint during TC movement through 

3-D ultrasound scanning [32,33]. 
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5. Conclusion 

The simulated BKTS movement produced a more uniform stress pattern than walking and 

jogging on the meniscus and cartilage of the knee joint. Practicing TC may have a lower risk of knee 

joint injury compared to walking and jogging. Whether the mechanical stimulation by this loading 

pattern may contribute to the improvement of the knee osteoarthritis observed in the clinical trial 

should be verified in future studies. 
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