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In vivo kinematics of the knee during weight bearing high flexion
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Achieving high flexion is an objective of contemporary total knee arthoplasty; however little is known on
the knee biomechanics at high flexion under weight-bearing conditions. This study investigates the 6DOF
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kinematics and tibiofemoral cartilage contact biomechanics of the knee during weight-bearing flexion
from full extension to maximal flexion. Eight knees from seven healthy subjects with no history of
injuries or chronic pain were recruited. The knees were MRI scanned to create 3D models of the tibia and
femur, including their articular cartilage surfaces. The subjects were then imaged using a dual
fluoroscopic image system while performing a weight-bearing quasi-static single-legged lunge from full
extension to maximal flexion. The 6DOF kinematics and the articular cartilage contact locations were
measured along the flexion path of the knee. The result indicated that the internal tibial rotation
increased sharply at low flexion angles (full extension to 301), maintained a small variation in the middle
range of flexion (30–1201, and then sharply increased again at high flexion angles (1201 to maximal
flexion). The contact point moved similarly in the medial and lateral compartments before 1201 of
flexion, but less on the medial compartment at high flexion angles. The results indicated that the knee
motion could not be described using one character in the entire range of flexion, especially in high
flexion. The knee kinematic data in the entire range of flexion of the knee could be instrumental for
designing new knee prostheses to achieve physical high flexion and improving rehabilitation protocols
after knee injuries.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Investigation of characteristic motion of the knee is critical for
design and evaluation of contemporary total knee arthroplasty (TKA)
that aims to restore normal knee function and achieve full range of
knee flexion (Fitz et al., 2012; Kuroyanagi et al., 2012; Moynihan et al.,
2010; Tamaki et al., 2009). Medial-pivoting motion during knee
flexion that describes the knee rotation along an axis located at the
medial side of the knee during flexion has been widely accepted as a
motion character and has been implemented in several current TKA
components such as Advance (Wright Medical Technology, Arlington,
TN) and Journey (Smith & Nephew Inc., Memphis, TN) (Fitz et al.,
2012; Kuroyanagi et al., 2012; Moynihan et al., 2010). While many
studies have reported data to support the medial-pivoting feature of
the knee motion (Hill et al., 2000; Jensen, 2005; Johal et al., 2005;
Tanifuji et al., 2011), there are studies that reported knee flexion in a
lateral-pivoting pattern during gait (Hoshino and Tashman, 2012; Koo
and Andriacchi, 2008; Kozanek et al., 2009). Recently, several studies
also have reported various motion patterns of the knee, implying that
the motion characters are activity (or loading) dependent (Acker et al.,
ll rights reserved.
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2011; Amin et al., 2008; Hoshino and Tashman, 2012; Johal et al.,
2005; Palmer, 2012).

Several studies on knee motion have used various methods to
measure the knee kinematics. To use the magnetic resonance (MR)
imaging methods, two sagittal plane images are usually selected
from the medial and lateral compartments at each flexion angle to
analyze the articular cartilage contact locations (Johal et al., 2005).
Single plane fluoroscopic images are also widely used to investi-
gate knee motion where 3D knee joint models are matched to the
images captured at each knee flexion angle (Tanifuji et al., 2011).
Traditional motion analysis methods use digital cameras to cap-
ture the motion of the reflective markers fixed on the skin (Gao
and Zheng, 2008; Koo et al., 2011). Bi-plane radiographic image
methods match the 3D knee joint models to the two images
captured simultaneously from two directions at each flexion angle
(Anderst and Tashman, 2003; Kozanek et al., 2009). Despite these
various studies, the kinematic features of the knee along the
weight-bearing flexion path from full extension (FE) to maximal
flexion, especially the knee kinematics in high flexion angles, have
not been accurately investigated. This knowledge could be an
important reference for the improvement of contemporary TKA
surgeries that aim to restore full range of knee flexion.

The objective of this study is to investigate the 6 degrees of
freedom (DOF) kinematics of the knee and the tibiofemoral
articular cartilage contact biomechanics during weight-bearing
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flexion from full extension to maximal flexion of living subjects
using a combined dual fluoroscopic imaging system (DFIS) and
MRI technique (Jensen, 2005; Li et al., 2004b). The excursions of
the knee motion were also analyzed in 3 flexion ranges: low
flexion (o301); middle range flexion (30–1201); and high range
flexion (41201). The hypothesis was that the knee had different
kinematic features along the flexion path.
Fig. 2. A 3-dimensional knee model of a typical femur and the definition of the
coordinates used to measure the location of the contact points on the femoral
condyles: (a) Definition of sagittal plane contact angle-α and (b) definition of the
deviation angle-β.
2. Materials and methods

Eight knees from seven healthy subjects (age, 23–49; 5 males and 2 females;
BMI, 19.9–29.3 kg/m2) with no history of knee injuries or chronic knee pain were
recruited. Each subject signed a consent form approved by our institutional review
board. Each knee was imaged using a 3.0 T MRI scanner (Siemens, Malvern, PA)
with a fat suppressed 3D spoiled gradient recalled sequence. Sagittal images with
1 mm thickness were captured in a 180 mm�180 mm field of view and a
resolution of 512�512 pixels. These images were used to create a 3D anatomical
model of the knee (including bony surfaces of the femur and tibia and their
articular cartilage surfaces) in a solid modeling software (Rhinoceros©, Robert
McNeel & Assoc., Seattle, WA) (DeFrate et al., 2004a).

After MR scanning, each subject performed a quasi-static single-legged lunge
from full extension to maximal flexion in the field view of the two orthogonally
positioned fluoroscopes (BV Pulsera; Philips, Bothell, WA). Full extension was
defined as the flexion angle of the knee when the subject was standing naturally
on one leg with the knee held as straight as possible. The subjects were instructed
to hold the knee position for a second while bearing the body weight at each
selected flexion angle (∼every 151 from full extension to maximal flexion) and
allowed to use the contralateral leg and a handrail to keep their body stable if
necessary (Fig. 1a). Flexion angles of the knee were monitored using a goniometer.
The orthogonal fluoroscopic images and the 3D bony models of the femur and tibia
were imported into a virtual space that replicated the dual fluoroscopic image
system in the solid modeling software (Fig. 1b) (DeFrate et al., 2004a; Li et al.,
2004a). The outline of each bone was extracted from the fluoroscopic images. The
projections of the 3D femur and tibia models were matched to their corresponding
outlines on the fluoroscopic images to reproduce the 3D positions of the model in
space. The relative positions of the femur and tibia models were used to represent
the 6DOF tibiofemoral position at each tested flexion angle (Fig. 1c). To describe the
6DOF tibiofemoral motion at a flexion angle of the knee, the coordinate systems of
femur and tibia were established based on the transepicondylar axis of the femur
and the bony geometry of the MR model (Van de Velde et al., 2010).

After reproducing the knee joint motion, the relative positions of the 3D
surfaces of the cartilage on the femur and tibia were determined (DeFrate et al.,
Fig. 1. (a) Subject performing a quasi-static single-legged lunge (right knee) in the DFIS.
high flexion of one subject recreated in the virtual environment.
2004a; Li et al., 2005). The overlap of the 2 cartilage surfaces was used to represent
the tibiofemoral cartilage contact. The centroid of the contact area was defined as
the contact point. To quantify the motion of the contact point on the tibia, the
contact points were projected on the plane defined by the anterior–posterior (AP)
and medial–lateral (ML) axes on the tibia plateau. The anterior and medial
directions were defined as positive. The values of the contact point positions were
normalized to the AP and ML dimensions of the tibial plateau.
(b) Reproduction of the kinematics of the knee in a virtual DFIS. (c) Knee position at
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The locations of the contact points on the cartilage surfaces of the femoral
condyles were quantified by 2 angles: one in the sagittal plane and the other in the
transverse plane (Jensen, 2005). Firstly, a circle was fit to the posterior portion of
each condyle in the sagittal plane (Fig. 2a). A line was drawn from the center of the
circle to the contact point and was defined as the contact line. The contact line was
then projected onto the sagittal plane. A vertical reference line was defined by
drawing a radius through the center of the circle, parallel to the long axis of the
femur. The angle between the sagittal plane projection of the contact line and the
vertical reference line was defined as the sagittal plane contact angle (α). To define
the deviation angle (β), a circle in the transverse plane was fitted to the condyles in
the plane containing the contact line, perpendicular to the sagittal plane. To define
zero deviation, a line was then drawn from the center of the circle to the joint line
(the line tangent to both condyles). The deviation angle was then measured by
calculating the angle between the projections of the contact line and the reference
on the transverse plane (Fig. 2b).

A one-way analysis of variance (ANOVA) and a post hoc Student Newman–
Keuls test were used to detect statistically significant differences in the 6DOF
motion of the tibiofemoral joint in different ranges of knee flexion angle.
Independent variable was the range of flexion angle (low flexion range, i.e., full
extension to 301 of flexion; middle flexion range; i.e., 30–1201 of flexion; and high
flexion range; i.e., 1201 to maximal flexion). The dependent variables were defined
as changes in the anteroposterior and mediolateral translations, internal/external
rotation and varus/valgus rotation within each range of knee flexion. Also, a two-
way repeated measures ANOVA and a post hoc Student Newman–Keuls test were
used to analyze the positions of contact points on the tibial and femoral articular
cartilage surfaces. The range of knee flexion angles (low, middle, and high) and the
knee compartments (medial and lateral) were considered as independent variables.
Level of significance was set at po0.05.
Fig. 3. (a) Anterior and (b) medial translations; (c) internal and (d) varus rotations of the
maximal flexion). Asterisk means a statistically significant difference in mean values be
corresponding standard deviations. Low: low flexion range (full extension to 301 of flex
(1201 to maximal flexion).
3. Results

3.1. 6DOF knee kinematics during high flexion

The flexion angles ranged from full extension of −2.9177.01 to
the maximal flexion of 145.3175.71 during the quasi-static single-
legged lunge of this subject group (Fig. 3 and Table 1). At every 151
of knee flexion, the kinematics of the knee joint was compared
with those of the initial position (the knee position during the MRI
scanning) as shown in Fig. 3. From full extension to 301 flexion of
the knee, the femur moved posteriorly 4.473.1 mm; from 301 to
1201, the femur moved 13.373.2 mm posteriorly; and from 1201
to maximal flexion, the femur moved 7.574.3 mm posteriorly
(Fig. 3a). Posterior femoral excursion in the middle flexion range
was significantly larger than those of low and high flexion ranges.
In the medial–lateral direction, the femur moved laterally
1.771.1 mm from full extension to 301 of flexion, 0.171.7 mm
laterally from 301 to 1201 of flexion, and 3.872.6 mm medially
from 1201 to maximal flexion (Fig. 3b). Femoral excursion in
medial-lateral direction at high range of flexion was significantly
greater compared to that of low and middle flexion ranges.

The tibia rotated internally by 6.1177.61 (Fig. 3c) and in varus
by 1.7172.61 from full extension to 301 of flexion (Table 1). From
tibia relative to femur during the full range of knee flexion (FE: full extension; Max:
tween 1201 and maximal flexion. The data are presented in mean values and their
ion); Mid: middle flexion range (30–1201 of flexion) and High: high flexion range



Table 1
Femoral translation, tibial rotation and tibiofemoral contact kinematics in different flexion ranges of the Knee (mean7SD).

Motions FE—301 30–1201 1201—MaxF FE–MaxF

Femoral anterior translation (mm) −4.473.1 −13.373.2an −7.574.3b† −25.275.0
Femoral medial translation (mm) −1.771.1 −0.171.7 3.872.6anb† 2.073.4
Tibial internal rotation (deg) 6.177.6 2.178.2 7.076.2 15.279.2
Tibial varus (deg) 1.772.6 4.173.6 −0.273.3b† 5.674.9
Medial A–P contact (mm) −5.174.9 −4.271.6 −1.972.1 −11.173.3
Lateral A–P contact (mm) −4.973.9 −5.072.9 −4.872.0cn −14.673.7cn

FE: full extension; MaxF: maximal flexion.
Positive values indicate internal rotation, varus, and anterior and medial translation, whereas negative values indicate external rotation, valgus, and posterior and lateral
translation.

an Significant difference between the range and the FE—301 of flexion angles.
b† Significant difference between the range and the 30–1201 of flexion angles.
cn Significant difference between the medial and lateral A–P contact positions.

Fig. 4. Tibiofemoral cartilage contact points on the medial and lateral tibial plateau
at different flexion angles during in vivo weight-bearing lunge. The crosses stand
for the mean locations of cartilage contacts during the knee flexion and the error
bars are the standard deviation.

Fig. 5. Tibiofemoral cartilage contact points on the femoral condyles at different
flexion angles during in vivo weightbearing lunge. The dots on the cartilage stand
for the individual contact points of all the subjects and the lines (arrow) show the
average location of the contact: (a) distal view; and (b) posterior view.
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301 to 1201, the tibia rotated internally by 2.1178.21 and in varus
by 4.1173.61. From 1201 to maximal flexion, the tibia internally
rotated by 7176.21 and in valgus by 0.2173.31.
3.2. Articular contact tracking on tibial plateau and femoral condyles

In anteroposterior direction, the contact points sharply moved
posteriorly both in the medial and lateral compartments from full
extension to 301 of knee flexion by 5.174.9 mm and 4.973.9 mm,
respectively (Fig. 4, Table 1). Thereafter, the contact points slightly
moved posteriorly by 4.271.6 mm in the medial compartment
and 5.072.9 mm in the lateral compartment from 301 to 1201 of
flexion. From 1201 flexion to maximal flexion, the medial contact
point moved 1.972.1 mm posteriorly and the lateral contact point
moved 4.872 mm posteriorly (Po 0.05).

The tibiofemoral articular contact points are shown in Fig. 5 on
both medial and lateral femoral condyles from full extension to
maximal knee flexion. The contact angles consistently increased
both on the medial and lateral femoral condyles from full exten-
sion to the maximal knee flexion (Fig. 6a, Table 2) and reached
posterior-proximal tip portion of the femoral condyles. In general,
the contact angles from 301 to 1201 were larger than those at the
low and high flexion ranges. The deviation angle of the contact
point on the lateral femoral condyle slightly decreased from
12.5173.51 (1201 of flexion) to 10.5173.81 (maximal flexion) at
high flexion of the knee (Fig. 6b, Table 2). Lateral femoral condyle
lift at maximal flexion was observed in 3 knees.
4. Discussion

This study presented in vivo 6DOF kinematics of the knee and
the articular cartilage contact patterns during a quasi-static single-
legged lunge from full extension to maximal flexion. The data
indicated that the internal tibial rotation increased sharply at low
flexion angles, maintained a small variation in the middle range of
flexion, and sharply increased again at high flexion angles. A high
varus rotation was only observed at high flexion angles. Contact
points on the medial compartment slightly moved posteriorly
more than those on the lateral compartment at the low flexion
range, but moved similarly compared to those on the lateral
compartment at the middle range of flexion. At high flexion range,
the contact point moved less on the medial compartment com-
pared to the lateral compartment. The data supported our hypoth-
esis, indicating that the knee motion cannot be described using
one character in the entire range of flexion.

A sharp increase in internal tibial rotation with flexion in low
flexion angles has been reported in numerous knee kinematics
studies (Hill et al., 2000; Li et al., 2004b; Moro-oka et al., 2008;
Tanifuji et al., 2011). Many studies also reported a continuous
internal tibial rotation at middle range of knee flexion (Asano
et al., 2001; Moro-oka et al., 2008). However, this study revealed a
relative constant level of tibial rotation in the middle range of
flexion that is similar to the observations obtained using an in-
vitro robotic test of cadaveric knees under simulated muscle loads
(Conditt et al., 2004). At the maximal flexion range, several studies
have reported a continued internal tibial rotation with flexion
(Moro-oka et al., 2008; Nakagawa et al., 2000; Yildirim et al.,
2007), similar to the current study.

Many studies reported that during knee flexion, the translation
of the femoral condyle with respect to tibial plateau is slightly
toward posterior on the medial side, whereas the lateral femoral
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condyle translated consistently in the posterior direction
(Fukagawa et al., 2010; Johal et al., 2005; Tanifuji et al., 2011).
This type of knee motion behavior has been referred to as
a medial-pivoting rotation of the knee (Hill et al., 2000;
Jensen, 2005; Johal et al., 2005; Tanifuji et al., 2011), where the
knee axially rotates with respect to an axis located on the medial
Fig. 6. (a) Tibiofemoral cartilage contact angles and (b) deviation angles on the
medial and lateral femoral condyles. The columns stand for the mean angles and
the error bars are standard deviations. (FE: full extension; Max: maximal flexion).

Table 2
Articular contact angles on the femoral condyles in different flexion ranges of the knee

FE—301

Medial femoral contact angle (deg) 49.710.8
Lateral femoral contact angle (deg) 37.976.2
Medial femoral deviation angle (deg) −7.977.2
Lateral femoral deviation angle (deg) −1.078.9

FE: full extension; MaxF: maximal flexion.
an Significant difference with that of FE—301.
b† Significant difference with that of 30–1201.
c‡ Significant difference between the medial and lateral femoral contact angles.
side of the knee during flexion (Johal et al., 2005; Tanifuji et al.,
2011). Hill and Johal investigated the kinematics of the knee using
open-MRI and Tanifuji used single-plane fluoroscopy during
squatting. However, during gait and running cycle, the knee was
shown to rotate with respect to an axis that is located on the
lateral side of the knee (Dyrby and Andriacchi, 2004; Hoshino and
Tashman, 2012; Koo and Andriacchi, 2008; Kozanek et al., 2009),
where Dyrby and Koo measured the kinematics of the knee during
walking or leg extension using the motion analysis and Hoshino
investigated the kinematics of the knee during running using CT
3D model and dynamic stereo X-ray system and Kozanek studied
the kinematics of the knee during walking using the MRI 3D
model and the dual fluoroscopy imaging system. These studies on
various weight-bearing functions of the knee reported various
patterns of the medial and lateral femoral condyle translations,
which do not support the medial-pivoting description of the knee
flexion (Fukagawa et al., 2010; Johal et al., 2005; Tanifuji et al.,
2011). Instead, these data indicated that the kinematics is not
uniform along the knee flexion path, especially during higher
flexion, indicating that the knee kinematics is activity (or loading)
dependent.

It should be noted that the posterior femoral condyle transla-
tion has been described using various definitions in literature. For
example, Most et al. defined the femoral condyles along the
transepicondylar line (Most et al., 2004); Tanifuji et al. described
the femoral condyles using the geometric center line (Tanifuji
et al., 2011); many directly measured the tibiofemoral translations
using the motion of the articular contact points (DeFrate et al.,
2004b; Fukagawa et al., 2010; Hill et al., 2000; Nakagawa et al.,
2000), where DeFrate et al. (2004b) measured tibiofemoral contact
kinematics using the direct cartilage contact using a MRI 3D model
and dual fluoroscopy during weight-bearing single-legged lunge
and Dennis et al. (2005) measured using the closest locations
between the tibial and femoral bony surfaces with the CT 3D
model and single plane fluoroscopy during weight-bearing deep
knee bend. In the current study, both the transepicondylar line and
the tibiofemoral cartilage contact were used to describe the
femoral condyles motions from full extension to maximal flexion
of the knee. Different definitions of the motion axes among the
various studies might lead to different values of the knee joint
kinematics data, but the trend of the tibiofemoral motion was
similar among these studies.

The lateral femoral condyle lift at maximal flexion was
observed in three knees. The medial femoral shaft was close to
the posterior edge of the tibial plateau at high flexion angles. The
soft tissue was compressed between the tibial and femoral shafts
that might serve as a pivot point for motion of the knee in high
flexion (Conditt et al., 2004). Yildirim et al. (2007) reported that at
1551 of flexion, the contacts on the femur were at the extreme
superior–posterior region of the articular surfaces using a cada-
veric testing model. On the medial side, there was also contact
between the posterior femoral cortex and the posterior edge of the
tibia, which represented an “impingement” of the knee, but this
(mean7SD).

301–1201 1201—MaxF FE–MaxF

95.274.1a* 18.475.4a*b† 162.9712.9c‡

87.876.7a* 10.377.6a*b† 135.979.3
0.775.5a* 1.275.9a* −6.0710.2
7.275.6a* −2.076.7b† 4.177.2
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did not occur laterally. Zelle et al. (2009) found that at the maximal
flexion (1551), the compressive force of the knee decreased from
4.89 to 2.90 times of the body weight in a case where a thigh–calf
contact was included. There was a correlation between a subject's
thigh and calf circumference and the force reduction at maximal
flexion due to thigh–calf contact (Zelle et al., 2009). These data
indicated that the posterior impingement between bone and soft
tissue may play an important role in the stability of the knee in
high flexion. Future studies should examine the extent of com-
pression at the medial and lateral sides of the knee at in vivo high
flexion angles of the knee.

Many of the knee kinematics during flexion were measured
under non-weight bearing conditions or with partial loads (Hill
et al., 2000; Johal et al., 2005; Nakagawa et al., 2000). The loading
conditions of the knee among these studies are different from
those of the knee during squatting (Johal et al., 2005; Tanifuji et al.,
2011), a single-legged lunge (Moro-oka et al., 2008), or stair
ascending (Moro-oka et al., 2008), etc. In addition, the full
extension position was also inconsistent among the various
studies. For example, the full extension during supine, passive
condition may not be the same as the full extension position
during a full body weight-bearing single-legged standing. Even in
similar single-legged flexion, current study measured higher
medial tibiofemoral cartilage contact translation than those
reported previously (Dennis et al., 2005; Li et al., 2005). A longer
holding time at each knee flexion angle in Li et al.'s (2005) study
(4 s, compared to 1 s in the current study) could cause different
cartilage deformation (Hosseini et al., 2010) and consequently a
different medial tibiofemoral cartilage contact translation. There-
fore, kinematics data of the knee should be explained only
relevant to the loading conditions during the kinematics measure-
ment. A careful description of the full extension of the knee is
important in reporting the kinematics data of the knee.

It should be noted that this study was based on the in vivo
weight-bearing quasi-static single-legged lunge. Future studies
should investigate the kinematics and articular cartilage contact
during dynamic flexion–extension cycle of the knee as the knee
motion is loading-dependent. The ground reaction forces were not
measured in this study. Body mass may affect knee kinematics in
high flexion. Therefore, it is interesting to investigate the effect of
body mass index on the high flexion of the knee. Sex may also
have an influence on knee kinematics in high flexion (Zeller et al.,
2003). It is warranted to recruit more subjects in future to analyze
the sex effect on knee kinematics in high flexion angles. Menisci
were not modeled in this study since the fluoroscopy technique
could not determine the meniscus motion. Therefore, the contact
kinematics should be explained as the cartilage-to-cartilage con-
tact only. Despite these limitations, this study clearly indicated the
path dependence of the knee motion characters during a high
flexion of the knee.

In conclusion, this study quantitatively described the motion
characteristics of the knee during a quasi-static weight-bearing
single-legged lunge from full extension to maximal flexion of the
knee. The tibiofemoral articular cartilage contact points were
measured on both tibial and femoral cartilage surfaces. The data
in this study revealed that the overall excursions of the articular
contact points were similar in the medial and lateral compart-
ments. On average, the excursion at medial side is higher in the
low flexion range, similar in the middle flexion range and smaller
at the high flexion range when compared to those at the lateral
side. The locations of the tibiofemoral articular cartilage contact
points were in the central portion of the medial compartment and
in the posterior half of the lateral compartment. These data may
provide important insights for further improvement of contem-
porary TKA surgeries in order to achieve physical high flexion
activities.
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