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Aims
In Asia and the Middle-East, people often flex their knees deeply in order to perform 
activities of daily living. The purpose of this study was to investigate the 3D kinematics of 
normal knees during high-flexion activities. Our hypothesis was that the femorotibial 
rotation, varus-valgus angle, translations, and kinematic pathway of normal knees during 
high-flexion activities, varied according to activity.

Materials and Methods
We investigated the in vivo kinematics of eight normal knees in four male volunteers (mean 
age 41.8 years; 37 to 53) using 2D and 3D registration technique, and modelled the knees 
with a computer aided design program. Each subject squatted, kneeled, and sat cross-
legged. We evaluated the femoral rotation and varus-valgus angle relative to the tibia and 
anteroposterior translation of the medial and lateral side, using the transepicodylar axis as 
our femoral reference relative to the perpendicular projection on to the tibial plateau. This 
method evaluates the femur medially from what has elsewhere been described as the 
extension facet centre, and differs from the method classically applied. 

Results
During squatting and kneeling, the knees displayed femoral external rotation. When sitting 
cross-legged, femurs displayed internal rotation from 10° to 100°. From 100°, femoral 
external rotation was observed. No significant difference in varus-valgus angle was seen 
between squatting and kneeling, whereas a varus position was observed from 140° when 
sitting cross-legged. The measure kinematic pathway using our methodology found during 
squatting a medial pivoting pattern from 0° to 40° and bicondylar rollback from 40° to 150°. 
During kneeling, a medial pivot pattern was evident. When sitting cross-legged, a lateral 
pivot pattern was seen from 0° to 100°, and a medial pivot pattern beyond 100°.

Conclusion
The kinematics of normal knees during high flexion are variable according to activity. 
Nevertheless, our study was limited to a small number of male patients using a different 
technique to report the kinematics than previous publications. Accordingly, caution should 
be observed in generalizing our findings.

Cite this article: Bone Joint J 2018;100-B:50–5.

Several studies have reported the in vivo 3D
kinematics of normal knees,1-15 (two of which
relate14,15 to cadaver studies). However, most
of those studies have examined static
images.1,2,6,12 A few studies have previously
examined activities of daily living,5,7 but their
kinematics remain unclear. Similarly, few stud-
ies have examined the effects of torsion on the
knee.16,17

In Asia and the Middle-East, people com-
monly flex the knees deeply to perform activi-
ties of daily living, such as sitting on the floor,

or praying. Therefore, an investigation of high
flexion of the knee, and the influence of tor-
sional load, is important in this setting.

In Asia and the Middle-East, patients have a
preference to have a high flexion angle, even
after total knee arthroplasty (TKA).17 Some
reports have demonstrated that patient satis-
faction is greater with TKA, providing normal
knee kinematics,18,19 which therefore need to
be evaluated during high flexion to optimize
patient satisfaction after TKA. We have identi-
fied only one paper which has examined the in
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vivo normal knee kinematics of individual activities in
detail, including high-flexion activities.7 

The purpose of this study was to investigate in vivo 3D
kinematics of normal knees during high-flexion activities.
Our hypothesis was that the femorotibial rotation, varus-
valgus angle, translations, and the kinematic pathway of
normal knees during high-flexion activities, vary with spe-
cific activities.

Materials and Methods
We investigated the in vivo kinematics of eight normal
asymptomatic knees in four healthy Japanese male volun-
teers. We confirmed that none of the volunteers had any
deformity of the knee using CT. At the time of investiga-
tion, their mean age was 41.8 years (standard deviation
(SD) 6.5), mean height was 170.3 cm (SD 5.9), and mean
weight was 68.5 kg (SD 9.7). This study was approved by
the ethics committee at our institution, and all volunteers
provided written informed consent prior to participation.

Each volunteer was asked to perform the following
dynamic activities; squatting, kneeling and sitting cross-leg-
ged on the floor (video 1) while their knees were under
fluoroscopic surveillance observed in the sagittal plane.
Sequential knee flexion was recorded by digital radio-
graphs (1024 × 1024 × 12 bits/pixel, 7.5-Hz serial spot
images as Digital Imaging and Communications in Medi-
cine (DICOM) files) using a 17-inch flat panel detector sys-
tem (C-vision Safire L; Shimadzu, Kyoto, Japan). On this
system, acquired images were non-distorted and clear com-
pared with the Image Intensifier system (Shimadzu, Kyoto,
Japan). In addition, all images were processed by dynamic
range compression, enabling edge-enhanced images. Each
volunteer performed the activities at least twice before
recording. To estimate spatial position and orientation of
the knee, a 2D and 3D registration technique was used.20,21

This technique is based on a contour-based registration
algorithm using single-view fluoroscopic images and 3D
computer-aided design (CAD) models. We created 3D bone
virtual models from CT and used them for CAD modelling.
Estimation accuracy for relative motion between 3D bone
models was ≤ 1° in rotation and ≤ 1 mm in translation
(Table I).21,22

A local coordinate system (LCS) at the bone model was
produced according to a previous study.23 Regarding LCS
for femur, the z-axis passes through the hip centre and cen-
tre of the line connecting the medial sulcus and lateral con-
dyle. The surgical epicondylar axis was projected onto the
plane perpendicular to the z-axis. That projection was
established as the x-axis. The line perpendicular to both the

x- and the z-axis was established as the y-axis. Regarding
LCS for the tibia, the z-axis passes through the centre of the
medial and lateral eminences and the ankle centre. The x-
axis runs parallel to the line of the medial and lateral part of
the most posterior tibia. The line perpendicular to both the
x- and the z-axis was established as the y-axis. Knee rota-
tions were described using the joint rotational convention
of Grood and Suntay.24 We evaluated the femoral rotation
and varus-valgus angle relative to the tibia, anteroposterior
(AP) translation of the sulcus distal to the medial epicon-
dyle (medial side) and the tip of the lateral epicondyle (lat-
eral side) of the femur on the plane perpendicular to the
tibial mechanical axis, and kinematic pathway in each flex-
ion angle. AP translation was calculated as a percentage rel-
ative to the proximal AP dimension of tibia. This AP length
of tibia was defined as the distance between the most ante-
rior cortical margin, and the midpoint of the transverse line
connecting the most posterior points of the medial and lat-
eral cortical margins.23 External rotation was denoted as
positive, and internal rotation as negative. Valgus was
defined as positive and varus as negative. Positive or nega-
tive values of AP translation were defined as anterior or
posterior to the axis of the tibia, respectively.

Computer simulation tests were conducted to assess the
improvements in depth position using the proposed tech-
nique. We compared the calculated position with the cor-
rect position using model bones. The known position of the
model bones was defined as the correct position. The root
mean square errors (RMSEs) for computer simulation of
femoral and tibial models using a feature-based 2D and 3D
registration technique are shown in Table I.21,22 
Statistical analysis. We also evaluated the accuracy (using
RMSE) of the surgical epicondylar axis identification. The
intraobserver error was 1.8°, and the interobserver error
(between two examiners) was 1.9°, respectively. All data
are expressed as mean (SD). Both a two-way analysis of
variance (ANOVA) and post hoc pair-wise comparison
(Tukey-Kramer test) were used to analyse differences in
the rotation angle, varus-valgus angle and AP translation
among the activities of squatting, kneeling, and sitting
cross-legged. One-way ANOVA and post hoc pair-wise
comparison (Tukey-Kramer test) were used to analyse the
range of the endpoints for the three activities. A p-value
< 0.05 was considered statistically significant. Statistical
analysis was performed using SPSS version 24 (IBM Inc.,
Armonk, New York). Power analysis was performed as α
error 0.05 and 1 - β error 0.80 to compare among the
mean of three groups. The estimated sample size was eight
knees.

Table I. Root mean square errors for computer simulation of femur,
tibia models using a feature-based 2D and 3D registration technique

Translation (mm) Rotation (°)

X Y Z X Y Z
Femur 0.12 1.17 0.08 0.15 0.20 0.08
Tibia 0.10 0.93 0.12 0.08 0.06 0.48
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Results
Rotation and varus-valgus angle. During squatting, the
knees were gradually flexed from a mean of -2.8° (SD 1.3°)
to a mean of 145.5° (SD 5.1°). From 0° to 40° of flexion,
femurs displayed a sharp external rotation relative to the
tibia, reaching a mean of 13.8° (SD 3.0°). From 40° of flex-
ion, a gradual femoral external rotation was observed,
reaching a total mean of 22.4° (SD 6.1°). The mean rota-
tional from 100° to 150° of flexion was 7.0° (SD 5.5°),

During kneeling, the knees gradually flexed from a
mean of 100.6° (SD 3.7°) to a mean of 155.7° (SD 3.0°),

which was accompanied by a mean femoral external rota-
tion, relative to the tibia, of 20.2° (SD 7.2°). The mean
rotational range from 100° to 150° of flexion was 14.8°
(SD 3.8°).

When sitting cross-legged, the knees gradually flexed
from a mean of 4.9° (SD 4.4°) to a mean of 147.5° (SD 4.2°).
During this activity, the femoral internal rotation relative to
the tibia occurred from 10° to 100° of flexion, with a mean
internal rotational angle of 11.2° (SD 6.9°). From 100° to
150° of flexion, femoral external rotation reached a mean
of 22.4° (SD 7.0°) (Fig. 1). and 22.4° (SD 7.0°), respectively.
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Fig. 1

Graph showing the mean rotation angle when squatting, kneeling and sitting cross-legged (error bars indicate standard deviation). The markers
indicate the femoral external rotation relative to the tibia (*Significant differences between squatting and sitting cross-legged; p < 0.05).
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Fig. 2

Graph showing the mean varus-valgus angle when squatting, kneeling and sitting cross-legged legged (error bars indicate standard
deviation). The markers indicate the femoral external rotation relative to the tibia (*Significant differences between squatting and
sitting cross-legged p < 0.05)
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The external rotation while sitting cross-legged was signif-
icantly more than during squatting (p = 0.041).

During squatting and kneeling, no significant difference
in varus-valgus angle was seen for each knee flexion angle.
However, when sitting cross-legged, a varus position was
observed from 140° with knee flexion. The varus-valgus
angle reached a mean of -13.5° (SD 3.7°) (Fig. 2). 
AP translation: medial side. During squatting, the medial
side moved a mean of 11.1% (SD 6.4%) anteriorly from 0°
to 40° with knee flexion. From 40°, it moved a mean of
34.8% (SD 2.8%) posteriorly. During kneeling, no statisti-
cally significant movement was seen with knee flexion.
During sitting cross-legged, it moved a mean of 13.8%
(SD 4.3%) anteriorly from 0° to 30° with knee flexion.
From 30° to 120°, it then moved a mean of 35.1%
(SD 7.3%) posteriorly. Subsequently from 120° to 150° it
translated a mean of 5.4% (SD 8.3%) anteriorly. 

Among the three activities, the medial side when sitting
cross-legged was located significantly posteriorly from 80°
to 110° with knee flexion (Fig. 3).
AP translation: lateral side. During squatting, the lateral
side moved a mean of 78.7% (SD 11.0%) posteriorly from
0° to 150° knee flexion. During kneeling, it moved a mean
of 40.2% (SD 10.2%) posteriorly from 100° to 150°. While
sitting cross-legged, no statistically significant movement
was seen from 0° to 100°, but from 100° to 150°, the lateral
side moved a mean of 51.0% (SD 12.3%) posteriorly.

Among three activities, the lateral side during squatting
was located significantly posteriorly from 20° to 130° with
knee flexion (Fig. 4).
Kinematic pathway. During squatting, the medial side dis-
played mild anterior movement from 0° to 40° with knee
flexion. From 40° to 100° and from 100° to 150°, it moved
posteriorly. At the same time, the lateral side showed
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Graph showing the mean anteroposterior (AP) translation of the femoral medial epicondylar sulcus when squatting, kneeling and sitting cross-leg-
ged (error bars indicate standard deviation). AP translation was calculated as a percentage relative to the AP length of tibia (*Significant differences
between squatting and sitting cross-legged, p < 0.05).
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Graph showing the mean anteroposterior (AP) translation of the femoral lateral epicondyle when squatting, kneeling and sitting cross-legged (error
bars indicate standard deviation). AP translation was calculated as a percentage relative to the AP length of the tibia (*Significant differences
between squatting and sitting cross-legged, p < 0.05).
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posterior movement with knee flexion. From 0° to 40°, the
difference between the medial and lateral side represented a
medial pivot pattern. From 40° to 100° and from 100° to
150°, bicondylar rollback was evident (supplementary
figure a). During kneeling, the medial side did not move
significantly with knee flexion. On the other hand, the lat-
eral side moved posteriorly with knee flexion. The kine-
matic pathway showed a medial pivot pattern
(supplementary figure b). While sitting cross-legged, the
medial side moved slightly anteriorly from 0° to 30° with
knee flexion. From 30° to 120°, it moved posteriorly. Then
it moved slightly anteriorly again from 120°. The lateral
side did not show any significant movement from 0° to
120°. From 120°, it moved posteriorly. From 0° to 100°,
the difference between the medial and lateral side repre-
sented a lateral pivot pattern. From 100°, a medial pivot
pattern was seen (supplementary figure c).

Discussion
This study using CAD modelling of fluoroscopically-captured
images in four male volunteers (eight knees) has examined in
vivo kinematics while sitting cross-legged on the floor for the
first time. Studies that have evaluated knees while sitting
cross-legged using electromagnetic tracking systems have
reported femoral external rotation movement in deep knee
flexion.16,17 In our study, the femur displayed internal rota-
tion relative to the tibia from 10° to 100° with knee flexion
and external rotation beyond 100°. This fact suggests that the
femoral rotatory motion while sitting cross-legged at the mid-
flexion is variable, and may depend on the imagining modal-
ity. In addition, this suggests that the external rotation of the
femur is responsible from mid- to high-flexion.

Previous static examinations have shown that knees dis-
play gradual femoral external rotation during squat-
ting.1,2,6 However, in our study, normal knees displayed
different kinematic patterns during squatting. Femurs dis-
played sharp external rotation relative to the tibia from 0°
to 40° with knee flexion. From 40°, gradual femoral exter-
nal rotation was observed. Sharp femoral external rotation
in early knee flexion suggested a screw-home motion. The
small amount of femoral external rotation from mid-flex-
ion to deep flexion suggests femoral rollback. This suggests
that despite the same squatting motions, kinematics differ
between static and dynamic imaging, or weight-bearing
and non-weight-bearing positions. Among the three activi-
ties, there were significant different rotational patterns with
knee flexion. Additionally, in high flexion, rotational range
while sitting cross-legged was significantly larger than that
during squatting. This suggests that the rotational range of
knees varies widely.

Regarding varus-valgus angle, varus position was
observed while sitting cross-legged at angles of deep flex-
ion. Previous studies evaluating cross-legged knees have
reported varus movement in high flexion.16,17 Our results
are similar to these studies, suggesting that the motions of
sitting cross-legged tend to cause severe varus stress on the

knees. Around the maximum flexion angle, no significant
differences were seen among the three activities regarding
the angle of rotation and AP translation. Hence, the lateral
compartment of the knees in a cross-legged position might
be more distracted than those of squatting and kneeling
knees around maximum knee flexion.

AP translation of the medial side, sitting cross-legged,
moved posteriorly in mid-flexion. However, laterally with
squatting, posterior movement occurred up to 130° with flex-
ion. However, from 130°, the differences among the three
activities were small. This suggests that AP positions differ
among the three activities up to mid-flexion, but in high flex-
ion, there was no significant difference between each activity.

During squatting and kneeling, kinematic pathways were
similar to the findings of Moro-oka et al.7 On the other
hand, when sitting cross-legged, the kinematic pathway
showed a lateral pivot pattern up to 100° with flexion. In
particular, from 30° to 100°, the medial side moved poste-
riorly (supplementary figure c). This suggests that the
medial compartment of normal knees is loose when sitting
cross-legged. Several studies have reported that medial
pivot-reproducing prostheses offer favourable clinical out-
comes.25-29 The results of this study suggest that if the kin-
ematics after TKA are targeted to replicate those of a
normal knee, enabling some lateral pivoting for some activ-
ities must also be considered.

At high flexion, the kinematic pathway during squatting
exhibited bicondylar rollback (supplementary figure a); on
the other hand, kneeling and sitting cross-legged indicated a
medial pivot pattern (supplementary figure b and c). 

There are several limitations in our study. The local co-
ordination system was not identical to that used in other
studies. Therefore, the angles and distances reported are
not directly comparable. Several authors have reported var-
iability in the identification of the surgical epicondylar
axis.30-32 Therefore, our procedure might have variability.
However, some have reported that the accuracy using a CT
model is better than the use of a cadaver or image-free nav-
igation.33,34 In fact, the intra- and inter-observer error of
our surgical epicondylar axis identification was less than
2.0°. Hence, we considered our procedure acceptable. We
evaluated the pathway of the surgical epicondylar axis,
known as the functional axis,33,35 therefore, this pathway
might not recreate the pathway of contact points.

In addition, the transepicondylar axis is generally
thought to be closer to the flexion axis than the geometric
centre axis.36-38 Our study was restricted to four Japanese
male volunteers. Women and individuals from other ethnic
backgrounds might display different kinematics. 

This study has demonstrated, using an in vivo modelling
technique, that there is variability in the kinematics of nor-
mal knees, which were different depending on the high-
flexion activity. In particular, when sitting cross-legged,
femoral internal rotation was noted in mid-flexion, but the
kinematic pattern changed from an effective lateral pivot to
medial pivoting with increased knee flexion.
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Take home message:
- The kinematics of normal knees during high flexion activities
differ with each activity. 

- Particularly when sitting cross-legged, the difference of the kinematics is
remarkable. 
- When sitting cross-legged, femurs show internal rotation in mid-flexion,
and the kinematic pattern changes from lateral to medial pivot with knee
flexion.

Supplementary material
Figures showing kinematic pathways in various posi-
tions are available alongside this article at

www.bjj.boneandjoint.org.uk
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