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Abstract—Accurate measurement of knee motion during dynamic movements is the key to detect and highlight deficiencies in
peripheral muscles and ligaments of the knee and hence to predict
the risk of injury. Miniature inertial sensors are increasingly
becoming a viable option for human movement measurement,
given their small size, low cost and relatively good accuracy compared with traditional optical measurements. A system capable
of measuring tibia angle using a shank mounted wireless inertial
sensor is proposed. The system employs a simple setup with only
one skin-mounted triaxial accelerometer and gyroscope module
attached to the tibia segment, and an algorithm to estimate the
tibia angle. The accuracy of the system was assessed by an optical
tracking system (Optotrak Certus) during dynamic movements
performed by three subjects by evaluating Root-Mean-Square
Error (RMSE) of tibia-flexion and tibia-adduction angles over the
period of motion. We achieve an RMSE of 1.6 ± 1.1 and2.5 ± 1.6
degrees in tibia-flexion and tibia-adduction angles, respectively.
It is argued that tibia angle can be reliably used to detect valgus
or varus movement of the knee and hence the proposed system
provides a simple and useful assessment tool for performance
enhancement and rehabilitation.

I. I NTRODUCTION
Lower limb injuries account for a significant proportion
of injuries in high performance sports [1] and inflict a high
cost on health care systems around the world. For instance,
lower limb injuries cost an estimated 2.5 billion annually to
the health-care system in the United States [2]. Knee injuries
are not only the most common, but they also have the most
serious consequences, such as Patellar Tendinopathy (Jumper’s
Knee), Patellofemoral Syndrome or Anterior Cruciate Ligament (ACL) Injury [3].
Knee abduction (or knee valgus) has been shown to be
a predictive factor of ACL injury in athletes and therefore
its detection has great relevance in the clinical setting [4].
Assessment of knee injury risk is usually based on qualitative observation of knee motion during single-legged weightbearing tasks (e.g. hopping) [5]. However, clinicians cannot
reliably detect at-risk knee positions by the naked eye. Traditionally, if clinicians had wanted to accurately quantify knee

kinematics, they would have commonly used a motion capture
system [6] [7]. However, it is difficult to replicate tasks of
the sports-field environment in the constraints of the labenvironment, where motion capture systems are operated from.
As an effective alternative, small light-wearable body sensors
offer a user-friendly solution because they minimise most
of the constraints that are associated with a motion capture
system.
In related literature, Cooper et al. [8] developed a Kalmanfilter based gait knee angle estimation using accelerometers
and gyroscopes. Sensor units were attached on the shank and
thigh. Although the reported Root Mean Square Error (RMSE)
of the measurements in knee flexion angle during walking
was 3.4◦ with 1.1◦ standard deviation, the skin motion artifact
of the thigh affected adversely the overall results. Kawano et
al. [9] presented an analysis on 3D knee angles when squatting
using accelerometers, gyroscopes and magnetometers. The
reported error was 0.7 ± 6.9 degrees in knee flexion. However,
the unreliability of magnetic field in real environment, ongoing
magnetization within the magnetometer and continuous presence of magnetic disturbances resulted in negative effects on
the accuracy of such a system. Dejnabadi et al. [10] reported
a system that measured 2D knee joint angles using body
mounted accelerometers and gyroscopes. The result showed
low error (1.3◦ ) and high correlation (R = 0.997) of sagittal
plane angle compared to an ultra-sound motion measurement
system. However, their method could only estimate knee
kinematics in one dimension.
In this paper, we propose an inertial sensor system that
can be used for detection and measurement of valgus or varus
motion of the knee based on angular motion of the tibia. While
tibia motion alone does not completely describe the knee, it
can also be acknowledged that accurate motion capture systems will always have trouble accurately measuring the thigh
because skin-mounted-markers do not completely describe the
state of the underlying thigh (femur) bone. Tracking the motion
of the tibia is not subjected to these problems. Therefore,
motion of the tibia is more likely to contain uncorrupted details

Fig. 1. Sensor placement from different view. (a) Two sensor units placed on left and right tibia of subject 1 (coronal plane view). (b) Sensor unit placed on
left leg, showing lab-CS and global-CS. (c) Transversal plane view of sensor placement on the left leg, showing sensor-CS, tibia-CS and the angle θt .

of the state of the knee. We argue that if tibia motion can be
accurately measured from an inertial sensor, then clinicians
will have a viable solution for assessing knee injury risk. This
is investigated by using a sensor placed on the anterior surface
of the tibia, which has been proven a reliable landmark in
previous studies [11]. In addition, while most of studies have
focused on single-leg squats or gait [12] [13], we also report
measurements for highly dynamic motion, i.e. single-leg hops.
We validated our system against a gold standard optical motion
capture system, namely the Optotrak Certus.
The rest of paper is arranged as follows: Section II describes the hardware, methodology of experiments and the data
processing flow; Section III and IV report on experimental
results and provide a comprehensive discussion, respectively;
Conclusions are summarized in section V.
II.

E XPERIMENTAL M ETHODOLOGY

A. Hardware and Placement
1) Sensor Unit: The hardware used in the system, namely
the ‘Measurement Device - Movement’ (MDM) [14], employs one low-power triaxial accelerometer with magnetometer
(ST Microelectronics LSM 303DLHC [15]) and one triaxial
gyroscope (ST L3G4200D [16]). Data from the sensors were
sampled at 200Hz on all three axes and sent through a
serial interface to the micro-controller. Full scale inputs to
accelerometer and gyroscope are ±24g and ±250 degrees per
second, respectively. Sensor readings are transmitted through
wireless channel to a recording and feedback device, from
which data can be offloaded onto PC for further analysis.
2) Reference System: The reference system used in this
experiment was NDI Optotrak Certus [17]. The system has
a 3D resolution of 0.01mm and maximum marker rate of
3500Hz. Four NDI infra-red emitting tracking markers were
attached to each sensor unit(SX SZ in Figure 1). The position
of the NDI tracking markers was collected using NDI’s FirstPrinciples software [18]. The camera capture rate was set at
300Hz, but this was subsequently down-sampled to 200Hz
during post-processing to match the sensor data sampling rate.

3) Sensor Placement: In this application, the sensor unit is
placed along anterior surface of the tibia along the longitudinal
axis, the mid-point between the knee and the ankle. The
placement of sensor units and Optotrak markers are depicted
in Figure 1(a).
4) Measurement coordinate systems (CS): Figure 1(b) and
(c) defines the following CS: the global-CS G (GX , GY ,
GZ ), the lab-CS L (LX , LY , LZ ), the sensor-CS S (SX ,
SY , SZ ) and the tibia-CS T (TX , TY , TZ ). Planes XY , Y Z
and ZX correspond to transverse, sagittal and frontal planes
respectively. The sensor unit is carefully placed so that the
SZ axis is approximately in line with TZ axis. Angle θt is
defined as the rotation angle from SY axis to TY axis. The
tibia-flexion, tibia-adduction and tibia-twist angles are defined
as angular displacements occurring about GX , GY and GZ
respectively. These angles are derived from the convention of
three-dimensional Euler transformation of the tibia orientation. Positive tibia-adduction angle (i.e. proximal end of the
tibia tilts lateral) is associated with knee adduction/varus and
negative tibia-adduction angle (i.e. proximal end of tibia tilts
medial) is associated with knee abduction/valgus. The frontal
plane projection angle (FPPA) is the angular displacement of
the tibia based upon the projection of the tibia segment (TZ )
onto the global frontal plane (GZ ).
B. Test Protocol
Three healthy male subjects with no lower limb disorders
participated in the experiment. Subjects were instructed to
perform two types of movement tasks, single-leg squats and
single-leg hops. The squat task hold > 2 seconds. Three types
of squat and hop tasks were assigned, each with simulated
normal, outwards (varus) and inwards deviation (valgus) of the
knee. Each type of squat and hop was repeated 3 times. Data
was collected simultaneously from the sensor and the Optotrak
system. All experiments were performed at the Biomechanics
Laboratory of Victoria University (Melbourne, Australia).
C. Data Processing Flow
The data processing flow is depicted in Figure 2.

To better describe the changes of Euler angles or FPPA (θ)
with respect to initial state of the tibia segment, the baseline
corrected angle is calculated from Equation 7:
θcorrected = θ − θbaseline

(7)

where θbaseline represent the angle before squatting in squat
test and that at the landing moment during the hop test, shown
as the starting of grey area in Figure3(a).

Fig. 2.

2) Processing Data from Optotrak: The data obtained
from Optotrak system is the quaternion that represents the
orientation of the sensor, with respect from the lab-CS. Similar
process is applied onto the Optotrak quaternion, following
similar procedure as Equations 5 to 7. As the lab-CS axes
LX LY are not in line with the global-CS axes GX GY , the
reference CS of the quaternion is adjusted from lab-CS to
global-CS.
G
Qop =GL Q ⊗L Q
(8)

Processing Flow for Sensor and Optotrak Data.

1) Processing Data from Sensor Unit: At the start of each
test, initial sensor orientation is obtained using the inclination
from accelerometer as the tibia segment is at rest. Orientation
of the sensor (S Q) is then estimated by applying discrete-time
integration of the gyroscope signal on the initial quaternion.
This can be expressed as:
α = kωT k

α
 α   ωT 
qi = cos
, sin
×
2
2
kωT k
S
S

(1)
(2)

D. Statistical Analysis

Q0 =S Qinclination

(3)

Qi =S Qi−1 ⊗ qi , i = 1, 2, 3...

(4)

where ω is the angular velocity from gyroscope in rad/s, T is
the time interval between every consecutive samples and ⊗ is
quaternion multiplication.
The orientation S Q is then corrected using inclination
from accelerometer when tibia segment is at rest (after the
squat/hop). The tibia-twist angle is reset to zero at the start and
end sample of the squat/hop, given the minimal tibia angular
rotations in this application, and due to absence of reference
to integrated gyroscope data. Linear interpolation [19] was
applied to other quaternion samples to eliminate the cumulative
errors caused by random walk drift from the gyroscope.
The sensor quaternion is adjusted by rotating around SZ
axis by angle θt (as is noted in Figure 1(b)), so that it represents
orientation of tibia(T Q):
T

Q =S Q ⊗ Qθt

where GL Q is the quaternion representing rotation from labCS to global-CS.
Data from Optotrak is then down-sampled from 300Hz to
200Hz to match the sensor sampling frequency.
In addition, the angle θt is estimated by using Visual3D
software [20] between sensor-CS defined by Optotrak markers,
and tibia-CS found using calibration markers created at the
medial and lateral aspects of the malleolus (distal shank) and
femoral epicondyles (proximal shank).

(5)

where Qθt represents the rotation quaternion caused by θt .
Since the angle θt cannot be accurately measured in most
practical situations, such as in a sports lab, we use an assumed
value θt,assumed instead of actual θt .
The 3D Euler angles (θx , θy and θz ) of tibia can be
obtained by converting the calibrated quaternion into Euler
angles in XY Z sequence.
The frontal plane projection angle (FPPA) can be calculated
by converting quaternion to direction cosine matrix (DCM),
then applying arc-tangent function on GX and GZ component
of the direction vector of TZ axis:


DCM [z, x]
(6)
F P P A = atan
DCM [z, z]

For comparison between sensor and reference system,
Root-Mean-Square Errors (RMSEs) between baseline corrected tibia-flexion angle, tibia-adduction angle and FPPA
during the period of motion are used to evaluate the accuracy
of the system output. The period of motion is defined as a 2
second window during squatting in squat tests, and a 1 second
window from the landing moment in hop tests. The RMSE can
be expressed as Equation 9:
rP
(θcorrected,sensor − θcorrected,optotrak )2
RM SE =
N
(9)
where N is the number of samples in the error signal,
θcorrected,sensor and θcorrected,optotrak represents the baseline
corrected angle from sensor and Optotrak.
Moreover, we assess the effect of replacing θt with its assumed value θt,assumed on the overall accuracy by comparing
results with different θt,assumed values (40◦ , 45◦ and 50◦ ).
III. E XPERIMENTAL R ESULTS
A. Kinematics of the Tibia Segment
Figure 3 compares examples of the tibia-flexion and tibiaadduction angles measured by the Optotrak and Inertial Sensor.
The tibia-flexion angle is presented in Figure 3(a), with a range
of 10◦ −35◦ for the squat and hop tests period of motion (grey
area in Figure 3(a)).
Figure 3(b) presents different patterns in tibia-adduction
angle during simulated normal, varus and valgus motions.
When the subject was performing simulated varus squats, the
tibia-adduction angle is approximately 10 degrees higher than
the normal squats during the period of motion (grey area

(a)

(b)
Fig. 3. Example (a) tibia-flexion angle and (b) tibia-adduction angle from squat and hop tests, compared with Optotrak. Grey area shows the period of motion.

in Figure 3(b)); while in simulated valgus squats, the tibiaadduction angle is 10 degrees lower than the normal squats
during the period of motion. Similar trend can be observed
in hops: the tibia-adduction angle shows positive values in
simulated varus hops and negative values in simulated valgus
hops.
Figure 4 compares the tibia-adduction angle and the FPPA.
The FPPA has similar pattern with the tibia-adduction angle
in squat (Figure 4(a)) and hop (Figure 4(b)) tests with slightly
larger magnitude.

The overall RMSE values of tibia-adduction angle across
all subjects are 1.8 ± 1.0 and 3.3 ± 1.8 degrees from squat and
hop tests respectively, with assumed θt,assumed = 45◦ .
It has been shown in Figure 4 that the FPPA has similar
pattern with the tibia-adduction angle. RMSE of the FPPA
is also similar to RMSE of the tibia-adduction angle. The
overall RMSE values of the FPPA are 2.3 ± 1.6 and 4.1 ± 2.3
degrees from squat and hop tests respectively, with assumed
θt,assumed = 45◦ .
IV.

B. Analysis of Errors
The measured θt values are 38, 43 and 52 degrees for
Subject 1, 2 and 3 respectively.
The RMSE values between the sensor and Optotrak outputs
are summarized in Table I in terms of mean value and standard
deviation for all subjects.
The tibia-flexion angles show low RMSE values of 1.2±0.9
and 2.0±1.3 degrees from the squat and hop tests respectively.
In terms of tibia-adduction angle, Subject 1’s RMSE shows
lowest values (1.1±0.5 degrees for squat and 2.8±1.6 degrees
for hop) when assumed θt,assumed = 40◦ , and highest values
(2.4 ± 1.1 degrees for squat and 4.3 ± 2.5 degrees for hop)
when assumed θt,assumed = 50◦ . Similarly for Subjects 2 and
3, the RMSE shows low values when the assumed θt,assumed
is close to the the measured value.
Figure 5 shows a scatter plot of RMSE of tibia-adduction
angle with respect to the absolute value of the difference
between θt,assumed and measured θt . Clear positive correlation
can be seen for each subject, i.e. a higher difference between
assumed and measured θt values leads to a larger RMSE.

D ISCUSSION

The results showed good agreement between the proposed and reference systems as revealed by low RMSEs
(1.6 ± 1.1 degrees on tibia-flexion angle, 2.5 ± 1.6 degrees
on tibia-adduction angle and 3.2 ± 2.2 degrees on FPPA, with
θt,assumed = 45◦ ).
The RMSE of tibia-adduction angle of hop tests (3.3 ± 1.8
degrees, θt,assumed = 45◦ ) was higher than that of squat tests
(1.8 ± 1.0 degrees, θt,assumed = 45◦ ). When a subject is
performing dynamic motions (i.e. hop and land), mechanical
shock towards the tibia and knee leads to a higher skin and
soft tissue artefact. This shock adversely affects the accuracy
of tibia-adduction angle measurements using an inertial sensor.
However, this effect can be reduced by applying compression
(e.g., using an elastic band) on the sensor.
The twist-reset method used to remove gyroscope drift
(Section II (C)) relies on the value of tibia-twist angle before
and after a movement. If tibia-twist angle stays unchanged
before and after a movement - such as, in a squat test where
subjects reliably assume the same tibia position before and
after squatting - the reset method is highly effective for

(a)

(b)
Fig. 4.

Comparison between tibia-adduction angle and FPPA in example (a) squat and (b) hop tests.

removing drift. On the other hand, in dynamic movements such
as single leg hopping, tibia position for most subject changes
after landing and hence the twist-reset method introduces some
errors. Difference in accuracy of squat and hop measurements can be partly attributed to errors arising from twistreset method. In addition, the tibia-twist angle varies more
when subjects perform simulated varus and valgus motions,
leading to a larger error in these movements compared to their
normal counterparts. This error can be reduced by providing
careful instruction and training to the subjects. Moreover, a
magnetometer can be introduced into the system to obtain a
more accurate tibia-twist angle. However, the accuracy of the
magnetometer is constrained by magnetic disturbances.
Some errors in the proposed system can be attributed to the
difference between angle θt (Figure 1(c)) and its assumed value
θt,assumed that we use in our processing. Results in Figure 5
show a positive correlation between the error in θt,assumed
and the RMSE of tibia-adduction angle in squat and hop tests.
Angle θt can be more accurately estimated by performing
geometric measurements or careful calibration using inertial
sensors.
Apart from the tibia-adduction angle, the FPPA is presented
as it intuitively represents the kinematics of the knee – it
corresponds to the 2D angle taken from the frontal plane.
The result indicates that varus and valgus motion can be
distinguished using both the tibia-adduction angle (Figure 3(b))
and the FPPA (Figure 4(a) and 4(b)) while the FPPA has
slightly larger range of motion (Figure 4).
In comparison to previous studies in knee kinematics,
the proposed system uses a simplified setup with only one
sensor unit attached to the tibia segment. The system does not
employ any sensor unit on the femur segment, thus the skin
motion effect caused by muscles and tendons on the thigh is
avoided. Although the thigh angular motion is not measured,
the proposed system has good performance in estimating tibia
angle, which is commonly associated with knee abduction and
adduction.
With excellent portability and accuracy, the system can be
used to perform ambulatory measurement outside the labora-

tory environment, thus has great potential in on-site application
in sports and rehabilitation.
Future work will study the relationship between the results
from the proposed system and angular motion of both femur
and tibia, improvement on accuracy of the algorithm, as well
as application of the proposed system in the assessment of
knee stability.
V.

C ONCLUSION

In this study, a system which employs low-power accelerometers and gyroscopes to measure tibia angular motion is
proposed and the accuracy of the results is evaluated. The system provide measurements of tibia-flexion and tibia-adduction
angles which showed good agreement with commercial motion
capture system. This system can be further employed in knee
pathologies to assess knee stability in sports players screening,
performance enhancement and rehabilitation.
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