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Previous studies on joint angle estimation have been restricted to slow-speed level walking conditions, even though slope
walking and running elicit unique biomechanical characteristics. Measurements were mostly based on an optical motion
capture system despite in-the-lab limitation of measurement technique. The contribution of this study is twofold: (i) to
propose a joint angle estimation method by applying a state-of-the-art parallel Kalman filter based on an inertial
measurement unit (IMU) that can overcome in-the-lab limitation, and (ij) to demonstrate its application to level walking
condition as well as slope walking and running conditions to fill a gap in joint kinematics literature. In particular, this study
focuses on knee flexion/extension and ankle dorsiflexion/plantarflexion angles at various speed variations. The parallel
Kalman filter applied in the proposed method can compensate external acceleration through Markov-chain-based
acceleration modeling, that may enhance joint estimation performance in high speed walking conditions. To validate the
proposed estimation method, an optical motion capture system was used as reference. In addition, patterns for each
condition were investigated to identify and evaluate presence of classifying features.
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1. Introduction

Lower limb angular kinematics, such as the joint angle, is
required to characterize and assess gait abnormalities.' Optical
motion capture systems constitute the most common measurement
systems used for quantifying lower limb kinematics. To estimate
the joint angle that constitutes our main interest in this study,
reflective markers are attached to the anatomical landmarks and
anatomical frames of each body segment are determined based on
the positions of the markers. The joint angle is estimated from the
orientation of the two body segments that are adjacent to the
joint.**> However, the camera-based optical systems can only work
within a limited space where the camera can see the markers,

which is referred to as “in-the-lab limitation.” This inherent
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limitation of the camera-based systems makes it difficult to use
them outdoors and for daily life measurements, despite their
capability in achieving high precision measurement.

For this reason, the use of the lightweight and the low-cost
inertial measurement unit (IMU) in estimating joint angles has
been receiving increased attention from researchers. A typical IMU
consists of a triaxial gyroscope, a triaxial accelerometer, and a
triaxial magnetometer and can estimate the three dimensional (3D)
orientation. As none of the sensors requires any fixed external
source, such as a transmitter or receiver, the IMU works as a
wearable sensor that overcomes the in-the-lab limitation. In
literature, Takeda et al.’ used translational acceleration calculated
from the angular velocity during gait. The estimated translational

acceleration was then subtracted from the measured data to obtain
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the gravitational acceleration to attain a higher accuracy in the
estimations of orientation. Alonge et al.” proposed a new method to
estimate the hip and knee angles based on the use of a
complementary filter instead of the Kalman filter which is more
popular. Seel et al® and Cooper et al.’ proposed estimation
methods of knee flexion/extension using IMUs subject to
biomechanical constraints. In both methods, the knee joint was
modeled as a hinge joint. However, in reality, the human knee joint
may violate hinge joint constraints as it is not a mechanical joint.
This may degrade the accuracy of the joint angle estimation.

Bonnet et al.'

used Fourier series to represent 3D hip and knee
joint angles based on a four-degree-of-freedom serial chain model
of the leg. Dejnabadi et al.!' proposed the joint angle estimation
method that does not need to integrate the angular velocity when
this model is used, but instead uses anatomical models
personalized for each subject prior to measurements.

While the aforementioned approaches successfully demonstrated
the feasibility of the IMU-based joint angle estimation, they have
been restricted to the level walking condition, even though slope
walking and running exhibit unique biomechanical characteristics.
In addition, walking speeds in previous experiments were low in
general. Note that one of the critical factors affecting the estimation
accuracy in IMU-based orientation estimation is the object’s
acceleration. This is because accelerometer signals under accelerated
motion conditions cannot work as reference vectors along the
vertical axis any more. Accordingly, the estimation accuracy of the
joint angle in fast motion conditions can be significantly reduced
by the external acceleration and fast walking and running conditions
in such cases. However, joint angles during running and slope
walking at different speeds have not been explicitly investigated.

In this regard, the contribution of this study is twofold: (i) to
propose a joint angle estimation method by applying a state-of-the-
art parallel Kalman filter based on IMU that can overcome the in-
the-lab limitation, and (ii) to demonstrate its application to not only
level walking condition but also slope walking and running
conditions to fill a gap in joint kinematics literature. In particular,
this study focuses on knee flexion/extension and ankle
dorsiflexion/plantarflexion angles at various speed variations. The
parallel Kalman filter applied in the proposed method has a
capability of compensating the external acceleration through
Markov-chain-based acceleration modeling, which may enhance
the joint estimation performance in high speed walking conditions.
The patterns of the knee and ankle joint angles that depend on
various walking and running conditions are also discussed.

The second section presents the proposed joint angle estimation
method based on an existing parallel Kalman filter.!> The

experimental setup and test results are presented in the third

section. Conclusions are outlined in the fourth section.

2. Method

2.1 Parallel Orientation Kalman Filter

The proposed method uses three reference frames: the
navigation or absolute frame {»}, sensor frame {s}, and anatomical
body frame {b}. The rotation matrix of the frame {s} with respect
to frame {n} is denoted as R™ = [R;” R} Rﬂ where R, R, and
R, are the x-, y-, and z- directional column vectors, respectively,
and the Kalman filter estimates are denoted by R™.

The accelerometer or magnetometer signals can be modeled as
y, =t +d; +v, (1)

where ¥, is the sensor measurement at the ™ sampling time, t; is
the component obtained by projecting a reference vector, such as
gravity and the local magnetic field, d; is the disturbance compo-
nent, such as the external acceleration and magnetic disturbance,
and v, is white Gaussian noise. The gyroscope signal is modeled as
o, =0, + *w, where @, is the gyroscopic signal at the k™ sam-
pling time, ®; is the true angular velocity, and %w; is white Gauss-
ian noise.

The state and measurement equations for the Kalman filter are

respectively,
t, _ ‘Fy 05|t + Py 0 ] fwy (2.a)
d; 03><3 o F di(fl 03 o p o wk*l
b, 2.b)
Y. = [szz sts] +v, ’
d;
where

‘F,, = —exp([(ﬁifl XJAI)

“F=cl, 3)
P, =-[t;, x]-Ar
“P=cly,

Here, At is the sampling time, and ¢, and ¢, are the parameters
of the first-order Gauss—Markov-chain-based disturbance model.
The process noise covariance matrix Q; and measurement noise

covariance matrix M are respectively
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Fig. 1 Test setup in which three IMUs and optical markers are
placed on the right foot, lower leg, and upper leg parts of the
test participant. A plastic right triangle ruler was mounted on
top of each MTw IMU, and three reflective markers from the
OptiTrack motion capture system were attached to each of the
vertices of the ruler using adhesive tape

The variance of the gyroscope c® and the variance of the
accelerometer or magnetometer ** are estimated when the sensors
are static.?

Once the state vectors in Eq. (2.a) are estimated, t;
corresponding to the accelerometer, which denotes gravity, can be
used to obtain R’ and t; that correspond to the magnetometer that
denotes the local magnetic field, and can be used to obtain R’
The matrix R}’ is then estimated by orthogonalizing the unit
vectors, i.e., Rﬁs =RI”xRY.

2.2 Joint Angle Estimation

Anatomical reference frames for the body segments are defined
using the optical camera system.”> As IMUs are arbitrarily attached
to each body segment, a calibration procedure should be performed
to convert the sensor frame to the anatomical frame. Assuming that
the body segment is a rigid body, the transformation matrix
between the sensor and anatomical frames is constant, and it can be
obtained using initial static posture data, i.e., R = (R™ ) R,
Thus, the body segment orientation with respect to the navigation
frame R}’ is obtained using the following equation: R}” = R}*R*".

The joint angle can be extracted from the rotation matrices of
the two adjacent segments."* When the rotation matrices of the

thigh and shank are represented by Ry, and Ry, respectively,

Table 1 Results of root-mean-squared errors estimated at different
times (unit: ©)

Ankle
Knee dorsiflexion Average
Flexion/Extension . g
/Plantarflexion
Test 1 2.70 2.18 2.44
Test 2 4.29 5.48 4.89
Test 3 3.14 2.04 2.59
Test 4 3.40 3.40 3.40
Test 5 433 4.50 4.42
Test 6 5.86 6.60 6.23

the formulas used to calculate the knee flexion/extension angle are

as follows:
e; = Ryignx (5.a)
€= Rtz (5.b)
e;=¢e; X e/le; X ¢ (5.¢)
sina=—e; R0, (5.d)

where « is the knee flexion/extension angle. The x-axis lies in the
frontal plane with its positive direction from left to right. The z-axis
also lies in the frontal plane and its positive direction is proximal.
The ankle dorsiflexion/plantarflexion angle is calculated using the

shank and foot rotation matrices in the same manner.

3. Results and Discussion

3.1 Test Setup

For the verification of the proposed method, three wireless MTw
IMU sensors (Xsens Technologies B.V., Netherlands) were
attached to the right foot, right lower leg, and right upper leg, as
shown in Fig. 1. An OptiTrack Flex13 optical motion capture
system (NaturalPoint, Inc. USA) was used to obtain the reference
orientation.

As a proof-of-concept, one healthy male subject (age = 24 years;
height = 177 cm; weight = 72 kg) participated in the validation
study. To verify the proposed method, the participant performed
the following tests on a treadmill:

e Test 1: Level walking at a speed of 0.75 m/s

* Test 2: Level walking at a speed of 1.5 m/s

* Test 3: 15° slope walking at a speed of 0.75 m/s

o Test 4: 15° slope walking at a speed of 1.5 m/s

* Test 5: Level running at a speed of 2.0 m/s

* Test 6: Level running at a speed of 2.5 m/s
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Fig. 2 Comparison of the joint angles estimated based on the proposed IMU-based method and the optical motion capture system. The thick red

solid and dotted lines represent the means and one standard deviation bands of the IMU-based angle estimation method, and the black

lines are the means estimated with the use of the optical system. A colour version of this figure is available online. (a) — (f) correspond to

tests 1 — 6.

Note that to identify the pattern of the joint angle at various
conditions, we performed level and slope walking and running at
different speeds.

3.2 Results and Discussion

The angular variation of the knee joint increased in the stance
phase as the walking speed increased. During slope walking, the
flexion angle of the knee joint at the moment of the toe-off
decreases more than that during level walking. In Figs. 2(e) and
2(f) which are the running test results, it was found that the flexion
of the knee joint increases overall as compared with that during the
walking test. From these results, it can be seen that the maximum
value of the flexion of the knee joint increases in proportion to the
walking speed.

In regard to the ankle joint, the results of level walking and

slope walking did not elicit any significant differences. However,

the range of motion during running was larger than that during
level and slope walking. Additionally, the results of tests 5 and 6
showed that the maximum point of the ankle joint during
plantarflexion during running was earlier than that during walking.
In all the tests, errors during the swing phases were larger than
those during the stance phases. This is because of the rapid
increase in the external acceleration in the swing phases.
Additionally, in tests 5 and 6, which are running tests, the results
for the ankle joint show that the increase in the external
acceleration affects the beginning of the next stance phase. The
reason for this is that the magnitude of the external acceleration
generated by the foot is larger than those of the shank and thigh,
i.e., the magnitudes of the external accelerations follow the order
foot > shank > thigh.

Table 1 gives the root-mean-squared error (RMSE) results of the

joint angles over time estimated using the proposed method in
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comparison to the truth reference. The RMSEs of tests 1 and 3,
which were associated with the slowest walking speeds, were
smaller than those of other tests. The results of tests 1 - 4 show that
the inclination of the walkway does not have a significant effect on
the estimation accuracy. The mean error range was between 2.44°
and 6.23°, thus demonstrating the feasibility of the proposed joint
angle estimation method.

From the above results, it may be seen that the estimation errors
generally increase in proportion to the magnitudes of the external
acceleration. This implies that, although the Kalman filter applied
in the proposed method has an acceleration compensation
mechanism based on a Markov chain model, the effect of the
acceleration on the estimation accuracy cannot be thoroughly
vanished by the mechanism. Note that, in the proposed method, the
joint angle is obtained through orientation estimation of
unconstrained body segments. In fact, however, the segments are
connected by the joint. The joint provides a kinematic constraint
equation that can be utilized for the joint angle estimation and

improve the estimation accuracy.

4. Conclusion

This study presented a new joint angle estimation method based
on IMU signals by utilizing a parallel Kalman filter to compensate
for the effects of external acceleration during fast motion. The
experimental results demonstrated the feasibility of the proposed
method. The interdependencies of the knee and ankle joint angles
at various walking and running conditions were investigated. As
the proposed approach has no restriction regarding the
measurement space, it can be applied to accurately measure joint
angles in real-life settings to provide clinicians and biomedical
engineers with valuable data during rehabilitation.

In our future work, biomechanical constraints will be
augmented with the orientation estimation Kalman filter to
improve the joint angle estimation performance. Furthermore,
magnetic disturbances generated around a treadmill will be
investigated to eliminate any potential issue causing distortions in

orientation and to the joint angle.
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