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Abstract 

Compact and lightweight nine-axis motion sensors have come to be used for motion 

analysis in a variety of fields such as medical care, welfare, and sports. Nine-axis motion 

sensors include a three-axis gyroscope, a three-axis accelerometer, and a three-axis 

magnetometer and can estimate joint angles using the gyroscope outputs. However, the 

bias of the gyroscope is often unstable depending on the measurement environment and 

the accuracy of the gyroscope itself, causing error to accumulate in the angle obtained by 

integrating the gyroscope output. Although several sensor fusions have been proposed for 

pose estimation, such as using an accelerometer and a magnetometer, sequentially 

estimating and correcting the bias of the gyroscope are desirable for more accurate pose 

estimation. In addition, considering accelerations other than the acceleration due to gravity 

is important for a sensor fusion method that utilizes the accelerometer to correct the 

gyroscope output. Therefore, in this study, an extended Kalman filter algorithm was 

developed to sequentially correct both the gyroscope bias and the centrifugal and tangential 

acceleration of an accelerometer. The gait measurement results indicate that the proposed 

method successfully suppresses drift in the estimated knee joint angle over the entire 

measurement time of knee angle measurement during gait. The knee joint angles estimated 

using the proposed method were generally consistent with results obtained from an optical 

3D motion analysis system. The proposed method is expected to be useful for estimating 

motion in medical care and welfare applications. 

Keywords: Bias error, Gyro sensor, Knee joint angle, Motion sensor, Sensor fusion 

 

Introduction 

Nine-axis motion sensors used for motion analysis include a three-axis gyroscope to measure 

angular velocity, a three-axis accelerometer to measure acceleration, and a three-axis magnetometer 

RESEARCH 
 



 

to measure the magnetic field. The sensor pose can be estimated sequentially by integrating the roll, 

pitch, and yaw rates [1] using the known initial pose and gyroscope output. However, the gyroscope 

has several sources of error, including a bias error, a scale factor error, a misalignment error, and 

noise [2]. The scale factor error is the deviation from the ideal sensitivity, and the misalignment error 

is the deviation from the ideal alignment of the axes. The scale factor and misalignment errors, 

which also arise from the accelerometer and magnetometer, can be corrected in advance using 

measurement data; this generally eliminates the need for users to correct these errors because most 

commercially available nine-axis motion sensors have been calibrated prior to shipment from the 

factory. In contrast, the bias, which is the output when the input angular velocity is 0, changes over 

time, meaning the bias of the gyroscope must be corrected before each measurement. Because the 

pose estimation accuracy decreases with the integration of bias errors, several pose estimation 

methods based on sensor fusion using an accelerometer and a magnetometer have been proposed [3, 

4]. Therefore, compact and lightweight nine-axis motion sensors have come to be used for motion 

measurement in a wide range of fields such as medical care, welfare, and sports [5–7]. Kalman 

filtering [8–12] and complementary filtering [13–17] are some pose estimation methods using sensor 

fusion.  

The Kalman filter, which does not require the accumulation of all of the time series data, 

estimates the current state recursively by using the state in the previous time step. The Kalman filter 

has the advantage of being able to estimate the system state with a small computational load. Several 

Kalman filters for pose estimation have been used to construct the state equation using the roll, pitch, 

and yaw rates. One observation equation proposed for use in such methods uses the yaw angle 

calculated from the magnetometer output and takes advantage of the fact that the accelerometer 

detects only the acceleration due to gravity when it is at rest [18]. Because the magnetic field cannot 

be measured correctly using a magnetometer in a variable magnetic field, several sensor fusion 

methods that can correct the magnetometer output under a variable magnetic field have been 

proposed [19, 20]. Moreover, sensor fusion approaches that consider accelerations other than the 

acceleration due to gravity have been proposed [21–23]. These sensor fusion methods contribute to 

the increased accuracy of the pose estimation. However, the bias of the gyroscope is often unstable 

depending on the measurement environment and the accuracy of the gyroscope itself. In the Kalman 

filter for pose estimation, the prediction based on the gyroscope output and the observation values, 

which include the accelerometer and magnetometer outputs, are used in a complementary manner. 

Therefore, increasing the accuracy of the pose estimation requires the sequential estimation and 

correction of the bias of the gyroscope. 

For the estimation of the knee joint angle during walking in this study, a Kalman filter was 

devised to sequentially correct the bias error of the gyroscope and the output of the accelerometer 

based on existing reports [24, 25]. Previous studies have shown that the knee joint angle can be 



 

estimated accurately by attaching motion sensors to the center of the anterior surface of the thigh and 

shank. Therefore, in this study, as a first step to apply the proposed method to human pose estimation, 

the knee joint angle during walking was focused on. Human locomotion is produced by the 

rotational motion of the respective joints, causing the proportion of the centrifugal acceleration and 

the tangential acceleration in a part of the body to increase during exercise. Thus, the proposed 

method considered the centrifugal and tangential acceleration to correct the accelerometer output. 

During a laboratory experiment, the knee joint angles of four participants were measured using an 

optical 3D motion analysis system and two nine-axis motion sensors while the participants were 

walking. The accuracy of the proposed method was verified by comparing the obtained results with 

those obtained by sensor fusion with the sequential correction of the bias error of the gyroscope and 

the output of the accelerometer and those obtained with an optical 3D motion analysis system. 

 

Measurement method 

The 3D posture of the nine-axis motion sensor is represented by the Euler angles: the roll angle 𝜑𝜑 

about the x-axis, the pitch angle 𝜃𝜃 about the y-axis, and the yaw angle 𝜓𝜓 about the z-axis. Figure 1 

shows the definition of the knee joint angle and the reference coordinate system. The reference 

coordinate system is a right-handed system with a vertical z-axis. The counterclockwise direction is 

defined as the positive direction. 

The two motion sensors were attached to the center of the anterior surface of the thigh and 

shank. The thigh was defined as link i − 1, and the shank was defined as link i. The y-axis of the 

sensor was defined as being parallel to the length direction of the thigh and shank. The knee joint 

angle in the sagittal plane was defined as the angle between the y-axis of the sensor attached to the 

thigh and that of the sensor attached to the shank.  

 

 

Fig. 1 Definitions of the knee joint angle and the reference coordinate system. 



 

The following equations demonstrate how to calculate the initial roll and pitch angles using 

only the accelerometer outputs with the accelerometer at rest [4, 26]: 

 𝜑𝜑𝐴𝐴𝑖𝑖 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2
𝐴𝐴𝑦𝑦𝑖𝑖𝐴𝐴𝑧𝑧𝑖𝑖   �−𝜋𝜋 <  𝜑𝜑𝐴𝐴𝑖𝑖 <  𝜋𝜋�           (1) 

𝜃𝜃𝐴𝐴𝑖𝑖 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2
− 𝐴𝐴𝑥𝑥𝑖𝑖� 𝐴𝐴𝑦𝑦𝑖𝑖 2+ 𝐴𝐴𝑧𝑧𝑖𝑖 2 �−𝜋𝜋 <  𝜃𝜃𝐴𝐴𝑖𝑖 <  𝜋𝜋�          (2) 

 

where the index i represents the ith link, which is the shank; iAx, 
iAy, and iAz respectively denote the 

accelerometer output for the x-, y-, and z-axes; and iφA and iθA respectively denote the initial roll and 

pitch. 

The initial yaw is calculated from the magnetic field. However, the magnetic field cannot be 

measured accurately using a magnetometer in a variable magnetic field such as in a reinforced 

concrete structure [27–29]. Thus, the magnetic field in the laboratory was measured in advance to 

determine the appropriate sensitivity and offset parameters to correct the magnetometer output with 

the following relation: 

 𝑀𝑀𝑖𝑖 = 𝐺𝐺𝑖𝑖 𝑚𝑚𝑖𝑖 + 𝐵𝐵𝑖𝑖 ,             (3) 

 

where 

𝑀𝑀𝑖𝑖 = � 𝑀𝑀𝑥𝑥𝑖𝑖𝑀𝑀𝑦𝑦𝑖𝑖𝑀𝑀𝑧𝑧𝑖𝑖 �， 𝑚𝑚𝑖𝑖 = � 𝑚𝑚𝑥𝑥𝑖𝑖𝑚𝑚𝑦𝑦𝑖𝑖𝑚𝑚𝑧𝑧𝑖𝑖 �， 𝐺𝐺𝑖𝑖 = � 𝐺𝐺𝑥𝑥𝑖𝑖 0 0

0 𝐺𝐺𝑦𝑦𝑖𝑖 0

0 0 𝐺𝐺𝑧𝑧𝑖𝑖 �， 𝐵𝐵𝑖𝑖 = � 𝐵𝐵𝑥𝑥𝑖𝑖𝐵𝐵𝑦𝑦𝑖𝑖𝐵𝐵𝑧𝑧𝑖𝑖 �. 
 

Here, 𝑀𝑀𝑥𝑥𝑖𝑖 , 𝑀𝑀𝑦𝑦𝑖𝑖 , and 𝑀𝑀𝑧𝑧𝑖𝑖  respectively denote the x-, y-, and z-components of the magnetometer 

outputs; 𝑚𝑚𝑥𝑥𝑖𝑖 , 𝑚𝑚𝑦𝑦𝑖𝑖 , and 𝑚𝑚𝑧𝑧𝑖𝑖  respectively denote the x-, y-, and z-components of the corrected 

magnetic field data ; 𝐺𝐺𝑥𝑥𝑖𝑖 , 𝐺𝐺𝑦𝑦𝑖𝑖 , and 𝐺𝐺𝑧𝑧𝑖𝑖  respectively denote the sensitivity parameters for the x-, 

y-, and z-components; and 𝐵𝐵𝑥𝑥𝑖𝑖 , 𝐵𝐵𝑦𝑦𝑖𝑖 , and 𝐵𝐵𝑧𝑧𝑖𝑖  respectively denote the offset parameters in the x-, 

y-, and z-directions. 

The incline of yaw angle is calculated from the roll iφA, pitch iθA, and magnetometer output as 

 

� 𝑚𝑚𝑥𝑥𝑐𝑐,𝑖𝑖𝑚𝑚𝑦𝑦𝑐𝑐,𝑖𝑖𝑚𝑚𝑧𝑧𝑐𝑐,𝑖𝑖 � = � cos 𝜃𝜃𝐴𝐴𝑖𝑖 sin 𝜑𝜑𝐴𝐴𝑖𝑖 sin 𝜃𝜃𝐴𝐴𝑖𝑖 cos 𝜑𝜑𝐴𝐴𝑖𝑖 sin 𝜃𝜃𝐴𝐴𝑖𝑖
0 cos 𝜑𝜑𝐴𝐴𝑖𝑖 −sin 𝜑𝜑𝐴𝐴𝑖𝑖−sin 𝜃𝜃𝐴𝐴𝑖𝑖 sin 𝜑𝜑𝐴𝐴𝑖𝑖 cos 𝜃𝜃𝐴𝐴𝑖𝑖 cos 𝜑𝜑𝐴𝐴𝑖𝑖 cos 𝜃𝜃𝐴𝐴𝑖𝑖 � � 𝑚𝑚𝑥𝑥𝑖𝑖𝑚𝑚𝑦𝑦𝑖𝑖𝑚𝑚𝑧𝑧𝑖𝑖 �,        (4) 

 

where 𝑚𝑚𝑥𝑥𝑖𝑖 , 𝑚𝑚𝑦𝑦𝑖𝑖 , and 𝑚𝑚𝑧𝑧𝑖𝑖  respectively denote the x-, y-, and z-components of the magnetic 



 

field data after variable magnetic field correction and c,imx, 
c,imy, and c,imz respectively represent the 

x-, y-, and z-components of the magnetic field data after inclination correction. 

From this, the following equation is used to calculate the initial yaw: 

 𝜓𝜓𝑚𝑚𝑖𝑖 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2
− 𝑚𝑚𝑦𝑦𝑐𝑐,𝑖𝑖𝑚𝑚𝑥𝑥𝑐𝑐,𝑖𝑖   �−𝜋𝜋 <  𝜓𝜓𝑚𝑚𝑖𝑖 <  𝜋𝜋�.               (5) 

 

The roll–pitch–yaw differentials in the absolute coordinate are given by 

 

  � 𝜓̇𝜓𝑖𝑖 𝜃̇𝜃𝑖𝑖𝜑̇𝜑𝑖𝑖 � = �0 sin 𝜑𝜑𝑖𝑖 sec 𝜃𝜃𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑𝑖𝑖 sec 𝜃𝜃𝑖𝑖
0 cos 𝜑𝜑𝑖𝑖 −sin 𝜑𝜑𝑖𝑖
1 sin 𝜑𝜑𝑖𝑖 tan 𝜃𝜃𝑖𝑖 cos 𝜑𝜑𝑖𝑖 tan 𝜃𝜃𝑖𝑖 � �

𝜔𝜔𝑥𝑥𝑖𝑖𝜔𝜔𝑦𝑦𝑖𝑖𝜔𝜔𝑧𝑧𝑖𝑖 �,          (6) 

 

where 𝜑̇𝜑𝑖𝑖 , 𝜃̇𝜃𝑖𝑖 , and 𝜓̇𝜓𝑖𝑖  respectively denote the differentials of the roll, pitch, and yaw, and 𝜔𝜔𝑥𝑥𝑖𝑖 , 𝜔𝜔𝑦𝑦𝑖𝑖 , and 𝜔𝜔𝑧𝑧𝑖𝑖  respectively denote the x-, y-, and z-components of the gyroscope outputs. From this, 

the roll, pitch, and yaw angles are calculated by substituting Eq. (6) into the following equation: 

 

� 𝜓𝜓𝑖𝑖𝜃𝜃𝑖𝑖𝜑𝜑𝑖𝑖 �
𝑡𝑡+1

= ∫ � 𝜓̇𝜓𝑖𝑖𝜃̇𝜃𝑖𝑖𝜑̇𝜑𝑖𝑖 �d𝑎𝑎 + � 𝜓𝜓𝑖𝑖𝜃𝜃𝑖𝑖𝜑𝜑𝑖𝑖 �
𝑡𝑡
,            (7) 

 

where t and t + 1 denote sequential time steps. 

Eqs. (1)–(7) are also available for the link i − 1, which represents the thigh. 

 

Extended Kalman filter 

A state-space model consisting of the nonlinear state equation and the nonlinear observation 

equation was constructed to estimate the knee joint angle. 

 

Nonlinear state equation 

The gyro bias dynamics are expressed empirically as [2, 30] 

 

  �𝑏̇𝑏𝑥𝑥,𝑡𝑡𝑏̇𝑏𝑦𝑦,𝑡𝑡𝑏̇𝑏𝑧𝑧,𝑡𝑡� = �−𝛽𝛽𝑥𝑥 0 0

0 −𝛽𝛽𝑦𝑦 0

0 0 −𝛽𝛽𝑧𝑧� �
𝑏𝑏𝑥𝑥,𝑡𝑡𝑏𝑏𝑦𝑦,𝑡𝑡𝑏𝑏𝑧𝑧,𝑡𝑡�+𝑤𝑤𝑡𝑡,     (8) 

 

where 𝑏̇𝑏𝑥𝑥,𝑡𝑡, 𝑏̇𝑏𝑦𝑦,𝑡𝑡, and 𝑏̇𝑏𝑧𝑧,𝑡𝑡 respectively denote the x-, y-, and z-components of the bias rates; 𝑏𝑏𝑥𝑥,𝑡𝑡, 



 

𝑏𝑏𝑦𝑦,𝑡𝑡, and 𝑏𝑏𝑧𝑧,𝑡𝑡 respectively denote the x-, y-, and z-components of the bias of the gyroscope; 𝛽𝛽𝑥𝑥, 𝛽𝛽𝑦𝑦, 

and 𝛽𝛽𝑧𝑧 are parameters set to 𝛽𝛽𝑥𝑥 = 𝛽𝛽𝑦𝑦 = 𝛽𝛽𝑧𝑧 = 0.00001 in this study; and 𝑤𝑤𝑡𝑡 is white noise. 

The bias of the gyroscope is estimated as a state value using Eq. (8). Furthermore, the estimated 

bias is removed from the gyroscope output by applying Eq. (7) to the following nonlinear state 

equation: 

 𝑥𝑥𝑡𝑡+1𝑖𝑖 = 𝐹𝐹(𝑥𝑥𝑡𝑡)𝑖𝑖 + 𝑤𝑤𝑡𝑡𝑖𝑖 ,            (9) 

 

where 

𝑥𝑥𝑡𝑡𝑖𝑖 =

⎣⎢⎢
⎢⎢⎢
⎢⎡ 𝜓𝜓𝑡𝑡𝑖𝑖𝜃𝜃𝑡𝑡𝑖𝑖𝜑𝜑𝑡𝑡𝑖𝑖𝑏𝑏𝑥𝑥,𝑡𝑡𝑖𝑖𝑏𝑏𝑦𝑦,𝑡𝑡𝑖𝑖𝑏𝑏𝑧𝑧,𝑡𝑡𝑖𝑖 ⎦⎥⎥

⎥⎥⎥
⎥⎤
， 

  𝐹𝐹(𝑥𝑥𝑡𝑡)𝑖𝑖

=

⎣⎢⎢
⎢⎢⎢
⎢⎡ 𝜓𝜓𝑡𝑡𝑖𝑖 + 𝑐𝑐𝑠𝑠𝑎𝑎 𝜑𝜑𝑡𝑡𝑖𝑖 𝑐𝑐𝑠𝑠𝑐𝑐 𝜃𝜃𝑡𝑡𝑖𝑖 ∙ � 𝜔𝜔𝑦𝑦,𝑡𝑡𝑖𝑖 − 𝑏𝑏𝑦𝑦,𝑡𝑡𝑖𝑖 � ∙ 𝑇𝑇𝑐𝑐 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑𝑡𝑡𝑖𝑖 𝑐𝑐𝑠𝑠𝑐𝑐 𝜃𝜃𝑡𝑡𝑖𝑖 ∙ � 𝜔𝜔𝑧𝑧,𝑡𝑡𝑖𝑖 − 𝑏𝑏𝑧𝑧,𝑡𝑡𝑖𝑖 � ∙ 𝑇𝑇𝑐𝑐𝜃𝜃𝑡𝑡𝑖𝑖 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑𝑡𝑡𝑖𝑖 ∙ � 𝜔𝜔𝑦𝑦,𝑡𝑡𝑖𝑖 − 𝑏𝑏𝑦𝑦,𝑡𝑡𝑖𝑖 � ∙ 𝑇𝑇𝑐𝑐 − 𝑐𝑐𝑠𝑠𝑎𝑎 𝜑𝜑𝑡𝑡𝑖𝑖 ∙ � 𝜔𝜔𝑧𝑧,𝑡𝑡𝑖𝑖 − 𝑏𝑏𝑧𝑧,𝑡𝑡𝑖𝑖 � ∙ 𝑇𝑇𝑐𝑐𝜑𝜑𝑡𝑡𝑖𝑖 + � 𝜔𝜔𝑥𝑥,𝑡𝑡𝑖𝑖 − 𝑏𝑏𝑥𝑥,𝑡𝑡𝑖𝑖 � ∙ 𝑇𝑇𝑐𝑐 + 𝑐𝑐𝑠𝑠𝑎𝑎 𝜑𝜑𝑡𝑡𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 𝜃𝜃𝑡𝑡𝑖𝑖 ∙ � 𝜔𝜔𝑦𝑦,𝑡𝑡𝑖𝑖 − 𝑏𝑏𝑦𝑦,𝑡𝑡𝑖𝑖 � ∙ 𝑇𝑇𝑐𝑐 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑𝑡𝑡𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 𝜃𝜃𝑡𝑡𝑖𝑖 ∙ � 𝜔𝜔𝑧𝑧,𝑡𝑡𝑖𝑖 − 𝑏𝑏𝑧𝑧,𝑡𝑡𝑖𝑖 � ∙ 𝑇𝑇𝑐𝑐𝑏𝑏𝑥𝑥,𝑡𝑡𝑖𝑖 − 𝛽𝛽𝑥𝑥 ∙ 𝑏𝑏𝑥𝑥,𝑡𝑡𝑖𝑖 ∙ 𝑇𝑇𝑐𝑐𝑏𝑏𝑦𝑦,𝑡𝑡𝑖𝑖 − 𝛽𝛽𝑦𝑦 ∙ 𝑏𝑏𝑦𝑦,𝑡𝑡𝑖𝑖 ∙ 𝑇𝑇𝑐𝑐𝑏𝑏𝑧𝑧,𝑡𝑡𝑖𝑖 − 𝛽𝛽𝑧𝑧 ∙ 𝑏𝑏𝑧𝑧,𝑡𝑡𝑖𝑖 ∙ 𝑇𝑇𝑐𝑐 ⎦⎥⎥

⎥⎥⎥
⎥⎤
 

  𝑤𝑤𝑡𝑡𝑖𝑖 =

⎣⎢⎢
⎢⎢⎢
⎡ 0

0
0𝑤𝑤𝑥𝑥,𝑡𝑡𝑖𝑖𝑤𝑤𝑦𝑦,𝑡𝑡𝑖𝑖𝑤𝑤𝑧𝑧,𝑡𝑡𝑖𝑖 ⎦⎥⎥

⎥⎥⎥
⎤
. 

 

Furthermore, the index i represents link i, which is defined as the shank, and Ts is the sampling time. 

Lines 1–3 of the state equation are constructed from Eq. (7), where the estimated bias errors 𝑏𝑏𝑥𝑥,𝑡𝑡𝑖𝑖 , 𝑏𝑏𝑦𝑦,𝑡𝑡𝑖𝑖 , and 𝑏𝑏𝑧𝑧,𝑡𝑡𝑖𝑖  are removed from the gyroscope output 𝜔𝜔𝑥𝑥,𝑡𝑡𝑖𝑖 , 𝜔𝜔𝑦𝑦,𝑡𝑡𝑖𝑖 , and 𝜔𝜔𝑧𝑧,𝑡𝑡𝑖𝑖 . Lines 4–6 of 

the state equation is constructed from Eq. (8).  

Eq. (9) can also be applied to link i − 1, which represents the thigh. 

 

 



 

Nonlinear state equation 

The accelerometer output 𝐴𝐴𝑠𝑠  includes the translational acceleration 𝐴𝐴𝑡𝑡𝑡𝑡 , the centrifugal and 

tangential accelerations 𝐴𝐴𝑐𝑐𝑡𝑡, and the gravitational acceleration 𝑔𝑔, as described by 

 𝐴𝐴𝑠𝑠 = 𝐴𝐴𝑡𝑡𝑡𝑡 + 𝐴𝐴𝑐𝑐𝑡𝑡 + 𝑔𝑔.            (10) 

 

The centrifugal and tangential accelerations are given by the gyroscope output. Therefore, the sums 

of the centrifugal and tangential accelerations in the thigh and shank are respectively given by 

 𝐴𝐴𝑐𝑐𝑡𝑡𝑖𝑖−1 = 𝜔𝜔𝑖𝑖−1 × 𝜔𝜔𝑖𝑖−1 × 𝑟𝑟𝑖𝑖−1 + 𝜔̇𝜔𝑖𝑖−1 × 𝑟𝑟𝑖𝑖−1          (11) 𝐴𝐴𝑐𝑐𝑡𝑡𝑖𝑖 = 𝜔𝜔𝑖𝑖 × 𝜔𝜔𝑖𝑖 × 𝑟𝑟𝑖𝑖 + 𝜔̇𝜔𝑖𝑖 × 𝑟𝑟𝑖𝑖 ,          (12) 

 

where i − 1 and i respectively denote the links representing the thigh and shank and 𝜔𝜔𝑖𝑖−1  and 𝜔𝜔𝑖𝑖  

respectively denote the gyroscope outputs in the thigh and shank. In addition, 𝑟𝑟𝑖𝑖−1  is the distance 

from the anterior surface of the great trochanter to the sensor attached to the thigh, and 𝑟𝑟𝑖𝑖  is the 

distance from the height of the lateral condyle of the tibia to the sensor attached to the shank. The 

positions of the great trochanter and the lateral condyle of the tibia were determined by referring to 

the existing literature [31]. The differentials of the gyroscope outputs are denoted 𝜔̇𝜔𝑖𝑖−1  and 𝜔̇𝜔𝑖𝑖 . 

The gyroscope outputs are differentiated with the following equation:  

 

  𝐷𝐷(𝑐𝑐) =
𝑠𝑠1+𝑛𝑛𝑠𝑠,             (13) 

 

where 𝐷𝐷(𝑐𝑐) is the inexact differential, s is the Laplace operator, and n is the time constant. In this 

study, the time constant was set to n = 0.01. 

The nonlinear observation equation in the thigh was constructed using Eqs. (5), (10), and (11) 

as follows: 

 𝑦𝑦𝑡𝑡𝑖𝑖−1 =  𝐻𝐻(𝑥𝑥𝑡𝑡)𝑖𝑖−1 + 𝑣𝑣𝑡𝑡𝑖𝑖−1 ,           (14) 

 

where 

𝑦𝑦𝑡𝑡𝑖𝑖−1 = ⎣⎢⎢⎢
⎢⎡ 𝜓𝜓𝑚𝑚,𝑡𝑡𝑖𝑖−1𝐴𝐴𝑠𝑠𝑥𝑥,𝑡𝑡𝑖𝑖−1 − 𝐴𝐴𝑐𝑐𝑡𝑡𝑥𝑥,𝑡𝑡𝑖𝑖−1𝐴𝐴𝑠𝑠𝑦𝑦,𝑡𝑡𝑖𝑖−1 − 𝐴𝐴𝑐𝑐𝑡𝑡𝑦𝑦,𝑡𝑡𝑖𝑖−1𝐴𝐴𝑠𝑠𝑧𝑧,𝑡𝑡𝑖𝑖−1 − 𝐴𝐴𝑐𝑐𝑡𝑡𝑧𝑧,𝑡𝑡𝑖𝑖−1 ⎦⎥⎥⎥

⎥⎤
， 𝐻𝐻(𝑥𝑥𝑡𝑡)𝑖𝑖−1 = ⎣⎢⎢

⎡ 𝜓𝜓𝑡𝑡𝑖𝑖−1
( 𝑅𝑅𝑖𝑖−1𝑜𝑜 )𝑡𝑡𝑇𝑇 �00𝑔𝑔�⎦⎥⎥

⎤
. 

 



 

Here, 𝜓𝜓𝑚𝑚,𝑡𝑡𝑖𝑖−1  denotes the yaw angle given in Eq. (5) as 𝜓𝜓𝑡𝑡𝑖𝑖−1 ; 𝐴𝐴𝑠𝑠𝑥𝑥,𝑡𝑡𝑖𝑖−1 , 𝐴𝐴𝑠𝑠𝑦𝑦,𝑡𝑡𝑖𝑖−1 , and 𝐴𝐴𝑠𝑠𝑧𝑧,𝑡𝑡𝑖𝑖−1  

respectively denote the x-, y-, and z-components of the accelerometer outputs; 𝐴𝐴𝑐𝑐𝑡𝑡𝑥𝑥,𝑡𝑡𝑖𝑖−1 , 𝐴𝐴𝑐𝑐𝑡𝑡𝑦𝑦,𝑡𝑡𝑖𝑖−1 , 

and 𝐴𝐴𝑐𝑐𝑡𝑡𝑧𝑧,𝑡𝑡𝑖𝑖−1  respectively denote the x-, y-, and z-components of the sums of the centrifugal and 

tangential accelerations of the thigh; ( 𝑅𝑅𝑖𝑖−1𝑜𝑜 )𝑡𝑡 denotes the rotational matrix from the reference 

coordinate system to the i − 1 sensor coordinate system; and 𝑣𝑣𝑡𝑡𝑖𝑖−1  is white noise. 

The translational acceleration of the thigh, which is expressed as the sum of the centrifugal 

and tangential accelerations of the lumbar, was not considered because the lumbar showed negligible 

motion in comparison with thigh. Therefore, the nonlinear observation equation for the thigh 

contains only the centrifugal, tangential, and gravitational accelerations. 

The nonlinear observation equation in the shank was constructed using Eqs. (5), (10), (11), 

and (12) as follows: 

 

  𝑦𝑦𝑡𝑡𝑖𝑖 =  𝐻𝐻(𝑥𝑥𝑡𝑡)𝑖𝑖 + 𝑣𝑣𝑡𝑡𝑖𝑖 ,            (15) 

 

where 

𝑦𝑦𝑡𝑡𝑖𝑖 = ⎣⎢⎢⎢
⎢⎡ 𝜓𝜓𝑚𝑚,𝑡𝑡𝑖𝑖𝐴𝐴𝑠𝑠𝑥𝑥,𝑡𝑡𝑖𝑖 − 𝐴𝐴𝑐𝑐𝑡𝑡𝑥𝑥,𝑡𝑡𝑖𝑖𝐴𝐴𝑠𝑠𝑦𝑦,𝑡𝑡𝑖𝑖 − 𝐴𝐴𝑐𝑐𝑡𝑡𝑦𝑦,𝑡𝑡𝑖𝑖𝐴𝐴𝑠𝑠𝑧𝑧,𝑡𝑡𝑖𝑖 − 𝐴𝐴𝑐𝑐𝑡𝑡𝑧𝑧,𝑡𝑡𝑖𝑖 ⎦⎥⎥⎥

⎥⎤
， 

𝐻𝐻(𝑥𝑥𝑡𝑡)𝑖𝑖 = ⎣⎢⎢
⎡ 𝜓𝜓𝑡𝑡𝑖𝑖
( 𝑅𝑅𝑖𝑖𝑜𝑜 )𝑡𝑡𝑇𝑇 �00𝑔𝑔�+ ( 𝑅𝑅𝑖𝑖𝑜𝑜 )𝑡𝑡𝑇𝑇 ∙ ( 𝑅𝑅𝑖𝑖−1𝑜𝑜 )𝑡𝑡 ∙ � 𝜔𝜔𝑖𝑖−1 × 𝜔𝜔𝑖𝑖−1 × 𝑟𝑟𝑖𝑖−1 + 𝜔̇𝜔𝑖𝑖−1 × 𝑟𝑟𝑖𝑖−1 �⎦⎥⎥

⎤
. 

 

Here, the variables are defined in the same manner as in Eq. (14) but for the shank. The translational 

acceleration of the shank is expressed as the sum of the centrifugal and tangential accelerations of 

the thigh [23]. 

 

Extended Kalman filter algorithm 

The partial derivatives of 𝐹𝐹(𝑥𝑥𝑡𝑡) and 𝐻𝐻(𝑥𝑥𝑡𝑡) are given by 

 

  𝑓𝑓(𝑥𝑥𝑡𝑡) =
𝜕𝜕𝜕𝜕(𝑥𝑥𝑡𝑡)𝜕𝜕𝑥𝑥𝑡𝑡              (16) 

  ℎ(𝑥𝑥𝑡𝑡) =
𝜕𝜕𝜕𝜕(𝑥𝑥𝑡𝑡)𝜕𝜕𝑥𝑥𝑡𝑡 .            (17) 

 



 

Then, the prediction (Eqs. (18) and (19)) and filtering (Eqs. (20)–(22)) are performed using the 

nonlinear discrete-time system represented by Eqs. (9), (14), and (15) as 

 

  𝑥𝑥𝑡𝑡+1− =  𝐹𝐹(𝑥𝑥𝑡𝑡)             (18) 

  𝑃𝑃𝑡𝑡+1− = 𝑓𝑓𝑡𝑡𝑃𝑃𝑡𝑡𝑓𝑓𝑡𝑡𝑇𝑇 + 𝑄𝑄            (19) 

  𝐾𝐾𝑡𝑡+1 = 𝑃𝑃𝑡𝑡+1− ℎ𝑡𝑡+1𝑇𝑇 (ℎ𝑡𝑡+1𝑃𝑃𝑡𝑡+1− ℎ𝑡𝑡+1𝑇𝑇 + 𝑅𝑅)−1          (20) 

  𝑥𝑥𝑡𝑡+1 = 𝑥𝑥𝑡𝑡+1− + 𝐾𝐾𝑡𝑡+1�𝑦𝑦𝑡𝑡+1 −𝐻𝐻(𝑥𝑥𝑡𝑡+1− )�          (21) 

  𝑃𝑃𝑡𝑡+1 = (𝐼𝐼 − 𝐾𝐾𝑡𝑡+1ℎ𝑡𝑡+1)𝑃𝑃𝑡𝑡+1− ,           (22) 

 

where P is the error covariance matrix, K is the Kalman gain, and Q and R respectively represent the 

covariance matrices of the white noise wt and vt. 

The roll–pitch–yaw angles of each segment obtained from the sensor fusion are converted 

into a rotational matrix in the absolute coordinate system as  

 

 ( 𝑅𝑅𝑖𝑖𝑜𝑜 )𝑡𝑡 = �cos 𝜓𝜓𝑡𝑡𝑖𝑖 −sin 𝜓𝜓𝑡𝑡𝑖𝑖 0

sin 𝜓𝜓𝑡𝑡𝑖𝑖 cos 𝜓𝜓𝑡𝑡𝑖𝑖 0

0 0 1

� ∙ � cos 𝜃𝜃𝑡𝑡𝑖𝑖 0 sin 𝜃𝜃𝑡𝑡𝑖𝑖
0 1 0−sin 𝜃𝜃𝑡𝑡𝑖𝑖 0 cos 𝜃𝜃𝑡𝑡𝑖𝑖 � ∙ �1 0 0

0 cos 𝜑𝜑𝑡𝑡𝑖𝑖 −sin 𝜑𝜑𝑡𝑡𝑖𝑖
0 sin 𝜑𝜑𝑡𝑡𝑖𝑖 cos 𝜑𝜑𝑡𝑡𝑖𝑖 �. (23) 

The rotational matrix from the i coordinate system to the i − 1 coordinate system is then calculated 

by substituting Eq. (23) into the following equation: 

 � 𝑅𝑅𝑖𝑖𝑖𝑖−1 �𝑡𝑡 = ( 𝑅𝑅𝑖𝑖−1𝑜𝑜 )𝑡𝑡𝑇𝑇 ∙ ( 𝑅𝑅𝑖𝑖𝑜𝑜 )𝑡𝑡.             (24) 

 

Experiment 

The walking gaits of four healthy adults (participants A, B, C, and D) were experimentally measured. 

The anthropometric data are given in Table 1. After the purpose and requirements of the study were 

explained, the participants gave written informed consent to participation. Study approval was 

obtained from the Research Ethics Board of Kogakuin University and the National Institute of 

Technology, Akita College. 

During the experiment, an optical 3D motion analysis system (Bonita 10, Vicon Motion 

Systems, Ltd., or MAC3D, Motion Analysis Ltd.) and two nine-axis motion sensors (SS-WS1792, 

Sports Sensing Co., Ltd.) were used to measure the gait of the participants. The positions of the  



 

 

 

 

 

 

 

 

 

 

reflective markers for the optical 3D motion analysis system were found by referring to the Vicon 

Plug-in Gait model. The nine-axis motion sensor used for this study includes a three-axis gyroscope 

(±1500 dps), a three-axis accelerometer (±16 G), and a three-axis magnetometer (±10 Gauss). This 

sensor measures 38 mm × 53 mm × 11 mm and weighs 30 g. Motion sensors were attached to the 

right thigh and shank of the participants. The heel strike was defined as the time when the 

z-coordinate of the reflective marker attached to the right heel was at a minimum. The sampling 

frequencies of the nine-axis motion sensors and the optical 3D motion analysis system were 100 Hz. 

Measurement was initiated in each trial when the participant was upright and stationary. 

After maintaining an upright posture for approximately 3 s, the participant took their first step with 

the left foot. They were instructed to walk using a natural stride in time with a metronome (90 bpm). 

Measurement ended when the participant reached the goal tape that was 2.5 m from the start point, 

which was attached to the floor prior to the experiment.  

 

Results and Discussion 

Results over the entire measurement time 

The knee joint angles of the four participants are shown in Fig. 2 over the entire measurement time 

for a single trial. The red curves represent the results obtained from the sensor fusion with no 

gyroscope correction, where Eq. (7) was applied to the nonlinear state equation given by Eq. (9) 

without estimating and removing the bias error of the gyroscope, correcting only the accelerometer 

outputs using Eqs. (14) and (15). The blue curves represent the results obtained from the proposed 

method, where the bias of the gyroscope was corrected using Eq. (9), in addition to the correction of 

the accelerometer outputs using Eqs. (14) and (15). Fig. 2(a)–(d) shows the results of single trials 

with large errors due to the bias of the gyroscope outputs. 

The estimated knee angles obtained using the proposed method were almost 0° at the 

beginning and end of the measurement. In contrast, the results obtained from the sensor fusion 

without gyroscope bias correction gradually drifted from the beginning of the measurement and had 

positive and negative values after walking. 

Participant Height [m] Weight [kg] Age (years) 

A 1.76 58 19 

B 1.80 56 19 

C 1.81 64 19 

D 1.68 80 21 

 

Table 1  Anthropometric data. 



 

 

 

The estimated knee angles of participants C and D obtained without gyroscope correction 

showed large drift, indicating that the gyroscope outputs in these cases might have contained larger 

and more unstable biases or noise than those for the other two participants. However, because there 

was almost no drift in the knee angles of all participants using the proposed method, the results 

demonstrated that the proposed method is able to successfully remove the gyroscope bias and 

prevent drifting in the estimated angle. 

 

Results during one gait cycle 

The knee joint angles during one gait cycle for the four participants are shown in Fig. 3. The black 

curves show the measurement results obtained from the optical 3D motion analysis system. The 

solid red and blue curves are the same as in Fig. 2, i.e. the sensor fusion results without and with 

gyroscope bias correction, respectively. Fig. 3(a)–(d) corresponds to single gait cycles included in 

      

 (a) Participant A                           (b) Participant B                

     

(c) Participant C                           (d) Participant D                

Fig. 2  Knee joint angles over the entire measurement time obtained from the two sensor fusion methods. 

The red curves represent the results obtained from the method with only accelerometer output 

correction. The blue curves represent the results obtained from the proposed method with both 

accelerometer and gyroscope output correction.  

0 5 10 15

0

50

100
 Without gyroscope correction
 With gyroscope correction

Time [s]

K
n
e
e
 j

o
in

t 
a
n
g
le

 [
°

]
(+

 F
le

x
io

n
)

0 5 10 15

0

20

40

60
 Without gyroscope correction
 With gyroscope correction

Time [s]

K
n
e
e
 j

o
in

t 
a
n
g
le

 [
°

]
(+

 F
le

x
io

n
)

0 5 10

0

50

Time [s]

 Without gyroscope correction
 With gyroscope correction

K
n
e
e
 j

o
in

t 
a
n
g
le

 [
°

]
(+

 F
le

x
io

n
)

0 5 10

0

20

40

60

80  Without gyroscope correction
 With gyroscope correction

Time [s]

K
n
e
e
 j

o
in

t 
a
n
g
le

 [
°

]
(+

 F
le

x
io

n
)



 

 

      

 (a) Participant A                           (b) Participant B                

   

(c) Participant C                           (d) Participant D                

Fig. 3  Knee joint angles during one gait cycle obtained from the 3D motion analysis system and the two 

sensor fusion methods. The solid black curves show the results obtained from the 3D motion 

analysis system. The solid red curves show the results obtained from the method with only 

accelerometer output correction. The solid blue curves show the results obtained from the sensor 

fusion with both accelerometer and gyroscope output correction.  
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Table 2  Root mean square error of estimated knee angles. 

Participant 

RMSE [°] 

Without  

gyroscope correction 

With 

gyroscope correction 

A 7.17 3.32 

B 3.78 1.98 

C 8.23 6.71 

D 7.53 4.05 

 



 

Fig. 2(a)–(d), respectively. The horizontal axis represents the normalized time, where one gait cycle 

is 100%. Table 2 gives the root mean square error (RMSE) between the knee joint angles estimated 

with the two sensor fusion methods and the angles obtained from the 3D motion analysis system. 

The knee joint angles obtained from the proposed method are generally consistent with the 

results obtained using the optical 3D motion analysis system and showed the peak of the flexion in 

the midpoint of the stance phase and the last half of the swing phase. The results indicate that the 

knee joint angles were measured appropriately because those characteristics are similar to typical 

joint angle patterns that are recorded during walking [32]. 

The knee joint angle obtained from the method without gyroscope correction for 

participant A shows an upward offset against the result with gyroscope correction and that for 

participant B shows a downward offset against the result with gyroscope correction. In contrast, the 

knee joint angle obtained from the method without gyroscope correction for participants C and D 

show upward and downward offsets during one gait cycle against the results with gyroscope 

correction. The results indicate that the bias of the gyroscope might have been often unstable during 

the experiment. 

The knee joint angles obtained from the proposed method had RMSEs below those of the 

method without gyroscope bias correction for every participant. Although the measurement results 

obtained using the proposed method for participants C and D have large RMSEs, Table 2 

demonstrates that the error of the proposed method is still lower than that for the method without 

gyroscope correction. These results demonstrate the effectiveness of the proposed method. 

 

Conclusions 

In this study, a method of sequentially estimating and correcting the bias of gyroscope measurements 

of human gait was developed. The method also includes correction of the accelerometer output by 

considering the centrifugal and tangential accelerations in the output of the accelerometer. The knee 

joint angles of four healthy participants during a walking task were estimated using the proposed 

method. The results yielded the following conclusions. 

 

1. 

The proposed method prevented the drifting of the estimated angles over the entire measurement 

time, whereas the angles obtained by sensor fusion only accelerometer output correction drifted. 

 

2. 

The proposed method can contribute to the increased accuracy of knee joint angle estimation. 

 

Improving the accuracy of motion measurement using a simple, compact, and lightweight motion 



 

sensor is necessary for motion measurement in a wide range of fields. Screening for abnormal gait 

by detecting the difference in the range of motion of each joint during individual gait cycles is a 

promising technique in the medical and welfare fields. The proposed method is expected to be useful 

for various motion analysis applications. 
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