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Abstract.

In this paper, a novel positioning system for the orientation of the acetabular prosthesis during
the total hip replacement (THR) operation is proposed. This navigation operation is based on a
two-point positioning method. Two sets of sensing modules based on inertial measurement units
(IMU) including magnetometers. One is fixed to the sacrum of the back of the human body and
serves as a reference datum. The other one is fixed to the acetabular rod linking to the acetabular
rod for the relative rotation sensing through a Bluetooth transmission. Thereby the required
abduction and anteversion angles of the acetabular component can be measured with respect to
the pelvic position. Moreover, the information fusion algorithm based on the hybrid Kalman-
complementary filter is proposed to improve the orientation accuracy. Finally, the proposed
navigation-like system for the acetabular cup orientation was validated through a simulation of
THR.

Keywords: positioning, total hip replacement, inertial measurement unit, acetabular, hybrid
Kalman-complementary filter

1. Introduction

THR is a surgical operation for the hip joint arthroplasty comprising substituting both the
acetabular and the femoral components [1]. Positioning of the acetabular cup for the artificial
hip joint is related to the motion performance of the hip joints. Malpositioning of the acetabular
cup in THR may lead to a limited range of movement, increased premature wear, joint migration
or dislocation of the prosthesis [2-5]. The exact placement of the acetabular prosthesis is
essential for a satisfactory result on THR [6].

Acetabular cup orientation based on the abduction and anterversion angles is a significant
factor affecting the accuracy of positioning of the acetabular components in THR. A large
number of reports on the optimal orientation of the acetabular components have been presented
with various parameters. Table 1 shows the proper rates after THR for various abduction and
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anterversion angles of the acetabular cup orientations [7-12]. However, an average of 40 + 10
degrees of abduction and 20 + 10 degrees of anteversion may be accepted for the positioning of
the acetabular cup.

Conventionally, the goal angles of the implanted acetabular cup are estimated using a
freehand alignment technique without any navigation support during the THR operation. Even
for an experienced surgeon, the freehand alignment cannot always guarantee that the acetabular
cup is aligned within the safe zone with the goal abduction angle and anteversion angle. These
results motivate a need to develop more reliable techniques to provide the precise alignment for
the replacement of acetabular components.

Table 1: Proper-rate after THR for various acetabular cup orientations

Total Hip Replacement statistical data

Author Elapsed time Abduction Anteversion
Proper-rate c c

(years) 0 0 (%)
McBrydel” 4.4 47 N/A 94.8
Naal®! 4.2 47.3 21 96
Wang(® 5.5 43.5 20 100
Takashil*®! 5 43 20 96
Barrack RL[Y 1 45+ 10 20+ 10 >975
Lewinnek GEI'?  N/A 40£10 15+10 >975

Lawrence D. Dorr, et al developed imageless computer navigation techniques for THR. The
computer with the accurate software for acetabular implantation allows the surgeon to
accurately know the position of the components. However, the detailed preoperative planning
is required [13]. Anthony M. DiGioia Il et al presented an image-guided surgical navigation
system for the measurement and guidance of the placement of prosthetic components in THR,
minimizing the impingement and dislocation of the acetabular cup. Yet the preoperative
planning and simulation is necessary [14].

2. Orientation Sensing Architecture Design

2.1 System Architecture

The architecture of the proposed orientation sensing system for the orientation alignment of
the acetabular cup is shown in Fig. 1. The system is composed of two sensing devices, and each
sensing device relies on the IMU: the sensing device A is fixed to the back where the sacrum
is, the other sensing device B is attached to the acetabular rod linking to the acetabular rod. The
goal orientations of the acetabular cup can be obtained through the relative angles measured by
the respective sensing devices.
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3. Methods of Relative Pose Estimation

In the orientation sensing system for the surgical navigation during the THR, the employed
IMUs in this paper consist of three kinds of MEMS sensors including three-axis rate gyros,
three-axis accelerometers and three-axis magnetometers. The accelerometer can obtain the tilt
angles through measuring the gravity accelerations along three axes. However, an accelerator
has a better accuracy only in a static state due to the effects of moving acceleration. For the
gyros, the orientations are acquired by integrating the measured angular velocities. But the
accumulated errors resulted from the noise will generate a large deviation in the determination
of orientations. In magnetometers, the calculated orientations are very sensitive to the external
magnets. Consequently, many algorithms are proposed for the determination of the orientations
by fusing multi sensors. In this paper, a hybrid Kalman-complementary filter algorithm is
proposed to improve the orientation accuracy.

Figure 1: The proposed positioning system for the orientation alignment of the acetabular cup.
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3.1 Hybrid Kalman-Complementary Filter Algorithm

The proposed hybrid Kalman-filter algorithm, combining the Kalman filter and complementary
filter for the orientation determination and accuracy improvement, is shown in Fig. 2. The aim
is first to estimate the angular velocity bias wsiasusing the Kalman filter whose inputs are the
raw orientations 8¢ from the accelerometer and magnetometer, and the angular velocity
measured by the gyro. The actual angular velocity is estimated by subtracting this bias from the
measured angular velocity.

The Kalman filter can be regarded as a state observer composed of an estimated model and an
updated model. The estimated model estimates the current state values X:~from the previous
estimated state X:—1 by

Xt~ = Pe-1Xt-1+ Be-1ue 1)

in which ®:-1 is state transition matrix, B:—1 is the control matrix, and u: is the control
increment. The state of the positioning system is defined as
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xt =00¢
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Furthermore, a covariance matrix is introduced for the updated model as

Pi== ®t-1Pe-1Pe-1T+ Q 3)
where the Gaussian noise matrix Q implies a transmission relation of the uncertainties on the
time steps.

In the updated model, the current state can be modified by
Xt= X+ K(ze— H%t™) (4)in
which z: is the observed state for the state x: and both are related through the observed matrix
H; K: is the Kalman coefficient matrix expressed as
Ke¢=P—H(HP+HT + R)-1 (5)
in above, R is another covariant matrix. Finally, the P is also updated based on
Pe= (I — KeH)¢ (6)

As the angular velocity bias @bias is estimated, the angular velocity from the gyro without the
bias is calculated as

(:l:)gyro = Wgyro — Mbias (7)

Filtering out the bias, this angularity velocity is integrated further to obtain the orientations.
Combining the measured orientations from the accelerometers/magnetometers, the
complementary filter algorithm is applied to obtain the orientations as

T dt
6 - T4dt (et_l + Aegyro ) + T4dt eacc /mag (8)
Figure 2: Hybrid Kalman-complementary filter algorithm.
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4. Experimental Results for THP Navigation

4.1 Calibration

In calibration, the positioning system was installed at a servo motor actuated frame, and tested
in a static mode and dynamic mode. In the static mode, the frame was rotated to a predefined
orientation and stopped. The measured roll, pitch, and yaw angles are shown in Fig. 3. The
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results validate that the positioned system can stabilize at a constant angle with the errors=(0.08
,0.05 ,0.06 ).

Figure 3: Calibration on the positioning systen in a static mode with (a) roll angle, (b) pitch angle and (c)
yaw
angle.
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In the dynamic test mode, the frame rotated constantly with the roll angle between -125 and
50 , the pitch angle between -100 and 75 , the yaw angle from 65 and 80 . The results are

presented in Fig. 4. It is seen that the performance of the proposed positioning system for the
orientation are acceptable when applying to the THR.
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Figure 4: Calibration on the positioning systen in a dynamic mode with (a) roll angle, (b) pitch angle and (c)
yaw angle.
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4.2 Implementation of Positioning on THR
In order to implement the alignment of the acetabular cup during the THR, a pelvic model and
the acetabular link/cup were made by 3d printing. The developed orientation sensing system

was arranged as in Fig. 5. One IMU is attached to acetabular link, and the other one is fixed to
the back of the pelvic model.
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Figure 5: Arrangement of the developed positioning system for the THR.

4.3 Application to the THR Navigation and Main Results

Before a navigation operation for the accurate positioning of the acetabular cup, both IMUs
must be calibrated by an accurate alignment as shown in Fig. 6. Then the acetabular link is
rotated to the desired 40 degrees of abduction and 20 degrees of anteversion with respect to the
other IMU on the back of the pelvic. The final orientation is finished until the two LED light as
shown in Fig. 7.

The trajectory of the abduction angle and the anteversion angle of the acetabular cup during the
alignment operation is presented in Fig. 8. It is seen that the proposed positioning system for
the THR can implement the desired orientation of the acetabular cup implanting.

Figure 6: Calibration and allignment of both IMUs.
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Figure 7: The finished positioning of the acetabular cup during the THR.

Figure 8: Trajectory of the abduction angle and the anteversion angle of the acetabular cup during THR.
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4.4 THR Positioning for a Tilted Pelvis

In general, the pelvis is difficult to keep upright position while performing the THR operation,
and the pelvis always tilts, also the tilted angles may vary. In the test, the proposed positioning
system demonstrates the robust to the different tilted angles. The manupilated orientations can
be obtained as shown in Figs. 9 and 10 for the pelvis being tilted 17 to 19 , and 30°to 32°.

WWW. rset conf.org info@ rset conf.org




10th International Conference on Research in

ENGINEERING, SCIENCE & TECHNOLOGY

Figure 9:
during

&

Rome, ltaly
21-23 February 2020

Operating trajectory of (a) abduction angle and (b) anteversion angle for the acetabular cup

THR with pelvis being tilted 17 to 19 .
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Figure 10: Operating trajectory of (a) abduction angle and (b) anteversion angle for the acetabular cup
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during THR with pelvis being tilted 30 to 32 . B
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Conclusions

In this paper, a novel positioning system for the orientation of the acetabular prosthesis during
THR operation is developed. This navigation-like operation is based on a two sets of sensing
modules with inertial measurement units (IMU) including magnetometers. Moreover, the
information fusion algorithm based on the hybrid Kalman-complementary filter is proposed to
improve the orientation accuracy. Experimental results demonstrated that the proposed
positioning system was available for the acetabular cup orientations through a simulation of
THR.
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