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Detection and Quantification of Screw-Home Movement Using 
Nine-Axis Inertial Sensors
Jeong Woo Jeon, Dong Yeop Lee, Jae Ho Yu, Jin Seop Kim, Jiheon Hong 

Department of Physical Therapy, College of Health Science, Sun Moon University, Asan, Korea 

Purpose: Although previous studies on the screw-home movement (SHM) for autopsy specimen and walking of living persons conduct-
ed, the possibility of acquiring SHM based on inertial measurement units received little attention. This study aimed to investigate the 
possibility of measuring SHM for the non-weighted bearing using a micro-electro-mechanical system-based wearable motion capture 
system (MEMSS).
Methods: MEMSS and camera-based motion analysis systems were used to obtain kinematic data of the knee joint. The knee joint 
moved from the flexion position to a fully extended position and then back to the start point. The coefficient of multiple correlation and 
the difference in the range of motion were used to assess the waveform similarity in the movement measured by two measurement sys-
tems.
Results: The waveform similarity in the sagittal plane was excellent and the in the transverse plane was good. Significant differences 
were found in the sagittal plane between the two systems (p<0.05). However, there was no significant difference in the transverse plane 
between the two systems (p>0.05). 
Conclusion: The SHM during the passive motion without muscle contraction in the non-weighted bearing appeared in the entire range. 
We thought that the MEMSS could be easily applied to the acquisition of biomechanical data on the knee related to physical therapy.
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INTRODUCTION

Movements of the knee joint were required for various occupational 

and recreational tasks.1 Stability of the knee joint was provided by 

the bone, articular cartilage, menisci, ligaments, and muscles/ten-

don units. Disturbance to kinetics and kinematics due to damage 

or alteration of these structures initiated or accelerated joint insta-

bility and degeneration. For this reason, osteoarthritis mainly oc-

curred in the knee synovial joint that could decrease the quality of 

life.2 The movement of sagittal plane accompanied by longitudinal 

rotation, a phenomenon was “screw-home movement” (SHM) of 

the knee.3,4 This kinematic phenomenon has been known to be the 

most important factor in providing stability for the knee joint since 

the 1950s.5 Although the biomechanical perspective of SHM estab-

lished, their values reported varying widely.3,4,6-11 The reason for the 

difference in values of SHM was affected by the various experimen-

tal environment, conditions, and measuring equipment.10 

Since the study of SHM using autopsy specimen, various kine-

matic studies have been conducted on living persons.6,9,12 Three-di-

mensional magnetic resonance imaging is a non-invasive method 

of obtaining precise anatomic and geometric information for in 

vivo studies of musculoskeletal biomechanics.9 However, this meth-

od is difficult to reflect dynamic knee movements as a method to 

analyze a series of images taken under static conditions.6 Although 

the roentgen stereophotogrammetric analysis applied to determine 

dynamic studies of in vivo knee kinematics, it could lead to unnec-

essary exposure to radiation. Wearable inertial sensors and the in-

frared camera were mostly used for 3D motion capture of SHM.4,6 

The data of the infrared camera was acquired by a triangulation 

method to calculate the exact position of the marker from images 
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taken from the surrounding camera. Therefore, it can only be used 

in a structured environment.12 In recent years, microcontroller and 

nine-axis inertial sensors (miniaturized micro-electro-mechanical 

systems [EMS] accelerometer, gyroscope, and magnetometer) were 

introduced as an alternative for human motion capture.12 In a previ-

ous study, validities of MEMS-based wearable motion capture sys-

tem (MEMSS) and camera-based motion analysis system were ex-

amined.13 They reported that there were similarities in flexion/ex-

tension waveforms with a high coefficient of multiple correlation 

(CMC) for whole-body kinematic measurement during walking 

and stair ascent and descent. However, CMC values for joint angle 

waveforms associated with rotation and abduction/adduction were 

much lower. 

The acquisition of kinematic data for functional movements was 

insufficient to confirm the reliability of SHM using MEMSS be-

cause of body-weight bearing and effect of muscle contraction.14 It is 

necessary to measure the SHM while minimizing bias by removing 

muscle contraction and joint load. The objective of the present 

study was to investigate the possibility of measuring SHM during 

passive knee movement with non-weight-bearing using a MEMSS.

 

METHODS

1. Participants
Twenty healthy subjects (twenty males: age, 23.85 ± 2.08 years, 

weight, 73.25 ± 4.13 kg, height, 173.12 ± 4.36 cm) participated in this 

study. These subjects had no history of knee joint surgery, neurolog-

ical disorders, or injuries. Subjects with knee pain, edema, or defor-

mities such as valgus and varus were excluded from this study. The 

dominant leg was defined as the preferred side when kicking the 

ball. All the subjects in this study were right leg dominant. This 

study was conducted after the protocol was approved by the Institu-

tional Review Board of our University.

2. Experimental data collection
In this study, MEMSS and camera-based motion analysis systems 

were used to obtain kinematic data by measuring the movement of 

the knee joint in sagittal and transverse planes. 

1) MEMSS

Wireless MEMSS (EBIMU24GV3, E2BOX, Seoul, Korea) was used 

for measurement at a frequency of 40 Hz. To construct segments of 

thigh and shank, sensors were placed on the lateral side of the thigh 

(half of the distance between the greater trochanter and lateral epi-

condyle of the femur) and the proximal medial surface of the tibia 

shaft, respectively. This placement was selected to minimize skin 

motion that could affect data because there was not much move-

ment of the muscle. Before performing the passive movement of the 

knee joint, the subject sat in a chair without a backrest and main-

tained a full extension position of the knee joint. In this process, the 

angle of the knee joint in sagittal and transverse planes was defined 

as zero in the SMULeg software (SMULeg, XENART, Daejeon, Ko-

rea). Positive angles indicate flexion and internal rotation, respec-

tively. The MEMSS consists of a triaxial gyroscope (± 2,000°/sec), 

triaxial accelerometer (± 8 g), and triaxial geomagnetic (± 16 G) 

sensors. The three-dimension orientation was calculated by time-

integrating the gyro output from the conditions provided by the ac-

celerometer and magnetic sensor. The accelerometer provides drift-

free inclination. The magnetic sensors are helpful in providing drift-

free heading estimates.15 The Kalman filter was used to mitigate 

gyro integration errors by the aiding sensors (accelerometer and 

magnetic), and to mitigate the errors introduced by the aiding sen-

sors using the gyro output.12 The kinematic information of the knee 

joint obtained from the MEMSS was transmitted to SMULeg soft-

ware using a receiver. In this software, the angle of the knee joint 

was analyzed by calculating the difference between the data values 

of the two sensors attached to the thigh and the shank. 

2) Camera-based motion analysis

In the second method (an optical measurement method), kinematic 

data during passive movement of the knee joint was obtained using 

six infrared cameras (Oqus100, QUALISYS, Gothenburg, Sweden). 

The Qualisys Oqus systems feature high-speed digital cameras with 

a rate of 250 frames per second (fps) at full resolution and 1,000 fps 

at reduced resolution. Reflective markers were attached using the 

Helen-Hayes method.6 Position data of reflective markers were ob-

tained at a frequency of 100 Hz. The following two software pro-

grams were used for data processing. Qualisys Track Manager 

(Qualisys, Gothenburg, Sweden) was used to track and collect kine-

matic data while Visual3D (C-Motion, Rockville, MD, USA) pro-

gram was used to calculate data. Data were filtered using a second-

order low-pass Butterworth filter with a cut-off frequency of 6 Hz.16 
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Static data were captured while standing in capture volume to de-

fine each segment. At this time, the angle of the knee joint in sagittal 

and transverse planes was defined as zero. Dynamic data were mea-

sured during passive movement of the subject’s knee joint.

3) Experimental procedure

For the measurement, the knee was passively moved to the flexion-

extension by the therapist while the subject was sitting on the chair. 

To provide stability when the knee joint passively moved, the thigh 

was fixed with a strap and a metronome was used to keep the veloc-

ity of joint movement constant. Joints moved for 2 seconds from the 

starting position to fully extended position and then back to the 

starting position for 2 seconds (flexion-extension-flexion passive 

movement). 

3. Data processing
During the movement of the knee joint, waveforms similarity of 

sagittal and transverse plane kinematics were obtained. In order to 

confirm the similarity of the measured waveforms in the two sys-

tems, the knee angle data was normalized to 0-100% (flexion-exten-

sion-flexion). These two normalized waveforms were compared us-

ing a CMC according to previous studies(Figure 1)13.

θkpf is the angle of the knee joint in the frame f measured by the 

method p (MEMSS or optical motion capture system) at the knee 

joint motion k. θkf is the mean angle measured by both systems at 

frame f in the knee joint motion k. 

θk is the grand mean for the knee joint motion k of the two methods.

P is the number of methods (P =2) and F is the total number of 

frames (F =101). G is the number of knee joint motions. 

The range of motion (ROM) in the transverse and sagittal planes 

during the knee flexion-extension-flexion movement was calculat-

ed by subtracting the angle in the flexed position (starting position) 

from the angle at the fully extended position.

4. Statistical analysis
All statistical analyses were performed using SPSS version 22.0 

(IBM Co., Armonk, NY, USA). Independent t-test was performed to 

compare differences in ROM of both systems. The statistical signifi-

Figure 1.�(A)�Placement�position�of�the�MEMSS�sensor.�(B)�Modeling�in�the�SMULeg�software.�(C)�Placement�of�the�reflective�marker�in�the�optical�
measurement.�(D)�Modeling�in�the�Visual�3d�software.
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cance level was set at p < 0.05. Waveform similarity was assessed us-

ing a CMC. CMC values were interpreted as shown below: weak, 

< 0.65, moderate, 0.65-0.75, good, 0.75-0.85, very good, 0.85-0.95, 

excellent, > 0.95.17

 

RESULTS

Figure 2 shows the waveform similarity of the knee joint movement 

in the sagittal plane measured by both systems during the starting 

position to the full extension position and then back to the starting 

position. The waveform similarity was excellent (CMC = 0.959). The 

maximum extension of the knee joint was found in 49% and 51% of 

normalized values in the optical motion capture system and 

MEMS, respectively. Figure 3 shows the waveform similarity of the 

knee joint movement in the transverse plane measured by both sys-

tems. The waveform similarity was good (CMC = 0.803). The maxi-

mum external rotation of the knee joint was found in 49% and 56% 

of normalized values in the optical motion capture system and 

MEMS, respectively.

Table 1 shows differences in ROM in sagittal and transverse plane 

kinematics of the knee joint measured by both systems. Significant 

differences were found in the sagittal plane kinematics of knee 

joints between the two systems (p < 0.05). However, there was no 

significant difference in transverse plane kinematics between the 

two systems (p> 0.05).

 

DISCUSSION

In this study, we investigated the possibility and reliability of SHM 

acquisition using MEMSS in normal subjects. The variation of 

SHM was obtained at 12.64° using MEMSS and 14.79° using an op-

tical motion capture system while the knee was fully extended at 

about 70° flexion position. Besides, there was no statistically signifi-

cant difference in the variation of SHM between MEMSS and the 

optical motion capture system. Although SHM was an important 

factor in providing stability to the knee joint, it was difficult to show 

Figure 2.�Waveform�similarity�of�the�knee�joint�movement�in�the�sagit-
tal�plane�measured�by�both�systems.�The�solid�line�represents�the�angle�
measured�by�the�MEMSS�and�the�dashed�line�represents�the�angle�
measured�by�the�optical�motion�capture�system.�The�knee�joint�mo-
tion�(%)�means�the�flexion-full�extension-flexion�movement�(0°=full�
extension).�a:�The�maximum�angle�of�the�knee�extension�in�the�optical�
motion�capture�system�(49%).�b:�The�maximum�angle�of�the�knee�ex-
tension�in�the�MEMSS�(52%).
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Figure 3.�Waveform�similarity�of�the�knee�joint�movement�in�the�trans-
verse�plane�measured�by�both�systems.�The�solid�line�represents�the�
angle�measured�by�MEMSS�and�the�dashed�line�represents�the�angle�
measured�by�the�optical�motion�capture�system.�The�knee�joint�mo-
tion�(%)�means�the�flexion-full�extension-flexion�movement�(0°=ex-
ternal�rotation�of�tibia).�a:�The�maximum�angle�of�the�tibia�external�ro-
tation�in�the�optical�motion�capture�system�(49%).�b:�The�maximum�
angle�of�the�tibia�external�rotation�in�the�MEMSS�(56%).
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Table 1.�Comparison�of�difference�in�ROM�of�the�knee�joint�measure�by�optical�motion�capture�system�and�MEMSS� � �

Movement�of�the�knee�joint
Measurement�System�(°)

p
Optical�motion�capture�system MEMSS

Sagittal�plane�(Flexion-Extension) 81.37±9.77 72.68±6.15 0.002*

Transverse�plane�(Tibia�Rotation) 14.79±6.62 12.64±4.61 0.239

All�results�are�expressed�as�mean±standard�deviation.�
ROM:�range�of�motion,�MEMS:�micro�electro-mechanical�system.� � �
*p<0.05.
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the correct amount of SHM due to various factors.5,10,18 In previous 

studies using various measuring instruments such as testing rig for 

in vitro measurements, marker-based 3D-camera systems, and 2D-

3D image matching procedure, the range of SHM varied from 5° to 

36° during the extension of the knee joint.3,4,6,7,9-11 Hacker et al.18 re-

ported that SHM was less than 30° as a result of a meta-analysis of 

19 publications. In their study, an analysis of 14 in vitro studies 

showed that most SHM appeared in the range of full extension 

from the knee joint flexion at 30°.18 In contrast, a relatively small 

SHM showed in the present study. It occurred during the entire 

range of knee extension and flexion. 

Previous studies reported that the SHM phenomenon was differ-

ent depending on the presence or absence of the knee joint load.10,19 

The tibia followed a consistent path relative to the femur when there 

was an unloaded knee joint.10 Consequently, the SHM appeared at 

the last extension of the loaded knee whereas the SHM appeared 

continuously over the entire range at the unloaded knee. In the cur-

rent study, the SHM was shown in the whole range because it was a 

passive movement in a sitting position without weight on the knee. 

In a previous study measuring the rotation of the knee joint using 

an optical motion capture system during functional walking, the 

external rotation was observed about 10° during swing phase with-

out weight-bearing.6 Interestingly, in this previous study, external 

rotation occurred at about 5° when the knee was bent from 0° to 15° 

(loading response phase), a reversal of the screw-home mechanism.6 

This result suggests that the SHM significantly affected by body 

weight. 

In the current study, results of MEMSS showed excellent reliabili-

ty in the sagittal plane (CMC = 0.957) and good reliability (CMC =  

0.803) in the transverse plane compared to the optical motion cap-

ture system. The CMC was useful for confirming the similarity of 

joint angle waveforms between data acquired by other equip-

ment.13,20 In previous studies, three-dimensional kinematic data of 

lower limbs were compared with Xsens MVN BIOMECH based on 

inertial sensor and camera-based analysis system.13 The previous 

study showed that CMC value of the flexion/extension of the knee 

joint was high in walking while the value of rotation was relatively 

low.13 consistent with results of the present study. Brennan et al.21 re-

ported that difference of kinematic data for the same motion trail in 

two different systems was caused by technologies, definitions of an-

atomical frames, or simply two identifications of anatomical land-

marks. In this study, the same anatomical landmarks were used. 

However, differently defined axes were used in anatomical frames 

between the two systems. The main effect of differently defined ro-

tational axes was on the angle, although the overall pattern of 

change was similar.13,21 Therefore, in this study, angular variation 

was used for SHM to reduce the influence. As a result of obtaining 

SHM using the two systems, there was no significant difference in 

total variation or good reliability.

The limitations of this study are as follows. First, the markers for 

the two measuring devices were completely attached to the skin us-

ing double-sided tape, but the influence of soft tissues should be 

considered. Second, this study did not measure SHM under various 

conditions. In a further study, it is necessary to accurately identify 

the factors affecting the value through SHM acquisition in various 

situations.

CONCLUSION

We investigated the possibility of obtaining a variation of SHM us-

ing MEMSS. We performed passive knee motion in the absence of 

weight to reduce the error of the experiment. In this study, the varia-

tion of SHM was obtained at 12.64° in the whole range while the 

knee was fully extended at about 70° flexion position. The mecha-

nism for generating the SHM in the non-weighted bearing might be 

to follow a consistent path because of the geometry and shape of the 

articular surfaces. To the best of our knowledge, this study con-

firmed the possibility of analyzing biomechanical information relat-

ed to physical therapy using an inertial sensor developed in Korea. 
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