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ABSTRACT 

This thesis proposes a method for IMU-based assessment of cerebral palsy spasticity to improve 

reliability. The inertial measurement unit (IMU) has several advantages including light weight, simplicity of 

measurement, and ease of movement. The IMU measures degree of each segment using a combination of 

accelerometer and gyroscope. Through acquired degree, joint angle can be obtained. To confirm accuracy of 

joint angle measurement using IMU, each results were compared using motion capture system. To compare 

reliability of conventional measurement used in the clinical trial and IMU-based assessment, the experiment 

was conducted by targeting children with cerebral palsy. 

To evaluate reliability, three raters are participated in experiment. Then it is proved that IMU-based 

assessment is possible to improve the reliability than conventional methods by using analysis of correlation 

intra-rater and inter-rater. Through the result, confirm the factors that affect the reliability. 

However, because of the limitation of a small number of the subjects and applying only one of the joints, 

more patients and measurer, then research to determine the reliability of the other joint are needed 

 

 

Keywords: IMU-based assessment, reliability, spasticity, Modified Tardieu scale, knee joint, cerebral palsy. 

 

 

 



 ii 

List of Contents 

 

 

Abstract ·································································································· i 

List of contents  ························································································ ii 

List of tables ··························································································· iv 

List of figures ··························································································· v 

 

Ⅰ. INTRODUCTION 

1.1 Background ··················································································· 1 

1.2 Modified Tardieu scale of knee joint ······················································ 3 

1.3 IMU-based assessment of spasticity ······················································· 4 

1.4 Goal of the study ············································································· 6 

Ⅱ. METHOD 

2.1 Subjects ······················································································· 7 

2.2 Procedure ····················································································· 7 

2.2.1 IMU setup················································································ 7 

2.2.2 Device ·················································································· 12 

2.2.3 Testing protocol ······································································· 13 

2.2.4 Velocity Feedback ···································································· 15 

Ⅲ. RESULT 

3.1 Validation study ············································································ 16 

3.2 Reliability study ············································································ 17 

3.2.1 Intra-rater ·············································································· 17 

3.2.2 Inter-rater ·············································································· 19 

3.2.3 Effect of Velocity feedback ························································· 20 

3.2.4 Measurement of Angle of Catch ···················································· 23 

Ⅳ. DISCUSSION 

4.1 Reliability study ············································································ 26 

4.2 Effect of Velocity Feedback  ···························································· 27 

4.3 measurement of Angle of Catch·························································· 27 

4.4 Other discussions ·········································································· 28 

Ⅴ. CONCLUSION 



 iii 

5.1 Conclusion ·················································································· 29 

Ⅵ. REFERENCE 

References ······················································································· 30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

List of Tables 

 

 

Table 1. Goniometric measurement ································································ 14 

Table 2. Knee angle of Motion capture system vs IMU ········································ 16 

Table 3. CON vs IMU with feedback (Knee extension: Intra-rater 1) ························ 17 

Table 4. CON vs IMU with feedback (Knee extension: Intra-rater 2) ························ 17 

Table 5. CON vs IMU with feedback (Knee flexion: Intra-rater 1) ··························· 18 

Table 6. CON vs IMU with feedback (Knee extension: Intra-rater 2) ························ 18 

Table 7. CON vs IMU with feedback (Knee extension: Inter-rater 1 & 2) ··················· 19 

Table 8. CON vs IMU with feedback (Knee flexion: Intra-rater 1 & 2) ······················ 19 

Table 9. CON with feedback vs IMU with feedback (Knee extension: Intra-rater 1)······· 20 

Table 10. CON with feedback vs IMU with feedback (Knee extension: Intra-rater 2) ····· 20 

Table 11. CON with feedback vs IMU with feedback (Knee flexion: Intra-rater 1) ········ 21 

Table 12. CON with feedback vs IMU with feedback (Knee flexion: Intra-rater 2) ········ 21 

Table 13. CON with feedback vs IMU with feedback (Knee extension: Inter-rater 1 & 2) 22 

Table 14. CON with feedback vs IMU with feedback (Knee flexion: Inter-rater 1 & 2) ··· 22 

Table 15. CON vs IMU (Knee extension: Intra-rater 1) ········································ 23 

Table 16. CON vs IMU (Knee extension: Intra-rater 2) ········································ 23 

Table 17. CON vs IMU (Knee flexion: Intra-rater 1) ··········································· 24 

Table 18. CON vs IMU (Knee flexion: Intra-rater 2) ··········································· 24 

Table 19. CON vs IMU (Knee extension: Inter-rater 1 & 2) ··································· 25 

Table 20. CON vs IMU (Knee flexion: Inter-rater 1 & 2) ······································ 25 

 

 

 

 

 

 

 

 

 

 

 



 v 

List of Figures 

 

  

Figure 1. Two IMUs on lower limb for knee angle measurement ······························ 5 

Figure 2. Shimmer 3 IMU ············································································ 7 

Figure 3. Design knee angle using IMU ···························································· 9 

Figure 4. The condition of Angle calculation ····················································· 10 

Figure 5. Slow and fast passive stretch of the hamstrings ······································· 11 

Figure 6. EMG and motion capture system ······················································· 12  

Figure 7. Setup of IMU-based assessment of hamstrings in a children with CP ··············· 14 

Figure 8. LabVIEW screen of velocity feedback ················································· 15  

Figure 9. Knee angle of Motion capture system vs IMU ········································ 16 

  Figures 

 

    

 

 



- 1 - 

 

I. INTRODUCTION 

 

1.1 Background 

Cerebral palsy (CP) is a disease that a non-progressive disorder of the brain injury is caused by 

incomplete cerebral development. Development of brain progress a period of first two years, during this 

time cerebral palsy suffer brain damage [1]. The cause of brain injury include premature birth, being a 

twin, infections and head trauma.  

CP can be monitored various symptoms according to lesion or cause of neurological damage. It 

has problem that is commonly observed as motor impairment, mental dysfunction, poor coordination, 

and abnormal movement. Especially most CP is afflicted with motor abnormalities. Children with CP 

have traditionally been classified by the dominant type of motor disorder [2], which separate CP into 

three types based on the predominant neuromotor abnormality. Defined type of CP is spastic, dyskinesia, 

or ataxic, with dyskinesia further differentiated into dystonia and choreoathetosis.  

Most of all, about 80% of children with CP have spastic clinical feature. The definition of spasticity 

is that: ‘a motor disorder characterized by a velocity-dependent increase in tonic stretch reflexes (muscle 

tone) with exaggerated tendon jerks, resulting from hyper-excitability of the stretch reflex as one 

component of the upper motor neuron syndrome’ [3]. Clinical symptoms of spasticity can either be 

related to increased tonic stretch reflexes, muscular hypertonicity, involuntary movement, weakness, 

and abnormal gait pattern. For this reason they suffered secondly problem that pain, joint deformity, 

and muscle contracture while growing up in children with CP.  

The clinical sign of spasticity differs widely, in accordance with abnormal muscle tone or 

involuntary movement that can be discriminate. Especially long-lasting spasticity is caused by 

secondary problems that is joint contracture, changed muscle property, and immobile joint. Spasticity 

affects clinical prognosis and thus assessment of spasticity is important. Qualitative spasticity 

assessment prevent secondary problem and provide an appropriated treatment. 
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The goal of management of spastic CP is not perfectly to cure but to expend invest in identifying 

level of spasticity, head its development off, and intervening the statement once it is found. Medication 

therapy (e.g. botulinum toxin A, baclofen)[4] are used commonly to intervene established spasticity, 

and treatment is offered when spasticity when spasticity obstructs motor training or joint severe 

deformity. Also botulinum toxin type A blocks neuromuscular junctions in order that muscle tone would 

decrease from abnormal hypertonia [5, 6].To confirm the patient outcome, effective treatment may 

apply to early stage of spasticity before its development or functional problems. Accurate and reliable 

identifying spasticity is required to achieve goal of effectual intervention [7].  

To assess spasticity have been conducted several clinical scale. It can be measured clinical 

symptom in the condition of spasticity such as passive range of motion, posture at rest including joint 

alignment, tonic reflexes, clonus, spasm, or associated reaction.  

The Modified Tardieu Scale (MTS) and Modified Ashworth Scale (MAS) are the most commonly 

utilized clinical tools for assessing spasticity [8]. Clinical assessment is easy to use and quick 

application. So, these assessment widely used in clinical environments. MAS is one of them. The MAS 

is evaluated resistance level to passive movement at a nominal measurement. However, MAS has been 

questioned because it concentrate on scoring resistance during passive movement regardless velocity-

dependent characteristic of spasticity. In addition, experiment of rater have a bad effect on inter-rater 

reliability, and methods of rating in MAS is not sensitive [9]. MAS cannot distinguish neural and non-

neural components [10]. For the assessment, MTS uses two different velocities of passive muscle stretch 

to evaluate spasticity in order to reflect the main characteristic of spasticity: velocity-dependent. MTS 

considerate component of velocity characteristic of spasticity defined by Lance’s and thus it is more 

elaborate measurement for spasticity than MAS. However, the accuracy and the reliability of the MTS 

have been argued because they are affected by the rater’s intuition. In clinic, MTS is measured by two 

raters with a goniometer[11]. After the fast muscle stretch, one rater has to reposition the joint to where 

the catch occurred to estimate the angle of catch (AOC). Another rater then measures the joint angle 

with the goniometer. The assessment of AOC has some errors, and accuracy of goniometric 

measurement of joint angle has been questioned[12, 13]. In addition, the MTS is influenced by raters’ 
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irregular stretch velocities that result from ambiguous description on the required stretch velocity in 

MTS. The meaningful clinical assessment should verify reliability through intra-inter rater test[14]. 

Nonetheless, conventional in-person assessment of spasticity has commonly subjectivity depending on 

experience of each rater. 

Recently Inertial measurement unit (IMU) has been used to measure human body motion because 

it is wearable, low cost, and easy to use. The IMU can obtain position and orientation of the body[15] 

segment by integrating the linear acceleration and angular velocity. IMU-based assessment has 

characteristic of objectivity because it does not depend on rater’s subjectivity. 

The joint angle in human of measurement using IMU is the better of in-person assessment. IMU-

based measurement has been reported more accuracy and reliable[16]. However, there were no reports 

of reliability of IMU-based assessment and velocity feedback in real time.   

 

1.2 Modified Tardieu Scale of knee joint 

The Modified Tardieu Scale (MTS) have been used commonly clinical assessment of spasticity[17]. 

In 1954, Tardieu et al studied to research the stretch reflex of muscle activation using EMG when the 

elbow joint was applied passive extension from 60-110° at a diverse speeds[18]. Their study group 

drew a conclusion from the results that specific speed for the respective patient existed in stretch reflex 

and that this speed would differ with various subjects and raters. They also explained two angles on 

differ two condition: relaxation’’ and ‘‘brusque stretching’’ due to changing soft tissue. After that, 

Tardieu scale became more organized and developed by using the modification of Tardieu scale[11].  

The modified Tardieu scale was added components to quantify assessment of spasticity. The speed 

was expanded three parts that slow speed, fast speed, and gravity-drop speed. But using gravity was 

influenced by weight of each patient and condition of soft tissue. MTS used characteristic of spasticity 

as velocity-dependent. It means that MTS could distinguish the neural component of spasticity [19].   
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Totally, Tardieu scale was considered the assessment of spasticity and state three factors are 

required to rate its intensity: muscle reactions, angle of joint, speed of the stretch [20]. They describe 

the protocol as a passive mobilization of the targeted joint, starting with the targeted joint placed where 

the muscle to be evaluated is in its least stretched position. In this modified version of the scale, different 

speeds, ‘as slow as’ and ‘as fast as’ are used per muscle tested. The slow speed is used in all cases, with 

the fast passive speed being chosen appropriate to the muscle group being tested. The aim of MTS is to 

identify the spasticity. The MTS should be reliable as consistency or repeatability of measurement[11]. 

MTS have been studied to prove reliability of each joint and any condition as laboratory or clinical 

environment. Jan Mehr et al studies showed that the MTS of intra-inter reliability was moderate to good 

for tested muscle groups, but knee joint muscles was poor results[17]. They reported that spasticity 

assessment should be reliable and objective, but MTS has limitation that velocity cannot control by 

rater.  

The motion of knee joint has important meaning of human locomotion. That joint is modeled hinge 

joint that consisted of tibia, fibula and femur bone [21]. It could perform motion of flexion and extension 

for widening the movement area. So knee joint has big muscle group in order to generate larger power.  

Therefore, spasticity assessment of knee joint have meaning to prognosis and recovery of 

functional movement.  
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1.3 IMU-based spasticity assessment 

The use of lightweight, low power, and inertial sensors to measure acceleration or angular velocity 

is now widespread in the clinical community. The IMU can obtain position and orientation of the body 

segment by integrating the linear acceleration and angular velocity[22]. Van dench Noort et al. used 

IMU to assess AOC in MTS to overcome inaccurate goniometric measurement but with some 

limitations [16]. However they did not fix the velocity of the passive stretch for each experiment, even 

though irregular stretch velocity affects the MTS score. Another problem of the study is the complicated 

setup procedures that comes from the usage of two IMUs. In a study by Paulis et al.[23], they used a 

metronome to provide a guideline for required stretch velocity of MTS. Velocity is the key factor for 

reliable MTS. Because spasticity has characteristic velocity-dependent. The slow velocity of the first 

stretch remains below the threshold for any significant stretch reflex and provides an assessment of the 

passive range of motion. In contrast, the stretch at fastest velocity maximizes the involvement of the 

stretch reflex .Conventional methods is defined velocity ‘as slow as’ or ‘as fast as’. It was dependent on 

rater’s haptic feeling or experience.  

Paulis et al.[23] reported reliability of elbow flexor using IMU and velocity control with 

metronome. They got the result that elbow flexor improved intra-inter rater reliability from their 

experiment. However, they showed goniometric measurement more reliable in range of motion than 

IMU. Because they had problems of protocol in reliability of experiment and IMU-reattaching.  

So MTS has some limitation, but this can solve by using IMU sensor. IMU sensor provide objective 

environment for clinician or rater. IMU-based assessment have easy and reliable to offer rater in the 

different environment that is various rater or repeated test. 
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Figure 1. Two IMUs on lower limb for knee angle measurement. 

 

1.4 Goal of the study 

The Purpose of the study are 1)to improve the reliability of Modified Tardieu Scale for knee 

spasticity using IMU compared to conventional assessment for cerebral palsy, 2)to investigate factors 

influencing on the reliability of MTS, and to simply setup procedures of the IMU using accelerometer 

and gyroscope. To validate the IMU setup, we could compare the motion capture system.  
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II. METHOD 

 

2.1 Participants 

One healthy subject (27 years; 44kg; 153cm) participated in the validation study. Children with 

cerebral palsy are included if they satisfy the conditions: (1) diagnosis of cerebral palsy; (2) spastic 

lower limb; (3) ability of practice and follow our experiment procedure; (4) approval by themselves or 

their family. Children are excluded if they got injections within 6 months beforehand test; lower limb 

surgery; have severe deformities/contractures; pain; intention of refusal.     

 

2.2 Procedures 

2.2.1 IMU setup 

For experiment, two IMUs (Shimmer 3) is attached on the shank to measure the angle of knee joint. 

This IMU has 9 degree of freedom (DOF) inertial measurement sensors (three DOF accelerometer, three 

DOF gyroscope, and three DOF magnetometer), and the sensed data can be transmitted via Bluetooth 

to a computer. We did not use the magnetometer because it was influenced by magnetic field distortions 

such as clinical setting environments [24].  

 

Figure 2. Shimmer 3 IMU. 
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Two IMUs measured the condition of thigh and shank during the tests, with a sample frequency of 

204.8Hz and second order Butterworth low pass filter with 10Hz of cutoff frequency was used to 

minimize the error. Each IMU was attached to the segment, using straps, defined XY plane. We assumed 

that the IMU data of three DOF accelerometer and gyroscope was calculated two dimensional plane by 

rotation matrix. We supposed that z axis is zero. Rotation matrix estimated our supposed condition.  

In the two-dimensional (sagittal plane), the shank and thigh were considered each segment, and it 

segments represented by two rigid bodies connected by simple hinge knee joint. The accelerometer can 

detect three dimensional acceleration each axis. The accelerometer signal of each segment can be 

expressed as at, an, az (acceleration x: at, acceleration y: an, acceleration z: az). When the IMU is in 

constant or zero velocity, the acceleration was calculated the inclination by x-y axis acceleration as 

equation (1). 

g𝑚𝑎𝑔 =  √(𝑎𝑡)2 + (𝑎𝑛)2 + (𝑎𝑧)2                          (1) 

 

When thigh or shank satisfied condition in constant or zero velocity or very slow velocity, we calculated the 

knee angle by world coordination. The knee angle can be obtained from two accelerometers mounted 

perpendicular to each other at position on body segment under condition with 

{
tan−1 𝜃𝑠ℎ𝑎𝑛𝑘 =

𝑎𝑡 θ

𝑎𝑛 θ

tan−1 𝜃𝑡ℎ𝑖𝑔ℎ =
𝑎𝑡 θ

𝑎𝑛 θ

  .                           (2) 

 Angular velocity is measured by a rate gyroscope that can be found directly as ω. The angle derived from 

the angular velocity ωz measured a rate gyroscope is given by 

{
𝜃𝑠ℎ𝑎𝑛𝑘 = ∫ ω𝑛 𝑑𝑡 + ω𝑛−1 

𝜃𝑡ℎ𝑖𝑔ℎ = ∫ ω𝑛 𝑑𝑡 + ω𝑛−1 
.                          (3) 
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Figure 3. Design knee angle using IMU. 

 

The angle of each segment calculated by acceleration and angular velocity. The acceleration of x-

component (at) and y-component (an) used to obtain the inclination of each segment and measured by 

tangentially and normally oriented accelerometer respectively on world coordinate [25, 26]. Two 

components are calculated using arc tangent function. The gyroscope of output signal can be obtained 

from the z-axis rotation. To get the angle during moving, the system integrates the angular velocity of 

only z-axis of gyroscope[22, 27].  

The angle is obtained by combination of the gyroscope and accelerometer[26]. These are 

optionally used according to movement condition that is utilized for knee angle calculation using 

accelerometer and gyroscope in case of pause or slow movement and quick movement respectively. 
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(a) 

 

(b) 

 

(c) 

Figure 4. The condition of Angle calculation. (a) Accelerometer in case of pause or slow movement. (b) 

Gyroscope in case of quick movement. (c) Thigh angle caused by combination of accelerometer and gyroscope.  
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These red line in fig 4-(a) and fig 4-(b) is a boundary. The condition of pause or slow movement 

is inside boundary and quick movement is outside boundary. We got angle of each segments as shank 

and thigh. The knee angle is calculated summation of shank angle and thigh angle. 

 

 

Figure 5. Slow and fast passive stretch of the hamstrings 

 

Figure 5 is slow and fast passive stretch of the hamstrings. The fig 7-(A) represents knee angle in 

slow passive stretch of the hamstrings muscle to determine the ROM. The EMG data of fig 7- (B) 

shows no muscle activity. In the fast passive stretch a sudden increase in muscle activity is present, 

followed by a catch at 93.5° (the angle of the catch). The muscle activity is transient (fig7-(D)); it 
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disappears after the stop of movement. Also we recognized occurrence of the AOC during fast passive 

stretch that the AOC of maximal angular deceleration is calculated (fig 7-(E)).  

IMU position on segment is defined that standard position is used lateral malleolus in case of 

shank and lateral epicondyle in case of thigh. By doing this, IMU setup has applied with consistency 

all experiment. 

 

2.2.2 Devices 

We also use a wireless electromyography (EMG) sensor (Delsys, Trigno wireless) and motion 

capture system with eight cameras (Vicon, Bonita) to validate our study (figure 6). Affected side spastic 

leg of the hamstrings, quadriceps muscle was measured using EMG. To evaluate the muscle activity, 

surface EMG was recorded from electrodes with sample frequency of 1925.93Hz, using EMGworks 

Analysis supplied for Delsys. Before electrode placement, the skin was carefully cleaned with alcohol. 

 

 

Figure 6. EMG and motion capture system 
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2.2.3 Testing protocol 

Participants attended 2 assessment sessions 1 to 3 days apart to minimize the effect of daily 

variations in spasticity. In 1 session, participants were examined by rater1 (M.H.) and rater2 (S.C.) 

(inter-rater reliability). The other session took place 1 to second day earlier or later, and participants 

were examined by rater1 and rater2 (intra-rater reliability). A third rater performed and recorded 

goniometric measurements. The raters were blind to goniometer measurements. Each assessment was 

performed independently, and the 3 raters were not permitted to discuss previous assessment forms. 

 

Figure 7. Setup of IMU-based assessment of hamstrings in a children with CP.  

 

The testing protocol conformed to the principles of the MTS testing [28]. The limb was moved 

passively as slowly as possible, and the maximal angle was measured and defined as R2. Then the limb 

was moved passively as fast as possible, and the angle where resistance was first felt was measured and 

defined as R1[29]. In supine, hamstrings were tested more affected lower limb. Then in prone, the rectus 

femoris were tested on the affected lower limb. The Hamstrings muscle was stretched through a knee 

extension motion in the supine position, starting from a maximally flexed position. The quadriceps 
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muscle was stretched through a knee flexion motion in the prone position, starting from maximal knee 

extension.  

Spasticity angles were calculated during data analysis as R2-R1. The conventional measurement 

of goniometer positions were standardized to bony landmarks (table 1) [30], and angles of end positions 

were read from the goniometer. The velocity feedback testing protocol in fast velocity was used for 

each muscles when applied IMU-based assessment. First time, we got the standard velocity respective 

patient. Standard velocity was defined first rater.  

One test trial consisted of a passive range of motion and angle of catch measurement. In each 

session three test trials were performed by each rater. The sequence of which raters carried out the first 

trial within a session was assessed conventional methods and then IMU-based methods with velocity 

feedback. Every session was measured by two IMUs, two EMGs and goniometer. 

 

Table 1. Goniometric measurement 

Muscle 
Participant 

Position 

Testing Movement Bony landmarks for goniometer 

measurement 

Start 

position 

End position 1st Arm Axis 2nd Arm 

Hamstring 
Supine, Hip in 

90° flexion 

Maximal knee 

flexion 

Maximal knee 

extension 

To greater 

trochanter 

Min-knee 

joint 

To lateral 

malleolus 

Rectus 

femoris 

Prone Knee 

extension 

Maximal knee 

flexion 

To greater 

trochanter 

Min-knee 

joint 

To lateral 

malleolus 
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2.2.4 Velocity feedback 

For the slow velocity the rater extended the knee approximately no muscle activation to measure 

the passive ROM. At such no muscle activation the effects of stretch reflex hyperactivity are minimized. 

When the end of the ROM was reached IMU data were saved, and a third rater measured the angle with 

the goniometer. According to the MTS instruments, the extension of velocity should be chosen such 

that the ROM in the fast measurement can be reached within 1s. We got the referenced velocity for each 

patient from first rater. The limited velocity determined range of referenced velocity (±10%)[31]. We 

displayed velocity feedback by LabVIEW 2013. The gyroscope attached each segment was measured 

the angular velocity during moving knee joint. When measured fast velocity, raters should see the 

LabVIEW display for velocity feedback. 

 

 

(a)                               (b) 

Figure 8. LabVIEW screen of velocity feedback 

 

The figure shows the computer screen. The fig 8-(a) shows current velocity value in real time when 

knee joint stops and the fig 8-(b) shows velocity when angular velocity of knee joint reaches the target. 

When velocity reached target velocity, the box light turn green. 
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III. RESULT 

 

3.1 Validation study 

The table 2 shows results. The results of compare to Motion Capture System (MOCAM) and IMU 

were mean, maximum value, minimum value, and each standard deviation (SD). Mean difference of 

MOCAM and IMU was -2.6387° ± -0.2819°, and Maximum value difference of MOCAM and IMU 

were 0.7893°. Minimum value difference of MOCAM and IMU was 0.4206°. 

 

 

Figure 9. Knee angle of Motion capture system (left) vs IMU (right) 

 

 

Table 2. Knee angle of Motion capture system vs IMU 

 Motion Capture (MC) Two IMUs (TI) Difference (MC-TI) 

Mean(°)±SD(°) 60.4764 ± 33.6454 63.1154 ± 33.9273 -2.6387 ± -0.2819 

Maximum value(°) 123.3470 124.1363 0.7893 

Minimum value(°) 4.3236 3.9030 0.4206 
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3.3 Reliability study 

3.3.1 Intra-rater test 

Intra-rater test showed difference between conventional assessment and IMU-based assessment. 

The table 3 shows Intra-rater results for the measurement with goniometer with no velocity feedback 

and IMU with velocity feedback.  

Table 3. CON vs IMU with feedback (Knee extension: Intra-rater 1) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 162.78 ± 25.93 157.78 ± 23.10 5.00 ± 12.90 0.8641* 

IMU 156.69 ± 34.61 154.49 ± 20.46 2.09 ± 16.09 0.9585* 

AOC 

(R1) 

CON 137.78 ± 25.39 122.16 ± 26.48 15.61 ± 23.36  0.6796 

IMU 134.65 ± 36.11 118.80 ± 27.56 15.85 ± 21.54 0.8036* 

SA 

(R2-R1) 

CON 25.00 ± 15.89 35.6 1± 18.35 -10.61 ± 24.21  0.3944 

IMU 21.93 ± 34.63 35.69 ± 20.67 -13.75 ± 13.48 0.8225* 

  

  Table 3 presents the intra correlation coefficient, the absolute differences, mean and standard 

deviation. The correlation of AOC and SA of CON and IMU with feedback was low (ICC <.80). The 

correlation of CON and IMU with feedback of ROM value was high (ICC >.80).  

Table 4. CON vs IMU with feedback (Knee extension: Intra-rater 2) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 159.68 ± 19.56 153.75 ± 19.24 6.25 ± 10.23 0.8496* 

IMU 153.75 ± 34.45 149.63 ± 18.61 3.86 ± 19.60 0.8048* 

AOC 

(R1) 

CON 132.81 ± 12.98 132.00 ± 18.26 -2.00 ± 17.23  0.6078 

IMU 133.59 ± 33.44 130.29 ± 26.18 3.08 ± 17.62 0.8434* 

SA 

(R2-R1) 

CON 26.87 ± 14.12 21.75 ± 12.73 5.12 ± 16.38  0.5448 

IMU 20.16 ± 12.60 21.62 ± 13.01 0.77 ± 8.04 0.8280* 
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Table 4 shows that the correlation of AOC and SA of CON and IMU with feedback was low (ICC 

<.80). The correlation of CON and IMU with feedback of ROM value was high (ICC >.80). 

 

Table 5. CON vs IMU with feedback (Knee flexion: Intra-rater 1) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 35.90 ± 8.99 41.81 ± 9.35 -5.90 ± 5.56 0.8168* 

IMU 40.57 ± 5.91 44.77 ± 9.89 -4.194 ± 5.75 0.8193* 

AOC 

(R1) 

CON 56.81 ± 35.62 81.36 ± 47.82 -24.54 ± 44.86 0.4520 

IMU 97.84 ± 47.73 93.13 ± 48.75 4.71 ± 13.10 0.9633* 

SA 

(R2-R1) 

CON -20.90 ± 32.94 -57.26 ± 43.74 18.63 ± 44.36  0.2795 

IMU -39.54 ± 4.30 -48.35 ± 39.98 -8.90 ± 9.97 0.9618* 

Table 5 shows that the correlation of AOC and SA of CON and IMU with feedback was low (ICC 

<.80). The correlation of CON and IMU with feedback of ROM value was high (ICC >.80).   

 

Table 6. CON vs IMU with feedback (Knee extension: Intra-rater 2) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 33.63 ± 8.28 35.00 ± 7.07 -1.36 ± 8.81 0.3492 

IMU 32.72 ± 7.79 42.50 ± 10.12 -9.77 ± 4.05 0.9303* 

AOC 

(R1) 

CON 71.81 ± 42.81 66.81 ± 45.59 5.00 ± 42.47  0.5397 

IMU 77.45 ± 44.63 81.27 ± 48.44 -3.82 ± 24.04 0.8697* 

SA 

(R2-R1) 

CON -38.18 ± 37.85 -31.81 ± 40.85 -6.36 ± 36.87  0.5634 

IMU -44.73 ± 37.61 -38.78 ± 39.15 -5.94 ± 23.18 0.8183* 

Table 6 shows that the correlation of AOC and SA of CON and IMU with feedback was low 

(ICC <.80). The correlation of IMU with feedback of ROM value w s high (ICC >.80), but CON-

NO FEED was low (ICC <.80).   
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3.3.2 Inter-rater test 

Table 7. CON vs IMU with feedback (Knee extension: Inter-rater 1 & 2) 

 

 
 

Rater 1 

Mean ± SD (°) 

Rater 2 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 153.33 ± 25.66 144.00 ± 21.77 9.33 ± 13.88 0.8410* 

IMU 156.46 ± 22.40 153.09 ± 21.70 3.37± 8.26 0.9304* 

AOC 

(R1) 

CON 125.00 ± 25.94 127.33 ± 24.62 -2.33 ± 17.98  0.7482 

IMU 127.89 ± 27.96 124.38 ± 25.46 3.51 ± 9.91 0.9353* 

SA 

(R2-R1) 

CON 28.34 ± 14.67 16.6 ± 11.64 11.66 ± 14.76  0.3888 

IMU 28.56 ± 16.27 28.70 ± 17.95 -0.14 ± 9.35 0.8552* 

 

Table 7 showed that the correlation of AOC and SA of CON and IMU with feedback low (ICC 

<.80). The correlation of CON and IMU with feedback of ROM value were high (ICC >.80).   

 

Table 8. CON vs IMU with feedback (Knee flexion: Intra-rater 1 & 2) 

 

 
 

Rater 1 

Mean ± SD (°) 

Rater 2 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 43.57 ± 8.94 37.14 ± 7.72 6.42 ± 7.17 0.8410* 

IMU 48.48 ± 12.29 47.67 ± 12.89 0.81 ± 6.45 0.9304* 

AOC 

(R1) 

CON 67.85 ± 41.04 63.57 ± 40.90 4.28 ± 33.58  0.7482 

IMU 94.57 ± 44.76 87.69 ± 44.04 6.88 ± 6.14 0.9353* 

SA 

(R2-R1) 

CON 
-24.28 ± 38.35 -26.42 ± 37.67 2.14 ± 35.54  0.3888 

IMU 
-46.09 ± 37.09 -40.02 ± 36.30 -6.07 ± 6.21 0.8552* 

 

Table 8 shows correlation between rater1 and rater2. The correlation of AOC and SA of CON and 

IMU with feedback was low (ICC <.80). The correlation of CON and IMU with feedback of ROM 

value was high (ICC >.80). 
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3.3.3 Effect of velocity feedback 

The results shows the correlation of CON with feedback and IMU with feedback.  

Table 9. CON with feedback vs IMU with feedback (Knee extension: Intra-rater 1) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 
ICC 

ICC 

(CON-no feedback) 

ROM 

(R2) 

CON 157.85 ± 35.93 159.50 ± 23.32 0.9326* 0.8676* 

IMU 156.69 ± 34.61 154.49 ± 20.46 - 0.9585* 

AOC 

(R1) 

CON 139.65 ± 36.11 118.21 ± 25.58 0.7686 0.6796 

IMU 134.65 ± 36.11 118.80 ± 27.56 - 0.8036* 

SA 

(R2-R1) 

CON 18.21± 15.19 41.28± 23.52 0.7467 0.3944 

IMU 21.93 ± 34.63 35.69 ± 20.67 - 0.8225* 

Table 9 shows correlation between CON with feedback and IMU with feedback. The correlation of 

AOC and SA of CON and IMU with feedback was low (ICC <.80), but correlation of AOC and SA 

increased ICC than ICC (CON- no feedback). The correlation of CON and IMU with feedback of ROM 

value was high (ICC >.80). 

 

Table 10. CON with feedback vs IMU with feedback (Knee extension: Intra-rater 2) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 
ICC 

ICC 

(CON-no feedback) 

ROM 

(R2) 

CON 159.68 ± 19.56 153.75 ± 19.24 08664* 0.8410* 

IMU 153.75 ± 34.45 149.63 ± 18.61 - 0.9304* 

AOC 

(R1) 

CON 132.81 ± 12.98 132.00 ± 18.26 0.5018 0.7482 

IMU 133.59 ± 33.44 130.29 ± 26.18 - 0.9335* 

SA 

(R2-R1) 

CON 26.87 ± 14.12 21.75 ± 12.73 0.2596 0.3888 

IMU 20.16 ± 12.60 21.62 ± 13.01 - 0.8552* 

Table 10 shows correlation between CON with feedback and IMU with feedback.The correlation 

of AOC and SA of CON and IMU with feedback was low (ICC <.80), but correlation of AOC increased 

ICC than ICC (CON-no feedback). The correlation of CON and IMU with feedback of ROM value was 

high (ICC >.80).  
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Table 11. CON with feedback vs IMU with feedback (Knee flexion: Intra-rater 1) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 
ICC 

ICC 

(CON-no feedback) 

ROM 

(R2) 

CON 38.00 ± 10.77 41.50 ± 13.61 0.7708 0.8168* 

IMU 40.57 ± 5.91 44.77 ± 9.89  0.8193* 

AOC 

(R1) 

CON 51.5 ± 29.75 88.5 ± 50.30 0.4424 0.4520 

IMU 97.84 ± 47.73 93.13 ± 48.75  0.9633* 

SA 

(R2-R1) 

CON -13.50 ± 29.15 -47.00 ± 38.41 0.1879 0.2795 

IMU -39.54 ± 4.30 -48.35 ± 39.98  0.9618* 

 

Table 11 shows correlation between CON with feedback and IMU with feedback. The correlation 

of AOC and SA of CON and IMU with feedback was low (ICC <.80), but correlation of AOC increased 

ICC than ICC (CON-no feedback). The correlation of CON and IMU with feedback of ROM value was 

high (ICC >.80).  

Table 12. CON with feedback vs IMU with feedback (Knee flexion: Intra-rater 2) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 
ICC 

ICC 

(CON-no feedback) 

ROM 

(R2) 

CON 38.00 ± 10.77 41.50 ± 13.61 0.2757 0.3492 

IMU 40.57 ± 5.91 44.77 ± 9.89  0.9303* 

AOC 

(R1) 

CON 51.5 ± 29.75 88.5 ± 50.30 0.8025* 0.5397 

IMU 97.84 ± 47.73 93.13 ± 48.75  0.8697* 

SA 

(R2-R1) 

CON -13.50 ± 29.15 -47.00 ± 38.41 0.6595 0.5634 

IMU -39.54 ± 4.30 -48.35 ± 39.98  0.8183* 

 

Table 12 shows correlation between CON with feedback and IMU with feedback. The correlation 

of AOC and SA of CON and IMU with feedback was low (ICC <.80), but correlation of AOC and SA 

increased ICC than ICC (CON-no feedback). The correlation of CON and IMU with feedback of ROM 

value was low (ICC <.80). 
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Table 13. CON with feedback vs IMU with feedback (Knee extension: Inter-rater 1 & 2) 

 

 
 

Rater 1 

Mean ± SD (°) 

Rater 2 

Mean ± SD (°) 
ICC 

ICC 

(CON-no feedback) 

ROM 

(R2) 

CON 152.77 ± 24.78 147.33 ± 22.20 0.8152* 0.8410* 

IMU 156.46 ± 22.40 153.09 ± 21.70  0.9304* 

AOC 

(R1) 

CON 121.33 ± 25.58 125.88 ± 26.28 0.7795 0.7482 

IMU 127.89 ± 27.96 124.38 ± 25.46  0.9353* 

SA 

(R2-R1) 

CON 31.44 ± 15.77 21.44 ± 12.06 0.7167 0.3888 

IMU 28.56 ± 16.27 28.70 ± 17.95  0.8552* 

 

Table 13 shows correlation between CON with feedback and IMU with feedback. The correlation 

of AOC and SA of CON and IMU with feedback is low (ICC <.80), but correlation of AOC and SA 

increased ICC than ICC (CON-no feedback). The correlation of CON and IMU with feedback of ROM 

value is high (ICC >.80). 

Table 14. CON with feedback vs IMU with feedback (Knee flexion: Inter-rater 1 & 2) 

 

 
 

Rater 1 

Mean ± SD (°) 

Rater 2 

Mean ± SD (°) 
ICC 

ICC 

(CON-no feedback) 

ROM 

(R2) 

CON 42.85 ± 13.32 38.71 ± 10.42 0.7619 0.8410* 

IMU 48.48 ± 12.29 47.67 ± 12.89  0.9304* 

AOC 

(R1) 

CON 77.85 ± 47.61 76.07 ± 43.47 0.9898* 0.7482 

IMU 94.57 ± 44.76 87.69 ± 44.04  0.9353* 

SA 

(R2-R1) 

CON -35.00 ± 39.50 -37.35 ± 37.51 0.9697* 0.3888 

IMU -46.09 ± 37.09 -40.02 ± 36.30  0.8552* 

 

Table 14 shows correlation between CON with feedback and IMU with feedbak. The correlation 

of AOC and SA of CON and IMU with feedback was high (ICC >.80). The correlation of CON and 

IMU with feedback of ROM value was low (ICC <.80). 

 



- 23 - 

 

3.3.4 Measurement of angle of catch 

That results show conventional method and IMU without velocity feedback. 

Table 15. CON vs IMU (Knee extension: Intra-rater 1) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 161.25 ± 27.07 155.93 ± 23.86 2.81 ± 11.98 0.8985* 

IMU 162.46 ± 30.95 155.09 ± 21.92 6.44 ± 11.82 0.9475* 

AOC 

(R1) 

CON 138.12 ± 26.39 119.81 ± 24.39  12.68 ± 18.29 0.7513 

IMU 138.30 ± 31.74 118.91 ± 28.04 16.96 ± 19.28 0.7954 

SA 

(R2-R1) 

CON 23.12± 14.23 36.12 ± 15.89 -9.87 ± 16 34 0.3378 

IMU 24.16 ± 13.72 36.18 ± 18.13 -10 ± 15.73 0.5067 

 

Table 15 shows correlation between CON and IMU. The correlation of AOC and SA of CON and 

IMU was low (ICC >.80). The correlation of CON and IMU of ROM value was low (ICC <.80). 

 

Table 16. CON vs IMU (Knee extension: Intra-rater 2) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 159.68 ± 19.56 153.75 ± 19.24 6.25 ± 10.23 0.8524* 

IMU 161.22 ± 27.06 155.18 ± 18.02 6.04 ± 20.69 0.7242 

AOC 

(R1) 

CON 132.81 ± 12.98 132.00 ± 18.26 2.53 ± 12.72  0.5704 

IMU 140.47 ± 25.06 133.12 ± 16.24 7.34 ± 19.32 0.6912 

SA 

(R2-R1) 

CON 26.87 ± 14.12 21.75 ± 12.73 2.46 ± 12.81  0.5046 

IMU 20.75 ± 19.43 22.05 ± 15.27 -1.30 ± 20.37 0.7213 

 

Table 16 shows correlation between CON and IMU. The correlation of AOC and SA of CON and 

IMU was low (ICC >.80). The correlation of CON and IMU of ROM value was low (ICC <.80). 
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Table 17. CON vs IMU (Knee flexion: Intra-rater 1) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 35.90 ± 8.99 41.81 ± 9.35 -5.90 ± 5.56 0.8168* 

IMU 40.57 ± 5.91 44.77 ± 9.89 -6.77 ± 5.48 0.7585 

AOC 

(R1) 

CON 56.81 ± 35.62 81.36 ± 47.82 -24.54 ± 44.86 0.4520 

IMU 97.84 ± 47.73 93.13 ± 48.75 -0.46 ± 12.99 0.9634* 

SA 

(R2-R1) 

CON -20.90 ± 32.94 -57.26 ± 43.74 18.63 ± 44.36  0.2795 

IMU -39.54 ± 4.30 -48.35 ± 39.98 -6.30 ± 10.98 0.9674* 

 

Table 17 shows correlation between CON and IMU. The correlation of AOC and SA of CON was 

high (ICC >.80). The correlation of CON, IMU of ROM, IMU of AOC and SA value was low (ICC 

<.80). 

Table 18. CON vs IMU (Knee flexion: Intra-rater 2) 

 

 
 

first day 

Mean ± SD (°) 

second day 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 33.63 ± 8.28 35.00 ± 7.07 -1.36 ± 8.81 0.3492 

IMU 32.92 ± 8.71 42.54 ± 9.84 -9.61 ± 4.52 0.8881* 

AOC 

(R1) 

CON 71.81 ± 42.81 66.81 ± 45.59 5.00 ± 42.47  0.5397 

IMU 94.99 ± 50.58 69.45 ± 34.48 25.53 ± 37.06 0.6804 

SA 

(R2-R1) 

CON -38.18 ± 37.85 -31.81 ± 40.85 -6.36 ± 36.87  0.5634 

IMU -62.06 ± 45.42 -26.91 ± 26.32 -35.15 ± 35.15 0.6227 

 

Table 18 shows correlation between CON and IMU. The correlation of AOC and SA of CON and 

IMU was low (ICC >.80). The correlation of CON and IMU of ROM value was low (ICC <.80). 
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Table 19. CON vs IMU (Knee extension: Inter-rater 1 & 2) 

 

 
 

Rater 1 

Mean ± SD (°) 

Rater 2 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 153.33 ± 25.66 144.00 ± 21.77 9.33 ± 13.88 0.8410* 

IMU 156.79 ± 16.47 154.29 ± 16.66 2.33 ± 17.98 0.9085* 

AOC 

(R1) 

CON 125.00 ± 25.94 127.33 ± 24.62 -2.33 ± 17.98  0.7482 

IMU 121.48 ± 20.20 131.64 ± 13.41 -9.48 ± 12.58 0.7860 

SA 

(R2-R1) 

CON 28.34 ± 14.67 16.6 ± 11.64 11.66 ± 14.76  0.3888 

IMU 35.31 ± 14.04 22.65 ± 14.07 11.82 ± 12.44 0.6073 

 

Table 19 shows correlation between CON and IMU. The correlation of AOC and SA of CON and 

IMU was low (ICC >.80). The correlation of CON and IMU of ROM value was low (ICC <.80). 

 

Table 20. CON vs IMU (Knee flexion: Inter-rater 1 & 2) 

 

 
 

Rater 1 

Mean ± SD (°) 

Rater 2 

Mean ± SD (°) 

AD 

Mean ± SD (°) 
ICC 

ROM 

(R2) 

CON 40.90 ± 7.92 35.00 ± 7.07 6.42 ± 7.17 0.8410* 

IMU 42.74± 8.14 42.54 ± 9.84 0.20 ± 7.00 0.7116 

AOC 

(R1) 

CON 72.27 ± 45.24 66.81 ± 45.59 4.28 ± 33.58  0.7482 

IMU 92.30 ± 46.04 69.45 ± 34.48 22.85 ± 22.55 0.8818* 

SA 

(R2-R1) 

CON -31.36 ± 40.40 -31.81 ± 40.85 2.14 ± 35.54  0.5203 

IMU -49.55 ± 38.50 -26.91 ± 26.32 -22.64 ± 21.64 0.8420* 

 

Table 20 shows correlation between CON and IMU. The correlation of AOC and SA of CON was 

low (ICC >.80). The correlation of CON of ROM value was high (ICC >.80). The correlation of IMU 

of AOC and SA value was high (ICC >.80). 
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IV. DISCUSSIONS 

 

4.1 Reliability study  

The MTS has been reported more reliable than MAS due to more sensitivity and impact of velocity 

control. Also MTS is reflected spasticity feature of neural components [19], so MTS is more effective 

than MAS. Main problem of spasticity is most neural component and it is should be assess more 

quantitative outcome. Because that is associated with progress of treatment as botulinum toxin type A 

or other medication therapy [32, 33]. Objective and reliable assessment should improve in clinical 

environment.   

Reliability study compared to conventional assessment with goniometric measurement applied no 

velocity feedback and IMU-based assessment with velocity feedback. Most of ROM outcomes has high 

correlation for intra-inter rater test. Because ROM measurement was influenced by the rater’s decision 

about maximum stretching feeling[34]. A previous study[17] has shown that using a standard protocol 

improved the reliability of the MTS performed by experienced examiners. This is because the standard 

protocol reduces measurement variability attributed to the use of various participants’ positions, raters’ 

handling methods, speeds of movement, and goniometer placements. Previous findings suggest that to 

achieve an acceptable level of reliability, examiners should use a standardized protocol. 

However, knee extension and flexion, intra-inter rater test, conventional methods had low 

correlation of the AOC and spasticity angle. Because it was not controlled subjectivity of velocity. 

Angle of catch occurred suddenly hyperactivity of muscle due to stretch reflex by fast movement [35]. 

The rater cannot remember stopping position at that instant after the quick movement. Also, goniometric 

measurement has lack precision about little change. So conventional methods cannot cover controlled 

condition such as velocity, and precise measurement.  

IMU-based assessment with velocity feedback is useful because it method can cover limitation of 

conventional MTS.  
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4.2 Effect of velocity 

Velocity-dependent increase in muscle tone is a key feature of spasticity[31]. For the MTS, 

standardizing the velocity of stretch was difficult, and this was provided different session during 

assessment[36]. These various stretching velocities applied to gauge a velocity-dependent increase in 

spasticity during stretching. Yi Ning et al [31] shown that velocity condition of passive stretching 

influenced time of occurrence when angle of catch appeared. 

We analyzed between conventional methods with goniometer and velocity feedback and IMU-

based assessment with velocity feedback. If goniometric measurement apply the regulate velocity, it 

was controlled condition. The results showed velocity feedback increased the correlation of angle of 

catch of conventional methods. IMU could give immediate feedback on angular velocity so that 

spasticity measurement can improve quality of controlled condition. Velocity control of passive 

movement influence reliability of any spasticity assessment. However, we did not find the threshold of 

fast velocity and optimized velocity, since subjects have different threshold of catch and inertia. We 

keep the same condition and same subject respectively.  

 

4.3 Measurement of angle of catch 

The MTS scale allow for maximum range of motion, angle of catch to passive stretch during fast 

velocity, and spasticity angle from ROM to AOC. These points of resistance is recorded by rater when 

the overactive stretch tonic reflex produces a first catch [37]. The ability of the holder to remember the 

joint angle as reposition by the rater was a perceived seriously and was challenge by asking scoring. 

Goniometric methods goes but a little way to measurement outcome of AOC when joint movement has 

dynamic situation [17]. However, IMU is suitable during moving the knee joint [38].   

Some studies[38, 39] explained that IMU can analyze more accurate angle at occurrence of AOC. 

The meaning of our results shows that IMU got AOC during passive fast stretching movement, it is 

more reliable than goniometer. Nonetheless, the result of IMU without velocity feedback shows 
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moderate reliability. To determine AOC is used passive stretch at fast velocity, however, AOC is 

influenced condition of velocity. We applied in clinical environment in order to check clinically relevant. 

Marjan et al [40] reported that spasticity associated with muscle tone is affected temperature, 

depression, fatigue, emotion, and treatment. The reliability of inter-intra test differ depending on 

repeated test.                                                                                                                                                                                                                                                                    

 

4.4 Other discussions 

During slow movement, ROM was measured stiffness of end point. Neurological disorders may 

include soft tissue changes [41, 42]. Of those found, only the range of movement aspect (i.e., the 

difference between the slow passive range and the ‘angle of catch’) has been used with no mention of 

the ‘rating of the quality of the muscle reaction’ aspect of the scale[8]. 
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V. CONCLUSION 

 

IMU is valid to measure segments and joints during motion. IMU-based assessment of knee spasticity 

is a reliable methods to measure joint angles in dynamic situation, it is precise enough to measure the 

angle of catch in individual patients. Velocity feedback effects on the result of the measurement of angle 

of catch. Conventional assessment is a reasonably method to measure joint angle in static situation, but 

angle of catch or spasticity angle is not enough reliable. Because conventional methods had difficulty 

control of regular condition. For knee spasticity assessment, inertial sensors appear reliable in 

measuring the MTS. 
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요 약 문 

뇌성마비의 Modified Tardieu Scale의 신뢰도 향상을 위한 관성 

센서 기반의 무릎 관절 경직 평가 

본 논문은 뇌성마비 경직을 평가하는 MTS의 신뢰성을 향상시키기 위해 관성 센서 기반의 평가 

법을 제안하고자 한다. 관성 센서는 가볍고 이용 방법이 간단하며 이동이 쉬운 장점이 있다. 

또한 가속도계와 각속도 계를 통해서 각 분절의 각도를 얻을 수 있으며 얻은 분절 각도를 

통해서 관절 각도를 알아낼 수 있다. 관성센서의 관절 각도 측정의 정확도를 확인하기 위해서 

인간동작분석기를 사용하여 그 값을 비교하여 보았다. 실제 임상에서 사용되는 전형적인 

MTS평가방법과 IMU 기반의 평가방법의 신뢰성을 비교하기 위해서 뇌성마비 아동을 대상으로 

실험을 실시하였다. 신뢰도 평가를 위해 세 명의 측정자가 실험에 참여하였으며, 측정자간의 

평가와 측정자내 평가의 상관관계를 분석함으로써 관성센서가 기존의 방법보다 신뢰성이 높일 

수 있는 가능성이 있다는 것을 증명하였다. 또한 실험의 결과를 통해 신뢰성에 영향을 주는 

요소가 무엇인지를 확인해 보았다. 하지만 실험에 참여한 피실험자의 수가 적고, 하나의 

관절에만 적용한 한계점이 있으므로 더 많은 환자와 측정자, 그리고 다른 관절에서의 신뢰도를 

확인하는 연구가 필요하다.  

 

 

핵심어: 뇌성마비, 경직 Modified Tardieu scale, 관성 센서, 무릎 관절, 신뢰성 
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