
1. Problem Statement / Research Question and Background 

Benign Paroxysmal Positional Vertigo (BPPV) is a disease which causes intense 

dizziness. BPPV is triggered due to displaced otoliths. An otolith (Greek: oto, ear 

+ lithos, a stone) is a small stone in the utricle of the inner ear. When the utricle 

is degenerated due to aging or damaged by a head injury or infection, otoliths 

are dislodged from the utricle and migrate to one of the semicircular canals. The 

migrated otoliths cause abnormal endolymph fluid displacement in the 

semicircular canal [1-2] and induce dizziness. The lifetime prevalence, the 1-year 

prevalence and the 1-year incidence were 2.4%, 1.6% and 0.6%, respectively [4]. It 

is known that the BPPV incidence increases with age and the cumulative 

incidence by age 80 years reaches up to 10% [4]. The recurrence rate of BPPV is 

about 50% [3]. Patients have to go to the hospital whenever BPPV recurs because 

it rarely stabilizes before treatment. 

 Treatment for BPPV is intended to remove the otoliths from the semicircular 

canals by changing the head position of the patient, which is a typical 

performance for physical therapists in a clinic. An appropriate treatment at home 

is also possible under correct instructions. Home treatment is advantageous 

because it allows patients to resolve the dizziness immediately and it reduces 

medical expenses. 

Engineering plays a critical role in the home treatment for BPPV for three 

reasons. First, it is important to measure the accurate rotatory angles of the head 

position to resolve the dizziness. It is difficult to know how many degrees the 

patient rotated the head without engineering assistance. Using an IMU sensor, 

the patient can check how many degrees the head has been rotated in each 

coordinate axis. 

Second, the target head position for treatment depends on the patient. There 

are many cases that patients are not able to do a specific head position of the 

maneuver because of their physical conditions. Trained performers adjust the 

head position according to the condition of the patient. For untrained performers 

at home, it is hard to find out the alternative head position. With the past data in 

the database, loading the previous treatment data which are recorded at the 

hospital at home is possible.  



Third, an intuitive method to show instructions is necessary. Untrained maneuver 

performers do not memorize the head position of each step and it is almost 

impossible to figure out how much the current head position is different from the 

target one (“head position error”). Using computer graphics, performers can 

understand the current head position to do and the head position error 

immediately. 

 

2. Methods/Approach/Solutions Considered 

1) How to measure 

- Using Euler angles to control the 3D object was tried but there was a serious 

problem called Gimbal lock. So, quaternions are being used to control 3D object.  

- Because it is hard to start at the exact zero point of the sensor (the point which 

values on each coordinate axis is all zero), there was always an error depending 

on the start point. It was required to offset the difference by subtracting the 

values of the start point from all other measured values for accurate 

measurement. According to the properties of Quaternion, the inverse of the 

quaternions of the start point was calculated and multiplied by quaternions of all 

other points to offsets the start-point difference. 

2) How to customize 

- There was only data accumulating function in the first prototype because there 

was no information about how the target head position varies by the patient. The 

program saved the quaternion data received from the IMU sensors. 

- The program was tested by eight normal subjects at the hospital to see how 

the head position is adjusted in practice depending on the subject. A doctor did 

the Epley test to eight subjects at the same room with a sensor.  

- According to analyzed data, it is obvious that the head position positioned by 

the same doctor is different depending on the subject.  

<Table 1. Error rate by subjects and motions> 

Subject No. Motion1 Motion2 Motion3 Motion4 Avg. of the motions 

Subject 1 0.138% 15.816% 9.319% 3.646% 7.230% 

Subject 2 0.227% 6.888% 3.526% 6.080% 4.180% 

Subject 3 0.168% 6.443% 7.295% 12.113% 6.505% 



Subject 4 0.872% 15.006% 9.065% 16.087% 10.257% 

Subject 5 0.257% 8.936% 3.139% 8.583% 5.229% 

Subject 6 1.055% 9.645% 14.965% 10.722% 9.097% 

Subject 7 1.099% 6.943% 1.417% 2.914% 3.093% 

Subject 8 0.827% 10.993% 8.345% 7.117% 6.820% 

Avg. of the subjects 0.580% 10.084% 7.134% 8.408% 
 

- Values of Table 1 is the average value of each average quaternion error rate. 

Average quaternion error rate was calculated with 20 error rate values per each 

core motion of the Epley maneuver. Quaternion error rate was calculated by 

subtracting the target quaternion from the measured quaternion (no division was 

needed because normalized quaternions were used).  

- Table 1 is shown that subject 4 and subject 6 have relatively high error rate 

while subject 2 and subject 7 have lower error rates. 

- Error rate also varies by the motion. Motion 2 tends to have higher error rate 

than others as shown in table 1. 

3) How to show instructions 

- With the first prototype, performers need to press a button to know whether 

the current head position is correct or not. However, there was an important 

feedback from doctors of Inha University Hospital that there is little time for 

performers to press the button and check, so the program will be very useful if it 

can check whether the head position error is in the error range by itself and 

move on to the next step automatically. 

- To show the angles of both current head position and target head position 

directly as text was considered but discarded because it was hard to do a head 

position with only three rotatory angle values on each coordinate axis. Giving text 

instructions is better than numbers but it was not intuitive enough also. A 

human-shaped 3D object was the best option because it can help performers 

notice what and how much to perform easily. 

 

3. Description of Final Approach and Design 

1) Comfortable Hairband-type sensor and Convenient zero-point setting  

- A 2.4GHz wireless AHRS module and a hairband were purchased, and an 



adapter was 3D printed to connect them. All a patient need to do before the 

maneuver is wearing a flexible hairband and sit straight up for a second. By one-

click of the performer, the program remembers the quaternions of the start point 

and offset the differences caused by a non-zero start point. 

2) Customized guide based on previous treatment data  

- Information of patients is managed in the program. The program is connected 

to a Microsoft Access database.  

- All data of the head position of patients are saved in the database every 100ms. 

- Saved data of a patient adjusts the target head position of the patient so that 

the target head position varies by the patient. Since the error rate varies by the 

motion also as shown in table 1, saved data of a motion affects the target head 

position of the motion only. 

3) 3D Object and automatic transition system 

- A 3D graphical BPPV diagnosis and treatment guide system is developed as a 

Window desktop application. A human-shaped 3D model shows the target head 

position which a patient should do. Another 3D model (only the color is different 

from the first one) shows the head position of the patient. Therefore, maneuver 

performers can easily recognize which head position to do and how much the 

head position error is.  

- The program compares the current head position of the patient with the target 

head position continuously. If quaternions of the patient’s head position are in 

the error range of the target head position, a timer of the program starts. When 

the timer counts 5 seconds, the target head position is changed to the next 

target head position. 

 

4. Outcome 

1) Accuracy assessment 

To evaluate the accuracy of the IMU sensor, which is a core part of our system, 

the actual angle and the angle measured by the sensor were compared.  

 - The actual angles were measured by a classic goniometer.  

 - The zero point of the sensor was set as the origin. 



<Table 2. results of measurement with the sensor> 

 0˚ 30˚ 60˚ 90˚ 120˚ 150˚ 180˚ 

X axis measured value 0.03˚ 29.69˚ 59.61˚ 89.36˚ 120.42˚ 149.51˚ 179.69˚ 

Y axis measured value 0.02˚ 29.62˚ 59.73˚ 90.52˚ 120.36˚ 150.34˚ 179.72˚ 

Z axis measured value 0.06˚ 29.21˚ 60.42˚ 89.71˚ 119.24˚ 150.46˚ 179.72˚ 

Average error 0.04˚ 0.49˚ 0.48˚ 0.48˚ 0.51˚ 0.43˚ 0.29˚ 

Average error rate 0.02% 0.27% 0.27% 0.27% 0.28% 0.24% 0.16% 

* Each axis measured value is the average value of five arbitrarily extracted values. 

Table 2 is shown that the accuracy of the sensor module is quite accurate. 

2) Expert feedback 

We asked professor Kyu-Sung Kim for advice. He is a doctor of the Department 

of Otolaryngology-Head & Neck Surgery, Inha University Hospital. He is famous 

for the treatment of dizziness. 

His feedback after trying our product was as follows: 

“When I tried this device and the computer program, I felt that it is 

advantageous because treatment will be much more efficient and time-saving 

with this. If this device is developed as a personal medical device, patients will be 

free from the inconvenience of stopping to come to the hospital when the 

disease recurs.” 

He was very interested in the BPPV diagnosis and treatment system developed 

and said it would be of great help to both physicians and BPPV patients. 

 

5. Cost 

We aimed to develop the Computer Aid Diagnosis and Treatment System for 

BPPV as cheap as possible but in the condition that it shows a reliable 

performance. So that a trustful product can be distributed to many hospitals and 

patients. 

<Table 3. expected cost of production> 

Parts name Unit price Quantity Total price 

Wireless AHRS module (EBIMU24GV3) $235 1 $235 

2.4GHz wireless receiver (EBRCV24GV3) $135 1 $135 

Head strap $5 1 $5 



Mount Bridge $1 1 $1 

Thumb Screw Bolt $1 1 $1 

Total Price   $377 

The total cost of the Computer Aid Diagnosis and Treatment System for BPPV is 

$377 and the expected selling price is $500. We think there is a large size of 

market and we expect that production cost can be lowered if we produce in large 

quantities. 

 

6. Significance 

With the computer-aid diagnosis and treatment system for BPPV, patients can 

diagnose and get the treatment at home easily and correctly. The program shows 

patients which maneuver should be done, and the 3D graphical objects show 

which head position need to do and how much to move. Also, the rotatory 

angles are precisely customized for the patient so that the most effective 

treatment can be provided to the patients. 

 Besides, the market of the system becomes larger. There are about 5.6 million 

Americans come to the hospital with dizziness every year, and 17 to 42 percent of 

them are diagnosed with BPPV [5]. It shows that BPPV is a common disease. 

There are many patients suffer from BPPV in many countries as well as in the 

United States. Also, since the old population is continuously increasing [7] and 

BPPV is a common disease for them [4]. There is a huge potential market. 

 Moreover, the price of the system is reasonable because it provides the same 

treatment as that of a hospital for free after the first purchase while the hospital 

costs every time.  

 In conclusion, our design can provide an effective and customized treatment to 

many BPPV patients at a reasonable price. In addition, I found that the core idea 

of our design can be applied to other therapies easily. There are many patients 

with diseases other than BPPV need to do positional therapies as treatment or for 

rehabilitation [6]. With our software modules and the sensor used for this design, 

it is much faster and easier to design applications for the patients with the 

diseases as we did for BPPV patients. 
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