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ABSTRACT  
 

Work in demanding postures is a known risk factor for work-related musculoskeletal disorders 

(MSDs), specifically work with elevated arms may cause neck/shoulder disorders. Such a 

disorder is a tragedy for the individual, and costly for society. Technical measurements are more 

precise in estimating the work exposure, than observation and self-reports, and there is a need 

for uncomplicated methods for risk assessments. The aim of this project was to develop and 

validate an iOS application for measuring arm elevation angle. 

Such an application was developed, based on the built-in accelerometer and gyroscope of the 

iPhone/iPod Touch. The application was designed to be self-exploratory. Directly after a 

measurement, 10th, 50th and 90th percentiles of angular distribution and median angular velocity, 

and percentage of time above 30q, 60q, and 90q are presented. The focused user group, 

ergonomists, was consulted during the user interface design phase. Complete angular datasets 

may be exported via email as text files for further analyses.  

The application was validated by comparison to the output of an optical motion capture system 

for four subjects. The two methods correlated above 0.99, with absolute error below 4.8q in arm 

flexion and abduction positions. During arm swing movements, the average root-mean-square 

differences (RMSDs) were 3.7q, 4.6q and 6.5q for slow (0.1 Hz), medium (0.4 Hz) and fast (0.8 

Hz) arm swings, respectively. For simulated painting, the mean RMSDs was 5.5q.  

Since the accuracy was similar to other tested field research methods, this convenient and “low-

cost” application should be useful for ergonomists, for risk assessments or educational use. The 

plan is to publish this iOS application on Apple Store (Apple Inc.) for free. New user feedback 

may further improve the user interface. 
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1 INTRODUCTION 

1.1 Shoulder disorders and arm elevation 
Shoulder musculoskeletal disorders (MSDs) and complaints have significant impact on the 

working population (van Rijn et al. 2010). It may lead to sick leave and inability to carry out 

household and leisure-time activities, which cause troubles both to the individual and the 

society (Luime et al. 2004). In the general population, reported prevalence of shoulder 

disorders differs from 6.9 to 26% for point prevalence, 18.6 to 31% for 1-month prevalence, 

4.7 to 46.7% for 1-year prevalence and 6.7 to 66.7% for lifetime prevalence (Luime et al. 

2004). In Finland, every one out of eight employed person has experienced nonspecific 

shoulder pain, i.e. shoulder pain without physical signs or detectable pathology (Miranda et al. 

2005). 

Working with elevated arms has been hypothesized to result in impaired perfusion and thus 

degeneration of rotator cuff tendons, which is a common predisposing factor for shoulder 

tendinitis (Armstrong et al. 1993). In a review published by the US National Institute of 

Occupational Health and Safety (NIOSH), it presented evidence for the relationship between 

repeated or sustained shoulder flexion or abduction above 60° and MSDs (NIOSH 1997). An 

exposure-response relationship between time with upper arm elevation above 90° and 

shoulder disorders has been found (Svendsen et al. 2004). In another study, it was concluded 

that working with a hand above shoulder level was statistically significantly associated with 

chronic rotator cuff tendinitis, and 1-3 years exposure increased the risk more than threefold 

compared to none exposure for male employers (Miranda et al. 2005). 
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1.2 Measurement methods 
In general, researchers use three different methods to collect data and analyse the exposure of 

posture and movement. They are self-reports, observations and technical measurements 

(Bernmark 2011).  

1.2.1 Self-reports 

Self-reported data of workload or posture is quite common in the research of ergonomics or 

work-related diseases. It is usually obtained from the workers who conduct the job, but it can 

also be reported from the employers or group leaders. There are different ways of getting self-

reported data, including questionnaires, interviews, diaries and rating scales (Bernmark 2011). 

One of the advantages of using self-reported estimation is the easiness of assessing for a large 

study population. A previous study used the data from the self-administered questionnaires of 

85191 male employees in the Swedish construction industry, and studied physical and 

psychosocial factors related to musculoskeletal disorders (Engholm & Holmström 2005). 

Also, it is more economical to get self-reported data compared to other methods like technical 

measurement. Some other advantages can be the low participant burden and general 

acceptance of self-report measures (Prince et al. 2008). 

The method also has some disadvantages. Usually, self-reported data has a low precision and 

requires a large study population to improve the precision (Bernmark 2011). Studies have 

shown that the agreement between self-report and technical measurements could be low 

(Hansson, Balogh, et al. 2001; Prince et al. 2008). The overall correlations between self-report 

and direct measures were low-to-moderate with a mean value of 0.37 (SD = 0.25) and a range 

from -0.71 to 0.98 (Prince et al. 2008). Also, different occupations may have different 

tendency in the self-reported exposures, with few subjects in both low and high strata. This 

can result in the overestimation of the risk at low exposure and an underestimate risk at high 

exposure (Hansson, Balogh, et al. 2001). Moreover, people with pain or complaints tend to 

rate their exposure higher than those without complaints, but with the same measured 

workload (Hansson, Balogh, et al. 2001). All these factors contribute to the comparably low 

precision and reliability of self-reported data. 

1.2.2 Observations 

Observation is another common source for acquiring physical workload for ergonomic or 

epidemiological studies. There are a large number of observational methods but no one is 

suitable for all cases. The selection of a method should consider several factors, including the 

goal of the observation, the characteristics of certain work, the observers who will use the 



Chapter 1: Introduction 

    3 

method and the resources for collecting and analysing the data (Takala et al. 2010). Usually 

the trained personnel will make systematic observations following check lists, or using video 

recordings and computerized observational methods (Bernmark 2011).  

Different observers tend to report similar results regarding large-scale body movements and 

postures if they have gained similar concepts and skills through sufficient training, but it is 

much more difficult and less reliable when it comes to small and quick movements, such as 

wrist and trunk rotation (Takala et al. 2010). The correspondence of observations with 

technical measurements is generally low (Takala et al. 2010). Besides, the video observations 

can also be limited to the position and perspective of the camera during recording (Bernmark 

2011). 

1.2.3 Technical measurements 

Several types of technical measurement methods have been developed, including goniometric 

system, optical capture system, sonic system, electromagnetic system and accelerometer-

based systems (Li & Buckle 1999). A minor part of the ergonomic or epidemiological studies 

have been conducted using technical measurements for assessing physical workload. The 

reasons behind that may be that they have been more costly in time and money of applying 

technical instruments for assessing physical activities on the participants (Prince et al. 2008). 

It is usually hard for clinicians or physical therapists to learn how to use the electrical devices 

and further deal with the data. Moreover, it may require different software for data analysis 

according to the different needs of the study (Bernmark 2011). Lastly, the electrical devices in 

the previous time might be hard to achieve the requirements as being small and portable, 

while still able to gather data at a high frequency and a large storage. 

The different measurement methods can have a significant impact over the results. So there is 

a need for more valid measurements of work postures to study the relationship between 

physical workload and health outcomes, hence to intervene and evaluate the possible changes 

of the work environment and activities (Prince et al. 2008). 

1.2.4 Current tools for technical measurement 

Accelerometer based inclinometry is a common technical method of measuring arm elevation, 

and it has been used in a lot of studies over the last decade. The traditional version includes a 

tri-axial accelerometer and a data logger, which has been validated (Bernmark & Wiktorin 

2002; Hansson et al. 2001). A new generation of accelerometers with integrated data loggers 

are also available with cheap price now (Forsman & Wahlström 2013; Korshoj et al. 2014; 

Dahlqvist et al. 2013). In general, these accelerometer-based inclinometers have been 
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validated to have satisfactory precision in static condition and slow-to-medium paced 

movement; while for fast movement, the device acceleration will add signals upon the gravity, 

introducing systematic errors to the measurement (Bernmark & Wiktorin, 2002; Korshoj et 

al., 2014).  

1.3 Smartphone as a tool 
There is an increasing use of smartphones both in research and clinical practice. It is estimated 

more than 40 000 apps related to health, fitness and medical purpose are available now on the 

market (Powell et al. 2014). For iPhone/iPod Touch, one study estimates there are around 2 

000 apps related to health or medicine in App Store (Terry 2010). Since most physicians and 

researchers are smartphone users, the trend of introducing smartphones into their area is quite 

natural in the information age. The convenience of converting a mobile phone into a medical 

device just by downloading an app is quite attractive for most users (Milani et al. 2014).  

1.3.1 Smartphones in technical measurements 

Technical measurement can be obtained by using the embedded sensors of smartphones, such 

as accelerometer or camera (Milani et al. 2014). It is simple to use an application on 

smartphone, and users can often get the results quite fast after measurement. It is also cheaper 

and easier to get an application compared with acquiring another technical device, such as the 

digital inclinometer (Vohralik et al. 2014). 

There are also some disadvantages of using smartphones for technical measurement. One of 

them is the need of a phone holder, like an armband, to fix the phone to certain body segment 

(Milani et al. 2014). Another problem might be the possible callings on the phone, which can 

result in the interruption of measuring process. While by using iPod Touch, this worry would 

no longer exist. 

1.3.2 Current smartphone applications 

The cost, portability and convenience of smartphones have attracted many researchers and 

software developers to make use of the inbuilt sensors for many different purposes (Nolan et 

al. 2013; Wolfgang et al. 2014). In the area of physical medicine and rehabilitation, the use of 

smartphone for measuring range of motion or joint angle has been developed a lot. Studies 

have found good validity and reliability using smartphone applications in the clinic setting 

(Ockendon & Gilbert 2012; Milani et al. 2014; Vohralik et al. 2014). 

Fewer applications have been developed in the area of ergonomics and epidemiology, 

especially for measuring exposure to movement or posture. One iOS application has been 
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successfully developed and validated for the measurement of whole body vibration (Wolfgang 

et al. 2014). It provides a cheap and easy way for measuring whole-body vibration, and 

contributes to the information required for a better manage of the hazardous exposure. 

1.3.3 The opening for a smartphone application  

As stated in Chapter 1.1, arm elevation has been found to be strongly associated with shoulder 

disorders.  Besides that, studies have also shown the relationship between neck pain and arm 

elevation (Kilbom et al. 1986; Viikari-Juntura et al. 2001; Petit et al. 2014). In order to get 

more precise and valid result, technical measurement is more preferable. 

As ergonomists and physical therapists tend to prefer an easier and convenient way for 

conducting measurement, a need exists for a smartphone application for measuring arm 

elevation. It is also helpful to know the results right after the measurement, especially in 

certain cases. For example, during an evaluation of different workstations, ergonomists can 

measure and get the results on-site, which offers the possibility of initial suggestion and 

intervention in a short time; or in an ergonomics lecture, students could see the effectiveness 

of their intervention directly and make several try-outs. Moreover, the convenience and low-

cost of using a smartphone as a measuring device makes it attractive for practitioners to try 

and use. Finally, most smartphones have embedded tri-axial accelerometers and gyroscopes. 

This offers the possibility of access to gravity data separated from acceleration, which should 

facilitate precise measurement even during fast movement. 

IPhone/iPod Touch (Apple Inc.) usually has a standard design within generations, and it is 

more common than other smartphones (Milani et al. 2014; Franko 2011). The aim of this 

project was to develop and validate an iOS application for measuring arm inclination under 

static and dynamic conditions. 
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2 THE DEVELOPMENT 
ENVIRONMENT AND 
SENSORS 

In this Chapter, the description of the development environment and programming language 

for the iOS application is given. Basic information of the sensors – accelerometers and 

gyroscopes is also introduced.  

2.1 Development environment and programming language 
An iOS application means the application designed for iOS, the mobile operating system that 

was created and developed by Apple Inc. and powers many of the company’s devices 

including the iPhone, iPad and iPod touch (Apple Inc.). 

To develop an iOS application, the integrated development environment (IDE) — Xcode is 

required. Xcode contains a suite of software development tools for developing software for 

iOS and OS X. This application is developed using Xcode 6.2 and written in the compile 

programming language — Swift, which is also created by Apple Inc. and released in June 

2014. Swift is a newly developed language and is designed to be more concise and safer with 

a simpler syntax, as a replacement for the Objective-C language.  

2.2 Built-in sensors: accelerometer & gyroscope 
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2.2.1 Accelerometer 

Accelerometer is a type of sensor for measuring acceleration in the sensitive direction of the 

accelerometer, based on Newton’s second law (Force = Mass u Acceleration). Most 

accelerometers consists a mass-spring-damper system (see Figure 1), where the displacement 

of the proof mass with respect to the frame is measured (Wong et al. 2007). The displacement 

can be expressed as a function of the given acceleration, and is proportional to the acceleration 

under a constant condition. The measured acceleration consists both gravitational component 

(gravity) and the component from other acceleration force (device acceleration). 

 

As for a tri-axial accelerometer, the total acceleration can be measured along three axes, based 

on the same principle as in a single axis accelerometer (Luinge 2002). Raw acceleration 

signals contain three basic components: movement, gravity, and noise. When using 

accelerometers as inclinometers, it is required that the acceleration be sufficiently small 

compared to the gravity vector. In conditions of measuring dynamic tasks, like lifting or 

sorting objects, the requirement may be hard to meet (Luinge & Veltink 2004). In this case, 

combining more sensors (e.g. gyroscope) can achieve better accuracy. 

2.2.2 Gyroscope 

Gyroscope is an angular velocity sensor that based on the concept of measuring Coriolis force. 

Coriolis force is an apparent force that arises in a rotating reference system (Wong et al. 

2007). It is common to use the vibrating mass gyroscope in human posture and movement 

analysis (Luinge 2002). The typical design of a vibrating mass gyroscope is shown in Figure 

2. When the sensor system start rotating, the mass will experience Coriolis force that is 

proportional to the angular velocity. Hence by measuring the resulted displacement, the 

angular velocity can be obtained. By using a tri-axial gyroscope, the angular velocity of the 

sensor housing along three axes can be measured. 

Figure 1: Basic layout of a single-axis accelerometer with a mass-spring-damper system 

(Wong et al. 2007). 
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Figure 2: A: The typical design of a vibrating mass gyroscope. B: When the gyroscope is 

rotated, the mass will have an additional displacement rcor, known as the Coriolis effect. 

This rcor is used as a measure of angular velocity of the system (Luinge 2002).  

2.2.3  Combined accelerometer and gyroscope 

A sensor, consisting of a tri-axial accelerometer and a tri-axial gyroscope, which are mounted 

approximately on one point, is called an Inertia Measurement Unit (IMU). By combining the 

signal from the accelerometer and gyroscope, the angular velocity, device acceleration and 

gravity can be separated. Different signal analysis methods have been developed to separate 

the device acceleration and gravity (Luinge 2002).  

In the developing environment for iOS application, the device acceleration and gravity can be 

obtained directly by using the Core Motion frame, based on a sensor fusion algorithm used by 

Apple Inc. (Apple Inc. 2011b).  

2.2.4 Sensors in iPhone/iPod Touch 

Both iPhone and iPod Touch have embedded tri-axial accelerometer and gyroscope since the 

fourth generation. Several research studies have tested the accuracy and sensitivity of the tri-

axial accelerometer in iPod Touch-4 (LIS331DLH, STMircoelectronics). Their results showed 

that the tri-axial accelerometer had high accuracy, sensitivity and reproducibility in static 

(Amick et al. 2013) and dynamic conditions (Khoo Chee Han et al. 2014) after being housed 

in the mobile device.  

For iPhone-6 and 6 Plus, the built-in accelerometer has been updated to a three-axis Bosch 

BMA280 accelerometer and an InvenSense MPU-6500 six-axis inertial sensor - a tri-axial 

gyroscope and a tri-axial accelerometer (see Figure 3). The InvenSense device is designed for 

applications requiring higher sensitivity and integration of gyroscope and accelerometer, 

while the Bosch device is designed for lower energy assumption and lower sensitivity, such as 

for screen orientation and pedometer. For measuring human movements, the accelerometer 
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requires a higher sensitivity, hence the InvenSense device in the phone will be functioning 

during the measurement. Also, the InvenSense device has a upper limit of sampling frequency 

as 4000 Hz, which makes it much more than required for measuring human movements, 

where 20 Hz is usually used. 

 

Figure 3: Built-in tri-axial accelerometer and tri-axial gyroscope (MPU-6500, 

InvenSense) in iPhone 6, marked with black frame, pointed with the arrow. 

In iPhone/iPod Touch, the embedded accelerometer measures acceleration along the x, y, and 

z axes, and the direction is shown in Figure 4. The embedded gyroscope measures angular 

velocity as rotation around the x, y, and z axes, and the direction follows the right hand rule: 

as the fingers on the right hand go in the direction as the rotation, the thumb points in the 

direction of the angular velocity vector (also see Figure 4). 

 

Figure 4: The axes and directions of the embedded gyroscope and accelerometer in 

iPhone/iPod Touch (Apple Inc. 2011b). 
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3 THE DEVELOPED IOS 
APPLICATION 

3.1 User interface 
The user interface was developed and designed to be self-explanatory and easy to use. Two 

ergonomists have been consulted during the developing phase. 

3.1.1 Overview 

The application includes four different screen views for a normal measurement of upper arm 

inclination (as shown in Figure 5). When user opens the application, the Trial List view will 

first show up. 

 

Figure 5: Overview of the screen views in the Inclinometer application, including Trial 

List, New Trial, Measurement and Trial Details views. 
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3.1.2 Trial List view 

The initial starting view is “Trial List” view, as shown in Figure 6. In this view, user can 

easily see all the trials that have been recorded in this application, including information of 

trial name, recording number, time and date.  

By pressing the “�” button, as circled in red in Figure 6-A, the user can create a new trial and 

enter to the “New Trial” view. By pressing on certain trial in the table, user can get to the 

view “Trial Details” and see the results of the measurement there. To delete a trial, user can 

swipe the trial to the left, and then confirm by pressing the button “Delete” (see Figure 6-B), 

just as for normal applications. 

 

Figure 6: Trial list view in the Inclinometer application. A: Pressing “�” will create a 

new trial, leading to the next view. B: Swiping the trial item to left will lead to “Delete” 

button. 

 

 

A.  B. 
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3.1.3 New Trial view 

After pressing “�” in the starting “Trial List” view, user will get into this “New Trial” view, 

as shown in Figure 7. The entered trial information is then saved into the persistent storage in 

the phone, using Core Data frame which is backed by SQLite database (Apple Inc. 2011a). 

Thus when the application is shutdown, by force or by mistake, the user data will still be 

stored. By pressing “Create” button in the up-right corner, a new trial will be created and user 

will start the measurement as getting into the next view. 

 

Figure 7: New Trial view in the Inclinometer application. Information including project 

name, recording number, left/right arm and notes can be typed in and recorded here. 

3.1.4 Measurement view 

Once the user gets into this Measurement view, the built-in accelerometer and gyroscope will 

start working. The angle value shown in the top presents the current inclination of the phone 

relative to the vertical line (see Figure 8-A). 

A normal measurement will start by “Calibration”. Currently, the widely-used calibration 

procedure is: Let the subject sit and lean to the right side, with a 2 kg dumbbell in the hand to 

hang the arm vertically to the ground for 2 second (Bernmark & Wiktorin 2002; Korshoj et al. 

2014; Jackson et al. 2015). This calibration procedure will be presented in an alarm window 

when the user presses “Help” button. When the subject is ready with this posture, user can 

press ”Calibrate” button, then it will show “Calibration in progress” as a sign on the screen 

(see Figure 8-B), and signals of gravity and total acceleration will start to be recorded. The 

sensor sampling frequency is set as 20 Hz as mentioned in Chapter 2.2.4, for human 

movement measurement. To avoid the noise when user presses the button, the first 10 dataset 

will not be used for calibration calculation. Hence, when the number of recorded dataset 
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reaches 50, the calibration is finished and it will show on the screen – “Calibration is done” as 

a sign (see Figure 8-C). 

 

Figure 8: A: Measurement view in the Inclinometer application. B: After button 

“Calibrate” is pressed, calibration of the application starts, showing “Calibration in 

progress” as a sign. C: After getting 2-s data for calibration, it shows “Calibration is 

done”, and inactivates button “Calibrate”. After “Start” is pressed, the button “Stop” is 

activated, button “Start” is replaced by “Pause”, and the clock starts counting. 

After calibration, the user can start a measurement by pressing “Start” button in the middle. 

Then the clock will start counting time, and the data of gravity and total acceleration along 

three axes will be recorded. The button “Calibrate” will be inactivated and turn into grey after 

starting a measurement, the button “Stop” will be activated and turn into blue, and the button 

“Start” will be changed to button “Pause”, as shown in Figure 8-C. The design of inactivation 

of unwanted button is aimed at reducing human error, as minimizing the possibility of 

pressing an unwanted button by mistake. 

During a measurement, the user can “Pause”, “Redo” or “Stop” by pressing the corresponding 

button. By pressing button “Redo”, all the recorded data will be deleted, and the clock will 

turn back to “00:00:00”, while the calibration data is still stored. So the user can choose 

whether to recalibrate or not based on the condition.  By pressing button “Stop”, the 

measurement will be ended, the processor will start to process the data and calculate 

predefined results (will be described more in Chapter 3.2), and the application will get back 

into the first view “Trial List”. 

A. C. B. 
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3.1.5 Trial Details view 

By pressing on the items in the “Trial List” view, the user will get into this “Trial Details” 

view, where the results and information of a measurement will be presented (see Figure 9-A). 

Results include elevation angle percentile (50th and 90th), time proportion (>30q, >60q and 

>90q), and angular velocity percentile (50th and 90th), which are the commonly used risk 

factors in epidemiology studies (Hansson et al. 2006; Svendsen et al. 2004). 

For obtaining the whole dataset of the measurement, user can press “Share” button and the 

whole dataset can be exported as a csv (comma-separated values) file, named as 

“Project_Recording.csv”, and transmitted via email (see Figure 9-B). The trial information, 

results, complete inclination angles and angular velocities through the measurement are 

included in this csv file. During the development and validation phase, the csv file also 

recorded the gravity and total acceleration data for further analysis and comparison. 

 

Figure 9: A: Trial Details view in the application, including trial information and 

measurement results. B: Complete data file shared by a csv file via email. 

A. B. 
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3.2 Data sampling and processing  
The sampling frequency of the embedded accelerometer and gyroscope is set at 20 Hz, which 

is the same as Hansson and Bernmark have used (Hansson et al. 2006; Bernmark & Wiktorin 

2002). A 6th order Butterworth low-pass filter, with a cut-off frequency of 5 Hz, was applied 

to the acceleration and gravity signal (as in Korshoj et al. 2014). The data obtained from the 

sensors will be processed and calculated when a measurement is finished.  

3.2.1 Inclination calculation 

The inclination angle ߠ was calculated from gravity data (ܽீ) and total acceleration data 

(ܽ௧௧) respectively. Acceleration was first normalized (), as shown in equation [1]. 

The reference vector () was calculated from the acceleration values during calibration time 

ݐ) െ  ), as in equation [2]. Considering in a sphere coordinate, the normalized accelerationݐ

can be treated as a unit vector on a unit sphere (see Figure 10). The inclination is defined as 

the angle between the acceleration vector and the reference vector. Hence the inclination can 

be obtained by equation [3], in which the length between the two vectors were calculated and 

inverse trigonometric function was used.  

 

Figure 10: Unit sphere consists of normalized acceleration vector () and reference 

vector (). The inclination can be calculated from the angle between the two vectors.  

Equation [2] and [3] applies for both ܽீ and ܽ௧௧. Because ܽீ was a unit vector by itself, 

equation [1] was only used on ܽ௧௧. 

  =  Τ||  [1] 
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  = 1
ݐ െ ݐ

௧

௧ೌ

௧బ
 [2] 

ࣂ  = 2 × cosିଵ(| െ | 2Τ )  [3] 

 

3.2.2 Angular velocity  

The inclination angular velocity was calculated using the first-order central differences of the 

inclination angle T, as shown in equation [4] (Hansson et al. 2001). The absolute values of 

angular velocities were used.  

 = ฬ܌ીܜ܌  ฬ [4] 

3.2.3 Calculated parameters 

Different result parameters were calculated and presented directly after the measurement. 

Current parameters includeded the 10th, 50th and 90th percentiles of the angular distributions, 

the time percentage of the arm inclination over 30°, 60° and 90°, and the median (50th 

percentile) of the angular velocity distribution, as shown in Figure 9-A. 
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4 VALIDATION EXPERIMENT 

In this chapter, the procedure of the validation experiment is described. The methods of data 

analysis of two different systems are also given. 

4.1 Methods 
The validation experiment was conducted in a motion lab Karolinska Institutet, using the 

optical motion capture system Elite (2002, BTS, Italy). The optical system has a sampling 

frequency of 100 Hz and an accuracy of 0.001 m (Grooten et al. 2013). The application was 

installed on an iPhone (6th generation, iOS 8.3, Apple Inc.). Two reflective markers from the 

motion lab were used: one was placed on the lateral epicondyle, and one on the caput humeri, 

3 cm caudal to the border of acromion (Bernmark & Wiktorin 2002). The iPhone was 

positioned with the upper edge on the insertion of deltoid and the long axis along with 

humerus, fixed using a sport armband (Belkin, USA), as shown in Figure 11-A. 

4.1.1 Subjects 

Four right-handed subjects, two women and two man, participated in the experiment. All 

subjects were informed of the aims of this project and gave their agreement to participate.  

4.1.2 Procedures  

Each protocol started from calibration procedure. The subject was asked to sit and lean to the 

right side, holding a 2 kg dumbbell with the arm hanging vertically to the ground (Bernmark 

& Wiktorin 2002). Calibration took around 2 seconds. When it was completed, the phone 

would show “Calibration was finished”. Then each subject acted according to following 

procedures: 
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i. Arm flexion at 45°, 90°, 135° and approx. 180°, each posture lasting 5 s (example 

posture see Figure 11-B). 

ii. Arm abduction, same as arm flexion. 

iii. Arm swing in sagittal plane in full motion range, at different swing velocities: 

o Slow: 6 swings per minute (0.1 Hz); 

o Medium: 24 swings per minute (0.4 Hz); 

o Fast: 48 swings per minute (0.8 Hz). 

Each swing was performed with the help of a metronome, and each subject would practice the 

swing before formal recording. 

iv. Painting as a simulated work task on a straight board with the upper edge around 1.8 

m high (see Figure 11-C). Each subject followed his/her own pace and movement. 

 

Figure 11: Validation experiment in the optical motion lab. A: Placement of two 

reflective markers and the iPhone with armband. B: Arm flexion posture. C: Painting on 

a straight board as simulating a normal work task. 

4.2 Data analysis 
Data from the optical system and the iPhone system were processed separately first and then 

compared using Matlab. Data of one subject from the optical system was lost due to technical 

problems. 

 

A. C. B. 
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4.2.1 Optical system 

Coordinates in three dimensions (x, y and z) of the two markers, capti humeri (Hum) and 

lateral epicondyle (Epi) were subtracted from the optical system. Some data points were 

missing because the motion-capture cameras lost track of the markers during the experiment. 

Interpolation was done using Matlab. 

A low-pass Butterworth filter (6th order, 20 Hz cut-off frequency) was applied to the raw 

coordinate data from the motion lab. Arm vector was calculated and normalized using the 

coordinates of these two markers, written as  (see equation [4]). The average value 

of the arm vector during calibration time (ݐ െ  ) was taken as the zero vector, written asݐ

  (see equation [5])

  = െ െ| Τ|  [4] 

  =  1
ݐ െ ݐ

௧

௧ೌ

௧బ
 [5] 

ߠ  =  × ݉ݎܣ|)ିܛܗ܋ െ |݉ݎܣ Τ ) [6] 

Similar to the calculation in the phone system as described in Chapter 3.2, the normalized arm 

vector can also be taken as a vector moving on a unit sphere (as shown in Figure 12). The 

inclination of the arm was defined as the angle between the arm vector and the zero vector. 

Hence the inclination angle (ߠ௧) was calculated using arm vector relative to zero vector (see 

equation [6]).  

 

Figure 12: The unit sphere consisting the arm vector (ܕܚܗܖ) and the zero vector 

 The inclination of the arm (T) is calculated from the angle between the arm .()

vector and zero vector.  
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4.2.2 IPhone system 

In the iPhone system, inclination angle ߠ was calculated from gravity data (ܽீ) and total 

acceleration data (ܽ௧௧) respectively. The method was described in Chapter 3.2.  

For the fast swing (48 swings per min) measurement, the original cut-off frequency setting (5 

Hz) of the low-pass filter in the application was found to be not sufficiently high for 

preserving the signal. So in the following data analysis of the fast swing motion, the raw 

acceleration and gravity data was used to recalculate the inclination ߠ. 

4.2.3 Synchronization 

In order to compare the iPhone system with the optical system, different signals have to be 

synchronised by their respective time stamps. The signal from the phone (20 Hz) was 

resampled to match the signal from optical system (100 Hz). The cross-correlation of two 

measurements was then calculated, and the time delay was obtained when the cross-

correlation reached its maximum (Bendat & Piersol 2000). The alignment of two signals was 

done using Matlab. 

4.2.4 Results calculation 

For the arm flexion and abduction posture, a mean value of the inclination angle for 2 seconds 

was calculated at each posture, after the arm was stabilized. 20 data points were obtained. 

For arm swing and painting, summary measures were derived from both the optical system 

recording and iPhone system recording, including the 10th, 50th and 90th percentiles of the 

angular distributions of inclination, the time percentage of the arm elevation more than 30°, 

60° and 90°, and the median (50th percentile) of the angular velocity distribution. 

For comparison between the gravity data and total acceleration data used in the iPhone system 

during movement, the sample-by-sample root mean square differences (RMSDs) were 

calculated. The measurements of arm swings at three different speeds were included. Two 

different pairs of the samples were chosen, one was between the optical system and the 

gravity signal, and the other was between the optical system and the total acceleration signal. 
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5 VALIDATION RESULTS 

In this chapter, results from the validation experiment are presented.  

5.1 Postures 
The results from the optical system (OPT) and the iPhone system (PHO) showed a high 

correlation when measuring the upper arm inclination of static postures. The correlation 

coefficient between OPT and PHO for arm flexion postures was 0.9992 (see Figure 13-A).  

The differene between the PHO system and OPT system are depicted in Figure 13-B (Bland-

Altman plot). The mean difference value (PHO - OPT) was 1.4°, and the limits of agreement 

(mean r 1.96 SD) was -1.5° to 4.4°. 

    

Figure 13: Upper arm inclination measurement during arm flexion for 10 data points. 

A: Linear correlation plot. B: Bland-Altman plot, with the mean differene (PHO - OPT) 

of 1.4° and limits of agreement  of -1.5° to 4.4°. 

A. B. 
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For arm abduction, the correlation coefficient for arm abduction postures was 0.9965 (see 

Figure 14-A).  The mean difference value (PHO - OPT) was 1.5°, and the limits of agreement 

was -4.0° r 7.0° (see Figure 14-B). 

 

Figure 14: Upper arm inclination measurement during arm abduction for 10 data 

points. A: Linear correlation plot. B: Bland-Altman plot, with the mean difference (PHO 

- OPT) of 1.5° and limits of agreement of -4.0° to 7.0°. 

 

5.2 Movements 

5.2.1 Angular distribution 

The mean RMSDs between the OPT system and PHO system for three different arm swings 

and simulated painting are shown in Table 1, including the mean RMSDs at the 10th, 50th and 

90th percentiles of the angular distributions. The highest mean RMSDs, 5.4°, were seen for 

simulated painting. Among arm swings, the fast pace arm swing (48 swings per min, or 0.8 

Hz) had higher mean RMSDs compared to the other paces. 

5.2.2 Percentage of time 

The mean RMSDs of the time percentage of upper arm elevation angle above 30°, 60° and 

90° between the OPT system and the PHO system for three different arm swings and 

simulated painting are also shown in Table 1. The highest mean RMSDs, 8.7%, were seen for 

simulated painting at angle above 90°. For fast arm swing, the mean RMSDs for the time 

percentage at angle above 90° was comparably higher than other swings. 

 

A. B. 
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Table 1: Mean RMS differences (RMSDs; q) for three subjects at the 10th, 50th and 90th 

percentiles (q) of the angular distributions, and of time percentage above 30q, 60q and 

90q (%) between the optical system and iPhone system, at slow (0.1 Hz), medium (0.4 Hz) 

and fast (0.8 Hz) arm swing and painting. The values from the optical system are given 

within brackets. 

 Arm Swing  
Painting 

Percentile (q)  Slow Medium Fast  

10th 0.8 (10.8) 1 (13.3) 1.4 (13.7) 5.4 (22.1) 

50th 1.2 (53.9) 0.5 (51.4) 3.1 (57.1) 5.0 (72.1) 

90th 2.1 (140.6) 2.2 (127.9) 3.8 (116.5) 5.3 (94.7) 

Time percentage      

>30q 1.1% (69.6%) 1.5% (74.8%) 1.9% (75.6%) 1.0% (85.2%) 

>60q 0.7% (43.7%) 0.9% (41.0%) 2.2% (47.2%) 4.0% (71.2%) 

>90q 1.4% (34.1%) 1.4% (33.1%) 4.0% (28.9%) 8.7% (17.5%) 



Chapter 5: Validation results 

    24 

5.2.3  Angular velocity 

The mean RMSDs of the median angular velocity distribution between the OPT system and 

the PHO system for three different arm swings and simulated painting are shown in Table 2. 

The 10th – 90th angular velocity distributions of all measurements ranged from 4.3 q/s to     

83.9 q/s for simulated painting, and from 54.2 q/s to 442.6 q/s for fast pace arm swing. 

Table 2: Mean RMS differences (RMSDs; q) for three subjects of the median (50th) 

angular velocity distributions (q/s) between the optical system and iPhone system, at slow 

(0.1 Hz), medium (0.4 Hz) and fast (0.8 Hz) arm swing and painting. The values from the 

optical system are given within brackets. 

 Arm Swing  
Painting 

Percentile (q/s)  Slow Medium Fast  

50th 2.7 (40.0) 7.6 (123.8) 7.5 (245.0) 3.9 (29.8) 

 

5.2.4 Sample by sample differences 

The mean sample by sample RMSDs between the OPT system and the PHO system, from 

gravity signal and from total acceleration signal respectively, for three arm swings are shown 

in Table 3. The mean RMSDs from total acceleration signal were more than three times higher 

than gravity signal when measuring medium pace swing (0.4 Hz), 13.7q compare to 4.6q; and 

more than five times higher when measuring fast pace swing (0.8 Hz), 32.1q compare to 6.5q. 

Table 3: Mean RMS differences (RMSDs; q) and standard deviation (mean ± SD) for 

three subjects of upper arm inclination between the optical system and iPhone system, 

with gravity and total acceleration signal respectively, at slow (0.1 Hz), medium (0.4 Hz) 

and fast (0.8 Hz) arm swing and painting. 

 Arm Swing  
Painting 

Mean ± SD (q)  Slow Medium Fast  

Gravity 3.7 ± 1.4 4.6 ± 0.8 6.5 ± 1.3 5.5 ± 0.7 

Total acceleration 4.4 ± 1.2 13.7 ± 1.0 32.1 ± 6.9 7.5 ± 0.5 
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To better illustrate the difference, one sample for medium pace swing (see Figure 15) and one 

sample for fast pace swing (see Figure 16) were plotted along time axis, including the data 

from the OPT system, and gravity and total acceleration signal from the PHO system after 

synchronization. 

 

Figure 15: One sample of upper arm inclination during medium pace swing (0.4 Hz), 

comparing the optical system with gravity and total acceleration from the phone system. 

 

 

Figure 16: One sample of upper arm inclination during fast pace swing (0.8 Hz), 

comparing the optical system with gravity and total acceleration from the phone system. 
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6 DISCUSSION 

This iOS application showed equivalent accuracy compared to other validated accelerometers 

being used as an inclinometer for upper arm elevation measurement. For rapid movement, this 

iOS application showed distinct improvement by combining embedded accelerometer and 

gyroscope, compared to accelerometer alone. 

6.1 The validation experiment 
It has been put forward that different mounting places of the inclinometer on the upper arm, 

e.g. mounting atop the deltoid muscle or with the upper edge at the insertion of deltoid muscle, 

could result in a systematic error (Jackson et al. 2015). When the arm is at different elevation 

throughout the range of motion, the shape of the related muscles (e.g. the deltoid) would 

change, and the relative position of the skin and the underlying muscle/bone would also 

change, which is known as soft tissue artifact. Hence the inclinometer may not always be in 

alignment with the humerus during a whole measurement, and the rotation of the arm can 

introduce much error. Compared to previous validated accelerometers, the difference was 

similar: the mean RMSE of upper arm inclination was roughly 5q for most arm movements 

(Korshoj et al. 2014). 

For the optical motion capture system, the reflective markers placed on the body segment, i.e. 

upper arm in this case, could also introduce errors due to soft tissue artifact. In this validation 

experiment, the reflective markers were placed on the lateral epicondyle and the humeral 

head, as did by Bernmark (Bernmark & Wiktorin 2002). The line between these two markers 

was taken as the humerus, while it was not always precise during arm movement, especially 

when the arm was rotated or extended with high angle. So the measured inclination values 
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from the optical system may also be untrue, which can lead to underestimation or 

overestimation when assessing other measurements. 

The different arm swings and simulated painting task were selected to present different speeds 

of arm movement and a normal work task. The mean RMSEs for arm swings were < 2.2 % for 

the time percentage above 30q, 60q and 90q elevation, except for the percentage of time above 

90q during fast swing. This is most likely due to that in one sample, the range of motion in the 

fast swing was around 40q backwards to 90q forwards, hence the difference at the peak values 

(the point when the arm reached one end and changed its moving direction to the opposite 

end) affected the percentage of time above 90q measured by the OPT system and PHO 

system. Further, the time percentage above 60q and 90q differed a lot when measuring 

simulated painting. These differences are much possibly due to that the simulated painting on 

a straight board was carried out mainly in a small range of motion, with arm elevation 

between 60q to 90q, just around the cut off value 60q and 90q; besides, the arm was always in 

a rotating movement where the marker on the lateral epicondyle had a lot of relative 

movement to the marker on the humeral head, even the inclination of the underlying bone 

(humerus) didn’t change much. These factors might have implications on the precision of 

measurements from both OPT system and PHO system. It was also noted in a recent study 

that the error introduced by soft tissue artifact may introduce an error about 10q, between 

inclinometer and standard practice observation (Jackson et al. 2015). 

6.2 Improvement by using the gravity signal 
The combined signal from accelerometer and gyroscope showed distinct improvement as an 

inclinometer for measuring upper arm elevation in dynamic conditions. Accelerometer based 

inclinometer cannot tell apart the device acceleration with gravity, which can introduce a 

principal error.  

It was concluded in a recent study that the RMSE of inclination measurement between a tri-

axial accelerometer and a magnetic motion tracking system were low for slow (0.125 Hz) and 

intermediate (0.25 Hz) speed arm swing, which had a RMSE of 2.2q at slow speed and 3.6q at 

intermediate speed for arm swing in sagittal plane (Korshoj et al. 2014). While at fast speed, 

defined as 0.5 Hz in this study, the RMSE value was up to 8.7q for arm swing in sagittal 

plane. In comparison, the RMSE between the OPT system and the total acceleration signal in 

PHO system in this validation experiment was close to their findings: for arm swing speed of 

0.2 Hz, the RMSE value was 4.4q, while for arm swing speed of 0.4 Hz, the RMSE value was 

13.7q. It was reasonably to assume that with a higher speed, the RMSE between accelerometer 

based inclinometer and optical or magnetic tracking system would become even higher. While 
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the gravity signal from the PHO system showed better accuracy in slow and fast movement 

condition, with RMSE value ranging from 3.7q to 6.5q as the speed increased from 0.2 Hz to 

0.8 Hz. 

6.3 Methods 
The iPhone/iPod Touch has standard design across its generations, and the embedded 

accelerometer and gyroscope is announced to have high sensitivity. It would still be good to 

test the sensitivity of the acceleration values of the sensors housed in the phone, which has not 

been done due to the lack of time. Also, the validation experiement was just conducted with 

one iPhone device, and there might be inter-device errors. 

Due to the lack of time, this PHO system has not been validated in the field. It would be 

interesting to see the performance of the PHO system outside a laboratory setting and the 

usability of this application from an ergonomist’s point of view. Also, the low number of 

subjects and the single type of simulated work task could be a limitation. Moreover, it would 

be good to improve the placement of the reflective markers in the optical motion lab to for a 

better alignment of the humerus and a smaller influence caused by soft tissue artifact. 

In ergonomics practice, this application would serve as a good alternative to other validated 

accelerometers. It has the advantage of cheap cost, easiness for use and directly obtained 

results. While its comparably larger size may limit the applicability to long duration 

measurement. It was concluded in one study that short sampling duration may lead to 

underestimation of extreme percentiles of the angular distribution, e.g. upward biased 10th 

percentile and downward biased 90th percentile (Mathiassen et al. 2012). It was then suggested 

the precentage of time spent in centain angle range might be a preferable alternative. Hence 

when comparing with other statistics, attention need to be paid to this possible bias and 

suggested alternative. However, when used as a measurement tool to evaluate the differences 

in arm incliantions between, e.g., two workstations, and before and after an intervention, e.g. 

in a real workstation or in an instructional lecture, the relative results are still informative and 

reliable. 

6.4  Future development 
In the future, validation involving more subjects and different types of work tasks could be 

conducted. It is also possible to compare this application with previous validated 

accelerometer in a field experiment. Another parameter as a generalised angular velocity 

(݀ܵ Τݐ݀ ), defined as the distance travelled on the unit sphere per time unit, would be relevant 

to add to the summary measurement to describe the movements of the upper arm (Hansson et 
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al. 2001). Moreover, different generations of iPhone or iPod Touch should be tested. Finally, 

the current user interface of this application is simple, and it may be further improved based 

on user feedback.  

The plan is that this application will be free to download from the App Store (Apple Inc.). 

6.5 Conclusion 
In this project, an iOS application for arm inclination measurements was developed, using the 

embedded accelerometer and gyroscope, and validated. The accuracy was good, and similar to 

other previously validated inclinometer systems. Moreover, the combination of signals from 

accelerometer and gyroscope to obtain the gravity without influency from device acceleration, 

increased the precision during rapid movement, in comparison with accelerometer signal 

alone. This new application should be a convenient, precise and attractive tool for ergonomists 

in their daily practice. 
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