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Abstract 
 

 

This work proposes an inertial sensor-based human body structure parameters calibration 

methodology, aimed at being combined with a motion tracking and gesture recognition 

system in a virtual reality motion game context to reduce the player’s motion control 

learning time and improve the accuracy and ease of game operation. This proposed 

calibration protocol is based on the three-axis accelerometer outputs by wireless inertial 

sensors to calibrate user’s body parts length (including the forearm, upper arm, torso, 

shinbone, and whole leg) through four easy-to-perform static poses and a streamlined 

calibration procedure. Through this experiment, this calibration methodology proved to be 

a robust approach to calibrate physically normal users’ body parts length, with satisfactory 

calibration accuracy (overall 7.64% average calibration error rate). In addition, in order to 

make the calibration process more efficient, effective, and user-friendly, a calibration 

auxiliary system sample interface to facilitate users has been proposed in this thesis. 
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1    Chapter: Introduction 

 

In the last decade, thanks to the new technological advances in low-cost, miniature 

and lightweight trends, many have been inspired to open their minds and think about what 

alternative and innovative approaches, other than just desktops and laptops, that a 

computational device could use to free users’ hands from the keyboard, mouse, and even 

touch screen, which could allow for a more natural and intuitive interactions with devices 

to enhance and enrich the user experience, and also could better facilitate and improve 

operational enjoyment. In this new trend, various novel interaction modalities have 

emerged and shown their promising prospects. Among them, there is no doubt that 

wearable computing is one of the most popular, which allows convenient interaction with 

users based on their daily life context to intelligently and effectively assist their activities, 

and is promising in tremendous practical applications, for example, augmented reality, 

motion controlled games, etc.  

Sensing techniques, such as inertial sensors, could boost the development of 

wearable computing, virtual reality, motion tracking, and gesture recognition technology. 

Calibration is an important stage of applying inertial sensors, and always possesses 

significance for the performance and effectiveness of motion controlled games and virtual 

reality which leverage inertial sensors. Therefore, in the context of virtual reality plus 

motion tracking and gesture recognition technology as well as motion controlled games, 

constantly optimizing and developing calibration methodology for inertial sensors to 

minimize errors and increase accuracy is of great significance. 

 

1.1 Virtual Reality vs. Augmented Reality 

Both virtual reality and augmented reality are popular topics in new technology 

development, and they are drawing attention worldwide and are promising in their practical 

applications.  

Virtual reality, typically realized by wearing a headset, immerses users in a 

recreated real life situation simulation through computer-generated vision and sounds to 

make users feel as if they were experiencing the real life environment. For example, Oculus 

Rift is a virtual reality headset developed by Oculus VR (a department in Facebook Inc.). 
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By releasing their development kits to the public and the Kickstarter campaign, Oculus VR 

has attracted tremendous attentions from worldwide small and big companies, which has 

led to a massive interest in developing immersive virtual reality, fun-to-use motion controls, 

and also provided new opportunities for gaming design. 

Unlike virtual reality, augmented reality layers computer-generated enhancements 

on top of the existing real life scene to provide additional information and instructions, 

which alters the experience that how the real world and digital information could interact 

with one another, and facilitates users to achieve goals and assist in their life. For example, 

Microsoft HoloLens can map the environment through its embedded sensors, without help 

from any outside positioning equipment, and generates a genuinely standalone holographic 

vision. In addition, more and more augmented reality applications have been developed in 

mobile devices, such as smartphones, tablets, and laptops. 

Therefore, both virtual reality and augmented reality are aimed at enhancing and 

enriching users’ experience. 

 

1.2 Motion Gaming 

For a long time, button-based controllers have dominated the gaming input standard 

modality. However, in the last decade, motion gaming, as a new trend, has emerged in 

gaming control technology and shows exciting prospects. Motion game is also called the 

motion-controlled game, and players could control and interact with the game through the 

combination of their body movements and spoken commands.  

Motion controlled gaming provides the opportunities which allow players to 

exercise while playing the video game; therefore, it is also an exergame. In contrast to 

button based video game controls which could potentially cause physical fatigues and 

damages if deeply addicted to the game, motion controlled gaming would be more healthy 

and beneficial to players. Research has reported the tendency toward more and more 

extensive health problems within the general population, such as weight issues, obesity, 

and heart disease, that have direct or indirect relationships with the prevalent sedentary 

lifestyles [1]. Therefore, motion gaming has been seen as a promising approach to 
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encourage players toward more exercise to tackle and prevent these health problems in a 

fun way. 

Thanks to the technological advances in low-cost, miniature, lightweight sensor 

device which enables and boosts the development of motion controlled gaming [2]. The 

Nintendo Wii has achieved tremendous success because it was the first released to market 

video gaming system leveraging motion controlled technology, which allows the player to 

hold a hardware controller in hand to perform body movements to control the game. The 

mechanism behind Wii Remote motion controlled gaming is that the game console 

equipped with a camera to track the positon of the hardware controller, and the remote 

game controller contains accelerometer device and infrared sensors which will detect and 

wirelessly report detailed information about the player’s movements to the game console 

[2]. Through the above system architecture, Nintendo Wii can track the player’s body 

movements information for the control system input, such as various movement types, 

direction and angular degree, acceleration, etc. 

However, there are innate drawbacks in Nintendo Wii in that Wii could only 

recognize simple wrist flicks rather than full body motions, which would reduce the 

players’ passion for performing full body movements while playing because they can 

simply sit on the couch and perform simple upper limb motions [3].  

In contrast to Nintendo Wii, Kinect, a camera-based motion gaming system has 

been released by Microsoft, which is more effective in encouraging players to perform full 

body motions because it tracks players’ full body [3] instead of just a certain body part, 

and it requires players to perform full body movements while playing in order to succeed 

and achieve better score in the game. Trying to perform minimal body motions would lead 

to unsatisfactory scores or even failure in the game. Therefore, despite its issues with 

latency errors, being sensitive to lighting conditions [3], etc., Kinect possesses advantages 

in encouraging players to thoroughly exercise while playing.  

With the development of science and technology, more and more innovative 

sensing techniques have presented their promising prospects to be incorporated into motion 

gaming, for instance, inertial sensors [3], mind-machine interfaces [4], [5], and biological 

sensors [6], [7], [8], [9], which would all boost the bright future of motion gaming 

development. 
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1.3 Wearable Computing 

Wearable computing refers to the technology practice based on computational and 

sensor devices worn on users’ body (under or over clothing), such as wearing eyeglasses, 

a watch, or clothing. To date, there is no doubt that wearable computing technology is one 

of the most popular innovations, a substantial literature has emerged on this topic, and 

many companies have paid considerable attention to developing and selling wearable 

computing applications. The idea of wearable computing application inspires people to 

consider alternative and innovative ways that a computer could be used to facilitate daily 

life, other than just desktops and laptops. Wearable computing is one of the novel 

approaches that computational devices could conveniently interact with users based on 

their daily life context to intelligently and effectively assist their activities. Wearable 

computing technology encompasses a wide range of potential uses that are under 

investigation, including (but not limited to) healthcare, training, security applications [10], 

and video games [11]. Especially in the field of healthcare and clinical applications, due to 

its inexpensive, convenient, flexible, efficient, portable, and adaptable advantages [12], 

[13], wearable computing technology is applied successfully and shows great prospects in 

gait analysis to provide valuable assessment information for numerous health-related 

applications, such as rehabilitation and diagnosis of medical conditions [12], to help 

clinicians to measure patients’ evolution [14], and determine the optimal care level they 

should receive [15]. 

 

1.4 Gesture Input and Recognition 

User gestures, typically composed of motions expressed by hands [16], are an 

important aspect of human-computer interactions [2]. Gestures are often used for 

commands input for a computing device to enhance its efficiency and ease of use. In order 

to release users’ hands from a keyboard, mouse, and even touch screen, gestures input and 

recognition are deemed a promising approach because they allow more natural interactions 

with devices, more intuitive controls in a 3D virtual environment, and also make it more 

convenient for physically impaired users to access computing devices. 

To realize gesture control, a gesture recognition algorithm system is a key 
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component. The essential purpose of human gesture recognition is to develop a system 

which can efficiently and accurately identify human gestures to convey information and 

eventually realize intuitively interactive control over systems, such as, PCs, TVs, or mobile 

devices [2], [16]. Gesture recognition has a wide range of applications, for example, video 

games control [17], applications on mobile phones [18], augmented reality [19], surgical 

navigation [20], and monitoring patients' emotional states or stress levels [21]. In terms of 

recognition methods, there are two main types: vision-based gesture recognition, and using 

accelerometers and/or gyroscopes [16]. For vision-based gesture recognition, it can be 

realized by pattern matching approaches [22], [23], although it might consume more 

processing time [24], and might suffer from unexpected image noise [16]. For the gesture 

recognition method leveraging accelerometers or/and gyroscopes, its merits are to detect 

and resolve fast user motions and can be used as a standalone input device [25]. 

 

1.5 Thesis Overview 

This thesis is organized as follows.  

Chapter 1 and Chapter 2 presents the background introduction and related works 

related to this thesis topic, including the overview of human motion and gesture tracking 

technology, motion tracking sensor types, the fusion of multiple sensors, the detailed 

introduction about inertial motion tracking, and the inertial sensor calibration related 

works, such as error types, calibration about constant bias, and calibration about alignment.  

Chapter 3 introduces the research method in this thesis, involving the experimental 

equipment (sensors, accompanying equipment and platform, etc.), experimental overall 

procedure, the proposed calibration protocol (sensor placement, calibration poses and 

requirements, etc.), and the calibration algorithm. 

Chapter 4 presents the experimental results to understand the utility, advantages, 

and disadvantages of this proposed calibration methodology, including a brief explanation 

of the key evaluation indicator used in this thesis, the average calibration accuracy across 

all participants, the calibration accuracy for different body parts and for individual 

participants, the calibration accuracy comparison between the left and right body sides, and 

the calibration time duration.  
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Chapter 5 introduces a calibration auxiliary system and a set of sample interfaces 

for this proposed calibration methodology, which involves all the required poses and 

requirements designed in this thesis. Especially, the Pose Monitor system proposed in 

Chapter 5 is aimed at facilitating users to intuitively understand the pose requirements and 

conveniently evaluate their own pose through the dynamical and real-time reflection in the 

interface, so they could adjust their pose by themselves. 

Chapter 6 discusses the findings and thoughts about the proposed calibration 

methodology in more depth from various aspects, involving errors, sensor placement, 

calibration pose design and requirements, sensor reading numerical precision, calibration 

time consumption, etc., and Chapter 7 summarizes the findings of the thesis, promising 

applications, as well as limitations and future work. 

 

1.6 Contributions 

Although massive amounts of research have been done in the past few years on 

inertial sensors calibration, the majority of these works have focused on addressing one or 

more of the following issues of inertial sensors in motion tracking and gesture recognition 

system: the deterministic errors, stochastic errors [26], and alignment errors [27]. No study 

to date has provided a calibration protocol specifically designed to calibrate human body 

structure parameters (main body segments’ length) using inertial sensors.  

In this thesis, an inertial sensor-based human body structure calibration 

methodology has been presented. This proposed calibration protocol is based on the 

accelerometer outputs from the wireless inertial sensors to calibrate users’ body parts 

length (including the forearm, upper arm, torso, shinbone, and whole leg) with simple 

calibration poses design and streamlined testing procedure. This calibration method would 

be expected to be combined with inertial sensor-based motion tracking and gesture 

recognition system in a virtual reality motion game context. Through inputting player’s 

body segments length as parameters into the virtual reality motion game system to 

personalize and customize the body structure parameters of virtual game character the same 

with player’s, this proposed calibration methodology could be expected to help reduce the 
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motion control learning time required for players, enhance the efficiency of adapting to 

game control, and improve the accuracy and ease of game operation. 

 In this research, the effectiveness of this proposed inertial sensor-based human 

body structure calibration methodology also has been tested and proved to be robust with 

satisfactory calibration accuracy and stability.  

In addition, in order to make the calibration process more efficient, effective, and 

user-friendly, this thesis also proposes a calibration auxiliary system and a set of the sample 

interface, including a Pose Monitor interface, which can dynamically track users’ poses to 

evaluate if their pose meet the requirements or not, and can facilitate users to intuitively 

understand the requirements of each pose and conveniently evaluate their own pose 

performing through the dynamical and real-time reflection in the interface, so users could 

feel more informed, confident, friendly, and could adjust their pose performance by 

themselves to meet the requirements. 
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2    Chapter: Background and Related Works 

 

2.1 Human Motion/Gestures Tracking Technology 

2.1.1 Overview 

The prosperous development of technology and science has made human-computer 

interaction a ubiquitous activity in daily life [28]. Human motion tracking technologies, 

with the intent to track human motion and convey the information to the computing device 

as input instructions, have drawn much attention in the past decade [29]. Human motion 

and gestures are expressive, meaningful body movements aimed to convey meaningful 

information to the environment or to communicate with others, which may involve physical 

motions of the fingers, hands, arms, head, or full-body [21]. At present, a large number of 

human motion tracking systems is commercially available for use [30]. 

 

2.1.2 Motion Tracking Sensor Types 

In past decades, various human motion and gesture tracking technologies have been 

presented [31], mainly relying on mechanical, magnetic, acoustic, inertial, optical, radio, 

or microwave sensors to measure and generate signals to track and recognize user motion 

and gestures [32], [33], [16]. Each sensor has its advantages and drawbacks, as follow: 

Mechanical Sensor: It can accurately estimate motion and gestures with a low latency, but 

usually with large volume, so it is hard to be mobile and portable.  

Magnetic Sensor: It possesses accurate estimation of motion and gestures with a low 

latency and good mobility [34]. But it is easily affected and distorted by conductive objects 

in the environment, and sensor’s signals reduce quickly when moving away from the 

magnet [31].  

Acoustic Sensor: It has good mobility because of small in size and lightweight, but 

vulnerable to background environmental noise and atmospheric influencing factors, which 

might easily affect sensor’s accuracy [31].  

Inertial Sensor: Its advantages are lightweight, excellent ability to capture fast motion and 

gestures, and sensing range is large, but due to zero drift issue, its long-term stability might 

be a concern [31].  
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Visual Sensor: Its motion and gesture recognition accuracy is generally higher because it 

directly extracts features from images [35] with little accumulated errors [36], but it lacks 

the ability to track fast movements because of motion blur and occlusions, which may 

reduce its efficiency of feature extraction, and may influence its real-time motion tracking 

ability [35].  

Radio and Microwave Sensor: Its mobility is superb and sensing range is large, but with 

poor tracking precision [32]. 

 

2.1.3 The Fusion of Multiple Sensors 

In terms of motion and gesture recognition, most of the sensor technologies 

mentioned above present satisfactory performance when used alone, especially when not 

requiring real-time recognition [37], [38]. However, when tracking motion and gestures, 

due to their innate limitations, such as volume, mobility, accuracy, noise, latency, or 

tracking range, none of the sensors is capable of perfectly tracking motion and gestures on 

its own [29], [31].  

Therefore, in order to overcome the innate disadvantages of each individual sensor 

and better track human motion and gestures, numerous studies have proposed several 

approaches to combine multiple sensors [21], some examples are as below: 

Inertial Measurement Units (IMUs): This is the typical motion tracking system used in 

many labs [39], [40], [41], [42], which aims at tracking positions and directions of target 

objects through integrating multiple sensors, involving an accelerometer, a gyroscope, and 

a magnetometer.  

Visual and Inertial Sensor Fusion: This refers to the hybrid tracking system based on 

inertial sensors and vision sensors [43], [44], [45]. In paper [29], the authors present the 

μIC system, which integrates inertial measurement units (IMUs) and a web-based camera. 

By fusing these two sensors, the hybrid tracking system can overcome the drawbacks of 

each sensor to enhance the overall tracking performance, which is to say that visual 

measurements can support to correct the drift problem of inertial sensor, and inertial 

measurements can help to track and estimate motions and gestures when images from the 

visual sensor are blurred or lost due to quick movements and occlusions [29], [31]. The 
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fusion of measurements from inertial sensors and vision system is most widely 

implemented by using the Kalman filter [31], [46], [47]. 

GPS and Inertial Sensor (or Visual Sensor) Fusion: In recent years, there has emerged 

an increasing interest in exploring this topic [48], [49], [50], and researchers even expand 

their research scope on this topic through involving more sensors types, such as velocity 

meters, and barometers [51], [52], to explore more combination possibilities to increase 

tracking accuracy. 

Acoustic and Visual Sensor Fusion: The acoustic sensor helps visual sensor to track 

motions when the object is occluded, and visual sensor supports acoustic sensor’s 

limitation in the multiple objects tracking situation [31]. Multiple objects tracking has been 

achieved through this sensor fusion strategy [21]. 

 

2.1.4 Inertial Motion Tracking Details  

Inertial motion tracking, typically based on Microelectromechanical systems 

(MEMS)-based inertial measurement units (IMUs), is the process of locating target’s 

current position based on its earlier position through analyzing integrated inertial sensor 

data [27]. IMUs, comprising a combination of accelerometers, gyroscopes, and 

magnetometers, can be conveniently attached to body segments of interest [30], [14], and 

IMUs are the popular choice for human motion capture, feature extraction [53], [54], [55], 

and motion evaluation [56], [57] due to their merits of lightweight, reduced size, 

portability, low cost, excellent ability to track fast motions, high response frequency, 

wireless connectivity [30], high flexibility and adaptability [12], [13], and independence 

from outside signals [35]. Therefore, considering its valuable features, IMUs have been 

regarded as a promising alternative for the camera-based tracking systems [58], [59], [60] 

which limit the workplace to a camera equipped room [61]. Since IMUs is wearable, 

flexible [62], [63], so it can perfectly support motion tracking in daily life context (indoor 

or outdoor environments). However, due to the zero drift problem, IMUs long-term 

stability might be a concern [35]. 
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2.2 Inertial Sensor Calibration Related Works  

2.2.1 Calibration Associated with Inertial Sensors 

Studies have demonstrated that the calibration stages of the inertial sensors 

influence the accuracy of the angular rates and accelerations in motion tracking system 

[29], [14]. To prevent degrading the performance of inertial sensors, careful calibration is 

needed to properly model and compensate the errors and noises of inertial sensors. 

Among all sources of errors related to inertial sensors, deterministic errors, 

stochastic errors [26], and calibration errors [27] are the prevailing error types. 

Deterministic errors involve constant biases and scale factors, and can be directly removed 

from measurements [26] (please see [64], [65] for details and examples about deterministic 

errors calibration of inertial sensors). Stochastic errors include angle/value random walk, 

unstable bias, etc. [66], which require modeling to address this issue because this type error 

cannot be directly removed from the measurements [29] (please see [66], [67], [68] for 

details and examples about stochastic errors identification). In addition, calibration errors 

are referred to the alignment issues, which may occur when aligning the frames of reference 

of inertial sensors and human limbs [30], as well as aligning the frames of reference of 

different inertial sensors. 

However, no study to date has provided a calibration methodology designed to 

calculate human body structure (human body segments’ length) using inertial sensors, 

which probably because no one to date has focused on this filed and considered this would 

be doable. In virtual space, human body size calibration is of significance to applying 

inertial sensors to track, recognize, and control motions. In virtual reality games context, if 

without the presence of an avatar, players are not able to see their real body when 

completely immersed in the virtual reality environment, plus their actual body structure 

size might be different from the virtual game settings, all of which would increase the 

complexity of learning game control. Furthermore, studies have shown that the virtual 

presence of an avatar could positively improve players’ self-report of embodiment so to 

alter their response and actions in virtual space, and a calibrated size-matched avatar allows 

players to further enhance their abilities of perception and action judgment in virtual space 

[80], [81]. For instance, when trying to grabbing a chair in virtual space, players might find 

it easier and more accurate to perform this reaching action if shown a calibrated sized-
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matched avatar because they could directly compare their body parts length and positions 

to the objects in virtual space. Therefore, no matter with the virtual presence of an avatar 

or not, through applying this human body structure calibration methodology (proposed in 

this thesis) to calculate players’ body segments length and customize the game character 

body size settings in the virtual reality motion game context, it may help to reduce the 

learning time required for players to adapt to game control, and improve the accuracy of 

game operation in virtual space. 

 

2.2.2 Constant Bias Calibration 

The constant bias for an accelerometer is typically referred to the offset of its output 

value from the true signal. To estimate the constant bias, it can leverage the basic principle 

that the static accelerometer should read gravitational acceleration [31], and place inertial 

sensor on a leveled surface with each axis of sensor alternatively pointing up and down in 

static condition, then respectively observe the accelerometer’s output in each axis over a 

period of time [27]. 

 

2.2.3 Alignment: Sensor-To-Body Calibration 

When collecting and analyzing data from inertial sensors, due to differences may 

exist among of the coordinates frame of each sensor, researchers should pay special 

attention to align the coordinates frames of different inertial sensors, and the coordinates 

frames of inertial sensors and body segments [61]. However, in a large number of the 

studies [53], [54], [55], [57], with the assumption that the axes of sensors and the axes of 

body segment where the sensor is attached are perfectly aligned, typically this alignment 

was neither included in the experiment process nor carried out by manually adjusting the 

inertial sensors placement. In fact, this alignment could be very difficult in practice, and 

one of the critical reasons is that sensors need to be placed on the curved body surface and 

have to avoid the main skeletal muscle groups, which could make it difficult to find sensor 

placement areas to perfectly align their coordinates frames [61]. 

To better perform the alignment of the coordinates frames of inertial sensors to 

improve accuracy and reliability, a sensor-to-body calibration procedure is needed [69], 
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which has been named in different ways, such as functional calibration [58], anatomical 

calibration [70][71], system calibration [72], as well as sensor to segment calibration [73].  

The sensor-to-body alignment methodology could be categorized as four types, 

including direct anatomical landmark identification (ALI), imposition of joint constraints 

(JCI), multibody modeling (MBM), and also functional approach (FUA) [61]. Detailed 

explanations are as follows:  

Direct Anatomical Landmark Identification (ALI): It uses special devices (such as an 

IMU embedded caliper) to perform sensor-to-body calibration, with the device rotating 

around the axes of the human body frame and its ends pointing to the human body structure 

markers [71]. ALI’s setup time is longer, and the required body segments need to be 

calibrated one by one [61].  

Imposition of Joint Constraints (JCI): Applicable for arbitrary motions, it performs the 

sensor-to-body calibration leveraging the limited Degree of Freedom for joints, e.g., the 

knee and elbow [69].  

Multibody Modelling (MBM): It can model human body structure through linking 

together multiple segments of the human body with rotational joints [74], and could 

perform sensor-to-body alignment through predefined motions or arbitrary movements 

[72], [75]. Inertial sensors are required to be placed on both ends of the each body segment 

with known distances, and would not work well when inertial sensors are only attached to 

the partial segments in a motion chain [61].  

Functional Approach (FUA): It is the most popular technique for sensor-to-body 

calibration, and has been widely applied to estimate the joint angle for the upper and lower 

limbs [73], [76], [77], [78], [79], which requires the experiment participants to perform the 

predestinate movements and static postures [60] to calculate and align the coordinates 

frames of the sensor and the body segment through the angular velocity and the 

acceleration. However, the accuracy of FUA dramatically depends on the users’ 

performing accuracy of the predefined gestures and movements [61]. 

 

Therefore, as stated above, calibration always possesses significance for applying 

inertial sensors, and is important for the performance and effectiveness of the inertial 

sensor-based motion tracking and control systems. In the past decades, numerous studies 
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have focused on inertial sensors calibration to address the issues mentioned previously, 

such as deterministic errors, stochastic errors, and alignment issues. However, there does 

not exist a calibration methodology leveraging inertial sensors to calibrate human body 

structure to calculate body segments’ length, which would have great potential to combine 

with the inertial sensor-based motion tracking and control system to improve its accuracy 

and usability in virtual reality game context. Based on this consideration, in this thesis, an 

inertial sensor-based human body structure calibration methodology will be proposed. 
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3    Chapter: Research Method 

 

3.1 Experimental Equipment 

The sensor system used in this research is CC2650STK provided by Texas 

Instruments (http://www.ti.com/sensortag), which is compact and lightweight (49.5mm × 

37.5mm × 12.5mm), battery powered, and contains 10 low-power microelectromechanical 

(MEMs) sensors, including sensors for light, magnetic sensor, humidity, pressure, 

accelerometer, gyroscope, magnetometer, object temperature, ambient temperature, and 

digital microphone. CC2650STK is also embedded with Bluetooth transceiver, which can 

support wireless connection and data transmission from the sensor device to its 

accompanying PC or mobile data monitor platform. Figure 1 shows more detailed 

illustrations of the experimental equipment used in this research, including the outward 

appearance and the inside circuit board of CC2650STK, and its accompanying wireless 

data monitor mobile platform used for data reading. 

In addition, as shown in Figure 1, CC2650STK is attached to a Velcro strap, which 

not only can flexibly adapt to different user body size to fasten the sensor on user body 

spots but also allows fast and easy setup for experimentation. 

 
Figure 1. The outward appearance and the inside circuit board of Texas Instruments CC2650STK, 

and its accompanying wireless mobile data monitor platform. 

http://www.ti.com/sensortag
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Furthermore, each sensor generates its own global reference frame upon setup. As 

shown in Figure 2, it illustrates the directions of the global X, Y, and Z axes generated by 

Texas Instruments CC2650STK used in this research, which shows that the positive Z-axis 

is oriented vertically downward towards the sensor device. Especially, this research relies 

on the acceleration sensor and tracks the accelerometer values in three perpendicular axes 

X, Y, and Z. In static conditions, the accelerometer measures the gravitational acceleration 

value in each of the three axes. 

 

 

Figure 2. The directions of its global X, Y, and Z axes generated by Texas Instruments CC2650STK 

used in this research. Global X, Y, and Z axes are in color red, green and blue, respectively. 

 

3.2 Experimental Procedure 

Before providing details about this proposed calibration protocol, this section will 

provide an overview of the experimental procedure. 

This proposed calibration methodology was tested on a total of 15 participants, 

whose ages range from 19 to 56 years old. This group of users was comprised of 10 males 

and 5 females, and they were all with normal physical conditions. The experiment sessions 
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took place in a school, library, or user’s home, which were familiar, convenient, and 

relaxing environments to participants. All experiment sessions were one-on-one based, 

which means only one participant was tested during each research session.  

At the beginning of each test session, after a brief introduction of the background 

and general procedure of this research, an informed consent form was provided to each 

participant to read, and was collected after participants’ signing, as required by Carleton 

University Research Ethics Board-B (CUREB-B).  

Then the formal calibration procedure commenced. The entire calibration process 

in this research contained four static poses that participants must complete (explained in 

section 3.3). According to the different requirements of each pose, the required number of 

sensor devices would be two or four pieces, and researcher should verify the orientations 

of the sensor’s global reference frame and the accuracy of the readings before getting 

started. As a preliminary step of each pose calibration, predefined numbers of sensors were 

fixed, as per the required orientations, to the designated body spots of participants using 

Velcro straps (for the specific body positions where sensors should be attached to for each 

pose calibration, please refer to section 3.3). Then each participant was provided with 

simple three-perspective simulating figure images (including front view, right view, and 

top view) to visually illustrate how to perform the poses, and also provided with 

accompanying printed and oral descriptions of key requirements to guide participants to 

properly perform the static poses. Next, the researcher checked and adjusted each 

participant’s pose to guarantee it met the requirements and informed the participant to hold 

this pose still and allow some time for the researcher to record data. After achieving data 

stability, through taking the readings from the accompanying wireless data monitor mobile 

platform (with the numerical precision of one digit to the right of the decimal point), 

researcher manually recorded the X, Y, and Z axes accelerometer sensor values in the 

spreadsheet. Especially during data recording process, in the situations of stable and normal 

data fluctuation, the readings vibrating range was recorded (from the minimum to the 

maximum value), and the average value was used for later data analysis. Following the 

previously described test procedure, the four poses involved in this calibration protocol 

were tested successively. The completion of the four poses calibration marked the ending 

point of the calibration session, then the researcher measured and noted the total time 
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duration for this calibration session. After all poses testing had done, aimed at verifying 

the accuracy of the calibration results (the calculated length of body parts) through 

comparison with the real length, the researcher used a ruler to manually measure the real 

length of participants’ body segments, including the left and right sides of the whole leg 

(plus foot/shoe height), shinbone (plus foot/shoe height), forearm, upper arm, and torso, 

and recorded data in centimeters (cm). At the end, the researcher expressed gratitude to 

participants with a token of a $5 Tim Hortons gift card. 

 

3.3  Calibration Protocol 

3.3.1 Calibration Protocol for Calculating Forearm Length (Pose 1) 

Figure 3 shows the three-perspective simulating figure to illustrate the calibration 

pose for calculating forearm length. The key points of this pose are listed as below: 

 A total of two sensors is required for this calibration pose. 

 Wearing sensors on left and right wrists with the same axes directions shown in 

Figure 3. Figure 3 shows the sensor axes directions on the right wrist. The sensor 

axes direction on the left wrist is a horizontal flip from the right wrist sensor 

direction, which means the left wrist sensor axes directions are: +Y-axis pointing 

to the back and +X-axis pointing to the sky. 

 Sitting down and putting both elbows on a horizontal table and holding both hands 

solidly together with the fingers of both hands crossing each other and both wrists 

solidly touching each other. Making the distance between both elbows equal to 

30cm (the middle points of both elbows serve as the starting point and ending point 

when measuring the distance between both elbows). Keeping poses of the left and 

right sides symmetrical to each other. Making both forearms perpendicular to the 

horizontal table to make Y-axis values of the left and right accelerometer sensors 

read Y=0 G, then holding this arm position constant. 

 Recording X and Z axes values of the left and right accelerometer sensors. 
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Figure 3. The three-perspective simulating figure to illustrate the calibration pose for calculating 

forearm length (from the front view, right view, and top view). 

 

3.3.2 Calibration Protocol for Calculating Shinbone Length (Plus Foot/Shoe 

Height) (Pose 2) 

Figure 4 shows the three-perspective simulating figure to illustrate the calibration 

pose for calculating the shinbone length (plus foot/shoe height). The reason why “plus 

foot/shoe height” when calibrating the shinbone length is that this proposed calibration 

methodology calculates the length of the lower limbs, e.g., the whole leg and the shinbone, 

starting from the ground. The key points of this pose are listed as below: 

 A total of two sensors is required for this calibration pose. 

 Wearing sensors on lateral sides of both left and right ankles with the same axes 

directions shown in Figure 4. Figure 4 shows the sensor axes directions on the right 

ankle. The sensor axes direction on left ankle is a horizontal flip from right ankle 
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sensor directions, which means left ankle sensor axes directions are: +Y-axis 

pointing to the front and +X-axis pointing to the ground. 

 Sitting down on a chair with both left and right shinbones separated from each other 

and both feet facing towards front, making the distance between both feet equal to 

60cm (the middle points of both feet serve as the starting point and ending point 

when measuring the distance between both feet), and putting both knees as close to 

each other as possible. Keeping poses of both left and right sides symmetrical to 

each other. Making both shinbones perpendicular to the horizontal ground to make 

Y-axis values of the left and right accelerometer sensors read Y=0 G. Holding this 

leg position constant. 

 Measuring and recording the distance between both knees in the unit of centimeters 

(the middle points of the left and right knees serve as the starting point and ending 

point when measuring the distance between both knees). 

 Recording X and Z axes values of the left and right accelerometer sensors. 
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Figure 4. The three-perspective simulating figure to illustrate the calibration pose for calculating the 

shinbone length (plus foot/shoe height, from the front view, right view, and top view). 

 

Originally, “knees can touch together” is another separate situation for calibrating 

shinbone length (plus foot/shoe height), and detailed explanations of this calibration 

protocol are shown in Appendix A.1. However, considering some users might have 

difficulties to touch both left and right knees together, we unified the situations of 

calibration shinbone length (plus foot/shoe height), so users can simply put their both knees 

as close to each other as possible to their comfortable extent. 
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3.3.3 Calibration Protocol for Calibrating the Whole Leg Length (Plus Foot/Shoe 

Height) (Pose 3) 

Figure 5 shows the three-perspective simulating figure to illustrate the calibration 

pose for calculating the whole leg length (plus foot/shoe height). The key points of this 

pose are listed as below: 

 A total of two sensors is required for this calibration pose. 

 Wearing sensors on lateral sides of both left and right knees with the same axes 

directions shown in Figure 5. Figure 5 shows the sensor axes directions on the right 

leg. The sensor axes direction on the left leg is a horizontal flip from the right leg sensor 

axes directions, which means the left leg sensor axes directions are: +Y-axis pointing 

to the front and +X-axis pointing to the ground. 

 Standing up with left and right legs separated from each other and both feet facing 

towards the front, making the distance between both feet equal to 60cm (the middle 

points of both feet serve as the starting point and ending point when measuring the 

distance between both feet). Keeping poses of both left and right sides symmetrical to 

each other. Making both legs perpendicular to the horizontal ground to make Y-axis 

values of the left and right accelerometer sensors read Y=0 G, and hold this leg position 

constant. 

 Recording X and Z axes values of the left and right accelerometer sensors. 
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Figure 5. The three-perspective simulating figure to illustrate the calibration pose for calculating the 

whole leg length (plus foot/shoe height, from the front view, right view, and top view). 

 

3.3.4 Calibration Protocol for Calibration Upper Arm Length, and Torso Length 

(Pose 4) 

Figure 6 shows the three-perspective simulating figure to illustrate the calibration 

pose for calculating the upper arm length and the torso length. The key points of this poses 

are listed as below: 

 A total of four sensors is required for this calibration pose. 
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 Wearing sensors on both left and right wrists as well as the middle points of both upper 

arms, with the same axes directions shown in Figure 6. Figure 6 shows the sensors axes 

directions on both the left and right sides.  

 Standing straight, putting both hands on the pelvic bone edge, adjusting arms’ position 

to make all of four sensors facing towards the front. Observing from the front 

perspective, wrists’ sensors should touch the outline of the body (neither far away nor 

overlap inside). On each side of arms, keeping the upper arm and forearm into a straight 

line which should be perpendicular to the horizontal ground to make both Z-axis values 

of accelerometer sensors on the wrist and upper arm simultaneously read Z=0 G. 

Holding this arm position constant. 

 Recording X and Y axes values of all four accelerometer sensors. 
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Figure 6. The three-perspective simulating figure to illustrate the calibration pose for calculating the 

upper arm length and the torso length (from the front view, right view, and top view). 

 

3.4 Calibration Algorithm 

3.4.1 Calibration Algorithm for Forearm Length 

Based on the forearm length calibration protocol stated previously, to calculate the 

forearm length, the angle between the forearm and the horizontal table is needed to be 

calculated first. The calculation formulas and details are shown as below. 

When Y-axis value of accelerometer sensor reads Y=0 G, the angle between the 

forearm and the table is rotated about Y-axis, so the angle is represented as roll (ρ), and 
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the X and Z axes values of accelerometer sensor are used to calculate the angle ρ. As 

shown in Figure 7, ρ represents the angle between the forearm and the table, ρ left 

represents the angle between the left forearm and the table, and ρright represents the angle 

between the right forearm and the table; X represents the forearm length, Xleft represents 

the left forearm length, and Xright represents the right forearm length; accXvalleft and 

accZvalleft respectively represent the X and Z axes values of the accelerometer sensors worn 

on the left wrist, and accXvalright and accZvalright respectively represent the X and Z axes 

values of the accelerometer sensors worn on the right wrist. Therefore, the calibration 

algorithms are shown as Equation (1) and (2): 

 

The left forearm length calculation algorithm: 

ρleft =  Π + atan2 (accXvalleft, accZvalleft)  

        = arctan (accXvalleft / accZvalleft)                                                            (1) 

 Xleft = 15cm / cos ρleft 

 

The right forearm length calculation algorithm:  

ρright = Π + atan2 (accXvalright, accZvalright)  

          = arctan (accXvalright / accZvalright)                                                       (2) 

 Xright = 15cm / cos ρright 
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Figure 7. Skeletal model for explaining calibration algorithm for the forearm length, and for Pose 1 

overview. 

 

3.4.2 Calibration Algorithm for Shinbone Length (Plus Foot/Shoe Height) 

Based on the shinbone length calibration protocol stated previously, to calculate the 

shinbone length (plus foot/shoe height), the angle between the shinbone and the ground is 

needed to be calculated first. The calculation formulas and details are shown as below.  

Wearing sensors on the lateral sides of the left and right ankles, when performing 

this pose, the angle between the shinbone and the ground is rotated about Y-axis of sensors, 

so the angle is represented as roll (ρ). When Y-axis value of accelerometer sensor reads 
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Y=0 G, the X and Z axes values of accelerometer sensor are used to calculate the angle ρ. 

As shown in Figure 8, ρrepresents the angle between the shinbone and the horizontal 

ground, ρleft represents the angle between the left shinbone and the ground, and ρright 

represents the angle between the right shinbone and the ground; X represents the shinbone 

length (plus foot/shoe height), Xleft represents the left shinbone length (plus foot/shoe 

height), and Xright represents the right shinbone length (plus foot/shoe height); d represents 

the distance between the left and right knees and unit is in centimeters (cm); AccXvalleft 

and accZvalleft respectively represent the X and Z axes values of the accelerometer sensor 

worn on the left ankle, and accXvalright and accZvalright respectively represent the X and Z 

axes values of the accelerometer sensor worn on the right ankle. Therefore, the calibration 

algorithms are shown as Equation (3) and (4): 

 

The left shinbone length (plus foot/shoe height) calculation algorithm:  

ρleft = Π -  atan2 (accXvalleft, accZvalleft)  

        = - arctan (accXvalleft / accZvalleft)                                                          (3) 

 Xleft = [(30cm - d/2) / 30cm]* [30cm / cos ρleft] 

 

The right shinbone length (plus foot/shoe height) calculation algorithm:  

ρright = Π - atan2 (accXvalright, accZvalright)  

          = - arctan (accXvalright / accZvalright)                                                     (4) 

 Xright = [(30cm - d/2) / 30cm]* [30cm / cos ρright] 
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Figure 8. Skeletal model for explaining calibration algorithm for the shinbone length (plus foot/shoe 

height), and for Pose 2 overview. 

 

Originally, “knees can touch together” is another separate situation for calibrating 

shinbone length (plus foot/shoe height), and detailed algorithm in this situation is shown 

in Appendix B.1. Considering some users might have difficulties to touch both knees 

together, we unified the two situations’ algorithm, as shown in Appendix B.2. 

 



 30 

3.4.3 Calibration Algorithm for Whole Leg Length (Plus Foot/Shoe Height) 

Based on the whole leg length calibration protocol stated previously, to calculate 

the whole leg length (plus foot/shoe height), the angle between the leg and the horizontal 

ground is needed to be calculated first. The calculation formulas and details are shown as 

below. 

Wearing sensors on the lateral sides of the left and right knees, when performing 

this pose, the angle between the leg and the ground is rotated about Y-axis of sensors, so 

the angle is represented as roll (ρ). When Y-axis value of accelerometer sensor reads Y=0 

G, the X and Z axes values of both accelerometer sensors are used to calculate the angle 

ρ. As shown in Figure 9, ρrepresents the angle between the leg and the ground, ρleft 

represents the angle between the left leg and the ground, and ρright represents the angle 

between the right leg and the ground; X represents the whole leg length (plus foot/shoe 

height), Xleft represents the left whole leg length (plus foot/shoe height), and Xright 

represents the right whole leg length (plus foot/shoe height); AccXvalleft and accZvalleft 

respectively represent the X and Z axes values of the accelerometer sensor worn on the left 

knee, and accXvalright and accZvalright respectively represent the X and Z axes values of the 

accelerometer sensor worn on the right knee. Therefore, the calibration algorithms are 

shown as Equation (5) and (6): 

 

The left whole leg length (plus foot/shoe height) calculation algorithm:  

ρleft =  Π - atan2 (accXvalleft, accZvalleft)  

        = - arctan (accXvalleft / accZvalleft)                                                          (5) 

 Xleft = 30cm / cos ρleft 

 

The right whole leg length (plus foot/shoe height) calculation algorithm:  

ρright = Π - atan2 (accXvalright, accZvalright)  

          = - arctan (accXvalright / accZvalright)                                                     (6) 

 Xright = 30cm / cos ρright 
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Figure 9. Skeletal model for explaining calibration algorithm for the whole leg length (plus foot/shoe 

height), and for Pose 3 overview. 

 

3.4.4 Calibration Algorithm for Upper Arm Length and Torso Length 

Based on the upper arm length calibration protocol stated previously, to calibrate 

the upper arm length, it leverages the already calculated forearm length (for details, please 

refer to section 3.4.1), and the angle between the forearm and upper arm. The calculation 

formulas and details are shown as below. 
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For each side of arms, wearing sensors on the wrist as well as the middle point of 

the upper arm, when performing this pose, all sensors are facing towards the front, and the 

angle between the forearm and the upper arm is rotated about Z-axis of sensors, so the 

angle is represented as Yaw (α). For each side of arms, when adjusting the arm position 

to achieve both Z-axis values of accelerometer sensors on the wrist and the upper arm 

simultaneously read Z=0 G, the X and Y axes values of both accelerometer sensors on the 

wrist and the upper arm are used to calculate the angle α. As shown in Figure 10, making 

α 1 left represents the angle between the left forearm and the horizontal ground, and α 2 left 

represents the angle between the left upper arm and the ground; α 1 right represents the angle 

between the right forearm and the ground, and α 2 right represents the angle between the 

right upper arm and the ground; b is shown in Figure 10 and unit is centimeters (cm), bleft 

represents b on the left body side, bright represents b on the right body side; C represents the 

already calculated forearm length in previous calibration step and unit is centimeters (cm), 

cleft represents the already calculated left forearm length, cright represents the already 

calculated right forearm length (for details, please refer to section 3.4.1); X represents the 

upper arm length, Xleft represents the left upper arm length, Xright represents the right upper 

arm length. Therefore, the calibration algorithms are shown as Equation (7) and (8): 

 

The left upper arm length calculation algorithm:  

α 1 left = Π - atan2 (accXval1 left, accYval1 left)  

           = - arctan (accXval1 left / accYval1 left) 

    b left = c left * cos α 1 left                                                                                                                      (7) 

α 2 left = atan2 (accXval2 left, accYval2 left)  

           = arctan (accXval2 left / accYval2 left) 

    X left = b left / cos α 2 left 

 

The right upper arm length calculation algorithm: 

α 1 right =  atan2 (accXval1 right, accYval1 right)  

            = arctan (accXval1 right / accYval1 right) 

    b right = c right * cos α 1 right                                                                                                                         

α 2 right = Π - atan2 (accXval2 right, accYval2 right)                                           (8) 

            = - arctan (accXval2 right / accYval2 right) 

   X right = b right / cos α 2 right 
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For the purpose of calibrating the torso length, as shown in Figure 10, making Y 

represents the torso length, and Y = Y1 + Y2. Y1 and Y2 are shown in Figure 10, and unit is 

in centimeters (cm). The calibration algorithms are shown as Equation (9) and (10): 

 

The torso length calculation algorithm (from left side values): 

Y1 left = c left * sin α 1 left 

Y2 left = X left * sin α 2 left                                                                                                                          (9) 

     Y = Y1 left + Y2 left 

 

The torso length calculation algorithm (from right side values): 

Y1 right = c right * sin α 1 right 

Y2 right = X right * sin α 2 right                                                                                                                   (10) 

       Y = Y1 right + Y2 right 
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Figure 10. Skeletal model for explaining calibration algorithm for the upper arm length and the torso 

length, and for Pose 4 overview. 
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4    Chapter: Results Analysis 

 

This chapter will present the experiment results to understand the utility, 

advantages, and disadvantages of this proposed calibration methodology, including the 

average calibration accuracy across all participants, calibration accuracy for different body 

parts and individual participants, the comparison between calibration accuracy for the left 

and right human body sides, and calibration time duration. 

The calibration accuracy mentioned in this chapter is measured by calibration error 

rate (%), which is calculated by the following algorithm, as shown in Equation (11): 

 

Calibration error rate (%) =                                                                             (11) 

( | body part real length - body part calibrated length | / body part real length) *100% 

   

In the above equation, the “body part calibrated length” is calculated based on the algorithm 

presented in section 3.4, and the “body part real length” is collected through ruler 

measurements during the experiment. 

 

4.1 Average Calibration Accuracy 

According to the experiment results, this proposed calibration system provides 

satisfactory calibration accuracy with overall 7.64% average error rate across all body parts 

and all participants.  

Figure 11 shows the average calibration accuracy for different body parts, which 

reflects the average values of both body sides across all participants. As shown in Figure 

11, in this experiment, this proposed calibration protocol provides relatively the best 

performance in calibrating the forearm, with a 4.88% average error rate, followed by the 

shinbone (plus foot/shoe height) with a 6.26% average error rate, whole leg (plus foot/shoe 

height) 7.24%, torso 7.92%, and upper arm with 11.82% average error rate, which is 

relatively worse than other body parts calibration results, but is still within the acceptable 

range. 
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Figure 11. Calibration average error rates (%) for different body parts. Calibration error rates (%) 

in this chart reflect the average values for both body sides across all participants. 

 

In addition, the individual participant’s calibration accuracy for different body parts 

is shown in Figure 12, which is corresponding to the trends illustrated in Figure 11, 

revealing that, for each participant in this experiment, this proposed calibration 

methodology works best for forearm calibration, and upper arm calibrations generate 

relatively more errors when compared to the other body parts’ calibration results.  

 

Figure 12. Individual participant’s calibration error rates (%) for different body parts (15 

participants included), reflecting the average values for both body sides.  
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These results are in line with expectations. The calibration poses for the forearm, 

the shinbone, and the whole leg are comparatively easier for participants to perform well 

when comparing to the pose for forearm and torso. Especially, the calibration methodology 

for the forearm is with relatively the easiest and most straightforward requirements for 

participants to meet, and also is the easiest for the researcher to ensure the sensor axis 

direction aligned well with participant’s forearm bone direction, therefore it is not 

surprising to see that forearm achieves the best calibration accuracy among the overall 

calibration results in this experiment. By contrast, the calibration methodology for upper 

arm and torso is with more requirements and is relatively more complicated for participants. 

In addition, the calibration formulas for calculating the upper arm length leverages the 

calibrated forearm length in the previous step, hence the upper arm and torso calibration 

errors would also contain the errors generated from the forearm calibration. Therefore, due 

to the comparably more complicated calibration requirements and the cumulative errors, 

the upper arms calibration accuracy is affected to some extent, but is still acceptable. 

 

4.2 Comparison of Calibration Accuracy between Left and Right Body Sides 

The structure of the human body may not necessarily be completely symmetrical, 

e.g., the left and right forearms may not be exactly the same length. In addition, 

simultaneously calibrating the left and right body parts will require multiple sensor devices 

attached on both sides of the human body. Although the sensor devices are all the identical 

model, each sensor is unique and can possibly generate slightly different readings from 

other sensors even in the exactly same condition, which may lead to different calibration 

results when comparing calibration accuracy on the left and right body sides. Therefore, it 

appears necessary to simultaneously apply the calibration methodology on both the left and 

right body sides to verify and compare its calibration accuracy and stability. 

 

4.2.1 Forearm Length Calibration 

As shown in Figure 13, when simultaneously calibrating the left and right forearms, 

both sides provide outstanding calibration accuracy, with a 6.29% average calibration error 

rate for the left forearm, and 3.47% average calibration error rate for the right forearm. This 
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shows that the proposed calibration methodology remains stable and robust, and forearm 

length calibration accuracy on both sides varies within the reasonable range, even if 

participants’ bodies may not be perfectly symmetrical and slight variations may exist 

between the left and right sensors. This trend has been confirmed by the comparison 

between individual participants’ calibration accuracy on the left and right body sides, as 

shown in Figure 14. This trend also has been detailed, explained, and examined through 

exploring the calibrated forearm length and the real forearm length on the left and right 

body sides, as shown in Table 1 and Table 2. 

 

 

Figure 13. Forearm length calibration average error rates (%) for the left and right body sides across 

all participants. 
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Figure 14. Forearm length calibration error rates (%) on the left and right body sides for individual 

participants. 

 

Table 1. Left forearm length calibration detailed data for individual participants, including 

calculated length (cm), real length (cm), and error rates (%).  

 

 

Table 2. Right forearm length calibration detailed data for individual participants, including 

calculated length (cm), real length (cm), and error rates (%). 

 

 

4.2.2 Upper Arm Length Calibration 

As shown in Figure 15, the average calibration accuracy for the left and right upper 

arm are similar to each other, showing the stable performance of the upper arm length 
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calibration protocol. In addition, the upper arm’s calibration accuracy still maintains a 

comparatively higher error rate (but still acceptable) when compared to the forearm length 

calibration accuracy on the left and right body sides, which is consistent with the findings 

in section 4.1. Figure 16, Table 3, and Table 4 also support and explain these similar trends. 

 

 

Figure 15. Upper arm length calibration average error rates (%) for the left and right body sides 

across all participants. 

 

 

Figure 16. Upper arm length calibration error rates (%) on the left and right body sides for 

individual participants. 
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Table 3. Left upper arm length calibration detailed data for individual participants, including 

calculated length (cm), real length (cm), and error rates (%). 

 

 

Table 4. Right upper arm length calibration detailed data for individual participants, including 

calculated length (cm), real length (cm), and error rates (%). 

 

 

4.2.3 Torso Length Calibration 

In this proposed calibration protocol, torso length is calculated from both the left 

and right body sides based on the previously calibrated forearm and upper arm length, 

therefore, in the data analysis stage, calibrated torso length will be denoted respectively as 

the left torso and right torso. In doing so, it would be beneficial to compare and verify the 

torso length calibration accuracy between the left and right body sides. In terms of 

outputting the eventual torso length, the average value of the left and right calibrated torso 

length would be adopted.  

As shown in Figure 17, the average calibration accuracy for the left and right torso 

are both satisfactory and vary within a reasonable range, showing the positive performance 

of the torso length calibration protocol in the situations that participants’ body parts may 

not be exactly symmetrical and slight variations may exist between the left and right 

sensors. Figure 18, Table 5, and Table 6 further support and explain the trends discussed 

above. 
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Figure 17. Torso length calibration average error rates (%) for the left and right body sides across all 

participants. 

 

 

 

Figure 18. Torso length calibration error rates (%) on the left and right body sides for individual 

participants. 
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Table 5. Left torso length calibration detailed data for individual participants, including calculated 

length (cm), real length (cm), and error rates (%). 

 

 

Table 6. Right torso length calibration detailed data for individual participants, including calculated 

length (cm), real length (cm), and error rates (%). 

 

 

4.2.4 Whole Leg Length Calibration (Plus Foot/Shoe Height) 

As shown in Figure 19, the average calibration accuracy for the left and right whole 

leg (plus foot/shoe height) are both relatively accurate and also similar to each other, 

showing the robust performance of the whole leg length calibration protocol. As shown in 

Figure 20, when detailed comparing the whole leg length calibration accuracy between the 

left and right sides in terms of each participant, the error rate shows 3%-10% fluctuating 

trend, which could be due to the possible slight variations between both sides sensors, or 

the situation that calibration algorithm might be especially sensitive to sensor data input 

accuracy that slight difference in sensor data could lead to relatively large variations in 

error rate (for detailed discussion, please refer to section 6.5). Table 7 and Table 8 also 

support and illustrate the trends discovered above.  
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Figure 19. Whole leg length (plus foot/shoe height) calibration average error rates (%) for the left 

and right body sides across all participants. 

 

 

 

Figure 20. Whole leg length (plus foot/shoe height) calibration error rates (%) on both left and right 

body sides for individual participants. 
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Table 7. Left whole leg length (plus foot/shoe height) calibration detailed data for individual 

participants, including calculated length (cm), real length (cm), and error rates (%). 

 

 

Table 8. Right whole leg length (plus foot/shoe height) calibration detailed data for individual 

participants, including calculated length (cm), real length (cm), and error rates (%). 

 

 

4.2.5 Shinbone Length Calibration (Plus Foot/Shoe Height) 

As shown in Figure 21, the average calibration accuracy for the left and right 

shinbone length (plus foot/shoe height) are both satisfactory and also similar to each other, 

showing the robust performance of the shinbone length calibration protocol. As shown in 

Figure 22, when comparing the shinbone length (plus foot/shoe height) calibration 

accuracy between the left and right sides in terms of each participant, the error rate shows 

fluctuations, similar to the discussion in section 4.2.4, which could also possibly be due to 

the situation that calibration algorithm might be sensitive to sensor data input accuracy (for 

detailed discussion, please refer to section 6.5). Table 9 and Table 10 also detailed support 

the above trends.  

Please note, P8 (participant No.8) is a noisy data point in terms of the shinbone 

length calibration because P8’s ankle was injured and worn auxiliary rehabilitation 

protective covers on his ankles, so when attaching the sensors on his ankles, the sensor’s 

direction cannot be very accurate to reflect the direction of his shinbone, resulting in the 
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calibration of his shinbone length appears a great error. Therefore P8’s data has been 

excluded in this section, please check Appendix C.1 for P8’s detailed data.  

 

 

Figure 21. Shinbone length (plus foot/shoe height) calibration average error rates (%) for the left and 

right body sides across all participants. 

 

 

 

Figure 22. Shinbone length (plus foot/shoe height) calibration error rates (%) on the left and right 

body sides for individual participants. 
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Table 9. Left shinbone length (plus foot/shoe height) calibration detailed data for individual 

participants, including calculated length (cm), real length (cm), and error rates (%). 

 
 

Table 10. Right shinbone length (plus foot/shoe height) calibration detailed data for individual 

participants, including calculated length (cm), real length (cm), and error rates (%). 

 

 

4.3 Calibration Time Duration 

In this experiment, the average calibration time duration across all participants is 

22.4 minutes, and the calibration time duration for each participant varies within the range 

from 18 to 29 minutes, as shown in Figure 23. In terms of calibration for different body 

parts, as shown in Figure 24, the forearm calibration is the fastest to accomplish, which on 

average accounts for 13.33% of the entire calibration time duration, while the calibration 

for upper arm and torso would consume a relatively larger time proportion, accounting for 

37.78% of the entire calibration duration because it consists of comparably more 

complicated calibration requirements (for detailed calibration time consumption discussion, 

please refer to section 6.6). 
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Figure 23. Total calibration time duration (minutes) for individual participants. 

 

 

 

Figure 24. Average calibration time proportion (%) of different body parts across all participants.  
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5    Chapter: Sample Interface 

 

5.1 Brief Introduction 

In this chapter, a calibration auxiliary system is proposed, which contains several 

sample interfaces involving all the required calibration poses and requirements designed in 

this thesis. This calibration system contains a Pose Monitor system, which can dynamically 

track users’ poses to evaluate if their pose meets requirements, and the Pose Monitor 

system can also reflect users’ current pose position in real time through real-time 

visualization in this interface to make users aware of how to adjust a pose to meet 

requirements. 

The reason for designing this calibration auxiliary system is that, in the user 

research process, in order to convey and explain the calibration poses requirements, each 

participant was provided with the printed three-perspective pose illustration images and the 

researcher’s oral instructions. It was found that this would cost excessive time, and may 

not be convenient for participants to fully understand the key points of the poses, and 

sometimes participants’ poses could be difficult to meet the requirements because they 

could not see their own pose so they would not be aware of how they are performing. In 

these cases, the researcher would have to manually adjust participants’ poses in order to 

meet the pose requirements, which could potentially create uneasy or unpleasant feelings 

for some participants. 

Therefore, the objectives of designing this calibration auxiliary system are to make 

the entire calibration process clearer, more efficient, friendlier, and to provide more 

information to users. Through the proposed Pose Monitor system, users could intuitively 

understand the requirements of each pose and conveniently evaluate their own pose 

through the dynamic and real-time reflection in the interface, so they could adjust their 

pose by themselves (without assistance from the researcher), which is expected to enhance 

the efficiency and effectiveness of the calibration process, and to make users experience 

more fun and feel friendlier, more informed, more interactive, and more active (for detailed 

mechanism of the Pose Monitor system, please refer to section 5.2.2). 
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5.2 Sample Interface 

5.2.1 Welcome and General Introduction Sample Interface 

This is the welcome and general introductions sample interface for this proposed 

auxiliary calibration system, as shown in Figure 25, which consists of a general 

introduction page, and the Pose 1 preparation and transition page.  

In the general introduction page, as shown in Figure 25 (a), users will be informed 

of the number of poses that they will be required to perform, the estimated time it will 

probably take, and the Pose Monitor system that will be used in the calibration process to 

dynamically track, reflect, and evaluate their poses and automatically indicate if their pose 

meets the requirements or still needs to be adjusted (for detailed mechanism of the Pose 

Monitor system, please refer to section 5.2.2). This general introduction page is aimed at 

providing users with a holistic overview of the entire calibration process to make users feel 

better informed, confident, and relaxed. 

In the Pose 1 preparation and transition page, as shown in Figure 25 (b), the system 

will present the general image of Pose 1 to make users aware that the calibration process 

is about to formally start, which would also be helpful for users to develop an impression 

about what Pose 1 would look like. If ready, users can proceed and initiate the process by 

clicking the “NEXT” button on this page. 

 

(a)                                                                   (b) 

    

Figure 25. Calibration auxiliary system introduction sample interface: (a) Welcome and general 

introduction page; (b) Preparation and transition to Pose 1. 
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5.2.2 Pose 1 Forearm Length Calibration Sample Interface 

As shown in Figure 26, the sample interfaces for Pose 1 the forearm length 

calibration is comprised of four parts, including the interface (a) step 1, which informs 

users that they should wear sensors on their designated body parts, and the general 

requirements for this calibration step; Interface (b) and (c), the possible situations in step 

2, which consist of the Pose Monitor system to interactively and automatically reflect, 

evaluate, and indicate if users properly performed the required pose. After the Pose Monitor 

system indicates that user’s pose meets the requirements, users will be instructed by this 

interface that he should hold this pose still and it will take some time to measure and record 

sensor data; Interface (d), a transition page, which will be presented to users when the 

previous step is done to make users aware that the Pose 1 calibration has been completed, 

and help users to get a sense of what the next calibration pose will be.   

The mechanism of the proposed Pose Monitor system, as shown in Figure 26 (b) 

and (c), is that the system will dynamically monitor the tri-axial accelerometers data from 

the sensors that users are wearing. Pose 1 requires users’ forearms to be perpendicular to 

the horizontal table, which requires Y-axis values of the left and right accelerometer 

sensors read Y=0 G (for the reason why requiring Y=0 G, please refer to section 3.3.1 and 

section 3.4.1). Through dynamically tracking users’ accelerometers data (from sensors on 

their wrists), the Pose Monitor can track the forearms’ real-time orientation and position, 

automatically identify if users’ forearms are perpendicular to the horizontal table, and in 

real time will reflect users’ current forearm position through synchronously altering the 

forearm position of the character in the interface. This mechanism could help to 

conveniently and intuitively indicate to users if their pose is acceptable or not, and how 

they should adjust their pose. If the pose is correctly performed, the proposed interface will 

automatically present a CHECK mark, a CORRECT sign, forearms in normal skin color, 

further instructions, as well as a colored "NEXT" button. In contrast, if user’s pose is 

incorrect, the Pose Monitor will grey out and disable the “NEXT” button, and automatically 

present users with a CROSS mark, a WRONG sign, and pale-colored forearms (which can 

be easily distinguished from normal skin color) to remind users that their pose is still 

needed to be adjusted to meet the requirements. 
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                                 (a)                                                                     (b) 

    
                                 (c)                                                                     (d) 

    

Figure 26. Pose 1 forearm length calibration auxiliary system sample interface: (a) Step 1; (b), (c) 

Step2: Pose Monitor to dynamically track, reflect, and evaluate user’s pose (the situations of the 

correct and wrong poses); (d) Preparation and transition to Pose 2. 

 

5.2.3 Pose 2 Shinbone Length Calibration Sample Interface 

The calibration interface for Pose 2 basically shares the consistent design ideas with 

the interface of Pose 1. As shown in Figure 27, Pose 2 the shinbone length calibration 

interfaces contains five parts, including the interface (a) step 1, which is for initial pose 

instructions, interface (b) and (c), comprised of Pose Monitor to dynamically reflect and 

evaluate users’ pose performance, interface (d), which presents further instructions for Pose 

2 and allows time for data recording, and interface (e), a transition page to the next pose.  

Similar to the working principle and design ideas for Pose 1, the Pose Monitor 

system for Pose 2, as shown in Figure 27 (b) and (c), can help to automatically identify if 

a user’s pose meets the requirement that both shinbones should be perpendicular to the 

horizontal ground. This is realized through tracking Y-axis accelerometer readings from 
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the sensors worn on the lateral sides of user’s ankles, and the interface will indicate that 

user’s pose is correct when the Y-axis values of the left and right accelerometers read Y=0 

G. Otherwise, users still need to adjust their shinbones’ position to meet the requirements. 

                                 (a)                                                                     (b) 

    
                                 (c)                                                                     (d) 

    
(e) 

 
Figure 27. Pose 2 shinbone length calibration system sample interface: (a) Step 1; (b), (c) Step2: Pose 

Monitor system to dynamically track, reflect, and evaluate user’s pose (the situations of the correct 

and wrong poses); (d) Step 3; (e) Preparation and transition to Pose 3. 
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5.2.4 Pose 3 Whole Leg Length Calibration Sample Interface 

As shown in Figure 28, Pose 3 the whole leg length calibration interface also 

contains four parts, including the interface (a) step 1, which is for general instructions, the 

interface (b) and (c) containing the Pose Monitor system to interactively reflect and 

evaluate if the required pose is properly performed, and the interface (d), which is a 

transition page to the next pose.  

Sharing the common working principle and design ideas with Pose 1, the Pose 

Monitor for Pose 3, as shown in Figure 28 (b) and (c), can help to automatically identify if 

both of the user’s legs are perpendicular to the horizontal ground, which is one of the 

requirements of Pose 3. To realize it, the Pose Monitor system will track accelerometer Y-

axis readings from the sensors worn on the lateral side of users’ left and right knees, and 

when the Y-axis values of both accelerometer sensors read Y=0G, the interface will 

indicate that the user correctly performs the pose. In contrast, if user’s pose is not correct, 

the interface will show pale color legs, a CROSS mark, and a WRONG sign to make the 

user aware that the pose needs adjustment. 
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                                 (a)                                                                     (b) 

    
                                 (c)                                                                     (d) 

    

Figure 28. Pose 3 whole leg length calibration system sample interface: (a) Step 1; (b), (c) Step2: Pose 

Monitor system to dynamically track, reflect, and evaluate user’s pose (the situations of the correct 

and wrong poses); (d) Preparation and transition to Pose 4. 

 

 

5.2.5 Pose 4 Upper Arm and Torso Length Calibration Sample Interface 

Similar to the previous poses, Pose 4 the upper arm and torso length calibration 

interface, as shown in Figure 29, contains four parts, including the interface (a) step 1, 

which is for general instructions, the interface (b) and (c), which contain the Pose Monitor 

system, and the interface (d), which is the ending page of the entire calibration process.  

The Pose Monitor for Pose 4, as shown in Figure 29 (b) and (c), can help to 

automatically identify and indicate users whether their pose meet the requirement of Pose 
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4 that on each side, the upper arm and forearm should be kept in a straight line, and the flat 

of upper arm and forearm should be perpendicular to the horizontal ground. 

The mechanism is as follows. The Pose Monitor system will track accelerometer 

Z-axis readings from the sensors worn on users’ wrists and upper arms. On each side, when 

Z-axis values of accelerometer sensors on both wrist and upper arm simultaneously read 

Z=0 G, the interface will indicate that user’s pose is correct. Otherwise, user’s pose is 

incorrect, and the interface will indicate to the user that the pose needs to be adjusted. 

 

                                 (a)                                                                     (b) 

    
                                 (c)                                                                     (d) 

    

Figure 29. Pose 4 upper arm and torso length calibration system sample interface: (a) Step 1; (b), (c) 

Step2: Pose Monitor system to dynamically track, reflect, and evaluate user’s pose (the situations of 

the correct and wrong poses); (d) Ending page. 
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6    Chapter: Discussion 

 

6.1 Errors 

In this experiment, the proposed calibration system provides satisfactory calibration 

accuracy, and the calibration errors have been controlled within a reasonable range, with 

an overall 7.64% average calibration error rate across all body parts and all participants. 

This calibration error rate is acceptable because calibration errors came from multiple 

factors in this experiment, including the following aspects: sensor placement may not 

perfectly align with the direction of body parts, the participants’ pose may not fully fulfill 

the requirements, the sensor noise generated by the circuit board or the surroundings, the 

limit of sensor reading numerical precision, the cumulative errors due to the pose and 

algorithm design, and the manually measurement of body parts’ length could also generate 

errors. When integrating all the factors that could potentially generate errors, the overall 

7.64% average calibration error rate in this experiment is not so large and considered 

acceptable. In addition, considering the length of human body parts, when calculating using 

this inertial sensor-based calibration methodology, 7.64% average calibration error rate 

would only generate a few centimeters calibration difference between the calculated and 

the actual body parts’ length, which would not largely influence its utility and 

effectiveness. 

When considering the calibration error rates for different body parts, upper arm 

calibrations generate relatively more errors when compared to the other body parts’ 

calibration results, which on the one hand may because the calibration pose for the upper 

arm is comparably more complicated for participants, and on the other hand, may also be 

due to the cumulative errors, which is to say that the upper arm length calibration algorithm 

is based on the already calibrated forearm length in the previous step, so upper arm 

calibration errors would also involve the forearm calibration errors. The other error factors 

mentioned above will be discussed in detail in the following sections. 

 

6.2 Sensor Placement 

The positions where sensors are fixed on the user’s body are critical to the 

calibration accuracy. Aimed at calculating a user’s main skeletal structure length 
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parameters, the sensors’ placement should align with user’s skeletal orientations as 

perfectly as possible, thereby calculating the designated body part length based on the angle 

calculated from the sensor readings. Therefore, the better the alignment between the 

sensors and the bones, the more accurate the calculated angle and the calibrated body part 

length would be. However, besides bones, the human body also consists of massive 

muscles and fat, which makes it more challenging to place sensors to exactly reflect the 

bones’ directions, instead of mistakenly reflecting the orientations and angles of the 

muscles.  

In this proposed calibration protocol, the positions of sensor placement are all 

meticulously designed to place sensors on the spots where bodies have the least muscles, 

so it would be relatively easiest to reflect the directions of the designated body part bones. 

For example, when calibrating the forearm length, the sensors are placed on the wrists 

instead of the elbow or the mid-forearm because wrist contains the least muscle and fat in 

the entire forearm area, which is also the same reason why sensors are placed on the lateral 

side of knees when calibrating whole leg length. 

 

6.3 Calibration Pose Symmetrical Requirements 

In order to accurately calculate the body part length, users need to closely fulfill the 

requirements of each calibration pose, and they should try to ensure the pose actions are 

symmetrical on both left and right body sides, otherwise, the non-symmetrical poses on 

both sides may decrease calibration accuracy. For instance, as shown in Figure 30, when 

calibrating the forearm length, due to the symmetry nature of the left and right sides, the 

distance between both elbows (ac = 30cm) is simply equally divided in half (ab = bc = 

15cm) to be further respectively used as a parameter to calculate the left and right forearm 

length. However, this could only be realized when the forearms’ poses and directions are 

symmetrical on the left and right sides, otherwise, if not symmetrical, it could not simply 

divide the distance between both elbows (ac) in half, and it would take much more effort 

to measure the distance of ab and bc (as shown in Figure 30) because the point b would no 

longer be the center point between point a and point c, and the point b might skew towards 

either point a or point c. Therefore, in order to increase the calibration accuracy and 

simplify the calibration procedure, user’s pose performing should be symmetrical on the 
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left and right body sides. In addition, although human body parts’ length on both sides also 

might not be exactly identical, for the physically normal user group, there would only exist 

very slight variations between the left and right body structure, which would not seriously 

affect the calibration accuracy. Therefore, in order to simplify the calibration procedure, 

for the physically normal user group, we can deem the human body structure and length as 

symmetrical on the left and right sides. 

 

Figure 30. Illustration for the symmetrical requirements of calibration pose performing. 

 

6.4 Pose Numbers and Pose Design 

When designing the poses for this proposed calibration protocol, the goal is to 

achieve the optimal design with satisfactory calibration accuracy, shorter calibration time, 

simpler calibration procedure, and fewer required calibration poses. According to this goal, 

this proposed calibration protocol consists of four static and easy-to-perform poses, and 

has been proved to be able to achieve satisfactory accuracy. When designing the calibration 

poses, it was found to be very difficult to successfully calibrate the main human body parts 

length with less than four poses. In addition, when reflecting on how to further improve 

the accuracy of the calibration methodology, increasing the numbers and design of the 

required calibration poses to realize more delicate tests could be a promising approach. 

Especially, in this experiment, the calibration accuracy for the upper arm has revealed room 

for improvement, which partially because, in order to simplify the calibration procedure 
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and reduce the numbers of required poses, the design of the upper arm calibration pose and 

algorithm is based on the previous calibration of another body part. Therefore, improving 

the design and increasing the numbers of calibration poses to reduce the dependency on 

other body parts calibration results might be a promising approach to enhance the accuracy 

of the upper arm length calibration. 

 

6.5 Sensor Reading Numerical Precision 

In this research, it was found that the calibration algorithm was so sensitive to the 

sensor reading variations, which means inputting slightly different sensor data may lead to 

relatively large fluctuations in the error rate. For instance, 0.05-0.1 difference in the sensor 

reading may lead to the calibration error rate to fluctuate by 3%-10%. This situation would 

typically require the higher reading precision of sensor data to obtain more elaborate 

calibration results. However, this experiment used the sensor’s accompanying data monitor 

platform on mobile device to wirelessly receive data and support sensor data reading, 

which is very portable and convenient, but it can only provide the numerical precision of 

one digit to the right of the decimal point. Therefore, access to the higher numerical 

precision of sensor data (obtaining more digits to the right of the decimal point) may 

support further exploration of how the sensor reading numerical precision influences the 

calibration accuracy, help to obtain more precise calibration results, and be beneficial to 

more delicately examining the stability and accuracy of the proposed calibration protocol 

in this research. 

 

6.6 Calibration Time Consumption 

In this research, the average calibration time duration across all participants is 22.4 

minutes, which is a little bit longer than expectations. Ideally, the satisfactory calibration 

accuracy, simplified calibration procedure, and fast calibration speed are expected to be 

the advantages of using inertial sensors to calibrate human body structure and size, 

compared to physically measure. Therefore, to make this inertial sensor-based calibration 

methodology more practical, the calibration time duration should not exceed the time 

required to physically measure someone. If commercially applying this calibration 

methodology in the virtual game context in the future, players might not finish the entire 
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calibration process if it would take more than 10 minutes because players might find this 

process too complicated to complete and may lose their patience.  

In analyzing the reasons why it exceeds the expected calibration time duration in 

this experiment, it may include the following factors.  

Firstly, for each calibration pose in this research process, the researcher needed to 

place the sensor device on the participant’s body and ensure the sensor perfectly aligned 

with the direction of participant’s body parts, which would consume certain time.  

Secondly, during the calibration process, participants were required to fully 

understand the requirements of each calibration pose, then performed the pose exactly to 

comply with the requirements. Calibration poses, such as for forearm or whole leg, are 

easier to understand and perform perfectly, so it would take less time to calibrate. However, 

certain calibration pose, such as the upper arm length calibration pose, are relatively more 

complicated, with more requirements to perform, and sometimes even required the 

researcher to manually adjust the participant’s pose performing to meet the pose 

requirements, therefore, it would require more calibration time for these poses. 

Finally, before reading and recording sensor data, it would also take some time to 

stabilize the sensor readings. 

In future research, it would be beneficial to further explore how to reduce the 

calibration time, with the premise of maintaining or further improving the calibration 

accuracy. 

 

6.7 Participants’ Demographics and Influencing Factors 

In this experiment, this proposed calibration methodology was tested on a total of 

15 participants, whose ages range from 19 to 56 years old. This group of users was 

comprised of 10 males and 5 females, and they were all with normal physical conditions. 

Among all these demographics factors, age, gender, ethnic are not the influencing 

factors on the effectiveness and accuracy of this inertial sensor-based human body structure 

calibration methodology. For instance, in this experiment, different age groups of 

participants provided similar calibration accuracy, and the 56 years old participant also 

achieved satisfactory calibration results.  
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However, participants’ flexibility, fitness, and body shape characteristics are the 

factors that would influence the calibration results. Even with physically normal 

conditions, participants’ physical flexibility and body coordination degree might be 

different among all of them, which is nothing to do with age and would result in, for certain 

poses, some participants might find it difficult to fulfill the pose requirements and others 

might find the implementation is easy, thus participants’ physical flexibility and fitness 

would have impacts on the calibration accuracy. In addition, participants’ body shape 

characteristics would also be an influencing factor. For slim participants, it would be easier 

for the researcher to attach sensors to their body to reflect the directions of their body parts 

compared to participants with huge muscle groups or obese people whose outline of body 

parts is curved and would be more challenging to achieve the perfect alignment between 

the directions of sensors and participants’ body parts. 

 

6.8 Humanized Calibration Process 

Although this research is based on a physically normal user group, it is found that 

each participant’s body coordination degree might be different, which would result in not 

every participant being fit and able to perform every calibration pose, and some calibration 

poses may be too difficult to perform for some participants, even in physically normal 

conditions. 

Under these circumstances, it may be helpful to design a series of humanized 

alternative calibration poses for calibrating the same body part, so users could choose their 

own suitable and comfortable pose to perform according to their own physical conditions, 

which is to say that by designing various alternative poses, when calibrating exactly the 

same body part, different users would have the freedom to choose different calibration 

poses.  

By doing so, it would expect to enhance users’ satisfaction toward the calibration 

process through freeing them from the restrictions of the fixed set of calibration poses and 

offering them the more flexible options of calibration poses, which may also be helpful to 

achieve higher calibration accuracy. 



 63 

 

6.9 Sensor Noise 

In the actual application process, each sensor would produce larger or smaller 

amounts of noise. In this experiment, the sensor noise is within the normal range, which is 

mainly caused by the following factors. Firstly, the sensor is directly attached to the body 

of participants, and the human body has a pulse, breathing, and heartbeat, which would 

result in the less-noticeable body vibrations and may make the sensor readings generate 

correspondingly slight fluctuations. Secondly, this research was conducted in schools, 

libraries, or participants’ homes, all relatively quiet environments, but there still exist the 

inevitable vibrations in the environments, such as the operation of machinery and 

equipment, the movements of surrounding things, etc., which may also produce 

correspondingly subtle noise readings. In addition, the sensor circuit may also produce a 

certain noise. In this experiment, due to the fine selection of experimental environments 

and equipment, the sensor noise is relatively small and within an acceptable range. 
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7    Chapter: Conclusions 

 

7.1 Thesis Findings 

In this thesis, a calibration methodology for motion tracking and gesture 

recognition system has been presented. This proposed calibration protocol is based on the 

three-axis accelerometer values output by wireless inertial sensors to calibration of players’ 

body parts length (including forearm, upper arm, torso, shinbone, and whole leg) through 

four easy-to-perform static poses. Aimed at reducing the game control learning time and 

improve the accuracy of game operation, this calibration method would be expected to be 

combined with inertial sensor-based motion tracking and gesture recognition system, and 

to be applied in game context. 

Through this experiment, this calibration methodology proved to be a robust 

approach to calibrate physically normal users’ body parts length, with simple calibration 

pose design, streamlined testing procedures, and satisfactory calibration accuracy (7.64% 

average calibration error rate across all body parts and all participants). However, the 

calibration time duration is a little bit longer than expected (average 22.4 minutes across 

all participants).  

When considering the calibration accuracy for different body parts, this proposed 

calibration methodology worked best for the forearm length calibration, followed by the 

shinbone and the whole leg, and the upper arm length calibration generated relatively more 

errors (but still within an acceptable range) when compared to other body parts, which is 

probably due to the upper arm calibration pose being relatively more complicated for 

participants, as well as the cumulative errors.  

When applied on both the left and right body sides to compare and examine its 

calibration accuracy and stability, the proposed calibration protocol still retained robust 

performance, and the calibration accuracy of both sides varied within the reasonable range, 

even if participants’ body parts length may not be perfectly symmetrical.  

In addition, with the aim of making the calibration process more efficient, effective, 

user-friendly, and fun, a set of calibration system sample interfaces is proposed, involving 

all the required poses and requirements designed in this thesis. This calibration system 

contains a Pose Monitor interface, which can dynamically track users’ poses to evaluate if 
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their pose meets requirements. Leveraging this Pose Monitor system, users can intuitively 

understand the requirements of each pose through the dynamical and real-time reflection 

in the interface, so they could be aware of how to adjust their pose by themselves to meet 

requirements.  

 

7.2 Applications 

Today, video games are very popular, especially with the integration of virtual 

reality, augmented reality, and other cutting-edge technologies with video game design and 

development. Developing both fun and easy-to-control games is an active research field. 

Especially in first-person perspective virtual reality video games, players are not able to 

see their real body when completely immersed in the virtual reality environment, plus the 

body structure size parameters are different between virtual game characters and players, 

all of which would increase the complexity of learning game control; therefore, players can 

learn and grasp the ability to control relatively accurately the virtual reality game characters 

only through gradual practice and making mistakes.   

To solve this problem, the proposed calibration methodology in this research could 

be perfectly combined with the inertial sensor-based motion tracking and gesture 

recognition system, which are the important parts of virtual reality video games. This could 

be realized through calibrating player’s body parts length using inertial sensors based on 

this proposed calibration protocol, and then inputting player’s body segments length as 

parameters into the motion tracking and gesture recognition system to personalize and 

customize the body structure parameters of a virtual game character to make the virtual 

game character possess the identical body parts length with the player. By doing so, it may 

help to reduce the learning time required for players, enhance the efficiency of adapting to 

game control, improve the accuracy and ease of game operation, and might also indirectly 

promote fun. 
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7.3 Limitations and Future Work 

While this research has proposed a human body structure calibration methodology 

using wireless inertial sensors and has proved to be effective, there are still some issues 

that must be addressed in future research.  

One of the issues that needs to improve is the numerical precision of sensor 

readings. In this research, the calibration algorithm appeared sensitive to sensor reading 

variations, but the data monitor wireless platform for mobile device, used in this research 

to receive and read sensor data, can only provide the sensor data numerical precision of 

one digit to the right of the decimal point. Although based on current sensor data numerical 

precision, the calibration methodology has already proved to be effective, but it would be 

beneficial to access higher numerical precision of sensor data in future research (obtaining 

more digits to the right of the decimal point) to obtain a more precise calibration value of 

the proposed calibration protocol. 

Calibration time duration is another aspect that needs to be enhanced. In this 

research, the calibration time duration is a little bit longer than expected (average 22.4 

minutes), which could be triggered by several factors, including time for sensor placement, 

time for users to understand and fulfill the pose requirements, etc.. In the future, in order 

to perfectly integrate this human body structure calibration methodology into the inertial 

sensor-based motion tracking and gesture recognition system, it would be helpful to 

explore how to further reduce the calibration time when maintaining or further improving 

its calibration accuracy. 

In addition, even for a physically normal user group, each user’s body coordination 

degree might be different, and not every calibration pose would be appropriate for every 

user to perform. Therefore, in contrast to restricting users to a set of mandatory calibration 

poses, it might be another promising direction to explore in future research to design a set 

of humanized alternative calibration poses for the same body part, and allow users to base 

on their own physical conditions to freely choose their own suitable calibration poses from 

multiple options, which would be expected to provide a more flexible and satisfactory 

calibration user experience, and may help to achieve higher calibration accuracy. 
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Appendices 

 

Appendix A  Calibration Protocol Excluded 

This is the calibration protocol excluded in section 3.3. 

A.1 Pose for Calibration Shinbone Length (Plus Foot/Shoe Height) in Situation 

Where Knees Can Touch Together 

This is the calibration protocol excluded in section 3.3.2. 

Figure 31 shows the three-perspective simulating figure to illustrate the calibration 

pose for calculating the shinbone length (plus foot/shoe height) in the situation where knees 

can touch together. The key points of this pose are listed as below: 

 Wearing sensors on both sides of ankles, with the same sensor axes directions 

shown in Figure 31. 

 Sitting down on a chair with both shinbones separated from each other and both 

feet facing toward the front, and making the distance between both feet equal to 

60cm (the middle points of both feet serve as the starting point and ending point 

when measuring the distance between both feet). In so doing, making both knees 

solidly touch together, making both shinbones perpendicular to the horizontal 

ground to make Y-axis values of the left and right accelerometer sensors read Y=0 

G, and holding this leg position constant. 

 Recording X and Z axes values of both accelerometer sensors. 
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Figure 31. The three-perspective simulating figure to illustrate the calibration pose for calculating 

the shinbone length (plus foot/shoe height) in the situation where knees can touch together (from the 

front view, right view, and top view). 

 

 



 69 

Appendix B   Calibration Algorithm Excluded and Supplementary Explanation 

This is the calibration algorithm excluded in section 3.4. 

B.1 Calibration Algorithm for Shinbone Length (Plus Foot/Shoe Height) in the 

Situation Where Knees Can Touch Together 

This is the calibration algorithm excluded in section 3.4.2. 

To test the shinbone length (plus foot/shoe height) in the situation where knees can 

touch together, the angle between the shinbone and the horizontal ground needs to be 

calculated first. The calculation formulas and details are shown as below. 

Wearing sensors on the lateral side of the left and right ankles. When doing this 

pose, the angle between the leg and the ground is rotated about the Y-axis of the sensors, 

so the angle is represented as Roll (ρ). When the Y-axis values of the left and right 

accelerometer sensors read Y=0 G, the X and Z axes values of both accelerometer sensors 

are used to calculate the angle ρ. As shown in Figure 32, ρrepresents the angle between 

the shinbone and the horizontal ground, ρleft represents the angle between the left shinbone 

and the ground, and ρright represents the angle between the right shinbone and the ground; 

X represents the shinbone length (plus foot/shoe height), Xleft represents the left shinbone 

length (plus foot/shoe height), and Xright represents the right shinbone length (plus foot/shoe 

height); AccXvalleft and accZvalleft respectively represents the X and Z axes values of the 

accelerometer sensor worn on the left ankle, and accXvalright and accZvalright respectively 

represent the X and Z axes values of the accelerometer sensor worn on the right ankle. 

Therefore, the calibration algorithms are shown as Equation (12) and (13): 

For calculating left shinbone length (plus foot/shoe height),  

ρleft = Π - atan2 (accXvalleft, accZvalleft)  

        = - arctan (accXvalleft / accZvalleft)                                                             (12) 

 Xleft = 30cm / cos ρleft 

 

For calculating right shinbone length (plus foot/shoe height),  

ρright =Π - atan2 (accXvalright, accZvalright)                                                      (13) 

         = - arctan (accXvalright / accZvalright)                                                     

 Xright = 30cm / cos ρright 
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Figure 32. Skeletal model for explaining calibration algorithm for the shinbone length (plus foot/shoe 

height) in the situation where knees can touch together. 

 

B.2 Verification of Combining Algorithm of Shinbone Length (Plus Foot/Shoe 

Height) for Both Situations: Knees Touch Together & Knees Cannot Touch 

This is the calibration algorithm combination verification excluded in section 3.4.2. 

When considering the calculation formulas of the two situations (knees can touch 

together, and knees cannot touch), the calculation formulas of the situation where knees 

cannot touch can be used to calculate the situation of knees touching together. In the 
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formulas where knees cannot touch, d represents the distance between both knees and the 

unit is in centimeters (cm), and when knees can touch together, the distance between both 

knees is zero, so d = 0cm. Therefore, in the situation where knees can touch together, one 

may input d = 0cm into the formulas where knees cannot touch, so the formulas where 

knees cannot touch becomes exactly the same as the formulas where knees can touch 

together, as shown in Equation (14) and (15). Therefore, in order to simplify the calculation 

protocol and algorithm for calculating the shinbone length (plus foot/shoe height), the 

formulas where knees cannot touch can be used to calculate both situations (knees can 

touch together, and knees cannot touch): 

 

For calculating left shinbone length (plus foot/shoe height) in the situation where 

knees can touch together, using the algorithm where knees cannot touch,  

ρleft = Π -  atan2 (accXvalleft, accZvalleft)  

        = - arctan (accXvalleft / accZvalleft) 

 Xleft = [(30cm - d/2) / 30cm]* [30cm / cos ρleft]                                               (14) 

        = [(30cm – 0cm/2) / 30cm]* [30cm / cos ρleft] 

        = 30cm / cos ρleft 

 

For calculating right shinbone length (plus foot/shoe height) in the situation where 

knees can touch together, using the algorithm where knees cannot touch,  

ρright = Π - atan2 (accXvalright, accZvalright)  

          = - arctan (accXvalright / accZvalright) 

 Xright = [(30cm - d/2) / 30cm]* [30cm / cos ρright]                                            (15) 

         = [(30cm – 0cm/2) / 30cm]* [30cm / cos ρright] 

         = 30cm / cos ρright 
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Appendix C  Calibration Results Excluded 

This is the calibration results excluded in Chapter 4 

C.1 Shinbone Length Calibration Results Excluded 

This is the P8’s shinbone calibration results excluded in section 4.2.5. 

 

Table 11. P8’s shinbone length (plus foot/shoe height) calibration detailed data, including calculated 

length (cm), real length (cm), and error rates (%). 
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