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In recent years, there has been an ever increasing amount of research and
development of technologies and methods to improve the quality and the performance
of surgical operation and clinical treatment, such as the novel instruments for
laparoscopic surgery, the colonoscope devices for endoscopy, the microscope devices
for neurosurgery, the jaw movement analysis devices for assisting clinical diagnosing
and treatments of jaw disease, and so on. The introduction of these technologies in
surgical operation and clinical treatment improves existing medical procedures and
provides innovative approaches to current medical problems. Moreover, these
technologies bring huge advantages to the patients: they produce less postoperative
pain and trauma, lower infection risk, better clinical diagnosing and rehabilitation
treatment, faster recovery, and shorter hospitalization.

The advantages of these technologies, however, are accompanied by special
demands on the doctors, who need to possess certain technical skills that are more
complicated than in conventional devices. Moreover, it takes the doctors a relatively
long learning curve to master these technologies fully. The doctor could put a patient
at risk if he/she did not strengthen the operative skills of these technologies.
Therefore, to guarantee the safe use of these technologies, proper trainings of the
operative skills are of paramount importance.

To train the operative skills, various facilities, such as box trainers and virtual
reality (VR) simulators, have been developed. Studies have shown that training on
those kinds of box trainers and simulators can improve the doctors’ operative skills.

Among these training devices there is one common need: the skill evaluation
system. Skill evaluation in fact could provide insight of doctors’ operative skill
competence and verify whether the doctors have qualified abilities for the real
operation on the patients. Moreover, objective skill evaluation could provide
guantitative feedback to the doctors so that they can improve their skills more
efficiently. However, the skill evaluation systems on most of the current training
devices have several limitations, which can be basically summarized into three
aspects:

® In the case of box trainer, evaluation of operative skills heavily relies on

subjective measures and scoring by an expert doctor, which may be a variably
biased opinion using vague criteria. The VR simulators provide only low-level
skill evaluation or scoring by using the motion information of the operative
instruments during training, without detail quantitative information feedback to
the subjects.

® The current skill evaluation methods in VR simulators, which are embedded

with those specific training systems, cannot be extended for the use in other
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medical training systems and applications, such as box trainers and clinical
treatment. This will result in increasing the financial burden to hospitals to
purchase different kinds of skill evaluation systems, in order to evaluate
doctors’ skills in different medical fields.

® Most of the current skill evaluation methods can only be used for evaluating
the skills during regular training, but could not be further implemented in the
real operating room or clinical diagnosing assistance and treatment.

The skill training normally involves a multidimensional series of tasks requiring
the doctors to handle the operative instruments. Some studies have showed that
motion analysis is a valuable objective skill assessment method for operative training.
It can define sets of parameters that allow us to characterize the doctor’s movements,
to see how different people act during the trainings and operations, and to evaluate
their skill expertise and improvements of performance after training.

In order to measure doctor’s movements, a motion capture system is needed. The
most commonly used technologies for motion capture are: camera-based motion
capture system; magnetic-based motion capture system; and inertial-sensor-based
motion capture system. Camera-based systems normally are very expensive and they
can be used only in a calibrated room. Although the reflective markers used in these
systems are small and light weight, they need to be always in sight with the cameras,
which is not always possible during the operations. Magnetic-based systems have
limited tracking volumes which are not sufficient to the measurements of doctor’s
whole body movements during medical operations. The inertial-sensor-based system
is an effective solution for the medical applications, as it can be put on human body
to measure the motion and portable to anywhere. However, current
inertial-sensor-based systems are still not wearable enough for most practical
applications in surgery and clinical practice.

Therefore, the goal of this thesis is to develop an ultra-miniaturized motion
analysis system for operative skill evaluation in various medical applications, which
is covering three aims:

1. To develop an ultra-miniaturized human motion capture system suitable for
tracking the doctor’s upper body motion during both the box trainer training
and VR training.

2. To develop a common skill evaluation methodology and system based on the
motion analysis, which is separated from the training devices.

3. To verify the proposed skill evaluation system can be adaptive to multiple
medical applications for evaluating the operative skills and assisting clinical

diagnosing and treatment.
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thesis contains three primary parts: Part | introduces the new

ultra-miniaturized wearable motion capture systems developed in this thesis, and

evaluates the system performance; Part Il deals with the evaluation of surgical

operative skills based on analysis of trainee’s upper body motion in the fields of

laparoscopic training and neurosurgery training; and Part |1l introduces the extended

application of the proposed skill evaluation system for masticatory performance

evaluation in order to assist clinical diagnosing and treatment of dental diseases.

The thesis is laid out as follows:

To develop novel ultra-miniaturized wearable motion capture system for

evaluating the motion and operative performance during surgical training and

clinical treatment.

Chapter 2 introduces the development of the new ultra-miniaturized
wearable motion capture system WB-3 and WB-4. WB-3 system and WB-4
system are based on the use of wired inertial measurement unit (IMU) and
wireless inertial measurement unit, respectively.

Chapter 3 studies the rigid body orientation estimate by using
quaternion-based Extended Kalman Filter algorithm, and introduces the

biomechanics analysis of human upper limb.

To evaluate the surgical operative skills during regular training sing the

proposed skill evaluation system.

Chapter 4 describes the use of WB-3 system to evaluate the expert
surgeons and novice students’ surgical operative skills during regular
laparoscopic training tasks based on the kinematics data.

Chapter 5 presents the application of the proposed skill evaluation system
in neurosurgery. A simple pick and place test was evaluated with a group
of non-medical novices and one professional neurosurgeon. The skill
evaluation was based on the analysis of the instrument motion acquired by
WB-3 system.

To apply the proposed skill evaluation system for mastication analysis which

is significant important to the clinical diagnosing and treatment.

Chapter 6 describes the use of the proposed skill evaluation system to
evaluate the mastication performance. Two experiments were elaborated by
using WB-3 IMU and WB-4 IMU, respectively. In both experiments, one
IMU was attached to the mandible in order to measure the jaw motion and

analyze the mastication pattern.

Finally, Chapter 7 evaluates and discusses the results of this thesis, and proposes

some possible directions for the continuation of this work.
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