
ABSTRACT 

JEON, WOO RAM. Assessment of the Effectiveness of an Adaptive Virtual Reality-Based 

Simulation for Motor Skill Training. (Under the direction of David B. Kaber and Chang S. 

Nam). 

 

Adaptive training methods aim to accommodate individual differences in abilities 

while helping persons develop knowledge and skills required to perform a new task. Methods 

that adjust levels of training task difficulty as a function of how well a trainee performs, and 

that sustain trainee motivation, may be significant from a learning productivity perspective. 

In contemporary motor rehabilitation applications, therapists use robots or virtual reality (VR) 

systems to assist in delivery of various training conditions in real-time and to provide 

multimodal performance feedback to patients. Virtual reality can also allow for flexible and 

dynamic adaptation of task difficulty to facilitate specific learning algorithms. However, 

there is a lack of research on adaptive training techniques involving manipulation of task 

difficulty in VR for motor skill development. The integration of adaptive training methods in 

VR is expected to increase levels of patient learning and promote more efficient skill training. 

The objective of this research was to implement and assess the effectiveness of an 

adaptive VR-based haptic simulation for motor skill training in a real-world psychomotor 

task, as compared with static and random training modes. The simulation was prototyped 

based on a block design (BD) pattern reconstruction test from a well-known commercial 

psychomotor test battery, the Wechsler Adult Intelligence Scale, and programmed to apply 

an adaptive training scheme. Twenty-four participants were recruited and received static, 

random or adaptive training in evaluation of the VR system. The adaptive training involved 



modifications in the level of task difficulty based on user performance. Otherwise, the level 

of difficulty held fixed across training trials or randomly changed. 

Results revealed the adaptive condition to be superior to static training in terms of 

performance improvement between pre- and post-testing (considering both speed and 

accuracy). In addition, adaptive training was found to produce performance improvements 

comparable to a random condition but in significantly less training time. With respect to 

participant performance during training trials, the maximum level of difficulty achieved 

under the adaptive condition revealed a linear relationship with post-training retention test 

performance. In addition, results also indicated a linear association of the number of stimuli a 

trainee required to move to the first level of difficulty and pre-test performance. Results also 

revealed VR BD task performance to be significantly correlated with native BD performance 

in both pre- and post-testing. 

The findings of this study support use of adaptive training schemes for improving 

motor skill learning and accelerating rate of skill development when using VR simulation, as 

compared with static and random training schemes. Findings also reveal adaptive training to 

yield diagnostic information on trainee motor ability extending beyond common task 

performance measures. The study also demonstrated VR simulations of standardized 

psychomotor tests can be designed and prototyped to support levels of user performance 

similar to observations on native tasks. VR systems also provide benefits over standardized 

clinical evaluation including automatic, real-time performance recording and task difficulty 

manipulation. The VR simulator developed for the present study could be extended to 

simulate other motor tasks, such as the Purdue Pegboard Test.  
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1. Introduction 

Research in motor control and motor learning has recently begun to have an impact on 

rehabilitation practice and technology. Virtual reality (VR) technology offers many 

advantages over real environments for motor learning. For example, simulation designs 

based on principles derived from motor learning research can accelerate trainee motor skill 

development (Holden, 2001). Adaptive training paradigms have been found to optimize 

learning of motor skills by interactively advancing subject performance toward a targeted 

skill level (Lintern & Gopher, 1978). Virtual reality-based applications integrated with such 

paradigms allow for flexibility to facilitate specific training regimens. VR systems can also 

support methods for adjusting levels of motor task difficulty and sustain trainee motivation. 

The integration of such adaptive training methods in VR may increase levels of individual 

learning and promote more efficient skill training. 

The advantages of VR may benefit both therapists and patients as compared with 

traditional physical training techniques. In the same manner, manual assembly workers and 

industrial managers may improve productivity and reduce training costs, respectively, 

through reduced learning time required to develop new occupational skills in using advanced 

VR training systems.  

Previous motor learning studies suggest that adaptive training that accounts for 

individual differences can be expected to promote efficient skill training (V. Shute & Towle, 

2003). Some prior work has also attempted to determine optimal training schemes to 

maximize learning, primarily by adaptively manipulating difficulty of motor tasks (Choi, Qi, 
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Gordon, & Schweighofer, 2008; Onla-or & Winstein, 2008). In reality, however, these (and 

other) studies have manipulated goal difficulty as a performance requirement rather than task 

difficulty. That is, task outcome expectations have been varied vs. posing trainees with 

different movement challenges during task performance (see details in Chapter 2).  

Over the past decade, many different types of robotic or VR-based rehabilitation 

systems have been proposed and evaluated empirically. Although VR offers flexibility when 

presenting training schemes, there is no study that combines the strengths of VR with an 

adaptive training regimen in order to present varying levels of task difficulty that optimize 

training efficiency. Therefore, there is a lack of empirical research on adaptive training for 

motor skill involving adaptive task difficulty manipulations using VR.  

The objective of this research was to assess the effectiveness of an adaptive VR-based 

haptic simulation of a real-world psychomotor task, as compared with a static VR trainer, for 

motor skill training. The results of this study could be used as bases for redesigning current 

rehabilitation training systems, as well as gaining insight into the advantages of similar 

systems for worker training in industrial environments. 
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2. Motor Learning Theory 

This section reviews fundamental motor learning theories relevant to motor skill 

training system design with a focus on the impact of practice schemes and task difficulty 

manipulations on user performance. The section also provides a foundation for the design 

and assessment of VR-based rehabilitation systems and a basis for identifying learning 

outcome variables. In general, motor learning theory is important for VR system 

development with adaptive training tools as part of the present study.  

2.1.  Definition of Motor Learning  

As defined by Schmidt and Lee (2005), motor learning is “a set of processes associated 

with practice or experience leading to relatively permanent changes in the capability for 

movement”. Four distinct characteristics of motor learning can be derived from this 

definition. (1) Motor learning is always a process of acquiring the capability to produce 

skilled actions. Learning is not a single event, but motor skill development is associated with 

a set of internal events, occurrences or processes as part of practice that enables people to 

become more proficient at performing some task. (2) Learning occurs as a direct result of 

practice or experience and produces an acquired capability for performance. However, 

changes in strength or endurance from physical training, which can contribute to certain 

kinds of skills (e.g., weightlifting), have little to do with the motor learning process. (3) 

Learning cannot be observed directly. Therefore, understanding the processes of internal 

events is more important than observing changes in terms of training performance. This 

characteristic of motor learning makes it difficult to study. (4) Learning is assumed to 
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produce relatively permanent changes in the capability for skilled behavior. It leads to 

automaticity and consistency in motor planning and control (Schmidt & Lee, 2005). This 

definition suggests that learning is not equivalent to training performance but occurs over 

time as a product of repeated practice.  

Unfortunately, many prior human factors studies have attempted to assess motor skill 

learning in terms of training performance (Schmidt & Lee, 2005). The present study focused 

on motor learning responses, specifically performance in post-training tests for retention of 

skill. Performance data were collected during such tests as a basis for measuring learning 

with a VR-based motor skill training system. 

2.2.  Stage Theories of Learning 

Previous research has revealed that people tend to pass through distinct phases of 

learning as they practice and increase proficiency in a particular task (Schmidt & Lee, 2005). 

One of the most widely used learning stage theories is Anderson’s three phases of practice, 

which includes cognitive, associative and autonomous phases (Anderson, 1982; Anderson & 

Robert, 2000). According to Anderson, when a new task is performed, learners begin in the 

cognitive phase in which considerable mental effort is required. During this phase, learners 

need to develop an understanding of what actions must to be taken to achieve the task goal. 

Performance is usually inconsistent because the learner may try many different ways to 

perform a task before determining an appropriate strategy. The second phase is the 

associative phase in which learners develop the capability to associate environmental cues 

with required movements. Once a learner has determined the specific motor patterns for task 
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performance, subtle adjustments are made in how the skill is performed. Performance in the 

associative phase improves gradually and movements become more consistent. After 

substantial practice time, learners enter the third or autonomous phase in which skill becomes 

largely automatic in the sense that the performance of the task is generally performed without 

interference and attentional demands are low. High-level skill is achieved and can persist for 

a long period of time, which allows learners to process information from other aspects of the 

task or other tasks performed in parallel.  

The goal of motor skill rehabilitation is not the same as the automatic or habituated 

skill performance goals described above. Instead, it has been proposed that the primary goal 

of physical rehabilitation is to support patients in planning, predicting, and forming an 

internal mental model of movement behavior (Krakauer, 2006). Although motor learning 

may progress to the autonomous phase of Anderson’s theory, rehabilitation systems typically 

focus on the cognitive and associative phases of learning (actions required to perform the 

task and how the environment can be used to support performance). The present study 

focused on the associative phase of learning and attempted to train participants in associating 

VR cues with particular patterns of movement in psychomotor task performance and to 

assess any resulting effects on motor learning. 

2.3.  Assessing Motor Learning  

Learning motor skills is dependent upon memory of the acquired capability for 

movement; that is, “motor memory” (Schmidt & Lee, 2005). In this context, forgetting refers 
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to the loss of such capability. Therefore, the design of systems to improve motor learning 

requires some way to measure the persistence or loss of motor memory through performance. 

There are several well-known learning assessment methods at the behavioral level 

(Magill, 2007; Magill, 2007; Schmidt & Lee, 2005). A retention test is the most basic and 

widely used form of motor learning assessment. It requires a learner to train in a task and 

then perform the task again following some retention interval. Independent variables can be 

manipulated during the training period and evaluated during the retention test. If retention 

test performance levels are similar to those observed at the end of the original training, it can 

be concluded that there was no loss of learning. However, if the performance level after the 

retention period is lower, it can be concluded that some degree of learning might have been 

lost. The length of a retention period affecting motor learning can be short or long. Christina 

and Shea (1993) suggested general approaches for immediate and delayed retention tests. 

The retention interval for an immediate retention test should be the same as the inter-trial 

interval during the skill-training phase of an experiment. A delayed retention interval can 

range from as little as 5 min. to many days, depending on the study (Christina & Shea, 1993). 

Delayed retention test performance levels that are the same as immediate retention levels 

indicate no memory loss during the retention period. On the other hand, if performance 

following a delayed retention period decreases, it can be concluded that certain motor 

memory was lost. Performance degradation may also occur due to factors other than motor 

memory loss, such as fatigue and/or low motivation. 
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Transfer tests are similar to retention tests except that learners are tested under a new 

condition in retention trials. These tests examine the adaptability of performance changes 

related to learning. Transfer tests can be characterized by the availability of feedback and 

changes in the physical task environment. For example, a soccer coach can give a soccer 

player detailed constructive verbal feedback for “shootout” training. During a routine training 

session, the player may shoot a ball into a goal area without a goal-keeper. It is expected that 

such feedback will transfer to a competitive setting. In this case, a transfer task can be an 

actual shootout, facing a goalkeeper (a change in the physical environment), implemented 

without any additional verbal feedback during the competition.  

2.4. Learning and Performance Variables  

As stated previously, performance is an observable behavior, whereas learning is 

defined as permanent improvement in performance based on motor memory (Schmidt & Lee, 

2005). Consequently, learning cannot be accurately determined through observation of 

performance during practice but must be evaluated over time using post-training tests. With 

this in mind, when designing systems for motor skill learning, it is necessary to distinguish 

learning variables from performance variables. According to Schmidt and Lee (2005), 

learning variables represent long-term skill retention; whereas, performance variables 

represent more temporary skill acquisition. Since the processes associated with learning and 

performance acquisition may not be the same, it is also important to carefully identify which 

task factors (e.g., goals, procedures, movements) may influence learning variables.  
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In the present study, performance data in retention tests were collected as a basis for 

measuring learning. Many different performance variables can be identified in retention tests, 

including time-to-task completion (J. B. Shea & Morgan, 1979), accuracy in performance 

(Zhu et al., 2011), number of errors (Hikosaka et al., 2002), etc. Therefore, there is a need to 

review measurable relationships between post-training test performance and learning. 

2.4.1.  Amount of Practice and Variability in Performance 

Practice is generally considered to be the single most important factor responsible for 

permanent improvement (learning) of motor skill (Magill, 2007; Schmidt & Lee, 2005). The 

amount of practice (or time on task) is generally considered to be positively related to skill 

improvement. One popular formal technique for the study of motor learning involves the 

analysis of performance measures as a function of number of trials or time (Prinz & 

Bridgeman, 1996). Practice not only leads to improved performance, but the rate of 

improvement also changes over time, and the rate of improvement during early stages is 

typically substantially higher than rates occurring later (Schmidt & Lee, 2005). This 

phenomenon has come to be referred to as the log-log linear learning law (Crossman, 1959; 

Prinz & Bridgeman, 1996). In Crossman’s (1959) research, the performance time of female 

operators using a cigar-making machine was collected for 20 million trials. Power law 

parameters were derived from log-log linear data (i.e., number of trials against time), 

although over time the performance curve deviated from log-log time due to physical 

performance limitations. (There was a known lower bound for performance time introduced 

by the cycle time of the machine.) In general, power functions have been demonstrated to be 

useful for modeling task time in training processes. 
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Learning is not only dependent on how much a skill is practiced but also on how the 

skill is practiced. An individual may waste substantial effort during many hours of inefficient 

practice. Another practice characteristic that increases the chances for future performance 

success is, therefore, the quality of practice sessions. Trainers must organize and structure 

practice sessions in an effective manner in order to promote skill development (Schmidt & 

Wrisberg, 2000). One way a trainer can affect the structure of practice session is by 

implementing a practice schedule. Two variations of practice scheduling have been shown to 

lead to effective learning. These include blocked and random practice. Blocked practice 

refers to a practice sequence in which trainees repeatedly rehearse the same task. When there 

are several different tasks to learn, the blocked practice approach devotes a fixed block of 

time for a learner to practice the first task before moving on to the next. In random practice, 

on the other hand, learners perform a number of different tasks in no particular order 

(Schmidt & Lee, 2005).  

Numerous experiments have been conducted to identify the effects of blocked and 

random practice schedules. For example, J. B. Shea and Morgan (1979) asked subjects to 

learn to respond to visual signals and make corresponding movements to specific targets. 

Subjects were separated into a blocked practice condition or random practice condition. In 

the blocked practice condition, subjects completed all trials of one movement trajectory 

before attempting a second trajectory; whereas, the movement trajectory was switched on 

each trial in the random condition. Results revealed subjects in the random practice condition 

to perform better in a retention test, including decreased reaction time, compared with 
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blocked practice (J. B. Shea & Morgan, 1979). Therefore, it was argued that random practice 

is a better scheme for complex motor skill acquisition than blocked practice.  

Different from Shea and Morgan’s results, other research found blocked practice in the 

early stages of motor task training, combined with gradual increases in context variability, 

leads to better learning (Magill & Hall, 1990). This finding has been reproduced a number of 

times in additional studies (Hanlon, 1996; T. D. Lee & Magill, 1983; C. H. Shea, Kohl, & 

Indermill, 1990). Related to this research, C. H. Shea et al. (1990) studied skill acquisition 

practice (blocked trials) combined with random practice. The benefits of blocked practice 

occurred early in practice with response production becoming more rigid, while random 

practice benefits surfaced later (C. H. Shea et al., 1990).  

In the rehabilitation area, Hanlon (1996) studied the effect of different motor learning 

schedules on stroke patients’ rate of acquisition and retention of upper limb movement 

capability. The result from 24 chronic stroke patients provided support for random practice 

being more effective than blocked practice (Hanlon, 1996). Hanlon (1996) attributed the 

effectiveness of random practice to contextual interference (CI); that is, the task being trained 

changes from time to time and there are contextual variations. Random practice results in 

high CI while blocked practice has low CI. Contextual interference may increase the 

difficulty of task performance, which translates into greater retention. Motor skill learning 

appears to benefit from random practice and CI rather than fixed practice. 

Despite the results of random practice studies, such practice scheduling does not 

account for two significant factors in motor learning (Choi et al., 2008; Guadagnoli & Lee, 
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2004): the difficulty of the task itself (i.e., the nominal task difficulty), which is learner-

independent, and the skill level of the learner (i.e., functional task difficulty), which improves 

with learning. In addition, it does not account for differences in difficulty between tasks; that 

is, all tasks being learned are typically treated as equally challenging for all learners at all 

times. These limitations of random practice methods lead to the expectation that structured 

adaptive practice may be more beneficial to motor learning than random practice (see 

Chapter 5). 

Returning to CI, the degree of task interference is dependent upon the order in which 

an individual repeats different training tasks. Practice variability is different in that it 

involves variations in the characteristics of the context or environment in which users 

perform a particular task, as well as variations in the skill they are practicing (Magill, 2007). 

For example, trainers could have trainees repeatedly rehearse one variation of a given type of 

task during a session. This form of practice is referred to as constant practice. On the other 

hand, if the goal is to produce a variety of movements in a task, it makes sense to have the 

trainee attempt different versions of the task. Such practice is referred to as varied practice.  

Practice variability has been studied broadly in the field of sports science and 

kinesiology. For example, the context of throwing may vary greatly (e.g., the size and weight 

of the ball, the size of the target, distance to the target). Therefore, if the goal is to be skilled 

at throwing, in general, a learner must develop the capability to throw the object under 

different contexts. Shoenfelt et al. (2002) investigated constant and variable practice for 

learning free throws in basketball. Ninety-four college students were recruited and randomly 
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assigned to a constant practice condition or one of three variable conditions. The constant 

practice group, which practiced only from the free-throw line, improved during a 3 week 

practice period, but returned to pretest skill levels of performance 2 weeks later (in a 

retention test). However, the three variable practice groups, which experienced random 

shooting distances from the foul line, improved during practice and continued to perform at 

higher skill levels than pretest (Shoenfelt, Maue, & Nelson, 2002).  

As the above studies have shown, the amount of practice is a fundamental factor for 

motor skill learning. In addition, the structure of practice is influential in learning with 

random assignment of multiple tasks appearing to enhance motor skill but the method suffers 

from consideration of individual skill levels. Beyond this, task difficulty appears to be 

another significant variable responsible for motor learning. Training effectiveness appears to 

be dependent on practice variability or changes in task context and/or adjustments in 

difficulty to challenge trainees appropriately and promote learning.  

2.4.2.  Task and Goal Difficulty 

Task difficulty can be defined in terms of the degree of skill required to accomplish a 

task (Capa, Audiffren, & Ragot, 2008). It is related to the objective characteristics of the task, 

which include a set of constraints that limit possible actions. Consider the example of a youth 

baseball player at batting practice with a pitching machine. On practice Day 1, the machine 

throws the ball at 60 mph and on practice Day 2, the pitch speed is increased to 90 mph. The 

task difficulty in the practice session on Day 2 becomes higher than the difficulty on Day 1. 

It may be possible for the player to hit the ball on Day 2 but likely not with the same 
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consistency as on Day 1. One reason for this is that a 90 mph fastball pitch may be difficult 

for a youth player to hit. Although increases in task difficulty may increase learning potential, 

difficulty is also expected to degrade training performance.  

The importance of task difficulty in motor control rehabilitation was identified by 

Descarreaux et al. (2010). Nineteen chronic neck-pain patients and 20 healthy participants 

were recruited and asked to move their head as quickly and precisely as possible to a target 

under four different experimental conditions. The four conditions were described by Fitts’ 

index of difficulty (ID). The head-aiming task was considered to be a Fitts’ task (discrete 

movement). The main finding of this study was that significantly decreased motor 

performance occurred in the chronic patient group during the most difficult task condition. It 

was concluded that an optimum level of task difficulty should be identified in order to 

promote performance-based outcomes (Descarreaux, Passmore, & Cantin, 2010). 

Many studies have supported setting specific and challenging motor task goals to 

improve performance in industrial and organizational settings. For example, Locke et al. 

(1968) found evidence of a linear relation between goal difficulty and task performance. 

Yukl and Latham (1978) also presented a study demonstrating that harder goals can lead to 

better performance than easy goals. Forty-one female typists participated in the study and 

either set their own weekly productivity goals or worked to goals assigned by a supervisor. 

Results showed that difficult goals led to higher performance. The researchers concluded that 

goal setting led to greater overall performance improvements for employees assigned to 

higher goals (Yukl & Latham, 1978).  
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Another previous study showed that selection of the level of task difficulty is important 

to learning a complex athletic skill. French (1991) compared the effectiveness of different 

practice regimens during volleyball training. Subjects were divided into three groups, 

including a progressive practice group, a criterion group and an experiment group. The 

progressive group practiced under four levels of increasing difficulty while the criterion 

group began practice at the lowest level of difficulty and advanced to the next level only after 

achieving an 80% success rate in the task. The last group was an experiment group, 

following a given practice scheme, which was the American Alliance for Health, Physical 

Education, Recreation, and Dance (AAHPERD) volleyball skill test. Results revealed that the 

progressive and criterion groups had higher post-training test scores when using the 

AAHPERD test. In addition, no condition was effective from a training perspective when the 

task difficulty was too high or low for trainees. 

Guadagnoli and Lee (2004) suggested that task difficulty can be divided into two broad 

categories, including nominal task difficulty and functional task difficulty (as referred to 

above). Nominal task difficulty represents a constant amount of difficulty, regardless of who 

is performing the task and the conditions under which it is being performed. Functional task 

difficulty is applied relative to the skill level of the individual performing the task and to the 

conditions under which the task is being performed. Although studies have been conducted 

on the influence of practice variability and CI factors (see Section 2.4.2) on training 

effectiveness, variability in difficulty as well as the schedule of such conditions has not been 

accounted for in prior work. These limitations of prior research also provide a basis for the 

present study. 
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Difficulty is perceived not only based on the nature of tasks but also based on the goals. 

In general, goal difficulty refers to the degree of task proficiency required as compared to 

some standard (Locke, Shaw, Saari, & Latham, 1981). It is also defined as an outcome 

standard for a given level of task difficulty. As previously mentioned, both goal difficulty 

and task difficulty affect motor performance. For a given task difficulty, difficult goals 

generally lead to better performance than easy goals. Conversely, for a given goal difficulty, 

performance is poorer in difficult tasks rather than in easy tasks (Delignières, 1998). 

 An example of goal difficulty is a swimmer increasing his hourly distance from 1000 

to 1500 yards from one month to the next. (This is different than the task difficulty example 

provided above regarding baseball batting practice.) The task, which is swimming for an 

hour, is not changed during the training. Regardless of the goal difficulty, the swimmer is 

able to complete the task; however, a goal of the task (i.e., 1000 yards within an hour) can 

affect a trainee’s intrinsic motivation to perform the task. Manipulations of goal difficulty 

primarily influence trainee motivation rather than performance and learning (Anshel, 

Weinberg, & Jackson, 1992). 

Some researchers use the terms goal difficulty and task difficulty interchangeably. For 

example, Onla-or et al.’s (2008) motor learning study involving Parkinson’s disease (PD) 

patients was conducted to define the optimal difficulty level for a practice task. Twenty PD 

patients and 20 unimpaired persons practiced goal-directed arm movements over 2 days. A 

between-groups (PD, nondisabled) 2-factor design compared three levels of task difficulty 

(low, medium and high) and two levels of practice (low, high demand). The task difficulty 
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was defined in terms of required movement time and the type of practice was defined in 

terms of the frequency of feedback on performance. Results showed that adults with PD 

produced better learning under the low-demand practice condition than the control group 

when the level of task difficulty was low. The author determined the optimal level of 

difficulty for the PD patient rehabilitation and concluded that the feedback frequency was 

critical in determining the level that yielded the greatest motor learning among individuals 

with PD (Onla-or & Winstein, 2008). Unfortunately, the manipulation of required movement 

time in the study (900, 1200, and 1500 ms) actually represents a goal difficulty manipulation 

and not the level of task difficulty. Since time is not a characteristic of the task itself but an 

outcome that was defined by the researchers, the experimental manipulation addressed goal 

difficulty. Unfortunately, such confusion of types of difficulty is not uncommon in the motor 

learning literature. 

Related to manipulation of task difficulty in motor skill training, the Challenge Point 

Framework (CPF) was recently proposed as a means for determining the optimal challenge 

point in a task to promote learning (Guadagnoli & Lee, 2004). According to the CPF, 

learning is directly related to the information available and interpretable by a trainee. In other 

words, both the nominal task difficulty and the learner’s skill level create a level of 

functional task difficulty that determines how much information may be available for motor 

learning. As the level of nominal task difficulty increases, there may be fewer cues available 

to trainees as a basis for task performance due to pace or other factors. However, as a 

learner’s skill level increases, functional difficulty may decrease as trainees may have greater 

attention resources to allocate to perceiving task information for performance. The CPF 
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assumes that learning is a problem-solving process and that the information available during 

and after each attempt to solve the problem is remembered and forms the basis for learning. 

Too much or too little information would inhibit learning. It was proposed that task difficulty 

in training systems should be maintained near the optimal challenge point for an individual in 

order to enhance learning effectiveness (Vygotsky, 1978). Related to this, Choi and 

colleagues (2008) developed an algorithm to determine an optimal level of task difficulty for 

learners to support the CPF. The researchers asked whether the benefits of CI could be 

increased by implementing a varying task schedule that takes into account the skill level of 

the learner and the difficulty of individual tasks (Choi et al., 2008). That is, the optimal 

challenge point was empirically determined by manipulating practice factors as well as task 

and functional difficulty levels in order to maximize learning outcomes. This line of inquiry 

is similar to that proposed for the present research. The practice schemes investigated by 

Choi et al. (2008) involved manipulating goal difficulty vs. task difficulty. Furthermore, their 

study was not performed using a VR-based simulation for motor skill learning. The present 

study focused on task difficulty manipulations for optimizing learning using a VR-based 

training simulation. 

In summary, matching task difficulty to a learner’s skill level, both initially and as 

learning progresses, has the potential to enhance the learning effectiveness of a motor 

training task. The level of skill learning may be promoted over time by increasing the degree 

of difficulty posed to the learner. Training time is often a key constraint to learning and task 

practice should be organized in a way that maximizes the amount of potential learning. If 

time is limited or training costs are high, manipulating practice variability and task difficulty 
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may be effective for addressing such constraints. The task difficulty level should also be 

determined based on the goal of the motor skill development.  

The manipulation of training task difficulty is a fundamental feature of adaptive 

training systems to be studied in the present research. From a research perspective, the 

constraints of time and cost also provide some basis for defining training schedules and 

levels of task difficulty as influential factors in motor skill learning and rehabilitation.  
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3. Motor Skill Rehabilitation  

This section provides a review of existing robotic and VR-based rehabilitation systems 

and research. It is important to identify the characteristics of existing systems and why such 

systems have been used for motor rehabilitation purposes. The section also further motivates 

the present study in terms of assessment of the combination of adaptive training with a 

robotic or VR-based rehabilitation system.  

Motor learning mechanisms are operative in all persons, including those recovering 

from a stroke or minor traumatic brain injury (mTBI), and such mechanisms interact with 

rehabilitative training to produce new skills. Motor rehabilitation emphasizes the importance 

of repeated task performance as well as task specificity for skill development. There is strong 

evidence that repetition, intensity and task specificity are primary drivers in an effective 

motor rehabilitation therapy program (see above review of practice time, variability and task 

difficulty). In general, training should be repetitive, functional, meaningful, and challenging 

for a patient. Structuring therapeutic training in this manner can be complemented by 

isolating muscle actions and focusing on individual movements with the objective of 

maximizing strength and use of specific motor units (Kwakkel, Kollen, & Krebs, 2008). 

However, budget constraints (costs of therapists) can often limit the feasibility of intensive 

programs for single movement development. Therefore, robotic machines or intelligent 

systems may offer a solution to accessibility of such therapy and training tasks. Furthermore, 

there is a need to develop advanced robotic and VR-based methods for motor skill training in 

order to efficiently accommodate different levels of functionality among trainees and deliver 
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different levels of task challenge. The flexibility of VR systems for such training presentation 

is promising for effective rehabilitation and motor skill development. 

 

3.1.  Robot-based Rehabilitation 

A robot is defined as a machine capable of carrying out a complex series of actions 

automatically and extending human capabilities or replacing them in some activities. 

Hardware robots are comprised of a mechanical structure with a certain number of degrees of 

freedom (DOF) or joints for achieving physical movements and actions. Modern robots are 

often associated with manufacturing. Robots in this domain are controlled by 

reprogrammable automation and are capable of a variety of movements. Typical applications 

of industrial robots include welding, painting, assembly, pick and place, product inspection, 

and testing; all of which are accomplished with high endurance, speed, and precision (Nof, 

1999). Figure 3.1 presents a typical industrial robot with 6-DOFs. 

 

 
Figure 3.1. Typical industrial robot; an IRB 2400 (ABB, Zurich, Switzerland; http://www.abb.com)  
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Robot-based or robot-assisted motor rehabilitation has emerged since the 1990s and is 

rapidly developing. Robot-based rehabilitation is distinguished from conventional manual 

therapy by the use of a robot that is electrically controlled and programmable. For example, 

the MIT-MANUS was designed to provide physical therapy to the upper-limbs of patients. 

The robot has 2-DOF and a programmable controller similar to an industrial robot. However, 

the MIT-MANUS is configured for safe, stable and compliant operation required for close 

physical contact with humans (Krebs, Hogan, Aisen, & Volpe, 1998).  The MIT-MANUS 

system is further described and shown below in Section 3.1.3. The fundamental idea is that 

the robot is ideal for handling relatively simple therapies that are repetitive and labor-

intensive in nature. Such systems can be used to reduce the amount of time that an actual 

therapist needs to devote to patient training.  

During the past two decades, most robot-assisted rehabilitation research has been 

focused on building replicas of conventional therapy paradigms, such as repetitive movement 

training or massed practice, using robotic systems (Brewer, McDowell, & Worthen-

Chaudhari, 2007). For example, Khan et al. (2006) replicated manual training techniques for 

a stroke-impaired arm, as traditionally performed by a therapist by using the programmable 

force-producing capabilities of the Assisted Rehabilitation and Measurement (ARM) Guide 

(Reinkensmeyer et al., 2000). As compared with VR-based systems, such robotic systems 

focus more on assistive or resistive force feedback and may be more precise in movement 

control and effective for immersing users in task performance (i.e., providing them with the 

sense of actually performing a real task vs. a task in a virtual environment (VE)). 
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3.1.1.  Advantages and Disadvantages of Robot-based Rehabilitation 

The main advantages of robot use in rehabilitation include reductions in therapist 

workload and their associated costs, with the added benefits of unlimited stamina and 

accuracy. Physical strain and professional injury of therapists can be minimized. Repetition 

(or practice) has been found to be important for motor learning. Repeated training is highly 

correlated with success in retention tests when learning is the goal. (Prange, Jannink, 

Groothuis-Oudshoorn, Hermens, & IJzerman, 2006) found that success in learning can be 

achieved through trial and error in repeated practice with specific feedback on the success or 

failure of performance. In rehabilitation research, robot technology has been used to 

repeatedly guide or restrict patient movements (a form of physical feedback), which can 

provide specific direction to patients to aid learning. The level of repetition that can be 

achieved with a robot-based rehabilitation system is only limited by hardware characteristics. 

Stroke rehabilitation can be very labor-intensive and typically requires one-on-one 

manual interactions between patients and therapists. For some patients with severe paresis 

(Lotze, Braun, Birbaumer, Anders, & Cohen, 2003), robots can be used to support the weight 

of a limb against gravity to assist patient movements. This provides mobility to patients who 

do not possess sufficient sensorimotor control for practicing target movements. The 

movement of the robot also provides feedback on optimal motion trajectories for the target 

tasks. In addition, patient observation of robot movements may be motivating for motor 

control performance. For persons with severe motor dysfunction due to stroke, repetitive 

movement therapy with robots may represent a lone alternative in the case that therapists 

cannot physically move a patient’s limb. 
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In terms of disadvantages, although robot-use can reduce the cost of therapy labor, the 

initial cost of robotic devices is often high. In addition, some rehabilitation devices can only 

be used in large rehabilitation centers due to the size of equipment, required maintenance, 

and power issues (Harwin, Rahman, & Foulds, 1995; Krakauer, 2006). In addition, a lack of 

positive verbal reinforcement from a person during patient performance may reduce the 

effectiveness of robotic-based rehabilitation, as compared with traditional manual therapy.  

The motivation of patients is another key issue in the success of therapy regimens. For 

sustaining motivation and engagement, therapists are better at observing a patient’s physical 

and emotional states, providing appropriate feedback, or adjusting the difficulty of a therapy 

exercise, accordingly, than a robotic system. However, patient status monitoring systems 

(e.g., physiological variable monitors) can be integrated with robots for rehabilitation in 

order to trigger augmented verbal or visual feedback during exercises. Such feedback 

systems have generally not been developed as part of robotic-based rehabilitation systems 

and those that do exist may seem artificial to patients due to repetitive cues. In the following 

sections, detailed features and research on the designs of existing rehabilitation robotic 

systems are described. 

3.1.2. Robot-assisted Rehabilitation Systems 

Several robotic rehabilitation devices for upper limb motor skill recovery have been 

developed and tested in clinical settings. The MIT-MANUS (Krebs et al., 1998), InMotion
2
 

(Daly et al., 2005) and the Mirror-Image Motion Enabler (MIME) robot (Lum, Burgar, Shor, 

Majmundar, & Van der Loos, 2002) were developed to support unrestricted, unilateral or 
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bilateral shoulder and elbow movement. These systems have been shown to consistently 

provide superior motor impairment recovery as compared with traditional physical training. 

The ARM guide (Reinkensmeyer et al., 2000) is another system that assists reaching in a 

straight-line trajectory. The Bi-Manu-Track (Hesse, Schulte-Tigges, Konrad, Bardeleben, & 

Werner, 2003) system enables bilateral practice of forearm and wrist movement. Both of 

these systems are currently being tested for motor skill training. 

The MIT-MANUS (commercially available as the InMotion
2 

Shoulder Elbow Robot; 

Krebs et al., 1998, see Figure 3.2) is a 2 DOF robot that can move, guide or perturb the 

movement of a patient’s upper limb achieved using impedance-control. It is one of the most 

famous clinical robots and has been the object of many clinical studies (Fasoli, Krebs, & 

Hogan, 2004; Volpe, Krebs, & Hogan, 2001). The MIT-MANUS allows patients to displace 

the elbow and shoulder during hand movements made in a horizontal plane. The method of 

‘impedance’ control allows for elastic deviation around pre-programmed movement 

trajectories. For example, in Krebs et al.’s (1998) study, 20 stroke patients were enrolled in 

either a robot-aided therapy group or control group. The training task for the robot-aided 

group consisted of gaming components, including drawing circles, stars, squares, diamonds, 

and navigating through computer displays. The tasks were designed to maximize correlated 

sensory feedback, including visual, audio and proprioceptive cues from a computer screen. 

The robot-aided group received four to five 1-hour sessions a week for up to 9 weeks with 

the MIT-MANUS system. A control group received 1-hour a week of standard plus “sham” 

(false) robot-aided therapy, which did not pose adverse effects. Following therapy, the robot-

aided group demonstrated reduced shoulder and elbow motor impairment compared to the 
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control group. This finding was also supported by chronic stroke subjects with the same 

sample size (Krebs et al., 1998, Fasoli, Krebs, Stein, Frontera, & Hogan, 2003). 

 

 
Figure 3.2. MIT-MANUS (Krebs et al. 2004) 

 

The MIME system (Lum et al., 2002) is a bimanual, mirror-image 6 DOF device for 

reaching and tracing tasks. A patient’s hands are attached to robot end-effectors during the 

training (see Figure 3.3). The robot moves a patient’s forelimb continuously to a mirror-

image position in 3D space. MIME implements several modes of robot-assisted movements, 

such as passive, active-assisted, and active assistance constrained by interaction forces and 

moments applied to the patient’s arm. A study was conducted to assess the clinical 

effectiveness of the MIME system, as compared with a conventional motor rehabilitation 

therapy regimen. Twenty-seven chronic stroke subjects received twenty four 1-hour therapy 

sessions over a 2-month period (Lum et al., 2002). The robot-aided group practiced upper-

limb movement assisted by the MIME system while the control group received conventional 

therapy and minimal (5 min.) exposure to the robot in each session. Unfortunately, Lum et al. 
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did not provide an explanation as to why the control group received minimal robot exposure. 

It is possible that this exposure confounded the comparison of control group performance 

with that of the robot-aided group. As a result, the robot-aided group produced statistically 

significant improvements over the control group, which the authors noted as being directly 

linked to the automated training approach. In Lum et al.’s (2006) later study, the specific 

effects of bilateral training were explored using the MIME system with 30 subjects classified 

into four groups. All subjects received 50 min. of rehabilitation therapy over a 4 week period 

with either traditional rehabilitation or one of three MIME conditions, including unilateral, 

bilateral or a combined mode. Only the combined training group showed significant 

improvements over the control group, as indicated by increased Fugl-Meyer scores. However, 

this difference from other groups was lost after 6 months (Lum et al., 2006). These results 

indicated that the system was effective for promoting training performance but had a 

transient effect on motor learning. 

 

 
Figure 3.3. MIME (Lum et al., 2006) 
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The ARM Guide robot system (Reinkensmeyer et al., 2000) includes 3 (controlled) 

DOFs. In this system, a servo-motor assists the movement of a subject’s arm in a linear path 

along the X, Y and Z axes. A patient’s forearm is strapped to a splint that slides along a 

linear constraint, while the motor assists or resists arm movement. The device is statically 

counterbalanced so that a patient does not feel the weight of the arm. In initial clinical testing 

of the ARM Guide system, three chronic stroke subjects underwent three therapy sessions per 

week over a 2-month period (two of three subjects) or 1-month period. As a result, all 

impaired subjects greatly improved their active range and peak velocity of movement along 

the ARM Guide. Another study compared traditional rehabilitation over 8 weeks with the 

same period of robotic-based rehabilitation with the ARM Guide system (Kahn, Lum, Rymer, 

& Reinkensmeyer, 2006). Patients in the robot group were provided with movement 

assistance if they were unable to complete the movement or experienced difficulties in 

completing given movement tasks, while the control group completed the training without 

robot assistance. Results showed that there was no difference between groups in task 

completion time and path straightness. However, the robot group showed significant 

improvement in smoothness of movement.  
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Figure 3.4. ARM Guide (Reinkensmeyer et al., 2000) 

 

 

The Bi-Manu-Track robotic arm trainer (Hesse, Schmidt, Werner, & Bardeleben, 2003) 

was designed to work specifically on distal arm movement training by facilitating practice of 

bilateral pronation and supination at the elbow and flexion and extension at the wrists (see 

Figure 3.5). These types of distal movements are an integral part of many daily activities. 

The robot enabled 1 DOF bimanual passive and active practice. Hesse et al. (2005) 

performed a clinical assessment of the Bi-Manu-Track with 12 hemi-paretic patients (stroke 

patients with motor unilateral disability). Subjects received a 15-minute treatment with the 

trainer every workday for 3 weeks in addition to participating in an ongoing comprehensive 

rehabilitation program. As a result, all patient impressions of the therapy were positive. 

Elbow, wrist and finger spasticity and motor control ability improved in most patients. It was 

concluded that the trainer made intensive bilateral elbow and wrist training possible for 

severely affected stroke patients (Hesse et al., 2005). 
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Figure 3.5. Bi-Manu-Track (Hesse, Schulte-Tigges et al., 2003) 

 

 

 

3.1.3. Summary 

The majority of the above studies have involved assessing the effects of repetitive 

robotic training of patient arm, shoulder or elbow movements for various periods of time. 

Data on motor control, muscular-skeletal performance, functional abilities and independence 

in task performance have been recorded and compared with control groups (e.g., traditional 

training). Table 3.1 presents a summary of the six robots for motor rehabilitation reviewed 

above. The robots are attached to patient shoulders and elbows and provide less than 6 DOFs. 

A limited number of DOFs at shoulder and elbow joints cannot be directly generalized to 

therapy for the human wrist and hand, which involves more DOFs in joint space. The general 

conclusion of the existing robot-based rehabilitation studies is that robot therapy has an effect 

on motor control; however, it is not necessarily more effective than traditional therapy with 

the same intensity. Robots are principally used for their capability to provide a large number 

of repetitions (Kwakkel et al., 2008). In other words, the robotic systems do not provide 

anything more than therapists (per se) for equal treatment doses. However, it is widely 
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accepted that increasing intensity of training is a significant factor for effective rehabilitation, 

although the degree of increase in effectiveness is uncertain. Therapist adjustment of levels 

of difficulty of rehabilitation exercises is often easily achieved; however, such training 

adaptation is challenging in the development of robotic and VR-based rehabilitation systems. 
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Table 3.1. Summary of robot-based rehabilitation systems 

Robot Reference DOF 
(inupt/ouput) 

Feature 

ARM Guide 

Reinkensmeyer 

et al., 2000 3 / 3 

Designed to mechanically assist linear 

movements in horizontal plane. 

MIME Lum et al., 2002 6 / 6 

Passive, active-assisted, and active-

resisted training in 3D space. 

MIT-

MANUS 

Krebs et al., 

1998 2 / 2 

Unrestricted movements of the shoulder 

and elbow joints. 

InMotion2 Daly et al., 2005 2 / 2  

Passive, active-assistive, active, and 

resistive training in horizontal plane 

(commercial version of MIT-MANUS). 

Bi-Manu-

Track 

Hesse et al., 

2003 2 / 2 

Bilateral training focusing on 

forearm and wrist movement. 

 

 

 

Coupling of rehabilitation robots with interesting and motivating VR interfaces has 

been observed to be a promising method for automatically increasing the intensity of 

rehabilitation exercises (Holden, 2005). If robots are capable of delivering a higher number 

of therapeutic trials than a therapist, this provides an obvious advantage for patients. 

However, the capability to promote patient engagement and training task performance 

represents an additional benefit that may serve to make robotic-based therapy superior to 

conventional therapist methods. Recent robotic systems present such advantages over 

conventional therapy, as well as flexibility in task condition delivery. The use of VEs and 

augmented feedback with robotic-based systems to deliver unconventional therapies has been 

found to be enjoyable for patients (Holden, 2005). The next section describes research on 

VR-based systems for these purposes.  
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3.2.  VR-based Rehabilitation 

Virtual reality (VR) is a simulation of a real-world environment that is created through 

a computer system and is experienced by a user through a human–machine interface (Holden, 

Dyar, Schwamm, & Bizzi, 2005). The human-machine interface is typically capable of 

providing information specific to the human senses (e.g., vision) through a specialized output 

device, such as a stereoscopic display screen. The design of the interface (itself) is often 

intended to make the control or display “transparent” to a user. VR technology has been 

commercially available since the late 80’s. Recently, due to dramatic advances in computer 

technology, the field of VR research has grown. One of the newest fields to benefit from this 

growth is the use of VR technology in medical rehabilitation. In the same fashion of robot-

based rehabilitation, the advance of VR-based rehabilitation focuses on key concepts of 

motor learning, as mentioned in Section 3.1, which are repetition, feedback and motivation. 

As compared to robot-based rehabilitation or motor learning, many motor learning studies 

have paid attention to augmented feedback and found better performance in VR than real-

world training (Merians et al., 2002; Todorov, Shadmehr, & Bizzi, 1997; Weghorst, 1997). In 

addition, some studies have investigated motivation to tolerate extensive practice periods 

(Bryanton et al., 2006; Gordon, Roopchand-Martin, & Gregg, 2012). In this section, a brief 

overview of existing VR systems is provided along with details of VR rehabilitation that 

differentiate it from traditional or robot-based rehabilitation. 

3.2.1.  Advantages and Disadvantages of VR for Rehabilitation 

The specific technologies used to present a VR, the degree of realism and the type of 

feedback provided on user performance characterize VR systems for task training and 
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rehabilitation. As mentioned previously, rehabilitation therapy should be repetitive and of 

sufficient intensity for patients to achieve motor learning (Kwakkel, Kollen, & Wagenaar, 

1999). However, during practice, trainees must be motivated to tolerate task repetition. 

Furthermore, they should be provided with some form of feedback on performance progress. 

Kwakkel et al. (1999) reported that stroke patients typically spend only 20–60 min. per day 

in formal therapy. Common issues influencing patient involvement in therapy include the 

degree of interaction with training systems, boredom, fatigue, and lack of motivation for 

attending therapy sessions (Tinson, 1989). VR-based therapy provides potential solutions to 

such problems associated with traditional therapy techniques. VR can provide novel forms of 

feedback and motivate stroke patients to endure practice.  

Related to this, children often do not follow through with conventional home 

rehabilitation exercise programs because they consider the exercises meaningless and 

uninteresting. However, video game-based approaches may be effective for these patients. 

Seven children with cerebral palsy received therapy by playing sports games with a Nintendo 

Wii™ twice weekly for 6 weeks. This form of training resulted in perfect attendance and 

completion of the full training regimen by all participants. Results revealed improvements in 

gross motor function and confirmed the efficacy of the Wii as a potential rehabilitation tool 

(Gordon et al., 2012). In another study, motivation was assessed in physical, 2D VR, 3D VR, 

and video game forms of motor skill training tasks by 20 healthy participants. These 

participants rated the video gaming environment and 3D VR as being the most and second 

most motivating and enjoyable forms of training, respectively.  
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Another advantage of VR is flexibility in application (Burdea, 2003). The same VR 

hardware can be used for various types of rehabilitation. For example, a sensing glove can be 

used to train musculo-skeletal patients to squeeze virtual “rubber balls” or to complete a 

pegboard puzzle. Squeezing a rubber ball is a typical hand strengthening exercise prescribed 

after hand surgery. The pegboard exercise is a procedure commonly conducted to improve 

hand-eye coordination. This type of interface control can be integrated with a head-mounted 

display (HMD) for immersive experience of exercise by patients suffering from different 

types of ailments, including TBI with attentional implications or children with attention 

deficits. That is, VR is flexible in terms of the type of task that can be simulated as well as 

the target user group. Beyond this, VR simulations, like robotic-based rehabilitation, also 

support repetition of task training by users and do not present the disadvantage of therapist 

fatigue. 

Providing augmented feedback is one of the most important advantages of a use of VR 

for rehabilitation. During VR practice, feedback can be augmented to provide supplemental 

information about the task beyond the inherent feedback available in the physical world 

(Schmidt & Lee, 2005). During rehabilitation, patients typically perceive cues on many 

aspects of their own movements through sensory channels, such as the eyes. In VR, 

additional feedback can be provided such as a real-time demonstration of proper execution of 

arm movements by using a visualization of a patient’s own movements (Krakauer, 2006). 

That is, augmented feedback in VR can be designed to complement real-world training 

feedback in a more salient form. Moreover, augmented feedback provides information about 

the success of a movement in a task and it informs the patient about movement errors. This 
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type of feedback has also been found to motivate patients by providing information about 

actions that have been performed correctly. For example, augmented feedback, including 

knowledge of performance (KP) or knowledge of results (KR) of patient actions, has been 

found to enhance motor skill learning (T. D. Lee, White, & Carnahan, 1990; Swanson & Lee, 

1992). In Piron et al. (2003) study, assistive augmented feedback was provided to 

participants by a VR system. The feedback was a visual representation of a desired trajectory 

of movement. The feedback was found to produce significant motor skill improvement.  

VR may also benefit adaptive training approaches to motor learning due to its 

flexibility in accommodating various applications and feedback capabilities. As previously 

mentioned, VR can be used to present different types of motor tasks and manipulation of 

levels of task difficulty is easily achieved. Since VR systems can provide real-time feedback, 

closed-loop control of a simulation can also be achieved. Such control allows for accurate 

system adaptation based on a learner’s skill level (Henderson, Korner-Bitensky, & Levin, 

2007; Holden & Dyar, 2002; Holden et al., 2005). This topic will be addressed further in 

Section 3 of Chapter 4. 

Contrary to the above advantages, a disadvantage of VR-based rehabilitation systems 

is that users often show acceptance issues due to the immersiveness of simulations. It may be 

true that high-fidelity and more immersive VEs can increase the benefits of motor training. 

However, immersive VRs has been found to cause cyber-sickness symptoms, such as nausea 

and headache, particularly for persons over 65 years (Crosbie, Lennon, Basford, & 

McDonough, 2007; Stanney, Kennedy, Drexler, & Harm, 1999). Related to this, cyber-
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sickness potentially limits the usability of immersive VR for rehabilitation purposes, 

especially for older people in home environments. Another problem with immersive VR 

systems is delay between body movements and the presentation of appropriate task images 

through display devices (e.g., HMD). That is, due to system data processing capabilities and 

image rendering loads, delays in the response of a simulation to user actions may occur. 

These delays can lead to an asynchronous vestibular motor reaction to visual stimuli 

(Gövercin, Missala, Marschollek, & Steinhagen-Thiessen, 2010) 

 Another disadvantage of VR systems is that most control and display interfaces 

currently in use are not designed as medical equipment (Burdea, 2003). The VR equipment is 

mostly general-purpose and not intended for clinical use. For example, a sensing glove, 

designed for a normal population, would need to be modified to accommodate special needs 

of patients who have undergone hand surgery or stoke patients. In addition, VR equipment 

cost is still prohibitive for many health clinics even though the cost has dropped significantly 

in recent years. Accommodating clinical use would also further increase VR costs. Although 

many advanced VR systems for rehabilitation are not commercially available, such systems 

can be expected to be expensive when they become available. The cost of some of the more 

immersive commercial VR systems is also prohibitive for clinical use and such technologies 

are often only used by universities for investigative studies. For example, the Interactive 

Rehabilitation and Exercise System (IREX; GestureTek, Toronto, Canada), a commercial VR 

physical therapy system, which uses immersive video gesture control technology to place 

patients into VEs (see details in Section 3.2.2), costs around $15,000.  
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Countering this disadvantage, there are indications of greater efficiency of VR training 

compared with conventional rehabilitation systems. It is a powerful tool that can be utilized 

to test different methods of motor training, types of feedback, and different practice 

schedules for comparative effectiveness in improving motor function. Several groups of 

researchers have been working to develop VR systems for motor skill rehabilitation in 

patients, using a variety of approaches including low-cost hardware.  

 

3.2.2. Existing VR-based Rehabilitation Systems and Research 

The basic components of VR systems include (Holden et al., 2005): 

 

(1) a computer with a high-performance video device to support fast “3D” image 

rendering;  

(2) a high-fidelity 3D display and hand control device through which the user can 

visually monitor a VE and/or experience kinematic or haptic sensations (force 

feedback); and 

(3) custom software for simulating the target application or task.  

With respect to the display hardware, the simplest visual display devices include a 

desktop computer monitor or a liquid crystal display (LCD) projector combined with a 

projection screen. Although such displays are not as realistic as “3D” displays, a sense of 

depth can still be generated through the use of linear depth cues, such as perspective, relative 

motion, occlusion and aerial perspective. To achieve more immersive VRs, stereoscopic 

displays can be used with active light-shutter glasses, which display alternating right/left 
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views of an image to each eye synchronized to the display’s frame rate. This can provide a 

low-cost virtual 3D display presentation, including binocular disparity cues. A HMD can also 

be used to present stereo viewing through small monitors mounted in front of each eye. Such 

displays are not considered to be true 3D displays as they do not support visual 

accommodation or focus of objects at different physical distances from the eyes. Additionally, 

fully immersive VR systems can integrate a computer-automatic virtual environment (CAVE) 

where the VR is projected on large surround screens to create a greater sense of user presence 

in a VE (Adamovich et al., 2005; Henderson et al., 2007; Popescu, Burdea, Bouzit, & Hentz, 

2000). 

Although mice and joysticks are widely used as input devices in VR, a variety of more 

sophisticated controls that allow for simulation of movement kinematics and haptic feedback 

are also available. Haptic feedback (or haptics) is a crucial sensory modality in VR (Burdea, 

1999). It includes both force feedback and tactile feedback. Small vibration devices that can 

be attached to a user's body can provide haptic feedback at a low cost. For high fidelity 

feedback, tabletop devices providing multiple DOF control, such as the PHANTOM Omni®  

from Sensable Technologies as well as wearable robotic arms or gloves (e.g., CyberGrasp 

from VRLogic), can be used. These types of devices have been integrated with surgical 

training and computer-aided design software applications (e.g., Kuroda et al., 2007). 

There has been a wide range of research on VR technologies conducted in the field of motor 

rehabilitation. In addition to describing a variety of VR-based rehabilitation interfaces and 
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studies, the task practice schemes and task difficulty manipulations of various studies are 

reviewed below.  

IREX is a commercial VR rehabilitation system, which is completely controlled by 

gestures so patients do not need any controller to operate the system making it easy to use 

(GestureTek, 2012). Cameras capture the patient’s image and then display it on a computer 

monitor allowing them to see their movements and interactions with VR objects. A therapist 

can design specific, low impact activities that are monitored to track a patient’s improvement 

over time. Jang et al. (2005) examined the effects of immersive VR training using IREX for 

arm and hand movements in stroke participants (see Figure 3.6). Ten subjects participated in 

either VR therapy or no therapy (control group). The participants were instructed to perform 

a series of motor function tasks such as the box and block test (BBT) as a pre-test (baseline) 

and post-test supervised by a physical therapist. The VR group performed motor tasks that 

focused on reaching, grasping and lifting and were provided with verbal feedback through 

the IREX system, as part of training. Both groups had a similar baseline test scores. Increases 

in mean scores following training were significantly different between the VR group and the 

control group with the VR group being greater. It was concluded that VR may be used as an 

augmented form of stroke rehabilitation (Jang et al., 2005). In this study, multiple versions of 

the BBT were presented to the patients. In addition, the augmented feedback as part of the 

automated therapy system was gradually reduced over the course of practice, thereby 

requiring patients to take greater responsibility for solving problems themselves. Although 

the VR system provided the capability to manipulate the version of the training task, or to 
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provide a dynamic practice regimen, the researchers did not consider the level of task 

difficulty as a factor for improving performance.  

 

 
Figure 3.6. GestureTek’s Interactive Rehabilitation and Exercise System (IREX) 

 (GestureTek official website - http://www.gesturetekhealth.com) 

 

 

 

Other VR therapy systems have also incorporated performance-based targets to 

increase patient motivation and to adapt training difficulty to a patient’s current skill level. 

Jack et al. (2001) developed a PC-based desktop VR system for rehabilitation of hand 

functions for stroke patients integrating the CyberGlove (Immersion Co., San Jose, USA) and 

the Rutgers Master II (RMII) force-feedback glove (Popescu et al., 2000). Three chronic 

stroke patients used this system to train range of movement, speed of movement, 

fractionation and strength on a daily basis for 2 weeks. The therapy consisted of multiple 

sessions, which were target-based, such that all the exercises were determined based on a 

patient's performance level. That is, goal difficulty was manipulated in the study but not task 

difficulty. Results showed that that each patient improved mostly in hand motor function 

during training. Patients also reported positive impressions of training (Jack et al., 2001).  

http://www.gesturetekhealth.com/
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Still other VR-based motor training tasks have been based on video games with 

multiple levels of difficulty. For example, Broeren et al. (2004) developed an immersive VR 

system integrating a PHANTOM Omni®  haptic device and a stereoscopic display for virtual 

3D viewing of a VE. They examined training effects for a single patient. The training 

regimen consisted of pre- and post-tests and twelve 90-minute practice sessions over a 4 

week period. The training was based on the “bricks breakout” video game (Atari, Inc.) in 

which the participant was instructed to strike a virtual ball by using the haptic device. The 

level of difficulty, represented by ball speed, was changed after the subjects achieved a given 

score. Improvements in manual dexterity were measured with unilateral and bilateral subtests 

of the Purdue Pegboard Test (Desrosiers, Hebert, Bravo, & Dutil, 1995) in which participants 

used both hands to insert as many pegs as possible into a board. The participants were found 

to improve on fine manual dexterity, grip force, and motor control of the affected upper 

extremity. The study concluded that training with the VR promoted motor rehabilitation 

(Broeren, Rydmark, & Sunnerhagen, 2004). The study used a VR setup and approach to task 

difficulty manipulation similar to that investigated in the present study. However, there was 

only one participant recruited in the Broeren et al. study. In addition, limited information was 

provided on how increases in ball speed were indexed to increases in subject score as a basis 

for optimizing motor learning over time.  
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Figure 3.7. VR rehabilitation system with RMII glove (Jack et al., 2001) 

 

 

In a VR study by Ansuini (2006), a random practice regimen was used with a 

DataGlove (Fifth Dimension Technologies, Irvine, CA). Nine stroke patients were asked to 

reach and grasp a real object while simultaneously observing the grasping of a virtual object 

in a VE when the location of the object was randomly changed. After training, patients in 

different experimental groups were subsequently able to reach objects located in areas of the 

workspace, which they could not previously reach. It was concluded that the VR aid provided 

some temporary relief of motor limitations for stroke patients (Ansuini, Pierno, Lusher, & 

Castiello, 2006). 

VR training systems also provide the capability to deliver typical occupational therapy 

regimens. In traditional occupational therapy, sessions often involve repeating aspects of a 

life task the patient wishes to perform. For example, Holden (1999) studied a form of VR-

based occupational therapy by using a LCD projector and large screen. In this study, two 

stroke patients were required to use a VR simulation to train upper-extremity reach in an 

impaired limb. A series of six variations of a mail delivery task, incorporating a virtual 
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mailbox, were presented with increasing difficulty for the patient. Training progressed from 

an easy condition involving a near reach to a more difficult condition involving a far reach 

scenario but was not yoked to patient performance. Three different hand orientations were 

required at each level of difficulty, including forearm pronation (easiest), neutral (more 

difficult), and supination (hardest). Subject performance was evaluated using pre- and post-

testing with functional ability tests. Both participants improved in the trained task, indicating 

transfer of skill from the VE to real-world performance. Reaching also improved in untrained 

parts of the workspace, indicating some generalization of transfer. The results of this study 

suggest that VE training holds promise for stroke rehabilitation (Holden, Todorov, Callahan, 

& Bizzi, 1999; Holden et al., 2005).  

Beyond the studies by Holden et al., the effects of upper-limb training in real life tasks 

using a non-immersive VR with the VRmotion system (VRmotion Ltd., Padova, Italy) has 

been investigated (see Figure 3.8). Twenty-four stroke patients with mild-to-moderate 

impairment were divided into VR and conventional therapy groups. The VR training tasks 

consisted of daily living activities including putting envelopes into mailboxes, hitting a nail 

with a hammer, and pouring liquid from a glass into a carafe. All subjects received therapy in 

1-hour sessions, 5 days/week for 5 to 7 weeks. During practice of each task, complexity was 

increased based on the judgment of a therapist. Before and after the therapy, the degree of 

motor impairment and autonomy of the participants were assessed. Post-test results showed 

significant improvements over baseline data through the VR rehabilitation therapy. It was 

concluded that motor recovery may be promoted by VR training (Piron et al., 2005). 
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However, this study did not take an automated adaptive approach to the adjustment of 

training difficulty. 

 

 
Figure 3.8. VRmotion (Piron et al., 2005) 

 

 

 

In another study, a VR interface was used to improve walking in stroke patients. Jaffe 

et al. (2005) evaluated a VR system that presented virtual obstacles to users through an 

immersive virtual display. The training intervention required subjects to step over obstacles 

while walking for 6 minutes. Twenty stroke patients were trained in either the VR or a real 

form of the task. Jaffe et al. changed the height and length of the virtual objects thereby 

altering training task difficulty. The VR training yielded greater improvements in gait 

parameters, such as velocity, as compared with real training (Jaffe, Brown, Pierson-Carey, 

Buckley, & Lew, 2004). No information was provided on how the virtual object 

configurations were determined relative to trainee performance. 

As previously mentioned, motor training using a robot coupled with a VR system has 

been shown to increase motor skill training. However, other studies have investigated the 
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effectiveness of such a system in terms of skill transfer to real-task performance as compared 

with the use of a robot alone. Mirelman et al. (2009) conducted lower-extremity training 

research and compared the transfer of VR-robot training to that of a robot-only system. 

Greater changes in patient walking velocity and distance were demonstrated for the group 

trained with the robotic device coupled with the VR, as compared to training with the robot 

alone (Mirelman, Bonato, & Deutsch, 2009).  

In another example of such research, researchers combined VR-based rehabilitation 

with an existing mirror therapy technique to enhance the effectiveness of the traditional 

therapy protocol (Wu et al., 2011). Mirror therapy helps stroke patients imagine paretic 

(identical and simultaneous) upper-extremity movements. Using the VR-Mirror system, a 

mirror image and movements of the unimpaired limb were presented to subjects and they 

matched the movement trajectory with their impaired limb.  

In Amirabdollahian’s (2007) research, a robot-based rehabilitation system, the 

GENTLE/s (Loureiro, Amirabdollahian, Topping, Driessen, & Harwin, 2003) was integrated 

with a HapticMASTER robot (MOOG FCS Robotics Inc., Nieuw-Vennep, The Netherlands; 

see Figure 3.9). This system was found to lead chronic stroke subjects to functional motor 

improvements (Amirabdollahian et al., 2007). However, the system was not tested in a 

closed-loop control scenario. Therapists were not able to adaptively modify characteristics of 

training scenarios, such as task difficulty, according to a learner’s performance.  

 



 

 46 

 
Figure 3.9. Gentle/s with HapticMASTER (Amirabdollahian et al., 2007)  

 

 

 

3.2.3. Summary 

In addition to the repetitive training capabilities of robot-based rehabilitation, VR-

based rehabilitation systems provide the advantages of increased motivation, augmented 

feedback, and flexibility in training task manipulation. Due to the flexibility of the 

technology, VR may advance adaptive training approaches to motor learning by presenting a 

variety types of motor tasks and manipulating levels of training task difficulty. The 

disadvantages of VR technology for rehabilitation purposes include a lack of acceptance of 

the novel technology by patients, a lack of validation for clinical use, and high system cost.  

VR is a new tool that may enhance motor retraining when implemented properly. It is 

not a treatment for rehabilitation in and of itself and further research is needed to demonstrate 

the effectiveness of VR for motor task training. Like traditional therapy, the extent to which 

VR rehabilitation works depends substantially on understanding relevant aspects of motor 

learning (Holden, 2005). Addressing motor learning theory in VR system design is 

considered key to rehabilitation interventions. The existing VR-based systems reviewed 
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above have been assessed primarily from the viewpoint of whether users can perform tasks 

with the systems and, to a lesser extent, whether learning occurs.   

With respect to research on adaptive VR training systems, there has been limited focus 

on investigation of manipulating task difficulty in training for rehabilitation purposes. This 

observation is ironic in that VR typically provides extensive capability to manipulate training 

task features. Some studies have managed the deliver virtual tasks based on learner 

performance improvements or achievements in predefined tasks. However, little research has 

covered dynamic adaptation of task difficulty to learner skill level during training. Table 3.2 

summarizes the VR-based rehabilitation systems reviewed in the previous section. The 

present research examined dynamic adaptation of motor task difficulty in a custom VR 

application requiring movement related to functional skills.  
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Table 3.2. Summary of VR-based rehabilition system 

Reference VR System Feature Adaptive 

Jang et al., 2005 IREX Game-based reaching task (commercially 

available) No 

Jack et al., 2001 RMII Range-of-motion, speed-of-motion, finger 

fractionation, strength-of-movement exercises No 

Broeren et al., 

2004 
PHANTOM 

Omni® 3D computer game (stacking bricks) Yes 

Ansuini et al., 

2006 
VR Data 

Glove system Reaching and grasping task No 

Piron et al., 

2002 VRmotion Grasping and placing task No 

Amirabdollahian 

et al. 2007 

GENTLE/s 

and 

HapticMaster 

Rehabilitation Robot integrating a commercial 

haptic solution 
No 
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4. Adaptive Training  

Adaptive training is one of the key aspects of the proposed research. Existing motor 

rehabilitation research has not focused on dynamic adaptation of training systems. This 

section provides a basis for the models and components of adaptive training to be explored in 

the present study, as well as identification of learner characteristics and adaptive training task 

assessment methods. This section also leads to the hypotheses of the present research. 

Adaptive training has been defined from a variety of viewpoints. In the field of human 

factors, Kelley (1969) says that adaptive training is training in which the problem, the 

stimulus or the task is varied as a function of how well a trainee performs (Kelley, 1969). 

Park (1996) described adaptive training as educational interventions aimed at effectively 

accommodating individual differences in students while helping each student develop the 

knowledge and skills required to learn a new task (Park & Lee, 1996). For a broader 

definition, Shute (2008) describes an adaptive system as one that adjusts itself to suit 

particular learning characteristics and the needs of the learner (V. J. Shute & Zapata-Rivera, 

2008). Overall, these definitions imply that training can be adapted based on task variables, a 

trainee’s performance and traits or characteristics, as well as learning needs that arise during 

instruction. 

For the purposes of this study, adaptive training is defined as a training aid or 

intervention that can be tailored to a trainee's performance and can be adjusted at the end of a 

therapy session or in real time. In addition to the basis for adjustment, the timing of 

adjustments is considered to be important to learning. Feedback loops represent a key feature 
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of adaptive systems that provide a basis for modifying task difficulty at the end of each 

training session relative to user performance. Feedback to the system on a user’s response 

can provide a basis for the system to determine user performance levels. (The VR system 

investigated in the present study integrated a feedback loop for this purpose.) Static (or non-

adaptive) training systems do not change the difficulty of the practice task throughout user 

performance. Performance feedback from the system to a user can also provide motivation to 

alter responses relative to system outputs. Such feedback is often provided to users, but it is 

not used as a basis for changing the state of the training system.  

 

4.1.  Adaptive Training Techniques and Models 

Research has identified several different models of adaptive training, including: macro-

adaptive, micro-adaptive, and the Aptitude Treatment Interaction (ATI) approach. Macro-

adaptive training represents the most basic type of adaptive training and is also one of the 

most widely used approaches (Park & Lee, 1996). In the macro-adaptive method, different 

instructional modules are given to trainees and they are allowed to complete the modules at 

their own pace. Trainee performance is evaluated to determine whether they can proceed to 

the next stage of training. In the same manner, the training module or level is determined 

based on prior performance, such as the performance shown in the previous stage.  

In the micro-level training approach, performance evaluation occurs continuously 

during practice or the training module. In order to apply this approach, the training system 

must have the capability to measure and diagnose real-time subject performance using 
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mathematical or statistical models or classification algorithms. Since it is not simple to 

develop such real-time diagnostic methods for assessing a trainee's performance, a weakness 

of this approach is resource intensive and costly instructional models. 

The ATI is based on a learner's current aptitude or individual differences. Since some 

individual difference variables, such as intellectual ability and prior knowledge, are 

considered to be related to learning, they can be used in adaptive training systems as a basis 

for specifying training conditions (Park & Lee, 1996). However, this method has a 

disadvantage in that learner ability levels may change over time and such variables may 

become less than optimal for determining adaptation in real time. Therefore, it is important to 

validate certain variables for representing individual differences and for use in training 

system adaptation. 

Further research is needed to determine which adaptive training approach is optimal 

under specific circumstances, including task characteristics and budget and time constraints. 

Among the identified approaches, the present study followed the micro-adaptive approach 

(despite the development cost) as it is expected to be most feasible and effective for motor 

rehabilitation for several reasons. In physical therapy, it is difficult to collect and analyze 

patient performance data for adaptation in real time. However, VR systems can gather trainee 

or patient performance data during training without patient or therapist action. In addition, 

patient performance can be evaluated at the end of each training session, such that the level 

of training difficulty can be adapted. In general, task practice in rehabilitation research and 

clinical settings is often insufficient in duration for patients to achieve stable asymptotic 
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performance. With this in mind, there is a need to ensure that task training occurs at the 

optimal challenge point relative to skill learning during the available practice time.  

 

4.2.  Adaptive Training vs. Non-adaptive Training  

Adaptive training adjusts the level of task difficulty depending on individual 

differences (nominal difficulty) and learning needs (functional difficulty), and the approach 

is expected to accelerate learning. However, non-adaptive training offers a fixed or pre-

determined level of task difficulty, which may be inappropriate for certain levels of user 

performance. Researchers have also found that adaptive training is more efficient than fixed 

difficulty training. For example, Mané (1984) investigated the effectiveness of adaptive and 

part-task training of a complex perceptual-motor skill. In the experiment, subjects learned a 

computer game and the pace of the game was updated adaptively. Results indicated that the 

training manipulations were more effective than fixed training (Mané, 1984) 

Furthermore, research has found that adapting difficulty based on performance can 

lead to increased performance on transfer tasks. Cote’s (1981) research examined adaptive 

training task difficulty and outcome feedback. Two experiments involving simple goal-

directed movement were conducted. In one experiment, 24 right-handed males participated in 

a 2-by-2 (fixed vs. adaptive training and visual feedback vs. no feedback) between-subjects 

experiment. In another experiment, 96 right-handed males participated in a 2-by-4 (fixed vs. 

adaptive and visual feedback, auditory and visual feedback vs. no feedback) between-

subjects experiment. As the level of task difficulty increased, the different types of feedback 
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disappeared, once criterion performance levels were achieved. The results of this study 

revealed that subjects in the adaptive training groups produced fewer errors than those 

experiencing fixed difficulty conditions while there was no effect of feedback type (Cote, 

Williges, & Williges, 1981).  

It has also been suggested that training tasks should steadily increase in difficulty, 

progressing through stages of easy, moderate and hard in order to motivate performance 

improvements (Kelley, 1969). Related to this, learning is expected once a trainee performs a 

training task at the “correct” level of difficulty. The problem with this line of thinking is that 

the stages of difficulty are subjectively expressed and may vary within a task, given different 

levels of user ability, as well as among tasks, based on the complexity of stimuli, required 

movements, etc. 

In spite of the capability to increase performance during practice, adaptive training 

may be less efficient than non-adaptive training from a learning perspective. For instance, 

one study found that participants who received adaptive training required more trials to 

achieve a desired learning criterion as compared to fixed training (Norman & Matheny, 

1972). Related to this, Romero et al. (2006) found that participants trained with an adaptive 

system completed tasks in less time than those who trained without, but they did not find a 

significant difference in performance between adaptive and static methods (Romero, Ventura, 

Gibaja, Hervás, & Romero, 2006) 

In Anthony et al. (1999) study, a video game for motor skill training. Subjects that 

were assigned to an adaptive training mode required more time to obtain certain levels of 
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skill than those in static conditions. However, subjects under the adaptive training protocol 

achieved higher performance than those under static conditions (Anthony, Derek, Goettl, & 

Ramirez, 1999). That is, adaptive training may take longer but resulting trainee task 

performance may be greater. However, there is no prior research comparing performance 

under the adaptive and random training schemes. The present study also investigated the 

efficiency of adaptive training relative to random training in a VR system, in addition to the 

impact on trainee motor skill retention. 

 

4.3.  Why use Adaptive Training in VR? 

Based on the research reviewed in the previous section, adaptive training paradigms 

are anticipated to continually and interactively move subject performance toward a targeted 

skill level, and they can be used to optimize learning of motor skills. VR-based applications 

of such paradigms allow for flexible and dynamic adaptation of task difficulty to facilitate 

specific learning algorithms/protocols. Adaptive training methods also allow for graded 

rehabilitation activities; that is, task conditions can be methodically manipulated to meet 

rehabilitation needs (Adamovich, Fluet, Tunik, & Merians, 2009).  

It can also be observed that VR training systems may need to employ adaptive training 

approaches in order to avoid excessive augmented feedback to users. As mentioned in the 

previous chapter, one advantage of VR training is augmented feedback that helps trainees 

improve performance. However, trainees may learn to depend on such augmented visual and 

haptic cues during early training and fail to effectively use feedback intrinsic to the task 
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when the augmented cues are removed (Yokokohji, Hollis, Kanade, Henmi, & Yoshikawa, 

1996). To prevent such negative effects of VR-based training, for example, augmented 

feedback may be presented only when the error level of a trainee exceeds a certain criterion 

value in order to prevent them from reliance on the augmented feedback. Such a strategy of 

adaptive training was used in Lintern et al.’s (1980) flight stimulator study. In this study, a 

television projector was mounted on the cockpit roof of the flight simulator and dynamic 

imagery was generated on a screen in front of the subject’s viewing position. Command 

guidance cues of the dynamic imagery were presented to pilots in a landing scenario. For an 

adaptive augmented feedback group, the cues appeared only when the subject deviated from 

pre-determined performance criteria. Lintern et al. suggested that pilots might learn to 

depend on such cues during early training sessions and might be unable to use important 

intrinsic cues effectively when the augmented cues were withdrawn. Therefore, augmented 

cues appeared in displays only when pilots exceeded specified levels of error in flight control. 

This strategy was regarded as adaptive task training; the task was automatically and 

continuously transformed from easier to a more difficult version at a rate determined by 

individual pilot learning (Lintern & Gopher, 1978). This study demonstrated that pilots 

trained adaptively in a computer-based simulation performed better in a transfer task than 

control groups with constant augmented-feedback or no augmented-feedback in training.  

Related to this research, Kaber et al. (2013) and Clamann et al. (2012) conducted 

research on the use of haptic-VR simulation for motor skill training with augmented visual 

and haptic aiding. The target context for these studies was life skill training for persons 

attempting to recover from mTBI or seeking to develop new motor skills for work and 



 

 56 

societal activities. The authors used VR to reproduce standardized commercial psychomotor 

tests, including the Block Design (BD) subtest from the Wechsler Adult Intelligence Scale 

(WAIS: The Psychological Corporation, 1999). They conducted visuo-motor control training 

experiments with healthy subjects. Participants were required to complete the BD task in 

native form or with the VR simulation in multiple trials with the same level of difficulty 

presented in each trial. During the experiment, it was observed that several trainees were able 

to quickly master the training task and achieved limited performance improvement over 

extended therapy sessions. This lack of performance increase was attributed to the training 

task being too easy for some subjects. Likewise, if the task were too difficult for a trainee, he 

or she became overwhelmed and benefited little from extended training. Since the VR trainer 

had the potential to challenge trainees with different levels of task difficulty, it is speculated 

that an adaptive training regimen might have led to more effective motor learning with the 

VR simulation.
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5. Research Needs and Hypotheses 

5.1. Literature Review Summary and Problem Statement 

The acquisition of novel motor skills through practice, known as motor learning, is an 

essential component of rehabilitation. A review of the literature shows that the effectiveness 

of motor learning can be influenced by a number of factors. Practice time, for example, is a 

key constraint in motor learning and rehabilitation. Training should be structured in a way 

that maximizes learning, given time constraints. To this end, a trainer or therapist can also 

manipulate practice variables such as scheduling of tasks and task difficulty to further 

influence learning. In addition, motor control training requires effective methods for 

assessing both performance skill and learning in order to confirm the effectiveness of a 

training regimen. Many studies have focused on training task performance and there is a need 

to assess training methods in terms of motor skill retention.  

Robot- and VR-based rehabilitation offers many advantages over conventional 

physical therapy in terms of motor skill learning and evaluation. Rehabilitation with robotic 

systems can provide more intense therapy over longer durations than with an actual therapist. 

These systems can also reduce costs by automating and repeating portions of a therapy 

regimen, and reducing the need for trained therapists on hand. In addition, robotic systems 

can introduce programmable and consistent assistive or resistive haptic feedback to training 

scenarios that would be difficult to achieve through traditional means of therapy (e.g., a 

therapist resisting the motion of a patient with a constant level of force throughout the motion 

in a repeated manner). The effectiveness of robot-based rehabilitation has been investigated 
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by many studies and supported by clinical research. A drawback to robotic-based systems, 

however, is that they do not include an agent to provide valuable verbal or visual 

performance feedback. Furthermore, such systems are not capable of visual monitoring of 

patient progress, like a therapist can do. The repeated and intense therapy or training possible 

with robotic-based systems needs to be complemented by feedback on incremental success at 

some task or goal to support patient motivation. Moreover, common problems related to 

motor skill training, such as boredom and a lack of user motivation, are still possible in 

robot-based rehabilitation. 

Accordingly, robotic therapy research needs to be extended to incorporate the use of 

VR systems for leveraging the advantages of multi-modal feedback and immersive 

experiences that may increase a patient’s engagement and motivation level in the therapy 

process. Beyond this, VR systems integrated with technologies such as haptic devices 

represent a platform capable of delivering repeated and intense therapy similar to larger-scale 

robotic systems. However, the use of VR technology has disadvantages such as high cost and 

acceptance barriers. It was found that the existing VR-based systems reviewed were effective 

in motor skill rehabilitation. Even though VR-based systems offer flexibility for 

manipulating training schemes and tasks, little research has been conducted how to enhance 

motor rehabilitation through VR. 

Adaptive training research has identified several different models, including macro-

adaptive, micro-adaptive, and the ATI approach. While macro-adaptive training is one of the 

most widely used approaches, the present study followed the micro-adaptive approach since 
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VR systems provide the capability to evaluate performance (in real time) during practice. An 

appropriately designed adaptive training regimen can be expected to enhance motor learning 

further by maintaining task difficulty at an optimal challenge level and providing additional 

motivation throughout the course of training. Combining VR with adaptive training also 

makes it possible to provide augmented feedback for learning and motivational purposes as 

well as to effectively monitor motor learning progress. 

The above literature review has motivated additional research. Even though VR-based 

rehabilitation systems offer flexibility for motor skill training and real-time performance 

feedback, little research has been conducted to investigate the effect of various practice 

schemes (e.g., adaptive vs. static) and task difficulty manipulations in virtual environments. 

VR-based rehabilitation studies have used different practice schemes to derive clinical results 

but few studies have compared schemes in order to identify approaches that enhance motor 

skill learning. Although some motor learning studies attempted to determine optimal training 

schemes (based on performance) in order to maximize motor learning, most studies have 

only manipulated goal setting. Thus, there remains a need to examine the effect of various 

practice schemes by manipulating task difficulty using VR. The review suggests that 

adaptive manipulation of task difficulty may enhance motor skill learning. Therefore, another 

aspect of this work was to identify a proper adaptive training scheme to maintain task 

difficulty level near an optimal challenge point for effective learning in VR.  

There are some economic barriers to obtaining robot- and VR-based rehabilitation 

interfaces. Specifically, the initial system cost can be very high, and only a few platforms are 



 

 60 

commercially available. Nevertheless, coupling rehabilitation robots with motivating VR 

interfaces remains a promising approach for increasing the effectiveness of rehabilitation 

therapy. Thus, it is considered worthwhile to design and develop a VR-based rehabilitation 

system coupled with a haptic device (robotic) interface with a focus on lower cost 

components that support a range of performance capabilities (representative of some more 

costly systems) and that are sufficient for training certain motor skills. 

 

5.2.  Research Objectives 

Given the limitations of prior research and the research needs identified above, this 

study aimed to address the following objectives: 

1. Prototyping of a VR-based rehabilitation system integrating a haptic control device, 

based on a commercially available psychomotor test. The system was adapted from a 

VR simulator developed by Kaber et al. (2013) and supported manipulation of 

training task difficulty levels in terms of haptic dimensions.  

(a) The haptic control device presented a novel hand interface similar to objects 

used in the psychomotor test. 

(b) The rehabilitation system supported manipulation of the level of task 

difficulty depending upon user performance.  

2. Conducting an experiment with the VR system to assess the effects of specific 

practice schemes (static vs. adaptive vs. random) on motor task performance (e.g. task 

completion time) and learning through retention tests. 
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(a) Comparison was made of pre- and post-training test results for each training 

scheme.   

(b)  The study compared task completion time achieved under the static training 

scheme with post-training test results to identify the level of skill retention 

that can be expected for basic VR trainers. 

(c) The study compared performance levels achieved under the adaptive training 

scheme with post-training test results to identify the extent to which system 

adaptability is related to skill retention. 

3. Identification of adaptive training schedules for maintaining optimal challenge levels 

in each task for trainees by manipulating the level of task difficulty. 

4. Assessment of the efficiency of the adaptive training scheme in VR, as compared 

with static and random schemes, for promoting rapid motor skill development and 

retention.  

 

5.3.  Hypotheses 

Based on the literature review and the objectives of the study, several hypotheses were 

formulated. In general, it was expected that practice variability and adaptation of training 

task difficulty to challenge trainees would lead to increased motor skill learning over non-

adaptive task conditions in the VR-based motor rehabilitation trainer.  

The specific research hypotheses are as follows:  
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Hypothesis (H) 1: A VR-based adaptive motor skill training system, with task 

difficulty levels scheduled according to subject skill development, would result in greater 

improvement in post-training retention tests than VR-based fixed (static) motor skill training. 

Both Mané (1984) and Cote et al. (1981) reported that adaptive manipulation of task 

difficulty was more effective for training than a fixed (static) scheme for motor skill training. 

Lintern et al. (1980) suggested that trainees in an adaptive training group performed better in 

a transfer task than control groups with constant augmented-feedback in training with a flight 

simulator. 

H2: A VR-based adaptive motor skill training system presenting progressive increases 

in task difficulty to trainees would result in greater improvement in the post-training 

retention test performance than a random scheme of task difficulty scheduling. 

Choi et al. (2008) suggested that matching task difficulty to the learner’s skill level, 

both initially and as learning progresses, has the potential to enhance the learning 

effectiveness in various tasks. Despite some studies indicating that random task scheduling 

has been effective in improving learning (Schmidt & Lee, 2005), random practice does not 

account for the two components of task difficulty, including nominal and functional 

difficulty (Guadagnoli & Lee, 2004). These components are dependent upon individual 

ability levels as well as learning rate during training. On this basis, a random scheme was not 

expected to outperform an adaptive training scheme based on trainee baseline skill level and 

learning rates.  
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H3: A VR-based motor skill training system with a random scheme of task difficulty 

scheduling would  result in greater improvement in the post-training retention test 

performance than a static scheme of task difficulty scheduling. 

J. B. Shea and Morgan (1979) showed trainees in a random practice condition to 

perform better in a retention test, including decreased reaction time during the skill practice, 

compared with those in a blocked practice condition. Based on this, a random scheme was 

expected to outperform a static (blocked) scheme in terms of motor skill improvement in a 

VR-based motor skill training.  

H4: In addition to the expectation of the adaptive training scheme leading to greater 

improvement in motor skill retention test performance, the efficiency with which trainees 

achieve this skill was expected to be greater than for random training scheme. 

Norman & Matheny (1972) found that subjects who received adaptive training 

required more trials to achieve a desired learning criterion as compared to fixed training. 

Anthony et al. (1999) found subjects that were assigned to an adaptive training mode 

required more time to obtain certain levels of skill than those in static conditions. Due to the 

benefit of varied practice, adaptive and static training were expected to produce greater 

improvement in motor skill retention. However, the adaptive condition was expected to 

require less time to facilitate the same level of training as the random condition due optimal 

specification of the level of task difficulty in real time. 

H5: Trainee performance under VR-based adaptive motor skill training is expected to 

have a linear relationship with post-training retention test performance. 
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Tests were conducted to determine whether the difficulty level of task difficulty 

achieved by trainees indicated the degree of motor skill acquisition. Locke et al. (1981) found 

a linear relationship between goal difficulty and performance during training. On this basis, it 

was expected that a relationship between task difficulty level achieved and performance in a 

retention test would be linear.   

H6: In post-training retention testing, VR-based BD test performance was expected to 

be correlated with the Native BD test performance. 

It was expected that the system development as a part of the research would improve 

the usability of the haptic interface relative to the Native BD testing performance with the 

hand. Thus, it is expected that the result of native BD test would be highly correlated with 

VR-based BD testing with the improved interface. 
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6. Pilot Study Methodology 

In this research, a pilot study was conducted in order to determine the necessary 

sample size for the full experiment to yield statistically reliable results. The pilot test was 

conducted with a limited sample of healthy subjects performing multiple training trials with 

the VR-based motor task simulation prototyped as part of the project.  

6.1.  Objectives 

There were three objectives for the pilot test, including:  

1. modifying the existing VR-based simulation of the BD task developed by Jeon et al. 

(2012) - VR simulation enhancements were tested and validated through the pilot test;  

2. assessing the effects of various practice schemes (static, adaptive and random) on 

motor learning with a limited sample size - The pilot test yielded mean response 

values for the various training conditions as well as standard deviations. These 

descriptive statistics were used to identify the response measure dictating the 

necessary sample size for the full experiment (i.e., the measure with the greatest 

coefficient of variation). The total sample size for the full experiment was also  

obtained based on a desired statistical power for main effects testing of 1-beta = 0.8 

(see Section 6.5); 

3. evaluating parameter settings for the adaptive training algorithm (e.g., level of task 

difficulty settings) applied in the full experiment in the context of the BD task. 
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6.2.  Pilot participants 

Six subjects (3 male, 3 female, average age = 30, SD = 8.1) from the North Carolina 

State University population were recruited to participate in the pilot test on a voluntary basis. 

All subjects were naïve to the BD task and nature of the research objectives. They were 

required to have normal or corrected to 20/20 vision and normal hearing so that they could 

follow simple instructions on the motor task to be presented by an experimenter. In addition, 

all subjects were required to be right-hand dominant and to have full mobility of the upper 

limbs and hands while seated.  

Participants were also required to perform the training task with the non-dominant (or 

left) hand to simulate a minor motor impairment. This procedure was expected to 

disadvantage participant task performance and to promote sensitivity to the various training 

conditions. Right-hand dominance was identified through the Edinburgh Handedness 

inventory (Oldfield, 1971).  

The six participants were randomly assigned to one of three training conditions (two 

participants per condition): (a) static levels of difficulty, (b) dynamic levels of difficulty, and 

(c) random levels of difficulty. (Details of the training conditions are provided in Section 6.6.) 

Each pilot participant completed a pre-test, two sets of VR-based training, and a post-test 

over two consecutive days. 

6.3.  Apparatus 

The VR system for delivery of the current version of the BD task included a Dell quad-

core workstation integrated with a stereoscopic display using a NVIDIA® 3D Vision™ Kit, 



 

 67 

including 3D goggles and an Infrared (IR) emitter. It also included two sets of Altec Lansing 

stereo PC speakers for presentation of audio cues and a SensAble Technologies PHANTOM 

Omni®  Haptic Device as the haptic (or robotic) control interface. The Omni included a 

boom-mounted stylus providing 6 DOFs in movement (output) and 3 DOFs in force feedback 

(input). At the nominal position, the resolution of the device is 450 dpi, or 0.055mm between 

each sensation point in use of the device. The maximum feedback force the device can 

generate is 3.3N. It can also present to a user a continuous force of 0.88N (Sensable 

Technologies, 2008).  

The VR simulation of the BD task was developed using Microsoft Visual Studio 2007 

and is based on the OpenHaptics toolkit (Itkowitz, Handley, & Zhu, 2005) and OpenGL 

(Open Graphics Library; Silicon Graphics International Corp., Fremont, CA). Since 

rotational movement of the haptic device does not generate feedback force, a multi-point 

collision detection algorithm was developed through an extension of the Haptic Library API 

(HLAPI). This algorithm, however, does not support multi-point collision feedback (which is 

different from detection).  

The standard stylus of a SensAble Phantom Omni was replaced with a custom handle 

for attachment of a block-type control (see Figure 6.1). Jeon et al. investigated usability 

problems of the original design of a VR BD simulation. Since the Omni has a pen-type stylus, 

which is appropriate for performing pointing tasks, users have difficulty developing mental 

models of how to use the stylus to manipulate 3D objects in a VE. To promote ease of 

manipulation of blocks in VR, a block-like control interface was produced with the same 
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dimension of the real block used in a native form of the BD task. The revised control was 

intended to promote user understanding and learning of how the haptic control could be used 

to manipulate virtual blocks in the VR-BD simulation. A preliminary study with the same 

VR platform has revealed a positive effect of the enhanced control interface on motor skill 

learning. The enhanced interface also produced greater learning in terms of the native BD 

score and task completion time, as compared to the original stylus control.   

 

  

Figure 6.1. Original Stylus (left) and Customized Block-type Control (right) 

 

6.4. Block Design Task 

The BD task is a commercially available psychometric test (Pearson Education, Inc., 

San Antonio, TX). The VR simulation that Jeon et al. (2012) developed provides a high-

fidelity visual and haptic rendering of the task. The BD subtest as part of the WAIS was 
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designed to evaluate visuo-spatial and motor skills by requiring participants to build replicas 

of multiple block patterns (see Figure 6.2). The test is scored based on the speed and 

accuracy of subject performance as influenced by their spatial visualization ability and motor 

skills. During the test, participants are presented with a set of four or nine identical red and 

white blocks printed with either solid or cross-sectional patterns on each side. The blocks are 

initially positioned at random in the test workspace. The subjects are asked to build replicas 

of design patterns printed in a test book (see Figure 6.2, left). Subjects move the blocks in the 

test workspace in order to reproduce the stimulus pattern. The overall orientation of the 

pattern must be within 30 degrees of the pattern, as it appears in the test book, for successful 

performance, according to the established scoring guide (Wechsler & Psychological 

Corporation, 1997). Furthermore, the native form of the task limits subject pattern 

reproduction to 1 min. for 4-block designs and 2 min. for 9-block designs. According to the 

protocol of the BD test, any knowledge of result or performance is not provided to subjects.  

The basic form of the VR version of the BD task incorporated both visual and haptic 

cues that were intended to model the real BD task. The simulation rendered the stimulus 

pattern and blocks as they would appear in reality. The simulation also incorporated tabletop 

physics, as would be expected in the real task. Users were also able to perceive contact forces 

at blocks and among the blocks in pattern reproduction (see Figure 6.2, middle).  
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(a) Native Task (b) basic VR (c) augmented VR 

Figure 6.2. BD task (left: native task, right: basic form VR) 

 

In augmented forms of the VR simulation, visual and haptic aids, extending beyond 

cues as part of the native task, are presented for promoting motor learning. The Augmented 

condition includes a target grid for assembling the blocks (see Figure 6.2, right). All designs 

have to be constructed within the grid, which appears as a 2x2 or 3x3 collection of squares, 

depending on the design. The grid is rotated 45 degrees for rotated designs. Visual aids are 

implemented on the grid, the blocks, or the stimulus pattern at the top of the BD workspace. 

Such aids include:  

(1) Block placement aid: If a user attempts to place a block in an incorrect orientation 

in the target grid, a yellow “X” or an arrow will be superimposed on the block grabbed by the 

user. The “X” appears when the wrong block face is presented (see Figure 6.3 (a)). The 

arrow appears when the correct block face is presented with the wrong rotation (see Figure 

6.3 (b)). The arrow indicates the direction in which the block needs to be rotated for correct 

orientation in the target grid square. If a user moves a block in the correct orientation over the 

grid, those squares in the grid at which the block could be placed without error are 

highlighted in yellow for the user (see Figure 6.3 (a) and (b)).  
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(2) Highlighted Grid: Users can also receive hints as to how to correctly place blocks 

by touching the cursor to the stimulus pattern at the top of the workspace or the target grid. 

These hints are designed to reveal the orientation and locations of individual block faces. 

Touching the cursor to a target grid square highlights the corresponding square in the 

stimulus design and any blocks matching the selected square (See Figure 6.3 (c)).  

 

   

(a) (b) (c) 

Figure 6.3. Visual aids 

 

The visual aids are designed to reduce excess cognitive effort in the initial stages of 

learning. Some users may feel frustrated by a large number of errors in the initial stage of 

training and lose motivation. Some motor learning studies have used mazes to investigate use 

of visual aids and have found reduced errors in early stages of learning (Carr, 1921; Melcher, 

1934). In addition, visual aids are expected to reduce field dependence (FD) and user 

difficulty and errors recognizing block positions and orientations. FD and field independence 

(FID) refer to whether an individual tends to perceive perceptual fields as combined (FD) or 

discrete parts (FID). FID individuals are more skilled at selecting parts of a perceptual field 
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than are FD individuals (Witkin, Moore, Goodenough, & Cox, 1977). Prior studies have 

raised the concern that the maximum learning effect of motor skill training may not be 

achieved by FD users due to excess cognitive effort associated with a VR interface (Clamann 

& Kaber, 2012).  

In addition to visual aids, participants are also provided haptic aids in the augmented 

VR form of the BD task, including assistive and resistive forces during design assembly. If a 

participant attempts to place a block in an incorrect orientation in the grid, a resistive force 

equal and opposite to the pressure applied at the stylus prevents the block from touching the 

table. If a participant moves a block in the correct orientation over the grid, the participant 

feels the block being pulled to the matching portion of the grid, by a “snap force”. The 

direction of the snap force is the vector from the stylus to the center of the matching portion 

of the grid. The snap force is determined by Hooke's law (F = kX) based on the spring 

constant (k=0.5) and the distance (=X) between the stylus and the matching portion of the 

grid. 

These types of haptic aids are widely used in motor-training strategies. Haptic 

guidance (assistive force-feedback) is commonly used to reduce performance errors for tasks 

that are dangerous to learn and demonstrate a desired movement pattern, such as hand-over-

hand assistance in motor skill learning (Crespo & Reinkensmeyer, 2008). Error-amplification 

(resistive force-feedback) is another emerging strategy. The idea behind this approach is that 

many forms of learning are error-driven processes. The motor system detects kinematic 

errors in one trial and proportionally corrects them in the subsequent trial in order to 
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gradually facilitate skillful performance of a new task (Milot, Marchal-Crespo, Green, 

Cramer, & Reinkensmeyer, 2010). 

6.5. Task Difficulty Manipulation 

Although potentially useful from the perspective of enhancing training performance, 

the above described aids as part of the BD task simulation did not remain in the VR 

investigated in the present study. Clamann et al. (2012) conducted an evaluation of the design 

of the VR BD simulation with augmented feedback features revealing positive effects on 

training performance but some negative effects on retention. The latter finding was attributed 

to subjects developing dependence upon the aids during training and failing to exploit basic 

task cues during follow-on retention tests. In addition, the original form of the WAIS, 

including the BD subtest, does not allow for feedback to be provided to subjects regarding 

their performance during training (in real time) or the outcome of a block pattern 

reconstruction (at the end of a session). In order to ensure that the VR simulation assessment 

as part of this work was novel and that the simulation conformed with the original/native test 

design, the visual and haptic aids described in the previous section were replaced with haptic 

challenges to user task performance. This simulation feature was intended to facilitate the 

optimal challenge point for the BD task throughout the course of training. The haptic 

challenge dictated the levels of BD task difficulty presented under the dynamic and random 

training conditions. In specific, the task difficulty was manipulated in terms of the frequency 

of disturbances in haptic (force) feedback in use of the haptic control device (Omni) for 

virtual cursor movement and picking and placing virtual blocks.  
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Haptic disturbances involve presentation of haptic cues that interfere with the 

movements of objects, as presented during a VR training simulation. Previous research on 

motor learning (J. Lee & Choi, 2010) designed noise-like forces to test the effect of haptic 

disturbances on motor learning using the WAM arm with a haptic interface. The present 

study borrowed the idea of haptic disturbance from this study.  

The haptic feedback manipulation in the present simulation was intended to promote 

user motor learning. Visual feature manipulations in the VR simulation were also considered; 

however, the effect of such manipulation was expected to impact cognitive learning rather 

than motor learning (e.g., user speed and accuracy in mentally segmenting a design pattern 

for reconstruction). Thus, visual manipulation was not implemented in this study and left for 

future work (See Section  11.2). 

The disturbance in the present simulation is a 3D force of randomized direction. The 

magnitude of the force is held constant at 1.2 N with 1 sec. duration. The frequency of the 

haptic disturbance is manipulated during the movement of any novel object under dynamic 

loading, as part of discrete movement. At the initial level (Level 0) of task difficulty in the 

experiment, subjects experienced no haptic challenge as part of the VR simulation. As the 

difficulty level increased, the frequency of haptic disturbance occurrence was increased. The 

levels were labeled 0 through 8. Table 6.1 shows the levels of task difficulty for the training 

task, including the frequency of disturbances as well as a qualitative translation of the levels 

using the terminology of Kelley (1969).  
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Table 6.1. Steps of difficulty determining the 9 levels of task difficulty 

  Frequency  

Level Hz Interval (sec) Difficulty 

0 0 N/A Easy 

1 0.17 6 | 

2 0.20 5 | 

3 0.22 4.5 | 

4 0.25 4 Mid 

5 0.29 3.5 | 

6 0.33 3 | 

7 0.40 2.5 | 

8 0.50 2 Hard 

 

 

Under the static training condition, the level of task difficulty was maintained at Level 0 and 

did not change during training. Users were not challenged with haptic disturbances in the 

simulation environment. The level was considered to be fairly easy, but having the potential 

to pose some challenge for beginners. Thus, it was expected that Level 0 would be 

appropriate for the static condition.   

In adaptive motor learning studies, Hudson (1962) and Choi et al. (2008) compared 

adaptive training schemes with fixed difficulty schemes. The highest level of difficulty was 

fixed for the two training groups in the two studies. Results of these studies demonstrated 

adaptive manipulations to be more efficient than traditional fixed difficulty manipulations. 

For the adaptive (or dynamic) training scheme in the present study, all participants began 

training at Level 0. The level of task difficulty was incremented based on subject 

performance in the adaptive condition. Due to the number of stimuli used in the experiment 

(10 items × 4 trials), in order to facilitate 9 levels of difficulty, the level was increased only 



 

 76 

by one whenever a subject successfully completed a trial. A large improvement in 

performance was expected to be associated with a fast increase in the level of difficulty but 

subjects were not permitted to skip levels.  

Under the adaptive training scheme (see Figure 6.4), the VR system was programmed 

to maintain an optimal challenge level in the BD task for users according to the following 

approach:   

(1) If the completion time for the current trial fell below a reference time, and the 

replica of the stimulus was correct, this implied the task difficulty was too low for the 

subject’s current level of learning and the level of difficulty was incremented by one.  

(2) If the completion time for the current trial was greater than the reference time, or 

the replica of the stimulus was incorrect, then the task difficulty was interpreted as being high 

and the level was not changed.  

As Figure 6.3 describes, the performance of subjects was evaluated during test trials 

and the level of difficulty was updated at the end of each trial. That is, the present study 

followed the micro-adaptive approach. 
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Figure 6.4. Flow chart for level adaptation 

 

The reference time for determining whether the BD task difficulty was too low or too 

high in any given trial was based on the results of the previous research using the existing 

form of the VR simulation of the BD task (Clamann et al., 2012). Clamann et al. (2012) 

presented results showing that participants achieved asymptotic performance in terms of 

time-to-task completion, under a fixed level of BD difficulty, at the fifth of eight trials 

involving reproduction of ten design patterns in each trial. This level of performance can be 

assumed to represent a point of insufficient task difficulty for subjects at which the challenge 

level could be increased to continue motor training and skill development.  

With respect to the application of this algorithm for the adaptive training scheme in the 

present study, it was assumed that the participant population would be comparable to the 
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populations sampled in the prior studies using the existing form of the VR BD simulation 

(Clamann et al., 2012; Kaber et al., 2013). Related to this, Clamann et al. (2012) used the 

same subject recruiting criteria as described for the present pilot test.  

The present study did not consider decreasing the level of task difficulty as part of the 

adaptive algorithm. It is possible that a conventional “stair-step” approach to the adaptive 

condition (allowing for reductions in the level of difficulty) might have more accurately 

reflected user performance. However, this approach requires multiple task reference times as 

bases for level increases and decreases. Since more variables in any model require a greater 

number of observations to verify the algorithm, the stair-step method was considered to be a 

more costly approach from both a development and validation perspective. In addition, the 

approach in the present study was advantageous in terms of reduced time to achieve the 

maximum level of task difficulty. 

With respect to the tasks and procedure, Clamann et al. (2012) used the WAIS-III 

version of the BD task. The present study also used this version of the task. In Clamann et 

al.’s study, participants performed eight trials of BD tasks. The present study followed a 

similar procedure in order to ensure the validity of application of the task reference time from 

Clamann et al., as a criterion for performance for the present adaptive training scheme. The 

reference time for each block design was determined based on subject performance in the 

second and third sessions of Clamann et al.’s  study. 

Under the random training condition, all levels of difficulty were randomly assigned to 

the sessions regardless of the level of current subject performance. However, at the first 
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session, levels were randomized among the three lowest levels in order to reduce the 

potential for subject frustration and attrition. 

In this study, in order to control for goal difficulty, no explicit task goals were 

presented to participants. In addition, no information on task time, performance or results 

was provided to subjects. Even though subjects were informed of the time limit for each BD 

trial in the orientation session, the experimenter did not make any requests of subjects for 

task completion during testing. The reference times for each level of difficulty were also not 

presented to subjects. 

6.6. Experiment Design and Variables 

The pilot study followed a between-subjects design in order to prevent potential 

carryover effects among training conditions. Each subject was assigned to a single training 

scheme (i.e., static, random or dynamic). The study focused on differences between groups 

observed during the experiment in terms of training performance as well as performance on 

post-training tests as compared will baseline performance. Subjects within groups 

participated in multiple training trials in order to determine the extent of within-subject 

performance variability under a specific training condition. 

6.6.1. Experiment Procedure 

The procedure for the pilot study was designed to simulate multiple occupational 

therapy sessions to promote motor skill development. Each participant completed four 

sessions requiring approximately 2 hours over two consecutive days, as follows: 

- Session 1: Orientation and VR (haptic device) training  
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- Session 2: Baseline testing (native and VR-based BD task; 1 trial for each test) 

- Session 3: Training (VR-based task with static, random or dynamic levels of 

difficulty; 4 trials) 

- Session 4: Final testing (native and VR-based BD task; trial for each test) 

 

Here, additional details are provided on each session as part of the therapy. The study 

was set up and conducted in a quiet room. The subject screening criteria identified above was 

confirmed using a survey form (i.e., health condition, visual acuity, hand dominance, etc.) 

before any testing or training was conducted. The subjects were briefly introduced to the 

research and the BD task (native form). The goal and method of the task were described to 

subjects. This was followed by two baseline tests using the physical version of the BD test 

and the VR-based BD test. The VE presenting the BD test simulation was described to 

subjects. Participants were oriented to the function of the haptic device (Sensable 

Technologies Omni). They were permitted to practice with the device until they felt 

comfortable (based on self-report). During this orientation, participants were posed with 

simple tasks, such as moving a display cursor up and down, grasping a block, rotating a 

block and releasing it.  

Following the orientation session, the researcher described the VR training approach to 

subjects. Participants were informed that there were 10 block designs to be completed in each 

training trial. Each of the designs was repeated four times over the course of the entire 

experiment with a random sequence of stimuli within trial. (It is important to recall here that 

task difficulty was manipulated in terms of task environment variables (i.e., the frequency of 
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haptic disturbances) and not intrinsic features of the task (e.g., block count, block size, etc.). 

The motivation for this approach was to allow for the defined method of BD performance 

scoring to be applied to the enhanced simulation and to allow for comparison of the results of 

the present study with prior investigations. The BD test as part of pre-testing was based on 

the Wechsler Adult Intelligence Scale – Third Edition (WAIS-III). Each of the VR-based and 

native BD tests included 10 trials. Regardless of the training condition to which a participant 

was assigned, the difficulty level for the pre-test was fixed at 0 and was not changed for the 

VR-based BD test. That is, the pre-test was identical to the static training condition.   

After a short period of rest (5 min), two sessions of the VR-based BD test were 

conducted on the first day of training with a 5-min. rest provided between sessions. The BD 

test posed during the training session was based on the Wechsler Abbreviated Scale for 

Intelligence (WASI: The Psychological Corporation, 1999), which is nearly identical to its 

WAIS-III counterpart. The main difference is that the two versions include different stimulus 

figures (design). Participants performed the VR-BD test under one of the three conditions 

(static, adaptive and random training scheme).  

Participants were given up to 3 min. to complete each BD design with the VR system. 

If participants exceeded the time limit, the test was terminated and they proceeded to the next 

trial. Participants were also required to say “Done” to an experimenter when they thought 

they had completed a trial. The experimenter did not terminate trials without notice from a 

participant. In addition, participants were not informed of their performance or result of the 
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BD test. However, in the static training scheme, the level of difficulty was updated at the end 

of each trial, as described in Section 5 of this chapter.  

On the following day, the sequence of testing and training steps was reversed from the 

first day. Participants completed two additional sessions of BD task training with the VR 

simulation at the beginning of the second day. Thus, the total number of stimuli presented 

during the pilot study was 40 (ten stimulus designs times four trials). The post-training tests 

were conducted in a manner identical to the pre-tests, described above. Lastly, participants 

were debriefed on the study conditions and objectives. A general timeline for the experiment 

is presented in Figure 6.5. 

Participants were paid $15/hour for the experiment. Most participants completed the 

experiment within 2.25 hours. No intentionally slow performance was observed during the 

pilot study; that is, all subjects appeared to follow the experiment instructions.  

 

Figure 6.5. Timeline for the experiment 

 

Day 2 Day 1 

Post-Testing 

(Native and VR) 

Training 2 trials 

 

Training 2 trials 

 

Pre-Testing 

(Native and VR) 

Orientation 

VR training 
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6.6.2.  Independent Variables 

In both the pilot study and full experiment (see Section 8), the training scheme 

represented the independent variable to be manipulated. The levels of the variable were the 

three different types of training, including: (1) static, (2) adaptive (dynamic), or (3) random. 

In the static condition, subjects were presented with the training task at the initial level of 

difficulty (no haptic disturbance). The subjects under the static condition were trained at the 

same level of difficulty throughout the experiment regardless of their performance. 

In the dynamic condition, the levels of difficulty were adapted during trials depending 

upon a subject’s performance. The dynamic training scheme followed the adaptation 

algorithm described above. When a user reached a predetermined performance level, as 

measured in terms of design completion time, the difficulty level was increased by one step. 

In the full experiment, the level of task difficulty was not be decreased even if subject 

performance degraded from one trial to the next. Alternatively, performance degradations 

were interpreted as a lack of subject motivation as well as performance to the training goal. 

Consequently, it was expected that observation of progressively worse BD task performance 

during the course of training would lead to termination of subject participation in the study.   

In the random condition, the level of task difficulty was changed randomly, 

independent of user performance. The CI (contextual interference) of this condition was 

expected to be highest among the training conditions. The level of task difficulty of the first 

design stimulus was set to the lowest level; however, subjects did not know the level to be 

encountered in completing subsequent designs. As previously mentioned, in subsequent trials, 

the level of difficulty was randomized among the first three levels in order to reduce the 
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potential for frustration among subjects (i.e., beginning a trial at a level of difficulty that 

rendered the task unmanageable).  

Table 6.2 shows an example of how task difficulty was manipulated in a mock trial for 

each of the training schemes. It is important to recall that each BD task trial included ten 

different design patterns for users to complete. In the static condition, Difficulty Level 0 was 

posed for completion of all designs. With respect to the adaptive training scheme, it can be 

noted that subject task completion time for the third design was better than the reference time 

and, therefore, the level of task difficulty was increased from 1 to 2 for Design 4. Under the 

random condition, the level of task difficulty was randomly assigned. 

 

Table 6.2. Example of level of task difficulty changes among design patterns within a training trial under each of the 

training schemes 

Design Number 1 2 3 4 5 … 

Static 0 0 0 0 0 0 

Dynamic (Adaptive) 0 0 1 1 2 3 

Random 0 1 3 2 0 4 

 Task Difficulty Level 
 

 

 

6.6.3.  Dependent Variables 

The dependent variables collected during the pilot study and full experiment included: 

(1) the BD task completion time, pre- and post-training; (2) the BD task score, pre- and post-

training; (3) the percent improvement in BD (native and VR) task scores between pre- and 

post-testing; (4) the number of stimuli to the first increase in difficulty level under the 

adaptive training condition; (5) the final difficulty level achieved under the adaptive training 
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condition; and (6) the total training (VR BD) time. The BD task completion time was 

recorded for all of pre- and post-training (native and VR) as well as the VR-based training 

sessions. For the native task, the BD score was manually calculated based on speed and 

accuracy (following the WAIS scoring protocol). A maximum of 7 or a minimum of 4 points 

was assigned to each of the 10 stimuli based on task completion time. If the task was not 

completed in the time limit (120 sec. for 9-block design and 60 sec. for 4-block design) or 

there were any errors on pattern reconstruction, no points were assigned.  Based on the 

recorded data, performance improvement was calculated using the below formulas. The 

percent improvement in the native BD task performance was calculated as the difference 

between pre and post-test completion times. The VR simulator automatically calculated and 

recorded the BD task score for each subject. 

                     
                          

            
 

: BD task 

                               
                        

           
 : VR BD task 

Here, it is important to note that the BD test is a core subtest of the WAIS. This 

intelligence test is used to assess the abilities of spatial perception, visual abstract processing 

and problem solving. BD scores are considered to be primarily influenced by spatial 

visualization ability and motor skills. The BD score is a standardized measure that has been 

verified in clinical use for almost 100 years. For example, Alzheimer's disease, head injury, 

and stroke have been found to substantially reduce performance on the BD test (Lezak, 1995). 
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Thus, the BD score provides an objective indicator of motor performance in clinical 

applications.  

Related to the present research, the BD test was not originally designed to serve as a 

motor training task. Because of the nature of the intelligence test, the BD test is typically 

only applied once with a subject. Although the BD score reflects motor speed and accuracy, 

it is a confounded measure intended for clinician convenience. In addition, the BD score was 

only designed for the native task and does not account for aspects of the VR task design that 

affect performance. For example, the haptic device interface limits the interaction between a 

user and blocks, as compared to direct handling of blocks. Consequently, the task completion 

time part of the BD score was used to assess performance in both the VR and native forms of 

the task and for comparison purposes. The task completion time was expected to be a more 

sensitive measure than BD score and to reveal motor learning.  

Retention tests (post-tests) typically occur following a substantial interval of time from 

the last training trial. However, as reviewed in Section 2.3, the length of motor skill retention 

periods are expected to be short. Thus, the retention test was given immediately following 

training. The comparison of pre- and post-training test performance was expected to reveal 

the influence of motor learning. 
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7. Pilot Data Analysis and Results 

7.1. Descriptive Statistics 

To test Hypothesis (H)1, H2 and H3,  means and standard deviations (descriptive 

statistics) on the performance improvement measures (task scores and completion times) 

were determined for each training condition. Despite of the limited sample size, the pilot data 

revealed that the adaptive condition led to a higher rate of BD score improvement than the 

other training conditions. The random condition was also better than the static condition in 

terms of score improvement. The random condition also had a higher rate of reduction in task 

completion time than the other conditions. The adaptive condition did not out-pace the 

random condition in terms of the impact on time, as expected. A summary of the descriptive 

results for performance improvement is presented in Table 7.1. 

 

Table 7.1. Descriptive statistics on performance improvement by condition 

  Native (score) VR (task completion time) 

Condition N Mean (%) SD Mean (%) SD 

Static 2 10.21 1.87 23.72 4.13 

Adaptive 2 22.02 14.82 30.28 0.44 

Random 2 15.56 6.29 34.00 5.13 

 

 

 

7.2. Power Analysis on Performance  

Based on the test data collected during the pilot study, the appropriate sample size 

needed for the full experiment was determined by considering the desired statistical power of 
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test. A series of power analyses were conducted using the “Sample Size and Power” feature 

included in the JMP statistical analysis package (SAS, Cary, NC). Each analysis required 

estimates of group means, an estimate of the within-group standard deviation, as well as 

specification of a desired power level. In this study, the power level was set to be 0.8 

(Bausell, 2002). A main effects ANOVA model (i.e., performance improvement rate = mu + 

Training Condition + e) was applied to the data set and the model root mean square error was 

used as the estimate for the within-group deviation. 

Results revealed that approximately 37 subjects were needed to detect differences in 

score improvement of native BD task due to condition. Furthermore, approximately 22 

observations were projected to detect differences in percentage decrease of VR-based BD 

task completion time.  

7.3. Performance Under the Adaptive Condition 

In order to evaluate parameter settings for the adaptive training algorithm applied in 

the experiment in the context of the BD task, the training progress of two pilot participants 

under the adaptive condition was plotted (see Figure 7.1). The two participants (“P02” and 

“P06”) achieved Levels 5 and 6 by the 4
th

 trial, respectively. At the beginning of Day 2 (the 

3
rd

 training trial), there were slight delays in the training progress for both participants. 

Participant P02 required 17 stimuli to increase in difficulty level from 5 to 6 while P06 was 

trained with 10 designs to achieve Level 3. These delays were likely due to “warm-up” 

decrement, which is a form of forgetting or the loss of memory for the skill (Schmidt & Lee, 

2005). The rest period between Trial 2 and 3 may have allowed certain forgetting processes 
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to occur. Even when considering this training loss among days, the two pilot participants 

consistently increased in difficulty levels across trials. Thus, an adjustment of the task 

difficulty assignment algorithm was not considered necessary for the full experiment. 

 

 
Figure 7.1. Plot of difficulty level changes for two pilot participants under the adaptive condition 

 

 

 

As stated in the previous section, a pre-experiment power analysis revealed that a 

sample size of more than 22 would be adequate for the ANOVA model to test the effect of 

training condition on percentage decrease of VR-based BD task completion time. Therefore, 

in the full experiment, eight subjects were initially recruited for testing under each of the 

three training conditions. The power analysis was recalculated using the subject data 

collected during the full experiment in order to determine (in real time) if more subjects were 

needed for sensitivity of analysis.  
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8. Full Experiment Methodology 

The pilot study protocol was retained for most part of the full experiment. A few minor 

changes were applied in order to account for the potential of certain demographic effects. 

These changes are described below. 

8.1. Participants 

For the full experiment, 24 participants (12 male, 12 female; mean age =  27.91, SD = 

5.93) were recruited from the North Carolina State University population and surrounding 

community.. All subjects recruited for the experiment were required to have the same 

demographic characteristics as the pilot test sample with the exception of an equal sample of 

male and female participants. This modification to the pilot study sampling approach was 

implemented to ensure the applicability of any VR-based motor training system design 

guidelines across genders. 

With the sample size determined from the pilot study data analysis, an equal number of 

subjects were assigned to each of the three experimental groups. Based on the power 

calculation from the pilot study, a sample of 37 subjects was projected as being necessary for 

the full experiment. However, additional power analyses were conducted in real time during 

the full experiment data collection and a significant effect of the independent variable was 

observed for the VR and native task time responses with 24 subjects. As mentioned in 

Section 6.6.3, due to the insensitivity of the BD score, achieving statistical power for the BD 

score was considered highly unlikely. Consequently, 24 subjects were used for the full 
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experiment data analysis in order to ensure a balanced sample among the three training 

conditions and power of the tests on task time.  

As in the pilot study, all participants were naïve to the experiment goal and had no 

experience with the Omni haptic device. Each participant was required to complete the 

Edinburgh Handedness Inventory (Oldfield, 1971) before experiment testing. It was found 

that all participants scored over 77, which is an indicator of strong right-handedness. No 

ambidextrous subjects were identified, as indicated by Edinburgh Handedness scores 

between - 40 and + 40, or recruited to the experiment sample. For each training condition, the 

gender of participants was balanced; four males and four females were assigned.  

8.2. Task and Apparatus 

The tasks used the full experiment (native BD and VR-BD) were identical to those 

used in the pilot study.  In summary, that WAIS-III version of the BD task was used for pre- 

and post-testing while the training sessions used the WASI version of the task.  

As discussed above, the VR training simulator used in the present research was an 

enhancement of the simulator previously developed by Clamann et al. (2012). The computer 

workstation remained identical to that used by Clamann et al. (2012). However, the haptic 

control interface and the simulation software were different. The augmented VR aids, 

including visual and haptic guidance cues for BD pattern reproduction, were removed from 

the simulation and replaced with a feature to challenge user motor control; specifically a 

noise-like haptic disturbance in movement of a virtual cursor when using the haptic device. 



 

 92 

This prototype system was used in both the pilot study and full experiments to assess the 

various VR training schemes. 

8.3. Expected Outcomes  

The main expected outcomes of the full experiment were: (1) quantitative assessment 

of the VR-based adaptive motor skill training approach; and (2) comparison of the impact 

and efficiency of the adaptive training approach with static and random training schemes. 

Pre- and post-training test performances were measured in order to identify any 

improvements in motor control due to the various training schemes. As in the pilot study, the 

VR system automatically recorded BD design task completion times during full experiment 

trials under the static, dynamic and random practice conditions along with scores for design 

reproductions. The training data were expected to provide a basis for comparisons of 

performance improvements among the various training schemes.  

The trend of the data recorded during the training trials was also analyzed as a basis for 

comparing the efficiency (learning rate) in skill development of the various training 

conditions. Based on the prior research (Choi et al., 2008), it was expected that any 

improvement in motor skill learning due to the adaptive training approach might be 

complemented by an accelerated learning rate (see H4 in Section 5). 

The post-training test performance was expected to reveal the degree of psychomotor 

task learning for subjects. The level of learning was also expected to correspond with subject 

performance during training trials. In particular, higher levels of difficulty achieved under the 

adaptive condition were expected to led to higher retention test performance (see H5 in 
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Section 5). Beyond this, due to the increased fidelity of the VR simulation of the BD task 

relative to the native task (in the haptic control design), the VR-based test performance was 

expected to closely correspond with retention test performance (see H6 in Section 5). 
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9. Full Experiment Results 

9.1. Data Analyses 

The pre- and post-test and BD task training data were analyzed to identify differences 

among the three training conditions. A one-way Analysis of Variance (ANOVA) was applied 

to the performance improvement measures to make comparison of the training conditions. 

(Conformance of the response observations with the assumptions of parametric tests (e.g., 

normality of data, constant variance, etc.) was confirmed through common statistical 

diagnostic procedures (Shapiro-Wilks’ test, Barlett’s test.) The ANOVA served to identify 

any significant differences among the static, dynamic and random schemes. In the case of a 

significant main effect of the training scheme on either of the response measures (BD task 

score or time improvement), the ANOVA was extended using post-hoc procedures. Tukey’s 

Honestly Significant Difference (HSD) test was applied to identify significant differences 

among the specific training schemes. (These analyses were used to test H1, H2 and H3.) 

Beyond the one-way ANOVA, a two-way model was applied to the BD training time 

in order to determine whether the number of the training trial was significant in influencing 

performance improvement under the various training conditions (i.e., Training Time = mu + 

Training Condition + Trial + Training Condition * Trial + e). This analysis served to reveal 

whether higher or lower rates of motor skill learning were achieved under static, dynamic or 

random training at specific points in time during the pseudo-occupational therapy regimen. 

As with the one-way ANOVA procedure, post-hoc tests complemented the two-way model 
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in order to identify combinations of training condition and time that were significantly 

different from each other. (These analyses were used to test H4.) 

Correlation analyses were also conducted on performance (difficulty) levels achieved 

by trainees during training and post-training test performance, as well as VR-based BD test 

performance with native BD test performance. (These analyses were used to test H5 and H6.) 

Like the ANOVA, the same type of diagnostic procedures was applied to the response 

measures in order to determine whether the assumptions of parametric tests, including 

independence, normality and constant variance, are satisfied. For the responses in which the 

above assumptions were satisfied, Pearson correlation was used to calculate correlation 

coefficients. Otherwise, Spearman’s correlation analyses were used. In addition, a linear 

regression analysis was conducted to identify a linear relationship between trainee 

performance during training with post-training retention test performance. 

9.2. Analysis on Pre- and Post-testing 

The descriptive statistics, including values of mean and standard error (SE), for the 

responses collected during pre- and post-testing are shown in Table 9.1. The task times for 

the VR and native forms of the task represent mean task completion times across four trials. 

The BD task score also represent the mean score across trials. Since the BD scoring rules 

were designed for the native task, they do not account for certain aspects of the VR 

simulation design that affect performance. Consequently, the traditional scoring approach 

was only applied to the pre- and post-testing but not in evaluation of training performance 

with the task simulator.  
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Table 9.1. Descriptive statistics grouped by condition 

Mean   Pre-test     Post-test   

(SE) 
Native 

Time (sec) 

Native 

Score 

VR Time 

(sec) 

Native 

Time  

Native 

Score 
VR Time 

Static 306.3 46.4 942.5 222.2 53.1 557.9 

  (18.64) (1.27) (62.95) (15.65) (1.16) (29.89) 

Adaptive 298.0 47.0 926.4 170.4 56.1 395.3 

  (23.44) (1.81) (79.65) (13.71) (0.81) (28.16) 

Random 301.9 46.3 891.1 201.3 54.1 (475.38) 

  (21.08) (1.44) (53.53) (5.62) (0.58) (28.55) 

 

 

The number of errors and incomplete reconstruction of design patterns during native 

task performance were also recorded (see Table 9.2). In pre-testing, there was a total of 12 

incorrect pattern reconstructions and five incomplete reconstructions across presentation of 

240 design stimuli (10 stimuli by 24 participants). In the post-test (skill retention) trial, this 

number decreased substantially. There were only three errors observed with no incomplete 

pattern reconstructions.  

 

Table 9.2. Number of BD stimuli yielding errors or incomplete pattern reconstruction 

  Pre-testing Post-testing 

 Condition Errors Incomplete Errors Incomplete 

Static 5 2 1 0 

Adaptive 3 1 1 0 

Random 4 2 1 0 

Total 12 5 3 0 
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A series of ANOVAs was used to identify any differences in “baseline” performance 

among the various training groups. The native and VR pre-test times and scores were 

compared in order to ensure that no group exhibited a skill advantage over any other at the 

outset of the experiment. ANOVA results revealed no effect of the training condition on pre-

test native BD time (F(2, 21) =  0.031, p=0.962), native BD score (F(2, 21) = 0.152, p=0.855) 

and VR BD time (F(2, 21) = 0.069, p=0.932). That is, the baseline performance of all groups 

did not significantly differ.  

Descriptive statistics on the performance improvement (between pre- and post-testing), 

grouped by training condition, are presented in Table 9.3.  All three training groups showed 

improvement across all response measures. In general, all three groups demonstrated the 

greatest improvement in VR BD task completion time. In addition, the adaptive condition 

yielded the greatest improvement across all three responses. (The calculation of the 

performance improvement is described in Section 6.6.3.) There was no participant who did 

not achieve a performance improvement in the native or VR forms of the task.  

 

Table 9.3. Descriptive statistics on performance improvement 

Mean Performance Improvement Rate 

(SE) 
Native Time 

(sec) 

Native 

Score 

VR Time 

(sec) 

Static 27% 13% 40% 

  (5%) (2%) (5%) 

Adaptive 43% 20% 56% 

  (3%) (4%) (3%) 

Random 31% 15% 46% 

  (4%) (2%) (4%) 
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Results of an ANOVA revealed a significant main effect of training scheme on 

performance improvement in the native BD completion time (F(2, 21) = 4.10, p=0.0314). 

Post-hoc analyses revealed that participants in the adaptive condition produced greater 

improvement in the native BD completion time (a greater decrease in task time) between pre- 

and post-testing, as compared with the static condition. However, there was no significant 

difference between the random condition and the other training conditions (i.e., the random 

setting was as good as adaptive and no worse than static; see Figure 9.1).  

 

 

Figure 9.1. Improvement in the native BD task time between pre- and post-testing across conditions 

 

 

 

In addition, an ANOVA on VR BD task performance revealed significant 

improvement (decrease) in completion time between pre- and post-testing (F(2, 21) = 5.71, 
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yielded greater improvement in VR BD task time, as compared with the static condition. This 

finding was consistent with the result on the native BD task time. No significant difference in 

VR BD task time was found between the adaptive and random conditions or between the 

static and random conditions.  

Finally, there was no significant effect of the training condition on the native BD score 

(F(2,21) = 2.09, p=0.147; see Figure 9.2). On average, the adaptive training group revealed 

the greatest amount of improvement; however, within group variability in performance was 

significant and the progress of the adaptive participants was not distinguishable from that for 

the random and static groups. 

 

 

Figure 9.2. Improvement in the BD score between pre- and post-testing across conditions 
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Figure 9.3. Improvement in the VR BD task time between pre- and post-testing across conditions 

 

 

 

Table 9.4. Post-hoc analyses on BD task performance improvement 

Improvement  Native BD time Native BD Score VR BD time 

ANOVA F(2,21) = 4.102   F(2,21) = 2.094  F(2,21) = 5.711 

  p = 0.0314 p = 0.147 p = 0.011 

 Power = 0.701 Power = 0.381 Power  = 0.809 

Adaptive A  A  A  

Random A B A  A B 

Static  B A   B 

Note: Levels not connected by same letter are significantly different 
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BD training time across the four trials. The total training time for the adaptive condition 

across training trials trended closer to the training time for static condition than for the 

random condition (see Figure 9.4). On average, the total time for the random condition was 

greater than the times for the static and adaptive across all task trials. 

 

Table 9.5. Descriptive Statistics on BD training time grouped by trial and training condition 

Mean   Trials    

(SE) T1 T2 T3 T4 Overall 

Static 779.63 680.88 646.63 605.00 2712.13 

  (22.34) (27.95) (30.86) (28.18) (97.87) 

Adaptive 788.25 755.63 707.38 692.38 2943.63 

  (31.16) (27.47) (27.07) (26.80) (107.76) 

Random 903.75 854.88 788.13 771.38 3318.13 

  (38.39) (28.69) (25.93) (25.03) (90.69) 

 

 

 

 

Figure 9.4. VR-based BD training time across four trials 
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With respect to the training time across the trials, the BD completion time under the 

static condition decreased the BD completion time most quickly. The adaptive condition did 

not show greater decrease in the BD completion time as compared to other conditions (See 

Figure 9.4).  

A two-way ANOVA revealed main effects of the training condition (F(2, 76) = 24.08, 

p<0.001) and trial number (F(3, 76) = 12.52, p<.0001) on the BD task completion time. 

There was no effect of the interaction between training condition and trial (F(6,76)=0.46,  

p=0.83). Post-hoc analyses revealed participants in the random condition to require more BD 

training time than those in the other training conditions. There was no significant difference 

in training time between the static and adaptive conditions. Taken together with the above 

observation on performance improvement, this finding suggests that the adaptive condition 

leads to greater motor skill learning in the same time required to train a lower level of 

performance under the static condition. (This finding is further addressed in the Discussion 

section.) Simple effects tests supported the significance of the training condition on VR BD 

task time at each of the four trials. Details are presented in Table 9.6. Considering the post-

hoc analyses on the training condition data for each trial, the level of participant performance 

for the adaptive and static conditions was comparable. The random condition trailed the other 

training condition, except for adaptive in the 3
rd

 and 4
th

 trials. 
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Table 9.6. Simple effects and post-hoc analysis on BD training time across trials 

   Trials   

 T1  T2 T3 T4 

ANOVA F(2,76) = 5.095   F(2,76) = 7.927 F(2,76) = 4.784 F(2,76) = 7.675 

  p=0.008 p<0.001 p=0.011 P<0.001 

Random A  A  A  A  

Adaptive  B  B A B A  

Static  B  B  B  B 

 Note: Levels not connected by same letter are significantly different. 

 

Table 9.7 presents the results on the level of task difficulty achieved by participants 

under the adaptive training condition by the last task trial. Two of eight participants achieved 

the highest level (Level 8) by the end of the training. The average of the final level achieved 

was 6.62 (SD = 1.11). Participants required 9.5 stimuli to advance to the first level of 

difficulty from the initial level (0). Four participants advanced to Level 1 within the first trial 

(T1) while the other participants achieved the first level at the close of the second trial (T2). 

 

Table 9.7. Level of achievement under the adaptive training condition (N=8) 

  Mean SD 

Number of Trials for First Level Achievement 9.5 4.84 

Maximum Level 6.62 1.11 
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A series of linear regression analyses were conducted on the post-test (retention) 

performance responses, including native BD time, native BD score and VR BD time, with 

the maximum level of difficulty achieved under the adaptive condition as a predictor. The 

general form of the model was: Y = intercept + Level * X. Results revealed a significant 

linear association of all responses with the predictor (see Table 9.8). All the R-squared values 

for this fit were larger than 0.4. In general, the higher the level of difficulty achieved during 

the training, the greater participant performance on the retention test, in terms of time 

(quicker pattern reproduction) and score.  

In addition to this, linear regression analyses were conducted on the same pre-test 

responses with the number of stimuli required by a participant in order to advance to the first 

level of difficulty as a predictor (i.e., Y = intercept + Stimuli* X). Results revealed a 

significant linear association of all post-test responses with the predictor. The R-squared 

values for this fit were all greater than 0.45 (see Table 9.8). Although the number of stimuli 

required to advance to the next level of task difficulty was likely negatively related to the 

maximum level of difficulty achieved across experiment trials, participant exposure to a 

greater number of stimuli was associated with greater pre-test task scores and reduced task 

time. 
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Table 9.8. Linear fit of retention performance to maximum level of achievement  

 Linear term of the regression model  

(Training time = intercept + Level*X) 

Post-test Native BD Score Native BD Time VR BD Time 

R
2
 0.456 0.519 0.649 

Linear Term  

 

Estimate = 1.556 Estimate = -22.049 Estimate = -48.978 

p = 0.0158 p = 0.0661 p = 0.043 

Intercept 

 

Estimate = 45.81 Estimate = 316.464 Estimate = 715.430 

p < 0.001 p = 0.003 p = 0.001 

 

 

 

Table 9.9. Linear fit of post-test performance by number of stimuli required to advance to the first level 

 Linear term of the regression model  

(Training Time = intercept + Stimuli* X) 

Pre-test Native BD Score Native BD Time VR BD Time 

R
2
 0.667 0.727 0.455 

Linear Term  Estimate = -0.808 Estimate = 10.911 Estimate = 29.337 

p = 0.013 p = 0.007 p = 0.063 

Intercept Estimate = 54.680 Estimate = 194.32 Estimate = 647.66 

p < 0.001 p = 0.005 p = 0.003 

 

 

 

Beyond the above results on post-test performance, the maximum level of difficulty 

achieved in adaptive training trials was also found to be correlated with post-test 

performance results (see Table 9.10). Due to the small group sample size (N=8), non-

parametric Spearman’s correlation analyses were conducted to identify any potential 

relationship between the training data (level of difficulty achieved) and participant pre-and 

post-test data (time and score) for the adaptive condition.  
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Table 9.10. Spearman’s correlation analyses on level and performance responses under adaptive condition 

Spearman's ρ Pre-testing Post-testing 

(N=8) 
Native BD 

Score 

Native BD 

Time 

VR BD 

Time 

Native BD 

Score 

Native BD 

Time 

VR BD 

Time 

Stimuli for First 

Level* 

  

-0.7651 0.7545 0.6467 -0.8 0.7108 0.6265 

p=0.027 p=0.0305 p=0.0831 p=0.0171 p=0.0481 p=0.0965 

Maximum Level 

  

0.6525 -0.7042 -0.8277 0.694 -0.7208 -0.6711 

p=0.0795 p=0.0512 p=0.0112 p=0.0562 p=0.0436 p=0.0684 

 

* - The number of stimuli required for a participant to advance to the first level of difficulty. 

 

Table 9.11 presents the results of correlation analyses on the pre- and post-testing 

performance responses (see also Figure 9.5). Results revealed highly positive correlations 

between VR BD completion time and native BD completion time in pre- (r=-0.7006, 

p=0.001) and post-testing (r=0.775, p<0.001), which in turn was negatively correlated with 

native BD score in both pre- (r= -0.701, p=0.001) and post-testing (r=-0.713, p<0.001). 

Within the pre-testing or post-testing, VR and native BD responses were highly correlated 

with each other. These findings suggest that with greater VR BD task exposure, trainees may 

achieve greater performance in terms of native BD task performance.  
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Table 9.11. Correlation analyses on pre- and post-test performance responses 

  r Pre-testing Post-testing 

  (N=24) 
Native BD 

Score 

Native BD 

Time 

VR BD 

Time 

Native BD 

Score 

Native BD 

Time 

VR BD 

Time 

P
re

 -
T

es
ti

n
g
 

Native BD 

Score 

1           

            

Native BD 

Time 

-0.9664 1         

p<.0001           

VR BD 

Time 

-0.7006 0.7752 1       

p=0.0001 p<.0001         

P
o
st

 –
T

es
ti

n
g
 

Native BD 

Score 

0.577 -0.5662 -0.4834 1     

p=0.0032 p=0.0039 p=0.0167       

Native BD 

Time 

-0.5461 0.5699 0.4003 -0.9276 1   

p=0.0058 p=0.0036 p=0.0526 <.0001     

VR BD 

Time 

-0.1766 0.2264 0.368 -0.7132 0.769 1 

p=0.4092 p=0.2874 p=0.0769 <.0001 <.0001   

 

 

 

 
Figure 9.5. Scatter plots representing correlations of pre- and post-test responses 
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10.  Discussion on Full Experiment 

Six hypotheses were formulated as bases for quantitatively assessing the impact of 

adaptive VR-based training on motor skill learning and for making comparison of this 

training approach with static and random protocols in terms of efficiency. The following 

discussion addresses each hypothesis based on the results presented in the previous section. 

10.1. Training Schemes and Motor Skill Retention 

The first research hypothesis (H1) contended that the adaptive training scheme would 

result in greater improvement in post-training retention test performance from pre-test 

performance in comparison to the static training scheme. The results supported this 

hypothesis and revealed the adaptive condition to be superior to the static condition in terms 

of time to completion in either the VR or native forms of the BD task. However results did 

not support the second and third hypotheses as there were no significant differences in 

performance improvement between the adaptive and random condition (H2) or the random 

and static (H3) condition.  

The native BD score results did not support any of the first three hypotheses 

concerning training conditions effects (H1, H2, and H3). There were no differences in 

performance improvement among all three training conditions. This finding is likely 

attributable to the scoring rules of the native BD task. Unlike the continuous BD task 

completion time response, the native BD task score is a categorical response measure (with 

five index values) that account for accuracy and time to completion of each design stimulus. 

In this study, a small number of errors were observed during the pre- and post- test. 
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Participants failed to reproduce the design pattern for only 5% of stimuli. Related to this, the 

number of errors and incomplete designs occurring under each training condition during pre- 

and post-testing was relatively consistent. Consequently, the pattern of BD task scores among 

conditions was also consistent. These results and observations also suggest that the native BD 

task score is a relatively insensitive and confounded measure for assess participant speed and 

accuracy.  

In general, the time and task score results for the random training condition were not 

consistent with the existing research. Although the random condition did not lead to a greater 

improvement in BD performance as compared to the static condition, varied practice has 

been shown to enhance retention in many motor learning domains (Wrisberg & Liu, 1991)  . 

However, much of the research on random training schemes (e.g., C. H. Shea et al., 1990) 

has been conducted to test the effect of inherent variability of practice or goal state variability 

on practice performance rather than task difficulty variations. It is possible that in the present 

study, the level of difficulty of the initial trial under the random condition was too 

challenging for participants. That is, the frequency of haptic disturbances may have led to a 

failure in motor learning. Inappropriate training difficulty levels can create high nominal and 

functional task difficulties for trainees and result in large errors. This observation is 

supported by Sanger’s (2004) research, which showed that training of a neural network 

(representation of human motor control) in learning the dynamics of a multi-joint arm was 

much faster when the speed of desired movements was slowly increased vs. when the 

network was initially trained on fast movements. Four of eight participants assigned to the 

random training condition were not able to complete several of the nine-block designs under 
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Level 8 (highest) difficulty as part of their first training trial. The inappropriate difficulty 

setting might have caused trainees to feel a sense of frustration. This sensation could have 

temporarily reduced levels of motivation and performance comparable to that observed for 

the static condition. On the other hand, training tasks should not be so easy to perform that 

repetitions do not lead to changes in performance or task learning. Thus, matching nominal 

and functional task difficulty to the trainee skill level, as in the adaptive condition, appears to 

have the potential to enhance task learning effectiveness relative to a purely static condition, 

which was not observed for the random condition.  

The result of inferential statistics did not reveal a significant difference of performance 

improvement between the adaptive and random conditions. Having said that, the p-values for 

the post-hoc tests on the adaptive vs. random vs. static conditions suggested that the random 

condition was less like the adaptive condition (p=0.1445) and more like the static condition 

(p=0.6980) in terms of improvement in BD task time. Here, it is worth noting that Tukey’s 

HSD test is considered to be a conservative post-hoc analysis procedure (Montgomery, 1997). 

For example, a t-test comparison of the random vs. adaptive training groups reveals a 

significant difference in improvement in task time (t(14)=-2.19, p=0.045) with the adaptive 

condition being superior. 

10.2. BD Task Training Time  

The results on BD training time revealed that participants assigned to the random 

condition required significantly more training time than the adaptive condition. Focusing on 

the first half of the training regimen (the first two of four trials), the random group required 
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substantially more time to complete one trial than the adaptive and static groups. This result 

suggested that the nominal difficulty of the random condition, in the early stage of training, 

may not have been appropriate for some participants. The variability in the level of difficulty 

also caused variations in functional difficulty across random group participants, based on 

individual differences in motor skill. The SE of the BD training time for Trial 1 under the 

random condition was much larger than the SEs for the other training conditions and trials 

(return to Table 9.5). It appeared that high nominal task difficulty led to a substantially 

increased training time for participants with lower motor skill. This observation is consistent 

with Guadagnoli and Lee’s (2004) observations. They offered that the level of novice 

performance drops rapidly and reaches a floor as a task becomes more difficult.  

With the respect to the task completion time across trials, the BD completion time 

under the static condition decreased more rapidly than under the other conditions (return to 

Figure 9.4). Since the level of task difficulty of the static condition was fixed, the functional 

difficulty became lower for trainees as training progressed. This situation led to greater 

training performance and quick progression towards asymptotic performance, however, the 

condition did not promote retention, as under adaptive and random training. The functional 

difficulty of the task kept increasing across trials under the adaptive condition and an optimal 

level of functional difficulty may have been sustained for some users. Therefore, 

performance under the adaptive condition did not vary substantially, as compared to the static 

training group. Based on the training time plot, it can also be interpreted that the level of 

functional difficulty under the random condition approached the level of functional difficulty 

for the adaptive training (near the last test trial).  
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Recalling an earlier discussion in the literature review, one of the most important roles 

of task practice variables is to influence the potential for learning. Models of motor learning 

identify skill development as a problem-solving process in which the goal is a particular 

action. Tasks posing low nominal difficulty result in little information (task feedback, such as 

errors) for either the novice or the expert. If the functional difficulty of the task is too high 

for the novice, the same situation may be true; that is, their performance may only lead to 

failures with little information on the characteristics of a successful trial. Thus, under the 

random condition, high nominal task difficulty for novice participants likely yielded little 

information on success in complex design pattern reconstruction, as compared to the adaptive 

condition. 

Despite of the result of a post-hoc analysis indicating that the motor skill improvement 

between pre- and post-testing for the adaptive and random two conditions was comparable, 

there was evidence that the adaptive condition was considerably more efficient from a task 

proficiency perspective than the random condition. This was in line with H4. The trend of 

mean training task time for the adaptive condition was well below the trend for the random 

condition among the first two test trials. The random condition did, however, approach the 

training proficiency of the adaptive condition by the 3
rd

 and 4
th

 trials. Because of the practical 

importance of enhancing effectiveness as well as efficiency in motor learning in 

rehabilitation, the adaptive condition studied here poses the advantage of comparable task 

learning in, on average, a shorter timeframe. Furthermore, although the random training 

might lead to a greater improvement in post-training retention than a static training condition, 

this increase in retention comes at the cost of substantially increased training time.  
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10.3. Achievement in Level of Task Difficulty  

Previous research efforts have focused only on determining whether adaptive training is 

better than other types of training in terms of performance in retention tests. The purpose of 

some analyses as part of this study was to determine whether an adaptive training approach 

might yield information useful for diagnosing motor skill level. With respect to trainee 

performance during the BD training, the maximum level of difficulty achieved under the 

adaptive condition revealed a linear relationship with post-training retention test performance. 

This result was consistent with H5. That is, performance in the retention test was predicted 

by a trainee’s maximum level of difficulty.  

In addition, results also indicated that there was a linear relationship between the 

number of stimuli a trainee required to move to the first level of difficulty and pre-test 

performance. This result suggests that it would be possible to measure initial motor 

performance and motor learning based on the results of an adaptive BD training session 

without a baseline test or retention test. Adaptive training schemes, such as that, investigated 

here might serve as stand-alone tools for training and skill diagnosis by analyzing 

performance data during training sessions.  

The results on the number of stimuli required for advancement in difficulty revealed 

two participants to achieve Level 1 difficulty (from Level 0) based on exposure to only four 

stimuli. A small number of stimuli leading to advancement in level was considered indicative 

of a higher degree of initial motor skill. A high degree of motor skill would lead to lower 

functional difficulty for any setting of the task. Thus, under adaptive training, the initial task 
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difficulty should be set depending on the baseline test performance of a participant in order 

to promote maximum learning potential and to reduce training time. This approach is 

consistent with that used in Cameirao et al. (2007) study in which the level of difficulty of a 

VR-based rehabilitation task was determined based on a preliminary motor performance 

evaluation task.  

10.4. VR-based BD Training and Native BD Training 

The result also revealed that VR-based BD task performance was significantly 

correlated with native BD performance in both pre- and post-testing (H6). The VR simulator 

used in this study was a reproduction of the BD subtest, based on the WASI and WAIS-III 

protocols. The simulator incorporated a haptic device with a novel control modeling the 

shape of blocks used in the original BD test. The findings of the full experiment suggest that 

it may be possible to complement the native form of the BD test (used for diagnostic 

purposes) with the VR-based BD test as a basis for motor skill training. Related to this, the 

VR-based BD test has benefits over standardized clinical evaluation, including automatically 

recording time-dependent user motion data for high accuracy assessment of planning and 

control rehabilitation progress. In addition, the VR platform has the capability to provide 

augmented visual and haptic feedback with the potential for accelerating motor task learning.  
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11.  Conclusion 

An empirical study was conducted to assess the effect of adaptive VR-based psycho-

motor task training on motor skill learning. The objectives of this study were to: (1) 

prototype a VR-based motor task simulator integrating a haptic control device – the simulator 

was based on a commercially available psychomotor test and an earlier prototype VR system 

presenting an augmented version of the test; (2) assess the effect of various practice schemes 

implemented through the simulator, including static, adaptive and random presentation of 

levels of test difficulty; and (3) identification of an adaptive training approach for delivering 

optimized training given individual differences in terms of psyho-motor capability. All of 

these objectives were achieved through a pilot study and full experiment. The adaptive 

simulator design was documented as part of the pilot study methodology (see Section 6). The 

practice schemes were compared using multiple statistical methods applied to the data set 

resulting from the full experiment. An occupational therapy regimen was modeled in the 

experiment. A series of VR training, pre- and post-testing sessions were conducted to assess 

the effects of the training schemes. Pre- and post-training test data provided the basis for 

assessing the degree of improvement or motor learning imparted by each training scheme 

(see results in Section 9). Finally, consideration of the experiment results relative to the 

research hypotheses led to inferences towards optimal design of an adaptive motor skill 

training protocol based on initial motor skill levels of trainees (see discussion in Section 10). 

The following sections identify the limitations of this work and future research 

directions. These directions include assessment of the potential effectiveness of the VR 
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simulator for clinical use, The findings of the present study provide some insight regarding 

this direction.  

11.1. Research Limitations 

With respect to limitations of this work, although it was assumed that motor 

performance with the non-dominant may be characteristic of impaired motor performance, 

there is a need to test actual patients suffering from mTBI and requiring motor rehabilitation. 

Even though the participants in this study used their non-dominant hands, they did not 

express frustration in the use of the VR system. However, the nominal level task difficulty of 

the VR-based BD trainer might be too high for a pathological population. This limitation 

needs to be addressed through additional study of the simulator with mTBI patients 

presenting motor disabilities. 

In addition, the difficulty of the current task was largely related to fine-motor 

coordination. In the native form of the BD task, a block can be placed by pushing another 

block against it. However, in the VR simulator, blocks appearing on the work surface were 

simulated as immobile; that is, they could not be slid across the surface. In general, it is much 

harder to place a block in among multiple blocks from a vertical location than it is to slide a 

block into position. Since the haptic control device currently integrated with the simulator 

does not output force-feedback for rotational movements, a participant is not able to sense a 

collision when one block contacts another through rotation. In the case of reconstruction of a 

nine-block design, when all but the center block had been placed, the lack of rotational force-

feedback at the Omni led to some participants moving correctly place blocks at the periphery 
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of the design in order to insert the center block with accuracy vs. attempting to force a block 

into the center from above. This situation also led to an increase in task time. 

Related to the former limitation, since the movement volume of the Omni is small, a 

user’s forearm movement is less critical to block manipulation in the BD task simulation than 

wrist movement. With reference to the literature review, the MIT-MANUS is a robotic 

system for rehabilitation of upper extremity functions. A patient’s lower arm and wrist are 

strapped into a brace that is attached to a handle on the robotic arm. This type of attachment 

supports the use of the forearm and wrist for tasks. The small motion volume of the Omni 

haptic control interface may cause the perceived level of motor task difficulty to be greater 

than in the native form of the BD task for which forearm motion has a comparable functional 

role to wrist movement.  

Another potential limitation of the present study concerns the motor skill retention 

interval. A 5-min. retention interval was required after training sessions in the full 

experiment. There was no guarantee that skill loss would occur for some participants within 

such a short period of time. In the future, the present study could be expanded to include 

multiple training sessions with a delayed retention test or longer rest period (e.g., one day or 

night). (More future research directions are identified below.) 

A final limitation of this study concerns the adaptive training algorithm. The criteria 

used to determine adaptive delivery of the levels of task difficulty were times to task 

completion for the various BD patterns time established in a previous experiment. Such 

criteria do not allow for implementation of the adaptive training algorithm across various 
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psycho-motor tasks; that is, the criterion times are task dependent. Unfortunately, 

comparisons may need to be of the effectiveness of various tasks for training specific motor 

skills using an adaptive difficulty schedule. Consequently, common metrics of psycho-motor 

task performance need to be identified for application of adaptive training algorithms across 

a range of task. Kinematic responses (e.g.,  number of fundamental movements, speed of 

movements) might yield alternate performance metrics as a solution to this limitation. The 

adaptive difficulty algorithm could be expected to modulate task difficulty toward the 

optimal challenge point for a trainee, independent of the psycho-motor task type.  

11.2. Future Work 

The current study focused on the effect of task difficulty manipulation in a VR-based 

adaptive trainer on retention of motor learning. It would be interesting to assess whether 

practice of the BD task produce motor performance benefits for other tasks as well as 

whether the type of training scheme influences the degree of transfer of learning. Random 

practice has been compared with fixed practice in terms of transfer to a novel test task (e.g., 

Hall, Domingues, & Cavazos, 1994; J. B. Shea & Morgan, 1979 ).  

The VR simulator developed for the present study could be extended to simulate other 

motor tasks, such as the Purdue Pegboard Test (PPT). Unlike the BD test, this PPT requires 

gross movements of the arms and hands as well as fine movements of the fingers. Such as 

simulation would allow for assessments of transfer of training in the BD simulator and vice 

versa.  



 

119 

The current adaptive training algorithm manipulates only one practice variable; that is, 

the level of functional task difficulty. Choi et al (2008)’s high-level adaptive task scheduler 

manipulates another variable, which is the overall task schedule. Here, it is important to 

recall that the total amount of practice is the single most important variable for skill 

acquisition. In addition to this, the contextual interference effect for learning multiple tasks 

should also considered. The schedule of levels of task difficulty and the degree of variability 

in the nature of the task are additional variables that should be studied using the current VR 

BD task simulator. 

The task training time in the present study could have been longer in order to allow 

participants to achieve asymptotic performance. The maximum time required by any 

participant to complete the four training trials with the VR system was 1.5 hrs. This time may 

not have been long enough for participants to demonstrate skill learning following the typical 

“S”-shape learning curve (a slow beginning, steep acceleration, and eventual plateau). 

Conducting more than eight trials should be considered in future work in order to promote 

participant motor learning. Prior studies with the same VR-based BD platform (Clamann et 

al., 2012; Kaber et al., 2013) required subjects to complete more trials and some were able to 

approach asymptotic performance. More training trials with the present simulation would 

likely produce greater improvements in performance and more significant effects of the 

training schemes on the responses.  

Finally, another type of difficulty determinant could be tested in future research, such 

as degrading visual acuity of objects in the simulated task environment while trainees 
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perform the BD task. For example, fog has been simulated in previous computer-based 

simulation studies for introducing visual noise and promoting difficulty in pilot control of 

aircraft in simulated flight tasks (Entzinger & Suzuki, 2009) as well as driver performance 

under foggy conditions (Cavallo, Colomb, & Doré, 2001). Adding fog as a visual disturbance 

to the VR BD interface could make design pattern and target block recognition more 

challenging. Beyond this, the manipulation might affect decision making and subject strategy 

in pattern reconstruction. In addition, the effect of integration of the different types of 

challenges (hatic and visual) on motor and cognitive learning should be assessed. Using 

visual disturbances as an additional level of difficulty manipulation might serve to further 

improve perceptuo-motor skill acquisition through the simulation above that achieved with 

only the haptic manipulation. 
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Appendix A 

North Carolina State University  

INFORMED CONSENT FORM for RESEARCH 
Title of Study : Assessing the Effect of an Adaptive VR-based Simulation for Motor Skill Training and Human 

Motivation 

 

Principal Investigator :  Woo Ram Jeon      

Faculty Sponsor (if applicable) : David B. Kaber 

  

 

What are some general things you should know about research studies? 

You are being asked to take part in a research study. Your participation in this study is voluntary. You have the 

right to be a part of this study, to choose not to participate or to stop participating at any time without penalty. 

The purpose of this research study is to gain a better understanding of adaptive motor skill learning using virtual 

reality training systems. You are not guaranteed any personal benefits from being in this study. Research studies 

like this may also pose risks to those that participate. In this consent form you will find specific details about the 

research in which you are being asked to participate. If you do not understand something in this form it is your 

right to ask the researcher for clarification or more information. A copy of this consent form will be provided to 

you. If at any time you have questions about your participation, do not hesitate to contact the researcher(s) 

named above. 

 

What is the purpose of this study? 

 

The purpose of this study is to learn more about using virtual reality (VR) simulations to improve impaired 

motor functions and to develop fine motor skills. Virtual reality simulation involves 3-dimensional displays and 

control devices that provide force-feedback on virtual activities (e.g., when a virtual cursor contacts a virtual 

object). The tasks to be performed in this study involve simulations of commercially available psychomotor 

(brain and hand) performance tests. Your performance on motor control tests and while using the VR system is 

expected to provide insights into VR design features and approaches to best develop motor skills. 

 

What will happen if you take part in the study? 

 

If you agree to participate in this study, you will be asked to work through the following days and phases of the 

research: 

 

Day 1:  

(a) Orientation  

(b) Baseline Testing (Physical Block Design assembly task)  

(c) 1
st
 VR-based Motor Skill Training  

 

Day 2 

(d) 2
nd

 VR-based Motor Skill Training  

(e) Final testing (Physical Block Design assembly task).  

(f) Intrinsic Motivation Inventory (IMI) questionnaire 

 

As noted above, you will complete multiple sessions taking approximately two days. The study will be 

conducted in a separate laboratory room located on the fourth floor of Daniel Hall, NCSU. The study will last 

approximately 2 hours in total (one hour for each day). 

 

Risks 
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A potential risk of hand/wrist fatigue may be involved during training with the haptic device. Participants with 

current or chronic back, shoulder, neck, or wrist pain will be excluded from this study. We will provide 

sufficient rest periods after each block of  four training trials. 

 

Benefits 
There are no direct benefits to you from this research. 

 

Confidentiality 
The information in the study records will be kept confidential to the full extent allowed by law. Data will be 

stored securely in a student office of Ergonomics Lab in the NC State Department of Industrial and Systems 

Engineering. No reference will be made in oral or written reports which could link you to the study. A 

background survey will collect identifying information such as your name. Other data will include your gender 

and age and will be used for demographic statistics. A code number will be matched to your name and a master 

list of codes for all subjects will be kept separately from all other survey and response data collected as part of 

the experiment. This code list and all other data will be destroyed at the close of the study. 

 

 

Compensation  

For participating in this study you will receive $10 compensation. If you withdraw from the study prior to its 

completion, you will receive $5 partial compensation.  

 

What if you have questions about this study? 

If you have questions at any time about the project or the procedures, you may contact the principal investigator, 

Woo Ram Jeon at 734-358-1601 or wjeon@ncsu.edu  (458 Daniels Hall, NC State University). 

 

What if you have questions about your rights as a research participant? 

If you feel you have not been treated according to the descriptions in this form, or your rights as a participant in 

research have been violated during the course of this project, you may contact Deb Paxton, Regulatory 

Compliance Administrator, Box 7514, NCSU Campus (919/515-4514). 

 
Consent To Participate 

“I have read and understand the above information.  I have received a copy of this form.  I agree to participate 

in this study with the understanding that I may choose not to participate or to stop participating at any time 

without penalty or loss of benefits to which I am otherwise entitled.” 

 

 

Subject's signature_______________________________________ Date _________________ 

 

 

 

Investigator's signature__________________________________ Date _________________ 

 

  

mailto:wjeon@ncsu.edu
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Appendix B 

THE POST-EXPERIMENT INTRINSIC MOTIVATION INVENTORY 

 

Subject Number : __________________ 

 

For each of the following statements, please indicate how true a statement is for you using 

the 7-point scale: 

 

 

 
not all true somewhat true very true 

 1 2 3 4 5 6 7 

1.  While I was working on the task I was thinking about how much I 
enjoyed it. 1 2 3 4 5 6 7 

2.  I did not feel at all nervous about doing the task.  1 2 3 4 5 6 7 

3. I felt that it was my choice to do the task.  1 2 3 4 5 6 7 

4. I think I am pretty good at this task.  1 2 3 4 5 6 7 

5.  I found the task very interesting. 1 2 3 4 5 6 7 

6.  I felt tense while doing the task. 1 2 3 4 5 6 7 

7.  I think l did pretty well at this activity, compared to other students. 1 2 3 4 5 6 7 

8.  Doing the task was fun. 1 2 3 4 5 6 7 

9. I felt relaxed while doing the task.  1 2 3 4 5 6 7 

10. I enjoyed doing the task very much. 1 2 3 4 5 6 7 

11. I didn't really have a choice about doing the task.  1 2 3 4 5 6 7 

12. I am satisfied with my performance at this task.  1 2 3 4 5 6 7 

13. I was anxious while doing the task. 1 2 3 4 5 6 7 
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