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ABSTRACT 
The need for virtual reality applications for education and training 
involving bimanual dexterous activities has been increasing in 
recent years. However, it is unclear how the amount of 
correspondence between a virtual interaction metaphor to the real-
world equivalent, otherwise known as dimensional symmetry, 
affects bimanual pscyhomotor skills training and how skills 
learned in the virtual simulation transfer to the real world. How 
does the number of degrees of freedom enhance or hinder the 
learning process? Does the increase in dimensional symmetry 
affect cognitive load? In an empirical evaluation, we compare the 
effectiveness of a natural 6-DOF interaction metaphor to a 
simplified 3-DOF metaphor. Our simulation interactively educates 
users in the step-by-step process of taking a precise measurement 
using calipers and micrometers in a simulated technical 
workbench environment. We conducted a usability study to 
evaluate the user experience and pedagogical benefits using 
measures including a pre and post cognition questionnaire over all 
levels of Bloom’s taxonomy, workload assessment, system 
usability, and real world psychomotor assessment tasks. Results 
from the pre and post cognition questionnaires suggest that 
learning outcomes improved throughout all levels of Bloom’s 
taxonomy for both conditions, and trends in the data suggest that 
the 6-DOF metaphor was more effective in real-world skill 
transference compared to the 3-DOF metaphor. 
Keywords: Bimanual interaction, psychomotor skills education, 
dimensional symmetry. 
 
Index Terms: H.5.1 [Information Systems]: Artificial, 
augmented, and virtual realities. 

1 INTRODUCTION 
In recent years, the demand for higher fidelity interaction in 
virtual reality training simulations ranging from the medical field 
to manufacturing and assembly tasks has increased. However, it is 
not well understood to what extent the increased fidelity plays a 
role in enhancing or hindering the learning process in the context 
of psychomotor skills acquisition. In this paper, we describe an 
immersive virtual reality simulation employing bimanual 
interaction designed to teach and train basic precision metrology 
concepts to incoming technical college students via a scaffolded 
learning approach. Users interact with the system via two 6-
Degree of Freedom (DOF) motion controllers on a head-tracked 
perspective corrected stereoscopic large-screen display. The 
simulation first introduces and guides the user step-by-step on the 
process of using calipers or micrometers to take a precise 
measurement and then asks the user to demonstrate what they had 

learned in an exercise phase.  
Precision metrology, the science of measurement, is an under-

emphasized topic [20] and is one of the universal tools applicable 
to all fields of manufacturing and engineering [15]. An annual 
survey on the state of manufacturing education administered to 
educators and industry professionals indicates that hands-on 
training is essential; however the logistics of laboratory time in a 
classroom tends to focus on more specialized subjects [18]. In 
general, students are expected to know the basics of metrology 
and how to use the tools for precision measurement before coming 
to class; nevertheless educators have indicated that they must 
spend valuable class time covering the topic and would prefer to 
spend the time on more advanced subjects. Virtual training 
simulations could help mitigate the problem of students lacking a 
proper understanding of the fundamentals of metrology. 

The task of learning how to use precision instruments for 
metrology can be broken down into two main components. 
Cognition relates to the user’s ability to recall all of the steps 
necessary for taking a precise measurement with a specific 
instrument, such as a Vernier caliper, as well as knowing how to 
interpret the measurement scale. Additionally, the motor aspects 
associate with physically moving the instruments to the optimal 
location in order to take a precise measurement in an efficient 
manner. While there are interactive simulations for teaching 
metrology [1], users interact with the simulations using a mouse 
and keyboard with the content presented in 2D. This type of 
interaction addresses the cognitive aspect of precision 
measurement, but neglects the motor element. In a real life 
scenario, employees would be expected to know how to quickly 
and efficiently take a precise measurement, requiring them to 
maneuver the instrument to the correct position and discern the 
reading on the measurement scale. Simulating natural spatial 
interaction with content in 3D is far closer to reality than using a 
2D interaction metaphor and could potentially be more effective 
in teaching psychomotor skills necessary for precision metrology. 

The use of both hands in manual dexterous training 
applications is necessary to properly train the motor aspect of 
precision metrology. Without the use of both hands, a VR 
interaction metaphor for physically moving objects in space 
would not accurately mimic the perception that a user would 
experience in the real-world. Thus we developed a bimanual 
interaction metaphor that enables the trainee to use both hands 
simultaneously to move virtual objects in 3D space. Questions 
remain as to whether giving the user 12-DOF (6 for both hands) 
cognitively overloads the user to a point where training becomes 
ineffective or whether mimicking reality with the same amount of 
degrees of freedom improves knowledge and skill transference to 
the real-world. We also want to determine if a simplified 
metaphor has significantly different learning outcomes. Therefore, 
we describe a controlled evaluation were we vary dimensional 
symmetry by manipulating the degrees of freedom for interacting 
with the system. Previous work on interaction fidelity tended to 
evaluate time to complete and accuracy [4]; however there are few 
prior studies that evaluate the effect of dimensional symmetry on 
psychomotor skills transference.  
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2 RELATED WORK 

2.1 Control and Dimensional Symmetry 
In McMahan’s Framework for Interaction Fidelity Analysis 

(FIFA) [22], interaction fidelity is systematically defined by 
categorizing different aspects and components in order to 
objectively analyze the level of interaction fidelity without the 
need for researchers to make subjective decisions on what level of 
fidelity a given interaction technique attains. In FIFA, interaction 
fidelity is the objective degree of exactness with which real-world 
interactions can be reproduced in an interactive system and a 
subset is control symmetry which is the amount of correspondence 
between control provided by an interaction technique and the 
control possible in the real world. Control symmetry can be 
further subdivided into dimensional symmetry relating to how well 
a metaphor imitates real-world interaction with respect to 
movement. Two characteristics of dimensional symmetry are the 
number of control dimensions (degrees of freedom) and 
integration (the simultaneous control of each degree of freedom). 
After reanalyzing previous work using FIFA, McMahan found 
that higher levels of control symmetry had the greatest positive 
effect on user performance.  

With regard to the effect of degrees of freedom on object 
manipulation, Bowman found that reducing the number of degrees 
of freedom significantly reduced the time to complete [3]. In 
addition, higher accuracy tasks had a greater effect on time to 
complete in their 6-DOF condition compared to their 2-DOF 
condition. The higher accuracy tasks required the user to 
manipulate a virtual object into a smaller area compared to the 
low accuracy task. The amount of accuracy made little difference 
on time to complete for the 2-DOF condition; however accuracy 
had a significant effect for the 6-DOF task, suggesting that higher 
degrees of freedom affects performance to a greater extent for 
tasks requiring high amounts of accuracy.    

Practical evaluations of fidelity have been employed by 
researchers comparing vastly different levels of fidelity in order to 
empirically demonstrate a significant effect. For instance, 
Gruchalla et. al. found that participants in an immersive CAVE 
using a 6-DOF input device performed faster and created more 
accurate oil well paths than participants who used a desktop and 
keyboard and mouse for interaction [10]. However, confounds 
could arise from the different input devices and display 
modalities.   

2.2 Bimanual Interaction 
There has been extensive previous work in virtual bimanual 
interaction metaphors spanning multiple fields including 
visualizations for neurosurgeons [16], industrial maintenance and 
assembly tasks [13], volumetric data visualization [26], and stroke 
rehabilitation [5]. Some of the potential benefits include 
knowledge transference, increased performance and reduced 
completion time [4, 6, 24] . However, this is not true for all 
applications utilizing bimanual spatial interaction [25]. The 
common sense notion that two hands working in parallel reduces 
the time to complete a task is partially correct [17] but not 
necessarily true if the interaction metaphor does not take into 
account the dynamic, spatial-temporal frame of reference of the 
non-dominant hand.  According to Guiard’s Kinematic Chain 
Model [11], arm segments can be thought of as serially linked 
abstract motors that form a functional kinematic chain where the 
output from one motor informs the input or movement for the 
other. When both hands are working together, they provide the 
user with additional information about their actions and 
environment that one hand alone cannot while also changing the 
way users think about a task by influencing their problem-solving 
strategies [17]. Using one hand, the user must follow a sequential 

set of movements to accomplish a particular goal, however using 
two hands concurrently allows for multiple actions being 
performed simultaneously, thereby changing the thought process 
for completing an action and imitating how they would perform 
the interaction in reality.  

2.3 Psychomotor Skills Learning 
Psychomotor skills involve complex interactions between the 
perceptual (visual, auditory, or tactile) and the motor output of 
manual work [7]. Psychomotor skills assessment in virtual reality 
has been evaluated in several laparoscopic surgery simulators that 
address the need for surgeons to be very precise with their 
incisions [9]. They found that not only was the virtual training 
simulation beneficial for properly teaching the laparoscopic 
procedure, it could also be utilized to assess the aptitude of the 
surgeons and could distinguish between expert users and novice 
users. By studying how expert users interacted with the system, 
strategies could be developed and employed to improve learning 
outcomes for novice users.  

2.4 Metrology Education 
The demand for manufacturing skills and knowledge exceeds the 
education supply in the engineering fields as of 2013, according to 
educators and practicing professionals [18] with metrology 
forming a critical basis for many domains [15]. Online, virtual 
metrology simulations have been investigated by Al-Zahrani and 
have been determined to be a valuable asset for metrological 
training [1]. Their group developed simplified Java applets 
training users on how to read Vernier calipers and micrometers. 
The simulation was minimally interactive, only allowing the user 
to slide the Vernier scale and the instruments drawn on the screen 
were highly abstracted. Similarly, Korczynski et. al. developed a 
virtual laboratory consisting of Java applets where students could 
learn about metrology and quality assurance topics [19].  

2.5 Our contributions  
As a consequence of the findings by Bowman and many other 
researchers with regard to interaction metaphors, natural spatial 
interaction techniques may or may not be beneficial for every 
virtual manipulation task; therefore a rigorous analysis is 
recommended to determine the effectiveness of each individual 
system catering to a specific task type. To our knowledge, there is 
no previous work on investigating the effects of dimensional 
symmetry to ascertain the psychomotor skills benefits in a 
scaffolded learning environment. In this paper, we describe: 
• The motivations and process for creating the bimanual spatial 

interaction metaphor for education in precision metrology 
• A user study comparing a high-fidelity 6-DOF versus a low-

fidelity 3-DOF interaction metaphor 
• An evaluation of a scaffolded virtual simulation and how 

knowledge transferred to the real world 

3 SYSTEM DESCRIPTION 

3.1 Apparatus 
In order to assess the potential psychomotor skills benefits across 
different levels of dimensional symmetry, we used the Razer 
Hydra, a commercial off-the-shelf electromagnetic tracker that has 
controllers for both hands. A benefit from using the Hydra 
controllers arose from its ability to track small, precise 
movements which mimic the action of taking a real-world 
measurement. The participants used the controllers to select and 
manipulate instruments and objects in full 6-DOF (3 position, 3 
orientation) or 3-DOF (2 position about X and Y, 1 orientation 
about Z). The original metrology training simulation utilized a 
mouse and keyboard interaction metaphor where users could 

 



 

position objects on the XY plane and rotate objects using the 
right-mouse button about Z, in effect allowing manipulation on 
objects that are laid flat on a workbench. The 3-DOF condition 
affords manipulation about the same axes as the mouse and 
keyboard metaphor which can be regarded as a medium fidelity 
metaphor between full 6-DOF and the mouse and keyboard 
metaphor. Future studies may examine the mouse and keyboard 
versus the Hydra, however the current 3-DOF and 6-DOF were 
chosen to minimize confounds relating to hardware and bimanual 
interaction. 3-DOF was also chosen as a simplification of the 6-
DOF metaphor. It is possible that the 6-DOF metaphor could 
overburden the cognitive and/or motor ability of participant 
interaction with the system. Returning to the FIFA framework, 
these two conditions were chosen to examine the effects of 
increased interaction fidelity with respect to the control and 
dimensional symmetry categories on psychomotor skills 
transference.   
 

 
Fig. 1. A participant interacting with the virtual metrology training 

simulation 

The virtual environment was displayed on an 80 inch 
(1824x1026 resolution) stereoscopic display using Nvidia 3D 
Vision active shutter glasses. The 3D models were created in 
Blender and rendered using the Unity game engine. We attached 
an Ascension Flock of Birds tracking sensor to the stereoscopic 
glasses in order to provide motion parallax cues for a fish-tank 
VR display metaphor in the 6-DOF condition. The Flock of Birds 
was replaced by the Microsoft Kinect for the 3-DOF condition 
due to logistical issues. This could introduce a confound, however 
prior to the study, we carefully calibrated the depth and motion 
parallax parameters by taping a physical wooden 10x10x10 cm 
wireframe cube to the center of the screen. We then modeled a 
virtual cube of the same dimensions, rendered it to be collocated 
with the physical cube situated in front of the display, and then 
eliminated any registration errors for both the Flock of Birds and 
the Kinect. An internal subjective review of the registration 
between the physical and virtual cubes between both tracking 
devices revealed no difference in head tracking.  

3.2 Bimanual Interaction Metaphor 
We have designed our simulation to incorporate the principles of 
affordances, mapping, visibility, feedback, and constraints as 
outlined in Norman’s book [23]. Selection spheres representing 
the user’s hands were mapped 1:1 with the position and 
orientation of the controllers. A semi-transparent sphere was 
chosen as the selection metaphor because it did not reveal the 
orientation of the user’s hands in order to minimize unnecessary 
feedback. The sphere provided visual feedback to the user when it 
collided with the bounding volume of an instrument or object by 
highlighting yellow, indicating that if the user pulled the trigger 
button on the back of the Hydra, they would be able to grab the 
object and manipulate it. The system provided auditory feedback 
when the user picked up an object and when objects collided with 

each other. Depending on where the object collided, the pitch of 
the sound would be unique, giving the user a sense of where the 
collision was occurring.  

The buttons on the Hydra were mapped to various actions in 
the virtual training simulation. Pressing the trigger on the back of 
the controllers closely maps with grasping an object in the real 
world and was used for picking up the virtual objects. The Vernier 
scale on the calipers slides horizontally and the joystick on the 
Hydra affords an accurate mapping between the real-world action 
of using the thumb to move the slide. Likewise, the thimble on the 
micrometers could be rotated by pressing the joystick vertically. 
For both the calipers and micrometers, the user needs to turn the 
locking screw in order to secure an accurate measurement. There 
are four main buttons on the front of the Hydra and we chose one 
of them to map to the act of turning the lock screw.  

The measurement reading on the Vernier scale was difficult to 
see when the instrument was far away from the user. Therefore, a 
magnifying glass metaphor was implemented. The user pressed 
one of the four face buttons and a view-in-view image of the 
Vernier scale was shown. The magnifying glass could be enabled 
and disabled at any time. Visibility was improved by using high 
contrast textures for all of the objects in the scene to help 
differentiate the instruments in the foreground from the texture of 
the workbench in the background.  

In accordance with the design principle outlined by Hinckley 
et. al. [17], it is important to simulate the ability to use the non-
dominant hand as a frame of reference for the dominant hand as it 
performed fine motor tasks. With the metrology task, users were 
required to pick up the object and move them in 3D space such 
that they could manipulate the instrument into place to take the 
measurement. Guiard states that the non-dominant hand provides 
a mobile, dynamic role that restricts the necessary hand motion to 
a small working volume [11] which is important when using an 
electromagnetic tracking system with a limited functional range. 
Inherent in the task of taking a precise measurement, users must 
perform fine-grained actions that benefit from the use of both 
hands for moving relative to the frame of reference set by the non-
dominant hand.  

Hinckley et. al. also demonstrated that a clutching or freezing 
mechanism was not necessary for proper interaction as opposed to 
the previously held assumption by researchers that it would be an 
important design principle [17]. They found that when users 
clutched the virtual object, they no longer had the benefit of a 
frame of reference which would lead to confusion and users 
would subconsciously move their non-dominant hand to no effect. 
Hinckley showed that bimanual interaction with respect to the 
principle of the dynamic frame of reference works best without a 
clutching mechanism. To match reality, when a user released the 
trigger while holding an object in our simulation, the object would 
fall down due to gravity in the 6-DOF condition. The 3-DOF 
condition did not contain gravity; when users released the trigger, 
the object would stay where it was dropped because movement 
was constrained about X and Y and gravity was pointing down Z 
due to the overhead camera angle.  

3.3 User Experience 
The virtual precision metrology training simulation was 
comprised of seven instrument modules including an outside, 
inside, and depth micrometer, the outside, inside, and depth 
functions of Vernier calipers, and a ruler. We employ the use of 
scaffolded learning in our virtual metrology training application 
by dividing the modules into sub-sections consisting of an 
introduction, guided practice and open exercise phase. The 
progression between each phase promotes independent learning as 
the trainee gradually becomes acquainted with the material.   

 



 

3.3.1 Training 
The first training experience was designed to ease the user into 
selecting and manipulating objects spatially using the two 
controllers. The user was tasked with picking up and dropping a 
ball into a basket which forced the user to move the selection 
spheres along the +Z axis towards the screen to pick up the ball 
and pull it closer on the –Z axis in order to clear the top of the 
basket: in essence, demonstrating that the metaphor allowed for 
full 6-DOF interaction. In the 3-DOF condition, users had to drag 
the ball to the bottom of the basket (due to the lack of gravity) in 
order to move onto the next step. The training experience also 
allowed the user to become acclimated with the head-tracked fish 
tank VR experience. Participants then completed the introduction, 
guided practice and exercise phases of the ruler module which 
demonstrated the general flow of the following modules.  

3.3.2 Introduction 
The introduction phase assumed no prior knowledge on the 
concept of using precision metrology instruments and consisted of 
a series of textual slides describing each instrument in detail, the 
names of the constituent parts, how to interact with each 
instrument, how to read and interpret the measurement, and how 
the buttons on the controller mapped to certain actions, i.e. turning 
the lockscrew, magnifying the reading, etc. 

3.3.3 Guided Practice 
In the guided practice phase, the user was interactively directed 
step-by-step through the process of taking a precise measurement 
of an abstract object. The instructions were exactly the same for 
both the 6-DOF and 3-DOF conditions. Each step was read out 
loud via text-to-speech by the simulation and also included the 
spoken text on the top bar of the screen. The participant used both 
hands to naturally interact with the virtual objects to accomplish 
each step and the simulation automatically proceeded to the next 
step when the current step was successfully completed. A step 
was determined to be complete based on collision triggers or 
button press events. The general steps for each instrument 
included calibration, manipulating the instrument and object into 
the correct position, clamping the measurement by initiating the 
lock screw function, magnifying the view and then inputting their 
measurement. If the user submitted an incorrect answer, they were 
asked to try again. Their answer was considered correct if it fell 
within a tolerance of ±1mm.  

3.3.4 Open Exercise 
In order to gauge how much the participant learned from the 
previous phases, the last phase consisted of an open exercise. 
Users were not provided with step-by-step guidance and were 
tasked with repeating what they previously learned in the guided 
practice by measuring real-world objects including gears, bearings 
and valves, as opposed to simplified abstract objects. For each 
module, the user was tasked with taking two measurements and if 
the user’s input fell outside the tolerance range, they were asked 
to try again and the number of attempts was incremented by one.  
 

 
Fig. 2. Screenshot of the Open Exercise Phase 

4 EXPERIMENT PROCEDURE AND DESIGN 

4.1 Research Questions 
Our primary goal was to determine to what extent the number of 
degrees of freedom enhances or hinders effective interaction for 
teaching and training precision metrology to novice users. We 
also wanted to determine the usability of the system to inform 
future design decisions. Thus, our research questions are as 
follows: 
1 How effective is a 6-DOF versus a 3-DOF bimanual 

interaction metaphor in teaching the cognitive and motor 
elements of taking a precise measurement? 

2 To what extent do psychomotor skills transfer to the real 
world with respect to each interaction metaphor? 

4.2 Study Design 
In order to empirically evaluate these questions, we developed a 
between-subjects experiment with the independent variable being 
the number of degrees of freedom for interacting with the virtual 
objects. One participant pool was assigned the 6-DOF condition 
where they had complete control over the position and orientation 
of the selected objects. The 3-DOF condition only allowed 
translation about the X and Y axis and rotation about the Z axis 
which mimicked interaction using the mouse and keyboard.  
 A total of 24 participants completed the usability study, of 
whom 8 were female and 16 were male. Their ages ranged from 
18 to 35 with an average of 24. All participants except for 2 
reported their right hand as being the dominant hand. In the 6-
DOF condition, 4 participants reported prior usage of calipers 
with a reported mastery of 2.75 out of 5, and 3 participants 
reported prior usage of the micrometers with an average mastery 
score of 2.33 out of 5. In the 3-DOF condition, 9 reported prior 
usage of calipers with an average mastery of 2.55, and 6 had used 
micrometers before and rated their mastery at 2.33. In order to 
ensure that innate spatial abilities did not bias the results, the 
Guilford-Zimmerman Spatial Orientation Survey [12] was 
administered. A paired t-test revealed no significant differences in 
spatial ability between users in both conditions.  

4.3 Methodology 
The experiment procedure is as follows: 
1 Participants would first read the informed consent and filled 

out an online demographics survey. The participant was 
then administered the Guilford-Zimmerman spatial abilities 
questionnaire.   

2 The participant took the pre-cognitive assessment 
questionnaire to determine their prior knowledge of calipers 
and micrometers.  

3 The participant’s inter-pupillary distance was measured and 
used to set the appropriate stereoscopic view in the 
simulation. They would be seated in front of a mirror and 
would rest their head on a chin support. Then they would 
close one eye and mark where their pupil was on the mirror 
and repeat for the other eye. After that, the experimenter 
would measure the distance between both marks to obtain 
the inter-pupillary distance.  

4 As shown in Fig. 1, the user was seated in front of a large 
screen display and the inter-pupillary distance and 
participant ID were entered.  

5 The participant was then introduced to the controllers and 
given a training task in order to become acclimatized to the 
movement, selection and manipulation features.  

6 Participants interactively experienced 7 modules in the 3D 
simulation, one for each instrument in this order: Ruler, 
Outside Calipers (OC), Inside Calipers (IC), Depth Calipers 

 



 

(DC), Outside Micrometers (OM), Inside Micrometers (IM), 
and Depth Micrometers (DM). Each module was divided 
into 3 phases consisting of an introduction, guided practice 
and exercise phase as described in Section 3.3.  

7 Upon completing the simulation, the participant filled out a 
post-cognitive questionnaire where the questions were 
similar but not identical to the pre-cognitive assessment 
questionnaire.  

8 The participant then completed the System Usability Survey 
(SUS) [21], Presence Survey[27], and the NASA TLX[14]. 

9 Lastly, the participant completed a psychomotor assessment 
(see Fig. 3) in which they had to use the metrology devices 
learned in the VR simulation to perform real-world 
measurements. 
 

 
Fig. 3. A participant taking a real-world measurement during the 
psychomotor skills assessment after the VR training experience 

4.4 Measures 

4.4.1 Cognition Questionnaires 
We analyzed the differences in participants’ scores between a pre 
and post cognition questionnaire across each of the five levels of 
Bloom’s Taxonomy [2], namely Knowledge, Comprehension, 
Application, Synthesis and Evaluation.  Each question was 
assigned a level as determined by subject matter experts from our 
partnering technical colleges. An example question from the pre-
cognition questionnaire asked the user to identify an inside 
micrometer from an image and in the post-cognition 
questionnaire, the user was shown a depth micrometer and asked 
to identify what instrument was pictured. Both questions fell into 
the Knowledge level of Bloom’s taxonomy. An Evaluation level 
question asked the user to read a measurement and determine if it 
met a specification requirement.  We examined the pre and post 
cognition scores in each of the different levels of Bloom’s 
Taxonomy as a within-subjects repeated measure variable. 

4.4.2 Virtual Manipulation Performance Variables 
In the exercise phase of the virtual simulation, we recorded how 
well the participant was able to maneuver the object and 
instrument into place to take a proper measurement as well as how 
accurate their reading of the Vernier scale was. The bounding 
volumes of the colliders around the edge of the objects provided a 
ground truth for the correct answer.  For instance, if the bounding 
volumes for the caliper jaws and the gear were perfectly aligned, 
the user would read exactly the right measurement produced by 
the simulation on the Vernier scale. However, small differences in 
angle and position could skew the results. Therefore we set a 
tolerance of the measurement to ±1 mm from the ground truth 
before the simulation allowed the participant to advance to the 
next step. If the user entered a measurement that was outside the 
tolerance range of the ground truth, the simulation asked the user 
to try again and the number of attempts was incremented by one. 
We calculated the physical contact difference by taking the 

absolute difference of the ground truth measure minus the user 
input. The physical contact difference was a measure of the motor 
aspect of the participant’s psychomotor ability. 

The simulation also recorded the actual reading of the Vernier 
scale on the calipers and the thimble on the micrometers. 
Therefore, we could measure the error in reading and 
interpretation as the absolute difference between the user input 
and the instrument readings to gauge if participants were learning 
how to read the Vernier scale properly. Participants were taught to 
calibrate and use the lockscrew for each instrument in the Guide 
Practice phase and we scored when they correctly repeated the 
action in the Exercise. In addition, time to complete each exercise 
was recorded.  

4.4.3 Real-World Psychomotor Skills Assessment 
The psychomotor skill based assessment tasked the participants 
with taking real-world measurements of similar objects modeled 
in the virtual environment (see Fig. 3). Percentage correct was 
calculated the same way the virtual environment determined 
correctness by comparing the user input to the ground truth. If the 
user supplied a measurement that was within a 1mm tolerance 
range, the measurement was considered correct. During the 
psychomotor assessment, users could choose whichever 
instrument they felt was the most appropriate for the given task. 
For instance, one of the tasks was to measure the inside depth of a 
valve. The depth micrometer would have been inappropriate to 
use because the stem could not reach all the way into the valve. In 
that case, the depth function of the calipers would have been the 
most appropriate instrument to use. Similar to the Exercise phase 
in VR, participants were also graded on whether or not they 
calibrated the instrument and used the lockscrew during each 
measurement.  
 

Table 1: Skill based assessment tasks 

Task # Measurement Object Appropriate Instrument 
1 Outside rim of the bearing OC (Outside Calipers) 
2 Depth of the bearing DM (Depth Micrometers) 
3 Thickness of the gear OM(Outside Micrometers) 
4 Inside rim of the gear IM (Inside Micrometers 
5 Depth of the valve DC (Depth Calipers) 
6 Inside rim of the valve IC (Inside Calipers) 
7 Inner ring of the bearing OC (Outside Calipers) 
 
 Tasks in the skill based assessment were categorized 
according to Dave’s Psychomotor Taxonomy [8]. Simple 
measurements were grouped into the Precision level of the 
taxonomy which states that the user is able to execute the learned 
skill reliably, independent of help. Tasks 1 through 5 (see Table 1) 
only asked the participant to take one simple measurement on a 
gear, a valve or a bearing and were grouped into the Precision 
level. More advanced questions asked the user to apply what they 
learned to a unique scenario and were categorized into the 
Articulation level of the taxonomy. During Task 7 for instance, 
the participant was asked to take 4 measurements of the inner ring 
of a bearing and report whether it met the correct specification. 
They needed to adapt to the non-standard objective and 
comprehend that the correct way to answer the question was to 
consider if the minimum and maximum measurement fell within 
the specified tolerance range. Task 6 was similar and both were 
grouped into Articulation.  

4.4.4 Subjective Response Questionnaires 
Participants reported their perceived workload, presence and 
system usability on the NASA TLX, Presence and System 
Usability Survey respectively. In the NASA TLX perceived 

 



 

workload questionnaire, participants rated each of the categories 
including mental demand, physical demand, temporal demand, 
performance, effort and frustration on a 21-point scale and was 
then asked to make pair-wise comparisons between each category. 
The final score per category was weighted based on the initial 
rating and the pair-wise categories. Participants were asked to 
respond on a Likert scale regarding their impressions of their 
interaction in the VR system for both the Presence and SUS.  A 
total of 22 questions were asked on the SUS that spanned topics 
ranging from usability, usefulness, task performance, interest, 
satisfaction, frustration, enjoyment and information presentation. 
The Presence questionnaire contained 29 questions focusing on 
the participant’s subjective feeling about the virtual simulation.  

5 RESULTS 

5.1 Cognition Scores 
A 2 x 2 mixed model repeated measures ANOVA was performed 
on the mean scores of each of the levels of Bloom’s taxonomy 
including Knowledge, Comprehension, Application, Synthesis, 
and Evaluation, with a significance level of α=0.05.  The within-
subjects effects were the mean pre and post scores, and the 
between-subjects effects were the levels of dimensional symmetry 
represented by the 3-DOF and 6-DOF conditions (see Table 2 and 
Fig. 4).  Interaction effects were also tested between the 
interaction metaphors and the pre- and post- test sessions. All 
levels of Bloom’s Taxonomy revealed a significant main effect of 
session (pre and post scores), however no significant differences 
were observed between conditions or session by condition. 
 

Table 2: Shows the significant effects overall per cognition 
questionnaire 

Level Effect F Statistic p 
Knowledge Pre(M=53.26%) < 

Post(M=76.08%) 
F(1, 21)=16.56 0.001 

Comprehension Pre(M=30.43%) < 
Post(M=76.82%) 

F(1,21)=39.669 0.001 

Application Pre(M=66.67%) < 
Post(M=95.65%) 

F(1,21)=25.35 0.001 

Synthesis Pre(M=36.95%) < 
Post(M=73.91%) 

F(1,21)=10.8 0.003 

Evaluation Pre(M=36.96%) < 
Post(M=93.48%) 

F(1,21)=75.44 0.001 

 

 

 
Fig. 4. Pre and Post cognition questionnaire mean scores and 

standard deviations categorized by levels of Bloom's Taxonomy 

5.2 Objective Performance Variables in VR  
We empirically compared the results of the participants’ 
performance in the open exercises during the VR training 
experience between the 3-DOF and 6-DOF conditions. Analysis 
was conducted on performance variables including the number of 
attempts, the physical contact difference and the reading 
difference.  A t-test revealed a significant effect on the physical 
contact difference between the 3-DOF (M=0.0318, SD=0.02615) 
and the 6-DOF (M=0.03855, SD=0.02814) with a p=0.0372. 
However, no significant effects were found on the number of 
attempts and reading difference.  
 The simulation recorded the time to complete each instrument 
module for both the guided practice and open exercise phases. 
Time to complete the guided practice phase in the depth caliper 
module revealed a significant difference between the 6-DOF 
(M=145s, SD=74.5) and 3-DOF condition (M=233.8s, SD=105.6) 
with p=0.04. Furthermore, there was a significant difference 
between the 6-DOF (M=401s, SD=208.7) and the 3-DOF 
condition (M=197.5, SD=104.2) with a p=0.006 for the exercise 
phase of the inside caliper module. No significant differences for 
time to complete were observed in any other phase or module.   
 The distance the participant moved their dominant and non-
dominant hands were recorded in order to determine if Guiard’s 
bimanual principles were upheld with respect to the spatial 
temporal frame of reference set by the dominant hand. A t-test 
between conditions revealed significant differences in the outside 
caliper (6-DOF M=15.5m > 3-DOF M=5.34m, p=0.0019), inside 
caliper (6-DOF M=30.7m > 3-DOF M=8.67m, p=0.015), depth 
caliper (6-DOF M=17.8m > 3-DOF M=7.5m, p=0.04), and inside 
micrometer (6-DOF M=11.1m > 3-DOF M=5.3m, p=0.016) 
exercise phases. In addition, cumulative distance covered by the 
non-dominant hand was significantly different in the inside caliper 
exercise phase (6-DOF M=31.1m > 3-DOF M=10.71m, p=0.037). 
The total distance covered by the virtual instruments and objects 
were significantly higher in the 6-DOF condition as compared to 
the 3-DOF condition, but they are not reported as these results 
were clearly attributed to the absence of 1 degree of freedom of 
motion in the 3-DOF condition.   

5.3 RW Psychomotor Assessment Results 
After participants learned how to use the precision metrology 
instruments in the 3-DOF and 6-DOF interaction conditions, 
participants performed a real-world workbench test in which 
participants were asked to perform a series of seven precision 
measurements of various objects in which a variety of instruments 
were provided to them.  This test was administered as a means to 

 



 

evaluate how the different interaction conditions (3-DOF vs. 6-
DOF) affected the transfer of knowledge and experience to 
precision measurement tasks in the real-world.  Experimenters 
scored the participants’ performance with respect to the choice of 
instruments, time to complete and correct completion of the 
measurement steps for a specific instrument. An ANOVA analysis 
did not reveal a significant main effect of condition, or a 
significant main effect of mean scores with respect to procedure 
recall, proper choice of instrument and time to complete in the 
psychomotor skill based assessment. 

In order to compare the psychomotor performance of 
participants in the real-world skills assessment task by 6-DOF and 
3-DOF interaction fidelity conditions, we performed a 2 x 2 
ANOVA analysis on the user reported measurements and answers 
to the tasks in Table 1.  The within-subjects variable were the 
scores categorized by the two applicable levels of psychomotor 
learning based on Dave’s taxonomy, and the between subjects 
variable was the interaction condition. We found a significant 
interaction effect, F(1, 21)=4.9 with a p=0.047 (see Fig. 5) on the 
measurement accuracy and answers provided in the psychomotor 
assessment.  Participants who experienced VR training in the 3-
DOF condition scored significantly lower in Precision component 
(M=53.64%, SD=32.02) as compared to the Articulation 
component (M=69.09%, SD=24.27) of the real-world 
psychomotor assessment test. Whereas, participants who 
experienced VR training in the 6-DOF condition scored 
significantly higher in the Precision component (M=68.33%, 
SD=26.57) as compared to the Articulation component 
(M=53.33%, SD=17.75) of the real-world psychomotor 
assessment test.  

 

 
Fig. 5. Line graph showing the interaction effect between 3-DOF 

and 6-DOF interaction fidelity conditions and mean scores on 
Precision and Articulation categories of Dave’s Psychomotor 

assessment taxonomy 

5.4 Subjective User Responses 
Participants rated the usability of the simulation on a Likert scale 
from 1 being the least favorable to 5 being the most favorable. In 
all categories, participants rated their experience above a 3 on 
average. An independent samples t-test was performed to evaluate 
the effects of interaction condition on the subjective ratings on 
each of the categories in the questionnaire. The analysis revealed 
that participants in the 6-DOF condition (M=2.91, SD=1.24) rated 
their VR interaction significantly lower than participants in the 3-
DOF condition (M=4.05, SD=0.83) with respect to “efficiently 
completing their mission using the system”, t(21)=-2.68 and 

p=0.014. This implies that they found the 6-DOF interaction 
fidelity somewhat cumbersome to interact with as compared to the 
3-DOF interaction condition in effectively completing the 
precision measurement pedagogical tasks in the VR simulation.   

An independent samples t-test was conducted to examine the 
significant effect of condition on the responses on the Presence 
questionnaire.  The analysis did not reveal any significant 
difference in the sense of presence measures by condition.  Also, 
an independent samples t-test was conducted to examine the 
significant effect of condition on the responses to the various 
dimensions of the NASA TLX workload assessment.  The 
analysis likewise did not reveal any significant effects of the 
interaction condition on the cognitive and physical load of the 
participant.   

6 DISCUSSION 
We found that in all the levels of cognition based on Bloom’s 
taxonomy, participants scored significantly higher in the post-test 
questionnaire than in the pre-test questionnaire, in both the 3-DOF 
and 6-DOF conditions.  But, we did not find a significant effect of 
condition, revealing that the reduced degrees of freedom did not 
adversely affect the learning outcomes with respect to basic 
cognition on each of the levels of Bloom’s taxonomy. Therefore, 
the VR simulation employing bimanual interaction seems to be 
effective in teaching all levels of cognitive functions pertaining to 
Bloom’s Taxonomy in the precision metrology domain. While we 
expect users to improve their cognitive scores, it is important to 
establish statistical significance between the scores to determine 
cognitive improvement and it was encouraging that improvement 
was shown across all levels of Bloom’s taxonomy for both 
metaphors.  
 Interestingly, participants who used the 6-DOF interaction 
metaphor scored significantly higher on Precision level tasks as 
compared to Articulation tasks. The Precision level tasks on the 
RW assessment were about taking proper measurements by 
maneuvering the instruments into the correct position and the 
Articulation tasks focused on applying knowledge gained to new 
situations. The Precision means suggest that the truer-to-life 6-
DOF metaphor more accurately taught the motor aspect to users 
as compared to a simplified 3-DOF metaphor. However, the 6-
DOF Articulation means were much lower than the 3-DOF. The 
Articulation means indicate that the cognitive side of the 
psychomotor skills were not properly addressed for the 6-DOF 
participants. This could be due to cognitive overload but results 
from the NASA-TLX did not reveal a significantly different 
amount of perceived workload between both conditions.  
 Only one significant difference was found in all three of the 
subjective user responses. Participants in the 6-DOF condition felt 
they could not complete their task effectively compared to 3-DOF 
which could be a result of a steeper learning curve for interacting 
in 6-DOF. This result indicates that higher degrees of freedom 
may overburden the user and can cause the user to feel like they 
were not completing their task effectively. There was a risk in that 
the 6-DOF condition may have caused a significantly higher 
amount of frustration compared to 3-DOF but it turns out this was 
not the case. 
 The significant effect on the physical contact difference 
observed in the VR exercises indicates that participants in the 3-
DOF condition were able to manipulate the instrument into a 
better position for taking measurements as compared to the 6-
DOF condition. VR simulations employing fewer degrees of 
freedom may find that reducing the number of DOF improves user 
performance but potentially at the expense of psychomotor skills 
transference as indicated by the RW assessment results. We did 
observe a significantly faster completion time for the 6-DOF 
condition in the guided practice phase of the depth caliper 

 



 

module, however there was a significantly slower time for the 6-
DOF condition in the exercise phase of the inside caliper module. 
These contradictory results coupled with all of the other non-
significant results with regard to task completion time makes it 
difficult to definitively conclude that one interaction metaphor 
was more efficient compared to the other. The significant results 
pertaining to distance the dominant had travelled indicates that 
Guiard’s bimanual interaction principles were upheld in VR with 
respect to setting a frame of reference with the non-dominant hand 
and making precise movements with the dominant hand.    

7 CONCLUSION 
As technology advances to allow for improved virtual 
interactivity, it is important to empirically evaluate the objective 
advantages and disadvantages of new technology in the context of 
real-world applications. It is also important to determine to what 
extent virtual training transfers to the real-world in order to 
validate the system. We have described a successful educational 
simulation employing a bimanual spatial user interaction 
metaphor in a scaffolded learning environment for teaching basic 
precision metrology instrument interactions. We expand on 
previous work by Bowman and others who examined the effect of 
interaction fidelity on abstract tasks by investigating the role of 
dimensional symmetry in a real-world training context. Our 
empirical study examined the differences in dimensional 
symmetry by comparing a 3-DOF interaction metaphor to a 6-
DOF metaphor and found that higher degrees of freedom 
improved skill transference to the real world with respect to the 
motor aspect of psychomotor skills. This suggests that higher 
degrees of interaction fidelity may be beneficial for a wide range 
of training simulations that involve a psychomotor component. 
Further research is needed to determine to what extent virtual 
simulations are able to teach skills that can be transferred to the 
real-world. 

In future work, we plan on comparing our bimanual 
interaction metaphor to unimanual and keyboard/ mouse inputs. 
We also plan to explore the effects of the display on psychomotor 
skills training. While the large screen, head tracked stereo display 
does increase immersion and aid in depth perception, we 
recognize that this technology may not be widespread and easy to 
implement. We plan to investigate the differences in task 
performance and skill transference on a standard monitor and 
using a head mounted display. Users were seated approximately 6 
feet away from the screen, which meant that if the virtual objects 
matched the real-world size, the virtual objects would appear 
small and far away from the user, therefore we scaled all of the 
objects up by a factor of 4. This could lead to a potential confound 
which we hope can be mitigated with a head mounted display or a 
standard desktop monitor, both of which we will explore in future 
work. 
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