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The world of standards used to be so tangible! You could 
clearly validate when two components fit together (con-
formed to certain interoperability standard). Even when we 
talked about safety or quality matters, it was quite clear 
whether a process met certain standards. But times are 
a changin’! Some technologies are now rapidly taking us 
from the real world into augmented reality and virtual re-
ality. Just to be clear, the interoperability standards are 
still important; in fact, these applications depend on such 
complex ecosystems that the adherence to interoperability 
standards for communication and data is a fundamental 
requirement. The notion of quality, however, is now built 
into the bits that make up the digital picture, audio or vid-
eo and the rate at which it is processed to present the rich 
experience of reality we seek. As the algorithms continue 
to benefit from the increased computational power, greater 
bandwidth, and access to vast quantities of data, we are 
getting accustomed to highly personalized experiences and 
services even though there is greater concern over our pri-
vacy and personal safety. In this issue of the eZine, the 
experts are bringing us timely information about some of 
the emerging standards in camera picture quality, drone 
technology, augmented reality and virtual reality. We also 
get to hear from researchers about advanced processes 
for manufacturing wearable sensors. Just as various audio 
and video standards brought us improved experiences on 
mobile devices over the past decade, wearable sensors will 
bring us near-reality experiences in the coming decade. 
Can we really be in two places at once? Will we be able to 
distinguish between the real avatar (self) and the virtual 
avatar?
 
While I participated in the development of technical stan-
dards for semiconductor and design automation industries, 
my interaction with government officials on such matters 
has been minimal. Conceptually, I understood and appreci-
ated the need for strong technical standards to help define 
regulatory requirements. I also had the opportunity to par-
ticipate in engineering projects that led to necessary com-
pliance and certification of a few products. On recent Stan-
dards Association Board of Governors (SA BoG) meeting 
in Dublin I was privileged to present Standards Education 
activities to National Standards Authority of Ireland (NSAI) 
and Dublin City University. It came as no surprise that the 
attendees quickly grasped the importance of IEEE’s Global 
Initiative on Ethics. As Artificial Intelligence algorithms get 
deeply embedded in all the pervasive technology around us 
from Smart Cars and Smart Homes to Smart Cities, many 

Letter from the Editor

Standards for the 
Virtual World

governments are concerned about the privacy and safety 
of its citizens. Their proactive interest may lead to direct 
participation in the P7000 series of standards and possible 
development of government policies in this domain. The 
last issue of eZine became a timely reference for them. 
Insight Centre for Data Analytics 
Another Standards Education activity that caught the at-
tention of some of the participants was the Standards 
Game. With humongous amount of data being collected 
through IoT and GPS devices, interest in the standards 
for data formats and data access has grown. In turn, the 
government’s interest has grown in how the standards are 
developed and deployed across different industries. Some 
of the industry advisors to NSAI quickly picked up on the 
potential benefits of using the Standards Game to familiar-
ize their staff members with the intricacies of developing 
new standards. I was very pleased with this dialog and 
hope they will soon host a session or two of the Standards 
Game. I can’t wait to hear the positive outcome in near 
future!
 
Let the virtual games begin!
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FA Validation Study of a 
Perceptually-Based Metric 

of Smartphone Image 
Quality

by Katherine Carpenter and Susan Farnand

For years, even as smartphones continued to gain more and 
more prominence in daily life, there was no standard that rated 
the quality of images taken by mobile phone cameras. The 
absence of standards left manufacturers frustrated by their 
lack of understanding about the impact that design changes 
had on perceived quality, and consumers were confused about 
the level of quality that could be expected from the devices 
they purchased. However, after years of research, the IEEE 
P1858 CPIQ (Camera Phone Image Quality) Standard was re-
cently published [1]. More than 30 companies took part in the 
development of this standard, which can be used to consis-
tently evaluate image quality and make comparisons between 
phone models. The standard was intended to be something 
that manufacturers could use in the development of particular 
products and that the industry could use to level the playing 
field in the evaluation of these products.

It is well known that the number of megapixels alone is 
insufficient for adequately characterizing perceived im-
age quality. To address this, seven metrics, all based on 
objective measurements, were used to create the new 
CPIQ standard. The metrics include spatial frequency 
response (SFR), lateral chromatic displacement (LCD), 
chroma level (CL), color uniformity (CU), local geomet-
ric distortion (LGD), visual noise (VN), and texture blur 
(TB) [2], [3]. These individual metrics are described in 
the CPIQ document [1].

The individual metrics were quantified by quality loss 
(QL) in just noticeable differences (JND). The QL values 
for each metric were then combined using the Minkows-
ki metric to generate the overall predicted QL, as

QL = (∑i(QLi)n max)(1/n max)

where n max = 1 + 2·tanh(QLmax/16.9) and QLmax is 
the maximum QL for a given test condition for a given 
camera [3].

In the crafting of this new standard, the following nor-
mative references were used to provide information on 
color management, spatial resolution measurement, 
methods for measuring camera optoelectronic conver-
sion functions (OECFs), and more:

• IEC 61966-2-1, Multimedia systems and equip-
ment–Color measurement and management–Part 
2-1: Color management–Default RGB color space–
sRGB

• ISO 7589:2002 Photography–Illuminants for sen-
sitometry–Specifications for daylight, incandescent 
tungsten, and printer

• ISO 12233:2014 Photography–Electronic still-pic-

ture imaging–Resolution and spatial frequency responses
• ISO 14524:2009 Photography–Electronic still-picture 

cameras–Methods for measuring optoelectronic conversion 
functions (OECFs)

• ISO 15739:2013 Photography–Electronic still-picture im-
aging–Noise measurements

• ISO 16067-1:2003 Photography–Spatial resolution mea-
surements of electronic scanners for photographic images–
Part 1: Scanners for reflective media

In recent work, the objective results were compared to the re-
sults of subjective testing to determine if the objective metrics 
correlate with the image quality that observers perceive. The 
subjective results, generated using paired comparison [4], [5] 
and softcopy quality ruler [6], [7] protocols, serve as indepen-
dent verification of the standard. The objective measurements 
that are used in the CPIQ standard were found to be related to 
the perception of image quality.

The devices in the study were selected from a variety of manu-
facturers in order to assess a wide spectrum of quality and 
pixel counts. The devices were from well-known smartphone 
manufacturers such as Apple, Samsung, and Nokia. A vari-
ety of image quality characteristics were analyzed with each 
camera. In the subjective evaluation, images were taken with 
each camera of ten real-world scenes. The scenes chosen rep-
resented a range of illumination conditions and image content 
that consumers are likely to photograph, such as flowers and 
people. They were also selected to resemble the pre-existing 
set of images used in the softcopy quality ruler experimental 
protocol. Once all the images were taken, they were cropped 
so that all images had the same dimensions; care was taken 
so that the target had the same pixel height in the image, re-
gardless of the pixel height of each camera. The same images 
were used in both the paired comparison experiment and the 
softcopy quality ruler experiment.
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Twenty observers participated in each experiment; the 
observers were tested for color deficiency and acuity 
prior to participation. In the paired comparison experi-
ment, a pair of images of the same scene taken with 
two different smartphones were presented on the cali-
brated display, as shown in Figure 1. The participants 
were directed to press the arrow key on a keyboard cor-
responding to which image of the two they preferred. 
Preference was explained to be a result of multiple fac-
tors, such as sharpness, color, and noise present in each 
image, but not image composition or facial expression. 
The order of presentation was randomized for each ob-
server.

Figure 1—An observer participating in the paired com-
parison experiment.

In the softcopy quality ruler assessment, two images 
were again displayed next to each other on the same 
display. However, in this case, one was a ruler image 
and the other a test image. The GUI incorporated a slid-
er bar that participants were asked to use to adjust the 
sharpness of the ruler image. The participants moved 
the slider bar until they felt that the overall quality of 
the ruler image matched the quality of the test image. 
The image set order was randomized for each observer, 
but the assessment was performed for each image of an 
individual scene before moving to a new scene.

The paired comparison results were analyzed by finding 
the probability and the corresponding z-score that each 
image would be selected as preferred. SQS values on an 
absolute quality scale were determined for the softcopy 
quality ruler study. A correlation coefficient was then 
calculated for the relationship between the SQS values 
from the quality ruler and the z-scores from the paired 
comparison. Seven out of the ten scenes were found to 
have highly correlated results for the paired comparison 
and quality ruler tests. Eight of the nine cameras tested 
had highly correlated results for all ten scenes. The re-
sults indicated that either experimental approach would 
provide a measure of perceived image quality.

The subjective results were then compared to the objec-
tive results with the ten scenes grouped into three cat-
egories based on the lighting conditions under which the 

images were taken: daylight, indoor lighting, and low light 
(see Figure 2). The objective metric results were found to 
be fairly well correlated with the subjective assessment of 
image quality, although they also serve as evidence that 
there is still room for improvement, especially with low 
light scenes. This work continues, with the goal of provid-
ing objective metrics that provide an accurate measure of 
perceived quality for manufacturers to use in the develop-
ment of their products and consumers to use for making 
more informed purchases.

Figure 2—The subjective results relative to the objective 
metrics expressed in terms of Quality Loss [2].

This new standard is expected to be used by manufactur-
ers of smartphones and smartphone components to evalu-
ate the effects of design choices on output image quality as 
well as by testing labs to provide a common language for 
reporting image quality results to their customers and to 
consumers. To provide further assistance to manufactur-
ers and testing labs, work on CPIQ continues in areas such 
as exposure control, automatic white balance, and video 
capture, to name just a few. An additional standard, which 
will incorporate the results of this work, is expected to be 
published in May 2018. The publication of this standard 
will bring the imaging community another step closer to a 
complete body of standards for measuring and quantifying 
perceived image quality. What remains includes evaluation 
of special camera functions such as High Dynamic Range 
imaging and Portrait mode.

References
IEEE P1858, IEEE Standard for Camera Phone Image Qual-
ity (CPIQ), May 2017.
Baxter, D., F. Cao, H. Eliasson, and J. B. Phillips, “Develop-
ment of the I3A CPIQ spatial metrics,” Proc. SPIE 8293, p. 
829302, Jan. 2012.
Jin, E. W.,  J. B. Phillips, S. Farnand, M. Belska, V. Tran, E. 
Chang, Y. Wang, and B. Tseng, “Towards the development 
of the IEEE P1858 CPIQ standard—A validation study,” 



JUNE 2017 | Volume 7, Issue 2 | Consumer Electronics www.standardsuniversity.org
PAGE

6

STANDARDS UNIVERSITY  | Innovation • Compatability • Success

Electronic Imaging, vol. 2017, no. 12, pp. 88–94, 2017.
Torgerson, W. S., Theory and methods of scaling, New York, 
NY: J. Wiley & Sons, 1958.
Engeldrum, P. G., Psychometric scaling: A toolkit for imag-
ing systems, Winchester, MA: Imcotek Press, 2000.  Jin, E. 
W., B. W. Keelan, J. Chen, J. B. Phillips, and Y. Chen, “Soft-
copy quality ruler method: Implementation and validation,” 
Proc. SPIE 7242, p. 724206, 2009.
Jin, E. W., and B. W. Keelan, “Slider-adjusted softcopy ruler 
for calibrated image quality assessment,” Journal of Elec-
tronic Imaging, vol. 19, no. 1, p. 011009, 2010.

Katherine Carpenter is a 2nd year 
PhD graduate student in the Pro-
gram of Color Science at the Roches-
ter Institute of Technology. She re-
ceived her BS in physics from SUNY 
Oneonta. She executed the subjec-
tive evaluation of the CPIQ objec-
tive metric. She can be reached at 
kmc2582@rit.edu.

Susan Farnand is a Visiting As-
sistant Professor in the Program of 
Color Science at the Rochester In-
stitute of Technology. Her research 
interests include human vision and 
perception, color science, cultural 
heritage imaging and 3Dprinting. 
She received her BS in engineering 
from Cornell University, her Masters 

in Imaging Science and her PhD in Color Science from the 
Rochester Institute of Technology. She began her career 
at Eastman Kodak, designing and evaluating printer sys-
tems. She is Publications Vice President of the internation-
al Society of Imaging Science and Technology and serves 
as an Associate Editor for the Journal of Imaging Science 
and Technology. She participates in several Standards ef-
forts including ISO TC 42 JWG26 Archival Imaging and IEEE 
CPIQ. She can be reached at susan.farnand@rit.edu.



JUNE 2017 | Volume 7, Issue 2 | Consumer Electronics www.standardsuniversity.org
PAGE

7

STANDARDS UNIVERSITY  | Innovation • Compatability • Success

Standards for 
Drone Technology 

by Dr. Ahmed S. Khan

During the past two decades, drone technology has 
evolved from an emerging into a developed technology 
serving a multitude of applications such as recreation, 
search and rescue, inspection, security, surveillance, sci-
ence and engineering R & D, aerial photography, aerial 
imaging and mapping, surveying, TV news coverage, 
agricultural and environmental monitoring, moviemak-
ing, law enforcement, and unmanned cargo transport. 
 
Drones are also known as Unmanned Aerial Vehicles (UAV) 
or Unmanned Aircraft Systems (UAS). The FAA defines a 
drone or UAS as an aircraft without a human pilot on board. 
Instead, the device is controlled by an operator on the 

ground. The FAA has established the following regulations 
and guidelines for flying drones in the United States for 
recreational and commercial purposes (see grid below).

According to the Association for Unmanned Vehicle Systems 
International (AUVSI), by 2025 more than 100,000 new 
jobs related to UAS technology will be created in the United 

States. On the technological horizon, drones appear to 
be ubiquitous, but unfortunately the development and 
adoption of national and international standards is lag-
ging behind the pace of development of drone technology. 
 
The International Organization for Standardization 

(ISO) is an international organization with the membership 
of more than 160 countries; it has completed 14 UAS stan-
dards, and a number of new standards are due for comple-
tion in 2018. One such standard being developed is the ISO/
TC 20/SC 16  for unmanned aircraft systems, encompassing 
their design and development, manufacturing, delivery, main-
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tenance, classification, and characteristics; the materials, 
components, and equipment used during their manufactur-
ing; and their safe operation, with the joint use of airspace 
by unmanned and manned aviation. The UAS standards 
project ISO/TC 20/SC 16 has the support of 18 standards 
organizations based in the United States, the United King-
dom, China, Russia, Japan, France, and Germany. The UAS 
standards project is in the process of developing standards 
with support from academe, industry, and governments. 
 
Globally, drone flying is growing as a hobby. Drones fly-
ing dangerously close to commercial aircraft pose safety 
concerns and violate federal rules of operation. Accord-
ing to the International Air Transport Association (IATA), 
between January 2013 and August 2015, there were 856 
cases worldwide of drones flying very close to planes. 
 
The public debate is heating up about the use of drones 
for recreational and commercial purposes, and ques-
tions have been raised about their safety, security, and 
associated ethical and social issues. There are concerns 
about invasion of privacy and erosion of civil liberties. 
 
As the technical experts and policy makers strive to de-
velop standards at national and international levels, they 
ought to ponder the following questions:

• How to legally address, at national and international 
levels, damage to public property and fatalities caused 
by failures of drone technology? 
How to deal with the unintended consequences of 
drone use? 

• How to effectively manage recreational and commercial 
drone traffic? 

• How to effectively track recreational and commercial 
drones? 

• How to develop GPS-based flying corridors for recre-
ational and commercial drones? 

• How to effectively assign electronic addresses for iden-
tifying recreational and commercial drones? 

• How to avoid violating public privacy and safeguard 
civil liberties?

 
Answers to these questions will lead to the development 
and adoption of national and international standards. Once 
such standards are developed, drone technology can safely 
be used for the benefit of society both for recreation and 
for cross-border commercial deliveries in the United States, 
Canada, Europe, and other international regions.
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State University. His research interests are in the areas of 
nanotechnology and the social and ethical implications of 
technology. He teaches Wireless Engineering, Network En-
gineering, Fiber Optic Communications, Science Technol-
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Fabrication and 
Implementation of 

Wearable Flexible Sensors
by Anindya Nag and Subhas Mukhopadhyay

Abstract
The article gives a brief description of the design, fabrica-
tion, and implementation of wearable flexible sensors de-
veloped with a laser cutting technique. The approach used 
standardized protocols on the raw materials processed for 
the development of the prototypes. Four distinct types of 
sensor prototypes were prepared with different organic 
polymers as substrates and allotropes of carbon and alumi-
num as electrodes. The processed materials were selected 
based on the targeted application. These sensor patches 
were used for monitoring limb movements and respiration, 
tactile sensing, and urinary incontinence detection.
 
Introduction
The intervention of sensors [1] in different applications has 
led to a significant change in human quality of life. This 
in turn has triggered an increase in the demand for sen-
sors with better performance in terms of cost, durability, 
and sensitivity. The materials used for developing a sensor 
largely depend on its application. For example, a sensor 
attached to a person to detect a fall would require elec-
trodes and substrates to be developed with materials hav-
ing the highest possible conductivity and flexibility, where-
as for monitoring a heartbeat, a much smaller device with 
greater sensitivity would be needed. Therefore, the fabri-
cation of a sensor is the most important step in determin-
ing its application. Approximately three decades ago, when 
sensors were first introduced, silicon sensors were most 
commonly developed and used because of their unique ad-
vantages, including compactness, ease of implementation, 
and particular electrical properties. This led to the use of 
the sensors in different heterogeneous applications such 
as gas sensing [2], [3] and determining the various con-
stitutional elements of food products like beverages [4], 
[5] and meat [6]. Even though silicon sensors came to be 
a popular choice, they possessed certain disadvantages, 
which led researchers to search for better options. Flexible 
sensors were developed to replace the existing rigid ones, 
with electrodes and substrates prepared using malleable 
materials. A high tolerance for strain, lower fabrication 
costs, and great bendability are some of the advantages 
these sensors offer over those made of silicon. Polymeric 
materials often used in developing the substrates for flexi-
ble sensors include polydimethylsiloxane (PDMS) [7], poly-
ethylene terephthalate (PET) [8], and polyimide (PI) [9].
 
The main differences between these polymers relate to 

their mass density and flexibility. The reasons behind the 
use of each of these materials are explained in the follow-
ing section. Conductive materials commonly used with the 
electrodes of flexible sensors include silver [10], carbon 
[11], and aluminum [12]. One of the biggest advantages of 
using flexible sensors is that, as wearable devices, they can 
be used for unobtrusive tracking. The sensors along with 
the embedded system are attached to the body or to cloth-
ing in order to study a particular trait. In this way, the per-
son under observation can be discreetly monitored without 
any discomfort or hampering of privacy. Researchers have 
emphasized that monitoring physiological parameters [13], 
[14] and body movements [15], [16] in particular could not 
be done with silicon sensors due to their rigidness. Various 
fabrication techniques are used to process the raw materi-
als for developing the flexible sensor prototypes. Some of 
the more common ones are photolithography [17], screen 
printing [18], and laser cutting [19]. Among these, laser 
cutting is the easiest and quickest method for several rea-
sons—namely, ease of sample preparation, the ability to 
create smooth edges, and the lack of need for experts. This 
article briefly describes some of the flexible sensors devel-
oped with the laser cutting technique using standardized 
protocols. Laser cutting has been an established technique 
for curving flexible sensors for some time [20], [21]. Dif-
ferent kinds of laser cutting machines varying in their out-
put power are available. Those most commonly used for 
fabrication purposes are CO2 laser engravers [22], [23]. 
Design software is configured along with the laser system, 
with the dimensions of the prototype assigned manually. 
This design is transferred to the laser engraving stage to 
replicate these dimensions on the sample.
 
Fabrication of the Sensor Prototypes
The entire fabrication process was carried out inside a 
cleanroom with fixed temperature and humidity levels [24]. 
The classification level 209E, defined by federal standards, 
is followed by cleanrooms worldwide [25]. These standards 
have laid down rules regarding the amount of molecular 
contamination in the air per volume present in different 
ISO classes. The fabrication of these sensor prototypes was 
carried out in ISO class 6 [26], [27].
 
Each step in the fabrication of the sensor prototypes was 

A
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taken for particular reasons. The first sensor patch was 
developed by forming a nanocomposite between PDMS 
and multi-walled carbon nanotubes (MWCNTs) [15]. The 
reasons for using PDMS as the substrate material for the 
sensor were its low cost and quicker production time [28]. 
Laser cutting of PDMS has been done by researchers a 
considerable number of times, especially in developing mi-
crofluidic channels [29]–[31]. CNTs were considered over 
other nanoparticles because of their light weight, high 
electrical conductivity, and mechanical stability. High puri-
ty, higher electrical conductivity, and less chance of defects 
are some of the reasons why MWCNTs were chosen over 
single-walled carbon nanotubes (SWCNTs) [32]. Carboxyl-
ic group (-COOH) functionalized MWCNTs were considered 
as the conductive material due to their high oxidative and 
metallic properties [33], [34]. CNTs by wt. % considered 
for dispersion in PDMS were determined from [35], where 
a range of 1 wt. % to 4.5 wt. % was taken to develop the 
composite electrodes. After an optimization was done on 
the sample, between the conductivity of the nanocompos-
ite and the dispersion of MWCNTs into PDMS, 4 wt. % was 
fixed to form the electrodes. Fig. 1 shows an SEM image 
of the nanocomposite formed with 4 wt. % of MWCNTs in 
PDMS. The black and white areas in the image represent 
the CNTs and PDMS, respectively. Fig. 2 shows the differ-
ent steps followed during the fabrication process.

Fig. 1. SEM image of the developed CNT-PDMS nanocom-
posite [15]. 
 

Fig. 2. Individual steps followed during the fabrication of 
the CNT-PDMS-based flexible sensor [15]. 

After the pure PDMS was cast on a template [2(1)], it 
was desiccated [2(2)] and cured [2(3)] at 800 °C for 8 
hours. This formed the substrate of the sensor patches. 
Then a layer of the formed nanocomposite was cast on 
the cured PDMS [2(4)]. The height of both the uncured 
PDMS and nanocomposite were adjusted by a casting 
knife. The height of the polymer and the nanocompos-
ite were adjusted to around 1 mm and 600 microns, re-
spectively. The nanocomposite layer was then desiccated 
[2(5)] and cured [2(6)] with the same duration as that of 
PDMS. Then, the formed sample was taken for laser cut-
ting [2(7)] to scan off parts of the cured nanocomposite 
layer from the PDMS layer in order to form the electrodes. 
The CO2 laser machines used for designing the electrodes 
followed a standardized ISO 115616-2:2003 [36]. This 
standard determines the accuracy, precision of measure-
ment, repeatability, and trajectory. Universal Laser Sys-
tems [37] were used to perform the laser cutting for de-
signing the electrodes. Similar to that for cleanrooms, this 
standardized protocol also separated the laser cutters into 
different classes [38]. These classes differ in terms of iden-
tified risks, hazards, and safety. These systems complied 
to and operated with a Class 4 laser system [39], [40]. 
Power, speed, and z-axis were the three parameters of the 
laser system that were optimized during the procedure. 
 
While power (W) referred to the amount of energy of the 
laser on the sample, speed (m/min) determined how rap-
idly the laser nozzle would move over the processed sam-
ple. The z-axis (mm) determined the height of the platform 
of the system in order to adjust the focal point of the la-
ser nozzle on the sample. Based on the cuts obtained on 
PDMS in [30], adjustments were made to both power and 
speed. Table 1 gives the different combinations tried dur-
ing the process of optimizing power and speed settings. 

Table 1. Different Power and Speed Combinations Tried During the Experimental Process [15].
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Fig. 3. Front and rear views showing the dimensions of the 
sensor patch [15].
 
A series of short-circuit tests proved a power of 24W and 
speed of 70 m/min to be the most viable setting. Fig. 3 
shows the front and rear views of the sensor along with 
its final dimensions. A pair of the three electrodes was 
formed with a thickness of 200 microns and an interdigital 
distance of 100 microns.
 
The second sensor prototype was developed with metal-
lized PET films [41]. One side of the PET film was covered 
with aluminum (Al). Due to the use of a single raw mate-
rial, the structure of this sensor is different from other sen-
sors. High flexibility, smooth cut edges, and the absence of 
any post-processing steps are some of its advantages, due 
to which PET was chosen as the substrate material [42], 
[43]. Al nanoparticles also have certain advantages that 
make it a viable option for the electrode material [44]. 
Some PET films possess high corrosion resistance, high 
electrical and thermal conductivity, and flexibility [45]. A 
schematic diagram of the fabrication steps is given in Fig. 
4 [41].

Fig. 4. Schematic diagram of the individual steps followed 
to develop the flexible sensors with metallized PET films 
[41].
 
Initially, the metallized PET films were attached to a glass 
substrate with the Al side facing the laser nozzle. The dif-
ference between the Al and PET is the former being shinier 
than the latter. The sample was taken to the laser plat-
form to form the electrodes. The laser cutting was done by 
the same instrument used for the CNT-PDMS-based sensor 
prototype.
 

Fig. 5. Thickness of the electrode line obtained after optimi-
zation of laser parameters [41].

Fig. 6. Front and rear view of the sensor patch. The front 
is noticeably shinier than the back due to the presence of 
aluminum as the electrodes [41].
 
An optimization was again conducted on the laser param-
eters to determine the thickness of the electrode line. A 

trade off was made between the thickness 
and the depth of the line piercing the sample. 
Fig. 5 shows the thickness of the electrode 
obtained after optimization to be around 42 
microns. This thickness was kept constant 
for all the electrode lines in the sensor patch. 
The optimized values were power: 12.6 W, 
speed: 70 m/min, and z-axis: 1.2 mm. Fig. 6 
shows the front and rear view images of the 
finished product [41]. The total sensing area 
of the patch was 44 mm2 with a thickness of 
500 microns and 300 microns of the substrate 

and electrodes, respectively. A pair of 12 electrodes was 
formed with each one having a length and width of 1.2 mm 
and 41 µm, respectively. The interdigital distance was 150 
microns.
 
The third type of sensor prototype developed by laser cut-
ting was based on photothermal induction of the polymer 
films to form graphene [46]. This led to an idea to develop 
a sensor patch using the induced conductive material to 
form the electrodes. The advantages of this sensor pro-
totype are its low cost and its highly conductive material. 
The conductivity of the electrodes of these graphene sen-
sors was higher than those developed with CNT-PDMS and 
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PET-Al. Commercial PI films were used as the raw material 
for processing. In addition to having smooth and preci-
sion cuts up to the micron range and very high flexibility 
[47], another substantial benefit of using PI is its excellent 
thermal properties, which would be advantageous while 
processing it with CO2 lasers [48], [49]. The schematic di-
agram of the fabrication steps of the graphene sensor pro-
totypes is given in Fig. 7. Commercial PI film [7(1)] was 
attached to the glass substrate in order to have a smooth 
surface before laser induction. The laser cutting was done 
on the attached films [7(2)] to form powdered graphene. 
The shape of the induced powder was as designed in the 
laser system. The optimized values of the laser param-
eters used during this process were power: 9 W, speed: 
70 m/min, and z-axis: 1 mm. The sp3 hybridized carbon 
atoms in the PI films were photothermally induced to form 
sp2 hybridized atoms in the graphene.

 
 

Fig. 7. Fabrication steps followed to form the graphene 
sensor prototypes from commercial PI films.

 
Fig. 8. Final sensor prototype.
 
The graphene powder was then 
transferred to Kapton tapes via 
manual stress [7(3)] for using the 
powdered material as the electrodes 
[7(4)]. The final prototype is shown 
in Fig. 8. The sensor patch had a 
pair of 6 electrodes with a sensing 
area of 102 mm2. The length and 
width of the electrode were 5 mm to 
1 mm, respectively, with a distance 
of 500 microns between consecutive 
electrodes. One of the issues was the 
change in properties of the induced 
graphene during its transfer. Thus, 
the manual pressure exerted on the 

Kapton tapes during the transfer had to be done carefully 
as a minute of discontinuity in the transferred form would 
have made the sensor invalid. The change in resistivity 
was > 50 Ω between the formed and transferred material. 

Figs. 9(a) and 9(b) give the SEM images of the top view of 
the sensor showing the transported material on the Kapton 
tapes. It can be seen that the edges of the sensor proto-
type are relatively smooth and perpendicular to the surface. 

Fig. 9. SEM images of the transferred graphene on Kapton 
tapes.
 
Working Principle of the Sensor
All the sensor prototypes designed and fabricated were 
based on the principle of capacitive sensing. The electrodes 
were interdigitated with a fixed interdigital distance be-
tween two consecutive electrodes. The working principle of 
the sensor prototypes is shown in Fig. 10 [50]. The parallel 
plated electrodes were made co-planar to obtain a non-
invasive single-sided measurement. The electrodes were 
designated as either an excitation or sensing electrode. An 
electric field was generated between the oppositely charged 
electrodes when a time-dependent voltage was provided to 
the excitation electrode. This generated field would bulge 
from one electrode to another due to the planar structure 
of the sensor.

 
 

Fig. 10. Working principle of the fabrication sensor proto-
types [50].
 
When any material was kept in contact or within close prox-
imity to the sensor, the electric field would penetrate through 
the material while traveling from one electrode to another. 
This would change the properties of the field studied to de-
termine the characteristics of the material under test (MUT). 
Due to the flexible nature of the sensor patches, the ex-
pansion and contraction caused by the strain applied to it 
would trigger a change in response [15]. Capacitance can 
be defined by 
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where 

C is the capacitance of the material.
 
Eo is the absolute permittivity; 
 
Er is the relative permittivity of the material; 
 
A is the effective area of the sensor patch; 
 
d is the effective distance between the electrodes.
 
Area (A) can be divided into the length (L) and width (W) of 
the sensor patch. When a strain was applied to the sensor 
patch, this would lead to a change in the resultant area (A) 
and interdigital distance (d) of the patch. This would result in 
the change of the overall capacitance, which can be given by 

where ∆C is the change in capacitance and ∆L, ∆W, and ∆d 
are the changes in length, width, and interdigital distance, 
respectively. Fig. 11 provides a schematic of this principle.

Fig. 11. Working principle of the sensor prototypes causing 
a change in its response due to the applied strain [15].
 
Experimental Results
The fabricated prototypes were used as wearable sensing 
devices and utilized to monitor different physiological pa-
rameters. A HIOKI IM3536 LCR high-precision meter was 
used to collect the response of each sensor and store it on 
a computer via a USB-USB cable. The sensor was connect-
ed to the LCR meter at one end with Kelvin probes and at-
tached at the other end using biocompatible tapes. A slow 
mode of testing was employed to minimize the error rate 
up to <0.05%. The CNT-PMDS-based sensor was used to 
monitor the movement of limbs by attaching the sensor to 
the elbow and knee of an individual. A prior profiling of the 
sensor with a frequency sweep between 10 kHz and 10 MHz 
provided an optimum frequency of 150 kHz. This frequency 
was fixed while performing the experiments. Figs. 12 and 

13 show the changes in capacitance with the movement of 
the left arm and left leg, respectively [15]. “Flexed” and 
“extended” were the terms used to describe when the limbs 
were bent and kept straight, respectively. It can be seen 
that the flexed position causes a rise in capacitance, unlike 
the extended position. This occurred due to the change in 
the area (A) and interdigital distance (d) of the patch. The 
two conditions were repeated in an oscillatory motion to 
check the stability in the response of the sensor patch.
 

Fig. 12. Response of the sensor patch regarding capaci-
tance towards the movement of the left arm [15].

Fig. 13. Response of the sensor patch regarding capaci-
tance towards the movement of left leg [15]. 
 
The sensor was further utilized to monitor respiration by 
attaching it to the lower part of the diaphragm of a human 
body. Fig. 14 shows the response of the sensor connected 
to two separate individuals. An increase in capacitance oc-
curred with exhalation and decreased with inhalation. 
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Fig. 14. Response of the sensor patch towards the moni-
toring of respiration of two volunteers [15].

The sensor developed with metallized PET films was used 
for tactile sensing [41]. This idea was proposed to overcome 
the drawbacks faced by existing prosthetic limbs, currently 
constructed using Carbon, Kelvin, and Dacron. The brittle 
nature and stiffness of these materials causes damage to 
the tissues in the areas of contact. Thus, the PET-Al sensor 
is an ideal replacement for these materials in the manu-
facturing of prosthetic limbs. Tactile sensing is a growing 
phenomenon with many applications, especially related to 
strain sensing [51], [52] and artificial intelligence [53], 
[54]. Fig. 15 shows the response of tactile sensing on the 
sensor patch. After profiling for a frequency sweep between 
1 kHz and 1 MHz, a sensitive region of 200 kHz to 800 kHz 
was identified for this particular sensor patch.

Fig. 15. Response of the sensor towards tactile sensing 
[41].
 
A frequency of 305 kHz was fixed while performing the exper-
iments. Manual pressure was applied to the sensing surface 
of the patch to determine the change in its response, and 
this response was calculated in phase angle against time. 
The value was found to decrease when pressure was applied 
to the sensor. This occurred due to an increase in reactance 
of the sensor. The stability in the response was checked 

by repeating the tactile motion in an oscillatory fashion. 
The graphene-PI sensors were employed to test differ-
ent salt concentrations in order to investigate an idea for 
urinary incontinence faced by the elderly. Urinary inconti-
nence, in simple terms, can be defined as a loss of control 
of the urinary bladder, leading to the accidental or involun-
tary loss of urine. This can cause embarrassment for the 
person suffering from it. This problem can be triggered by 
high levels of stress, stones in the urinary track, multiple 
sclerosis, Parkinson’s disease, etc. Pregnancy, childbirth, 
and menopause make urinary incontinence more common 
among women than men. The aim would be to design a 
low-cost system that could be operated by nonexperts to 
detect urinary incontinence. Among the various elements 
which comprise urine, salt in the form of sodium ions is 
present. Therefore, experiments were conducted with dif-
ferent salt concentrations to assess the ability of the sensor 
to detect such small concentrations. A series of solutions 
ranging from 5 ppm to 30 ppm with a difference of 5 ppm 
were prepared by mixing laboratory-grade sodium chloride 
and de-ionized water (resistance: 18.2 MΩ). A principal so-
lution of 100 ppm was initially prepared from the dilution 
solutions, which were formulated by pipetting. A frequency 
sweep was done between 10 Hz and 10 kHz to determine 
the sensitive region of the patch. The response of the sen-
sor patch regarding phase angle vs. frequency is shown in 
Fig. 16. One of the frequencies was fixed from the sensitive 
region to develop a characteristic curve of the sensor. Fig. 
17 shows the curve developed with the sensor response 
in terms of resistance (MΩ) vs. concentration (ppm). This 
frequency would be fixed in the sensor to form an embed-
ded system in the process of developing a complete urinary 
incontinence detection system.

 

Fig. 16. Response of the graphene-PI towards different salt 
concentrations. The frequency-sensitive region was ob-
tained by testing the sensor with a frequency sweep be-
tween 10 Hz and 10 kHz.
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Fig. 17. Standard curve for different tested concentrations 
in terms of resistance.
 
Conclusion
The design, fabrication, and implementation of some novel 
wearable sensors were explained in this article. In order to 
develop the sensors, three different types of flexible mate-
rials were selected based on their particular properties. A 
laser cutting technique was employed in curving the elec-
trodes in all three sensor prototypes. These sensor patches 
were utilized to monitor different physiological parameters 
on a primary scale. Limb movements, respiration, tactile 
sensing, and urinary incontinence detection were focused 
on as primary applications for the fabricated sensors. The 
next step would be to develop more wearable flexible sen-
sors based on the ideas imparted in this article and also uti-
lize these developed sensors to monitor other physiological 
parameters.
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Consumer Autonomy 
‘On Purpose’

by Mark Halverson and Leanne Seeto

If you had to pick one, would you rather:
 

1. see an ad for a consumer device you’ve looked at 
beside every web search you do, 

2. own a doll that reports recordings of its interactions 
with your child, or 

3. drive a car which could kill the driver to avoid 
harming others. 
 

At the moment all could be true, but you don’t get to 
vote.
 
Autonomy is upon us and the sad reality is that while 
as human beings (and consumers), we are materially 
impacted by those staging our thinking and intention-
ally biasing our decisions, we have no insight into the 
rules by which that Autonomy operates. In this context, 
Autonomy is any robot or machine (digital or physical) 
which interacts with a human being based on a set of 
rules without being operated/piloted in real time by an-
other human being. And while we may dismiss the in-
trusion as merely marketing, with a higher and higher 
percentage of our daily experience delivered digitally 
(and therefore capable of scale impact/manipulation), 
the greater the need for transparency as to how this 
Autonomy is making decisions.
 
It feels easy to dismiss today. A targeted ad for a pair 
of running shoes showing up alongside a search doesn’t 
seem important. But when digital/autonomous and 
physical worlds intersect, the risk grows materially. In 
2015, when an interactive Barbie doll was launched that 
recorded the interactions of its users (children), privacy 
advocates were aghast at the intrusion. And yet every 
day more and more Google Homes and Amazon Alexas 
are finding their way into our homes and recording our 
activities. Another obvious example comes up in the 
philosophical debate as to whether an autonomous car 
may choose to kill the driver instead of hitting a school 
bus or running into a crowd of people.
 
Every technological breakthrough requires infrastruc-
ture supporting its safe integration into society. The 
horseless carriage would not have achieved ubiquity 
without infrastructure such as roads, fueling stations, 
auto insurance, traffic laws and signals, and so many 
other ecosystem services. Artificial intelligence and Au-
tonomy are in their infancy and currently lack the infra-
structure required to be readily adopted by society.

There are multiple initiatives and standards within the IEEE 
that are seeking to address this issue.

• IEEE P7000™:Model Process for Addressing Ethical 
Concerns During System Design (Working Group al-
ready in process)  

• IEEE P7001™: Transparency of Autonomous Systems 
(Working Group already in process) 

• IEEE P7002™: Data Privacy Process (Working Group 
already in process)  

Our challenge now as we move towards an Autonomy econ-
omy is how to define the appropriate ethical infrastructure 
which will enable an entire new class of AI-enhanced jobs, 
services, and capabilities.
 
The authors believe an “On Purpose” infrastructure will build 
trust and offer transparency into the operation of Autono-
my. An “On Purpose” infrastructure registers and maintains 
an overt and specific intention or goal of autonomy, en-
abling transparency and auditability of autonomous actions 
against the registered intent.
 
Standards can play a direct role by establishing a registry 
of purposes that are clearly defined and to which design-
ers of autonomous systems could subscribe. This structure 
could be similar to how SIC (Standard Industrial Classifica-
tion) codes are used across industries today. Such “pur-
pose” categories may include package delivery, marketing, 
entertainment, self-help, health care, fitness tracking, etc., 
with a level of granularity under the broad categories al-
lowing for auditability. This type of transparent standard 
and registry would allow designers, operators, and users 
to maintain a common expectation for how the systems 
should operate and therefore flag discrepancies if systems 
move beyond their stated purpose. Standards of deviation 
from these purposes should also be established to enable 
crowdsourced monitoring of autonomous actions and an 
industry standard reporting mechanism for validating the 
efficacy of autonomous systems.
 
Those who study the nature of human decision making 
may be disappointed by the malleability of the heuristics 
we use to govern most actions and the inherent bias ex-
hibited in our behavior. Therefore, we should seek a model 
for Autonomy which enhances human ethical decision mak-
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ing and transparency. Autonomy should act “on purpose” 
where the full extent of the purpose is clearly articulated 
and therefore actions (and the associated decision-making 
process) are auditable against the stated purpose. If your 
companion robot reached out to hold your hand, wouldn’t 
it be nice to be able to press the “WHY” button and have 
the machine tell you why it did what it did?
 
One firm, Precision Autonomy, has begun building this “On 
Purpose” infrastructure and is applying it to drones/UAVs. 
At present, drones have an intent that is easily understood 
and overtly expressed in the form of a mission plan. And 
they can be tracked in real time to detect any diversion 
from this mission plan (purpose). This type of transparent 
operation will continue to build confidence in the adoption 
of drones while establishing baseline industry infrastruc-
ture for more complex Autonomy.
 
In contrast, much Autonomy has entered our lives and 
homes without visibility into its purpose and rules for deci-
sion making. In the case of the Barbie doll, was it clear that 
“interactive” meant that it was going to report interactions 
with children? In the case of Google Home, is it clear that 
all sounds within a certain proximity can be reported? We 
need to create transparency for some simple and impor-
tant concepts by asking the following:

• What is the stated purpose of the Autonomy? 
How do I verify that the Autonomy is following its pur-
pose? 

• Who is the beneficiary—what is the customer value 
proposition? 

• Who is the beneficiary—what is the underlying busi-
ness model? 

• Can I opt-in or opt-out with reasonable knowledge of 
the autonomous actions?

 
For example, we suspect few people would interact with a 
service whose stated purpose was to record interactions 
and sell them to those who manipulate decision-making 
processes for buying products. May the buyer beware: 
when the service is free, often you are the product. 

This is becoming too important to place within a lengthy 
privacy policy hidden behind an “I Accept” button.  It’s 
time that we start contemplating a richer and simpler set 
of disclosures as well as a registry in which consumer-ori-
ented Autonomy must offer transparency in terms of its 
overt and covert actions. It’s time Autonomy starts op-
erating “on purpose” to unleash the Autonomy economy. 
 
With appropriate “On Purpose” infrastructure in place, 
the human condition will be enhanced.  People will inter-
act and extend themselves with Autonomy in ways that 
have yet to even be imagined. With new human-cen-
tered on purpose capabilities, entire new segments of 
the economy will form, driving new jobs while enabling 
the upward march of humanity. IEEE members should 
be seeking to get involved in initiatives such as P7000 
to help shape the categories and definitions of purposes, 
which can form the basis of a new class of registry such 
as the Standard Industrial Classification (SIC) structure. 

Mark Halverson is the CEO of Pre-
cision Autonomy, whose mission is to 
enable the safe commercial and social 
integration of autonomous technolo-
gies. Precision Autonomy operates at 
the intersection of artificial intelligence 
and robotics to allow UAVs and other 
unmanned vehicles to operate more 
autonomously. Precision Autonomy 

has developed an “On Purpose” infrastructure, ensuring 
machines operate in transparent, predictable, and audit-
able ways while always keeping human needs at the center. 
 
Mark has over 25 years of consulting experience, working 
with the world’s largest corporations in shaping strategies 
to embrace innovation and disruption.
 
 

Leanne Seeto is a Co-Founder of 
Precision Autonomy whose mission is 
to make autonomous IoT services a 
safe reality. Integrating government, 
corporates, education and people in 
the Autonomy Economy. Leanne has 
over 20 years’ experience working in 
Sydney, London, Tokyo and in the US 
in startups through to multi-national 

corporations. She has worked with large corporations de-
veloping new market strategies and commercializing dis-
ruptive technologies. She has a BSc in Applied Mathemat-
ics and Computer Science and is an alumnus of Singularity 
University. She is the Communications Committees Co-Lead 
for the IEEE Global Initiative for Ethically Aligned Design of 
Autonomous Systems.
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IEEE P2048 Standards 
Paving the Road for 
Virtual Reality and 

Augmented Reality
by Yu Yuan

IEEE P2048 Working Group is developing twelve standards 
for virtual reality (VR) and augmented reality (AR). Hav-
ing attracted participants from over 200 companies and 
institutions all over the world, the working group now is 
one of the largest forces dedicated to VR/AR standardiza-
tion. The working group participants already include device 
manufacturers, content providers, service providers, tech-
nology developers, government agencies and other parties 
relevant to VR/AR, constituting an excellent mixture for the 
standards to be widely adopted.
 
Technology is evolving very fast, especially in VR/AR. Our 
current being-developed standards only cover a small 
piece of the VR/AR landscape. We are actively collecting 
and identifying standardization needs. Some of them could 
become new projects in the coming months. We welcome 
interested stakeholders to join our efforts. We seek to pro-
vide unique value in the area of VR/AR, based on our depth 
and breadth of technical expertise. We also are interested 
in collaborating with other organizations.
 
The twelve VR/AR standards being developed each focus 
on a different area of critical work, and include:
 
 
IEEE P2048.1 – Standard for Virtual Reality and Aug-
mented Reality: Device Taxonomy and Definitions
This standard specifies the taxonomy and definitions for 
Virtual Reality (VR) and Augmented Reality (AR) devices. 
Thanks to the recent technology advances and market 
growth, more and more companies are producing various 
VR/AR devices, which include but are not limited to head 
mounted displays, remote controllers, sensor stations, etc. 
This project is needed to reduce the emerging confusion in 
many VR/AR devices that have similar or misleading prod-
uct names but significantly different functions or perfor-
mance. By dividing VR/AR devices into different categories 
and levels, this standard could help end users choose the 
right devices, facilitate the development of cross-platform 
content and services, and promote a healthy growth of the 
VR/AR industry.
 
 
IEEE P2048.2 – Standard for Virtual Reality and Aug-
mented Reality: Immersive Video Taxonomy and 
Quality Metrics
This standard specifies the taxonomy and quality met-
rics for immersive video. Immersive video is an enabling 
technology behind many Virtual Reality (VR) applications 

in various vertical industries (e.g., media, entertainment, 
education, and tourism). Due to the rapid market growth 
recently, there have been many variants of immersive vid-
eo which are different in several aspects: 360 degrees or 
180 degrees, stereoscopic or not, view point movable or 
not, focus adjustable or not, etc. This project is needed to 
reduce the confusion among these variants as they are of-
ten simply called “VR video” in today’s market. By dividing 
immersive video into different categories and levels, this 
standard could help end users choose the right products, 
facilitate the development of cross-platform content and 
services, and promote a healthy growth of the VR industry.
 
IEEE P2048.3 – Standard for Virtual Reality and Aug-
mented Reality: Immersive Video File and Stream 
Formats
This standard specifies the formats of immersive video files 
and streams, and the functions and interactions enabled by 
the formats. Immersive video is an enabling technology be-
hind many Virtual Reality (VR) applications in various verti-
cal industries (e.g., media, entertainment, education, and 
tourism). Due to the rapid market growth recently, there 
have been many variants of immersive video which are 
different in several aspects: 360 degrees or 180 degrees, 
stereoscopic or not, view point moveable or not, focus ad-
justable or not, etc. This project is needed to define the im-
mersive video file and stream formats that support all the 
variants and facilitate the development of cross-platform 
content and services. This standard identifies existing ap-
plicable video coding standards, and defines the integration 
of these standards into immersive video.
 
IEEE P2048.4 – Standard for Virtual Reality and Aug-
mented Reality: Person Identity
The standard specifies the requirements and methods for 
verifying a person’s identity in virtual reality. Many of the 
most important long-term applications for virtual reality, 
like distance education, e-commerce, work meetings, or 
simulation and training will rely on maintaining a meaning-
ful representation of yourself that can travel across mul-
tiple servers. For example, you might be invited to a meet-
ing at another company where you want to both appear as 
your chosen appearance (your ‘avatar’) and also be able to 
authenticate/prove that you are who you say you are. Simi-
larly, you might want to go to school or go shopping as the 
same visual avatar. Given that VR will be a very ‘social’ me-
dium, with many experiences depending on the presence 
of other people. The standard would allow a virtual reality 
user to; identify themselves to a site or service through a 
number of identity authorities; authenticate singular pieces 
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of information without needing to trust the site with addi-
tional information; present themselves with specific visual 
assets; while having the visualization of their appearance 
certified.
 
IEEE P2048.5 – Standard for Virtual Reality and Aug-
mented Reality: Environment Safety
This standard specifies recommendations for workstation 
and content consumption environment for Virtual Reality 
(VR), Augmented Reality (AR), Mixed Reality (MR) and all 
related devices where a digital overlay might interact with 
the physical world, potentially impacting users’ percep-
tion. This standard focuses on setting quality assurance 
and testing standards for qualifying products in said envi-
ronments, achieving satisfactory safety levels for creation 
and consumption environment for all or majority of related 
products available for consumer and commercial purposes. 
The rise of popularity of digital/analog reality products in 
consumer electronics, as well as in commercial/industri-
al fields is requiring a balanced approach to designing a 
safe environment for developers and consumers. Virtual 
Reality and Augmented Reality enable new levels of pro-
ductivity and speed up the training and content creation, 
yet standardization is necessary in order to provide a safe 
zone around the device and its operator. Standardization 
is viewed as the most efficient way to remove obstacles 
which operators or consumers might encounter, potentially 
including mandatory detection of objects in close proxim-
ity and releasing a warning if the interaction is deemed 
potentially hazardous. By providing necessary recommen-
dations, we can reduce or eliminate potentially negative 
impacts which the industry faces.
 
IEEE P2048.6 – Standard for Virtual Reality and Aug-
mented Reality: Immersive User Interface
This standard specifies the requirements and methods for 
enabling the immersive user interface in Virtual Reality (VR) 
applications, and the functions and interactions provided 
by the immersive user interface. Most of the Virtual Real-
ity (VR) applications are supposed to provide fully immer-
sive experiences, which could be spoiled by non-immersive 
user interfaces such as the ones enabled by conventional 
keyboards, mice, and touchscreens. The industry has rec-
ognized the necessity of immersive user interfaces in VR 
applications, and has put lots of efforts in designing and 
developing various prototypes or component technologies. 
This project is needed to unite these efforts and specify 
the baselines of immersive user interfaces in order to help 
facilitate the development of cross-platform content and 
services, and promote a healthy growth of the VR industry.
 
IEEE P2048.7 – Standard for Virtual Reality and Aug-
mented Reality: Map for Virtual Objects in the Real 
World
This standard specifies the requirements, systems, meth-
ods, testing and verification for Augmented Reality (AR) 
and Mixed Reality (MR) applications to create and use a 
map for virtual objects in the real world. Augmented Re-
ality (AR) and Mixed Reality (MR) applications add virtual 
objects on top of the real world. In many scenarios, virtual 
objects are supposed to be perceived as real objects so 
that they should have their own coordinates and orienta-
tions in the real world like real objects do. This project is 
needed to specify a unified map for various AR and MR 
applications to assign coordinates, orientations, and other 
arguments in the real world to virtual objects. The shared 
use of virtual objects among different users or even among 
different applications could be enabled by such a map. 
 

IEEE P2048.8 – Standard for Virtual Reality and Aug-
mented Reality: Interoperability between Virtual Ob-
jects and the Real World
This standard specifies the requirements, systems, meth-
ods, testing and verification for the interoperability be-
tween virtual objects and the real world in Augmented 
Reality (AR) and Mixed Reality (MR) applications. Aug-
mented Reality (AR) and Mixed Reality (MR) applications 
add virtual objects on top of the real world. In some sce-
narios, virtual objects are not only perceivable as real ob-
jects, but also supposed to interact with real objects and 
the real world. This project is needed to define different 
categories and levels of the interoperability between vir-
tual objects and the real world, and specify the systems 
and methods that enable these categories and levels. 
 
IEEE P2048.9 – Standard for Virtual Reality and Aug-
mented Reality: Immersive Audio Taxonomy and 
Quality Metrics
This standard specifies the taxonomy and quality met-
rics for immersive audio. Immersive audio is an enabling 
technology behind many Virtual Reality (VR) applications 
in various vertical industries (e.g., media, entertainment, 
education, and tourism). Due to the rapid market growth 
recently, there have been many variants of immersive au-
dio. This project is needed to reduce the confusion among 
these variants. By dividing immersive audio into different 
categories and levels, this standard could help end users 
choose the right products, facilitate the development of 
cross-platform content and services, and promote a healthy 
growth of the VR industry.
 
IEEE P2048.10 – Standard for Virtual Reality and 
Augmented Reality: Immersive Audio File and Stream 
Formats
This standard specifies the formats of immersive audio files 
and streams, and the functions and interactions enabled by 
the formats. Immersive audio is an enabling technology be-
hind many Virtual Reality (VR) applications in various verti-
cal industries (e.g., media, entertainment, education, and 
tourism). Due to the rapid market growth recently, there 
have been many variants of immersive audio. This project 
is needed to define the immersive audio file and stream for-
mats that support all the variants and facilitate the develop-
ment of cross-platform content and services. This standard 
identifies existing applicable audio coding standards, and 
defines the integration of these standards into immersive 
audio.
 
IEEE P2048.11 – Standard for Virtual Reality and 
Augmented Reality: In-Vehicle Augmented Reality
This standard defines an overarching framework for Aug-
mented Reality (AR) systems that assist drivers and/
or passengers in vehicles. In-vehicle augmented real-
ity has become a new way of providing driving assistance 
and other infotainment services in vehicles, and is re-
garded as a promising vertical application of augmented 
reality. It can be implemented on various devices: Head 
Up Displays, Smart Glasses, etc. The common point is 
to make the user interface more friendly while avoid-
ing or minimizing the risk of distracted driving. This proj-
ect is needed to specify the requirements and methods 
for applying augmented reality in vehicles, identify ex-
isting applicable standards, and define the integration of 
these standards into a consistent vehicular environment. 
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IEEE P2048.12 – Standard for Virtual Reality and 
Augmented Reality: Content Ratings and Descriptors
This standard defines the content ratings and descrip-
tors for Virtual Reality (VR), Augmented Reality (AR) and 
Mixed Reality (MR). The immersive and realistic experi-
ences enabled by Virtual Reality (VR), Augmented Re-
ality (AR) and Mixed Reality (MR) enrich people’s lives, 
but some of them have the potential to cause mental or 
even physical problems (e.g. epileptic seizure). For ex-
ample, unlike the situation in a theme park in the real 
world that people could choose not to ride a roller coaster 
after they see its performance and feel it is too danger-
ous, usually people are not fully aware of what they are 
facing before they put on a VR headset and enter a VR 
game for the first time. Even worse is the fact that people 
might not have the option to stop or escape when they 
are forced to ride a virtual roller coaster in a VR game. 
Hence, in addition to the traditional ratings and descrip-
tors that address the ethical issues such as violence and 
sexual content, new ratings and descriptors are needed to 
protect people’s health and safety from risky VR/AR/MR 
content. This project is needed to define a comprehensive 
set of ratings and descriptors for VR/AR/MR content. Exist-
ing applicable standards will be identified and leveraged. 
 
For more details, visit the VRAR – Virtual Reality and Aug-
mented Reality Working Group webpage.
 
 
To join the IEEE P2048 Working Group, please contact Dr. 
Yu Yuan at y.yuan@ieee.org.
 
 

Dr. Yu Yuan is currently serving as 
the Chair of IEEE Digital Senses Ini-
tiative, the Standards Chair of IEEE 
Consumer Electronics Society, the 
Chair of IEEE Virtual Reality and Aug-
mented Reality Working Group (IEEE 
P2048 Standards Series), and a Board 
Member of IEEE Standards Associa-
tion Standards Board. He is also serv-

ing on several TRB Standing Committees and IFAC Techni-
cal Committees. As a veteran researcher and practitioner 
in the areas of Consumer Electronics, Transportation, and 
Internet of Things, he has filed numerous patents and pub-
lished extensively in referred conferences and journals. Dr. 
Yuan founded Senses Global Corporation, a multinational 
technology company specializing in Virtual Reality, Aug-
mented Reality, Human Augmentation, and Smart Robots. 
Prior to this he had been working for IBM Research as a 
research scientist.
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