
John Edwards
[special reports]

1053-5888/14/$31.00©2014IEEE IEEE SIGNAL PROCESSING MAGAZINE [11] MARCh 2014

Digital Object Identifier 10.1109/MSP.2013.2292433

Date of publication: 12 February 2014

Touching Research: Haptics and Signal Processing

T
he science of haptics gets its 
name from the Greek word 
haptikos, which means the 
ability to grasp or touch. 

Haptics researchers inves-
tigate ways of using tactile sensation and 
control to help people interact more intui-
tively with computers, robots, and various 
other types of electronic and electrome-
chanical systems. Through the use of spe-
cially designed input/output devices, such 
as haptic joysticks, gloves, and surfaces, 
users receive feedback in the form of sen-
sations that are felt in a finger, hand, or 
other part of the body. Haptic devices typi-
cally use resistance motors to supply 
force, vibration, or motion feedback.

When used in conjunction with a 
video display, haptics can help users per-
form complex tasks requiring precise 
hand–eye coordination, such as surgery, 
physical rehabilitation, flying a drone, or 
manipulating very large or very small 
objects, ranging from space vehicles to 
microscopic organisms. Haptics technol-
ogy is also finding a home in consumer 
applications, such as computer games, 
enabling users to feel as well as see and 
hear play interactions.

“Haptics technology can provide the 
user with a representation of the sense of 
touch and corresponding force feedback 
in interacting with a virtual or a remote 
environment,” says Robert Diraddo, 
medical devices’ group leader for the 
National Research Council of Canada. 
“These (sensations) are most important 
in virtual reality and remote manipula-
tion applications, where the interactive 
sense of touch is important.”

Gabriel Robles-De-La-Torre, founder 
of the International Society for Haptics, 

notes that signal processing is crucial in 
haptic system design and operation. 
“[Applications] range from filtering sig-
nals coming from position and torque 
sensors in haptic interfaces to processing 
the signals coming from touch sensors 
intended for robot control,” he says. “One 
can also use fast Fourier transform (FFT) 
and other techniques to analyze the 
results of measurements in human per-
formance experiments.”

The most difficult task facing haptic 
system developers is creating accurate 
representations of real-world tactile sen-
sations without consuming vast 
amounts of processor power or driving 
up costs excessively. “Ensuring suspen-
sion of multisensorial user disbelief 
while maintaining hardware affordability 
is the biggest challenge for haptics-
driven virtual reality,” Diraddo says. “If 
not addressed, user-adoption of the tech-
nology is limited.”

ViRTual HandS-on TReaTmenT
University of Texas (UT) at Dallas 
researchers are developing a haptics-
based technology that promises to make 
it possible for physical therapists and 
other health-care professionals to work 
with patients located almost anywhere. 
The system utilizes multiple three-dimen-
sional (3-D) cameras to create avatars of 
both the care provider and patient and 

then places them inside a virtual space 
where they can interact with each other 
in a realistic fashion.

“Our technology allows real-time cap-
turing, transmission, and rendering of 
3-D avatars of multiple human actors as 
well as force feedback,” says Balakrishnan 
“Prabha” Prabhakaran, a professor of 
computer science at UT Dallas and the 
project’s principal investigator (Figure 1).

With conventional telemedicine, a 
caregiver and patient can both appear on 
the same display, talk to each other, and 
even exchange medical data, yet still 
have no practical way of physically inter-
acting. “Our project’s goal is to facilitate 
high-quality multimodal 3-D teleimmer-
sion incorporating a force-feedback expe-
rience in a 3-D virtual space using haptic 
devices,” Prabhakaran says.

The researchers’ current platform 
allows applied force to be sent from one 
user to the other. This way, a care pro-
vider could, for example, feel an accurate 
representation of the strength of a 
patient’s muscle as it is being flexed. The 
platform uses force-feedback haptic 
devices manufactured by Geomagic of 
Morrisville, North Carolina. The units rely 
on built-in motors to create forces that 
push back on the user’s hand to simulate 
touch and interaction with virtual objects. 
“We are focusing on upper-arm move-
ment, because it’s easier in terms of the 
off-the-shelf devices that already exist,” 
Prabhakaran says.

Haptic devices come in different 
forms, and the one the researchers are 
currently using is not wearable. The 
device, which sits on a table, features a 
small, grabbable handle. “You can feel the 
force feedback when you are moving the 
handle,” Prabhakaran says. The device 
can generate, or receive, force-feedback in 
three translational degrees of freedom as 
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well as torque feedback in three rota-
tional degrees of freedom in yaw, pitch, 
and roll directions.

The current device isn’t suitable for 
rehabilitation use, yet it is helping the 
researchers to coordinate haptic move-
ments with the 3-D virtual space. More 
sophisticated haptic technologies are cur-
rently under development, Prabhakaran 
says. “What we are trying to do is to build 
our own haptic device using resistance 
motors and microcontrollers,” he notes. 
Prabhakaran says the researchers are 
striving to achieve maximum realism and 

accuracy via force-feedback technology. 
“For instance, if I am moving my arm up, 
and the doctor is moving his or her arm 
down, then it would be like offering resis-
tance in the opposite direction. That gives 
you a feel for how healthy the patient’s 
muscles are.”

In the years ahead, Prabhakaran sees 
care providers and patients using several 
different types of haptics devices, with 
each designed to mimic and communi-
cate data about a specific body part. “We 
use our arms and legs in different ways,” 
Prabhakaran says. “It’s like when you go 
to the gym; you have different equip-
ment for different muscle groups.”

Transmitting large amounts of audio, 
video, and haptics data increases the likeli-
hood of significant lag time and other 
types of transmission delays. The 
researchers are addressing this challenge 
by developing sophisticated algorithms 
and various types of software designed to 
speed data through the Internet in real 
time. “All the data that we are dealing with 
in realizing our goal of multimodal 3-D 
teleimmersion are digitized signals, repre-
senting time-varying and spatially varying 
physical quantities,” Prabhakaran says. 
“These data need to be synchronously cap-
tured in real time, analyzed, compressed if 
needed, transmitted, and processed on the 

receiver’s side before rendering them to 
the user. Hence, signal processing is an 
inherent component of our research.”

Prabhakaran notes that signal process-
ing also plays key roles in other areas, 
including filtering, image processing, and 
pattern recognition, as well as in the 
development of different haptics devices. 
“Multidimensional and biomedical signal 
processing is also critical to the operation 
of the inertial body sensors,” he adds.

Innovative algorithms will also help 
minimize the amount of data that needs 
to be exchanged. Xiaohu Guo, an associ-
ate professor of computer science at UT 
Dallas and a project coprincipal investiga-
tor, is an expert in computer graphics, 
animation, and modeling. Guo is refining 
techniques to allow data moving between 
haptic devices to be transmitted over a 
network more efficiently, as well as creat-
ing 3-D visual images of user movements 
in real time. Gao has also reported suc-
cess in downsizing massive data sets with 
spectral transformation techniques. The 
technique relies on manifold harmonics 
to transform 3-D images into points that 
represent the surface of an object. The 
data is then compressed into a more com-
pact form that can be transmitted more 
rapidly over networks.

Prabhakaran believes that the system 
will eventually provide benefits to users 
of both telerehabilitation and in-home 
rehabilitation services. “Current in-
home rehabilitation relies on patients’ 
word of mouth—or diary—for having 
done the prescribed exercises with the 
prescribed number of repetitions,” he 
says. Limited oversight capabilities 
requires caregivers to trust that the 
patient has actually performed the exer-
cises, and in the correct manner. “With 
3-D teleimmersion incorporating hap-
tics, the experts can have an exercise 
record ... that contains the trajectories of 
the body joint movements as the exer-
cises were done, the number of repeti-
tions and so on,” Prabhakaran says.

Prabhakaran predicts a bright future 
for haptic medical and rehabilitation 
technologies. “Sense of touch is really 
important in areas such as physical medi-
cine and rehabilitation, where the experts 
would like to have a ‘feel’ for the strength 

[fig1] Balakrishnan “Prabha” 
Prabhakaran. (Photo courtesy of the 
university of Texas at dallas.)

[fig2] The Bristol Robotics laboratory haptic robot palpitates artificial tissue 
samples. (Photo courtesy of Bristol Robotics laboratory.)
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of muscles or the trajectory of body joint 
movement,” he says. “It will be appreci-
ated by both caregivers and patients.”

RoBoTic SuRgeRy WiTH feeling
Developing a haptics technology that can 
help a surgeon operate with great preci-
sion, even when using a robot as the pri-
mary surgical tool, is the goal of 
researchers at the Bristol Robotics Labo-
ratory (BRL), a joint venture of the Uni-
versity of the West of England and the 
University of Bristol.

“At the moment, the da Vinci robot, 
which is the main robot used in surgery, 
doesn’t actually provide any haptics feed-
back,” explains Adam Spiers, a BRL 
research associate. “So surgeons need to 
make their diagnosis of tissue inside the 
body based purely on vision, which 
works but is also quite unnatural.” Even 
with the assistance of the best video 
equipment, accidents still happen from 
time to time. “There have been examples 
of mistakes in operations because sur-
geons couldn’t distinguish one type of 
tissue from another, or detect what is 
underlying a structure,” Spiers notes.

The BRL researchers aim to give sur-
geons who operate with robots the abil-
ity to feel as well as see inside patients. 
The extra sensing ability, delivered from 
the robot to a surgeon’s finger, promises 
to make surgical procedures more accu-
rate and reduce the likelihood of poten-
tially devastating errors.

“The area of surgery we’ve been look-
ing at is keyhole—laparoscopic—sur-
gery,” Spiers says. “This type of surgery 
is very difficult to perform and has a lot 
of restrictions in terms of vision and 
touch feedback, which makes it quite 
easy to misidentify tissue structures.”

Spiers notes that different types of 
organ tissues present various levels of 
stiffness, a characteristic that can be used 
to help robot-equipped surgeons operate 
more accurately and efficiently. “We work 
primarily with urologists, and the main 
thing they use their robot for is the 
removal of cancerous prostates,” he says.

To find and remove a diseased prostate, 
a surgeon must slice through a great deal 
of tissue. “There’s all these different types 
of tissue structures—fat, nerve tissue, and 

the prostate itself,” Spiers says. “If 
you could find and detect those 
things by touch, you would poten-
tially save errors where others have 
misidentified tissue and dissected it 
by accident.”

Spirers says his team recently 
completed a study based on a pro-
totype surgical system that demon-
strated haptics ability in action 
(Figure 2). Project participants 
were asked to find hard tumors 
placed within opaque synthetic tis-
sue samples located in a distant 
part of the lab (Figure 3). The sys-
tem relayed the participants’ finger move-
ments to a robot that then precisely 
duplicated the motions and transmitted 
the corresponding sense information as it 
touched the tissue samples back to each 
participant. Using an Internet connection, 
there was a performance loss of under 1% 
compared to using one’s own finger to 

detect the lumps, Spiers says. “If we can 
move this prototype system into a surgical 
scenario, the technology will have signifi-
cant implications,” he notes. “The main 
thing we’re hoping for with the inclusion 
of haptics in surgical systems is a reduc-
tion of error—less error in surgery.”

From a signal processing perspective, 
one of the biggest challenges facing the 
researchers is ensuring that the data 
moves from surgeon to robot and back 
again with as little delay as possible, Spi-
ers says. “The whole idea is that we’re 
trying to create the illusion to people 
that their finger is somewhere else, that 
they are feeling things on the other side 
of the room.” Maintaining almost 

instantaneous feedback is essential to 
the technology’s success. “As soon as 
things start slowing down, or getting jit-
tery, or you feel something after you’ve 
finished touching it, then the illusion 
falls apart,” Spiers explains. 

System integration work consumes a 
great deal of the researchers’ time. “We 
have quite a few different elements in 
our system—the part on their user’s fin-
gertip, the robot, and the robot’s finger-
tip—and we have a lot of signals going 
between all of those components,” Spiers 
says. “We spend quite a bit of time trying 
to make sure that all of our signal pro-
cessing and networking algorithms work 
as fast as possible.”

HaPTic TWeezeRS
While scientists can turn to a micro-
scope to view and study microscopic 
structures, touching and feeling 
extremely minute objects has always 
been a far more challenging task. But 
perhaps not for much longer. Research-
ers at France’s Université Pierre et Marie 
Curie say that the new “haptic optical 
tweezers” they have developed (Figure 4) 
will enable microscope users to manipu-
late samples within worlds up to a mil-
lion times smaller than humans.

The tool promises to help scientists 
explore microscopic worlds by sensing 
and exerting piconewton-scale forces, 
allowing improved micromanipulation 
and microassembly dexterity. “The initial 
results obtained are promising and dem-
onstrate that optical tweezers have a sig-
nificant potential for haptic exploration 
of the microworld,” says Cecile Pacoret, 

[fig3] a user operates the Bristol Robotics 
laboratory haptic robot. (Photo courtesy of Bristol 
Robotics laboratory.)
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a postdoctoral research fellow at Univer-
sité Pierre et Marie Curie, who also 
works in collaboration with the Nanoro-
botics Laboratory at Carnegie Mellon 
University. “Haptic optical tweezers will 
become an invaluable tool for force-feed-
back micromanipulation of biological 
samples and nano- and microassembly 
parts,” she predicts.

Conventional optical tweezers, which 
manipulate tiny objects with highly 
focused laser light that generates an 
attractive or repulsive force, are already 
widely used for the study of single mole-
cules and cells. Yet biological researchers 
exploring 3-D cells or molecular phe-
nomena like DNA stretching would ben-
efit greatly from having access to touch 
feedback as they go about their work. 
“Our system already provides great 
improvement in maneuverability and 
training requirements,” Pacoret states.

The technology is also relatively easy 
to learn and use. Pacoret notes that 
guests visiting the lab are generally able 
to perform their first micromanipula-
tions within just a few minutes. “Our 
system allows an operator to touch and 
explore microscaled shapes like micro-
electromechanical systems or single 
cells,” she says. “Moreover, it is able to 
interact, apply stress, and give feedback.”

One of the biggest challenges facing the 
researchers as they developed the technol-
ogy was magnifying piconewton-scale 

forces high enough to allow human opera-
tors to perceive interactions never before 
physically sensed, such as adhesion phe-
nomena, extremely low inertia, and the 
high-frequency dynamics of extremely 
small objects. Design requirements 
included very high sensitivity and dynamic 
stability. “Our system merges different 
techniques and is highly multidisciplinary, 
combining vision, signal processing, real-
time programming, optics, robotics, auto-
matics, [and] haptics,” Pacoret says. “The 
classic optical tweezers have been modified 
to meet the human perception require-
ment: safety, stability, reliability, and 
responsiveness.”

Signal processing is used to ensure 
the performance and reliability of the 
tool’s haptic coupling and teleoperation 

functions. “Information is exchanged 
bilaterally between two robots: the slave 
robot—the micromanipulator in our 
case—and the master robot, the haptic 
interface,” Pacoret says. The arrange-
ment creates an automatic closed loop 
that must remain stable under all cir-
cumstances for the safety of both the 
samples and the robots. “The originality 
of our system is to have designed all the 
components to have the smallest need of 
filtering, so our coupling loop can be 
reduced to the most transparent type of 
coupling,” Pacret says. “Our thesis is 
that a well-designed haptic system allows 
high performance.”

Pacoret predicts that the haptic opti-
cal tweezers will one day become an 
important tool for the exploration, diag-
nosis, and assembly of sensors, microsys-
tems, and biomedical elements, 
including cells, bacteria, viruses, and 

proteins. Such objects tend to be 
extremely fragile and difficult to manip-
ulate. “This tool will provide a new 
degree of freedom and accessibility to 
researchers, including, for example, new 
versatility in the study and micromanip-
ulation of cells,” she says.

THe fuTuRe of HaPTicS
Most haptics researchers feel that the 
technology’s potential is only beginning 
to be fully understood and appreciated. 
“Applications in medicine already include 
the interactive design of surgical devices, 
surgical robotics, patient-specific (surgi-
cal) rehearsal, and rehabilitation,” 
Diraddo says. “Outside of medicine, there 
are many potential applications, such as 
the handling of dangerous materials, 
maintenance training, interactive auto-
motive design, aerospace telemanipula-
tion, and serious gaming.”

Robles-De-La-Torre believes that 
technology developers in a variety of 
fields are now acquiring a growing 
respect for haptics, coming to the real-
ization that the sense of touch is as 
essential in many situations as vision 
and hearing. If this trend continues to 
build, as now appears likely, it should 
lead to haptics finding a place in a wider 
number of systems and applications.

“The importance of the scientific part 
of haptics is fundamental, but largely 
overlooked in general,” Robles-De-La-
Torre says. He points out that removing 
someone’s haptic abilities would leave the 
individual unable to walk, chew food, or 
articulate speech normally. “Skilled tool 
use would be out of the question,” he 
says. (Try, for example, using a pen or a 
pair of scissors after your arm has fallen 
asleep.) “Basically, our haptic capabilities 
enable us to interact with and change our 
environment,” Robles-De-La-Torre says.

auTHoR
John Edwards (jedwards@johnedwards 
media.com) is a technology writer based 
in the Phoenix area.

 [SP]

moST HaPTicS  
ReSeaRcHeRS feel THaT  

THe TecHnology’S 
PoTenTial iS only 

Beginning To Be fully 
undeRSTood and 

aPPReciaTed.

[fig4] The haptic optical tweezers. 
(Photo courtesy of université Pierre et 
marie curie.)


