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Signal Processing in Next-Generation Prosthetics

rtificial devices that allow 
amputees to either walk again 

or to continue to use an arm 
and hand have existed since 
ancient times, the most 

notable example being the simple peg leg. 
Modern prosthetics, however, are a world 
apart from predigital-age artificial limbs. 
Using advanced robotic, cybernetic, and 
fabrication technologies, as well as signal 
processing, researchers are well on their 
way to making prosthetics that are 
remarkably useful, realistic, and intuitive.

As prosthetic development advances, 
signal processing is playing important 
roles in control and sensing operations. 
“The sensor is our window to the world,” 
says Veronica J. Santos (Figure 1), an asso-
ciate professor of mechanical and aero-
space engineering at the University of 
California at Los Angeles. Santos, who is 
codeveloping a multimodal tactile sensor 
skin that’s designed to assist prosthetic 
hand users, notes that signal processing is 
essential to the project. “Without signal 
processing, we wouldn’t be able to mea-
sure anything, including the types of infer-
ences we would have to make about the 
size, shape, or type of object and, therefore, 
how to grasp and manipulate it.”

AimiNG For iNtuitive CoNtrol
Santos notes that all prosthetic hand 
researchers face the same fundamental 
challenge. “Whether a prosthetic hand is 
a simple body-powered hook or an 
advanced anthropomorphic device, it will 
only be useful and desirable to an ampu-
tee if it is intuitive to control, functional, 
and improves the quality of life,” she 
explains. “A prosthesis will be rejected if it 

poses too great of a cognitive burden on 
the user.”

Santos and colleague Jonathan Posner, 
an associate professor of mechanical engi-
neering at the University of Washington in 
Seattle, are developing a multimodal tac-
tile sensor skin that promises to reduce 
the cognitive burden on prosthetic hand 
users, making control a faster, intuitive, 
and more natural process.

The researchers’ microfluidic, capaci-
tive-based tactile skin is designed to con-
formally wrap around curved surfaces, 
such as a prosthetic hand’s fingertips. A 
current prototype can detect various fin-
ger-object interactions, such as normal 
contact forces and low-frequency dynamic 
loads. Its pliable, sensor-laden skin, which 
is closely wrapped around a prosthetic 

hand’s curved digits, aims to help users 
grip objects by cushioning impacts, 
increasing the effective contact area dur-
ing grasp, and enabling activities of daily 
living that rely upon a sense of touch. “We 
are developing algorithms to map artificial 
tactile sensor data to object properties for 
restoring the sense of touch to amputees,” 
Santos says.

The system’s capacitive sensors are 
created by injecting a flexible material, 
such as a polydimethyl siloxane (PDMS) 
polymer, with a liquid metal alloy that’s 
designed to function as deformable wires 
and plates. “If we monitor the voltage 
across those plates we can relate that data 
to the distance between the plates, which 
we can then relate to the deformation of 
the skin surface,” Santos explains. “The 

A

[FiG1] Dr. Santos (left) is shown with Biomechatronics lab members ryan manis 
(right, back) and randall Hellman.  ryan is mounting a tactile sensor on a robot hand 
while randall is adjusting the lab’s custom remote actuation system for tendon-
driven mechanisms. (Photo courtesy of ASU Magazine and Dan vermillion of 
vermillion Studio.)
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raw voltages can be turned into something 
representing a contact area, an indication 
of force being applied, or the hardness of 
an object, for example.” Such information 
can be relayed to amputees via neural 
interfaces or used to develop intelligent 
artificial reflexes and grasp patterns within 
the prosthesis itself.

With funding from the National Sci-
ence Foundation, Santos and Posner are 
continuing to add sensing modalities and 
refine the technology. “We’re hoping to 
take a next-generation prototype and put 
it on some of our artificial hands and 
begin experiments with amputees and 
able-bodied individuals who can help us 
troubleshoot and develop the grip control 
algorithms we’re interested in,” she says.

AN ASSiStive teCHNoloGy
A soft, wearable device that mimics the 
muscles, tendons, and ligaments of the 
lower leg promises to aid in the rehabilita-
tion of patients with ankle-foot disorders 
such as drop foot. The Active Soft Orthotic 
(ASO) is designed to provide active assis-
tance to ankle motions for people with 
drop foot symptoms, which can com-
monly come from various neuromuscular 
disorders, such as cerebral palsy, multiple 
sclerosis (MS), amyotrophic lateral sclero-
sis (ALS), and stroke.

Yong-Lae Park (Figure 2), an assistant 
professor of robotics at Carnegie Mellon 
University, developed the device using soft 
plastics and composite materials, instead 
of a rigid exoskeleton, while working with 
collaborators at Harvard University, the 
University of Southern California, the Mas-
sachusetts Institute of Technology, and 
BioSensics, a Cambridge, Massachusetts, 
company that specializes in wearable sen-
sors. The soft materials, combined with 
pneumatic artificial muscles (PAMs), light-
weight sensors, and advanced control soft-
ware, enable the robotic device to achieve 
more natural motions in the ankle.

Unlike previously developed devices 
featuring designs that primarily rely on 
traditional mechanical joints and rigid 
linkages, Park’s system doesn’t contain any 
rigid frame structures that could poten-
tially prohibit natural degrees of joint 
motions. “Instead, our device employs a 
bioinspired tendon-ligament-skin archi-
tecture combined with pneumatically 
powered soft artificial muscles,” says 
Park, who performed the research while 
a postdoctoral researcher at Harvard 
University’s Wyss Institute for Biologi-
cally Inspired Engineering. “Another 
unique feature is the use of highly 
stretchable strain sensors, which we 
developed in the lab for measuring ankle 

joint-angle changes for feedback control 
of ankle motions.”

Among the device’s innovations are 
sensors featuring a touch-sensitive artifi-
cial skin—thin rubber sheets containing 
long microchannels filled with a liquid 
metal alloy. When the rubber sheets are 
stretched or pressed, the microchannels’ 
shapes change, which in turn creates 
changes in the electrical resistance of 
the alloy. The sensors are positioned on 
the top and at the side of the ankle.

A significant drawback presented by 
the soft device is that it’s more difficult 
to control than a rigid exoskeleton. The 
system demands highly sophisticated 
sensing to track the position of the ankle 
and foot and an intelligent plan for con-
trolling foot motion. “We use three dif-
ferent types of sensors,” Parks says. 
“Inertial measurement units (IMUs) and 
soft strain sensors detect the ankle joint-
angle for ankle motion control, and a 
force sensitive resistor (FSR) foot-pres-
sure sensor detects ground contact 
events.” At the sensing stage, all of the 
sensors are sampled at 50 Hz.

Each sensor type has its own micro-
controller unit (MCU) for independent 
sampling. After samples are acquired, dif-
ferent processing algorithms for each sen-
sor type are applied in the signal 
processing stage. “We used an off-the-shelf 
microcontroller as the MCU for sensor 
sampling and signal processing,” Park 
continues. “Also, each IMU has its own 
MCU to run a direct cosine-matrix (DCM)-
based orientation estimation algorithm.” 

Each IMU board computes a three-
dimensional (3-D) orientation vector and 
sends the value to the IMU master board 
using a standard serial protocol universal 
asynchronous receiver/transmitter 
(UART). Then, the IMU master MCU deter-
mines the joint-angle by computing the 
angle between the two orientation vectors. 
The pressure-sensing MCU produces an 
on-off output for each pressure sensor. 
The strain sensor MCU records the analog 
readings from the strain sensor analog cir-
cuit. Although the MCUs for the pressure 
and strain sensors currently do not per-
form significant processing, they are 
reserved for future implementation of 
more sophisticated filtering algorithms.

[FiG2] An example of soft artificial skin that can detect multiaxis (x and y) strain (i.e., 
stretch) and contact pressure simultaneously. (Photo courtesy of IEEE Sensors Journal.)
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“We used this approach because it 
was simple but accurate enough for our 
purpose,” Park says. “However, there is 
definitely room to improve in our 
method since we spent our time mainly 
on mechanical design and prototyping at 
this stage.”

Park and his coresearchers envision a 
final system that not only increases reha-
bilitation efficiency by enhancing muscle 
usage but can also provide assistance dur-
ing gait by increasing safety and stability. 
Park says similar approaches could be 
used to create rehabilitative devices for 
other joints of the body or even to create 
soft exoskeletons that increase the 
strength of the wearer.

The team’s next step will be human 
subject testing. “We need to detect the 
intention of an individual muscle or a 
muscle group ... of the wearer so we [can] 
actuate and control the corresponding 
artificial muscle to assist the motion with-
out disrupting the existing gait,” Park 
notes. To achieve this goal, the researchers 
will need to read muscle activation and 
interpret the signal on both a quantitative 
and qualitative information basis. “I 
believe signal processing will be heavily 
involved and play a significant role in this 
step,” he says. 

Park noted that additional work will 
also be necessary to improve the device’s 
wearability. This includes the development 
of artificial muscles that are less bulky 
than the commercially produced PAMs 
used in the current prototype.

A liFelike moDulAr  
ProStHetiC limB
Researchers at Baltimore’s John Hopkins 
University have worked for nearly a decade 
on a prosthetic arm and hand that they 
hope will eventually bring lifelike func-
tionality to people who have lost a limb to 
disease or trauma. The project’s roots go 
back to 2005, when the U.S. Defense 
Advanced Research Projects Agency 
(DARPA) launched a program designed to 
produce a technology that would restore 
natural limb function to soldiers who had 
suffered amputations in the line of duty. 
Since prosthetic technology at the time 
was still rooted in concepts of previous 
decades, the potential advancement in 

restorative function that advanced pros-
thetic devices could provide promised to 
be revolutionary.

DARPA specified that devices created 
by program participants should look, 
feel, weigh, perform, and seamlessly 
integrate with a human user as if it were 
a natural limb. Following two phases of 
development, DARPA hoped that by the 
end of 2009 a fully functional and neu-
trally integrated prosthetic device would 
be developed that could accurately 
mimic the natural function of the 
human arm.

Michael McLoughlin, chief engineer of 
research and exploratory development at 
Johns Hopkins’ Applied Physics Labora-
tory, notes that the DARPA initiative stim-
ulated prosthetics development in what 
was then a generally neglected area. “The 
vast majority of amputees have lost a 
lower extremity; there’s probably fewer 
than 100,000 or so people with upper 
extremity amputations,” McLoughlin says. 
“So you have a situation where the tech-
nology to produce a replacement for the 
human arm is much more complex than 
for a leg, yet you don’t have as many peo-
ple who need it so you don’t have the 
commercial pull to stimulate the technol-
ogy’s development.”

The Modular Prosthetic Limb 
(Figure 3) developed by McLoughlin and 
his research team in response to the 
DARPA proposal features an anthropo-
morphic form factor and appearance as 
well as humanlike strength and dexterity. 
Other attributes include high-resolution 
tactile and position sensing capabilities 
and a neural interface for intuitive and 
natural closed-loop control.

The prosthesis contains more than 
100 sensors. McLoughlin notes that many 
candidate technologies were prototyped 
and evaluated by using a custom-
designed test bed and various standard-
ized processes. Design constraints 
included integration, reliability, and man-
ufacturability. At the arm’s individual 
joints, sensors are used to measure angle, 
velocity, and torque. Additional sensors, 
located at the fingertips, measure force, 
vibration, fine point contact, and temper-
ature/heat flux.

To reduce design complexity, the team 
needed to design motor controllers that 
were usable at multiple joint locations. A 
large motor controller (LMC) was devel-
oped to provide a circuit design that could 
be leveraged for use at the four joints of the 
upper arm and the three joints at the wrist. 
The LMC offers brushless direct current 

[FiG3] the modular Prosthetic limb developed by Johns Hopkins university 
researchers has an anthropomorphic form factor and appearance as well as human-
like strength and dexterity. (Photo courtesy of Johns Hopkins university.)
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(BLDC) motor commutation, sensor signal 
sampling, and communication with the 
central limb controller (LC) via a control-
ler area network (CAN) bus.

The LMC was also designed to monitor 
local joint temperature, torque, position, 
current, and rotor position sensors for 
motor commutation. Custom schematic 
design and multilayer board fabrication 
allowed direct integration within the drive 
module. This approach allowed the drives 
to be designed as single integrated motor 
and controller packages, helping to shrink 
the overall mechanical profile and maxi-
mizing performance. Each LMC uses an 
advanced reduced instruction set com-
puter (ARM)-based processor.

“It really comes down to a matter of 
functionality,” McLoughlin says. “If you 
think about things like turning a door-
knob, that’s very difficult to do with a 
prosthesis.” The researchers wanted to 
create a prosthesis capable of extremely 
fine dexterity and precision allowing users 
perform tasks ranging from the mundane, 
such as turning a doorknob up to and 

including playing a piano. “We want peo-
ple to be able to do the very complex 
things with their fingers that those of us 
who have an arm and hand do naturally,” 
McLoughlin says.

Studying brain signals is crucial to the 
team’s research, since such data is essential 
for enabling natural control of the artificial 
limb. “If you think about moving your arm, 
or opening and closing your hand, there 
are areas of your brain that will become 
active,” McLoughlin says. “You can actually 
see those areas of activity if you do an MRI.”

The team searches for specific types of 
signals in different parts of the brain. “The 
signal processing typically involves things 
like pattern recognition, in which we look 
for patterns of neural activity,” McLough-
lin says. “We can then begin to use pattern 
recognition techniques to interpret what 
the user’s intent was.”

The researchers need to work quickly. 
“It’s all done in real time,” he says. “You 
filter it, process it, pull out the informa-
tion, and then convert that data into 
motor commands.”

McLoughlin says he’s always amazed 
by the brain’s flexibility and adaptability. 
“We’re looking for very specific struc-
tures in the signal, and we come up with 
a very specific model of the signals we’re 
looking at,” he says. “I think it’s going to 
open up a whole new realm of possibili-
ties for assistive devices, particularly for 
the elderly or people with mobility prob-
lems who will be able to use machines in 
ways that are well beyond what we can 
do now.”

One of the challenges facing the 
team is finding a way of driving down 
the sophisticated limb’s cost. “Right 
now this is a research tool,” McLoughlin 
says. “We’ve had ten or 12 different 
patients utilize the limb with great suc-
cess, and we have to look at getting it 
down to a cost point where it’s afford-
able,” he says.

AutHor
John Edwards (jedwards@johnedwards 
media.com) is a technology writer based 
in the Phoenix, Arizona, area.
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Accuracy, Apps Advance Speech recognition

t
echnical breakthroughs in 
speech recognition have 
been hard to come by, but 
the technology continues to 
improve in accuracy and nat-

ural language understanding and find its 
way into a broad range of enterprise and 
commercial platforms that include 
health care, e-commerce, telecommuni-
cations, and other vertical markets.

In this third in a series of Q&A inter-
views for IEEE Signal Processing Maga-
zine (SPM), we talked to Li Deng, the 
principal researcher and research man-
ager of the Deep Learning Technology 
Center at Microsoft Research, and Vlad 

Sejnoha, the chief technology officer at 
Nuance Communications, about current 
activities and future developments in 
speech recognition, text-to-speech (TTS), 
speech-to-speech translation, and related 
applications.

IEEE SPM: Accuracy has been an issue 
in speech technology since its emer-
gence out of Bell Labs in the 1950s. How 
has it improved?   

Vlad Sejnoha: We actually have been 
improving it quite quickly over the 
years. We have improved the error rate 
by a consistent amount and there seems 
to be no end to this. Each year, it’s 
through a different combination of new 
algorithms, more data, more computa-
tion. Different mixes of that. So, when 

we talk about speech recognition accu-
racy, it really is a moving target. I think 
we have passed a magical threshold of 
usability that means that you can pick 
up a device today and speak to it and 
expect to be understood.

In recent years, the focus has been on 
deep learning. That is the sort of algo-
rithmic underpinning of why we are 
continuing to improve. In a few years, it 
might be something else. So, it’s a very 
rapid and dynamically evolving process.

Li Deng: Progress was relatively slow 
from 1989 to 2009 compared with the 
last few years after deep learning made 
inroads into speech recognition. The 
introduction of deep learning has been 
one of the major breakthroughs, mostly 
in the form of deep neural networks. But 
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