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FEATURES

SENSING AND CONTROL TECHNOLOGY GUIDE

In early manufacturing lines the only devices that could 
detect a product on the line were switches that actually 
touched the product. In contrast, sensors deliver noncon-
tact detection — eliminating the mechanical wear and 
potential product damage created by prior methods.

Because they don’t touch the target, sensors must detect 
it apart from the background based upon some distin-
guishable change in conditions. For example, the sensor 
may beam a light to a receiver positioned across a manu-
facturing line as a way of detecting the object. To ensure 
reliable detection, the sensor must repeat this operation 
with high accuracy, despite potential variances in the tar-
get object color, orientation, or environment.

It is for this reason that machine builders cannot rely 
upon a “one-sensor-fits-all” mentality. The traits of the 
object or feature of interest, as well as the application envi-
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Some kinds of optical 
sensors are blind to 

conditions that others 
handle deftly.

ronment, will determine what sensor type will prove more 
advantageous. Some of the most common sensor types 
today include standard photoelectric sensors, lasers, fiber-
optic sensors, ultrasonic sensors, and vision sensors.

Photoelectric sensing
The go-to sensor — the first many engineers consider 

when designing inspection systems — is the photoelectric 
sensor, also known as a photo or electric eye. A photoelec-
tric sensor uses an emitter/receiver pair to inspect for the 
presence or absence of a product or product feature, mak-
ing it useful for discrete applications. The sensor itself is 
an electrical device that identifies and responds to changes 
in light intensity. The light source that originates with the 
emitter is designed to reach the receiver in one of several 
sensing modes:

Can you 
see it now?      Sensors 

for inspection 
    and control
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MATERIALS

fatigue than rivets or welds. The materials’ flexibility helps 
them absorb flexural, vibrational, and impact stresses.

Continuous contact in adhesive bonds seals joints 
against contaminants and the effects of harsh environ-
ments. And adhesives’ film barrier prevents galvanic cor-
rosion between dissimilar metals.

Protruding fasteners and joint puckering caused by 
spot and fusion welding disrupt the clean look many de-
signers strive for. But nearly invisible adhesive joints allow 
cleaner styling and cut down on the machining and finish-
ing needed to get a desired effect.

Adhesives, particularly thin-bonding versions, simplify 
and speed assembly. Newer pressure-sensitive products 
— including thin foam tapes, adhesive transfer films, and 
custom die-cut adhesive shapes — eliminate fixture time 
and provide tough, flexible bonds that may be stronger 
than those of liquid adhesives. Both types of bonding re-
quire less training, which lowers overall production time 
and cost.

Assemblies put together with adhesives are also lighter 

If you had a window seat on a recent flight, you may have 
noticed metallic strips along the top of the wing flaps as 
they extended during your approach to the airport. Did 
you know they were held on by adhesive tape?

Commercial aircraft have used thin, two-sided, acrylic 
adhesive tape to attach these stainless-steel scuff strips 
since 1984. The strips prevent abrasion and chafing be-
tween the aluminum flap and the underside of the wing, 
which can occur while flaps deploy or retract during take-
off and landing.

The tape withstands temperature swings, from 150°F in 
direct sunlight on the ground to –64°F at altitude, and also 
resists vibration, humidity, and deicing solvents. Its flex-
ibility compensates for aluminum’s and stainless steel’s dif-
ferent coefficients of thermal expansion, and its film acts 
as a barrier against bimetallic corrosion.

These scuff strips illustrate key advantages of adhesives 
over mechanical fasteners in producing strong, durable 
joints for structural applications.

Adhesive alternative
Advances in epoxy, acrylic, and urethane liquid ad-

hesives and flexible, thin adhesives let designers meet 
structural integrity and strength requirements without 
mechanical fasteners or welding. These adhesives work 
with metals, composites, plastics, rubbers, glasses, and 
other materials.

Beyond their strong bonds, structural adhesives can 
lower overall costs while increasing the durability of prod-
ucts. Adhesives distribute stress across the entire bonded 
joint, whereas fasteners and spot welding can create stress 
concentrations. So designers using adhesives can specify 
thinner, lighter materials yet meet strength requirements.

Adhesives also remain flexible throughout their lives, 
creating joints that are up to 20 times more resistant to 

Liquid 
and film 
adhesives 
give 
designers 
options 
for strong 
bonds.

technology specialists early in the design process. They 
can suggest approaches that provide better value.

Epoxies
Epoxy resin combines strength with resistance to high 

temperatures. Epoxy pastes come in one-part formula-
tions that require heat to cure and in two-part, room-tem-
perature-curing versions.

Heat-curing epoxies have traditionally provided higher 
shear strength — about 5,000 psi at room temperature — 
and better high-temperature performance than two-part 
epoxies.

than mechanically fastened ones. The average car now 
weighs about 130 lb less thanks to adhesives replacing 
many mechanical fasteners. In transportation, aerospace, 
and personal electronics, light weight is a crucial design 
concern and cost factor.

Designers with structural bonding applications can 
choose from three families of adhesives: epoxies, acrylics, 
and urethanes. The best choice depends on the substrates 
being bonded, the operating environment, and produc-
tion considerations.

An allied decision is whether to use liquid or thin-
bonding adhesives, such as pressure-sensitive-adhesive 
(PSA) tapes or adhesive-transfer tapes. In many cases, 
both methods meet design requirements, but one fits into 
the production process more easily.

For example, if immediate handling strength is needed, 
thin-bonding adhesives offer an advantage. But if the user 
needs time to position the parts, liquid adhesives work 
better.

Designers may benefit from working with adhesive-

Cyanoacrylates, one-
part, acrylic-based 
adhesives, bond 
materials that other 
adhesives won’t work on. 
One example is joining 
EPDM rubber gaskets 
to metal. The adhesives 
typically resist fuels and 
chemicals, work between 
–40 and 250°F, and have 
tensile strengths up to 
5,000 psi.

Adhesives stay flexible 
to resist fatigue, tolerate 
thermal expansion, and 
absorb stresses. They 
also seal joints against 
contaminants, harsh 
environments, and 
galvanic corrosion.

    The
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Engineering
     a 
  sense of 
 TOUCH

Advancements in artificial arms and hands rarely make it out of the laboratory 
due to costs or impracticality. And there often seems to be more research than 
developments in marketable prosthetics. But the Defense Department, dedi-
cated to ensuring wounded service members get the best possible treatment, 
is using its clout and its own Skunk Works, the Defense Advanced Research 
Projects Agency (Darpa), to remedy this situation. It assembled some of the 
world’s best engineers and scientists, along with a host of innovative compa-
nies and universities, to push the boundaries in prosthetics.

One of the project’s biggest challenges is a method that would let prosthetic 
hands transmit haptic information — the sense of touch — to patients.

Tactors and touch
The current state of the art in commercial haptics is extremely rudimentary. 

The person wearing a prosthetic uses various muscles to make the artificial 
hand’s fingers close in a grip. Once the fingers grasp an object, the person feels 
a small motor vibrating against his skin, usually on the upper arm or chest. The 
more force the artificial hand exerts, the faster the motor vibrates, giving the 
wearer an idea of how much force he is putting on the object.

As part of the Darpa project, engineers at kinea design llc, Evanston, Ill., 
were tasked with devising an approach that provides wearers with more sensory 
information, including contact pressure, friction, texture, and temperature.

The first step was designing the sensors.
Kinea engineers upgraded haptic sensors developed for Darpa’s Deka arm 

project, an earlier program at Deka Research and Development Corp., Man-
chester, N. H., a company founded by inventor Dean Kamen. Those sen-

Biomedical 
engineers 
struggle to give 
prosthetic hands 
a sense of touch.
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sors were designed to go on the prosthetic’s fingertips. 
They each contained two strain gages to detect force. One 
sensed side-to-side forces, and the other detected perpen-
dicular forces. An accelerometer picked up vibrations and 
textures.

Kinea added another axis of force, giving it three, along 
with a three-axis accelerometer and a thermocouple to 
sense temperature. And because their mandate was to 
come up with the most-capable haptic interface possible, 
kinea put four distinct contact sensors in the fingertip 
unit, hoping the added resolution would let patients read 
Braille. (It didn’t.) They also planned to line three contact 
sensors along the bottoms (or bellies) of the prosthetic’s 
fingers to aid in gripping and grabbing, as well as four 

more on the palm. The engineering challenge was packag-
ing all the sensors and electronics into the smallest device 
possible.

The sensors connect to tactors, devices that convey 
haptic data to the wearer. kinea’s most advanced tactor, 
about 30 × 54 × 12 mm, contains two motors controlling 
a plunger. The motors can make the plunger move up and 
down by 17 mm, slide back and forth 24 mm, and vibrate 
either up and down or sideways at about 200 Hz.

“It behaves as you would expect, “says Julio Santos-
Munné, director of operations at kinea. “If a patient taps 
on a desk with a finger, the plunger from that finger’s tac-
tor would tap on his skin at the same rate. And if he pressed 
that finger into the desk with increasing amounts of force, 
the plunger would press into his skin with more and more 
force, until it reached a safety limit.”

“We did not add a temperature output on our tactor 
due to project constraints,” says Santos-Munné. “But we 
had planned for one, a Peltier thermoelectric device. It’s 
made of P/N junctions, essentially diodes, sandwiched 
between two ceramic plates and connected to a dc power 
source. When powered, one side of the device gets hot 
while the other gets cold. Naturally, if they were used, they 
would be adjusted so as not to burn or harm the wearer.”

Some of the problems with this sensor/tactor approach 
is that it takes at least one tactor just to replicate haptic 
inputs from one fingertip sensor. It would take quite an 
array of tactors, and an equal amount of usable, sensitive 
skin space, to complete the haptic subsystem for a hand. 
Even then, the patient might have difficulty interpreting 
pressures and vibrations from several different locations as 
coming from his or her hand.

Another issue is with cosmetics. Patients want pros-
thetics that look as natural as possible. One approach is to 
cover the prosthetic with a skinlike glove made of flesh-
tone rubber or polymer. But covering the sensors with 
a layer of material, no matter how thin, degrades their 
sensitivity. (Strangely enough, covering the temperature 
sensor would actually make it more lifelike since biological 
temperature receptors suffer from a lag as the flesh around 
the receptor must heat up or cool down before it sends a 
signal to the brain.) And cutting holes in the glove to let 
sensors poke through makes it susceptible to tearing and 
takes away from the natural look.

The next step
There is another scheme that might simplify the pa-

tient’s task of deciphering what “feelings” the tactors are 
conveying and from which sites. A revolutionary surgi-
cal procedure pioneered at the Rehabilitation Center of 
Chicago by Dr. Todd Kuiken transplants nerves that once 
served the patient’s missing hand and fingers to an area on 
the pectoral muscle (after removing nerves already there). 
About six months after the targeted muscle reinnervation 
(TMR), the new nerves spread into an area about 4 to 5 in. 
in diameter. Now, when the patient tries to flex a missing 
finger, the chest muscle twitches. Similarly, when the area 

main story continues on page 54

kinea design 
llc developed 
haptic 
sensors and 
effectors for 
Darpa’s 
revolutionary 
prosthetic.
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it up, and the electromechanical finger on the prosthetic 
moves. But again, it’s unlikely TMR will give any patients a 
one-to-one mapping between reinnervated areas and con-
trol of individual prosthetic joints.

The ultimate solution for haptic and truly intuitively 
controlled prosthetics is to hook fingertip sensors directly 
to the patients nerves. But this is several years, if not de-
cades away, if it’s possible at all. Biomedical engineers must 
first develop a long-term method of interfacing directly 
with individual nerves and nerve bundles. They must un-
cover how bioreceptors encode the sensory data sent to the 
brain via nerves and replicate it. And they need to discover 
how the nerve impulses to muscles tell muscles to con-
tract, by how much, and how fast.

With luck, some of the discoveries made developing 

areas they now represent.
“The technicians would look for places that correspond 

to important areas of the hand,” says Santos-Munné. “So 
they might search for an area that corresponds to the 
thumb and put a tactor there, or an area that maps to the 
forefinger. And with the current size of our tactors, we 
could only get one or two of them over the reinnervated 
region the patients perceive as their thumb or a finger. But 
if you were lucky, you might get sensation for the thumb 
and forefinger close to each other and have one tactor 
serve both.”

There are some researchers developing single-modality 
tactors, making them as small as possible, perhaps 5 mm 
in diameter, notes Santos-Munné. One might only push, 
another might vibrate, another might handle temperature, 

of reinnervation is touched, the 
patient perceives it as if being 
touched on a missing fingers.

TMR presents biomedical en-
gineers with several possibilities. 
From a haptic standpoint, they 
could take the sensors-and-tac-
tor approach from kinea and let 
the tactors press and vibrate on 
reinnervated skin. The patient 
would then perceive the force 
and vibrations as coming from 
a missing finger or perhaps the 
palm. One downside to this, and 
common to all TMR approaches, 
is that results differ from patient 
to patient. So health-care techni-
cians would need to correlate or 
map reinnervated skin surfaces 
to the missing digits and hand 

grees of freedom, hope to use TMR 
to create a patch of muscle(s) the 
patient controls by trying to move 
his missing fingers. While the actual 
nerve impulses are small and hard 
to detect with surface electrodes, the 
resulting muscle twitches generate 
stronger electromyographic signals 
that skin electrodes can pick up more 
readily. So when the patient tries to 
move his index finger, a muscle on 
his chest moves, an electrode picks 

kinea’s second-generation fingertip sensor 
could detect three axes of force, three axes 
of acceleration, as well as temperature 
and heat flux. It also sensed four discrete 
points of contact. This is currently more 
information than can be conveyed to 
people wearing prosthetics equipped 
with five such sensors. 

Motors move contact 
surface up and down 

and side to side.
Protective cover

Patient surface 
contact

Force sensor

This 
kinea tactor 
transmits haptic 
sensation to the 
patient’s skin.
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state-of-the-art prosthetics will be applicable (and afford-
able) for commercial devices and trickle down to patients 
who need them. MD

and a fourth would slide back and forth. “This could let 
them place several tactors on the reinnervated area.”

But the likelihood a patient will have feelings in spatially 
different areas corresponding to each 
finger and thumb is almost nil. So the 
haptic subsystem on each prosthetic 
will need to be highly customized, 
which adds cost and complexity.

Second, researchers looking for 
ways to intuitively control prosthet-
ics, especially ones with up to 18 de-

Six-bar linkage
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