A MODULAR, TUNABLE TACTILE ANTENNA FOR
EXPLORING THE MECHANICS OF SENSING

by

Alican Demir

A thesis submitted to Johns Hopkins University in conformity with the requirements for

the degree of Master of Science in Engineering

Baltimore, Maryland
September, 2009

(©Alican Demir 2009
All rights reserved


mailto:alican@jhu.edu

Abstract

Arthropods, which by some estimates comprise the vast majority of animal species, use their
antennae for multimodal sensory acquisition in order to perform a wide variety of tasks. A
particularly remarkable antenna-mediated behavior is rapid wall following by cockroaches.
Many biologists and roboticists investigate the individual mechanisms facilitating this tactile
function. Isolating and repeatedly testing the roles of each mechanosensory feature of the
highly complex natural antennal structure is challenging, so an analogous artificial antenna
can be a powerful experimental platform for testing hypotheses regarding wall following and

the mechanics of sensing in general.

The work presented in this essay fills the need for such a robotic model of biological antennae.
Specifically, this document describes the design of a small, highly tunable, tactile antenna
prototype. The assembled flexible artificial antenna consist of 40mm long, modular, stand-
alone segments with embedded computing, each capable of detecting external contacts and
measuring angular position with respect to the next segment. The user can independently
vary the stiffness of each joint or modify the antennal hairs that enable touch sensing. A
metric of angular sensitivity has been employed to gauge the main performance of individual

segments and the entire antenna.
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The next step will be to use this new experimental platform to facilitate testing of a wide

variety of other hypotheses regarding the mechanics of sensing.

Advisor: Noah J. Cowan, Ph.D
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Chapter 1

Introduction

Tactile sensing is simply a process leading to the perception of an object property or touch
event through physical contact between the sensor and the object [10,29]. Mechanical,
thermal, chemical and some other physical attributes of objects can be sensed by various
tactile receptors [10] via a general event called “touch”. In animals, the corresponding
induced feedback or the “sense of touch”, which of course can occur from one or multi-
ple points in different forms simultaneously, is then interpreted so that properties such as
surface roughness, shape, hardness, viscoelasticity, texture, force distribution, inertia and
temperature [10,30,35] can be perceived. This function can be realized by tactile perception
organs like the skin [10,22] in humans, antennae in many arthropods [5,19,36,41,47,50] or

whiskers [34] in some mammals.

Tactile antennae are the focus of this work motivated partly due their prevalent utilization in
nature but mainly because of the intertwined mechanics involved during the sensing action.
This comes from the fact that the statics of each individual hair-like sensor on the antenna
are mechanically coupled with the dynamical system describing the antenna’s overall flexible
segmented structure due to the robot’s or animal’s motion (and basal actuation if present).
As any contact force on the antenna is directly propagated through those hair-like contact
sensors to the main antenna superstructure, we hypothesize that this coupling, for example

in cockroaches, is utilized to keep the antenna in a shape favorable for wall following. We



further hypothesize that if the antenna shape is not in a favorable configuration, than the
coupled mechanics will constantly force the antenna to return to the ideal configuration
while wall following. We suspect that the distally pointing hair disposition may be the
main reason for such behavior. The coupling between the local contact sensors and the
global antenna configuration also exists at the perception level such that when both data
are combined, the exact location of a contact can be easily discerned. We define this as one

of the fundamental properties of the tactile antennae and will discuss this in detail.

We describe in this essay the design and testing steps of a novel tactile antenna which is
conceptualized in the hopes of facilitating an experimental platform for addressing scientific
hypotheses. In order to satisfy as many experimental requirements as possible, our design
allows many of the common important antenna parameters to be changed easily. These
properties include mass distribution, stiffness profile, length, hair stiffness and hair length
which are established by bio-inspiration as well as by earlier related works in the literature.
The design procedure of the antenna is presented in detail where in particular how an earlier

design affected the next design is evaluated.

Lastly we briefly explore the mechanics of antennal sensing in general and lay the ground
work for future investigations regarding the testing of some specific hypotheses for tactile

antennae.

In addition we provide a definition for artificial tactile antennae and establish their fun-
damental characteristics after classifying the technology in a consistent framework that
encompasses both the sensing and perception aspects of past, current and future antennal

devices based on the haptic taxonomy.

1.1 Bioinspiration: Antennae and The American Cockroach

Antennae are arguably nature’s multi-sensorial packaging form-factor of choice. With an

evolution history over 400 million years [17] and capacity to encompass a very large number



of (on the order of tens-hundreds of thousands) diverse sensilla! categorized as mechanore-
ceptors, chemoreceptors, thermoreceptors and hygroreceptors? [7], the antennae are indis-
pensable organs to all insects and other hexapods®. In fact with the exception of members
of the subclass, Protura*, which have neither antennae nor eyes, all insects (or hexapods)

possess a pair of antennae [44].

Poul Beckmann

Unidentified ©

\ Poul Beckmann

Deliathis flavis ©
Poul Beckmann

Rosenbergia straussi @

Figure 1.1: Antennae on insects (Paul Beckmann)(Image credit: [2]).

It is unclear whether or not those pair of flexible appendages protruding from the head
play the most important role in the amazing success of the insects as a class, but the facts
remain: some of the earliest insect species are still alive; the total insect biomass outweigh
all other animals [51] and their sheer variety dominates all other life forms. After all, the
upper limit for the Earth’s entire biological species diversity is estimated from 3 million to
30 million to 50 million with more than 70 % belonging to the animal kingdom [32]. Of all
the animal species, more than 95 % are invertebrates with vast majority being taken up by
arthropods® ranging from an estimated 2.5 million up to 5 million [15] to 30 million [14]
species out of which practically all are insects. Also constituting about three quarter millions
of the actually catalogued 1.5 million life forms [1], terrestrial insects are thus by far the

most numerously classified living organisms yet. Indeed from a justifiable perspective (alien

LA simple sensory receptor consisting of one cell or a few cells, especially a hair-like epithelial cell pro-
jecting through the cuticle of arthropods.

2Sensor that discriminates moisture levels

3Collembola (springtails) and Diplura

4Sometimes classified as a class on its own under the phylum of hexapods.

SInvertebrate having jointed limbs and a segmented body with an exoskeleton made of chitin



point of view) and quite insignificant error margin, all species are insects [32]. Consequently
it follows that with a very crude approximation almost all species on the planet Earth have

antennae.

The popularity of this primarily sensory organ [7] is not without reason. The American
cockroaches (Periplaneta americana), for instance, make use of their antenna as tactile
feelers [38] and thus able to use the surrounding objects such as walls as navigational
guidance. Even if they are blinded, they execute this task so well that they can reach to
speeds up to 80cm/s (or about 25 body lengths/s) [25,27], which would be analogous to
a blind human running in a maze at around 100 mph just by using his arms to feel the
walls [5,25]. Such a performance is naturally a source inspiration for many robotic system

developers, including the author of this essay.

1.2 Earlier Related Work

Despite the extensive utilization of antennae in nature, development and implementation
of their mechatronic counterparts — although inspirational and encouraging — remains to
be a slow progressing endeavor. In 2001, Barnes et al. [3] described a bio-inspired lobster
robot antenna with three bending sensors embedded in a tapered structure (Figure 1.2).

Each bending sensor would activate when a set threshold curvature is passed due to an

Location of Bending Sensors

Flexible Circuit

Polyvinyl Chloride

Figure 1.2: The artificial antenna of Barnes, et al. The tapered structure decreases stiffness
towards the tip and each of the three bending sensors act as a switch depending upon
whether or not a local curvature threshold is passed (Image credit: [3]).

external load so that the deflections caused by fluid flow and object contact at the tip of



the antenna can be distinguished from each other by the robot. The tapered structure
considerably enhances the curvature distribution difference between the two cases which
greatly increases performance of the discrimination task [3]. Soon after in 2003, Cowan et
al. [8] presented an artificial antenna for facilitating the task of cockroach-like wall following

for Sprawlette®, a hexapedal running robot (Figure 1.3).

“ Sensorized,
compliant
P antenna

Hexapedal Running
R obot, S prawlette

Figure 1.3: top et Artificial antenna of Cowan, et al. attached to Sprawlette. top right The
varying resistances of the flex sensors allow the distance d and angle 6 to be estimated.
bottom Multiple exposures of the wall following Sprawlette on a treadmill (Image credit: [8]).

The antenna utilizes five slightly modified compliant flex sensors from Spectra Symbol” that
changes electrical resistance in proportion to strain, for the very large deflections that occur
when the antenna touches the wall. Then based on the resistance changes of the individual
sensors, the distance and angular orientation with respect to the wall can be inferred albeit
with a fairly large error margin, assuming the global concavity of the antenna is preserved
during operation [8]. This assumption is important since the flex sensor resistance would
increase in both concave and convex curvatures suggesting multiple antenna configurations
for a given sensor reading. This issue also provided important insight for the future antenna

designs and will be addressed later.

Shttp://www-cdr.stanford.edu/biomimetics/sprawlettes.html
"http://www.spectrasymbol.com/
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Beginning in 2004, further antenna prototypes were built, tested and employed in the “Loco-
motion In Mechanical & Biological Systems Laboratory” (LIMBS Lab)® at Johns Hopkins
University for some cockroach based wall following experiments [23, 24, 26, 27] which are

worth mentioning as part of the author’s motivation.

Kutcher in 2004 as part of his MSE thesis describes a single rigid link antenna with five
contact sensors located along the outside edge in order to implement a tactile mapping
algorithm via a wall following mobile robot [23]. The antenna is attached to the robot’s
chassis through a secondary fixed rigid link, which allows the antenna to detect the wall

within an interval defined at some distance in front of the robot (Figure 1.4). This so-called

Figure 1.4: ier. Antenna configuration designed and implemented by Brett Kutcher and
Owen Loh: Z, g, describe the position and orientation of the antenna coordinate system with
respect to the robot coordinate system. Link 1 and link 2 are connected by a rotational
joint located at the origin of the antenna coordinate system. This joint also contains a
potentiometer and a torsional spring damper. k = 1...5 represent the five touch sensors.
right Single link artificial antenna used for tactile mapping mounted on Garcia robot. (Image
credit: [23]).

“preview” or “look-ahead” distance is analogous to the “visual range” in sighted systems
and in principle allows the robot to know about the impending obstacle beforehand and
steer away. In this particular design the free joint is coupled with a potentiometer, which
permits the determination of the angle ¢ as a linear function of its measured resistance.
In the case of multiple contacts, the one with the lowest enumeration k£ was fed into the
controller [23]. The implementation is reported as successful with the acknowledgment of

some critical antenna shortcomings. Indeed the issues presented for this early prototype

Shttp://limbs.lcsr. jhu.edu/
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were very important in the design of the new antenna being discussed in this essay and will

be referenced again later.

In 2005, Lamperski et al. [24] introduced an improvement to the design of the antenna
with the purpose of implementing a new dynamic wall following controller to Garcia®, a
differential drive wheeled robot. The fabricated tactile antenna is a two rigid link, three
segment polycarbonate chain hinged on commercial potentiometers with a spring powered
cam mechanism providing stiffness to each joint [24]. The device encapsulates one wide
capacitive touch sensor per linkage such that any contact along a given segment will register
a touch [24]. Thus the contact location can be inferred within a one segment length. Unlike
the antenna used by Kutcher, this design allows other segments to be added to the chain

which incorporated the first modularity feature for a bio-inspired tactile antenna (Image

credit: [24]). During testing, the antenna caused several problems due to its rigidity and

Potentiometers

Figure 1.5: 1ett. Two linked sensorized antenna mounted on Garcia. miadle Assembled
model. rignt The antenna is assembled by sliding the links onto the potentiometer shafts
(some spacers and other minor parts are omitted from this figure for simplicity) [24]. The
base of each potentiometer is fixed to the center link [24] (Image credit: [24]).

hence a more flexible solution was suggested [24]. Further investigations and results will
be shown later in this essay regarding this suggestion. On the other hand Lamperski et
al. also ran numerical simulations of a planar n-link kinematic chain structure representing
the antenna coupled with the robot. In the simulation the parameters such as the number
of links, spring and damping constants, link masses and equilibrium configuration are kept
user settable for the purpose of forming hypotheses of which properties might be important

in the design of a real antenna.

9 http://www.acroname.com/robotics/parts/G0-GARCIA-CONFIG. html
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Sure enough, the work of Lamperski et al. greatly influenced our research. As the prospect
of rapid hypothesis verification on a real antenna is one of our main goals, the adjustable
parameters mentioned in the simulations actually formed the main design criteria of the

new antenna.

Two years later Lee et al. [26] published as part of their results a successful implementation
of a simple PD-control, an hypothesis partially shown to be the underlying control law for
cockroach wall following behavior, on the Garcia robot. Lee et al. utilized a continuously
flexible antenna which was designed and built by Owen Loh in 2005, similar in principle
but more involved in the mechanical design aspect than the antenna presented by Barnes
et al. in 2001 and Cowan et al. in 2003. Namely the antenna is comprised of an array of
shortened flex sensors'®, which provide local curvature information based on the resistance

variations due to deflection, attached on a pliable substrate (Figure 1.6).

N[ [ ) o o 0

Figure 1.6: 1ert. The pre-bent, continuously flexible Antenna designed by Loh and utilized
by Lee et al. right The summary of the antenna’s assembly stages (Image credit: [26]).

Bio-inspired by the arthropod antenna physiology, this core disposition is embedded in a
tapered, flexible superstructure composed of a Tygon'! rubber tube shell, and a cast ure-
thane mantle to accommodate decreasing stiffness [26], a property also featured by Barnes
et al.. What was quite novel in this antenna was the first time deployment of a permanent
pre-bent tip section. This pre-curvature guarantees the preservation of the global concavity
of the antenna during wall following and thus exhibits one solution the issue mentioned in
2003 Cowan et al. paper due to the unidirectional nature of the flex sensors. A large section

of the flagellum toward the base is stiffened by an external support structure and clamped

10 Abrams Gentile 4” Flex Sensors
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at a fixed angle to the robot in order to facilitate a more consistent “preview distance”, also

demonstrated by Kutcher [23].

Although research on creating artificial antennae is limited, from a mechanical engineer-
ing point of view, those previous works provide invaluable insight for determining all the
considerations that should be factored into the design constraints. Yet just concentrating
on fixing the issues that arose in earlier prototypes is not a healthy engineering design ap-
proach in accomplishing a research goal. It is therefore imperative to investigate the topic

of “Antennal Tactile Sensing” in general before a final design criteria list can be formed.



Chapter 2

Antennal Tactile Sensing

2.1 Biological Antennae

2.1.1 At a Glance

As we mentioned earlier, antennae are mostly utilized by insects and therefore it is proper to
explain the function and morphology of antennae based on insects. The origins of antennae
on insects can be interpreted either as modified appendages which is homologous with
mouth parts and thoracic legs or as sensory structures associated by the presegmental part
of the body, analogous with tentacles on the heads of certain worms [17]. Antennae occur
in many different forms but all are composed of three principal units from base to apex:

scape, pedicel and flagellum (Figure 2.1).

The scape is inserted into a membranous socket of the head wall and pivoted on a single
marginal point called the antennifier [7] acting like a ball joint and facilitates basal antenna
rotations in all directions. The pedicel is typically a small joint containing the Johnston’s
organ, which is a specialized cell group designed to detect deformations [17], mechanical
oscillations and stresses [44] in the cuticle!. This constrained double joint (scape and
pedicel) is moved by levator-depressor and flexor-extensor muscle pairs actuating the scape

and pedicel respectively [7,44](Figure 2.2).

Lcarapace: hard outer covering or case of certain organisms such as arthropods and turtles
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Figure 2.1: Different antenna forms in different insects (Image credit: [7]).

The flagellum is variable in length and shape and further divided into many similar subseg-
ments called annulus or flagellomere [17]. These annuli forming the flagellum are connected
to each other by soft membranes such that the entire superstructure is flexible [7]. In some

hexapods? there is additional intrinsic musculature between each unit of flagellum providing

actuation and hence regarded as segments, not annuli [7,44] (Figure 2.2).

pedicel flagellum

ﬂagr—iillum l scape

extensor
muscle

annuli
flexor levatar
muscle

muscles

intrinsic muscles
of flagellar
segments

flexor
muscles

depressor
muscle

levator
muscle

Figure 2.2: 1ese Typical insect annulated antenna. Note that there are no muscles in the
flagellum rendering it completely passive. rignt Segmented antenna of a non-insect hexapod.
The flagellum can be actuated by means of intersegmental muscles.(Image credit: [7])

2Collembola (springtails) and Diplura (two-pronged bristletails)
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Yet as the segmented antennae are not really anent to the focus of our research, they will
not be further mentioned and the segment nomenclature will be used throughout this essay
to refer to individual flagellum units. An important note for the annulated antennae is the
fact that all the nerves traversing the flagellum are entirely sensory and not motor [17].
These nerves are connected to minute sensory structures (sensilla), which depending on
their number, diversity and density dictate the overall shape and function of the antenna
itself [7,44]. Correspondingly, the mechanical properties of the flagellum in the global
sense tends to favor the function, especially the mass and stiffness profiles. For instance
applying a preset force to a locust flagellum will cause different amounts of bending for
different directions [47]. This directionality is set in such a way that air drag cannot bend
the flagellum easily backwards during flight. Non-uniform stiffness profiles are also utilized
for example by the crayfish [3], Cherax destructor where their flagellum consist of 220-250
tapered segments [41]. This tapering differs among species but usually the function is to
allow the distal tip of the antenna to deflect more easily than the proximal end. Besides,
the cross-sectional shape of the flagellum is also a natural parameter that can introduce
directionality to the stiffness of the antenna. If the cross-sectional area is an ellipse like
that of the crayfish, then the deflections with the least mechanical resistance will occur

around an axis that is parallel to the major semi-axis and visa versa.

One of the antennal roles that favors tapered very long antennae is the tactile feeler role [25]
which is for example present in the cockroach. The extended length of the antenna not
only allows a large number of mechanosensors [7] to be packed but also provides extreme
compliance to the flagellum for this role. This also constitutes the most interesting antenna
function from a robotics and mechanical engineering point of view as the complex mechanics
of the flagellum directly affects the locomotion of the cockroach and thus will be further

investigated in the next subsection.

2.1.2 Cockroach Antennae and Tactile Sensing

The cockroach, Periplaneta americana (The American Cockroach), is used widespread in

behavioral and physiological studies. The natural outcome of this popularity is the well
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documentation of this species in many aspects. Adding the fact that the overall structure
and the growth characteristics of the Periplaneta antenna is similar to the other cockroach
species [42], the antennal attributes of the American Cockroach is reviewed in this section

as a representative.

Like other insects, the cockroach has the fundamental antenna structure composed of the
scape and pedicel forming the double jointed base actuation mechanism and a distal, fili-

form?, passive, multi-segmented, haired flagellum.

The scape has two rotational degrees of freedom, allowing the flagellum to be swept over
both vertical and horizontal [38] planes, whereas the pedicel has only one rotational degree

of freedom providing extra flagellum flexibility in the vertical [37,38] direction (Figure 2.3).

Figure 2.3: Surface view of antennae of P. americana. The scape actively moves both
horizontally and vertically (see white arrows), while the pedicel move only vertically. Scale:
2mm [37,38](Image credit: [38]).

The approximately 50 mm long flagellum of an adult P. americana consist of 150-170 seg-
ments (Figure 2.4), innervated by various chemo-, hygro-, thermo-, and mechanorecep-

tors [45] (Table 2.1).

Here, out of these diverse sensors, the thick-walled mechanosensory hairs (S. Chaetica B),
which are triggered by external contacts, are of our main interest not only due to their
obvious contribution to the tactile perception but also due to their potential effects to the

overall mechanical behavior of the flagellum during sensing. This particular type of hair-like

3Thread-like or hair-like. Composed of a series of cylindrical or flattened segments. Examples are
cockroaches, crickets, grasshoppers, true bugs, bark lice [6]
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Figure 2.4: Scanning Electron Microscope view of the of a partial P. americana flagellum.
The segmented structure of the flagellum, which for an adult P. americana is composed of

150-170 segments, is clearly visible. (Image credit: [36]).

( (b) Low and high magnification scanning electron micro-
scope view of an adult male middle flagellar segment of

Cockroach antenna, (x240 magnifica-
tion) (Image credit: [42]). American Cockroach antenna (Image credit: [45]).
Thick-walled contact

Figure 2.5: Flagellar segment of American Cockroach antenna.
chemoreceptors (sensilla Chaetica B) and thin-walled olfactory sensilla (sensilla trichodea)

cover the segment [42].
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contact sensor occurs on all segments (concentrated in the middle third of the flagellum [43])
and arranged around the entire circumference of the Periplaneta antenna (about 6500 per

flagellum) [42] (Figure 2.5a, Figure 2.5b).

Mechanically, each sensillum itself is a long, tapering, highly grooved shaft between 35 um to 250 um
in length mounted in a flexible circular socket with 10 um to 25 pm in diameter. The shaft
of the sensillum is always slanted distally and the tip of the shaft is curved outward [42](Fig-

ure 2.6). They are known the be the longest and most rigid hairs on the entire antenna [45].

Figure 2.6: iert Base of sensillum chaeticum B, (x2400 magnification). The insertion area of
the base of the hair is wide, allowing basal shaft movements over a range of 35° to 250°. The
fluted character of the contact sensor hair is also apparent.rignt The tapered structure of the
distal tips of contact hairs (sensilla chaetica B), (x8000 magnification)(Image credit: [42]).

Another pertinent tactile sensorial element in the flagellum is the tiny (2 um) pea shaped

marginal sensillum (Figure 2.7).

Figure 2.7: Scanning Electron Microscope view of the Marginal Sensillum of P. ameri-
cana. It is believed to detect movements between consecutive antenna segments, (x10000
magnification)(Image credit: [42]).

Even though there is not a solid evidence regarding their exact function, these sensilla
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are believed to detect movements of the antennal segments with respect to each other.
The reasoning comes from the fact that marginal sensilla are located at the distal edges
of every other flagellar segment [45], in other words very close to the flexible cuticle of
joints between segments [42]. This suggestion is important since all the earlier and current
artificial antennae adaptations so far require this related intersegmental curvature bending

or angular orientation information to execute wall following.

In its entirety, the flagellum of the American cockroach has a tapered structure, shrinking
in diameter towards the distal end, which can even be noticed under a magnifying glass
(Figure 2.7). This suggest a decreasing stiffness like the crayfish and conforms to the early
bioinspired artificial antennae mentioned earlier that use a tapered disposition to improve

antenna behavior during wall following.

Figure 2.8: Macro view of the P. americana flagellum. The tapered structure is clearly
visible (Image credit: [21]).

The biological antenna can be truly inspiring for the realization of their artificial counter-
parts as they are the living proofs for the effectiveness of the underlying design features for
antennal tactile sensing. In this sense the research so far is convincing enough for us to con-
clude that cockroaches can sense both the configuration of their antenna and the position
of a contact along their flagellum. Furthermore we know that the former is sensed through
sensors in between the individual segments and the latter through hair-like distally pointed
contact receptors. There are other mechanical and neural features [36, 50] of the antenna
which contribute to tactile sensing but unfortunately, we can only employ a fraction of the

intricate biological design concepts towards the development of the tactile antenna due to
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several reasons which will be discussed in the next chapter. But first it is more appropriate
to review the technology and methods devised or suggested for tactile sensing to assess the
components and tools available for the artificial antenna development. Thus the following
section, combined with concepts employed by nature and the experience gained from the

early tactile antennae should provide all the constraints and criteria for a solid design.

2.2 Tactile Sensing Technology

The definition of tactile sensing does not change from biology to technology: measuring
properties of an object through contact. In the robotics context, the sensed properties of
the object are also needed to be interpreted to execute manipulative tasks, at which tactile

sensing becomes tactile perception, just as it occurs in animals.

Artificial tactile sensing and perception in general were slow progressing and sometimes
regarded as neglected [29] fields compared to optical sensing and computer vision, which
have reached a level of maturity whereby now commercial hardware and software packages
are widely available [28]. This may be the case since tactile sensing does not have localized
sensory organ like the eye or ear that is solely based on a single sensing modality. On the
other hand the tactile organs like the skin or — in our case — the antenna, are in essence
substrates or platforms for various diffused single-modal receptors that are all triggered by
touch but measure different object properties. Lee et al. in his review published ten years
ago reports many other legitimate and conceivable reasons and further quantifies the tactile

research activities based on their applications and types* in a decade-by-decade basis.

Tactile sensing should be considered as a blanket term that has as many categories as
the different properties that can be measured via physical contact. This includes all the
different modes of touch, like single-continuous contacts to measure temperatures or point
forces, single-repeated impacts to measure impulses, double contacts to measure point-to-

point distances, or 2D array-like contacts to measure heat transfer rate, pressure etc. Except

4Such as sensor and transduction technology, tactile image processing, shape recognition (especially
curvature), active and architectures and integration.
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for the simple binary detection of the existence of touch, any tactile sensor has to utilize
the mechanical contact to induce a detectable signal. The instrument of the sensor that
achieves this mechanical to electrical translation are called tactile sensory transducers. It is
the knowledge of the mathematical relationship from the transducer output to the desired

physical quantity that turns a sensory transducer into a true sensor.

There are many transducer technologies currently available for various tactile applications.
Common tactile transducers exploit the changes in properties like resistance, conductance,
capacitance, piezoelectric, pyroelectric, magnetoelectric, mechanical, optical, or ultrasonic.
Nicholls et al. [35] presents a comprehensive survey about the underlying methods of differ-
ent transducer technologies. The important point about those devices is that most of them
are focused on characterizing the direction and magnitude of forces that act on the sensitive
surface. A typical device consists of a surface pad with a linear or rectangular array of scalar
valued sensing points [28]. Today, these single-modal sensors can be manufactured in very
small very scales, deposited on deformable surfaces and sold commercially . However, these
force measuring sensors are not appropriate or necessary for the tactile antennae which will
be addressed later. But in short we can infer that the technology mostly inspired from
relatively smooth skin whereas the densely quasi-stiff haired cockroach like sensing is rarely

developed.

2.3 Artificial Antennal Sensing and Perception

2.3.1 Classifying Antennae

If the tactile sensing technologies are to be considered as slow progressing, antennal artificial
tactile sensing should be considered as almost non-existent. Indeed except the earlier related
work described in the previous chapter, there are no published implementations regarding
to this technology. This apparent immaturity combined with the currently emerging de-
signs and the promising future applications call for a standard definition and appropriate

classification of the artificial antennae under the major field of robotics.

Se.g. http://www.pressureprofile.com/
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The need for classification comes from an antenna’s confusing multi-sensor-modality which
is convoluted with its mechanical disposition. For now we can think of the case with
purely sensorial deployment — as some biological antennae have direct manipulative or
locomotive uses [13] — of an ideal antenna which does not manipulate its surroundings but
rather gathers different kinds information about the environment it touches. In this broad
sense the artificial antenna should be considered in engineering terms as a “multi-modal
tactile sensor array”. However this definition is more appropriate for the skin rather than
the antenna, since it lacks the emphasis of the underlying structural mechanics. Indeed
different from the skin, the antenna encompasses the superstructure, which accommodates
all the individual tactile sensors, and also additional sensors that measure properties that
are relevant in perceiving the overall antenna shape. For the skin this emphasis is not
necessary because as a very flexible 2D sensor array, it will inherit whatever special rigid

body mechanics it envelopes.

In biology, at the sensory level, the antennal output from each individual tactile and pro-
prioceptive® sensors are independent. For instance humans can feel the orientation of their
limbs even if there is no external tactile stimulation. This should be the case for cock-
roaches as the gravitational force or natural oscillations should trigger the intersegmental
proprioceptive sensors even if the tactile hairs are not activated. This independence ends in
the brain, where the information regarding the configuration of the antennal superstructure
is coupled with the readings of the receptors at the tactile perception context [36]. That is
why the classification of the antenna should entail not only the sensory features with the

passive flagellum kinematics but also the tactile perception aspect.

Unfortunately, this taxonomical attempt is not trivial since as directly stated by Lee et
al. [28,29] and Nicholls et al. [35], the area of tactile sensing itself is not matured yet. This
apparently lead to some inconsistent or, more accurately, non-standardized usage of even the
most basic terminology throughout the literatures of neuroscience, cognitive psychology (or
cognitive science), philosophy of perception, electronics, haptics, mechanical engineering

etc. For example it is reported that the Robotics Institute of America considers tactile

5The ability to sense the position, location, orientation and movement of the body and its parts
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sensing and touch sensing in two separate categories in which tactile sensing is defined as
“The continuous monitoring of forces in an array” and touch sensing as “sensing of force
at one or just a few points” [35]. This would not be true for haptics, since it refers touch
sensing not as a separate but as a subcategory of tactile sensing. On the other hand in
biology, touch or tactile sensing hardly is constrained with just the measurement of force.
In short, a self-contained framework that can accurately classify the modality of the antenna

as a whole is necessary.

A good way of approaching this issue is to think of antennae as limbs like fingers or arms in
humans but passive at the same time. The reason is that in the human domain, the coupling
between the proprioceptive and exteroceptive’ sensors is literature-wise already established
and studied under the area of haptics. In that sense, the multi-segmented antennae in
insects can be said to resemble human fingers (motor wise paralyzed of course) where
both proprioception and exteroception is utilized. As a relevant course project, a haptic
device that externally actuates the human middle-finger in a master-slave, position-exchange
teleoperation paradigm was built by the author to test the feasibility and performance of
a purely tactile feedback remote control loop for mobile robots with antennae [12]. On the
host side, a two segmented antenna was externally bent, which actuated the user’s finger at
the client side without giving a initial clue about the antenna configuration. The relevant
result for this section’s context was that anecdotally all test users were able to sense the
configuration of the remote antenna without looking at their fingers or to the antenna.
This suggest that even if the finger is treated as a passive appendage like an antenna, the
proprioception remains intact. With this justification, we classify antennae using the tactile

perception terminology of haptics.

In order to label the perceptive component of antennae, we use the classification framework
presented by Loomis et al. [30], which not only explicitly redefines all the relevant termi-
nology but also successfully organizes the concept of tactile perception into different groups

called tactual modes Table 2.2.

"(also termed superficial sensation): receptors in skin and mucous membranes that facilitate tactile or
touch along with pain and temperature sensations. [4]
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Type of Information Label of
Available to Observer Tactual Mode

1. Cutaneous information  Tactile perception
No 2. Afferent kinesthesis Passive kinesthetic perception
Control 3. Cutaneous information  Passive haptic perception
plus afferent kinesthesis

4. Afferent kinesthesis Active kinesthetic perception
plus efference copy
Control 5. Cutaneous information  Active haptic perception
plus afferent kinesthesis
plus efference copy

Table 2.2: Classification of Tactual Modes. Reproduced from Loomis et al. 1986

To complement Table 2.2, the relevant haptic terminology will be also briefly defined ac-

cording to Loomis et al.

Cutaneous Perception Exteroceptive sensations stimulated by all the tactile sensors con-

vey the touched object properties.

Kinesthetic Perception Proprioceptive sensations such as the resistances to limb (seg-
ment) movement convey all the essential spatial information for a given task [30].
The contribution from cutaneous contribution — if there is any — is to indicate the

existence of contact without any measured property.

Haptic Perception The information conveyed by both cutaneous sense and kinesthesis

about distal objects and events [30].

Active Touch Subject controls the pickup of information by the way of efferent commands

issued to the muscles used in touching [30].

Passive Touch Subject does not control the way the tactile information is picked up. The

environment governs how and when the contact events occur.

As this framework groups perception based on the tactual modes, it will be appropriate
to classify the biological antenna as a tactual limb and artificial antenna as tactual device.
Now within this main class, for example artificial fingers can be categorized as devices facili-

tating active haptic perception, or manipulator arms as devices facilitating active kinesthetic
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perception. As we have now reestablished the tactile perception framework in general, the

product we have been referring so far as “tactile antenna” can be defined.

2.3.2 What is an artificial “tactile” antenna?

Considering all the arguments discussed so far, we define an artificial tactile antenna as a
cantilever, slender-cored, multi-sensored, biologically inspired flexible tactual device facili-

tating passive haptic perception. Such a device has the following characteristics:
e Acquires information from the environment through physical contact.

e Acquires some level of information about its shape regardless of a presence of contact.

Is flexible or pliable at least at one point.

Accommodates the more than one sensor along its length.

e May or may not have basal actuation and sensing.

Antennae vs Whiskers

This definition distinguishes artificial antennae from the other tactual devices like artificial
skin — classified as antennae only if the enveloped rigid body is a slender-cored, passive
and flexible rigid body — or whiskers, in which the sensing is purely done at the mounting

base.

Ueno et al. [48] in their paper describe such an implementation where the insensitive flexible
beam is coupled with a torque sensor and a joint angular position. The artificial whisker
can detect the position of a contact along the beam by reading the torque values at the
base while repeatedly contacting the object in an oscillatory fashion. Kaneko et al. [20] also
describe a whisker design where the contact location is sensed by continually exerting a force
on the object and measuring rotational compliance at the base. There is proportionality
between the contact distance along the beam assuming there is no lateral slip. The former

design is depicted as an dynamic antenna and the latter is as an active antenna. It can
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be speculated that the antenna categorization is chosen to emphasize the capability of
contact position sensing as contact sensing is a functional requirement for both biological
and artificial antenna, but since the device is not sensorized along its length, they perhaps

should not be called antennae but rather whiskers.

R

ARISTATE LAMELLATE SERRATE FLABELLATE MONILIFORM
GENICULATE PLUMOSE PECTINATE
SETACEOUS STYLATE CLAVATE

Figure 2.9: Different types of antennae in nature (Image credit: [46], Copyright(©2007 L.
Shyamal).

There may be other examples like whiskers vs antenna, where a distinction is perhaps not
as easy to make. Even though it is impossible to think off all the cases that may soften the
definition of tactile antennae, a potential case might be with the relativity associated with
slenderness or pliability. In such scenarios one must look at the context and decide if it is

classifiable as an antenna.

In Figure 2.10 we provide a conceptual template on which possible antennal features can be
combined. We think of a tactile antenna as a flexible, slender, possibly branching, structure.
This structure is populated by sensory receptors, joints, and possibly branches. The allows
for fairly complex tactile antenna morphologies, as can be the case in nature (see Figure 2.9).

A formal set of design criteria for tactile antennae will be provided in Chapter 3.
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Figure 2.10: Features that do not violate the definition of being an antenna.
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2.3.3 Sensing curvature

In order to sense curvature, we need a physical property, whose quantity would change
monotonically and without hysteresis depending on the relative orientation of two seg-
ments. In the case of a continuously bending platform, the physical property should change

proportional to deflection. There are a couple ways to achieve curvature sensing;:

Use direct flex sensors as utilized by Barnes et al. [3] and Cowan et al. [3]. The flex
sensors change their resistance proportional to bending which can be measured via the

corresponding change in the applied voltage to the sensor.

Fiberoptic cables can be used in a few ways to detect bending. For example the fiber
Bragg grating (FBG) method takes advantage of the phase shift of the reflected light in the
cable. The change in light intensity change can also be measured due bending under some
particular optical arrangements [9,35]. There are also other novel methods for quantifying

bending using fiber optic cables. One of such a method was presented by Gauthier et al. [16].
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As bending of an elastic material will cause lateral tension and compression on the outer
and inner surfaces respectively, a stretch sensor can be used to detect bending. A product

is also available commercially®

2.3.4 Contact Sensing

As far as the electronics and circuitry of the contact sensors are concerned, we have two
possible directions: the sensor either returns a binary response or an analog response. A
binary sensor design would simply provide the information of whether or not an object is
touching the sensor. An analog sensor would in addition provide details about the strength
and perhaps the direction of the contact. Examples to the binary sensors are basically all

detector, lever or tactile switches that are widely available commercially.

Shttp://www.imagesco.com/sensors/stretch-sensor.html
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Chapter 3

Antenna Design

This chapter is organized based on a standard mechanics based design methodology.

3.1 General Statement of Goal

The goal of the work presented in this essay was to design, fabricate, test and deliver
a prototype artificial arthropod antenna. The design improves upon earlier designs by
conforming to the definition of a tactile antenna described in Chapter 2, specifically by
integrating contact sensors along its length. The antenna will ultimately be attached to
small (0.2m to 0.5 m long), wheeled or legged mobile robots and will regularly make contact

with objects.

3.2 Intended Market

Academic, commercial and military markets may exist for tactile antennae. Academic re-
search in particular can utilize this design for testing hypotheses in their field. This includes
research on bio-inspired robotics, tactile sensing and control, general biological antennae and
antenna-mediated behavioral tasks. Tactile antennae can be used directly as navigation sen-

sors for mobile robots facilitating tasks such as obstacle-avoidance, wall following or object
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tracking. They can complement existing sensors by providing tactile information regarding
an object. Potentially high resolution tactile mapping in dark environments can also be
performed. Thus institutions or companies investigating ocean-floor, space or other geo-
exploration as well as agencies interested in search and rescue, reconnaissance, fire-fighting,
path-finding can benefit from the design. However the technology readiness level! of this

product is not yet suitable for a commercial launch.

3.3 Design Constraints and Requirements

The following list contains the constraints imposed by the current state of the art, availabil-
ity of components, physical demands, safety regulations, average host platform characteris-
tics and of course the very definition of tactile antennae. The constraints and requirements
stated in this list carve out the design space such that all innovative approaches or consid-

erations towards the goal cannot violate the design criteria:
e The end design should be classifiable as a valid tactile antenna (See §2.3.2).

e The antenna measurements should be accurate enough to facilitate wall following on

Garcia.

e The antenna should either carry its own energy source or work with a standard
3.3V to 5V I/O port output. For Garcia, the electrical demand of the antenna should

not exceed 7.2 Volt at 1A.

e The antenna has to be mountable to the host platform. As there is no standard for

achieving this constraint, a per-host base mounting piece should be provided.

e The antenna should represent a minimal dynamic load relative to the host robot’s

payload capacity.

e The antenna should be able to electronically interface with the host platform. Garcia

has 2 free I2C connections and an extra serial port for communication.

!Technology Readiness Level (TRL) is a measure to assess the maturity of evolving technologies prior to
incorporating that technology into a system or subsystem. See Appendix K
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e The antenna should be durable enough to withstand:
— vibrations caused by the robot during operation
— withstand repeated impacts at up to 0.5m/s with the hard surroundings
— withstand wear caused by the prolonged frictions during wall following

e The components of the antenna should be either purchasable from a valid third-party
vendor or easily producible with the tools and services available to the Whiting School

of Engineering

e The cost associated with the design should not exceed the budget limits reserved for

the project ($10,000)

e The antenna design and the deliverable should conform with the university safety and

legal regulations.

3.4 Engineering Design Criteria

This section specifies a set of standards or categories that the antenna design should both
conform and improve upon. It also provides specific benchmark points against which the

antenna design can be gauged:

e Antennal structure

Memory of flexible structure

Bending and/or Strain Measurement

Contact Detection and Location

Base actuation

Sensor interfacing

The criteria list above only encompasses the antenna superstructure and the overall func-

tionality in general. Yet we know that the antenna itself is also composed of many different
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tactile sensors. Harmon [18], after a comprehensive survey conducted through question-
naires with industrial manufacturers, research consultants, industrial, private and govern-
ment researchers, determined the criteria for a good tactile sensor. In fact this survey work
is reported to be a widely cited source for justifying the designs of many tactile sensors [35].
Hence we decided to incorporate the Harmon design criteria as a supplementary list to be
able to classify our design as a good or bad tactual device. Nicholls et al. [35] summarized

the Harmon design criteria in a list format which is quoted below verbatim:
1. The sensor surface should be both compliant and durable.
2. Spatial resolution should be 1 mm—2mm.
3. A range of 50-200 tactile elements (in a 2-D array form) is acceptable.
4. The sensor should be able to detect as small as 5g. (0.049N), ideally 1g (0.0098N).
5. A dynamic range of 1000:1 is satisfactory.
6. The sensor must be stable, repeatable and without hysteresis.
7. The response must be monotonic, though not necessarily linear.
8. The temporal resolution for the sensor should be at least 100 Hz.

Again, the numbers presented here are just values for benchmarking purposes. This is
because by definition, a criterion should only entail the standard or category at which the
design will be judged on. Also, note that this list was designed in relation to 2D tactile
arrays but can be adopted to 1D tactile antennae Thus beside those numbers, which are just

suggested values based on Harmon’s survey, we should look the underlying design criteria:

e Compliance and durability

Spatial resolution

Sensor spatial density

Contact detection threshold

Output resolution
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e Stability, repeatability and hysteresis
e Monoticity

Considering those design criteria and having the early design works in mind, we started to

conceptualize the final design features.

3.5 Evolution of Design

3.5.1 Brainstorming

A brainstorming session with several members of the LIMBS Lab was conducted before
the development of the new antenna in order consider all the potential methods. Various
different ideas were collected to achieve most of the standards given by the design criteria
at least in some level of success. The compilation summary of the ideas are given in 3.1.

The brainstorming session resulted in the settlement of the following design features:

e Structure: A multi-segmented antenna will be built with identical units that have

some flexibility between the segments.

e Structural memory: A super-elastic shape-memory-alloy backbone will restore the

natural angle of the antenna (although shape-memory properties will not be used).

e Bending: Strain gauges will provide both flexibility between joints and give angle

measurements (ultimately modified to be Hall-effect sensors).
e Contact Location: Small switches will to be the contact detecting components.
e Base actuation: Considered to be a low priority feature.
e Interface: An I2C bus will be utilized to integrate all segments.

In the next subsection the different prototypes and proofs of concepts, which eventually

lead to the final conceptualization of the current design, will be presented.
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3.5.2 Evolution

The starting point of the evolution period was actually the outcome of this brainstorming
session. The first proof of concept that had to be verified was the I?C bus communication.
Thus a mock antenna with three segments featuring main electrical components was build on
a single prototyping board, which incorporated a flex sensor, various different small switches
and an ISP programming port (Figure 3.1). We selected three different microcontrollers
(P8ILPCI25, PRILPCI35 and P8ILPCI38) from Phillips Semiconductors. All of them
had I?C support but their ADC characteristics were different. Among those, we chose
P89ILPCI38 for its 10bit ADC capacity.

This proof of concept platform actually constituted the LIMBS Lab’s first of the third
generation antennae. The first and second generation antennae were previously presented

by Brett Kutcher, Lamperski et al. and Lee et al.

S = s e~~~ — —— —~

Flex Sensor

Figure 3.1: The earliest proof of concept platform for the new antenna.

As the next logical step, we wanted to implemented the same design around a flex sensor.
So a much smaller surface mount (TSSOP) version package was ordered for PS9LPC938.
As we did not want to invest in custom PCB’s at the time, we ordered an off-the-shelf
break-away circuit board, on which we could solder the chip. The proof of concept we tried
(Figure 3.2) to test was the interconnection of the individual segments on a mostly flexible

surface, but the interconnection test quickly evolved into the integration of modularity to
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antennae.

The idea behind modularity is that each segment can be powered up stand alone and can
provide angle information without requiring other. They can be taken out from the antenna
chain and put on another place on the antenna. Another design goal for this next step was
to reduce the length of the rigid section of the segment as much as possible. This would
allow the length of the antenna to be assumed entirely flexible as the flex sensor to make

dynamical analyses simpler.

Figure 3.2: The next step in evolution. Modularity and embedded computing on an antenna
superstructure was tested first time.

A more involved design approach was taken for the fabrication of the next prototype (Fig-
ure 3.3), which incorporated a design of a double-sided printed circuit board. The top side
contained the microcontroller, RS-232 service port and a sensitivity potentiometer for the
flex sensor. This design incorporated the usage of the flat flex coupling for the first time,
but the modularity was sacrificed. That is, the coupling cable had to be soldered to the
holes on both segments in order to maintain a connection with the subsequent segment.
The main salient feature of this prototype was the embedded touch sensors on the back
side of the PCB, which could be attached with hairs as well as depicted in the CAD model

given in (Figure 3.4a)

This design highlighted an issue with regards to the touch sensors. Since the contact sensors
could only be placed on the PCB’s, the flexible section of the antenna would not be able
to detect contacts. The relatively long nature of the flex sensor also made the detection of
the bending location harder. This is intuitive since a long flexible material like a flex sensor

can bend at different locations and still output the same voltage (Figure 3.4b). At the end,
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Figure 3.3: The third iteration in antenna design. This is the first antenna design with a
custom PCB and touch sensor incorporation.

those problems lead us to consider a major revision of the design, in which the solid-flexible-
solid-flexible biperiodic structure paradigm was abandoned. Instead, we adopted a simpler
rigid serial link structure, which is not only the morphology of insect antennae but also is

easier to analyze from a robotics point of view.

The next antenna prototype thus took a completely different approach for detecting angles.
The simple series of rigid link structure limited the possible places where bending can occur
to a single point per link. This new configuration lead us into more thinking to evaluate
if there are more accurate ways of measuring rotations. At the end, the Hall-effect sensor
solution was reached and implemented. This final iteration before the current antenna also
featured modularity, a replaceable NiTi backbone for varying stiffness and contact hairs
on touch switches at the same time (Figure 3.5). The segmental superstructure which
carries the bearing and the electrical connectors was made of acrylic and the rest was
accommodated by two PCB boards that are perpendicular to each other. The vertical
board holds the five contact sensors and the horizontal one holds the rest of the electronics.
The orthogonal orientation of two PCB’s allowed the hall effect sensor to be in the correct
orientation (horizontal) while also facilitating a good posture for the touch sensors to make
contact with a wall. Hence, this antenna also takes advantage off the orthogonally oriented

PCB’s in the electronics sub-assembly. The microcontroller used for embedded computing
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Exploded view of one segment

Plastic Hair
Detector Switch
/ (contact sensor)
. I
Pull-down N Printed Circuit Board

39x12.5mm
Resistor \‘ (3% )
—— Service Port

Bend Sensor
yj \ ~— Segmnt Comm. Bus
(120

Bend Sensitivity pjicrocontroller
Potentiometer

Ro

(a) The exploded view of the first antenna with touch sensors.

Garcia

Possible Bending
Locations

(b) The segments are integrated in an an-
tenna form.

Figure 3.4: Figure depicts how this antenna version cannot detect contacts at the flexible
section. Also it shows that a single flex sensor can bend in different locations.
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was still the legacy P8ILPCI38 from the earlier designs but the packaging type changed
from a rectangular TSSOP into a 6 mm square HVQFN. This choice of form factor carried

to the current design as well.

Bearing with a
diametrically magnetized magnet
NiTi

Inter-segment
= backbone

connector
Contact hair

Touch sensor

Hall-effect sensor

Figure 3.5: The fourth iteration of the tactile antenna. This version incorporated haired
touch sensors, flexibility via NiTi, Angle sensing via Hall-effect sensors and modularity.

The modularity was achieved through electrical snap-on connectors (Figure 3.6b), which
made connecting and disconnecting of the individual segments easy. On the other hand
it also introduced a sagging problem, where the tip of the antenna would get closer to
the ground after being attached as a cantilever. The reason for the sagging was that the
electrical connectors were not strong enough to hold the added segments after a certain
threshold. This is due to the increasing moment arm and weight of the each added segment
(Figure 3.6a). The sagging could be fixed to a certain degree using the NiTi backbone,
affixed to the segments in tension. This problem influenced the design of the current antenna

greatly.

3.6 Final Design

3.6.1 Overview

Our final design follows the rigid body chain approach utilized by Kutcher [23], Lamperski
et al. [24] and the previous antenna iteration. Each link has an identical length of 40 mm and
can rotate about the subsequent joint from —90° to 90° (Figure 3.7a — 3.7b). The angle
between adjacent segments is measured by a Hall-effect rotary position sensor chip. The

Hall-effect chip sends the angle values through a built-in 12-bit digital to analog converter,
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(a) Modularity of the segments allow them to be con- (b) This antenna version has a sagging problem

nected in one action. in which the free end of the antenna is pulled
down. The tip point in this picture actually
touches the ground.

Figure 3.6: The fourth iteration of the tactile antenna.

(a) Angular motion limit at —90° (b) Angular motion limit at 90°

Figure 3.7: Angular motion range of a segment.
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which is then sampled again by the segment’s main microcontroller through a built-in 10-bit
analog to digital converter. The firmware currently in place encodes this information into
a 2 byte data structure where the least significant 4-bit of the second byte is reserved for
touch sensors. This 2 byte data is sent via a standard I?C protocol to the host computer
whenever such request is made. I2C is a two-line bus consisting of clock and data. There
is a single I?C bus that connects all segments and the host robot computer. The master
of the devices is the the robot host which issues a “read segment” command to a specific
segment rather than the whole antenna. The addressed particular segment then transmits
the 2 byte angle and touch information. Each segment has two touch sensors on both sides,
which are activated by contact. For detailed CAD drawings, please refer to Appendix B.
Next section covers these and other design features of the antenna in more detail. The
binary approach was considered simply because it was less complicated to design, test and
accommodate; In particular no additional analog to digital converters would be necessary,
and simpler structural designs would be possible. The binary approach basically suggested
a mechanical switch that would open or close an electrical circuit in case of an external
contact. The information should be then passed to one of the inputs of the microcontroller

to be interpreted.

3.7 Design Features

3.7.1 Embedded computing

Each segment contains an NXP Semiconductors PSILPC938 8-bit microcontroller with an
accelerated two-clock 80C51 core and a 8kB byte-erasable Flash memory. A 20mA current
at 3.3V can be supplied through the I/O pins. The microcontroller possesses a 10-bit analog
to digital converter Except multiplication and division, all instructions take from 111ns to

222ns to execute.
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3.7.2 I’C communication backbone

One problem associated with the flexible antennae comprising of many flex sensors is the
amount of cabling required (Figure 3.8). The problem was predominantly exhibited in the
flexible urethane antennae designed and built by Owen Loh as they accommodated many
bend sensors. The solution was proposed in the brainstorming session mentioned in the
Evolution section, namely, the utilization of a two-line bus like I2C. In the case of I2C,
these lines are clock and data. The clock synchronizes the devices on the bus, whereas the
data line carries the actual data. There is a lot of information available on I2C but the
details of the bus itself is outside of the scope of this essay. What is important is that using
a bus architecture not only eliminates the cable problem but also allows other devices to
be added more easily. However the I?C cannot handle an infinite number of devices so it is

helpful to briefly mention the addressing system and the associated limits of an I2C bus.

Figure 3.8: Using a bus architecture prevents the accumulation of wires as new sensors are
added. This is the base connection of an antenna with a series of flex sensors.

Each I2C device has 2 consecutive 8-bit addresses e.g (0 x 03 and 0 x 04). The most
significant 7-bits define the general address and the 8 bit defines the write or the read
task. Odd numbered addresses are assigned for writing and even numbered addresses are
assigned for reading. So for 8-bit addressing, up to 128 devices can be on a single I?C bus.
However some addresses? are reserved (Table 3.2). Discarding those yields a total number

of 111 segments and a host computer to be connected on the same bus.

Zyww.i2c-bus. org
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PC address  Reserved for

0 x 00 General Call

0x01 START Byte

0 x 02 C-Bus (obsolete)

0% 03 C-Bus (obsolete)

0x 04 Different bus formats
0 x 05 Different bus formats
0 x 06 Future purposes

0 x 07 Future purposes

0 x 08-0 x OF  High-speed Master Code
0 x FO-0 x F7  10-bit Slave Addressing
0 x F8-0 x FF  For future purposes

Table 3.2: reserved I?C addresses. Taken directly from www.i2c-bus.org.

3.7.3 Variable parameters
As we mentioned earlier, Lamperski et al. [24] described a simulation program for an antenna
in which several parameters could be adjusted. Those parameters were:

e Number of links

e Spring and damping constants

e Link masses

e Equilibrium configuration

Lamperski et al. states that those parameters were adjustable to facilitate testing of antenna
hypotheses in the simulation environment. Our design aims to incorporate almost all of

those parameters to allow antenna hypotheses to be tested on a real system.

We already mentioned that the number of links can be adjusted by virtue of the I?C bus.
The spring, i.e. the stiffness between each segment, can also be adjusted by inserting wires
or other materials that are up to 0.8mm wide into the top channel of the antenna. This
channel traverses the entire length of the segment — thus the antenna — so material lengths
that are longer than one segment do not pose a problem. In fact a uniform stiffness can
be easily imposed to the antenna by inserting one long wire throughout the entire antenna.

The inserted wires can be affixed to the segment via two 0-80 set screws provided on the
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side. Please refer to Appendix J.1 for more details.

Link masses can also be changed by utilizing the bottom two mounting holes at each seg-
ment. Longer socket cap screws can be purchased and sheets of material can be squeezed

between the cap and the bottom piece of the segment.

3.7.4 Non-Sagging structure

The previous prototype that incorporated many of the major features of the new antenna
had two significant problems: structural sagging and weakness of coupling wires. The sag-
ging problem arose directly from the high modularity of the design. The snap-on electrical
connectors simply could not hold that the added weight of the new segments as the moment
arm got larger as well. This design addresses the issue by making the hinge as tall as the
segment itself, and by minimizing the joint tolerances. Basically two connected segments
mesh with each other in such a way that there is not much play in the sagging direction. So
the segment that is sagging would hit the surface of the other segment before the sagging

become apparent. Please refer to Appendix B for more details.

3.7.5 Circuit protection

The need for protecting the circuitry came also directly from the previous prototype of
this generation of antennae. As we were testing the previous prototype, occasional human
contact would cause the segments to reset. This could have been due to the static charge
build-up or just because touching would make the loose wires to touch each other. To

overcome this, we made this design to fully engulf the circuitry.

We developed a two-piece thin-walled aluminum shell body design that could be screwed
together. Please refer to Appendix B for detailed CAD models and Appendix C for the

relevant engineering drawings.
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Figure 3.9: The top piece of the designed aluminum shell.

3.7.6 Frictionless angle sensing

An important salient feature of the antenna is the capability of measuring the inter-
segmental angles without introducing friction. This is facilitated by a Melexis® Hall-effect
rotary position sensor chip, which measures the change in the magnetic flux due to a ro-
tation of a diametrically magnetized magnet (Figure 3.10). The chip has a 12bit angular
resolution, which corresponds to approximately 0.09°. In our design however, the analog
output that comes out of the 12bit DAC pin is supplied into a 10bit ADC pin in the mi-
crocontroller, reducing accuracy to approximately 0.35°. Furthermore, the measured 10bit
quantity is rounded up such that the range corresponds from 0° to 360°. This value is then

encoded into a 2-byte data structure and sent through the I2C bus.

What is appealing in the Hall-effect method is the fact that it does not introduce friction
during the measurement. The antennae designed both by Brett Kutcher [23] and Andy
Lampersky [24] had potentiometers to compute the angle, which have non-trivial internal
contact interactions. As accurately characterizing the friction introduced to the joints by

potentiometers is challenging, a contactless solution is more favorable. Also in addition, the

Shttp://www.melexis.com/
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Figure 3.10: The Hall-effect sensor can measure the angular orientation of a rotating dia-
metrically magnetized magnet (Image credit: [33]).

smaller the size of the potentiometers become, the harder it would become to manufacture a
coupling between the joint and the potentiometer. This would in turn raise concerns about
the robustness of the joint. A final obvious difference between the Hall-effect and poten-
tiometer sensors is their form factor. Since potentiometers are mechanics based sensors, it

is only natural for them to be bulkier.

To complement the advantage gained by the contactless sensing, the joints themselves are
connected together via small ball-bearings. This further minimizes the friction between the
joints and allows us to assume that the stiffness properties are dominated by the shape-

memory alloy backbone of the antenna.

3.7.7 Symmetric structure

The antenna segment is designed to be symmetric about the sagittal plane in terms of
function. This allows the same segment to be mounted on both right and left sides of the
robot. In particular, it allows the coupling cable, which carries the power, ground, clock
and signal lines, to be connected on both sides of the segment (Figure 3.11a- 3.11b). This
is important since if the coupling cable is on the wall-side, then it can interfere with the

touch sensing function of that particular segment (Figure 3.12).

Sometimes though changing the side of the coupling cable is not always sufficient. This

may be the case if the antenna is expected to make contact on both sides of the antenna.
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(a) Coupling cable (b) Coupling cable
mounted on the right mounted on the left
side. side.

Figure 3.11: Symmetric nature of the segment design.

Figure 3.12: If the coupling cable is on the side where the antenna is making contact with
an obstacle, then the coupling cable can interfere with contact sensing.
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A possible solution is to bend the coupling cable in four locations such that it does extend
in the direction of hairs but upward. This particular method has been employed in our

experiments (Figure 3.13).

Figure 3.13: Coupling cable can be bend such that it does not interfere with the contact
Sensors.

3.7.8 In system programming

Firmware updates are integral for the purpose of this design since they constitute the most
direct way to incorporate new calibration methods or communication protocol improvements
to the segments. The microcontroller, NXP* P89LPC938, used in this design allows the
firmware to be updated. This function can be performed even after the chip is taken out
from the evaluation board and soldered to the actual printed circuit board [40]. We took
advantage of this feature by adding a RS-232 serial port to the segment which consists of

three pins (Figure 3.14):
e RST: Microcontroller reset pin.

e RXD: Receive pin from the programmer to the segment.

4NXP semiconductors http://www.nxp.com/
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e TXD: Transmit pin from the segment to the programmer.

Figure 3.14: The three pins on the side of the segments. The pins are from left to right:
TXD, RXD and RST. See Appendix D for the segment circuit diagram.

The sequence of images in Figure 3.15a — Figure 3.16b illustrate the hardware steps of how

individual segments in an antenna can be flashed with a new firmware.

We use a Keil® MCB950 evaluation board that facilitates the signal sequence that would
put the chip into the programming mode. A software called Keil pvision is used as an
integrated development environment (IDE) in order to compile and upload the firmware.
See the Firmware Update section of the Appendix J.2 for a detailed tutorial on the specific
settings and usage of this software. In addition, you can check Appendix I for the CAD

models, circuit diagrams and PCB layout for the dongles mentioned for interfacing.

3.7.9 Contact sensing

Contact location measurement is one of the salient features of this antenna. It uses the
knowledge of segment lengths and the physical locations of the contact sensors on the
segment. Then combining the output from the angle sensors and the contact switches, the

location of the triggered switch can be discerned.

There are four touch sensors on a given segment (Figure 3.17). These small switches are

*http://www.keil.com/mcb950/
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(a) The Keil MCB950 Evaluation board and the cus-
tom RS-232 serial dongle for communication.

(b) The serial dongle is connected to the segment in this
way.

Figure 3.15: In System Programming of the segments.

(a) The custom power+I?C bus dongle (b) The power+I?C dongle is connected to the seg-
necessary for powering up the segment ment.
chain.

Figure 3.16: In System Programming of the segments.
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called detector switches and used in cell phones to distinguish if for instance the lid is turned
on or not. The selected switch for contact sensing is actuated by a short distally pointing
lever arm which provides a convenient base for the hairs. In fact the switches can act
by themselves as very short spines without the need for additional hairs. Each subsequent
touch sensor is a mirror of the previous touch sensor in order to achieve a collective hair-wise

distal orientation.

In the electrical level, each contact switch blocks a 3.3V V4 path to a specific I/O pin on
the microcontroller. Pressing the lever on the contact switch closes the circuit, and allows
the current to bring the corresponding IO pin to high. A pull-down resistor of 475k} is

used to prevent current floating at the I/O pins.

In the software level, all relevant I/O pins are read at the same time by using a keyboard
interrupt routine defined for the microcontroller. No contact and contact correspond to a
0 and 1 in binary form which are then concatenated together to form a 4-bit value. This
4-bit constitutes the least 4 significant bits of the 2 byte I2C package that would be send

to the host robot computer. Refer to the firmware code in Appendix F for more details.

Figure 3.17: There are four detector switches on each segment, where all lever actuators of
the switches are pointing towards the distal end of the antenna.

Another feature of the contact sensing is the decoupling of the touch sensors and the hairs.
Simply when a hair is bent towards the distal end of the antenna, then the contact sensor
would be engaged and contact would be registered. If the hair bends towards the proximal

end of the antenna, then the coupling will prevent any damage to the contact sensor lever
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Figure 3.18: The hairs labeled with P are passive, meaning that their contact will not
register as a detected touch. However their mechanical properties will still impact on the
overall antenna structure . Conversely, the hairs labeled with A are active, meaning that if
they move in the direction of the switch, a contact will be registered.

that would occur if the hair was directly attached to the contact sensor.

Figure 3.19: The detector switch is triggered by the bending of the hair.

3.7.10 The indicator LED

There is a single blue LED integrated with each segment that provides simple but vital
information about the status of a segment (Figure 3.20). Below is a table that summarizes
the currently programmed LED modes for a segment (Table 3.3).  Our particular LED

was selected to exactly conform the microcontroller output characteristics which is 20mA
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Figure 3.20: Two segments with continuously lighting LED’s. This indicates that at some
point the angle sensor did not provide a valid angle measurement. If an LED is lighting
after an experiment, then this suggests that data is partially bad.

LED status Mode Meaning

A long one time blink Startup Successful power cycle
Rapid uneven blinks  Anytime ISP programming executed
A continuous light Sampling Angle sensor problem

A single fast blink
A continuous light

Periodic blinks

No light

Segment validation
Segment Ordering

Sampling

Sampling

Segment validated by host
Segment order unknown,
Expecting user input.
LED mode on

Segment is sampling

LED mode off

Segment is sampling

Table 3.3: LED indicator meanings.
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current at 3.3V. Refer to Appendix D for the circuit diagram.
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Chapter 4

Antenna Performance

In this chapter the performance of the individual segments and the antenna in general
will be gauged. By performance we mean first how well the angle can be measured by
each segment. This primary performance metric is then broadened to show how the errors
propagate along the segmental chain depending on the antenna configuration. In addition,
we present performance metrics regarding communication and sampling frequency on the

I2C communication bus.

4.1 Angle measurement performance

We conducted the following experiment in order to characterize the average angle measure-
ment accuracy and precision for the antenna segments. These two quantities are crucial for
describing sensor performance, since they are direct measures of the systematic and random

errors. The measured quantity for all sensors are thus modeled by (4.1):
X=x0+0+e¢ (4.1)

where [ is the systematic error (also called bias) and e the random error. We define the
scatter of the random error quantified by its variance as our segment’s measure for precision.

Likewise the accuracy of the segment’s angle measurement is defined by the bias.
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The details of our experiment are provided in the next section:

Figure 4.1: Measuring segment angular accuracy and precision.

4.1.1 Setup & Procedure

e An antenna arrangement of ny = 5 random segments was used.
e For all 5 trials (¢ = 1,2, 3,4,5) the antenna rests on a flat surface.

e Each segment is calibrated for 180 degrees with respect to the subsequent segment

using the method described in the previous chapter.

e For each trial the joint angle measurement is sampled from a single segment, where the
angle with the previous segment is manually brought to five known reference values :

B1 =90°, ¢y =135°, B3 =180°, by =225°, ¢5=270° (Figure 4.1).

e At each trial the angular orientation was reset to the reference angle five times in

order to average human placement error or bias.

e For each trial n = 500 (100 per re-adjustment) angle measurements ¢;; were sampled
per reference angle ¢;. The raw data plots for two of them are presented here in

Figure 4.2a (90°) and Figure 4.2b (135°).

e All samples from the individual segments were combined and organized in five groups
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based on their reference angle (¢;). Small systematic errors associated with each

individual segment are thus averaged.

e We determined the measure of accuracy per segment at each reference angle by com-
puting how much the mean of the measurements ¢; varied with the reference angle

(¢i). In order words we computed the bias ;.

e We determined the measure of precision by computing the sample variance o? and

standard error of the measurements o.

Segment angle variation around 135 degrees

Segment angle variation around 90 degrees
30 20

20 10
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= £
€
E -19 £
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-40 -50

10 0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
X (mm) x (mm)

(a) Segment angle variation around 90 de- (b) Segment angle variation around 90 de-
grees measurement grees

Figure 4.2: Plot showing the segment angle variations from 2500 samples per reference
angle.

4.1.2 Analysis & Discussion

Ultimately, our goal is to estimate the angle, ¢; of each of the joints, i = 1,..., N. However,
due to small errors in fabrication and magnet alignment, each sensor will have a bias, (;,
and due to small variations in measurement, there will be some amount of random error
at each sampling. So, neglecting quantization errors, we model our sensor as providing a

measurement, treated as a Gaussian random variable with mean ¢; + 3;:

Y; ~ N(¢; + Bi,0?) (4.2)
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For our experiments, we selected ns = 5 of these segments at random. We assumed that the
variance was the same for each sensor. Also, while ultimately each of the biases could be
individually estimated and corrected for, we chose to estimate the total mean-squared error
(MSE). For the purposes of the essay this employed approach will compute the expected
PDFs of the tip of the antenna. This is essentially like assuming that an antenna was
constructed from a random sampling of segments, so that the biases can be treated like
part of the random sampling error, thus providing a prediction of performance for a coarsely

calibrated antenna.

As the internal angle sensor sampling frequency is much higher than the I?C transfer fre-
quency, we can assume that all sampled angle values ¢;; are independent measurements.
Thus the sampled mean ¢; = ¢EZ of each segment (4.3) is an estimator for the reference angle
¢i. So consequently F [(Z;Z] = ¢; would correspond to a perfect accuracy, i.e. 3; = 0. In this
sense any deviations from this equality is the bias of the estimator and will be noted as
the accuracy error of the segment around the associated reference angle ¢;. We computed
this accuracy error for five known angles in order to profile the change of accuracy from
90° to 270° (Table 4.1a — Table 4.1e). Since our calibration was done by fixing the rela-
tive angle between two joints at 180°, we expect the accuracy to be highest at that angle.

Summarizing:

bi = % Z bij (4.3)
=1
Accuracy = bias[¢] = E[¢i] — ¢; = 3; (4.4)

A final accuracy metric is performed by taking account all five segments and computing
the mean ¢ and bias (Table 4.1a — 4.1e) over all segments and all angles. As this metric
represents an overall bias for a given reference angle, it can be considered as a systematic
error likely due to magnet misalignment with the sensor. If desired, these errors can be

compensated for on a segment-by-segment basis at the software level.

Precision of each sampled segment is a measure of how dispersed the individual angle

measurements are from the mean value. Thus by definition the standard deviation (4.5) o;
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Segment | Mean | Bias Std. Error Mean | Bias Std. Error
o1 B o1 $2 B2 09
1 90.00 | 0.00 1.26 130.67 | -4.33 0.76
2 85.33 | -4.67 2.18 138.49 | 3.49 2.87
3 86.12 | -3.88 0.61 132.80 | -2.20 0.98
4 89.26 | -0.74 0.86 140.70 | 5.70 1.84
5 87.64 | -2.36 0.79 135.34 | 0.34 1.44
Average ‘ 87.67 | -2.33 1.28 135.60 ‘ 0.60 1.75
(a) Segment performance for 90° (b) Segment performance for 135°
Segment | Mean | Bias Std. Error Mean | Bias Std. Error
®3 Bs 03 P4 B4 o4
1 181.12 | 1.12 0.75 224.79 | -0.21 1.49
2 179.07 | -0.93 0.89 230.42 | 5.42 1.50
3 179.87 | -0.13 0.33 225.09 | 0.09 1.30
4 178.86 | -1.14 0.72 232.51 | 7.51 1.81
5 180.15 | 0.15 0.72  226.63 | 1.63 0.74
Average ‘ 179.81 | -0.19 0.71  227.89 ‘ 2.89 1.41
(¢) Segment performance for 180° (d) Segment performance for 225°
Segment | Mean | Bias Std. Error
¢s Bs o5
1 276.10 | 6.10 0.73
2 272.18 | 2.18 1.82
3 272.99 | 2.99 1.22
4 275.00 | 5.00 0
5 272.99 | 2.99 1.22
Average | 273.85 | 3.85 1.17

(e) Segment performance for 270°

Table 4.1: Segment Accuracies and precisions around 90°, 135°, 180° 225° and 270°. All
units are in degrees.
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of the measurements provides a measure of precision of an individual segment at a given
reference angle. We can also determine the variations s of the standard deviations o; to
quantify how the precision changes from 90° to 270° (4.6). The results are presented in
Table 4.2.

90° | 135° | 180° | 225° | 270°
0.61 [ 0.81 | 0.20 | 0.38 | 0.66

Table 4.2: Variance of segment standard errors s per reference angle.

Finally we can define a general average precision of all the sampled segments for a given
reference angle. For that we concatenate all angle measurements corresponding to the
same reference angle and compute the standard error (Table 4.1a — Table 4.1e). With
the knowledge of the variances of the standard errors computed earlier, the total sample

standard errors also give us a good idea about the overall precision.

i = %Z(% — ¢;)? (4.5)
j=1

As a measure of the average measurement error for all segments and all angles, we can
determine the mean squared error (4.7). For the bias and variance components of MSE, we
choose the mean of the biases and the maximum of the standard errors of all angles and

segments respectively. Then,

MSE = 3 + o*

1 & -
= — ) (bias[®;])* + max(c?)
s i (4.7)
- —2.33+4+0.6+4+0.19 4 2.89 + 3.85

= = 1.04°
b )

MSE = 1.04% + 1.75% = 4.14°
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Figure 4.3: Plots showing the bias and standard error of sampled segments. Dashed: The
reference angle. Dotted: 3xangular standard error margins, encompassing almost all angle
variations for the corresponding reference angle. Solid (Black) angle associated with the
mean of the samples.
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gives us a reasonable error quantity for a given measured angle by each segment.

4.2 Angular Error Propagation

The following set of experimental trials were conducted with the intent of characterizing

the propagation of angle measurement errors from the first to last segment.

4.2.1 Setup & Procedure

e An antenna arrangement of 7 segments was used.
e For all trials the antenna rested on a flat surface.
e For each trial a random shape was imposed to the antenna.

e A photo of the antenna was taken with a digital camera from top for establishing a

reference for ground truth angle measurements.
e For all trials the antenna base angle was fixed at —30° from the x-axis.
e 100 angles measurements were sampled and their mean was used for each joint.

e For each trial, the antenna image was traced via Adobe Illustrator’ ™. Angles 6y, 61, ...07

in degrees and segment lengths lg, {1, ...l7 are measured in points.

e The variance of the segment lengths were used to indicate the optical distortions and

digital tracing errors.

e The angles extracted from the image were compared with the mean of the angle

measurement samples.

e For each trial, a figure showing the manual image tracing and antenna shape deviation

was presented.
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4.2.2 Trial 1

Angular Error Propagation (Trial 1)

-150

-200

-50 0 50 100 150 200
X (mm)

(a) Trial 1 - Photo vector tracing for true (b) Dashed: Based on angles from image tracing. Solid:
angle measurement Based on antenna sensor output

Figure 4.4: Antenna angular error propagation characteristics, Trial-1.

True Angles Means of Measured Angular

0; Angles 6; Error ¢;
—29.94° —30.00°  —0.06°
—0.84° —1.00°  —0.16°
—10.92° —12.00°  —1.08°
—13.78° —11.37° 2.41°
—23.38° —26.47° —=3.09°
—32.82° —-33.21° —0.39°
—22.98° —19.00° 3.98°
—23.27° —24.13° —0.86°

Table 4.3: Antenna angular error propagation characteristics, Trial-1.
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4.2.3 Trial 2
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Figure 4.5: Antenna angular error propagation characteristics, Trial-2.
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True Angles Means of Measured Angular

0; Angles 0; Error ¢;
—32.80° —30.00° 2.80°
—54.49° —55.00°  —0.51°

—1.54° —2.00° —0.46°
0.90° 0.00°  —0.90°
—0.59° 0.00° 0.59°
0.31° —0.06°  —0.37°
—0.31° 5.31° 5.62°
0.00° —0.22° —0.22°

Table 4.4: Antenna angular error propagation characteristics, Trial-2.

4.2.4 Trial 3

Angular Error Propagation (Trial 3)

y (mm)

-100 -

-120

-140

-160-

-180

0 50 100 150 200 250
X (mm)

(a) Trial 3 - Photo vector tracing for true  (b) Dashed: Based on angles from image tracing. Solid:
angle measurement Based on antenna sensor output

Figure 4.6: Antenna angular error propagation characteristics, Trial-3.
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True Angles Means of Measured Angular

0; Angles 0; Error ¢;
—32.04° —30.00° 2.04°
—2.72° -3.00° —0.28°
—0.43° —1.71° —1.28°
0.00° 0.00° 0.00°
—1.38° —1.00° 0.38°
0.36° —0.85° —1.21°
—0.76° 0.00° 0.76°
0.00° =-3.17° =-3.17°

Table 4.5: Antenna angular error propagation characteristics, Trial-3.

4.2.5 'Trial 4

Angular Error Propagation (Trial 4)

-100

y (mm)

-150

—-200

-100 -50 50 100 150
X (mm)

(a) Trial 4 (b) Dashed: Based on angles from image tracing. Solid:
Based on antenna sensor output

Figure 4.7: Antenna angular error propagation characteristics, Trial-4.
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True Angles Means of Measured Angular

0; Angles 0; Error ¢;
—31.85° —30.00° 1.85°
—58.15° —59.00°  —0.85°
—57.15° —62.09° —5.02°

57.07° 63.00° 5.93°
57.07° 57.85° 0.78°
—59.12° —64.00°  —4.88°
—62.99° —-59.00° 3.99°
60.56° 64.96° 4.40°

Table 4.6: Antenna angular error propagation characteristics, Trial-4.

4.2.6 Trial 5

Angular Error Propagation (Trial 5)

y (mm)

0 50 100 150
X (mm)

(a) Trial 5 - Photo vector tracing for (b) Dashed: Based on angles from image tracing. Solid:
true angle measurement Based on antenna sensor output

Figure 4.8: Antenna angular error propagation characteristics, Trial-5.

4.2.7 Analysis

The contact sensing accuracy of the antenna also depends on its global configuration, which
we have shown experimentally. This can also be shown mathematically. Assume that the
antenna with NV segments can only sense contacts at the joints and the segment lengths [

are identical. Then the position coordinates x,y of each possible contact location can be
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True Angles Means of Measured Angular

0; Angles 0; Error ¢;
—33.2° —30.00° 3.20°
—44.6° —43.68° 0.92°

38.0° 39.00° 1.00°
24.4° 20.72°  —3.68°
51.7° 47.00° —4.7°
54.6° 61.00° 6.4°
41.8° 51.20° 9.4°
66.3° 67.00° 0.7°

Table 4.7: Antenna angular error propagation characteristics, Trial-5.

expressed using forward kinematics (Figure 4.9) with respect to the base joint (xg,yo) as

Ty, cos @1 + cos (¢1 + ¢2) cos (p1 + d2 + P3) + ... + cos (d1 + b2 + ... + P)
Yk sin ¢1 + sin (¢1 + ¢2) sin (¢1 + P2 + ¢3) + ... +sin (41 + P2 + ... + &)

4 (4.8)
_ Z | cosY iy B;
i=1 |sin 23:1 o

( xwya) L

Figure 4.9: The first k-segments of an N-segment antenna
The Jacobian of this planar forward kinematics (4.10) can be interpreted as a mapping

from the joint velocity space to the k' segment configuration space. So the average small

angular mean squared error (MSE) of the segments, which incorporates both the bias and
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the variance, can be used to create a “landing area” bound for the tip of the final segment.
We transform the angular MSE in the joint space to an ellipse in the work space that
depicts a probable area for the tip of the final segment. As we treat the MSE like a variance

measure without bias, v M SE becomes a de facto standard error:

or o on
J = 01 Oy, (4.9)

Oy Oy

0p1 T Oy

> i—q —sin 23:1 ¢j Di—p —sin Z}:l ¢j . Di—g—sin Z;:l ;
D im1 — COS 23:1 Gj D i—g — COS 22:1 Gj o Dli—j —COS 23:1 b;

J = (4.10)

Note that this tip location estimation by no means indicate that the probability of the tip
landing is the same for all points in the ellipse. A more rigorous work has been done by
Wang et al. [49] for creating a probability distribution which shows the error propagation in
a much precise manner. The analysis of the error propagation using the described method

in Wang et al. is a future goal.

4.3 Communication Performance

This section presents the I?C bandwidth usage of the antenna. Specifically, we determined
the theoretical limit for the I?C and compared it with our experimental data. The list below

describes the procedure of our experiment.

4.3.1 Procedure

e A 7-segment antenna is connected to a 600 MHz Gumstix' Verdex Pro embedded

computer package? running on a 2.6.27 Linux kernel.

e At each trial we reduced the number of segments by one. Therefore a total of 7 trials

"Mttp://www. gumstix. com/
2http://www.acroname.com/robotics/parts/R321-VERDEX-PRO-PKG.html
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-20
_40 -50(
-60
_80 -100(-
__-100 s
E 3
£ 120 £ 71501
IS IS
-140
—200
-160 4
-180
-250
=200
-220
L L L L L -300 b L L L L L
-50 0 50 100 150 200 -150 -100 -50 0 50 100 150 200
X (mm) X (mm)

(a) Trial-1 Dashed: Based on angles from image (b) Trial-2 Dashed: Based on angles from image
tracing. Solid: Based on antenna sensor output tracing. Solid: Based on antenna sensor output

Angular Error Propagation of the Antenna with a covariance ellipse Angular Error Propagation of the Antenna with a covariance ellipse
50}
-100
B
=
IS
-150
-200
-200 L L L L L L L L L L
0 50 100 150 200 250 -100 -50 50 100 150
X (mm) X (mm)

(c) Trial-3 Dashed: Based on angles from image (d) Trial-4 Dashed: Based on angles from image
tracing. Solid: Based on antenna sensor output tracing. Solid: Based on antenna sensor output

Angular Error Propagation of the Antenna with a covariance ellipse

X (mm)

(e) Trial-5 Dashed: Based on angles from im-
age tracing. Solid: Based on antenna sensor
output

Figure 4.10: Error propagations depicted by covariance ellipse covering 3 magnitudes of
MSE.
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were conducted.

e At each trial we collected 10 sets of data.

e Each set of data consists of N = 1000 angle measurements.

e During this sampling process, the time was kept using the standard Unix gettimeof-
day()® function. We recorded the time right before and right after of the sampling
process. The difference of the two timestamps are computed in microseconds and

divided by the number of samples (1000).

e The sampling frequency was computed for comparing the performance variance of

different length antennae.

e The communication between the host computer and the antenna segments slow down

considerably. Thus those cases are discarded. Out of the 70 samplings, such errors

occurred only 3 times.

The data regarding for each number of segments is presented in the following table. The

mean frequencies are also provided in the last row (Table 4.1a).

Number of
Segments 7

6

5

4

3

2

1

155.394
155.353
155.335
155.391
155.350
155.436
155.876
155.088
155.400
155.426

181.084
180.972
181.133
181.057
181.113
181.070
181.039
181.070
181.097
181.089

216.062
216.021
215.962
215.998
215.961
215.956
216.065
215.998
216.015
216.005

268.177
268.122
268.038
268.091
268.128
268.074
268.181
268.14
268.069
268.405

353.152
353.050
353.154
353.324
352.879
353.492
353.150
353.278
353.132
353.246

515.842
516.305
516.109
515.729
515.985
515.827
515.932
515.919
516.165
516.111

964.949
964.457
968.090
964.793
964.713
964.609
965.093
964.507
963.713
964.213

Mean 155.405
Frequencies

181.072

216.004

268.143

353.186

515.992

964.914

Table 4.8: Sampling frequency data.

3http://linux.die.net/man/3/gettimeofday
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4.3.2 Analysis

We know that the I?C bus capacity is independent of the number of segments. Thus adding
one segment to the antenna should cause a proportional amount of more data to be sent
and received from the bus. For example if one segment sends and receives 1 byte of data
from the bus, than the total data sent and received from two segments would be 2 bytes. So
the sample frequency value should follow a sequence of f = x% where n > 0 is the number

of segments (Figure 4.12).

22
| s |slaveaddress| R | A |DATA| A ||Z(}&TA| & | P |
[

[

data transferred
(n Bytes + acknowledge)

A = acknowledge (SDA LOW)
O from master to slave A = not acknowledge (SDA HIGH)
S = START condition
P = STOP condition

logic 0 = write
logic 1 = read

O from slave to master

Figure 4.11: I?C protocol for slave transmitter mode (Image credit: [39]).

The frequency can also be computed theoretically from the I?C protocol specifications.
As we specified in the design section, the segments are treated as slave devices where the
master is the host computer. When a read command is issued by our program to one of
the segments, then the corresponding data exchange is given in the user manual [39] of
our microcontroller’s family (Figure 4.12). From the figure we see that there is always an
address byte and an acknowledgement bit that is sent before the actual data. We also see
that after each byte of data transmission, there is another bit of acknowledgement. Our
segment sends two bytes each time it is addressed. So we get:

bits

Total bits per sample = address byte x 8
byte

bit
+ ack. bit + 2bytes x 8-> 4+ ack. bit
byte

= 26bits

(4.11)

We also set the I2C bus transfer rate of the microcontroller to 100kbps [39]. Consecutively

this yield to theoretical frequency of % = 3846H z for our I2C setting. Hence it seems
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that the speed can be improved by almost fourfold. The experimental values and the upper

bound for the I2C transfer rate is depicted below (Figure 4.12).

Sampling frequency vs Number of segments

and I2C limit
4000 T T T
O  Experimental values
Theoretical model
K |
3500 \ — — — Theoretical 12C limit

3000 © q
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o

(=]
T

~
L

Sampling frequency
= N
a o
o o
o o

=
o
S
=

500

Number of segments

Figure 4.12: As expected, as the number of segments are doubled, the speed halves.

This performance testing indicates that our design can sample angles at around 100 Hz
which is considered good by the temporal resolution criterion of Harmon we mentioned in

the previous chapter.
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Chapter 5

Conclusions and Future Work

In this essay we described a novel tactile antenna design for the purpose of exploring the
mechanics of antennal tactile sensing. We also laid the groundwork of a general antennal
sensing framework and an overall definition for similar devices in order to make future

classifications of such developments easier.

Further work for this project will continue in two parallel tracks: one for scientific research
and one for engineering development. The first track will entail the extensive utilization
of the tactile antenna to test various hypotheses regarding biology. As addressed earlier in
this essay, our first milestone be the testing of the effects of the distally pointing spines.
We observe from cockroaches that their antennae flip backwards during wall following if the
flagellum tip is pointed forward. We hypothesize that the distally pointing hairs (sensilla
Chaetica B), which are distributed along the entire flagellum, significantly enhance this
phenomenon. Our reasoning behind this hypothesis is that when the flagellum is pointed
toward the cockroach’s running direction, then the tips of the distally pointing hairs would
sweep the rough surface of the wall like an “anchor”. This eventually would cause the spines
to get stuck in the irregularities of the wall and ultimately force the antenna to buckle and
bend backwards as the cockroach continues to move forward. The structure of our new

antenna constitutes a suitable platform to test this hypothesis.

The development part of the project aims to further advance the antenna. In particular
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we would like to have the antenna flex not only on the horizontal plane, but also along
the sagittal plane for characterizing 3D aspects of the environment. Another improvement
we are seeking is to minimize the mechanical effects of the electrical couplings between the

joints such that they do not introduce additional stiffness.

We also would like to investigate the other possible implementations of the antenna as
a tactile sensor. One feasible implementation would be to continue on Kutcher’s work
regarding tactile mapping. Another topic of utilization is in simultaneous localization and
mapping (SLAM) [11]. In this context a host robot mounted with our antennae would collect
repeated spatial tactile information about an unknown environment, and later locate itself
based on the tactile information it gathered up until that point. Efforts of integrating
the antenna to legged platforms constitute a work in progress, which would allow us to

investigate antenna based robot control under more complex locomotion schemes.

Besides its scientific value, our new antenna presents new opportunities for applied robotics,
especially considering the potential applications where traditional navigational instruments
are insufficient or undesirable. For example active sensors like sonar and vision exhibit
sensitivity to surface reflectivity and lighting conditions [24]. In particular sonar perfor-
mance degrades in the presence of highly polished surfaces such as glass walls and at very
close proximities; vision fails without adequate light [24] and similarly infrared sensors —
like sonars — have a minimum range below which they become unreliable. Our tests showed
that bio-inspired tactile antennae offer an alternative, near-future, robust solution where
reliable robotic navigation is crucial but the limitations mentioned above may pose prob-
lems. Such areas of applications include emergency search and rescue, military operations

in urban terrain, seafloor navigation and space exploration.
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Appendix A

Notes

e All CAD models are designed and exported to udd using PTC’s Pro Engineer Wildfire

4 through Johns Hopkins University educational licence.

e Exported 3D objects were converted in the pdf-ready U3D format with PT'C’s Pro

Engineer Wildfire 4 and assembled in a pdf with pdfIATEX and the movielb package.

e The sensor characterization figures were generated and manipulated as vector graphics

using MATLAB R2007b.

e This research is sponsored partially through a Summer 2006 PURA! grant and mainly

by Professor Noah J. Cowan.

e This essay itself was prepared in TeXnicCenter 1 Beta 7.5 using INTEX 2¢ typesetter
through MiKTeX 2.7.

!Provosts Undergraduate Research Award
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Appendix B

Segment Part Models

(Aluminum Bottom Shell part)

Aluminum Bottom Shell part.

3D transformations are allowed when viewed with Acrobat Reader 7 or above.
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(Aluminum Top Shell part)

Aluminum Top Shell part. Note that the slot has not been machined during the actual
CNC operation to ease the manufacturing process

3D transformations are allowed when viewed with Acrobat Reader 7 or above.
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(Aluminum Shell Assembly)

Aluminum Shell assembly (Exploded view).

3D transformations are allowed when viewed with Acrobat Reader 7 or above.
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(Vertical Section of the Electronic Sub-assembly)

Vertical section of the electronic sub-assembly.

3D transformations are allowed when viewed with Acrobat Reader 7 or above.
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(Horizontal Section of the Electronic Sub-assembly)

Horizontal section of the electronic sub-assembly.

3D transformations are allowed when viewed with Acrobat Reader 7 or above.
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(Complete Segment (without hairs))

Complete Segment (without hairs).

3D transformations are allowed when viewed with Acrobat Reader 7 or above.
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(2-Segment Antenna (without hairs))

2-Segment Antenna (without hairs).

3D transformations are allowed when viewed with Acrobat Reader 7 or above.
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(Exploded view of the Segment Antenna (without hairs))

Exploded view of the Segment Antenna (without hairs).

3D transformations are allowed when viewed with Acrobat Reader 7 or above.
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Appendix C

Segment - Engineering Drawings
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Appendix D

Segment - Circuit Diagram
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Appendix E

Segment - PCB Layouts

E.1 Vertical Section

I||||| i&»

[‘;f.-w_o

IIIIII ©

Figure E.1: PCB top layout of the vertical section of the segment.

E.2 Horizontal Section
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Figure E.2: PCB bottom layout of the vertical section of the segment.

Figure E.3: PCB top layout of the horizontal section of the segment.

& N i
—a nQ I—AIE

Figure E.4: PCB bottom layout of the horizontal section of the segment
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Appendix F

Segment - Firmware

// Alican Demir
/!

// 3rd Geneneration Antenna v.5

// Segment Code

//

// NXP (founded by Philips) P89LPC938—FHN

//

// v.3.0: 03.22.2009

// v.3.1: 03.23.2009

/] v.3.2: 03.24.2009

// v.3.3: 04.20.2009

// v.3.4: 07.31.2009

[

#include <reg938.h>

#include <stdio.h>

ADC & Calibration Variables

// Highest ADC output (calibration)
unsigned int ADCmaxReading = 908;
// Lowest ADC output (calibration)
unsigned int ADCminReading = 109;

// Adjusted ADC output corresponding to 0 degrees
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24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

unsigned long ADCzeroOffset;

// ADC to Degree conversion factor

unsigned long ADCtoAngle;

// Segment angle in degrees

unsigned long angle;

// ADC 10—bit combined storage

unsigned long ADCreading = 0;

/x

// Touch Sensor Values Array

int Touch;

[12C Variables

// Set own 8—bit slave address.

int i2cSlaveAddr = 47;

// Command to be received

int i2cDataReceived = 0;

// Degree&Touch data LSB 8bits

unsigned short i2cDatalLSB = 0;

// Degree&Touch data MSB 8bits

unsigned short i2cDataMSB =

0;

unsigned short segmentStatus;

int DEBUG = 0;

// The delay C function

Delay Function

static void delay (void)

unsigned long i;

{

// waste timea and do nothing

for (i = 0;

)

i < 6000;

i++)

{

Touch Sensor Variables

started :

11 (7bit 5),13,15...
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60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
"
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

// Main Code

J e e
/1l

main ()

{

unsigned int angleProblem = 0;

// binary converter counter

unsigned int 1i;

// SDA and SCL as Open—Drain

P1M1 0x0C;

PIM2 = 0x0C;

/] INFO:

// The blue LED is connected to Pin 5 (P3.0) (XTAL2) (CLKOUT)
// Set the port to the Push—Pull mode to make it a current source.

// There are 4 modes:

// — P3M1=0,P3M2=0 : Quasi—bidirectional

// — P3M1=0,P3M2=1 : Push—Pull

// — P3M1=1,P3M2=0 : Input Only (High Impedance)
// — P3M1=1,P3M2=1 : Open Drain

// P3M1: Port 3 output mode 1
// P3M2: Port 3 output mode 2
P3M1

0;
P3M2 = 1;
// Source current to the LED from P3.0
P3 = 1;
for (i = 0; i < 10; i++) {
// waste timea and do nothing
delay () ;
}
// Cut current to the LED from P3.0
P3 = 0;
for (i = 0; i < 10; i++) {
delay () ;
}

// Enable general interrupt
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96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

EA = 1;

// Serial Configuration

/!

// initialize UART

SCON = 0x52;

// 9600 baud, 8 bit, no parity, 1 stop bit (CO for TSSOP, FO for PLCC)

BRGRO = 0xFO;

// 9600 baud, 8 bit, no parity, 1 stop bit
BRGRI = 0x02;

// Baud rate generator control

BRGCOON = 0x03;

// Angle Sensing Configuration

//

// INFO: The angle sensor is connected to Pin 28 (P1.7) (AD04)
//

// Special Function Register (SFR) ”ADOINS” (ADCO input select)

// bits 7 6 5 4 3 2 1 0

// ADOINS: ADIO7 ADIO6 ADIO5 ADIO4 ADIO3 ADIO2 ADIO1 ADIOO

// Used : 0 0 0 1 0 0 0 0 = 0x10
ADOINS = 0x10;

// Enable the Analog to Digital Converter (ENADCO = 1)

// SFR 7ADOCON” (ADCO control register)

/] bits 7 6 5 4 3 2 1 0

// ADOCON: ENBIO ENADCI TMMO EDGE0 ADCIO0O ENADCO ADCS01 ADCS00
// Used : 0 0 0 1 0 1 0 0 = 0x04
ADOCON = 0x04;

// A/D Converter Mode configuration B (bin: 01000000)

/] bits 7 6 5 4 3 2 1 0
// ADMODB: CLK2 CLKlI  CLKO —  ENDACI ENDACO BSA1  BSAO
// Used : 0 1 0 0 0 0 0 0 = 0x40

ADMODB = 0x40;
// EAD maps to the bit function EIEE (bit 7) in the IEN1lx

// (Interrupt Emnable 1) SFR and allows the A/D converter values to

102



132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

// be read

EAD = 1;

// Contact Sensing Configuration
//

// INFO: __ 13

/! /' Neefaeee- A

// | . \ Segment

/! \--/ \ V.5

// 2 4

//

// The 4 pins connected to the contact sensors are:
//  — #4 : Pin 18 (P0.5) Port 0, bit 5. KBI5
// = #2 : Pin 19 (P0.4) Port 0, bit 4. KBI4
// = #1 : Pin 20 (P0.3) Port 0, bit 3. KBI3
// = #3 : Pin 21 (P0.2) Port 0, bit 2; KBI2
// bits: 7 6 5 4 3 2 1 0

// PO : KB7 KB6 KB5 KB4 KB3 KB2 KB1 KBO
// Used : 0 0 1 1 1 1 0 0

// Get the contact information from the relevant pins

// Reset array
Touch = P0 & 0x3C;

// 12C Configuration

Keyboard
Keyboard
Keyboard
Keyboard

= 0x3C

/] e

//
// INFO:

// When the internal SCL generator is selected for the

// 12C interface by setting CRSEL = 0 in the I2CON register

// (0th bit), the user must set values for registers I2SCLL

// and I2SCLH to select the data rate. I2SCLH defines the

// number of PCLK cycles for SCL = high,
// number of PCLK cycles for SCL = low.

I2SCLL defines the

// The frequency is determined by the following formula:

103
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168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

// Bit Frequency = fPCLK / (2x%(I2SCLH + I2SCLL))
// Where fPCLK is the frequency of PCLK.
// Where PCLK is ”"CPU Clock (CCLK)/2”

/!

// Set to 369 Kbit/sec (I2SCLH = 5, I2SCLL 5)

// For internal clock: 7.373 MHz

12SCLH
I12SCLL =

5
93

// Set initial I2C configuration
I2CON = 0x44;

// Set own slave address (started 11,13,15...)

I2ADR = i2cSlaveAddr;

// Enable I2C interrupt

EI2C = 1;

// Initialize mode to send garbage

segmentStatus = 0;

// ADC to Degree conversion factor

ADCtoAngle = ((ADCmaxReading—ADCminReading) x10) /360;
// Calculate base ADC value

ADCzeroOffset = ADCminReading*10;

while (1)
{

// Immediate start of A/D converter 1
ADOCON = ADOCON | 0x01;
// Combine low and high bits in one variable: ”ad”
ADCreading = ((ADCreading | ADODAT4L) << 2) | ADODAT4R;
// Convert ADC to degrees
angle = ((ADCreading*10)—ADCzeroOffset)/ADCtoAngle;
// Hall Effect Sensor sanity check
if (angle > 360 && angleProblem =— 0) {

P3 = 1;

// Source current to the LED from P3.0

angleProblem = 1;

else if (angle < 500 && angleProblem =— 1) {
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204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

P3 = 0;
angleProblem = 0;
}
// Set I2C start condition
I2CON = 0x44;

if (DEBUG = 1) {
// Set ucActEncVal to new encoder position and get touch data
Touch = P0 & 0x3C;
Touch >= 1;

// DEBUG: Print:

// — I2C Status

// — Angle measurement

// — 4—pin contact sensor daya in decimal

// — 4—pin contact sensor data in binary form

printf (?12C Address: %d Angle: %lu Touch: %d—", i2cSlaveAddr,
angle , Touch);
for(i = 4; i>=1; i—)
{
if((1<<i)&Touch) printf(”17);
else printf(707);
}
printf(?\n”);
}
delay ();
// Clear ”ad”
ADCreading=0;
// Clear received command

i2cDataReceived = 0;

}

% ADC Interrupt =3

void v_ADInt (void) interrupt 14

{
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239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

// clear ADC complete flag
ADOCON = ADOCON & 0xF7;

[2C Interrupt

void vI2C_Interrupt(void) interrupt 6

{

// check value of I2STAT
switch (I2STAT)
{
case 0x78:
12CON = 0x44;
break;
case 0x80:
i2cDataReceived = I2DAT;
I2CON = 0x44;
break;
case 0x88:
12CON = 0x44;
break;
case 0x90:
12CON = 0x44;
break;
case 0x98:
I2CON = 0x44;
break;
case O0xAO:
// Identification command ”19” detected
if (i2cDataReceived = 19)
{
// Light up LED
P3 = 1;
// Changing response mode
segmentStatus = 3;

// Clear received command
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275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

// LED turn

else if

i2cDataReceived = 0x00;

}

off command ”100” detected
(i2cDataReceived = 100)

{

// turn off LED

P3 = 0;

// Clear received command

i2cDataReceived = 0x00;

}
// LED light up command ”101” detected
else if (i2cDataReceived = 101)
{
// turn on LED
P3 = 1;
// Clear received command
i2cDataReceived = 0x00;
}
else
{
// Change mode to not to send anything
segmentStatus = 0;
}
I2CON = 0x44;
break;
case 0x60:
case 0x68:
case 0x70:
12CON = 0x44;
break;

// Bus Error has occured

case 0x00:

I2CON = 0x54;

break;
case 0x08:

case 0x10:
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311 // slave address

312 I2DAT = 0x04;
313 12CON = 0x44;
314 break;

315 case 0x18:

316 case 0x28:

317 // continue if not
318 I2CON = 0x44;
319 break;

320 case 0x20:

321 case 0x48:

322 I2CON = 0x54;
323 break;

324 case 0x30:

325 I2CON = 0x54;
326 break;

327 case 0x38:

328 I2CON = 0x64;
329 break;

330 /+ IF ADDRESSED AS A SLAVE TRANSMITTER — (somebody wants to read something)

*/
331 case 0xAS:

332 // Received the first SLAVE READ flag. ACK returned

333 if (segmentStatus = 1)

334 {

335 // Set ucActEncVal to new encoder position and get touch data
336 Touch = (P0 & 0x3C) >> 1;

337 // Start binary encoding

338 // Get the 8—bit LSB of the 16—bit anglet+touch data
339 i2cDataLSB = (((anglex100)+Touch) & O0xFF) | i2cDatalLSB;
340 // Get the 8—bit MSB of the 16—bit anglet+touch data

341 i2cDataMSB = (((anglex100)+Touch) >> 8) | i2cDataMSB;

342 // Master wants me to load Data 1st part

343 I2DAT = i2cDataMSB;

344 segmentStatus = 2;

345 i2cDataMSB = 0;
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346 // Done transmitting first byte, ready to send the second

347 [2C0N = 0x44

348 break;

349 }

350 // Garbage mode

351 else if (segmentStatus = 0)

352 {

353 segmentStatus = 0;

354 // Load Garbage response 0
355 I2DAT = 0x00;

356 // That’s it! no more loading
357 12CON = 0x40;

358 break;

359 }

360 // Identification mode

361 else if (segmentStatus = 3)

362 {

363 segmentStatus = 1;

364 // Load identification response
365 I2DAT = 0xBB;

366 // That’s it! no more loading

367 I2CON = 0x40;

368 break;

369 }

370 break;

371 // Tried to be master but failed , Received SLAVE READ flag
372 case 0xBO:
373 case 0xB8:

374 // Continuing to send data, 2 consecutive bytes will be send, Received
SLAVE READ flag

375 if (segmentStatus =— 2)

376 {

377 segmentStatus = 1;

378 // Master wants me to load Data 2nd byte
379 I2DAT = i2cDataLSB;

380 i2cDatalLLSB = 0;
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381
382
383
384
385
386
387
388
389
390
391
392
393
394

// That’s it! no more loading
I2CON = 0x40;
break;
}
case 0xCO:
case 0xC8:
12CON = 0x44;
break;

default :

// set 1C stop condition (STO =1)

12CON = 0x54;
break;
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Appendix G

Segment - Bill of Materials
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Appendix H

Segment - Component Datasheets

e Only relevant pages of these 3rd party drawings and datasheets have been included
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= MLX90316
M e leXIe Rotary Position Sensor IC

Microelectronic Infegrated Systems

2. Description

The MLX90316 is a monolithic sensor IC featuring the Tria®is™ Hall technology. Conventional planar Hall
technology is only sensitive to the flux density applied orthogonally to the IC surface. The Tria®is™ Hall
sensor is also sensitive to the flux density applied parallel to the IC surface. This is obtained through an
Integrated Magneto-Concentrator (IMC®) which is deposited on the CMOS die (as an additional back-end
step).

The MLX90316 is only sensitive to the flux density coplanar with the IC surface. This allows the
MLX90316 with the correct magnetic circuit to decode the absolute rotary (angular) position from 0 to 360
Degrees. It enables the design of novel generation of non-contacting rotary position sensors that are
frequently required for both automotive and industrial applications.

In combination with the appropriate signal processing, the magnetic flux density of a small magnet
(diametral magnetization) rotating above the IC can be measured in a non-contacting way (Figure 3). The
angular information is computed from both vectorial components of the flux density (i.e. Bx and By).
MLX90316 produces an output signal proportional to the decoded angle. The output is selectable between
Analog, PWM and Serial Protocol.

[0
<

Figure 3 - Typical application of MLX90316

3901090316 Page 3 of 41 Data Sheet
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Melexis

Microelectronic Infegrated Systems

MLX90316

Rotary Position Sensor IC

3. Glossary of Terms —Abbreviations —Acronyms
» Gauss (G), Tesla (T): Units for the magnetic flux density — 1 mT =10 G
» TC: Temperature Coefficient (in ppm/Deg.C.)
» NC: Not Connected
» PWM: Pulse Width Modulation
» %0Dc: Duty Cycle of the output signal i.e. Ton /(Ton + Torr)
» ADC: Analog-to-Digital Converter
» DAC: Digital-to-Analog Converter
» LSB: Least Significant Bit
» MSB: Most Significant Bit
» DNL: Differential Non-Linearity
» INL: Integral Non-Linearity
» RISC: Reduced Instruction Set Computer
» ASP: Analog Signal Processing
» DSP: Digital Signal Processing
» ATAN: trigonometric function: arctangent (or inverse tangent)
» IMC: Integrated Magneto-Concentrator (IMC®)
» CoRDiIC: Coordinate Rotation Digital Computer (i.e. iterative rectangular-to-polar transform)
» EMC: Electro-Magnetic Compatibility
4. Pinout
Pin # SOIC-8 TSSOP-16
i
Analog / PWM Serial Protocol Analog / PWM Serial Protocol
1 Vob VoD VDIG VDIG1
2 Test0 Test0 Vss1 (Ground1) Vss1 (Ground1)
3 Switch Out 1SS DD+ DD+
4 Not Used SCLK Test 04 Test 04
5 Out MOSI/MISO Switch Outz 1SSz
6 Test 1 Test 1 Not Used: SCLK2
7 VbiG Vbic Out MOSI2 / MISO2
8 Vss (Ground) Vss (Ground) Test 12 Test 12
9 VDIG: VDIG,
10 Vssz2 (Groundz) Vssz2 (Groundz)
11 /D2 oDz
12 Test 02 Test 02
13 Switch Out 18S4
14 Not Used+ SCLKj4
15 Outy MOSI1 / MISO+
16 Test 14 Test 14

For optimal EMC behavior, it is recommended to connect the unused pins (Not Used and Test) to the
Ground (see section 17).

3901090316
Rev. 003

Page 6 of 41 Data Sheet

April 07
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= MLX90316
M e leXIe Rotary Position Sensor IC

Microelectronic Infegrated Systems

5. Absolute Maximum Ratings

Parameter ‘ Value
Supply Voltage, VDD (overvoltage) +20V
Reverse Voltage Protection -10V
Positive Output Voltage — Standard Version | +10V
(Analog or PWM) + 14V (200 s max — Ta = + 25°C)
Positive Output Voltage — SPI Version VoD + 0.3V
Positive Output Voltage (Switch Out) +10V
+ 14V (200 s max — Ta = + 25°C)
Output Current (lour) +30mA
Reverse Output Voltage -03V
Reverse Output Current - 50 mA
Operating Ambient Temperature Range, Ta | —40°C ... + 150°C
Storage Temperature Range, Ts —40°C ... + 150°C
Magnetic Flux Density +700 mT

Exceeding the absolute maximum ratings may cause permanent damage. Exposure to absolute-
maximum-rated conditions for extended periods may affect device reliability.

6. Detailed Description

As described on the block diagram (Figure 1 and Figure 2), the magnetic flux density parallel to the IC
surface (i.e. By) is sensed through the Tria®is™ sensor front-end. This front-end consists into two
orthogonal pairs (for each of the two directions parallel with the IC surface i.e. X and Y) of conventional
planar Hall plates (blue area on Figure 4) and an Integrated Magneto-Concentrator (IMC® yellow disk on
Figure 4).

Hall Plates

Figure 4 - Tria®is™ sensor front-end (4 Hall plates + IMC® disk)

3901090316 Page 7 of 41 Data Sheet
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= MLX90316
MeleXIG Rotary Position Sensor IC

Microelectronic Infegrated Systems

Both components of the applied flux density B, are measured individually i.e. By, and By;. Two orthogonal
components (respectively Bx, and By, ) proportional to the parallel components (respectively By, and By;)
are induced through the IMC and can be measured by both respective pairs of conventional planar Hall
plates as those are sensitive to the flux density applied orthogonally to them and the IC surface.

While a magnet (diametrically magnetized) rotates above the IC as described on Figure 3, the sensing
stage provides two differential signals in quadrature (sine and cosine — Figure 5 and Figure 6)

400 /\ /\ /\
o A\ [N\ /
200
o) 100 -|
>
o 0
o3
& -100 -
-200
o w W
-400 : : : : : . :
0 90 180 270 360 450 540 630 720
Alpha (Degree)
\ —BX —BY |
Figure 5 — Magnetic Flux Density — Bx o« cos(a) & By o« sin(a)
2000
1500 /\/\
1000
S 500 A
£
= 04
o3
¢ =500 A
o NPV NV
-1500
-2000 : : : : : : :
0 90 180 270 360 450 540 630 720
Alpha (Degree)
\ — VX —VY |

Figure 6 — Tria®is™ sensor front-end — Output signals — Vx o« Bx o« cos(a) & Vy « By o sin(a)
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= MLX90316
MeleXIG Rotary Position Sensor IC

Microelectronic Infegrated Systems

Those Hall signals are processed through a fully differential analog chain featuring the classic offset
cancellation technique (Hall plate quadrature spinning and chopper-stabilized amplifier).

The conditioned analog signals are converted through an ADC (configurable — 14 or 15 bits) and provided
to a DSP block for further processing. The DSP stage is based on a 16 bit RISC micro-controller whose
primary function is the extraction of the angular position from the two raw signals (after so-called front-end
compensation steps) through the following operation:

a = ATAN (VYJ

X

The DSP functionality is governed by the micro-code (firmware — F/W) of the micro-controller which is
stored into the ROM (mask programmable). In addition to the "ATAN" function, the F/W controls the whole
analog chain, the output transfer characteristic, the output protocol, the programming/calibration and also
the self-diagnostic modes.

In the MLX90316, the "ATAN" function is computed via a look-up table (i.e. it is not obtained through a
CoRDiC algorithm).

Due to the fact that the "ATAN” operation is performed on the ratio "Vv/Vy”, the angular information is
intrinsically self-compensated vs. flux density variations (due to airgap change, thermal or ageing effects)
affecting both signals. This feature allows therefore an improved thermal accuracy vs. rotary position
sensor based on conventional linear Hall sensors.

In addition to the improved thermal accuracy, the realized rotary position sensor is capable of measuring a
complete revolution (360 Degrees) and the linearity performances are excellent taking into account typical
manufacturing tolerances (e.g. relative placement between the Hall IC and the magnet).

Once the angular information is computed (over 360 degrees), it is further conditioned (mapped) vs. the
target transfer characteristic and it is provided at the output(s) as:

e an analog output level through a 12 bit DAC followed by a buffer
e adigital PWM signal with 12 bit depth (programmable frequency 100 Hz ... 1 kHz)
e adigital Serial Protocol (SP — 14 bits computed angular information available)

For instance, the analog output can be programmed for offset, gain and clamping to meet any rotary
position sensor output transfer characteristic:

Vout(a) = ClampLo for o < amin
Vout(a) = Voffset + Gain x a for amin < o < amax
Vout(a) = ClampHi for o > amax

where Voffset, Gain, ClampLo and ClampHi are the main adjustable parameters for the end-user.

The linear part of the transfer curve can be adjusted through either a 2 point or a 3 point calibration
depending on the linearity requirement.

A digital output is also available and used as a programmable angular switch.

The calibration parameters are stored in EEPROM featuring a Hamming Error Correction Coding (ECC).
The programming steps do not require any dedicated pins. The operation is done using the supply and
output nodes of the IC. The programming of the MLX90316 is handled at both engineering lab and

production line levels by the Melexis Programming Unit PTC-04 with the dedicated MLX90316
daughterboard and software tools (DLL — User Interface).

3901090316 Page 9 of 41 Data Sheet
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= MLX90316
MeleXIG Rotary Position Sensor IC

Microelectronic Infegrated Systems

10. MLX90316 Accuracy Specification

DC Operating Parameters at VDD = 5V (unless otherwise specified) and for Tp as specified by the
Temperature suffix (S, E, Kor L).

ADC Resolution on the raw Ranc Slow Mode('6) 15 bits
signals sine and cosine Fast Mode(® 14 bits
Thermal Offset Drift #1(17) Thermal Offset Drift at the DSP
input (excl. DAC and output stage)
Temperature suffix S, E and K -60 +60 LSB1s
Temperature suffix L -90 +90 LSB1s
Thermal Offset Drift #2 Thermal Offset Drift of the DAC
(to be considered only for the and Output Stage
analog output mode) Temperature suffix S, E and K -03 +0.3 %\VDD
Temperature suffix L -04 +04 %\V/DD
Thermal Drift of Sensitivity Temperature suffix S, E and K -03 +0.3 %
Mismatch('® Temperature suffix L -05 +05 %
Intrinsic Linearity Error(19) Le Ta=25°C -1 1 Deg
Analog Output Resolution Roac 12 bits DAC 0.025 %VDD/LSB
(Theoretical — Noise free)
INL -4 +4 LSB
DNL 0.05 1 2 LSB
Output stage Noise Clamped Output 0.05 %\V/DD
Noise pk-pk(20) RG =9, Slow mode, Filter=5 0.03 0.06 Deg
RG =9, Fast mode, Filter=0 0.1 0.2 Deg
Ratiometry Error -0.1 0 0.1 %VDD
PWM Output Resolution Rewm 12 bits 0.025 %DC/LSB
(Theoretical — Jitter free)
PWM Jitter(2) Jrwm RG =6, Fewm = 250 Hz - 800Hz 0.2 %DC
Serial Protocol Output Rsp 14 bits — 360 Deg. mapping 0.022 Deg/LSB
Resolution (Theoretical - Jitter free)

16 15 bits corresponds to 14 bits + sign and 14 bits corresponds to 13 bits + sign. After angular calculation, this corresponds to
0.005Deg/LSB;s in Low Speed Mode and 0.01Deg/LSB4 in High Speed.

"7 For instance, Thermal Offset Drift #1 equal + 60LSB1s yields to max. + 0.3 Deg. angular error for the computed angular
information (output of the DSP). See Front End Application Note for more details. This is only valid if automatic gain is set (See
Section 14.4.2)

18 For instance, Thermal Drift of Sensitivity Mismatch equal + 0.4% yields to max. + 0.1 Deg. angular error for the computed
angular information (output of the DSP). See Front End Application Note for more details.

19 The Intrinsic Linearity Error refers to the IC itself (offset, sensitivity mismatch, orthogonality) taking into account an ideal
rotating field. Once associated to a practical magnetic construction and the associated mechanical and magnetic tolerances, the
output linearity error increases. However, it can be improved with the multi point end-user calibration that is available on the
MLX90316.

2 The application diagram used is described in the recommended wiring. For detailed information, refer to section Filter in
application mode (Section 14.5).

21 Jitter is defined by + 3 o for 1000 successive acquisitions and the slope of the transfer curve is 100%0Dc/360 Deg.
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MeleXIG Rotary Position Sensor IC

Microelectronic Infegrated Systems

17. Recommended Application Diagrams

17.1. Analog Output Wiring with the MLX90316 in SOIC Package

ECU

OnF

8
il |
22
@ <
| |
e &
| |
>
v,
O

—D: Vdd Vss
MLX90316 :
. 2 —
[ox]
= Output f
t—{ ] |[Notused  outt L —

R1

l c4
10K I4.7n|=

Switch Out  Test2|| | F——1 100nF
o

I

Figure 13 — Recommended wiring for the MLX90316 in SOIC8 package'®®.

17.2. Analog Output Wiring with the MLX90316 in TSSOP Package

ECU

vdd1
GNDIL _

2 = GND1
100nF es
c1 - > 100nF
100nF¢—] —C|vdigt 1 Outputl
|——C|vsst outt [[T3—— ===

—{T|vdd1 Tt—
i MLX90316 L 3—— c4

— T o SR | Kl
— 1] Vdd2 [T +—— é(—’j\‘%zz— -

\——C&Z Out2 Vss2 W
— vdig2 [T —{
C6

ADC

100nF

100nF = GND2 Output2
————<

Figure 14 — Recommended wiring for the MLX90316 in TSSOP16 package (dual die).

2 See section 14.1.4 if the Switch Output feature is used.
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M e leXIe Rotary Position Sensor IC

Microelectronic Infegrated Systems

20. Package Information

20.1. SOIC8 - Package Dimensions

NOTES:

|
| .
1 | -
|:| F::| |I| All dimensions are in millimeters (anlges in degrees).
T

t T * Dimension does not include mold flash, protrusions or

gate burrs (shall not exceed 0.15 per side).

** Dimension does not include interleads flash or protrusion

(shall not exceed 0.25 per side).

JE | —JL. 381 580 *** Dimension does not include dambar protrusion.

3.99" 6.20* Allowable dambar protrusion shall be 0.08 mm total in
excess of the dimension at maximum material condition.
Dambar cannot be located on the lower radius of the foot.

4.80
4.98* 1.37

oot ¢
r ‘[ - 0°
AJ | 0.100 JT' - v
0.36 0250 1.27

20.2. SOIC8 - Pinout and Marking

MOSI/MISO

Out

Marking :

o]
:D Vss
| T ]vdig
:D Test 1
(5]

Part Number MLX90316 (3 digits)

Die Version (3 digits)
36 Standard
316BxG ToP SPI Version

123456 123456 Lot number (6 digits)
Bottom
Week Date code (2 digits)
l:l l:l 4 Year Date code (2 digits)

vdd[ |
Test 0

\SS
Switch

SCLK[ ]|

3901090316 Page 36 of 41 Data Sheet
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20.3. SOIC8 - IMC Positionning

CCw 0.46 +/- 0.06

Angle detection MLX90316 SOICS8
~ 0 Deg.* ~ 90 Deg.*

RESEETE RESNETE
@ S

EpzpEE EpzpEyE

~ 180 Deg.* ~ 270 Deg.*

Ao Ls Aos
w

EpEp=NE EEEpENE

* No absolute reference for the angular information.

The MLX90316 is an absolute angular position sensor but the linearity error (Le — See Section 10) does
not include the error linked to the absolute reference 0 Deg (which can be fixed in the application through
the discontinuity point — See 14.2.2).
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3/14/2009 McMaster-Carr - Item 91375A052

Ball and Roller Bearings

Part Number: 4259T6 $11.95 Each
Type Ball Bearings
Ball Bearing Style Flanged Open
Ball Bearing Type General Purpose
System of Measurement Inch
For Shaft Diameter 1/8"
Outside Diameter 1/4"
Width 3/32"
Flange Outside Diameter .296"
Flange Thickness .023"
ABEC Precision Bearing Rating ABEC-7
Dynamic Radial Load Capacity, Ibs. 31
Dynamic Radial Load Capacity 6 to 250 Ibs.
Range, Ibs.
Maximum rpm 80,000
Maximum rpm Range Above 60,000
Temperature Range -13°to +248° F
Bearing Material Stainless Steel
Stainless Steel Material Type Type 440C Stainless Steel
Specifications Met Not Rated
Note Bearings are lubricated.
u +0
0.296 - = 0.0837" g 0001
1
0.25+*0 i ||
-0.0002
40 o] w02
0125 5 poo2
 McMASTER-CARR 2] | 4259T6
Hitp MCMaLtercom Type 440C Stambess Stesl
02007 McMaster-Cam Supply Company Flanged Open Bal Bearing
i SR e o S s, WA 3 S e e v =
McMASTER-CARR. © McMaster-Carr Supply Company. All rights reserved.
http://www.mcmaster.com/#91375a... 1/1
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SOLID TANTALUM ELECTROLYTIC CAPACITORS

nichicon

F92

Resin-molded Chip,
Compact Series

SNC s

For SMD Smaller  Eco-Products

B Type numbering system (Example: 6.3V 10uF)
8 n

12 3 4 7

Taping code

m (Refer to page 213 for details)

Case code

Capacitance tolerance
Rated Capacitance Rated voltage
Series

sk s

M Dimensions

(mm)
Case code L W, W, H S
J 16+01|08+01|[06+01)|08+01|04£01
P 20+02]1.25+01]09+0.1 ]11+01|05+02
A 32+02| 16+£02|12+01|11+01]|08%0.2
B 34+02| 28+02|23+01|11+01]|08+02

5 seconds immension at 260°C,

10 seconds reflow at 260°C

B Marking
##iRated Capacitance Rated Capacitance (uF)
J Case P Case A Case B Case
G22 ®
Rated voltage Rated Capacitance
(Voltage code) code)
Rated voltage (V)
25V [ e |[[[1ov [ A 25V | E
\ v \GH 16V c\ 35V \\/\
63V | J 20v_| D

# 3 Capacitance code of “P” case products are as shown below.

B Specifications

Performance Characteristics

Capacitance Change
‘Within £10% of initial value
(J case within +20%)

Dissipation Factor--150% of

less of initial specified value*1

Leakage Current--

Initial specified value or less

Resistance Within +5% of initial value

to Soldering Heat Initial specified value or less

Initial specified value or less

After application of surge voltage in series with a 33Q (For "J" “P" case:
1kQ) resistor at the rate of 30 seconds ON, 30 seconds OFF, for 1000
successive test cycles at 85°C, capacitors meet the characteristics

Item

J - P Case

‘ A-B Case

Category

Temperature Range

—55 ~ +125°C (Rated temperature : 85°C)

Capacitance Tolerance

+20% (at 120Hz)

Dissipation Factor (120Hz)

refer to P.216

E.S.R. (100kHz)

refer to P.216

Leakage Current

at 85°C is not more than 0.1CV/
« After 1 minute's application of dt

« After 1 minute's application of rated voltage, leakage current
at 20°C is not more than 0.01CV or 0.5uA, whichever is greater.
« After 1 minute's application of rated voltage, leakage current

at 125°C is not more than 0.125CV or 6.3pA, whichever is greater.

or 5pA, whichever is greater.
erated voltage, leakage current

by Temperature

Capacitance Change

+20% Max. (at +125°C)
+15% Max. (at +85°C)
-15% Max. (at -55°C)

+15% Max. (at +125°C)
+10% Max. (at +85°C)
-10% Max. (at -55°C)

Damp Heat

(No voltage applied)

At40°C 90 ~ 95% R.H. 240 hours

At 40°C 90 ~ 95% R.H. 500 hours

Capacitance Change:--
Within £20% of initial value
Dissipation Factor:--150% or
less of initial specified value
Leakage Current:--
Initial specified value or less

Within £10% of initial value
Initial specified value or less

Initial specified value or less

Temperature Cycles

-55°C / +125°C 30 minutes eacl

h 5 cycles

Capacitance Change:-
Within £10% of initial value
(J case Within +20%)
Dissipation Factor---150% of
less of initial specified value *1
Leakage Current:--
Initial specified value or less

Within +5% of initial value
Initial specified value or less

Initial specified value or less

B Standard ratings

requirements listed below.

Capacitance Change---

beforehand on an aluminum substrate,
there shall be found neither exfoliation
nor its sign at the terminal electrode.

Surgel! Within £10% of initial value | Within +5% of initial value
(J case within + 20%)
Dissipation Factor--150% or - -
less of initial specified valuer1 Initial specified value or less
Leakage Current---
Initial specified value or less | Initial specified value or less
After 1000hours’ application of | After 2000hours' application of
rated voltage in series with a rated voltage in series with a
3Q resistor at 85°C, or derated | 30, resistor at 85°C, or derated
voltage in series with a 3Q "
resistor at 125°C, capacitors | VOltage in series with a 30
meet the characteristic resistor at 125°C, capacitors
requirements listed below. meet the characteristic
Endurancet Capacitance Change requirements listed below.
Within +10°C of initial value | Capacitance Change--
gscs%‘;;‘g:h;g 2207 eor Within +10°C of initial value
issipati o vigieh
less of initial specified value*1 D‘S.S.'pf“m I;_ac(;or--‘- ’
Leakage Current-- Initial specified value or less
Initial specified value or less | Leakage Current--
(J case 2 times value or less) | Initial specified value or less
After applying the pressure load of 5N for
10+1 seconds horizontally to the center -
of capacitor side body which has no L 2
Shear Test electrode and has been soldere

d 5N (0.51Kg - f)
For 10 + 1seconds

Terminal Strength

Keeping a capacitor surface-mol
bottom points 45mm apart from
specified jig at the center of the
bend by 1mm as illustrated.
Then, there shall be found no

remarkable abnormality on the
capacitor terminals.

substrate so that the substrate may

unted on a substrate upside

down and supporting the substrate at both of the opposite

the center of the capacitor, the

pressure strength is applied with a

20

R230

OAs for the surge and derated voltage at 125°C, refer to page 212 for details.

Vv 25 4 6.3 10 16 20 25 35 3
Cap.(UF) Code OE 0G 0J 1A 1C 1D 1E 1V Capacitance code
0.1 104 A
0.15 154 A
0.22 224 P-A A A J
0.33 334 P-A A A N
0.47 474 P P-A A B S
0.68 684 P A B B W
1 105 P P J-P-A P-A P-A-B (A) A
1.5 155 P P-A P-A A-B E
2.2 225 P J-P-A J-P-A P-A-B A-B (B) (B) J
3.3 335 P-A P-A P-A A-B B N
4.7 475 P J-P-A J-P-A P-A A-B B S
6.8 685 P J-P-A P-A P-A B w
10 106 J-P-A J-P-A J-P-A P-A-B (A)-B a
15 156 P-A P-A P-A A-B e
22 226 P-A P-A P-AB (A) B (B) i
33 336 P-A (P)-A-B (A) - B B n
a7 476 B A)-B B () The series in parentheses are being developed.
68 686 B B Please contact to your local Nichicon sales office when these
100 107 B B (B) series are being designed in your

124
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SOLID TANTALUM ELECTROLYTIC CAPACITORS nichicon

F92

W Standard ratings

RN Cagaacwnadnce Casesize|  Part Number e | Ve | Esw IREEERER Cagaa;:nce Casesize|  PartNumber = | " | mem
\ (uF) W) | (%@120Hy) | (20100K) \ (F) ) | @120Hy) | (20100KH)
4.7 P F920E475MPA 0.5 8 6.0 1 P F921A105MPA 0.5 8 12.0
6.8 P F920E685MPA 0.5 10 6.0 1.5 P F921A155MPA 0.5 8 12.0
10 J F920E106MJA 0.5 20 6.5 15 A F921A155MAA 0.5 6 7.4
10 P F920E106MPA 0.5 10 6.0 2.2 J F921A225MJA 0.5 20 17.5
10 A F920E106MAA 0.5 8 4.0 2.2 P F921A225MPA 0.5 8 12.0
15 P F920E156MPA 0.5 10 5.0 2.2 A F921A225MAA 0.5 6 7.0
2.5v 15 A F920E156MAA 0.5 8 4.0 33 P F921A335MPA 0.5 8 12.0
22 P F920E226MPA 0.6 20 4.0 3.3 A F921A335MAA 0.5 6 7.0
22 A F920E226MAA 0.6 12 2.8 4.7 P F921A475MPA 0.5 8 6.0
33 P F920E336MPA 0.8 20 4.0 10v 4.7 A F921A475MAA 0.5 6 4.0
33 A F920E336MAA 0.8 12 2.8 6.8 P F921A685MPA 0.7 8 6.0
47 B F920E476MBA 1.2 12 1.7 6.8 A F921A685MAA 0.7 6 4.0
68 B F920E686MBA 1.7 12 1.5 10 P F921A106MPA 1.0 14 6.0
100 B F920E107MBA 25 18 1.3 10 A F921A106MAA 1.0 8 4.0
2.2 P F920G225MPA 0.5 8 12.0 10 B F921A106MBA 1.0 6 2.0
3.3 P F920G335MPA 0.5 8 12.0 15 A F921A156MAA 1.5 8 4.0
33 A F920G335MAA 0.5 6 7.0 15 B F921A156MBA 15 6 2.0
4.7 J F920G475MJA 0.5 20 8.5 22 B F921A226MBA 2.2 8 19
4.7 P F920G475MPA 0.5 8 6.0 33 B F921A336MBA 33 12 1.9
4.7 A F920G475MAA 0.5 6 4.0 0.47 P F921C474MPA 0.5 8 20.0
6.8 J F920G685MJA 0.5 20 75 0.68 P F921C684MPA 0.5 8 12.0
6.8 P F920G685MPA 0.5 10 6.0 1 J F921C105MJA 0.5 20 255
6.8 A F920G685MAA 0.5 6 4.0 1 P F921C105MPA 0.5 8 12.0
10 J F920G106MJA 0.5 20 6.5 1 A F921C105MAA 0.5 4 10.0
4v 10 P F920G106MPA 0.5 10 6.0 1.5 P F921C155MPA 0.5 8 12.0
10 A F920G106MAA 0.5 8 4.0 15 A F921C155MAA 0.5 6 7.4
15 P F920G156MPA 0.6 10 5.0 16V 2.2 P F921C225MPA 0.5 8 12.0
15 A F920G156MAA 0.6 8 4.0 2.2 A F921C225MAA 0.5 6 7.0
22 P F920G226MPA 0.9 20 5.0 2.2 B F921C225MBA 0.5 6 3.0
22 A F920G226MAA 0.9 12 2.8 3.3 A F921C335MAA 0.5 6 7.0
33 A F920G336MAA 1.3 12 2.8 33 B F921C335MBA 0.5 6 3.0
33 B F920G336MBA 1.3 12 1.7 4.7 A F921C475MAA 0.8 6 7.0
47 B F920G476MBA 1.9 12 1.7 4.7 B F921C475MBA 0.8 6 3.0
68 B F920G686MBA 2.7 18 15 6.8 B F921C685MBA 11 6 3.0
100 B F920G107MBA 4.0 18 1.3 10 B F921C106MBA 1.6 6 2.0
1 P F920J105MPA 0.5 8 12.0 0.22 P F921D224MPA 0.5 8 20.0
1.5 P F920J155MPA 0.5 8 12.0 0.22 A F921D224MAA 0.5 4 10.0
2.2 J F920J225MJA 0.5 20 17.5 0.33 P F921D334MPA 0.5 8 20.0
2.2 P F920J225MPA 0.5 8 12.0 0.33 A F921D334MAA 0.5 4 10.0
2.2 A F920J225MAA 0.5 6 7.0 0.47 P F921D474MPA 0.5 8 20.0
3.3 P F920J335MPA 0.5 8 12.0 0.47 A F921D474MAA 0.5 4 10.0
3.3 A F920J335MAA 0.5 6 7.0 0.68 A F921D684MAA 0.5 4 10.0
4.7 J F920J475MJA 0.5 20 8.5 20v 1 P F921D105MPA 0.5 8 20.0
4.7 P F920J475MPA 0.5 8 6.0 1 A F921D105MAA 0.5 4 10.0
4.7 A F920J475MAA 0.5 6 4.0 15 A F921D155MAA 0.5 6 7.4
6.3V 6.8 P F920J685MPA 0.5 10 6.0 1.5 B F921D155MBA 0.5 6 4.0
6.8 A F920J685MAA 0.5 6 4.0 2.2 A F921D225MAA 0.5 6 7.0
10 J F920J106MJA 0.6 20 8.5 2.2 B F921D225MBA 0.5 6 3.0
10 P F920J106MPA 0.6 10 6.0 3.3 B F921D335MBA 0.7 6 3.0
10 A F920J106MAA 0.6 8 4.0 4.7 B F921D475MBA 0.9 6 3.0
15 P F920J156MPA 0.9 10 6.0 0.22 A F921E224MAA 0.5 4 10.0
15 A F920J156MAA 0.9 8 4.0 0.33 A F921E334MAA 0.5 4 10.0
22 P F920J226MPA 1.4 20 5.0 0.47 A F921E474MAA 0.5 4 10.0
22 A F920J226MAA 1.4 12 2.8 25v 0.68 B F921E684MBA 0.5 4 4.0
22 B F920J226 MBA 14 8 1.9 1 P F921E105MPA 0.5 8 20.0
33 B F920J336MBA 2.1 12 1.7 1 A F921E105MAA 0.5 6 10.0
47 B F920J476MBA 3.0 12 1.7 1 B F921E105MBA 0.5 4 4.0
0.1 A F921V104MAA 0.5 4 10.0
0.15 A F921V154MAA 0.5 4 10.0
35v 0.22 A F921V224MAA 0.5 4 10.0
0.33 A F921V334MAA 0.5 4 10.0
0.47 B F921V474MBA 0.5 4 4.0
0.68 B F921V684MBA 0.5 4 4.0

CAT.8100S
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Surface Mount Detection Switch

D3SH

The smallest detection switch in the
world. (OMRON'’s data as of June 2006.)

* Ultra small size and ultra low profile contributing to
down-sizing of sets devices.
(3.0x 3.4 x0.9mm (W x D x H))

A unique mechanism enables high contact reliability and
high precision operation.

» Horizontal 2-way detection and long stroke for easy
installation are available.

* Meet a variety of applications by contact and lever

variations. NEW
I —

Ordering Information

B Model Number Legend
D3SH-L][][]

1 2 3
1. Contact Form 3. Lever and Direction of Operation
A: SPST-NO R : Right operating with standard lever
B: SPST-NC L : Left operating with standard lever
2. Boss for Positioning R1: Right operating with long lever
0: without Boss L1: Left operating with long lever

1: with Boss

H List of Models

Standard Lever Models Long Lever Models
Contact| Direction of Boss of Model Packing Contact| Direction of Boss of Model Packing
form Operation Positioning form form Operation Positioning form
SPST- |Right ] With Boss |D3SH-A1R |Embossed SPST- |Right ] With Boss |D3SH-A1R1 |Embossed
NO =) tape packing NO = tape packing
Without | D3SH-AOR |(see note) Without | D3SH-AORT | (5 N0t¢)
Boss Boss
Left §  |WithBoss |D3SH-A1L Left J |WithBoss [D3SH-A1L1
= =
Without D3SH-AOL Without D3SH-AOL1
Boss Boss
SPST- |Right| g With Boss  |D3SH-B1R SPST- [Right| g With Boss |D3SH-B1R1
NC =) NC =
Without D3SH-BOR Without D3SH-BOR1
Boss Boss
Left J  |WithBoss |D3SH-BIL Left §  |WithBoss |D3SH-B1L1
g =
Without D3SH-BOL Without D3SH-BOL1
Boss Boss
Note: Minimum packing unit is 1,000 pcs./reel. Note: Minimum packing unit is 1,000 pcs./reel.
Surface Mount Detection Switch D3SH 1
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OMmRON
Specifications

H Ratings

Rated voltage Resistive load
5VDC 1 mA

Note: The ratings values apply under the following test conditions:
Ambient temperature : 20+ 2°C
Ambient humidity: 65+ 5%
Operating frequency: 30 operations/min.

B Characteristics
Operating speed 1 mm to 300 mm/s
Operating frequency Mechanical: 20 operations/min max.
Electrical: 20 operations/min max.
Insulation resistance 100 MQ min. (at 100 VDC)
Contact resistance (initial value) 3Q max.
Dielectric strength 100 VAC for 1 min between terminals of same polarity
Vibration resistance (see note 2) Malfunction: 10 to 55 Hz, 1.5-mm double amplitude
Shock resistance (see note 2) Destruction: 1000 m/s? {approx. 100 G} max.
Malfunction: 300 m/s? {approx. 30 G} max.
Durability (see note 3) Mechanical: 150,000 operations min. (20 operations/min.)
Electrical: 100,000 operations min. (20 operations/min.)
Ambient operating temperature —25°C to 85°C (at ambient humidity of 60% max.) (with no icing or condensation)
Ambient operating humidity 85% max. (for 5°C to 35°C)
Weight Approx. 0.02 g

Note: 1. The data given above are initial values.
2. The values apply at the total travel position. Contact opening or closing time is within 1ms.
3. For testing conditions, consult your OMRON sales representative.

H Contact Specifications H Contact form
Contact Specification Slide
Minimum applicable load 15uAat3VDC SPST-NO

— N.O

17

COM——\—— N.O COM—

SPST-NC

COM__\L__N C COM —+

Note: The cover connects with COM terminal inside.

7

4

2 Surface Mount Detection Switch D3SH
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Dimensions

OMmRON

B Packaging Specifications

Label Feed direction
(18) —H— —

Standards |Conforms to JEITA

Package Qty 1,000 pcs/reel

Drawing direction ——

$13
Standard package Qty 1,000 pesireel \_Reel $380+2

B Dimensions and Operating Characteristics

Note: 1. All units are in millimeters unless otherwise indicated.
2. Unless otherwise specified, a tolerance of +0.15 mm applies to all dimensions.
3. The operating characteristics are for operation in the A direction ( ) and B direction (— , « ).

Standard Lever Models

Model D3SH-CICIR
D3SH-IL
Operating force (OF) max. 0.3 N {31 g¢f}
Free position (FP) 5.4 +0.2mm
Operating position (OP) 5.0+0.2mm
Total travel position (TTP) 3.8+ 0.15mm

Right operating — without Boss
D3SH-[J0R

0.9,
- ©9)

0.68|

,/>

RN N,

i foss T
165

22—+

44

0.9+0.05

0.39
= PCB mounting land Dimension (Reference)

H (View from switch top)
05] t

0.3

Surface Mount Detection Switch D3SH
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Left operating — without Boss

D3SH-L]0L

09)

Tg

[0.4

Jos5

0.39

0.36

Right operating — with Boss

D3SH-L1R

[T

4.4

22—

PCB mounting land Dimension (Reference)
(View from switch top)

OmRON

Left operating — with Boss

D3SH-L]1L

D
= AN 07"
; %
A
J
a T {
ol & 2005 11 [0.4
o f fossT 28
E C) 1 5[
5
22—
44

FP
OP

TP
2=
I

PCB mounting hole and land dimensions (Reference)

center of rotation

(View from switch top)

S 260795

2005 41
025 22005414

he |
[0.4

Joss] 28

qu.a B o007 !
7

0.9+005

M

) 15‘

~— 22—

44

PCB mounting hole and land dimensions (Reference)

(View from switch top)

Surface Mount Detection Switch D3SH
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0603 SERIES PACKAGE (1.6MM X 0.8MM X 0.7MM) SINGLE COLOR

Package Outline Drawing: Recommended Soldering Pattern For
1 110 . Reflow Soldering
— — [0.043] o
NSRS 2 =
3
c = 080 D80
h h [0.031] [0.0311
- <2 e
: =
. 2.40 n
" = [0.0941
Notes 1. All di i are in mm [i H
2. Tolerances are +0.1mm [0.004inch] unless noted.
LUMINOUS DOMINANT FORWARD VIEWING
LENS INTENSITY WAVELENGTH VOLTAGE ANGLE
DIALIGHT P/N | EMITTED COLOR | MATERIAL | .~ o0 (mcd) (nm) )
If =20 ma If =20 ma If =20 ma ° DEGREES
MIN | TYP [ MAX MIN TYP MAX | MIN | TYP [ MAX
598-8010-107F RED AlinGaP  [Water Clear| 30 | 40 80 630 635 642 17 | 22 | 24 140
598-8020-107F RED-ORANGE AllnGaP  [Water Clear| 120 | 150 200 620 625 630 17 | 2 24 140
598-8030-107F ORANGE AllnGaP  [Water Clear| 70 - 150 600 - 610 17 | 2 24 140
598-8040-107F YELLOW AlinGaP  |Water Clear| 100 [ 130 160 590 - 595 17 | 2 22 140
598-8050-107F YELLOW AlinGaP  [Water Clear| 100 | 130 160 583 - 590 17 | 2 24 140
598-8060-107F | YELLOW-GREEN AllnGaP  [Water Clear| 20 | 40 60 570 - 575 18 | 2 24 140
598-8070-107F GREEN GaP Water Clear| 10 | 20 40 562 - 570 18 | 2 24 140
598-8081-107F GREEN InGaN Water Clear| 220 | 300 400 520 523 525 3 32 | 35 140
598-8091-107F BLUE InGaN Water Clear| 90 | 140 160 470 473 475 28 | 32 | 35 140

0805 SE PACKAGE (2.0MM X 1.25MM X 0.70MM) SINGLE COLOR

Package Outline Drawing: Recommended Soldering Pattern For
Reflow Soldering

1.1
[0.043]

g

130
[0.0511

—

3.40
Notes 1. All dii i are in mm [i (0.1343
2. Tolerances are +0.1mm [0.004inch] unless noted.
LUMINOUS DOMINANT FORWARD VIEWING
DIALIGHT P/N EMITTED COLOR MATERIAL LENS INTENSITY WAVELENGTH VOLTAGE ANGLE
COLOR (mcd) (nm) v)
If =20 ma If =20 ma If =20 ma ° DEGREES
MIN | TYP | MAX | MIN TYP MAX | MIN | TYP | MAX
598-8110-107F RED AlinGaP Water Clear | 30 40 80 630 635 642 | 1.7 | 2.2 24 140
598-8120-107F RED-ORANGE AlinGaP Water Clear | 120 | 150 200 | 620 625 630 | 1.7 2 24 140
598-8130-107F ORANGE AlinGaP Water Clear | 70 - 150 | 600 - 610 | 1.7 2 24 140
598-8140-107F YELLOW AlinGaP Water Clear | 100 | 130 160 | 590 - 595 | 1.7 2 24 140
598-8150-107F YELLOW AlinGaP Water Clear | 100 | 130 160 | 583 - 500 | 1.7 2 24 140
598-8160-107F YELLOW-GREEN AlinGaP Water Clear | 20 40 60 570 - 575 | 1.8 2 24 140
598-8170-107F GREEN GaP Water Clear | 10 20 40 562 - 570 | 1.8 2 24 140
598-8181-107F GREEN InGaN Water Clear | 220 | 300 400 | 520 523 525 3 3.2 3.5 140
598-8191-107F BLUE InGaN Water Clear | 90 140 160 | 470 473 475 | 2.8 3.2 3.5 140

Dialight Corporation + 1501 Route 34 South « Farmingdale, NJ 07727 « TEL: 1.732.919.3119 « FAX: 1.732.751.5778 + www.dialight.com
000000000 1
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(5 D& Your Source for the World’s Strongest Magnets

-Wednesday January 21st 2009

PRODUCT DETAIL

Home

Products
Meo Mag Safety
Neo Mag Info
Order,/Ship Info
Uses
Neo Mag Specs
FAQ
Links
About Us

) (o] (w](w](w] ] o) o))l

w7 Shopping cart
0 Products in cart
Total $0.00
» Checkout

Quick Links

- Discs

- Cylinders

- Blocks

- Rings

- Spheres

- Plastic/Rubber
Coated

- Mounting Magnets

- Surplus

- Other Items

- Grade N50/N52

- Custom Magnets

[ 1

search

Customers who purchased this item also purchased:

Home » NEODYMIUM CYLINDER MAGNETS

K&J Magnetics - Products

UPS Orders placed online
by noon ET (M-F) will be
shipped the same day

home | products | search | checkout | policies | contact | UPS tracking

[ checkout T

January
Specials

D24DIA

e Dimensions: 1/8" dia. x 1/4"
thick

® Tolerances: +£0.002"

x +0.002"

® Material: NdFeB, Grade N42
e Plating/Coating: Ni-Cu-Ni

(Nickel)
® Magnetization Direction: 15% Off
Diametrical 11/2"x 1/4" x 1/8"

e Weight: 0.0133 oz. (0.377 g)
® Pull Force: 1.45 |bs

e Surface Field: 3840 Gauss

e Brmax: 13,200 Gauss

® BHmax: 42 MGOe

Neodymium Block

These small diametrically
magnetized cylinders are great
for use with Hall Effect Sensors
or just making chains of
magnets for bracelets or
necklaces. The poles are
located on the sides of the
cylinders, so they will attract
each other as shown in the
bottom picture.

20% Off
1" dia. x 3/8" discs
Strong & Sturdy!

Order by phone:
1-888-SHOP-KIM
(1-888-746-7556)
or 215-766-8055
Order online for
fastest shipping!

D24DIA: | 1 for $0.21 =]

Add to cart

« Previous | Next » NO
MINIMUM
. ORDER
Tell a Friend

WEEIFTF

ABOUT SSL CERTIFICATES

BC62
3/4" x 3/8" x 1/8" thick
Grade N42 - Nickel Plated

kjmagnetics.com/proddetail.asp?prod...

PayPal
W ERIF I ED
Our secure shopping
cart is able to process
credit cards quickly,
easily and securely.

B555
5/16" x 5/16" x 5/16" thick
Grade N42 - Nickel Plated

131

DE3
7/8" dia. x 3/16" thick
Grade N42 - Nickel Plated

K&J Magnetics, Inc.
Your online source for
incredibly powerful
neodymium magnets

1/2



F-209

LOW PROFILE SOCKET STRI

SL-120-G-10

SL & SDL
SERIES

* Achieve low profile
without sacrificing
insertion depth!

* Choice of four precision
screw machined lead
styles.

* Exceptionally low profile,
down to (2,11mm) .083"
off of board.

* Mates with BBL or BDL
for board stacking
spaces down to
(3,89mm) .153"

SPECIFICATIONS

For complete specifications
see www.samtec.com?SL or
www.samtec.com?SDL

Insulator Material:
Black Glass Filled
Polyester FILENO. E111594
Contact/Shell Materials:
BeCu/Brass
Plating: Au or Sn over 50p"
(1,27um) Ni
Operating Temp Range:
-55°C to +125°C with Gold
-55°C to +105°C with Tin
Current Rating:
1A
Contact Resistance:
10 mQ max
Insertion Force:
(Single contact only)
Standard = 9 oz (2,50N) avg.,
160z (4,45N) max
((0,43mm) .017" DIA probe)
Low Insertion Force =
2.50z (0,70N) avg.,
5.50z (1,53N) max
((0,43mm) .017" DIA probe
except Style 30 (0,46mm)
.018" DIA probe)
Withdrawal Force:
(Single contact only)
Standard = 2.50z (0,70N)
avg., 1.50z (0,42N) min
((0,43mm) .017" DIA probe)
Low Insertion Force = 2.00z
(0,56N) avg., 0.50z min
((0,43mm) .017" DIA probe
except Style 30 is 2.00z
(0,56N) avg., .350z (0,10N)
min (0,46mm) .018"
DIA probe)
RoHS Compliant:
Yes
Lead-Free Solderable:
Wave only

Note: Some lengths,
styles and options are
non-standard, non-returnable.

Mates with:
TS, TD, HTS, BBS, BBD,
BBL, BDL, BHS

NO. PINS
PER ROW

TYPE
SGEE ™ n
]

= Single Row Low Profile Socket Strip

= Double Row Low Profile Socket Strip

—>| (2,54) .100 X No. of Positions |=—
@ooeolpoe I
(2,54)
P % W~ -
| (2,54) 100 X No. of Positions r«
X
02 ED<>€Bo@o (2133)
ECRERE
B B (27 H\
TYP

Low Insertion Force (LIF) Available

—11
Low Profile
(Standard Mount)
For LIF specify —-31

-12
Micro-Socket
(Hollow Leg)
For LIF specify —32

Low Profile
(Hollow Leg)
For LIF specify -30

(1,83)

072 DIA
- i I
%4" "A y 1% @_ Y (2,41)
Yl . AT A \
NI NV
(584) 1 / 0,51)
230 (41, 8) .020
(1,32) Aoy 1l (1.32)
052 0 |~ 0s2
DIA 2 BIR
7
2 (0,76)
] 030
(Y ) I~ DIA
.030
DIA
Contact Length = Contact Length = Contact Length =
,11mm) .083" (1,58mm) 062" (1,58mm) .062"
Lead DIA Accepted = Lead DIA Accepted = Lead DIA Accepted =
(0,38mm) .015" to (0,51mm) .020" (0,41mm) .016" to (0,53mm) .021" (0,41mm) .016" to (0,51mm) .020"
Insertion Depth = Insertion Depth = Insertion Depth =

(2.67mm) 105" to (4,32mm) .170"
Style 10 Component Part No. =
SC-3P1

(2,03mm) .080" to (2,67mm) .105"
Style 11 Component Part No. =
SC-4P1

(1,65mm) .065" to (3,81mm) .150"
Style 12 Component Part No. =
SC-5P1
Style 30 Component Part No. =
EZ-3P1

Style 31 Component Part No. = Style 32 Component Part No. =
EZ-4P1 EZ-5P1

Due to technical progress, all designs, specifications and components are subject to change without notice.

WWW.SAMTEC.CO

PLATING
bl  OPTION

LEAD
STYLE

=30u" (0,76um)
Gold contact,
10p" (0,25pum)
Gold shell

0p"(0,76pm)
Gold contact,
Tin shell

—TT

=Tin contact and shell
(LIF not available)

-19
Micro-Socket
(Hollow Leg)
For LIF specify -39

Micro Standard
Socket Socket
e (Reference
ontact Length = i
(1.58mm) 062" only. Not avail-
able with SL &
Lead DIA Accepted = SDL)
(0,41mm) .016" to (0,51mm) .020"
Insertion Depth =

“ 55mm) 065" to (3,56mm) 140"
Style 19 Component Part No. =
C-8P1

Style 39 Component Part No. =
EZ-8P1

SAMTEC USA - Tel: 1-800-SAMTEC-9 or 812-944-6733 + Fax: 812-948-5047  SAMTEC SILICON VALLEY - Tel: 408-395-5900 + Fax: 408-395-1520 SAMTEC UK « Tel: 01236 739292 + Fax: 01236 727113

SAMTEC GERMANY - Tel: +49 (0) 89/ 89460-0 « Fax: +49 (0) 89/ 89460-299 SAMTEC FRANCE « Tel: 01 60 95 06 60 + Fax: 01 60 95 06 61

SAMTEC ITALY - Tel: 39 039 6890337 « Fax: 39 039 6890315

SAMTEC NORDIC/BALTIC « Tel: +46-84477280 « Fax: +46-87420413  SAMTEC ISRAEL « Tel: 972-3-7526600 « Fax: 972-3-7526690 SAMTEC INDIA « Tel: +91-80-3272 1612 « Fax: +91-80-4152 8187
SAMTEC ASIA PACIFIC « Tel: 65 6745-5955 + Fax: 65 6841-1502 SAMTEC JAPAN « Tel: 045-475-1385 + Fax: 045-475-1340  SAMTEC CHINA - Tel: 86-21-61103766 + Fax: 86-21-5423 4575  SAMTEC TAIWAN - Tel: 886-2-2735-6109 « Fax: 886-2-2735-5036

SAMTEC HONG KONG - Tel: 852-26904858 + Fax: 852-26904842  SAMTEC KOREA « Tel: 82-31-717-5685 » Fax: 82-31-717-5681
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Panasonic Precision Thick Film Chip Resistors

3 12

® ERJXG, 1G Series, +1 % type
1 2 4 5 6 7 8 9 10 1
\ \ \

Product Code Size, Power Rating Resistance Tolerance Resistance Value Packaging Methods
Thick Film Type : inches| Power R. | | Code [ Tolerance The first three digits are significant | [Code Packaging Type
Chip Resistors | | XGN : 01005 | 0.031 W F [ 1% figures of resistance and the last o | Pressed Carrier Taping [cq e
1GE . 0201 | 0.050 W one denotes number of zeros 2 mm pitch, 20000 pcs.
Pressed Carrier Taping
¢ 2 mm pitch, 15000 pcs. ERJIGE
® ERJ2R, 3E, 6E, 8E, 14, 12, 1T Series, +1 % type
1 2 3 4 5 6 7 8 9 10 1 12
Product Code Size, Power Rating Marking Resistance Tolerance Packaging Methods
Thick Film Type: inches| Power R. | | Code Marking Code | Tolerance Code Packaging Type
Chip Resistors | [oR: 0402 0.1W K | Nomarking Fl +1% « |Punched Carrier Taping | g n
3E:0603| 0.1W (2R, 3F) 2 mm pitch
6E:0805| 0.125 W N 4 digit marking punched or Taoi ERJ3E
BE:1206| 0.25W (6E, 8E, 14,12, 1T) (N At ;mia”‘e’ aPing | ERJeE
14:1210 0.5W s 4 digit marking ERJBE
12:1812| 0.75W [12(2010 inches)] Embossed Cartier Tani ERJ14
3 mbossed Carrier Taping
12:2010| 0.75W u 4 mm pitch ERJ12
1T: 2512 1TW ERJ1T
Resistance Value *
The first three digits are significant figures of resistance
and the 4th one denotes number of zeros following
M Construction H Dimensions in mm (not to scale)
L
7&3 ;
w
Protective coating t
b
Alumina substrate Type Dimensions (mm) Mass (Weight)
Electrode (Inner) (inches) L ™ a b T [g/1000pcs.]
ERJXG +0.02 2002 2003 £003 2002
(01005) 0.40 0.20 0.10 0.10 0.13 0.04
:EOF;.&?, 1R 0.60°% | 0.30°°% | 0.10%°% | 0.15:°% | 0.23:°% 0.15
Elotion ft [ 1.00°% 05085 (02002577 | 03577 | 08
ectrode
(Between) :EOFéJO%I;iD 160" | 0.80°°" | 0.30°°% | 0.30°°"® | 0.45:° " >
ot 2007 | 125 | 0407 | 04077 | 060" | 4
FO%%%EK 160" | 0.807°" | 0.30°°% | 0.30°°"® | 0.45:° " >
Thick film v R 020 02 R
resistive element Electrode (Outer) FU%%%EN 2.00%0% | 1.25%16 | 0.40°°%° | 0.40** | 0.60*°™ 4
finogy " 3207 1.60°% | 0.50°% | 050 | 0,60 | 10
F‘IZ#%‘)‘N 3.202°% | 2.502°2 | 0.502°% | 0.50°°2 | 0.60*°"° 16
5’3‘12?’\‘ 4.50°% | 3.00°% | 0.50%°% | 0.50°% | 0.60*° " 27
RS [500°7 25077 (06077 | 06077 |0.60°" | 27
Gt 6407|3207 06577 | 06077 |0.60°"| 45

Design and specifications are each subject to change without notice. Ask factory for the current technical specifications before purchase and/or use.
Should a safety concern arise regarding this product, please be sure to contact us immediately. Jul. 2008
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Panasonic

Precision Thick Film Chip Resistors

M Ratings
<+0.5 %>
Type Power Rating Limiting Element {Maximum Ov;r\oad Resistance Resistance T.CR. Cgﬁ?gg (nggzﬁge
. o Voltage (Maximum Voltage” Tolerance Range [x10°¢/°C T ture R
(inches) | at70°C (W) RV v) ) (%) @ (PPM/°C)] empera(%(; ange)
ERJ1RH 1k to 100 k
(0201) 0.05 15 30 +0.5 (E24, E96) +50 -55to +125
ERJIRK 100 to 976
(0201) 0.05 15 30 +0.5 (E24, E96) +100 -55to +125
ERJ2RH 100 to 100 k
(0402) 0.063 50 100 +0.5 (E24, E96) +50 -55to +125
10t0 97.6
) 0.063 50 100 £05 | 102kto i M 100 5510 +125
(E24, E96)
ERJ3RB 100 to 100 k
(0603) 0.063 50 100 +0.5 (E24, E9B) +50 -55to +125
10t0 97.6
T 0.063 50 100 £0.5 102Kto 1 M £100 5510 +125
(E24, E96)
ERJ6RB 100 to 100 k
(0805) 0.1 150 200 +0.5 (E24, E96) +50 -55to +125
10t0 97.6
(Eo'ggg)RE 0.1 150 200 +0.5 102kto 1 M +100 ~5510 +125
(E24, E96)
<+1 %>
Type Power Ratin Limiting Element {Maximum Overload| Resistance Resistance T.CR. Cgtegorv Tgmpe;ature
0By | B g osrun| s’ | Torance | Range | [<iorc |t Coeing
RowY)” (v) (V) (%) (@) (ppm/°C)] (°C)
ERJXG 10to 1M <100 Q : £300
(01005) 0.031 ® 30 =1 (E24,E96) |100Qs:200| ~—°010+125
ERJ1G 10to 1 M©®
(0201) 0.05 25 50 +1 (E24, £96) +200 5510 +125
ERJ2RK 10to 1M
(0402) 01 50 100 +1 (E24, E96) +100 -55to +155
ERJ3EK 10to 1M
(0603) 0.1 75 150 +1 (E24. E96) +100 -55to +155
ERJ6EN 10t0o2.2M
(0805) 0.125 150 200 +1 (E24, E96) +100 -55to +155
ERJBEN 10to2.2M
(1208) 0.25 200 400 +1 (E24, E96) +100 -55to +155
ERJ14N 10to 1M
(1210) 0.5 200 400 +1 (E24. E96) +100 -55to +155
ERJ12N 10to 1M
Gai) 075 200 500 +1 (E24 £96) 100 55 10 +155
ERJ12S 10to 1M
(2010) 0.75 200 500 +1 (E24, E96) +100 -55to +155
ERJ1TN 10to1M
(2512) 1 200 500 +1 (E24, E96) +100 -55to +155

(1) Rated Continuous Working Voltage (RCWV) shall be determined from RCWV=VPower Rating x Resistance Values, or Limiting Element Voltage
(max. RCWV) listed above, whichever less.
(2) Overload (Short-time Overload) Test Voltage (SOTV) shall be determined from SOTV=2.5 x Power Rating or max. Overload Voltage listed above
whichever less.
(3) Please contact us when you need a type with a resistance of less than 10 Q.

Power Derating Curve

For resistors operated in ambient temperatures above
70 °C, power rating shall be derated in accordance
with the figure on the right.

Rated Load (%)

55 °C q
o 70\C ]
8ol \\ T
ol \_ 2RK, 3E, 6E, 8E,
: 14,12, 1T
40
; XG, 1G, 1R, 2RH, \
20| 2RK, 3R, 6R T
! E o 5 ©
ol LT resc\ N
%0 40 20 0 20 40 60 80 100 120 140 160 180

Ambient Temperature (°C)

Design and specifications are each subject to change without notice. Ask factory for the current technical specifications before purchase and/or use.
Should a safety concern arise regarding this product, please be sure to contact us immediately.
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3/14/2009 McMaster-Carr - Item 91375A052

Socket Cap Screws
Part Number: 91251A056

$8.08 per Pack of 50

7 Head Style

.{.'_.} Standard Head Style
Material Type

Finish

Class

Drive Style

Inch Thread Size
Length

Thread Length
Thread Direction
Tip Type
Self-Locking Method
Screw Quantity

Hex Size

Head Diameter
Head Height
Rockwell Hardness
Minimum Tensile Strength
Thread Fit
Specifications Met

ASTM Specification

Standard
Standard
Steel
Black-Oxide
Not Rated
Hex Socket
0-80

5/16"

Fully Threaded
Right Handed
Plain

None

Individual Screw

.050"

.096"

.060"
Minimum C39
180,000 psi
Class 3A

American Society for Testing and Materials

(ASTM)
ASTMA574

0.050"
Hex

0.060"

VD e TCAMEELRE COM
€ 2000 MeM aster-Car Supply Company

PART
HUMBER

Black-Uwige Allty Sie el

91251A056

Socket Head Cap Screw

I T S el S S T b T el

T 5 g B ek ol

http://www.mcmaster.com/#91375a...
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The product informatiggegethis catalog is for reference only. Please request the Engineering Drawing for the most current and accurate design information.
All non-RaHS produ discontinued, or will be discontinued soon. Please check the products status on the Hirose website RoHS search at www.hirose-connectors.com, or contact your Hirose sales representative.

0.5 mm Pitch, 1.0 mm above the board Top Contact, Back-Flip
actuator Flexible Printed Circuit & Flexible Flat Cable ZIF Connectors

FH34(S)Series Increased FPC/FFC holding force

Space saving (30 pos. shown)

Actuator

Metal fittings

7 7,,1”7
3.2mm

Easy FPC/FFC insertion

Back opening rotating

All four
sides are
chamfered.

MFeatures
1. Low-profile
With the 1.0 mm above the board and width of 3.8 mm the .
connectors are used in space saving applications. Ready to insert FPC/FFC
2. Increased FPC/FFC retention

As compared with existing similar construction connectors:
* In horizontal direction: Approximately 2.6 times
% In vertical direction: Approximately 2 times

3. Unique Back-Flip rotating actuator
The rotating actuator opens from the back of the connector,
assuring reliable electrical and mechanical connection.

4. Easy FPC/ FFC insertion

Entry chamfers at all sides of the FPC/FFC insertion slot assure
correct insertion and positioning of the FPC/FFC.

5. Delivered with the actuator open
FPC/FPC can be immediately inserted without the need for the FPC/FFC inserted and retained.
opening of the actuator. Completed electrical and mechanical connection.

6. Standard FPC/FFC thickness

Reliable connection with the use of ready available 0.3 mm thick
FFC/FPC.

7. Compatible with existing connectors.
FPC/FFC and PCB mounting patterns are the same as for the
FH19SC Series (bottom contact), allowing the use of both
connectors for interconnections between two boards or replacement
of the connectors.

8. Conductive traces on the PCB can run under
the connector
No exposed contacts on the bottom of the connector.

9. Board placement with automatic equipment
Flat top surface and packaging on the tape-and-reel allows use of
vacuum nozzles.

Standard reel contains 5,000 pieces. Compatible with existing connectors.(FH19SC SERIES)
BMApplications

Mobile phones, PDA’s, digital cameras, digital camcorders, camera
modules and other compact devices requiring Flexible Printed Circuit
connections using high reliability extremely small profile connectors.

2008.3 l'RS 1
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The product information in this catalog is for reference only. Please request the Engineering Drawing for the most current and accurate design information.
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BSpecifications

Current rating 0.5 A

Operating temperature range:
-55 to +85°C (Note 1)

Storage temperature range:
-10 to +50°C (Note 2)

Ratings

Voltage rating 50 Vrms AC

Operating humidity range:

Relative humidity 90% max. (No condensation)

Storage humidity range:
Relative humidity 90% max. (No condensation)

Recommended FPC/FFC

Thickness: 0.3 +/- 0.03 mm, Gold plated contact pads

3. Contact resistance

* Including FPC and FFC conductor resistance

ltem Specification Conditions
1. Insulation resistance | 500 MQ min. 100V DC
2. Withstanding voltage | No flashover or insulation breakdown 250 Vrms AC / one minute
100 mQ max.

1 mA, AC/ DC 20mV max (AC: 1kHz)

Contact resistance: 100 mQ max.

No damage, cracks, or parts dislocation

4. Durability No damage, cracks, or parts dislocation 20 cycles
I No electrica_l discontinuity of 1, or longer Frequency: 10 to 55 Hz, single amplitude of 0.75
5. Vibration Contact resistance: 100 mQ max. mm, 10 cycles in each of the 3 axis
No damage, cracks, or parts dislocation
No electrical discontinuity of 14s or longer Acceleration of 981m/s?, 6 ms duration, sine half-
6. Shock Contact resistance: 100 mQ max. : ’

wave, 3 cycles in each of the 3 axis

7. Humidity (Steady state)

Contact resistance: 100 mQ max.
Insulation resistance: 50 MQ min.
No damage, cracks, or parts dislocation

96 hours at 40°C and humidity of 90 to 95%

8. Temperature cycle

Contact resistance: 100 mQ max.
Insulation resistance: 50 MQ min.
No damage, cracks, or parts dislocation

Temperature : -55°C — +15°C to +35°C—+85°C — +15°C to +35°C
Time: 30 — 2103 - 30 — 2to3minutes
5cycles

9. Resistance to soldering heat

No deformation of components affecting performance

Reflow: At the recommended temperature profile
Manual soldering: 350°C +5°C for 5 seconds (Note 3)

Note1: Includes temperature rise caused by current flow.
Note2: The term "storage" refers to products stored for a long period prior to mounting and use.
The operating temperature and humidity range covers the non-conducting condition of installed connectors in storage, shipment or
during transportation after board mounting.
Note3: Small blisters of the molding compounds in small areas will not affect form, fit or function.
Note4: Information contained in this catalog represents general requirements for this Series.
Contact us for the drawings and specifications for a specific part number shown.
EMaterials
Part Material Finish Remarks
Insulator LCP Color: Beige
UL94V-0
Actuator PA Color: Black
Contacts Phosphor bronze Gold plating —
Metal fittings Phosphor bronze Pure tin reflow plating —

BOrdering information
FH34 § - 30S - 0.5 SH (50)

o 2] (3] (4]

(5] (6]

@ Series name

:FH34

Ds

:FPC/FFC 0.3 mm thick SH

@ Termination type :

: SMT horizontal mounting type

© Number of positions : 4, 8, 11, 14, 16, 22 26, 30, 32, 34

@ Contact pitch

:0.5mm

@ Plating specifications (50)...Gold plating with nickel barrier

5,000 pieces / reel
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The product information in this catalog is for reference only. Please request the Engineering Drawing for the most current and accurate design information.
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BEConnector Dimensions

I

A
G
0.5 XNumber of contacts
= - (0.15) Tf
= i
= LT Ed =
A T 3 o
I [ 2 <
H H =

Number of contacts indicator Polarizing mark indicator (3.8)
) %

[ kxY vall | &

== | =T~

[ss = = gk

— — Metal fittings (2x) & - L
018 || 05 | [ os
T 29
(C: FPC/FFC insertion slot dimension)
(&]o1<3
D
Note [1): The coplanarity of each terminal lead is within 0.1.
Note 2 : Slight variations in color of the plastic compounds do not affect form ,fit or function of the connector.
All dimensions: mm
Part Number CL No. Number of Contacts A B C D RoHS
FH34S- 4S-0.5S8H(50) 580-1203-2-50 4 4 15 2.53 3.38
FH34S- 6S-0.5SH(50) Reserved for product expansion 6 5 2.5 3.53 4.38
FH34S- 8S-0.5SH(50) 580-1204-5-50 8 6 3.5 4.53 5.38
FH34S- 9S-0.5SH(50) Reserved for product expansion 9 6.5 4 5.03 5.88
FH345-118-0.58H(50) 580-1213-6-50 11 7.5 5 6.03 6.88
FH34S-125-0.5SH(50) Reserved for product expansion 12 8 5.5 6.53 7.38
FH34S-14S-0.5SH(50) 580-1206-0-50 14 9 6.5 7.58 8.38
FH34S-16S-0.5SH(50) 580-1211-0-50 16 10 7.5 8.57 9.38 YES
FH34S5-20S-0.5SH(50) Reserved for product expansion 20 12 9.5 10.57 11.38
FH345-228-0.5SH(50) 580-1216-4-50 22 13 10.5 11.57 12.38
FH34S-24S-0.5SH(50) Reserved for product expansion 24 14 11.5 12.57 13.38
FH34S-26S5-0.5SH(50) 580-1212-3-50 26 15 12.5 13.57 14.38
FH34S-285-0.5SH(50) Reserved for product expansion 28 16 13.5 14.57 15.38
FH345-30S-0.5SH(50) 580-1201-7-50 30 17 145 15.57 16.38
FH345-32S-0.5SH(50) 580-1208-6-50 32 18 15.5 16.57 17.38
FH34S-34S-0.58H(50) 580-1207-3-50 34 19 16.5 17.57 18.38
(

Tape and reel packaging
Order by number of reels.

5,000 pieces/reel).
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The product information in this catalog is for reference only. Please request the Engineering Drawing for the most current and accurate design information.
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@®Recommended PCB mounting pattern and metal mask dimensions

Recommended metal mask thickness: t=0.1

2% J
vl 2|s
o o
2 LJF;I E XNumber of contacts 0.3+0.05 R .
g-Ol @ ‘g ] = 0.25+0.03 & g
S 9= (Metal mask) e e

3.3+0.05
(0.15)
(2.9)

=
o
&
o
(0.15)

(0.185)

0.8+0.05

E+0.1
F+0.1

[®Recommended FPC/FFC Dimensions

G+0.05

0.5+0.07

B+0.03

1.5+0.3
(Uncover area)

0.3+0.03
|

3

*kPolyimide and thermally hardening adhesive is recommended as the materials for the stiffener.
Note: When using the FPC/FFC in FH34S or FH19SC connectors, the exposed area inserted in either connector is 2.5mm *
0.3mm and the stiffener is 3.5mm min.

0.3+0.03

‘ 2.5MIN(Stiffener)

All dimensions: mm

Part Number CL No. Number of Contacts A B E = G
FH34S- 4S-0.5SH(50) 580-1203-2-50 4 4.0 1.5 3.1 3.9 2.5
FH34S- 6S-0.5SH(50) Reserved for product expansion 6 5.0 2.5 4.1 4.9 35
FH34S- 8S-0.5SH(50) 580-1204-5-50 8 6.0 3.5 5.1 5.9 4.5
FH34S- 9S-0.5SH(50) Reserved for product expansion 9 6.5 4.0 5.6 6.4 5.0
FH34S-11S-0.5SH(50) 580-1213-6-50 11 7.5 5.0 6.6 7.4 6.0
FH34S-125-0.5SH(50) Reserved for product expansion 12 8.0 55 7.1 7.9 6.5
FH34S-14S-0.5SH(50) 580-1206-0-50 14 9.0 6.5 8.1 8.9 7.5
FH34S-16S-0.5SH(50) 580-1211-0-50 16 10.0 7.5 9.1 9.9 8.5
FH345-20S-0.5SH(50) Reserved for product expansion 20 12.0 9.5 111 11.9 10.5
FH34S-225-0.5SH(50) 580-1216-4-50 22 13.0 10.5 12.1 12.9 11.5
FH345-245-0.5SH(50) Reserved for product expansion 24 14.0 11.5 13.1 13.9 12.5
FH34S-265-0.5SH(50) 580-1212-3-50 26 15.0 12.5 14.1 14.9 13.5
FH34S5-28S-0.5SH(50) Reserved for product expansion 28 16.0 13.5 15.1 15.9 14.5
FH34S-30S-0.5SH(50) 580-1201-7-50 30 17.0 145 16.1 16.9 15.5
FH34S-325-0.5SH(50) 580-1208-6-50 32 18.0 15.5 171 17.9 16.5
FH345-345-0.5S8H(50) 580-1207-3-50 34 19.0 16.5 18.1 18.9 17.5

+ HS

139




The product information in this catalog is for reference only. Please request the Engineering Drawing for the most current and accurate design information.

Alfmon-Rotg predhess) &upibeerastenmiies fen i s Aiepaibeb e Bloast oienk trradkcis statuefp the e ehsimRaltS sraed o o RIS T SCEROT HTIo s lLEgre sales representative.

[@®Operation and Precautions

Exercise care when handling connectors. Follow recommendations given below.

Operation Precautions

1. As delivered

Delivered with the actuator
open. There is no need to
operate the actuator prior to
inserting the FPC/FFC.

- Do not close the actuator without the FPC/FPC inserted.

2. FPC/FFC insertion

Insert the FPC/FFC with the
conductive surfaces facing
up.

Align the FPC/FFC straight
with the connector and insert i
it firmly all the way. PC/FFC contact

- This connector is of the top contact specification.
The contacts are making connection with the FPC/FFC
pads from the top.

Do not insert the FPC/FFC with the pads facing down.
When inserting the FPC/FFC do not twist it. Insert
straight. Improper insertion may cause deformation of the

/. surfaces face up. contacts and connection failures.
- *Be sure to insert the FPC/FFC when the actuator is fully
open.
3. Locking
After FPC/FFC insertion, rotate the actuator down to a - Do not operate the actuator by only one end. Open or
full stop, pushing it at the center. close by pushing at the center.

- Do not try to rotate the actuator past the fully open 90°
position. This will damage the connector, preventing it
from use.

- Do not apply excessive force to the connector when the
actuator is closed.

Rotate Push at the center of the actuator.

4. FPC/FFC removal (Lock release)

Carefully rotate the actuator up to 90°, lifting it at the - Do not operate the actuator from one end only.
center. + The actuator opens only 90°. Do not attempt to open it
past this angle or grasp it.

- During the opening of the actuator do not press it toward
the connector body. Rotate up at the center.

Lift at the center
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Appendix I

Antenna - Accessories

I.1 Power+I?C Dongle

Figure 1.1: Power+I2C Dongle.

pagecommand = , scale = 0.8 |Appendix/Circuit-Dongle.pdf

I.2 Programming Dongle
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Figure 1.2: PCB layout of the I?C 4 Power Dongle.

Figure 1.3: Programming Dongle.
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Figure 1.4: PCB top layout of the Programming Dongle.

O

o

O
O

00O

O

O

Figure 1.5: PCB bottom layout of the Programming Dongle.
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Appendix J

Antenna - Users Manual

J.1 Assembling antenna

The assembly stages of a two segment antenna is depicted here step by step.
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Figure J.1: 1 Aluminum bottom shell, 2 Aluminum top shell with bearing+magnet assembly,
3 Segment electonic sub-assembly, 4 Coupling cable, s 0-80 Socket cap screw x4, ¢ 0.050”
and 0.028” allen keys, 7 0-80 set screws x3,s various NiTi hairs,o NiTi backbone.
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()
(a) We start from the bottom piece. Notice the periodic narrow

channels carved on the top surface indicated by arrows. These
channels hold the hairs.

(b) Place the hairs by bending them. Their restoring
stiffnesses should hold them in place.

Figure J.2: Assembly Stages - Placing hairs.
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(h) :
(a) The hairs should look like this after occupying all
channels

(b) Next we take one of the electronic assemblies

Figure J.3: Assembly Stages - Placing the electronic sub-assembly.
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(a) Place the electronic sub-assembly such (b) Next, take one coupling FFC (Flat Flex Cable) ca-

that the detector switches land on the gaps. ble and insert to one of the segment connectors. Make

There is only one way that the sub-assembly sure that while inserting the actuator part of the con-

can sit on the bottom piece comfortably. nector is raised (depicted by a red arrow). Check Ap-
pendix H for the segment connector operation for more
details.

Figure J.4: Assembly Stages - Coupling Cables.
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(a) Next take the other coupling cable

(b) Insert the second coupling cable to the opposite end of the electronic sub-assembly

Figure J.5: Assembly Stages - Coupling Cables.
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(h)
(a) The segment should look like this after inserting both
coupling cables

(b) Take the secong aluminum bottom piece and place its
hairs.

Figure J.6: Assembly Stages - Second segment.
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(h)
(a) Take the other electronic sub-assembly and place it on the second bottom
piece with hairs

(b) Insert the free end of the closest coupling cable to the closest
connector of the second segment

Figure J.7: Assembly Stages - Second segment.
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(b) Attach the top aluminum shells together. This is done by inserting the shaft magnet of one shell
into the hinge-end of the second shell

Figure J.8: Assembly Stages - Integrating segments.
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(a) Combine the top and bottom parts of one of the segments.
During this operation make sure that both coupling cables
are passing through the slits (see arrows) of the top shell. Do
not press the shells together in the hopes that the cables will
automatically get into these slits. Failing to do so will create
an excessive force on the segment connectors and most likely
detach from its surface mount footprint.

|
A

(b) Your assembly should look like this at this point

Figure J.9: Assembly Stages - Integrating segments.
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W :

(a) Now turn the entire partial assembly upside down. You
will notice two holes for the cap screws.

(b) Insert two 0-80 socket cap screws into the holes. Again do not press
the screws hard. They may be hitting the coupling cables underneath.
Instead slowly rotate the screws and push gently downward.

Figure J.10: Assembly Stages - Integrating segments.

155



(a) When you come to the point where the screws won’t
go in more, just take the 0.050” allen key and tighten the
screws. Note that it will take only a few revolutions to
fully tighten them.

(b) Now bring the segments together again and get ready to
insert the second piece.

Figure J.11: Assembly Stages - Integrating segments.
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(h)
(a) Carefully insert the second piece. Again make sure the cou-
pling cable is passing through the associated slit.

RN

)
» A
o A

-

o

(b) We are now ready to put the cap screws for this segment as well.

Figure J.12: Assembly Stages - Integrating segments.
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(a) Next we take a 0-80 set screw. Using the 0.028”
allen key, tighten the magnet that is passing through
the bearing.

(b) This will make sure that the magnet is fixed
with respect to the second segment but free to
rotate with respect to the first segment. Thus
when the second segment turns, the magnet will
turn with it. This effectively will cause the Hall-
effect sensor to register the angular change

Figure J.13: Assembly Stages - Fixing the magnet.
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(a) Now take the NiTi backbone. (b) Center the NiTi wire around the joint and
place it inside the channel, which traverses the
entire top side of the assembly.

Figure J.14: Assembly Stages - NiTi backbone.
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(a) Now take a 0-80 set screw and insert it to the threaded
hole on the side close to the joint. Tighten the screw such
that it pinches the NiTi backbone

\\ 7

(b) Repeat the previous action across the joint, such that
the NiTi backbone is pinched from two ends

Figure J.15: Assembly Stages - NiTi backbone.
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Figure J.16: This concludes the assembly of a two segment joint. Adding more segments
simply follow the same procedure. Refer to maintenance section for troubleshooting specific
problems and additional assembly steps.
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J.2 Firmware update

This appendix contains a tutorial on how to use the Keil pvision software to compile and

upload a firmware into the program memory of the PS89LPC938 microcontroller.
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Programming P89LPC938 Microcontroller with Keil pVision 3

- Starting a New Project

First open the program by clicking the associated icon.

1- To start a new project click on the “Project” button on the top bar and
select “New pVision Project” menu item.

{f Segment - p¥ision3 - [C:\My Documents’New Antenna' Codes', Segment’, Segment.c]

@Eile Edit Wiew |Project Debug Flash Peripherals Tools SWCS  Window Help -
Mewy piision Pre | |
Mew Project Workspace.. . -

Impork pYisionl Project. ..

| Project Workspace Open Project. ..
W Close Projeck
Bl Saurce !
a Manage L PP

Select Device For Target 'Target 1'

Remowve Eem
Options for Target ‘Targek 1

Clean karget

Build target

Rebuild all target files

@ Ebch Build,

@ Translate C:\My DocumentsiMew AntennalCodes!SegmenttSegment. o
Stop build

1es

2- When the dialog box pops up, browse to the folder you want, type the
name of your choosing for the project and click “Save”

Create New Project

Save in: Ia by Project

| File name: |mypr0iec:t

Save as lype: IProiect Files [*.uve) j Cancel |

4
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3- The next pop-up window will ask for the microcontroller you want to
program. Browse among the vendors’ names and find to select the
microcontroller you are interested. Then click “OK”

CFU |

Wendar:
Device:

Toolzet:

Data baze

Select Device for Target "Target 1*

MP [founded by Philipz)

PaILPCI35
C51

[~ Use Extended Linker [L<51] instead of BL51

™| Wse Extended fesermbler (A1 ] instead of A51

Description:

----- £1 PaaLPCEa0
----- £1 PEILPCII
----- £3 PEILPCEIN
----- £ PRILPCY3?
----- £ PRILPCY32A1
----- £3 PeaLPCo
----- £1 PRILPCo34
----- £1 PRILPCH3S

PEILPCI3E
PEILPCY38
PEILPCS401
PaILPCS408
PaILPCI52

. by

[ |

8051 -bazed microcontraller with 2 clock highspeed core,
8k, Bytes ISPAAP Flash, 512 Bptes Data EEPROM,

286 Bytez RaM, 512 Bytes Al RAM, Dual DPTR,
23(26]1/0 Linez, 2 Timers/Counters, UART, 12C, 5P,

2 Analog Comparators, CEU, 10-bit 8-ch ADC
wDT,RTC

0k I Cancel |

4- The final pop-up box will ask if you want to Keil pVision to copy your
microcontroller’s startup code files to your project folder and include it
to your project as part of your source code. Click “Yes”.
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5- You can see in your “Project Workspace” section that a startup code
named like “Start900.A51” is added. Note that this section only shows
codes that are incorporated to your project, not all the files inside your
project folder.

Emypruiect - pY¥ision3
H File Edit Wiew Project Debug Flash Peripherals Tools SYCS Window Help -
[oezaa|sm=r|oc|=: Sam] «
[ mEe |8 &rage B L
|Project Workspace x|
EIE Target 1
EIE Source Group 1
s STARTIN0,AGT

[I-  Starting to Write the C Code and Incorporating it

1- Next you want to start writing a new or copying your existed C based
code for the project. Click on the “File” button on the top bar and
select “New...” menu item.

E myproject - p¥ision3

JJ File Edit Miew Project Debug Flash Peripherals Tools 3WCS Window  Help c
=i 4

“ =]/ Chrl4+m I$ % % % [;atl
- [= Open Chri+0
“ Elose ‘l ﬁ % = ‘
E n Save ZErl+5
Save 4s
ﬁ Save Al

Device Database. ..

License Management. .

Prink Setup. ..

£ Brint Chrl+P
Frint Preview
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2- When you click “New...” a usual text editor window will appear in the
main program window.

a. Write a new C code or copy your existing ones inside the text
editor.

b. Make sure you include your microcontroller’s special register
function identifier list file and other relevant “.h” files in the
beginning of your code.

Example:
#include <reg938.h>
#include <stdio.hs>

c. After you are satisfied with your code, click on the “Eile” button
on the top bar again and select “Save As...” menu item.

d. Then type the name of your choosing for the code. Make sure you
include the extension ““.c” after the code name. The file should
be saved where your main project file i.e. “.uv2” resides.

LT -:

Bl Tent2*
[y C code)

2=
Save in: |@ My Project j gl
ryproject.plg
myproject. w2
Start300.a51

File name: Imyu:ode.c

Save as lype: I
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3- Next you need to incorporate your “.c” file into your project like the
startup code which was incorporated when you first created the project.
In your “Project Workspace” section on the left you will notice a folder
tree structure. Browse and right click to the “Source Group 1” folder
and select “Add Files to Group ‘Source Group 1’ menu item.

Emypruiect - y¥ision3 e

JJ File Edit Wiew Project Debug Flash Peripherals Tools S5 Window Help C

[eamd@|smr | oc|=s.0% %% ~iga |

|[& @@ e £ |8 &lTagen REER

|Project Workspace v x|

Elﬁ Target 1
Options for Group ‘Source Group 1° i Codes Y R0

Open List File
@pen Map File
open FHle

Rebuild all target files

] Bwild target
Translate Fle

Stap build

Mew Group

Add Files to Group "Source Group 1°

ﬁ Manage Components

Remove Group 'Source Group 1' and its Files

,T Include Dependencies

4- Choose the “.c” code you wish to be incorporated and click “Add”.

Add Files to Group "source Group 1*
Lok, jk: I@ ty Project
mycode,o
File name: — |mycode.c :
Filez of wpe: IE Source file [*.c] j Close |
A
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llI-  Compiling the Project

1- In order to compile the project correctly, some parameters have to be
entered correctly. Click on the “Project” button on the top bar and
select “Options for Target ‘“Target 1’ menu item. Note that the name
“Target 1” is a default name which can be different depending on your
project. Name of the project in this case is “Segment”.

E Segment - p¥ision3 - [C:\ My Documents',Mew Antenna’.Codes',Segment’,Segment.c]

JJ Filz Edit “iew |Project Debug Flash Peripherals Tools SYCS  Window Help et
JJ:‘@ = n ﬁ | Mew pVision Project. .. — o

Mew Project wWworkspace, .,

J @ @ E: Impott pisionl Project..,
Project Workspace Open Project...
W Close Project
El Source
a T Manage b1 es=

Select Device For Target 'Target 1'

Remoyve Ikem

s For Target ‘Target 1'

Clean karget

Build target

1 es5=9

# Ebch Build,,
@ Translate C:iMy DocumentsiMew AntennalCodes!Segment)Seanment.c

Shop build

2- After clicking, a pop-up window with many tabs will appear. The first
tab is the “Device” tab. You can check that tab if the correct
microcontroller is selected, which you choose when you first created the
project. The other tabs we are interested in are:

- Target
- Output
- Utilities

The other tabs can be left as default.
In the “Target” tab, make sure that:

“Xtal(MHz)” =12.0

“Memory Model” = Small: variables in DATA

“Code Rom Size” = Compact: 2K functions, 64K program
“Operating System” = None

Also “Use On-chip Rom” and “Use On-chip XRAM” should be checked.
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Options For Target 'Target 1°

Device Taiget | Output| Listing | User | 051 | 851 | BLS1 Locate | BLS1 Misc | Debug | Utilities|- I

WP [founded by Philips) P#SLPCI38 —

hal (MHz); |12.0 ¥ Use Dn-chip ROM [0x0-0x1FFF)
Memory Madel: | 3mall variables in DATA I

Code Rom Size: | Compact: 2K functions, B4, prograr ¥ | W Use Dn-chip 3Rk [0=0-01FF)
Operating system: |Mone j

[ Use multiple DPTR registers
— Off-chip Code mermory — Off-chip ¥data memam
Start: Size: Start: Size:

Eprarm Rarn

E prom Ram

Eprom Fam

1
1]

1
|

[ Code Banking Start: End: ™ ‘far memonitipe support

Banks: |2 vI Bark fyaa |Dw0000

[<FFFF ™| Save address extension SER ininterupts

!
3

:

K. Catcel | Diefaults Help |

3- Then click on the “Output” tab.

In the “Name of the Executable” input field, enter the name of your
choosing for the output “.hex” file, which will be downloaded into the
microcontroller.

Then make sure the following radio buttons and checkboxes are marked
as selected:

“Create Executable”
“Debug Information”
“Browse Information”
“Create HEX File”

Also make sure that the “HEX Format” is “HEX-80". (See the screenshot
on the next page)
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Options for Target ‘Target 1°

| Select Folder for Ubjects. . i

X

Device | Taiget Output | Listing| User | C51 | 851 | BL5T Locate | BLS1 Misc | Debug]| Utilitiesl- l ] I

— —

Mame of Executable: ISegment

(¢ Create Executable: A\Segment
¥ Debug Information

¥ Create HEX File HEX Farmat:

" Create Library: . \Segment LIE

¥ Browse Information

[HEx-80 =l

[ Create Batch File

Cancel |

Defaults |

Help |

4- As far as compiling is concerned the last tab “Utilities” is not relevant.
So click “OK” to close the window. To start compiling click on the
“Project” button on the top bar and select “Build target” menu item.

E Segment - p¥ision3 - [C:'My Documents'New Antenna'Codes' Segment’,Segment.c]

“@ File Edit Wiew |Project Debug Flash Peripherals Tools 3¥CS Window Help -I '-)

Remove Ikem

sk Mew piision Project, .. —
|osa@| E
- Mew Praoject Workspace. .. el =
“ @ @ 4 Impork pisionl Project. ..
Project Warkspace Open Project. . :
[E]-"=4 Target 1 Close Project
] Source
=-8 Manage Flad

Select Device for Target 'Target 1'

Options For Target 'Target 1'

Clean target

% Fiaboh Euild.

Stop build

Rebuild all target Files

@ Translate CiiMy DocumentsiMew AntennalCodestSegmentiSegment.
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5- At this point you should see compilation messages at the bottom in the
“Output Window” of Keil pVision. Check if the messages include any
errors or warnings about your code. If there aren’t, the compilation
(creation of “.hex” file) is completed.

*1Build target 'Target 1! -—

"l linking. .. I .
Program 2ize: data=53.1 xdata=0 code=1953

E creating hex file from "Segment™...

g "egment™ - 0 Error(s), 0 Warning(s).

5

=3

A LA [#i] Buitd £ Command b Findin Files f

Build target |

IV-  Downloading program to the Microcontroller

1- To download the project to the microcontroller after compiling you need
to have software called “FlashMagic” installed in your computer. You
can download the latest version from http://www.flashmagictool.com/

2- Keil pVision uses the “FlashMagic” software as an external source to
download the compiled “.hex” file into the microcontroller. You can do
the downloading just using the Flashmagic’s own graphical user interface
(by executing “FlashMagic.exe”). But it is recommended to use pVision
if you are unsure of the specific downloading parameters. Keil pVision
uses Flashmagic as an intermediary via the “Fm.exe”. You will need to
provide the path of that executable file in Keil pVision next.

& Flash Magic

File Edit Wiew Go Favorites Help - Fl L
& .= | ¥ ) o
Back. Forward Up Cut; Copy Paste Undo Delete  Properties !

Address I[:I C:\Program FilesiFlash Magic

= o = o

IT Examples StartBootR... EmbeddedH... FlashMagic.dll

Flash Magic

Select it to vi it:
e SCL AN IL8M 0 VIew S FlashMagic....  FlashMagic  FlashMaagic...

description.
= 2
| %3

Manual. pdf Release unins000.dat  unins000. &xe
Maotes,bxk

license, bxt

171



3- Now return to the Keil pVision; click on the “Project” button on the top

bar and select “Options for Target ‘Target 1’ menu item again. When
the options windows appears, go straight to the “Utilities” tab. Select
the radio button saying “Use External Tool Flash Programming”.

In the “Command” input field, enter the path of the “FlashMagic”
software you installed. In this case the path is:

C:\Program Files\Flash Magic\Fm.exe
Now for the “Arguments” input field, enter the following line:

"DEVICE($D,$X) ERASE(DEVICE,PROTECTISP)
HEXFILE("#H",NOCHECKSUMS,NOFILL,PROTECTISP) COM(2,9600) HARDWARE(KEILMCB900)"

Notice the code fragment “[...]JCOM(2,9600)[...]”. This indicates that the
download is going to be through COM port 2 with a baud rate of
9600bps. If you plan to use another COM port, change the number
accordingly. Next click “OK” to close the options window.

Options for Target 'Target 1°

Device | Target | Output| Listing | User | £51 | 851 | BLS1 Locate | BLST Misc| Debug  Uties | 'I

™ Use Target Driver for Flazh Programming

I j Settings [~ Update Target before Debugging

Irit Fie: J Ed. |

" e Ewternal Tool for Flash Programming
CDmmand;lC:\F’roglam Files4Flagh MagicFr.exe |
Arguments: I"DEVICE[!SD,W] ERASE(DEVICE.PROTECTISF] HEXFILE["#H" NOCHECKSUMS MOFILL.PROTE

[ Run Independent

— Canfigure Flazh Menu Carmmand — el

X

Ok, I Cancel Defaults Help |
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4- Now before starting to download, make sure that:

e The evaluation board (MCB900) is getting at least 5 Volts (max 9V)
and 150mA (the shining red LED does guarantee appropriate power
supply).

e The evaluation board is in reset mode, meaning that the jumper is in
the middle (bridging the 3™ and 4" pins).

e The microcontroller (P89LPC938) is appropriately placed into the
evaluation board’s PLCC socket. If the microcontroller is externally
connected, make sure its “RST” (P1.5), “VDD” and “VSS” pins are
wired to the evaluation board’s corresponding pins.

e The evaluation board is properly connected to the PC via a RS-232
serial cable. Check if your serial connection is assigned to the correct
COM port number, which you specified in the “Arguments” input
field in Keil pVision options window.

If you need more information about the MCB900 evaluation board, go to
the URL: http://www.keil.com/support/man/docs/mcb900/

RST , B
VoD (P1.5) VSS (if target chip is external)

'-‘:*.‘rﬂE o D

i
frrrn 82 Y
=

i)
g &

it gl

-------

FREECEREREEREERE]|

s R5-232
ISP 1/0

Reset Mode

microcantroller Power +3V
Jumper MCB300
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5- You can generally see which COM ports are active in Windows by
inspecting the “Device Manager” window. It is usually reachable through
the control panel.

If your computer does not have a COM port, there exist USB-Serial
adapters you can buy which will act as a COM port.

System Properties ol
¥ p E
General Deviee Manager | Hardware Profiles Performancel
—

& iew devices by tupe " View devices by connection

H-4= Dizk drives ;I

H- @ Dizplay adapters

t- 5= Floppy disk controllers
b5 Hard disk controllers

3l g HCFMODEM

H- Keyboard

f-&3 Modem

#-- I b onitors

]..

-

=]+

=
k»
BB Metwork adapters

5 Pots [COM & LPT)

{,;," Carrunications Port [CORM2) ]
------ = ELF Printer Port [LFTT]

[+ % Sound, video and game controllers

- Spstem devices
-2 Universal Serial Bus contrallers

Properties | Refresh | Remove | Frint... |

£
£
£
£
£
£
£
£
£
£
E

[+

QK. I Cancel |

6- To start downloading click on the “Elash™ button on the top bar and
select “Download” menu item. A few seconds later the program should
be downloaded. When the process is completed, you will see a message
at the “Output Window” saying:

Erase complete (DEVICE)
Hex file programming complete

H’ﬁ T EETIE
AT

|Project Workspace - =]

Configure Flash Tools. ..

174



Appendix K

Technology Readiness Levels

The following page defines a set of technology readiness levels that is applicable to

our project.

There are other definitions but the most used ones created by NASA and DOD.

The following set of definitions are based on from NASA’s TRL guide [31]

The following page is taken from the Los Alamos National Laboratory web site. http:

//www.lanl.gov/orgs/tt/arpa-e/pdf/TRL_definitions.pdf
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Definition Of Technology Readiness Levels

TRL 1 Basic principles observed and reported: Transition from scientific research to applied
research. Essential characteristics and behaviors of systems and architectures. Descriptive tools
are mathematical formulations or algorithms.

TRL 2 Technology concept and/or application formulated: Applied research. Theory and
scientific principles are focused on specific application area to define the concept. Characteristics
of the application are described. Analytical tools are developed for simulation or analysis of the
application.

TRL 3 Analytical and experimental critical function and/or characteristic proof-of-
concept: Proof of concept validation. Active Research and Development (R&D) is initiated with
analytical and laboratory studies. Demonstration of technical feasibility using breadboard or
brassboard implementations that are exercised with representative data.

TRL 4 Component/subsystem validation in laboratory environment: Standalone prototyping
implementation and test. Integration of technology elements. Experiments with full-scale
problems or data sets.

TRL 5 System/subsystem/component validation in relevant environment: Thorough testing
of prototyping in representative environment. Basic technology elements integrated with
reasonably realistic supporting elements. Prototyping implementations conform to target
environment and interfaces.

TRL 6 System/subsystem model or prototyping demonstration in a relevant end-to-end
environment (ground or space): Prototyping implementations on full-scale realistic problems.
Partially integrated with existing systems. Limited documentation available. Engineering
feasibility fully demonstrated in actual system application.

TRL 7 System prototyping demonstration in an operational environment

(ground or space): System prototyping demonstration in operational environment. System is at
or near scale of the operational system, with most functions available for demonstration and test.
Well integrated with collateral and ancillary systems. Limited documentation available.

TRL 8 Actual system completed and ""mission qualified" through test and demonstration in
an operational environment (ground or space): End of system development. Fully integrated
with operational hardware and software systems. Most user documentation, training
documentation, and maintenance documentation completed. All functionality tested in simulated
and operational scenarios. Verification and Validation (V&V) completed.

TRL 9 Actual system "'mission proven" through successful mission operations (ground or
space): Fully integrated with operational hardware/software systems. Actual system has been
thoroughly demonstrated and tested in its operational environment. All documentation
completed. Successful operational experience. Sustaining engineering support in place.
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