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Abstract

This thesis explores building and deploying a scalable eleatric sensate skin that was
designed as a dense sensor network. Our skin is built from small (113 rigid circuit
boards attached to their neighbors with exible interconnets. Each boardcontained
an embedded processor together with a suite of thirteen sensorspyding dense,
multimodal capture of proximate and contact phenomena. In@dition to the design of
the physical system, this thesis develops protocols for interde communication (both
neighbor-neighbor and global), and power-e cient wake-oiphenomena operation.
The system was rigorously tested with an array of up to 4x3 nodes gaebt to a
variety of sensor stimuli. Although there were some robustness issuasthe nal
design (particularly in the wired interconnects, which were ot the focus of this thesis
work), the skin that we developed showed good exibility for a ptotype, ran quickly
and e ciently, and could detect and respond to a variety of stinuli.
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Chapter 1

Flexible High-Density Sensor
Networks: The Starting Point

This thesis describes the function of a hardware and softwareagfiorm built to repli-
cate some of the sensory and mechanical aspects of skin. Throughie rest of
this document, for simplicity, we refer to this platform as \skn". Although such a
designation is convenient, it is imperfect.

Biological skin is a complex organ capable of much more funatiality than our
project imitates. In addition to its sensory and mechanical chacteristics, biological
skin can regulate heat, protect the body from pathogens, and sigl emotional state
(for instance, a blush) [33]. While building a system capable ofidogical skin's
extended functionality would be exciting and profound, as W be demonstrated in
later chapters, our system provides a real and powerful startingoint for a variety of
explorations.

This thesis is divided into several chapters.

Chapter 2 details our network's physical hardware, explaing both our choices

of sensors as well as all additional circuitry necessary for ouokk's operation.

Chapter 3 explains the rmware written for our skin as well ashe software that

we developed for real-time representation of our network'sade.
Chapter 4 describes our network's communication system.
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Chapter 5 presents results from our work including basic commigation bench-

marks and data collected from the network in response to a vatyeof stimuli.

Chapter 6 discusses and analyzes the relevance of our results afi s high-

lighting some of their more interesting features.

Chapter 7 concludes our work and posits additional avenuesr fluture explo-

ration.

The remainder of this chapter describes our project's goalsi@ provides context

for our system by presenting a review of relevant literature.

1.1  Physical Objectives

The previous section introduced our work, explaining our basskin metaphor. While
such an overview is useful at a high level, it leaves many desigmegtions unspeci ed.
Therefore, this section motivates and catalogs a speci c listf @ur work's design and

functional goals.

1.1.1 Package Size

Our skin is composed of a number of discrete nodes. Such a desigwviokes researchers
the exibility to use our system not only to analyze stimuli, but also to perform more
rigorous studies, such as examining the dynamic between localdaglobal processing
of stimuli. However, a poor implementation may be susceptible tmformation loss.
Consider, for instance, two types of circular nodes each withsingle, centrally located
temperature sensor. Type 1 nodes are each the size of a CD whilg&)2 nodes are
each the size of a quarter. If one were to tile a sheet of paper witach type of node,
one would be lucky to t four or ve Type 1 nodes; on the other hadl, one could t
dozens and dozens of Type 2 nodes on the same sheet of paper. &utdiscrepancy
implies that Type 2 nodes would o er more temperature sensorsep area than Type

1 nodes, making spatial interpolation of temperature values one reliable.
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For modalities that tend to vary gradually, such as temperatte in the example
described above, one might argue that the increased data prded by Type 2 sensors
adds little information to the overall system. However, for stimli, such as pressure,
that can have very distinct edges, increased spatial sampling ddthave a profound
e ect.

From this example, we see the importance of either shrinking des or increasing
the number of sensors on each node. We choose the rst option forotweasons. The
rst reason is mechanical: each node is connected to its neighis through exible
interconnects. Therefore, decreasing the size of each node esthe overall network

more generally exible.

The second reason is slightly more complicated and touches uparbustness.
With the Type 2 nodes from the example above, if a microprocesdails, depending
on the network architecture, the overall skin develops a smalbut unsightly, quarter-
sized blind spot. In contrast, a failure in a system composed of Tydenodes would
create such a large sensor-less region that the system's overatictionality would be
dramatically reduced.

In addition, smaller nodes imply an increase in node density, raeing that for a
given area of skin there are more potential paths for informain to be routed from
one node to another. A network of smaller nodes might be able toute around a
single communication failure more easily than a network of lger nodes. Therefore,

smaller nodes might enhance the overall integrity of the skim'‘communication system.

1.1.2 Bendable

Practically, requiring our network to be bendable dramatially increases its applica-
tion space. A bendable system could be deployed for situationswihich topology is
dynamic or unknown. In addition, bendable systems would be merinteresting to
interact with. Philosophically, one could read this requirment as a statement that
our society is past the point where people and their spaces areced to adapt to

technology; instead, technology should mold itself to peoplad their environments.
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1.1.3  Electrical/Computational/Low Power

Future applications for our skin might be in a mobile system, whre it would be
powered by a battery (for example, on a mobile robot). In such eontext, the overall
usefulness of our skin would greatly depend on how much power tnsumed - a
system that consumed less power would operate longer. As explairiater in this
work, for simplicity, the current version of our skin is wired diectly to a static power
source. This decision was made consciously - requiring the systemlte battery
powered would demand resources that were better spent in thevaéopment of a
prototype. However, it is recognized that there might be greanterest in eventually
weaning our network away from a wall socket, and as such, our tial prototype is
designed to be economical with its power usage.

There are, of course, other benets to a low power system. In pactlar, if
one created a large version of our skin, power ine ciencies ntig prove to be an

unacceptably expensive energy waste.

1.1.4  Sensing Modalities

Our network is loosely modeled after skin - a remarkable mulensory organ capa-
ble of detecting temperature, pressure, proximity (hair), ad light changes (in some
species). As such, the modalities that our network is designed tonse are informed
heavily, but not exclusively, by those modalities that biologral skin is capable of

sensing. Below is a list of stimuli that we designed each node to det:

Pressure: Our skin was designed for gentle human interaction. @iefore, the
range of detection for pressure is between a light poke and a neoately heavy

hand press.

Sound: Typical skin does not evince the ability to distinguish sond. However,
as explained later in our work audio amplitude measurementaigmented tac-
tile sensing (certain pressure stimuli are strong enough to also ate an audio
signature). In addition, sound allows us to attempt localizabn of stimuli not

in direct contact with the network.
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Bend/Strain: The relative bend between nodes is an importawalue to measure

- it gives information about the general topology of the netark.

Proximity/Air ow: Biological skin has the ability to distingu ish simple prox-
imity and air ow events in its environment using hair. It would be interesting

if our system were able to track these events as well.

Light: Light detectors marginally promote our skin metaphor the skins of
certain animals, such as cuttle sh, are capable of distinguishgnsmall changes
in light. More importantly however, light sensors give us a smgasbord of
information: sudden changes in a light sensor's state may indieathe shadow
of an approaching object, while the signature of the light senss waveform may

indicate a location (indoor lights have a characteristic 60 Hhum), etc.

Temperature: A sensitive temperature measurement could indite the proxim-
ity or touch of a human or animal or signify the presence of a nday (potentially

dangerous) heat source.

A thorough description of our skin nodes' performance in detdog each of these

modalities is presented in Chapter 5.

1.2 Related Work

Work on dense sensor systems is hardly unique. There are an overiwtieg number

of projects in the literature, some of which bear relevance tkins. A brief sampling:

Rossignac, et al. outline work being done to embed pressure sensaithin
morphable materials in their paper, \Finger sculpting with Ogital Clay." Al-
though the project is still incomplete, the intention is to ceate a material whose

3d structure can be tracked by a computer as users shape and fonj35].

Rekimoto describes a \SmartSkin" capacitative surface. The ssors of the
surface feed information back to a single controlling PC whicbalculates hand

position and shape from the aggregated data [34].
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Hakozaki uses inductive coupling to implement skin for a robotAlthough their
system is clearly impressive, it is solely restricted to pressure sergand glosses

over algorithmic questions of sensor data processing [16].

Maximilian outlines a capacitive pressure array that is exilbe enough to be

used as a skin in his paper \A textile based capacitive pressure serig&0].

Stiehl built a companion robot named \Huggable" for deploymet in nursing
homes and hospital settings [39]. In the form of a teddy bear, Hggble is
designed to promote and detect human contact and interactionfo these ends,
the developers of Huggable custom-built a synthetic skin for tireplatform
capable of pressure and temperature sensing. Using a neural-netwvmodel
to process sensor data, Huggable was capable of accurately clgsgf stimuli
that ranged from petting to rubbing to squeezing [40]. Althouly, in deploying a
exible sensor system Stiehl's Huggable work shares several simitias with our
system, there are important distinctions as well. Most notablythe Huggable
system does not incorporate any distributed processing. Whereaach node
in our array is capable of processing all of its sensory inputs, éakluggable
platform only has one, central processor which samples and mgea the entirety
of the system's skin. As such, Huggable is unable to analyze the netking,
communications, scalability, and control questions that our stem is speci cally
built to explore. In addition, Huggable's sensor suite di ers fom ours. While
both Huggable and our system have pressure and temperature sensorgjdible
has a capacitive sensor which we chose not to include for spacesiderations;
and our system has light, whisker, sound, and magnetic sensors whare all

absent on Huggable.

Such a list demonstrates the rich academic interest in the broadpic of creating

dense tactile systems. However, these papers neither propose nacdee systems

with the distributed processing capabilities we demonstrate iour work. Our skin is

built not only with a high density of sensors, but also with a high desity of processing

power: as will be described later, approximately each squarech of our skin contains
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a processor capable of running millions of instructions per sexb In this way, we can
understand our skin as a step towards Speckled Computing, a cept discussed in [4],
[44], [5]. Speckled Computing explores the potential e estand functions that future,
ultra-small electronics will permit, focusing on electricahnd algorithmic questions of
power, communication, and manufacturing.

As a hybrid between Speckled Computing and dense sensor networ&sy skin
traces its ancestry to a series of work initiated by Lumelsky etl& call for the
development of such a system [27] and continued on through resgmaat the MIT
Media Laboratory's Responsive Environments Group. In partidar, our skin extends
Responsive Environments' research trajectory de ned by Triblel, Pushpin Computing

and S.N.A.K.E. Each of these systems is described separately below.

Tribble: Developed by Lifton [31], the Tactile Reactive Inerface Built By
Linked Elements is a multi-modal and peer-to-peer sensor neivk. Similar
to our skin's design, Tribble is made up of separate processing plaes. How-
ever, Tribble di ers in a few key respects from the system instardted in this
thesis. Speci cally, Tribble's nodes are large, reducing itsverall sensor resolu-
tion. In addition, Tribble's nodes are con gured to form a rgid and in exible
sphere, and each node contains a speaker for producing disttdai audio. De-
spite these di erences, Tribble provides an excellent point approach for this

paper's work.

Pushpin Computing: Pushpin Computing, also developed by Liftg was a test-
bed that allowed researchers to place arbitrary numbers ofslinct sensor nodes
on a rigid substrate, and then investigate how to get those nodes toordinate,
aggregate, and manage the data that each collected [8], [1]he nodes in the
Pushpin network were not directly physically linked to each dter. As such, our
skin evinces distinct mechanical and electrical issues aparbin those Lifton
had to deal with. However, the algorithmic framework and gemal network

principles that Lifton studied proved very useful in working vith our skin.

S.N.AKK.E.: In S.N.A.K.E., Perez proposed a system very similar to @uskin

23



Figure 1-1: Photo of Perez's S.N.A.K.E system [33].

network, including exible nodes with processing power and nitirmodal sen-
sor input. Pictured in Figure 1-1, Perez's overall system onlychieved mixed
results, largely due to mechanical issues that compromised roboess and
exibility[33]. Our project expands from Perez's basic objetives, and addresses
several of the di culties he faced with a fundamental re-desig of the system
- instead of each node's being fully exible (which did not wde well with the
large IC packages needed on each node) and instead of using Psrdistinct
springy multi-layer ex circuit board, our skin employs rigid nodes with exible
interconnects, taking some inspiration from midieval chainmba In addition,
compared to Perez's network, our improved skin reduces theear of each node,

increasing sensor density and deploys several di erent, more eteve sensors.

In summary, combining a high-density sensor network with embedd processing,

our work is an amalgam of two relatively distinct elds: high-censity sensor networks

and speckled computing. This positions our work along a uniqueact, only sparsely

populated by projects such as Pushpin Computing, Tribble, an&.N.A.K.E. We dif-

ferentiate our skin from Pushpin Computing and Tribble by instatiating our work

on a exible substrate and adding sensing modalities containea ineither of these

projects, and we di erentiate our work from S.N.A.K.E. by exteding S.N.A.K.E.'s

functionality and mechanical robustness.
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Chapter 2

Hardware

The previous chapter explained our design decisions, includifunctional objectives,
and basic motivation. In contrast, this chapter focuses on searof our most impor-
tant implementation decisions. Speci cally, we explain comgnent selection and the
basic circuitry onboard each of our nodes. For thoroughness, weopide our PCB
layout and complete circuit schematics in Appendices C and Despectively.

At this point in our work, it is necessary to distinguish betweenwo types of nodes
on our skin: the master node and the slave node. Our skin is compos#da single
master node connected to multiple slave nodes. Slave nodes aimprily designed for
sensing and inter-node communication. In contrast, a master negberforms relatively
few sensing tasks and instead primarily serves as a bridge betwaemm skin and a
PC, which, as described in Section 3.2, records and presents oodes' states. We
used almost the same hardware for both master and slave nodes: a mastede uses
the same PCB as a slave node and a master node's components are a&=gh of a
slave node's components. All but Section 2.9 describe comporenbmmon to both
master and slave nodes; Section 2.9 explains the minor hardwalieerences between
master and slave nodes. Chapter 5 shows the relative e ectivenesfseach of our
sensor choices, while Chapters 6 and 7 thoroughly analyze thessults and evaluates
the decisions presented in this chapter respectively. For camnience, we conclude this
chapter with a table summarizing the current consumption of edn major component

of our skin.
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2.1 Microcontroller

We took great care in selecting our microcontroller. We requed a small, low-power
device capable of running at high clock speeds and with enougtemory to support
complex programs. We selected an MSP430 microcontroller fdrig purpose. Known
for its low power consumption and agile wake up [28], Texas Imaments' MSP430
family of microcontrollers is used in a wide variety of sensor tweork research (net-
works for health monitoring [25], environmental monitorig [43], etc.). Our specic
microcontroller, an MSP430F1611, had several additional &#ing features. Most

notably, it:

Supported multiple clocks and had multiple power modes. As dedmed in
Section 5.5, this feature allowed us to experiment with vasus power algorithms

and schemes.

Provided an adequate number of input and output pins. As descréal in Section
4.3, we require 20 input and output pins just for our peer-to-per connections.
All told, our design uses 49 of our MSP430F1611's 64 pins.

Had numerous built-in peripherals including and analog-talgital converter and

communication modules.

2.2 Mux

While performing some basic accounting during our project'sedign phase, we en-
countered a problem: our sensor count (13) exceeds the numbérclannels that our
ADC supports (8). Therefore, we add a mux to each node which e teely expands
our ADC. Because space is at such a premium on our nodes, our primaneria for
mux selection is size. We settled on the 1ISL84781IRZ (pictured Figure 2-1) which
comes in an ultra-small 16 QFN package. Aside from its small sizéet ISL84781IRZ
is also attractive for its low power consumption (less than 2W) and short switching

time of 13 nano-seconds (a gure that ensures our MSP430F161hning at its fastest
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Figure 2-1: Picture of mux on node board.

possible clock rate will be able to read data immediately aftesetting the mux’s con-
trol pins) [20]. The output from our mux is passed through a voltge divider, which
reduces the mux's output signal by half before it reaches our 83430F1611's ADC.
As will be explained later, the purpose of this divider is to enge that signals from

our Hall e ect sensors do not exceed the voltage threshold of our AD

2.3 Light Sensor

We used a Toshiba TPS851 photosensor as our skin's light detectdihe TPS851, pic-
tured in Figure 2-2, couples a photodiode in a single packagélwa current multiplier

and has several features that speci cally recommend it for tkiproject:

The TPS851 is available in an ultra-small package: Figure 2€picts the sensor
on the corner of one of our nodes. Notice how relatively small thisensor is

compared to the bulky programming connector above it.

The sensor comes packaged with both a photodiode and a currentiliiplier.

Therefore, we only require one additional resistor for signaboditioning, thereby
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Light
Sensor

Figure 2-2: Picture of TPS851 light sensor mounted on our board

reducing component count and, in turn, required board aredn addition, cou-
pling both an ampli er and a photodiode reduces noise that mig be introduced
from lengthy the potentially lengthy traces that would othewise connect these

two parts.

The TPS851 comes speci cally attuned to detect light that extes the human
eye [41]. Therefore, it will perform best in the environmentsur skin will be

presented with.

The output current of our TPS851 light sensor passes through a resar, creating
a voltage which we sample directly from a pin on our microcorgtler's analog-to-
digital converter. For a thorough treatment of the TPS851'sperformance on our
node, please see Section 5.3.1 which displays our light sensasponses to di erent
stimuli and Section 6.2 which analyzes those results and discusdesTPS851's overall

e ectiveness for our project.
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Figure 2-3: QTC pressure versus resistance. Figure from [26]
2.4 Pressure Sensors

Perez used a quantum tunnelling composite (QTC) material forib pressure sensors
[33]. Following his lead, we also attempted to use QTC materiah the form of a
3.6 mm x 3.6 mm \pill" for pressure sensing. Provided by Peratectihe material's
manufacturer, Figure 2-3 (from [26]) plots a QTC pill's resisince against the amount
of force applied to it. As can be seen inthe gure, QTC materiallanges its resistance
non-linearly as force is applied to it.

We used our QTC sensor in a voltage divider. Connecting the midp of our
voltage divider to a pin of our MSP430F1611's ADC, we hoped toetermine voltage
across each pill, and in turn each pill's resistance and thereéothe pressure applied.
However, we experienced mixed results using QTC pills. Althougls ahown in Section
5.3.4, we were able to detect some direct pressure events on oun,sk general, the
pills were not adequately sensitive to the stimuli of interest.n addition, because they
would not bond to solder [26], we resorted to individually gluig pills to each board by
hand - a sloppy practice complicated by the glue's interferqmwith each pill's electrical

contact with our node boards. The imprecision of this method ntke it impossible to
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Figure 2-4: Picture of FSR sensor. Figure from [12].

reliably calibrate these QTC sensors, and motivated us to use a ppackaged force
sensitive resistor (FSR) instead.

Similar to QTC material, an FSR changes its resistance as forée applied to
it. Therefore, we used the same voltage divider technique deibad above to track
its resistance changes. The primary advantage of using FSRs ireadeof QTC pills is
FSRs' packaging. Pictured in Figure 2-4 (from [12]), our FSRarnes with two exposed
tin leads. Compared to the ugly operation of gluing QTC pills® our boards, these
solderable sensors were easier to mount and therefore more t#éa

To optimally direct pressure stimuli to the most sensitive head ofte FSR sensor,
we built a stando system. This system is diagrammed in Figure 2-5and greatly
improved the node's pressure sensing, which is demonstrated inct&m 5.3.4 and

analyzed in Section 6.6.

2.5 Microphone and Whisker

2.5.1 Microphone

Sound sensitivity is rarely associated with skin, however, we cé® to include a mi-

crophone on our skin because of:
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Figure 2-5: Diagram of pressure sensor and stando mounting system.

1. The application power it gives us: as demonstrated by Liftqraudio data can
be used to perform network initialization and locate stimuli 32]. In addition,
other authors, such as [22], have demonstrated the usefulness wdia data in

categorizing stimuli.

2. The fact that it allows us to push the performance requirenmés of our system:
only the most exotic applications require us to sample our nossund sensors at
the rate necessary for our microphone to record low-quality dio. Therefore,
applictions requiring sound sensing and/or processing forces te push our

real-time performance to its limits.

We settled on an SPM0102NE-3 piezo microphone manufactured Bnowles
Acoustic. Used in portable devices and cell phones [1], the SPNM@NE-3 is de-
signed to be small and to require little power - both highly appaing characteristics
for our project. Despite the care we took in selecting one of tieenallest microphones
we could nd, incorporating sound sensing into our skin was stillalatively expen-
sive from a board area perspective: as can be seen in Figure 2h& SPM0102NE-3
is by far the largest sensor on our boards, and requires the most spicated and
largest signal conditioning circuitry of any of our other senser Figure 2-8 presents
the circuitry used to condition the SPM0102NE-3's output.

The rst stage in our audio conditioning, highlighted by the red box in Figure
2-8, is an inverting ampli er modi ed with an additional capacitor in the feedback

path to increase phase margin. We chose an OPA347 operational dngp manufac-
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Figure 2-6: The OPA347's transfer function.

tured by Texas Instruments for our circuit because of its small ackage size, power
e ciency, and high degree of linearity. As can be seen from ourmperational ampli-
er's transfer function presented in Figure 2-6, the OPA347 daehave a noticeable
disadvantage though: because its phase decreases even for l@guencies with a
slope of approximately 20 dB/decade, there is a limit to the amunt of gain we can
apply while still expecting stable performance. Our initial gcuitry, taken from [33]
had a much lower gain. However, this lower gain was not adeqed sensitive for our
purposes. Therefore, we naively increased the gain of our citcwnfortunately, our

new con guration had a relatively low 3 dB cuto frequency of100 Hz.

The next section of our microphone conditioning circuitry, dsignated by the mid-
dle dashed box in Figure 2-8, is a simple low-pass Iter with a cat frequency of 4
KHz. Originally incorporated to deal with potential high-frequency noise picked up
by the microphone, oscilloscope tests of our microphone's reape later showed that
there was no noise on the line and such a lter was unnecessary. A ttirection-of-
arrival sensing bene ts from high-frequency information, welisabled this Iter. As
can be seen from the schematic in Figure 2-8, the output of thidter is fed into the
cathode of a diode. This diode functions as a negative peakieleor for our sensor -

because diodes do not conduct until appropriately biased, gnsignals greater than
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Microphone

Figure 2-7: Picture of SPM0102NE-3 microphone mounted on ounnde.

our diode's .37 V forward voltage will be passed to our conditidng circuitry's nal
stage. The nal stage of our conditioning path, designated by # green box in Figure
2-8, is a simple RC envelope follower which extends the length the audio signal,

thereby permitting us to sample below the Nyquist rate and still dtect audio events.

Realizing that future uses of our skin may require our MSP430B11 to record
signals both before and after our peak detector, we routed &8s for both signals to
our ADC. The pre-peak detector signal gets passed through a mux dia voltage
divider (for reasons explained in Section 2.7) on its way to ol ADC, while the post-
peak detector goes directly to our MSP430F1611's ADC. Unfomately, due to an
oversight, we neglected to consider the impedance of our argdo-digital converter
in the design of our circuitry. Therefore, it is di cult to say with exact certainty
what the time scale of decay is. For a thorough treatment of the PM0102NE-3's
performance on our node, please see Section 5.3.2 which displayr microphone's
response to di erent stimuli and Section 6.5 which analyzes tlse results and discusses

the SPMO0102NE-3's overall e ectiveness for our project.
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Figure 2-8: Conditioning circuitry for microphone. The lefmost dashed box is a
basic inverting ampli er with an additional feedback capadbor for stability. The
center dashed box is a low-pass Iter with a 4 KHz cuto frequencyThe right-most
dashed box is an RC envelope follower that extends audio signal

2.5.2 Whisker Sensor

Identifying the importance of whiskers to some rodents and o#n species, we made a
concerted e ort to develop and deploy a whisker sensor on eachafr nodes. To this
end, we tested and evaluated several di erent implementati@nof hair sensors before
settling on our current con guration. Most notably, we consideed deploying a piezo-
Im based sensor similar to that described by Lifton [31], but disngsed it because of
the amount of board area such a system would necessitate. We adulitally examined
another piezo based solution, this time using a PKGS shock sensormatactured by
Murata. Gluing bristles to this part and amplifying its output, we were able to detect
heavy and direct stimuli. However, this shock sensor-based appobacould not detect
softer stimuli, and we were once again forced to reconsider. Ouaal whisker sensor
consists of paint brush bristles glued to the surface of an SPMOIR-3 microphone
(the same type of microphone as described in the previous audiensing section).
We experimented with several di erent glues and epoxies forxang bristles to the
sensor, but settled on hot glue for its ease of application and lase it completely
blocked audio signals from exciting the SPM0102NE-3's elenten

The whisker's signal conditioning circuitry, shown in Figure 2, is very similar to

the microphone conditioning circuitry described in Sectior2-8, with identical peak
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Figure 2-9: Conditioning circuitry for whisker. The dashed ré box is a basic inverting
ampli er with an additional feedback capacitor for stability. The dashed green box
is an RC envelope follower that extends time of whisker signals.

detector and envelope follower stages. There are only threenor di erences between
the circuits: we perform no low-pass Itering on our whisker sense output; our
whisker sensor's pre-peak detector signal is routed to a digitahterrupt enableable
pin on our MSP430F1611 instead of through a mux to the MSP430611's ADC; and
our whisker sensor has a much higher gain. A simple Nyquist plot iradited that this
higher gain was not enough to push our sensor into instability - anding con rmed in

Section 5.3.3, which presents the response of our whisker sensomtdtiple stimuli.

2.6 Temperature Sensor

We used an LMC20CIM for temperature sensing. We were attracted the LM20CIM
for its low power consumption of 7 A when active and its economic footprint - as
seen in Figure 2-10, our temperature sensor takes up very lithoard space.
Equally attractive, however, was the sensor's simplicity. Th&M20CIM requires
no additional signal conditioning circuitry, and feeds a veéage value directly into
our analog-to-digital converter. According to the part's déasheet, this voltage maps
non-linearly to an absolute temperature with +/- 5 °C accuracy [36]. As will be
explained later in Section 6.3, the LM20CIM sensor unfortunaty left much to be

desired, and we never were able to record temperature with tleecuracy that the
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Figure 2-10: LM20CIM temperature sensor on node board.

sensor advertised.

2.7 Hall E ect Sensor

In an e ort to deduce the angular positions of nodes relativeateach other, we included
six linear Hall e ect sensors on each node as well as two magnets. As be seen from
Figure 2-11, the West and North sides of each board are populatetth the Hall e ect
sensors while strong, Neodymium magnets are mounted on the Soatid East sides
of each board. The Hall e ect sensors on each side of the boards amn-collinear,
which theoretically allows di erential measurements betwen the sensors to infer the
relative angles between nodes, similar to the work presented[it¥4]. (Throughout the
rest of this work, we designate the Hall e ect sensor in the bottoneft corner of our
node as the West South sensor, the Hall e ect sensor in the middle dfet left side
of our board as the West sensor, the Hall e ect sensor on the top leformer of our
node facing left as the West North sensor, the Hall e ect sensor on thep left corner
of our node facing upwards as the North West sensor, the Hall e ectrssor in the

middle of the top side of our node as the North sensor, and the Hall &ct sensor on
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the top right corner of our board as the North East sensor.)
The speci c theoretical relationship between magnet strengthm; the magnetic
latitude, ; the distance a magnet is placed from a detector; and the strength of

the magnetic eld recorded by a detectorB is given by:

q
B = Iorms 1+3sin?( ) 2.1)

where o is the permeability of free space [42]. This equation has nooskd-
form solution. As such, we wrote a simulation program, detailechi Appendix A,
which tested di erent methods of converting data from our Halle ect sensors into
an estimate of a node's neighbor's position. We found that for sati angles, , the

approximation:

_ Ha”l Hallz
" Hall, + Hall,

(2.2)

As explained in Section 5.4.2, our Hall e ect sensors did not perin very well
in localization. Some of this may have been due to our sensor séten. We settled
on the A1323LUA-T sensor manufactured by Allegro. Unfortunately,His sensor, as
well as all other available vertically mounted Hall e ect sens®, required a minimum
supply voltage of 4.5 V. This level was substantially past the opating points of our
microcontroller and all our other sensors. Therefore, we credat a separate supply
voltage line for these sensors that ran at a higher voltage fronme rest of the com-
ponents on our boards. The outputs of all six of our Hall e ect sens® were routed
through our mux. To ensure that our Hall e ect sensors' outputs didhot exceed the
input voltage requirements of our ADC, we put a simple voltageidider on the output

of our mux.

2.8 Connectors

Our skin is formed from an array of rigid nodes. In order to achie our goal of

imitating the mechanical exibility of biological skin, we therefore require bendable
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Figure 2-11: Picture of Hall e ect sensors and magnets mountech mode board.

connections between our nodes. This poses an interesting chiage. Our connections
must satisfy both mechanical and electrical considerations: nonly must the inter-
connects physically hold nodes in place while allowing exility, but they must also
be conductive and insulated (to prevent catastrophic short aiuits). In addition, we
must allow for a relatively large number of connections (9),iptured in Figure 2-12.
(Later portions of our report, particularly Chapter 4, exphin the function of each of

these lines.)

We considered numerous solutions to this problem, researchiagvariety of spe-
cialized ectures from the mechanical engineering literare, various conductive poly-
mers, and conductive fabric based approaches similar to [9], Mehspeci cally exper-
imenting with springs, at ex cable, wired interconnects, and conductive thread.
However, each of these approaches had speci c disadvantagesritabased and con-
ductive thread-based interconnects were di cult to x to our nodes and required a
skill set that we did not have; at ex cable connectors proved mch too delicate
for any real bending or strain; the steel springs that were avaible for our project

were not insulated and conventional core solder would not bortd the metal, making
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SDA SDA

Dala Daia
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Ready In Ready Out

Enable Out Enable In
GND GND
PWR PWR

Figure 2-12: Diagram showing internode connections. Chaptérexplains the function
of each of these lines.

Figure 2-13: Picture of wired connectors selected for linkgnnodes.

attaching the springs di cult; and wire connectors often snaped and broke when
subjected to tension. A thorough exploration of connection fyes may have provided
us with a more exible prototype, however, it would have signcantly distracted from
the principle focus of our work. Therefore, we settled upon #ésolution that most
acceptably balanced functionality with ease of prototypality, and settled upon the
wired connectors pictured in Figure 2-13. As described in Semt 5.1.2, these connec-
tors exhibited mixed results - they permitted reasonable exiility, but often broke.
Section 7.1.2 thoroughly treats alternate solutions futur@erations of our skin might
exhibit; our nodes are amenable to any kind of interconnect the connectors are not
soldered in, and the new connection scheme (for example exaiitry, fabric, etc.)

is bonded directly to the connectors' PCB holes.
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2.9 Master Node

Our skin contains at least one master node, which looks very sianilto our slave
nodes. In order to support exibility during experimentation with our skin, master
nodes come equipped with all the sensors of a slave node (desdriinethis chapter's
previous sections). However, they primarily function as a conmumication bridge
connecting our skin to a PC. To perform this task, our basic slaveodle requires some
minor hardware modi cation. Chapter 4 presents a thorough amh detailed analysis
of our skin's communication system. Most important to our currenhdescription of
hardware is our choice of an 12C backbone. As noted in Chapter the 12C protocol
relies on two pull-up resistors, one for a data line and one for &ck line. These
resistors are soldered to our master node's PCB.

Additionally, as explained in Section 3.1.2, our master nodeonnects to a PC
via an RS-232 line. RS-232 relies on relatively precise tingrto synchronize data
transmission and reception. Because there is quite a lot of vatian in the onboard
oscillator of our MSP430F1611 [19], we soldered a precise 8 MHalzor to our mas-
ter node's microcontroller to provide for this precision. Fally, we routed two wires
from our microcontroller to a separate bread-boarded cirducontaining a MAX 233
chip. This circuit performed voltage level conversion, traslating our MSP430F1611's
0 V to 3.3 V signals to our RS-232's +/- 5 V thresholds.

2.10 Power Consumption Summary

Recalling Section 1.1, one of the principle goals in buildynour skin was to be thrifty
with our power usage. Although we tested an algorithmic approhcto power con-
sumption (mentioned in Section 5.5), our greatest power saviagccur from the selec-
tion of e cient components. Table 2.1 summarizes the current@sumption of each
component we selected. Our LED overwhelmingly requires theast power (although
it can be duty-cycled and used sparingly), but as can be seen frdhme table, most

other components are extremely low power.
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Name Part Number | Number | Maximum Minimum
on Node| Current | or Quiescent

Current

Hall E ect Al1322LUA-T 6 8 mA 5 mA
Temperature | LM20CIM7/NOPB 1 7 A 7 A
Pressure (QTC) QTC | Upto3| 3.23mA <1 A
Pressure (FSR) FSR| Upto3 994 A <33 A
Light TPS851 1 620 A 620 A
Microcontroller MSP430F1611] 1 2.4 mA S5 A
Microphone SPMO0102NE-3 1 250 A 100 A
Whisker SPMO0102NE-3 1 250 A 100 A

Mux ISL84781IRZ-ND 1 70 nA 70 nA

RGB LED 598-8710-307H 1 60 mA 0 mA

Table 2.1: Summary of current consumption for the components each node.
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Chapter 3

Software

We designed the electrical system of our nodes to support a widege of functionality.
Our circuitry powers and conditions sensors and connects nelpr nodes and sensor
outputs to our microcontroller. This infrastructure, howe\er, brings us only half-way
to our goal of building a functioning skin: not only do we need aguitable electrical
foundation for our work, but we also require well-written cod to control and validate
our skin's functionality. The software written for our projed can be divided into

three primary categories:

1. Software written for design and simulation purposes.
2. Code written to visualize and record our skin's state and dataalues.

3. Firmware written for control and communication of our skin

We move our discussion of code written for design and simulation qposes to
Appendix A, and focus on our visualization and rmware programsn this chapter
(excepting rmware written for communication, which we savesave for Chapter 4
because of how strongly informed such work is by electrical comsrations). In gen-
eral, the principles we followed in writing software alignedavith our general goals in
producing our skin (which are listed in Section 1.1). Speci dly, our software was
designed for e ciency, speed, exibility, and robustness. As willbe mentioned in
later sections, occasionally these goals con icted and we weoeded to sacri ce one

desired trait for another.
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3.1 Firmware

Firmware is code run by our microcontroller, and therefore ayerns the most basic
functionality of our nodes and skin. In general, our skin was ogposed of two types
of nodes that performed very di erent tasks: a single master nodand numerous
slave nodes. We treat each of these types of nodes separately ia fbllowing two

subsections.

3.1.1 Slave Node Firmware

The program ow for slave nodes was simple and straightforwardlave nodes perform

an initialization, which consists of:

Setting a clock rate.
Choosing a power mode.

Setting and enabling interrupts - both for communication ad analog-to-digital

conversion of sensor outputs.

Determining quiescent values for sensors.

We performed several experiments detailed in Section 5.5,which we modulated
clock rates and power modes to analyze how such choices impacbur skin's power
consumption. However, for data acquisition, we generally raruomicrocontrollers at
their fastest clock rates (between 6 MHz and 8 MHz [19]) and in thelhighest power
modes. Although more expensive from a power standpoint, the ireased clock and
sampling rates a orded by these choices provided much greatsensor resolution.

After initialization, node actions are event-driven: our merocontroller sustains
an in nite loop until an event generates an interrupt, whichbreaks normal program

ow. Interrupts on slave nodes took ve primary forms:

1. Aninterrupt triggered by an expired watchdog timer. A watchdog timer

is built into the architecture of our MSP430F1611 microcombller. Watchdog
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timers increment a register with each clock tick. A built-in sgtem call allows a
programmer to reset the watchdog's register to zero. If the weltdog's register
ever over ows, the entire node is reset, and program executias set to restart
at the rst instruction located in memory. Watchdog timers add to system
robustness by reducing unanticipated in nite loops and unusuanicrocontroller
states. We performed several experiments with watchdog timelgcorporating
them into our skin during their normal operations. Later iterdions of our work
excluded watchdogs, as node performance was found to be stabithout them,
and enabling watchdogs occasionally resulted in correctly rfationing nodes'

being incorrectly reset.

. An interrupt triggered by a communication query from a neigh bor.

As will be described in Chapter 4, we designed and implemented aqy-to-peer
messaging protocol. Messages passed between nodes may be used timican
wide variety of behavior ranging from trivial (blinking an LED to acknowledge
receipt of a message), to more complicated (changing a neighbaclock and
power mode upon receipt of a message, as discussed in Section RBalizing
our rmware needed to be able to support such a wide range, we wewur code
modularly. Rather than modifying our program's entire stru¢ure, all that is

needed to remove the way a node responds to a message is to delsiagle line
of code. Similarly, all a programmer must do to radically chage the manner
in which a node responds to its peer-to-peer messages is to watanodular
function specifying new behavior and change a single line ofdeoto direct

program ow towards the new function.

. An interrupt triggered by a communication query from the mas ter
node. As will be explained in Chapter 4, in addition to the peer-to-per message
protocol brie y described above, we also implemented an [2C bircommunica-
tion link, which connected every single node on our skin. We retl heavily on
our bus, using it as the primary communication line during dataacquisition.

Interrupts on our 12C bus were generated from the skin's masterode request-
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ing sensor information from an individual node. Individual slee nodes would

then respond to the master's query with a sensor's latest state.

. An interrupt triggered by our ADC. Our MSP430F1611 microcontroller
comes equipped with a separate analog-to-digital conversiomodule. Analog-
to-digital conversion is not instantaneous: after an ADC begingsonversion,
it can take several hundred clock cycles before a digital reggentation of the
analog signal is available. Our ADC triggers an interrupt wherconversion of
an analog signal has terminated. Therefore, instead of repedty querying our
ADC to determine whether conversion has terminated - an approh that would

be computationally wasteful - program ow is automatically edirected when a
converted value is ready. During development, we experimen with various

di erent methods of processing an ADC interrupt: depending onhte converted
value and which sensor's output it represented, we changed ouED's color,

delayed program ow, sent messages to neighbor nodes, etc. Aftegrfprming
minor compression on the converted value (which will be descet later in

this chapter), the converted sensor values were written intonaarray. Each
position in this array represented the latest reading of a partular sensor in
our skin. For instance, the third position in the array represergd the output
of one of our pressure sensors, the sixth position in the array reprete the

output of our temperature sensor, etc. The entire array is sequially written

back to the master node when the slave node is queried (as desedhbn the
previous paragraph). We then specify which next sensor's angloutput should
be converted to a digital value by our ADC (including correct} setting mux
state if necessary). If the temperature sensor's output has just ée converted,
then we specify that the light sensor's output should be converdenext. If our

Northeast Hall e ect sensor's output has just been converted, thewe specify
the Southwest Hall e ect sensor's output should be converted nexthanging
our mux to route our Southwest Hall e ect sensor's output to our ADC We end

an ADC interrupt by setting a timer whose function is described irnthe next
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paragraph.

5. An interrupt triggered by an expired timer. As described in the previ-
ous paragraph, timers are set at the end of ADC interrupts. A timestarts
an external clock which counts up from zero to some specied va. When
the clock reaches that value, program ow breaks and an intaupt is triggered.
This interrupt simply requests our ADC to begin converting an aalog value to
a digital value. Briey, we experimented with making this cdl directly at the
end of our ADC interrupt, however, this approach constricted hie function of
our nodes: while servicing an interrupt, an MSP430 cannot secé any other
interrupts. Therefore, directly requesting our ADC to begin coversion of an-
other sensor's output immediately after termination of a corersion trapped our
program ow: nodes spent the overwhelming majority of their itme servicing
ADC interrupts, which blocked them from dealing with other crtical interrupts
that were happening on the nodes. Putting in a timer increasedhé number of
non-ADC interrupts on our skin. We carefully selected the lengt of our timer
to allow our sensors at a minimum to completely refresh their vaés between

gueries from a master node.

Generally, interrupts were programmed in at compile time, lthough, our skin
does support dynamically changing interrupts at run time (foinstance, a node could
turn on or o its ability to receive messages from its neighborsr stop sampling its
ADC to go into a low power mode). We did review literature desdoing di erent
methods for network self-assembly, which described di erent ¢Bniques that would
have allowed our nodes to determine their neighbors and thefore how many of their
peer-to-peer communication interrupts to set. We wrote codiat mimicked some of
this self-assembly. However, this work did not allign with the pmary thrusts of our
project, and due to time considerations, we were not able to thoughly debug it and
test it.

After setting and enabling its interrupts, our nodes go througha sensor initial-

ization phase, which determines the quiescent values of all @fir sensors. To nd
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the quiescent values, we average 64 samples of each sensor whilstinli occur.
In general, division is not a fast operation on microcontrolls. As demonstrated in
Section 5.2.1, oating point operations require a substantlaamount of time. How-
ever, we use a trick to speed our averaging. Noting that in a bimamumber system,
a right bit-shift operation is equivalent to division by two, we simply bit-shift a sum
of 64 values right 7 times. Bit-shift operations are very fast ahgreatly reduce the
run time of our initialization phase.

One might wonder why we choose to compute sensors' unstimulatedtsta Our

reasons are two-fold:

1. As exemplied in Section 5.5, occasionally, we want our skimotrespond to
extraordinary events. Such a goal begs the question of what aaxXtraordinary
event" is. Measuring our sensors' values while our environmentasrest gives us
a baseline for de ning and distinguishing extraordinary everstfrom only minor
perturbances. In addition, as mentioned in Section 5.3.3, we used this baie
to suppress noise on our whisker sensor. Speci cally, our node ongported

whisker events that signi cantly exceeded the whisker sensor'sigscent value.

2. Quiescent sensor values also allow us to perform minor data quession. Our
analog-to-digital converter provides 12-bit resolution fovoltages between 0 V
and 2.5 V or voltages between 0 V and 3.3 V. Several of our sensormswaver,
physically cannot have higher or lower values than those in tBe ranges. For
instance, our whisker and microphone sensors cannot output motigan 1.5
V because of their inverted ampli er conditioning circuitry and because they
are biased at 1.5 V. Therefore, for several of our sensors, we can sbie
while transmitting sensor values by logging a sensor's output eglve to its

undisturbed state rather than sending its absolute value.

Computing quiescent values of our sensors' outputs concludes alave node ini-

tialization. After initialization occurs, our node enters anin nite loop, relying on the

lindeed, not determining the quiescent values of our sensors, may have contributed to pooesults
when we attempted to localize stimuli based on acute audio events.
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interrupts described above to drive our skin's communicativand sensitive function-
ality. To summarize, slave nodes on our skin: set clock rates andvwer modes; set
and enable interrupts that perform our primary tasks of recating and transmitting
sensor data; sample all of their sensors in the sensors' undisturbedieta and, nally,

wait for interrupts that drive our sensing and communication sgtems.

3.1.2 Master Node Firmware

Our skin only had one master node. Master nodes performed no segsibut instead
were responsible for querying the skin's slave nodes for their senvalues and for
transmitting these values via an RS-232 connection to a listexg PC. As explained
in Section 2.9, because RS-232 requires speci c timing contrens, we soldered an
8 MHz oscillator directly to our MSP430F1611. With this oscilléor in place, our
master node's rmware begins by dividing our clock to allow foa 115,200 baud rate
over our RS-232 line. After initializing our clock, we set our @mster node as a master
on our I12C bus (for a thorough treatment of what this means andletails on our
overall communication systems, please see Chapter 4).

Our master node then queries a single nodé,, for its rst sensor value. Our
master node immediately pipe#\'s response to our listening PC through the RS-232
circuitry described in Section 2.9. Our master node continueguerying A until A
sends a pre-de ned communication termination character, @icating that our master
node has read a full set of sensor values froAn Our master node then proceeds
to sample another node on our skinB, until our master node receives the same
pre-de ned character that indicatesB has completed sending its sensor values. This
process continues forever sampling the speci ed number of ngdavith the master
node periodically wrapping its queries around from the nahode in the skin back to
A.

Instead of using a pre-de ned character to indicate the end of data stream,
we could have implemented a design in which our master node sapgplkach node a
speci ¢ number of times. Our current design is much more exibléhan this alternate

version: Individual slave nodes can control the length of thetransmissions to our
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PC. For instance, if NodeA only wanted to transmit pressure sensor information to
our listening PC, it could selectively send only its pressure sensbralues and then
issue a pre-de ned termination character which causes the mastede to proceed to
NodeB, etc.

Because our skin typically contains only one master node, ourgign unfortunately
evinces a single point of failure. To reduce the potential nagive side-e ects of such
a design, we performed some preliminary experiments, nding @ communication
occasionally slowed or altogether broke down when our masterdewould query
an unresponsive slave or a slave that was busy servicing an altemmanterrupt. To
prevent such failures from bringing down our entire skin systemye implemented a
safety timer function. If a particular slave node,A, does not respond to a master's
guery after a set period of time, the master node automaticallyesets, and queries

NodeB.

3.2 Visualization

3.2.1 Overview and Motivation

The previous section described microcontroller code writtelo enable a master node
to transmit sensor values from our skin's slave nodes to a listenif®C. This section
explains PC code written to receive, process, save, and displéese data (a program
to which we refer throughout the rest of our work as the \visua#iation"), focusing
most speci cally on our visual mappings of sensor values. The imgance of such a

system is clear, it:

Provides a form of validation. Thus far in our thesis, we have described
at length a method for building a system capable of mimicking blogical skin's
sensing and mechanical properties. However, we have yet to prep@a method
for evaluating and validating our work. Our visualization povides precisely
such a tool. By recording and displaying each node's sensor dater@ss time,

our visualization and its logs allow us to assess our skin's funatality and
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accuracy.

Eases debugging. During initial phases of development, we could only de-
bug by using an oscilloscope or running a debugger from our IDE @nsingle
node. Providing an additional level of feedback, our visualation system greatly

assisted in our debugging e orts.

Increases usability.  Although our work currently does not have a well-de ned
application space, as described in Section 1.1 our skin has bd=mnlt to be
extended. As our project moves away from its initial phases aratapts, it will
be useful to provide a layer of abstraction for testing additioal functionalities.

We anticipate that our visualization will increase our system'sverall usability.

3.2.2 Visualization Goals

As described in the previous section, our visualization prograferms an important
part of our overall project. As such, we treat the design and impmentation of our
visualization seriously, and speci cally lay out a series of gaathat should enhance

usability. Our visualization should:

1. Be clean and clear.

2. Follow user intuition.

3. Be able to record data.

4. Be fast enough for real-time visualization.

5. Scale elegantly as additional nodes are attached to the ki

While meeting the strict performance goals of recording datand writing fast,
e cient code was non-trivial, we were challenged most by the ore aesthetic require-
ments that our visualization be clear and intuitive. Therefoe, in later sections, we
focus most of our discussion on these topics, only brie y describingore technical

decisions - speci cally our choice of graphics toolbox - in Sem 3.2.3.
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3.2.3 Graphics Toolbox Choice

We experimented with several graphics toolboxes, includingp@enCV, Java's Swing
API, OpenGL, and Matlab's built-in plotting function. In the end, we chose OpenGL.
OpenGL provides a highly exible, fast, and mature structure dr writing our visu-
alization software. OpenGL supports rendering well beyond & bounds of basic
drawing and sketching; permits coloring of di erent hues andntensities; and even
supports multiple light sources and shadows. Additionally, OpéaL is compatible
with C++, an attractive feature given our comfort with writi ng code in C++ and

the language's speed.

3.2.4 Sensor-Visualization Mapping

In many ways, our visualization assumed the role of transducer -rfexample, by
de nition, a temperature sensor senses a modality that has no vigurepresentation:
one does nofseetemperature, one feels it. Perhaps there exists some set of Jiarg
archetypes that map each of our sensed modalities to a uniqueswal representation.
However, a cursory review of the literature however suggests thguch a prospect is
naive. As such, we wrote an extensible central core of code, blinlg it in such a way
that we could easily add, remove, and change sensor represemasi. This approach
permitted rapid prototyping, and, in turn, a type of iterated design, allowing us to
receive and respond quickly to feedback from helpful collaags. As such, our initial
visualization di ered greatly from our initial e orts. Where as our rst visualization
attempts relied heavily upon a strange and non-intuitive seeis of polygons rotating at
di erent rates in di erent directions with di erent number s of vertices, our later at-
tempts, described in the remainder of this section, were more d$ogticated and were
interpretted more naturally. This work was informed by a simger set of animated sen-
sor mappings used in the Responsive Environment Group's Tricagd project, which
developed a mobile, visual augmented reality browser for senswtworks [23].

To review, each of our nodes contains up to 13 sensors, which wegragate to

give us data on:
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1. The intensity of light hitting the node.

2. The temperature of the node's surrounding environment.
3. The amount of pressure placed on our node.

4. The sound produced from stimuli.

5. The position of a node's northern neighbor.

6. The position of a node's western neighbor.

7. The amount a stimulus disturbs our whisker/hair sensor.

We treat each in order, beginning with the intensity of light dtected by our
TPS851 sensor. We map the intensity of light to a series of yellownés painted
radially outwards from the center of each visualized node. Ehlength of these lines
indicate the relative amount of light each node is receivingin the dark, lines are
very short; in direct sunlight, lines are very long. Figure 3-Ehows an example of a
single node in low light conditions and high light conditionsNotice that in high light
conditions, the yellow lines are much longer than in low lightonditions.

We visualize temperature using a horizontal bar (highlightedvith an arrow in
Figure 3-2). High temperatures increase the size of the bar, artdrn the bar an
intense red. Low temperatures shorten the length of the bar, drturn it blue. Figure
3-2 shows an example of a single node in a low temperature enmirent and in a
high temperature environment. Notice that in the high tempeature environment, the
horizontal bar is much wider and redder than in the low tempeture environment.

Pressure data from our FSR are visualized by a single pentagon néae center
of each node (indicated with an arrow in Figure 3-3). With no pessure applied,
the pentagon is static and dark blue. As pressure increases, the fsgon goes from
blue to red and begins rotating at a rate proportional to themtensity of the pressure
applied to our FSR. We suppressed pressure data from our two QTC gsaire sensors:
as will be noted in Section 3-3, our QTC sensors did not perforns aeliably as we

would have liked. Therefore, we suppressed information on eaobde's QTC sensors,
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Figure 3-1: Light sensor visualization. Left grid shows visuakgion for nodes in a
dark environment. Right grid shows nodes exposed to a major ligstimulus. Notice
the change in length of the lines emanating from each node omet grid.
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Figure 3-2: Temperature sensor visualization. Left grid showsswualization for nodes
in a cold environment. Right grid shows nodes in a very warm eimenment. Notice
the change in length of the horizontal bar for each node.
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Figure 3-3: Pressure sensor visualization. Left grid shows visuaiion for nodes mi-
nor pressure stimulus. Right grid shows nodes with major pressurerstilus. Pressure
is visualized by small pentagons in the gure. Small pentagorthange color from blue
to red as pressure increases. In addition, pentagons rotate fasts pressure increases.

deciding that the minor additional information provided by our QTC sensors did not

justify the clutter they created in our visualization.

We change both the color and number of concentric circles satmding our nodes
to display sound data. As can be seen in Figure 3-4, intense soundsr@ase the
redness of and the number of concentric circles surroundingromode; soft sounds
decrease the number of concentric circles surrounding our rodnd make them less

visible.

We assume that our skin is connected in a grid pattern. As neighboodes move,
we bend our visualization's grid to follow them. Figure 3-5 mvides an example of

such bending.

Responses recorded on our whisker sensor proved dicult to represe After
several false starts, we settled upon \trembling" each node whemimowhisker sensor
is excited. Trembling consists of rapidly perturbing a node ém its normal position.
The amplitude of the perturbation is governed by the intensit of the whisker event.
An intense whisker event causes a node to move far away from itsdgposition; a

light whisker event barely moves our node from its grid positim To avoid confusing
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Figure 3-4: Microphone visualization. Left grid shows visuaation for nodes with
minor audio stimulus. Right grid shows skin undergoing major aud stimulus. Notice
the change in the number of concentric circles emanating froeach node.
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Figure 3-5: Bend sensor visualization. Grid on left shows no bef skin. Grid on
left shows skin as it is uniformly deformed.
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our whisker sensor's tremble with the bending from neighboringode positions, we

set our maximum trembling to a relatively small value.
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Chapter 4

Communication

4.1 Motivation

Our experiments showed the MSP430F1611 microcontroller theve chose is able to
perform 12-bit analog-to-digital conversion at a rate of roghly 32 KHz. To put these
numbers into context, consider Leo Tolstoy'8Var and Peace Famous as some of the
nest literature ever written, War and Peaceis also infamous as one of the longest
novels ever written: the primary listing of the English transléion of the work on
Amazon.com contains over 1200 pages and a little over 3.1 moil characters. At
the sampling rate described above, every ten seconds, each nadeur skin has the
potential to generate more information than is contained irthe entirety of Tolstoy's
work. In short, we are not dealing with a stream of information we are dealing with
a ood.

While earlier Chapter 2 of our thesis described infrastructurdeveloped to enable
such blazingly-fast data collection, thus far we have not ddatlirectly with what to
do with all the information.

In general, we have three options:

1. Store the data.

2. Quickly process and delete data.

3. Transmit the data to a unit that capable of storing, presentig, or using it.
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Examining the rst option of storing the data, we immediately nd a problem:
each node's microcontroller only has 48 KB of ash memory avable and physical
space on each PCB is at too much of a premium to mount additionatorage. There-
fore, unless we sample a slow enough stimulus to allow us to sigmintly throttle the

sensor sampling rate, this strategy proves impractical.

Depending on the application, the second option of performgnlocal, real-time
computations and discarding excess data can be quite poweréimd quite complicated.
As an illustrative example of such a strategy, consider con gurgna node as a burglar
alarm. As an alarm, a node is solely interested in sudden changesits sensors'
states: instead of storing all generated data, a node compareggvnew sensor reading
against the sensor's undisturbed state, and discards all other arfnation as irrelevant.
There are enormous bene ts to local, online extraction of kevance from stimuli in a
distributed network - such a strategy greatly reduces the neeaif on-board storage
and communication. Although the time scale of this project didnot allow us to
examine this problem in any substantial way, the overall systemds been designed

to support further inquiries in this direction, as will be disesissed later in Section 7.

The third option of quickly transmitting collected sensor reathgs is the focus of
this current chapter. As noted throughout the literature, canmunication schemes
form a considerable part of the sensor network cannon [2]. As ndtdy various
authors, our choice of communication protocols, greatly img#s important network
features such as architecture, physical topology, and genkoperation[18]. To demon-
strate functionality, extend usability, and enable exploraibn, we designed our skin to
support two separate modes of communication: an 12C bus and astom-built peer-
to-peer communication scheme. The remainder of this chapterovides an overview of
each of these protocols' basic function and implementation agllvas their advantages

and disadvantages.
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4.2 12C Bus

42.1 Overview

Initially devised by Philips Electronics in 1992, the 12C bugrotocol has undergone
two major revisions since its initial release date. The currerstandard, set in January
of 2000, thoroughly outlines a robust, multi-master, multi-dve communication pro-
tocol. As opposed to other protocols, such as SPI and RS-232, 12&juires only two

connecting wires between communicants - a clock line (SCLyéa data line (SDA).

Communicants each have a unique address and and can be set ihaita master
mode or a slave mode. As implied by the existence of the clock linke protocol
is synchronous. Masters are responsible for setting the clock oret®CL line and
initiate all read and write operations between communicastby querying slaves. Sent
along the SDA line, a query has three parts: an initial start bit the seven-bit or
ten-bit address of the slave a master is querying, and a nal biteapresenting whether

the master is writing ('0") or reading ('1') from the slave [373.

Slaves respond to the master query by sending an acknowledge &dross the
SDA line. If the master has sent a read query, the slave followssiacknowledge bit
by sending a byte of data to the master which responds with a singéecknowledge
bit after receipt of the entire byte. In contrast, if the masterhas sent a write query,
the master transmits a byte of information to the slave, and the ave sends back a

single-bit acknowledge response after receiving the entireté)f37].

As seen in Figure 4-1, both the SDA and SCL lines are set by pullupsistors. A
master or a slave, sets a logical '0' on the SDA line by sinking cemt and a logical

'1' on the SDA line by setting its input to have an e ectively in nite impedance.

LIn addition, because the protocol needs pullup resistors, as will be described late common
ground and perhaps a common source voltage are also recommended.

2In addition to speci cally querying one slave, a master can also send out a \generatall", which
transmits simultaneously to every slave. When a master performs a general callhe query described
here takes a di erent form, containing a \general call address" instead of a speci c lve's address
[37].
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Figure 4-1: A simplied diagram of the 12C's electrical connetions. (Image from

[11])

4.2.2 Advantages of 12C Bus

Two-wire Setup

As mentioned in Section 4.2.1, 12C's two connecting wires lvatéen communicants are
fewer than other communication schemes such as SPI (3 minimurand RS-232 (3
minimum). This small number of connections makes the 12C busaattractive option
for our skin: recalling that each node has four neighbors, eaelditional wire nec-
essary for communication between boards adds four additionabints of connection
per board. The increased complexity in routing additional aanections, coupled with
the added physical space these connections require, has a deémtal impact on our
project goal of reducing each node's package size. Less inugt but equally imme-
diate is the value the 12C protocol's minimalistic connectio count has on another of
our design goals: exibility. While additional connections lave no impact on shear

movements between nodes, they greatly curtail torsional frdem between the nodes.

Dynamic Multi-master Multi-slave

Real-world applications of sensors and sensor networks such aaltiemonitoring [6]
or meshes created by portable devices [17] often do not have thene t of assuming
a static network. Nodes physically enter and leave the networkail, re-orient, and
change modes in such a way that an adaptable (rather than xedyommunication
infrastructure can often greatly increase e ciency and fundbn [13].

The 12C communication protocol allows easy transition from a ade's being in

a slave state to a node's being in a master state, thereby enabliegploration of
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self-con guring networks and ad hoc algorithms. In additionsuch a feature greatly
adds to the robustness of the overall skin. While our network wihot face many of
the conditions that require adaptable communication scherseit is certainly possible
for a connector to break or a single node to go o ine. If the neterk detects that
a master has left the network (through a timeout, a master's trasmitting an exit

message, etc.) any slave node in the network can easily and quckeplace it.

Built-in on Chip

The MSP430F1611 microcontroller that we selected has a dealied, on-board 12C
module. Relying on this module reduces component count anieh, turn, area. Ad-
ditionally, choosing a communication protocol speci cally mbedded into our micro-
controller greatly simpli es network con guration and maintenance: setup, reads,
and writes are all well-de ned and well-documented registayperations. Further, the
MSP430F1611 dedicates a speci c interrupt vector to 12C comumications. This in-
terrupt vector allows us to still listen for and awaken to 12C eents, even while the

microcontroller is in its lowest power modes.

Other: Transfer Rate and Precision

The MSP430F1611 microcontroller that we chose supports \fasti2C mode [19],
allowing transfer rates of up to 400 KBits per second [37]. Our sknodes have the
ability to collect much more information than 400 KBits of daa per second; however,
given the lengthy time scale of sensor stimuli of interest, this ta should still allow a

skin composed of over a dozen nodes to capture important events.

4.2.3 Disadvantages of the 12C Bus

While the 12C backbone provides a powerful transmission linet does have at least
two severe limitations that stem from the bus' being shared by ewe node in the
network:

The 12C bus is not elegantly scalable.
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The 12C bus exhibits a single point of failure.

Robustness - Single Point of Failure

I2C technology, in some ways, should be thought of as non-robugtexhibits a single
point of failure. As described in Section 4.2.13ll bits in the network are transmitted
across a single data line. As such, a single malfunctioning nodearrupt or disable
all 12C communications. Simple tests with the bus while debuggy identi ed this
problem. When two nodes were accidentally set to the same addse instead of

receiving a character 'a’, each received an incorrect chatar.

Scalability
Electrical

Scalability concerns are both electrical and algorithmicAs described, the 12C pro-
tocol's electrical limitations may not be readily apparent however a more careful
examination of the protocol shows where problems may arise. ¢all from Figure 4-1
that low-to-high transitions on both the clock and data linesvalues are set by pullup
resistors. In a platonic realization of this circuit, this trarsition is instantaneous;
in real-life, parasitic capacitances will delay and distort his transition, obeying a
rst-order linear di erential equation with time constant, , equal to total resistance,
Riotat  Cparasitic -

Therefore, the degree to which parasitic capacitance will act communication

varies depending on:

1. The thresholding values used by the protocol to de ne logit&'-s and '1'-s.

2. The rate at which the bus is run. If is very small compared to the period of
the clock, parasitic capacitance should have negligible e &con communication.

However, if is large, long settling times may corrupt information transfe

3. The amount of parasitic capacitance in the circuit. The tire constant de ned

above is directly proportional to C,arasiic - Increasing the parasitic capacitance
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of the circuit should therefore lengthen our time constant, gentially impacting

communication accuracy.

De ned strictly by our MSP430F1611's hardware, we have no ctml over the
values our 12C protocol uses to designate logical '0'-s and-4

Capacitances add in parallel. Therefore, each additionabde we add to our skin
increaseLparasiic and, in turn, . This delay penalty leaves us with the unpleasant

necessity of having to throttle our 12C protocol as we add nodde our skin®.

Scalability

Electrical concerns are not the only scalability problem weneounter in deploying an
I2C backbone. Consider four, distinct nodesA, B, C, and D. A has a message to
transmit to B and C has a message to transmit t®. If all four nodes are on the
same bus,C will have to wait for A to transmit its message toB before being able
to transmit to D. At rst blush, such a delay seems trivial, however, a simple toy
example indicates how substantially the singleness of the 12Cramunication channel
can e ect overall network performance for certain skin con grations.

Assume every other node on a grid is instructed to send an 8-bit cla&ter message
to its right-hand neighbor. If we use the 12C bus exclusively,ven running at 400
Kbits per second fast mode, we soon encounter a problem. Becauseles cannot

simultaneously transmit, we get the constraining equation:

Numnoges Num chars each transmitting node sends 8-bits

= 400 Kbi
2 second char 00 Kbits

(4.2)

30ne might wonder why we solely focus on stray capacitances while ignorinB . The answer
is that the MSP430F1611's microcontroller is only able to source and sink grescribed amount of
current [19]. ReducingRiqa Signi cantly would therefore overwhelm our microcontroller.
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Equation 4.2.3 illustrates a fundamental tradeo between tk size of the network

and its performance and motivates the need for an additionabmmunication scheme.

4.3 Asynchronous Peer-to-peer Communication

4.3.1 Motivation

Peer-to-peer communication addresses the two primary probts with the 12C bus
mentioned in Section 4.2.3. A single node's failure cannotsdible communication
across the entire network. And, peer-to-peer communicatiorelps to preserve scala-
bility: for the example described in Section 4.2.3, a peer-fmeer protocol allows us to
scale our network with no degradation in performanée Further, peer-to-peer com-
munication permits us to focus on local stimuli, allowing smapatches of our skin to

locally process data without loading the 12C backbone.

In addition to the above selling points, peer-to-peer commuecation permits greater
experimental exibility. A master-slave protocol, such as the2C bus implemented
in our skin promotes only speci ¢ and hierarchical architecttes and control mecha-
nisms. Including a peer-to-peer protocol allows us the exiliy to research topics
such as information di usion, agent-based control, and netw&mng algorithms that

would be unapproachable using the 12C bus format.

Finally, our peer-to-peer protocol increases our skin's ol robustness. It serves
as a redundant channel for communication in case the 12C line broken or overly
loaded. In addition, it allows us to message nodes with bad I12@mnections, or shut

them down/circumvent them if they are degrading our 12C line

4In general, this is a simple example. More sophisticated questions that relax asmptions about
which nodes need to communicate and the xed topology of the network, pose very compulated
routing problems.
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4.3.2 Implementation
Design Goals

Electrical peer-to-peer communication is a well-worn prdém in electrical engineering.
Existing at least since the days of the telegraph in the early 186 [21], numerous
protocols have been devised and implemented throughout thears to suit various

purposes. To select among these schemes, we followed several desigaipes:

1. Fast. Because we do not have a dedicated peer-to-peer communicatodule
into our microcontroller, it may be naive to hope for a data tansmission rate
approaching the 400 KBits per second achieved by our 12C linélowever, we

would like our peer-to-peer protocol to run as quickly as posde.

2. Asynchronous. Subjectively, an asynchronous protocol is both more algo-
rithmically challenging and aesthetically pleasing than a syhronous line: it
reduces our required assumptions and puts fewer restrictiona the network's

future applications.

3. Ecient. The MSP430F1611 that we chose is powerful for what it is - a cost-
e ective microcontroller. However, it is by no means a superemputer. Each
instruction is precious and takes tim& We must take care that our protocol

does not overwhelm other operations on the processor.

4. Adaptable. Our skin is intended to support a wide variety of functionalityand
experimentation. Therefore, it is essential that our commupation protocol be

exible enough to be e ective in a wide-range of tests and situans.

5. Flexible. As noted in Section 4.2.2, each additional wire connecting des
reduces mechanical exibility. Therefore, we attempt to kep connection count

to a minimum.

SCursory tests showed that it took our microcontroller running at its fastest rate over 14.4 seconds
to perform 10,000 square root operations - orders of magnitude longer thaa modern laptop.
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enable-in <z | enable-out
ready-in ‘=z =—————— ready-out
data <:> data

enable-out |—————— == enable-in
ready-out |T————— == ready-in

Node A Node B

Figure 4-2: Pin connections between nodes for peer-to-p@@mmunication.

Realization

For our peer-to-peer protocol, we employed a ve-wire reaggnable scheme. Each
node has a \ready-out", \enable-out", \ready-in", \enable-in", and \data" line for
each neighbor. Consider two node#\ and B. As their names imply, the ready-out
and enable-out lines are outputs for a single nodd,, and are connected as inputs
to the ready-in and enable-in lines of its neighbor3. Similarly, the ready-out and
enable-out lines ofB are connected to the ready-in and enable-in lines &. A's
and B's data lines are connected directly to each other and serve aigher inputs or
outputs depending on the direction of communication. Theseonections are detailed
in Figure 4-2.

After initialization, each node's ready-out line is high, is enable-out line is low,
and its data line is set as an input. In addition,A and B place an interrupt condition
on each of their ready-in and enable-in lines.

If A wants to communicate toB, A rst checks if B is ready to receive information
by checking its ready-in line B's ready-out line). If A's ready-in line is low,B is not
ready to receive information, and the message to be transmitted is pirt a queue of
messages to be transmitted wheB is ready to receive. IfA's ready-in line is high,
B is ready to receive information fromA, and A begins transmission. Transmission

begins byA's:

1. Changing its ready-out line from high to low.
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2. Setting its data line as an output, putting on the data lineeither a logical '1’

(data line goes high) or a logical '0' (data line goes low).
3. Changing its enable-out line from low to high.
4. Sets an interrupt on its ready-in line to detect changesdm low-to-high.

B detects as an interrupt a transition on its enable-in line, idicating that A has

begun a transmission.B then:
1. Changes its ready-in state from high to low.

2. Sets a global variable on its microcontroller that block8 from initiating a
transfer with A. (All messagesB attempts to send whileA is transmitting are

put on a queue to be dealt with afterA's transmission has terminated.)

3. Reads and stores the information on the data line. (The enlbin line of each
node should be construed as a validity check: if enable-in isghi, information
on the data line is ready for reading; if enable-in is low, infmation on the data

line should not be read.)

4. Increments a count of the number of bits received .

If the count is equal to the pre-designated message lengt, knows that
it has received the full message frorA, and B:

{ Unblocks the variable preventing communication from it toA.

{ Resets its counter of bits received frorA to zero.

{ Resets the interrupt generated by its enable-in line's transon in order
to be ready to read further interrupts on the line.

{ Checks whether the queue of messadggsad attempted to send while
receiving fromA has any messages. If the queue does contain messages,
B begins to transmit them toA. If the queue is empty,B sets its ready-

in line to high, indicating that it is ready to receive any newmessages.

{ Calls a speci ed service-routine to react to the messagde transmits.
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If the count is less than the pre-designated message lengB knows that

it still has more bits to receive fromA and:

{ Resets the interrupt generated by its enable-in line's transon in order

to be ready to read further interrupts on the line.

{ Sets its ready-in line to high, indicating that it is ready toreceive the

next bit of the message fromA.

The low-to-high transition on B's ready-in-line engenders an interrupt oA. If A

has transmitted the entirety of its messageA:

1. Sets its enable-out line low.
2. Changes the data line from an output line to an input line.
3. Sets its ready-out line high.

4. Checks to see iA has any additional messages to send. Afdoes have additional

messages to send, it begins sending them.

If A has not transmitted the entirety of its message, them\:
1. Sets its enable-out line low.
2. Loads the next bit of data onto the data line.

3. Sets the enable-out line high.

Disadvantages of Design

Our peer-to-peer system supports most, but not all, of the desigroagls laid out in
Section 4.3.2. While Section 5.2 demonstrates our protokpeed and e ciency,
requiring a full ve wires does degrade mechanical exibtly. We did attempt to

reduce the number of connecting wires between nodes by makithe system half-
duplex, meaning that two connected nodes can communicate éach other, but not

simultaneously.
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Figure 4-3: Flow chart of peer-to-peer communication.
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Advantages of Design
E cient

Our design avoids approaches based on continuously polling imidual microproces-
sor pins in favor of a design that exploits event-based interrip. These interrupts,
fundamentally built into the MSP430F1611 architecture, doot a ect processing rate

or command ow until triggered thereby allowing normal opeation.

Adaptable
Variable Message Length

Bits are precious. All communication between nodes need not loé a prescribed
length: for a variety of reasons, nodes may need to send messageshhmamaller or
larger than the 8-bit unit used by most systems. For example, two mies, A and
B, may only need to exchange a limited, discrete set of informati. In such a case,
A selects from a library of 16 messages to send B Similarly, B selects from a
library of 4 messages to send té. Instead of each node's transmitting a full 8-bits
to its neighbor, A need only transmit 4 bits to B and B need only transmit two
bits to A, making transmission fromA to B twice as e cient as the 8-bit standard,
and transmission fromB to A four-times as e cient as the 8-bit standard. The
design of the system allows message lengths to be changed eithezaahpile time or

dynamically.

Di erent Clock Rates

According to the MSP430F1611's datasheet, each additional g&-Hertz our micro-
controller is run at increases its current consumption by roudy 500 A [19]. This
di erence in power consumption provides a real and substantiahterest in running
nodes below their peak points of operation. However, we mustlaace the power con-
sumption bene t of this under-clocking strategy with our desie not to miss relevant
information on the skin. One potential way of achieving both bjectives is to realize

the skin need not be in a heterogeneous clocking state. Some e®aan run with
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clock settings faster than other nodes'. While synchronous comamcation schemes
might fail in such a scenario, our asynchronous implementatiocompletely supports

it.

Symmetric Rate Control

At a high-level, each node performs three tasks:

1. Sampling sensors.
2. Processing data.

3. Communicating with other nodes.

Depending on the skin's desired function, there may be instargevhere one node
needs to prioritize one of these tasks over the others. For insta during a partic-
ularly noisy period, it may be more important for a node to samg@ its microphone
than it is for the node to communicate its status to its neighbis.

Scaling down sensor sampling or processing rates to allow the nooleveigh other
tasks more heavily presents no real di culty - one need only adjst timer ratios either
dynamically or at compile time for each node. However, becausemmunication rates
are a function of not only how many communication requests a de makes (which a
node can easily control) but also how many communication regsts a node receives
(which a node cannot easily control), scaling communicatiorates presents more of
a problem. One might suggest a super cial solution in which a nodeends control
messages to its neighbors, requesting the neighbors reduce tlienher of messages
they transmit.

However, this approach proves cumbersome: it assumes that ndighs will cor-
rectly interpret and respect rate selection messages. In adduipif rates need to be
updated quickly, for instance, 50 times a second, such a schemeuldorequire an
extensive numbers of transmissions between nodes.

Our peer-to-peer protocol permits an alternate approach tasing control mes-

sages. A side-e ect of building a protocol capable of supportingixed clock rates is
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that we can use timers on either node to arti cially throttle the rate of communication.
A receiver can reduce the rate of communication by delaying &ehing its ready-out
line from low to high after receiving a bit of information fran the transmitter. Re-
ciprocally, a transmitter can delay switching its enable-oubit from low-to-high, also
throttling the the communication rate. These delays, if implenented by the timer
interrupts built into the MSP430F1611 architecture, permi both the transmitter and
the receiver to perform their regular processing tasks while wiag for the delayed
communication to continue regardless of which node throttéethe stream. In such a
scheme, both the transmitter and receiver have symmetric comtrover the communi-
cation channel. Further, communication rates can be chandeither at compile time

or dynamically in response to particular stimuli.
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Chapter 5

Results

This chapter presents raw data gathered from our skin. We begioy analyzing the
skin's overall size, exibility, and robustness in Section 5.1and proceed to describe
fully the speed and accuracy of the skin's communication lin@s Section 5.2. We then
change focus to the skin's sensors, demonstrating individual serssdunctionality in
Section 5.3 and presenting aggregate sensor data for partiausiimuli in Section 5.4.
Finally, we conclude the chapter with an exploration of the sk's power consumption
and a simple example program which shows the energy savings e MSP430F1611's
low power modes in Section 5.5. Each of this chapter's sectiohas a sister section in
Chapter 6 which supplements the presented data with an analysi$ their signi cance
and implications. In general, we collected more data than pcéical to present in a

single chapter. As such, we show additional data in Appendix B.

5.1 Basic Results

5.1.1 Size

Aside from a slight notch cut into the bottom right corner for orientation, each node
is approximately square with dimensions of 1.04 in. x 1.02 in.olmake these numbers
more immediate, a United States quarter would roughly inscréo each of our boards;

Figure 5-1 presents a visual comparison of our node's board sizeWnited States
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Figure 5-1: Notice that each node is small enough for a quarteo approximately
inscribe it.

quarter.

The dimensions of our board compare favorably with our predessor, Perez's (pic-
tured in Figure 1-1). Perez's nodes were each 1.865 in x 1.86933]. Therefore, our
reworked design occupies only 30% the area of the previouslyeleped S.N.A.K.E.
systent.

5.1.2 Flexibility

As mentioned in Section 2.8, interconnects between nodes ktbbave been built from
materials far more exotic than our current connectors, such asx circuitry or cloth.
While these systems may have had their advantages, to enable m@rototyping,

we chose connectors made from wire. As demonstrated in Figur@ 5even with our

lIn fairness, Perez's system did not require additional area for connectors: his nodes rmeected
directly to each other. Our nodes, however, use wired connectors to link to each other. Tossure
reasonable exibility, the length of these wired connectors is generally not shorter han .5 cm.
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Figure 5-2: Four nodes bent around a camera case. Notice how tklan tolerates
bends of 90.

wire connectors, our skin can easily bend at angles of over 30the bend is required
perpendicular to node connectors.

In general, exibility along alternate axes was a ected by he length and number
of connectors linking nodes. A node linked by a single 1 cm longrmector to its
neighbor could not rotate more than 20in either direction. A node linked by a single
connector approximately 2 in long could rotate a full 360in either direction.

Figures 5-3, 5-4, and 5-5 highlight the skin's overall exibity and show the wide

variety of topologies the network supports.

5.1.3 Robustness

Electrical, mechanical, and algorithmic robustness were daidenti ed as some of the
most important design goals of our work. Although robustness is dult to quantify,

we can present several observations made in the course of coifertiata and working
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Figure 5-3: Four nodes bent into a strange topology. The gurdighlights the exi-
bility of the overall skin.
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Figure 5-4: Thirteen nodes bent into a strange topology. Thegure demonstrates
the exibility of the overall skin.
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Figure 5-5: Thirteen nodes hanging o edge of a table. Demomates the exibility
of the overall skin.
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with the skin.

Overall Skin and Visualization

We set a 13 node skin in data collection mode with:

One master node running at 8 MHz querying the other 12 nodes on &2C
line, piping received information through an RS-232 line ta laptop computer

running our visualization.

The other 12 nodes running at the fastest rate their onboard ats provide,
sampling all their sensors and responding to 12C queries with tinesensors'

values.

Con gured in this manner, the skin maintained functionality for over an hour
with no immediate signs of degradation in transfer rate or sens@ccuracy. The
output of the visualization showed reasonable sensor values argsponsiveness on
each node. Further, the visualization produced no segmentati faults in the hour-
long time it was running, and ran quickly - indicating a lack & memory leaks. The
only constraint in running the skin and visualization for such adng period of time
appeared to be the amount of data generated. Recalling Sexti3.2, our visualization
is built to automatically save data it receives and processesfn the skin. Running
our 13 node skin in the data acquisition mode described above fom hour generated
a saved data le that was over 52 MB, a gure that corresponds tower 10.4 million
sensor recordings. Although this sized le is easily manageable tmaay's computers,
it should be noted that, eventually, our recorded data le wold grow beyond our
means to store it: in a little under 40 days, our skin and visualizeon program would
overwhelm the 40 GB of free space on our recording laptop's kladrive. Such a
use of course diers from the skin's intended functionality. Itis more likely that a
deployed system will only sparsely sample its sensors or quickly pess and destroy
collected data rather than storing it inde nitely. These numkers are only presented

for thoroughness and to provide a full account of all of our wkis limitations.
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Figure 5-6: Picture of two connectors side by side. The connecton the left is fully
functional while the connector on the right is broken. A quaer is placed in the
picture to indicate scale.

Connectors

Connectors took a good deal of abuse, and often broke. Duringxibility tests, they
are exposed to a wide variety of stresses and unplugging nodesatzs high levels of
tension in the connector's wires. As seen in Figure 5-6, wires amnoectors only break
at the point of contact with the connector - a weak joint held ly a combination of
pressure and solder, and, generally, instead of multiple wiregmpconnector breaking,
only a single wire would come loose.

In general, the bending and exing of connectors both casugliand aggressively
during exibility tests was never observed to sever a connectoConnectors only broke
when being unplugged from nodes. As such, we estimate connecif@atime based on

the number of times a node is unplugged from the connector. Foonnectors built
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with solid wire, on average, we could unplug a node between and ten times from
its connector before one of the connector's wires would failFor connectors built
from stranded wires, we could unplug nodes on average betwearelve and twenty
times before one of the connector's wires would fail. As discudsa Section 2.8, our
connectors were primarily chosen for their ease in rapidly defeping a prototype. In
practice, a di erent substrate such as cloth [9], [10], [24] orex circuitry [33] probably

would have su ered less failure.

Whisker Sensor

Intense stimulation, for instance a hand's pressing down hard updhe skin, causes
our whisker sensors to shed. Such stimulation repeated around azdo times may
necessitate replacing bristles on the whisker sensor. This prouaeglis painless, simply
requiring one to re-heat the glue on the whisker sensor with théptof a hot glue gun
and insert a fresh batch of bristles. It is certainly conceivabléhat a better procedure
or adhesive could be employed that would address this problendowever, because
the whisker sensor's shedding is more of a minor inconveniencartha fundamental

aw, we focused our attention on other, more critical issues.

5.2 Communication Results

Quite a number of non-intuitive factors impact microcontrdier function [19]. While
these e ects are unlikely to be relevant for many applicatiosy because this section
focuses on precise performance measurements, for thoroughnessgetail the condi-

tions of our experiments before describing their results:

All microcontroller code was written in C and compiled using Teas Instru-

ment's Code Composer 3.0.
Each microcontroller was run at 3.3 V.

Experiments were run at room temperature.

83



Direct comparisons between baud rates were done on the samerogontroller.

5.2.1 Peer-to-peer

Section 4.3 motivates and explains our design of a peer-togp&ommunication proto-
col. Our primary goals for this system were to create an adap#y fast, and e cient

method for transmitting messages between nodes and their immaig neighbors. This
section demonstrates the functionality of this system as well ggoviding benchmarks

for its accuracy, speed, and adaptability.

Accuracy

To measure the accuracy of our peer-to-peer protocol, we ceated two nodes,A
and B. A was set to run at the fastest clock rate its onboard oscillator céuisupport.
Although Texas Instruments, the maker of our microcontroller,does not de ne a
speci ¢ frequency for our setup, it does guarantee a clock rateetween 6 MHz and
8 MHz for the voltage and temperature at which we ran our expearient [19]. A was
programmed to perform no other task than to repeatedly send theharacter 'a’ to
its neighbor, B. Node B ran from an external 8 MHz oscillator and connected via
a 115,200 baud RS-232 line to a Dell Latitude D630 laptopB was instructed to
listen for any messages fromh and push any character received fromA directly to

the laptop. The laptop listened on its serial port for 30 secondsnd counted:
1. The number of characters it received fronB that were 'a'-s.
2. The number of characters it received fronB that were not 'a'-s.

For convenience, Figure 5-7 depicts this experimental setup
The results of this experiment are presented in Table 5.1.
Baud Rate

Figure 5-8, depicts a ow chart of our experimental setup. Pkse refer to it to

supplement the experimental description that follows. The prgous section presented
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Figure 5-7: Block diagram depicting the experimental prockire used to measure the
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accuracy of peer-to-peer transmission.

Experiment | Time Period Correct | Incorrect Baud Rate | Accuracy
(seconds)| Characters| Characters| (bits/second) rate
Received| Received
A 30.0 21,721 0 5,792.3 100%
B 30.0 21,823 0 5,189.5 100%
C 30.0 21,617 0 5,764.5 100%
D 30.0 21,287 0 5,676.5 100%
AVG 30.0 21612 0 5763.2 100%

Table 5.1: Measurements of accuracy for peer-to-peer protbc

the results of piping information from one node through its nighbor to a computer.
Such a setup throttles the rate at which peer-to-peer commuration can actually
occur: the node that passes information to the laptop cannot ceive new messages
while transmitting to the laptop. To determine the maximum r&e at which peer-to-
peer communications can proceed, we designed an alternatpexment consisting of
two nodes,A and B. A runs as fast as the MSP430F1611's onboard clock permits -
between 6 MHz and 8 MHz [19]. Similar to the setup of the intermedlie node in the
previous sectionB's clock is sourced from an external 8MHz oscillator and connect
via an RS-232 line to a Dell Laptop.

A is set to listen for a strong stimulus on its whisker sensor. When it ceives
that stimulus, it begins sending messages on the peer-to-peer gection to B. When
B receives its rst messageB turns on its red LED and begins counting the number

of messages it receives. On& performs 10,000 square root operatiorfs B

2We could have instead measured the time required to receive some number of messag&ur
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STEP 1
Initialize

STEP 2
Whisker Sensor stimulated
NODE A sends ‘a’s to NODE B
NODE B’'s red LED turned on
(time with stopwatch)
DO Square root operations
NODE B counts ‘a’-s received

STEP 3
NODE B stops counting
‘a’-s from NODE A
NODE B’s red LED off
NODE B sends number
of ‘a’-s received to PC

STEP 4
Reset

Figure 5-8: Block diagram depicting the experimental prockire used to measure the
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baud rate of peer-to-peer transmission.
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1. Turnsitsred LED o .
2. Stops listening to and counting messages from

3. Begins transmitting via its RS-232 line to a listening PC thenumber of char-

acters received fromA while performing the 10,000 square root operations.

Dividing the number of bits received fromA by the time B's red LED is on
(as measured with a stop-watch) gives the baud rate. While messmsgare being
transmitted from A to B, no extraneous interrupts are active on either node, ensugn
that the rate found is the peak peer-to-peer rate.

The results of this experiment are presented in Table 5.2.

Time | Characters Baud Rate

(seconds)| Transmitted | (bits/second)

A 45.81 61,358 10,715.2

B 46.12 61,570 10,697.3

C 46.62 62,278 10,686.9

D 46.75 62,309 10,662.5

E 46.75 62,319 10,664.2
AVG 46.41 61,966.8 10,685.2

Table 5.2: Measurements of baud rate for peer-to-peer protac

Adaptability

As explained in Chapter 4, either a receiver or transmitter caanilaterally throttle the
rate of peer-to-peer transmission. This throttling can be donat either compile time
or dynamically, and may be bene cial in scenarios where a nodeeds to unilaterally
reduce its rate of communication in order to perform a more pssing computational
task.

To highlight the computational exibility this feature all ows us, we performed
an experiment very similar to that described in the previous s&on. Please see the

ow chart presented in Figure 5-9 or read the next paragraph foa description of

choice of using 10,000 square root operations was largely arbitrary. rbm earlier experiments, we
knew that 10,000 square root operations would consistently run for an ealsi measurable, xed
amount of time, and therefore we selected it.
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Figure 5-9: Block diagram depicting the experimental prockire used to demonstrate
the e ects of allowing a node to set di erent peer-to-peer comunication rates.

our experimental procedure, consisting of two node#, and B. A runs as fast as the
MSP430F1611's onboard clock permits - between 6 MHz and 8 MHB]1 Similar to
the setup of the intermediate node in the previous sectiol's clock is sourced from

an external 8 MHz oscillator and connects via an RS-232 line tol2ell Laptop.

A is set to listen for a strong stimulus on its whisker sensor. When it ceives
that stimulus, it begins sending messages on the peer-to-peer gection to B. B is
programmed to delay setting its ready ag using one of the MSP481611's onboard
timers. (Recall from Section 4.3 thatA will only continue sending its message once
B has toggled its ready ag to true.) The timer returnsB to its normal operations

until a speci ed number of clock cycles have elapsed, at whichrte, B indicates it is
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ready to receive an additional bit of information fromA3. The rst time B receives a

full 8-bit message fromA, B:

1. Turns on its red LED.

2. Begins counting the number of messages it receives (eachhase messages are

also throttled with the same timer strategy described above).
OnceB performs 10,000 square root operations;:

1. Turnsits red LED o .
2. Stops listening listening to and counting messages frofn

3. Begins transmitting via the RS-232 line to a listening PC thewumber of char-

acters received fromA while performing the 10,000 square root operations.

The length of B's ready-delay impacts the balance between how much tint
spends 1) performing its 10,000 square root operations and Zceiving messages
from A: if the delay is very, very long,B almost exclusively performs its square root
operations and turns o its LED quickly; if the delay is very, very short, B almost
exclusively receives messages frol) and B's LED is on for a longer time.

The e ects of di ering delays on the number of 8-bit charactes B receives and
the time it takes for B to perform its 10,000 square root computation are presented
in Table 5.3. Each table entry contains the averaged valued ove separate mea-
surements. For reference, the bottom row of the table gives thame B requires to

perform the 10,000 square root operations when receiving n@ssages.

5.2.2 12C

As explained in Section 4.2.1, our 12C bus provides an e ecéwoute for hierarchical
communication. Although capable of supporting additional factionality, we primar-

ily used the 12C bus with a single master querying a network of uguely addressed

31t is important to remember that because the routine nodes use to send peer-to-peer mesges
are tied to pin interrupts, a transmitter does not hang waiting for the receiver to indicate readiness.
Rather, like the receiver, the transmitter continues its normal processing until the receiver is ready
for an additional bit.
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Length of Avg. Number of Avg. Time to | Avg. Baud Rate

ready-delay| Characters Received Complete 10,000 (bits/second)
(in clock tics) Square-root Operations

0 61,986.8 46.4100 seconds 10,685.1

500 16,003.8 24.1440 seconds 5,302.7

1000 7648.8 18.8920 seconds 3,239.0

Baseline: 14.1260 seconds to perform 10,000 square-root
operations while receiving no messages

Table 5.3: Ready-delay's e ects on number of 8-bit charaate received from neighbor
via peer-to-peer protocol and processing time required to germ 10,000 square root
operations.

slave nodes. For the most part, our I12C bus operated precisely s ispeci cations,
[37]. Repeated oscilloscope measurements showed that the 12G'lalock line ran
at a frequency between 382.4 KHz and 393.7 KHz - just slightly slomthan the 400
KHz rate promised by the MSP430F1611 datasheet [19].

To derive baud rate and accuracy gures, we connected twelveask nodes in a
grid to a single master node. The master node was additionallyrmoected to a PC via
an RS-232 line. The master node queried each slave node indistly at its fastest
possible rate and forwarded all the slave nodes' responses on to B@.

To test accuracy, we programmed each slave to respond to all mastede queries
with the character 'a’. Comparing the number of 'a'-s to the mmber of non 'a’
characters received by the PC gave us a sense of how accuratedata transmission
scheme was. Repeated runs of this experiment are summarized able 5.4. As the

reader can see from the results provided, our I12C bus was petlg@ccurate.

Experiment | Time Period Correct | Incorrect Baud Rate | Accuracy
(seconds)| Characters| Characters| (bits/second)
Received| Received

A 30.0 321,000 0 85,600 100%
B 30.0 320,853 0 85,560.8 100%
C 30.0 325,851 0 86,893.6 100%
AVG 30.0 322,568 0 86,018.1 100%

Table 5.4: Accuracy results of 12C bus.

The baud rates presented in Table 5.4 may be a little misleadingrhey assume

that each slave node solely listens to and immediately respondsdny master query.
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In practice however, this is a awed assumption: slave nodes analikely to dedicate
themselves exclusively to listening for 12C interrupts. More Kely, slave nodes will
be processing data, sampling their sensors, and communicating lwitheir neighbors
via their peer-to-peer connections. All these operations e geely reduce the 12C
bus' baud rate. For instance, with twelve slave nodes' sampling ¢ir sensors at
approximately 16,000 Hz, the 12C line ran only at a baud rate 049,600 bits per
second, a little over half the rates we found when each slave modas con gured

solely to listening for and responding to master node queries.

5.3 Basic Sensor Results

The following sections show data collected from our skin in respge to assorted
stimuli. These data were collected with the skin con gured in &ner a three-by-three
grid with a listening master node or a three-by-four grid with distening master node.
We exclusively used the 12C line to pipe data from our slave nodés our master
node and on to a listening PC. Our 12C line achieved data rated approximately
6,000 bytes per second. Because each slave node transmitted aldad of sensor
information in 14 bytes, this rate assured us of a theoretical wate rate (how many
times each individual node transmits all of its sensor informain per second) of
approximately 35 Hz. In practice, we noted that this update ree varied slightly, and

ranged between 30 Hz and 40 Hz depending on what code we were mgn

5.3.1 Light Results

Our light sensor proved to be the most reliable device on each redAs we typically
observed a 60 Hz modulation from arti cial light sources on ouiight sensor's output,
our nodes computed a windowed average of our light sensor'sued. This averaging
greatly smoothed the AC oscillations that our nodes recorded.

Figure 5-10 presents data collected from an array of twelve des as a ashlight
zooms in and out on one of the center nodell,. Slightly after the ten second mark,

the ashlight is at its closest point to NodeH. As expected,H has its peak values at
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this time. Also as expected, all other nodes (except fd) show miniscule values on
their light sensor outputs near the ten second mark. (Nodé shows a precipitous dip
in its light sensor output at the ten second mark. The reason its Wiae does not go
to zero when our ashlight zoomed in orH is that our ashlight was bigger than a

single node. Therefore our ashlight partially illuminated Nale E even while zoomed

in primarily on Node H.)

Further showing the light sensor's basic functionality, Figures-11 presents light
sensor readings as a hand passes over the skin three times castingl®lva, showing

that shadows are a reliable indication of dynamic stimuli in iuminated environments.

5.3.2 Microphone Results

As noted in the signal conditioning description presented in Sgen 2.5, the micro-
phone's output is pushed through through a negative peak det®r and an envelope
follower that extends the length of received audio stimuli. Tis setup enables each
node to throttle its rate of sampling audio data while still deecting important envi-

ronmental events that produce bursts of audio.

For particular applications, the peak values of the audio sigi over a small pe-
riod of time may prove more relevant than the actual audio waform. Therefore, we
perform a windowing procedure on each node's microcontmlthat reports the max-
imum audio signal received in approximately one-third secondtervals. A display of
the results of this operation is shown in Figure 5-12 along with gure presenting

the corresponding un-windowed audio signal in Figure 5-13.

We additionally demonstrate our microphone's functionaly in Figures 5-14 and
5-15. The rst gure presents the windowed microphone valuesfdwelve nodes con-
nected in a grid in response to ve claps of varying intensity. Té second gure
presents the corresponding raw, un-windowed audio values bese same nodes. Un-
fortunately, Node J's microphone was not properly functioning while data wereding

collected.
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Figure 5-10: Light responses of twelve nodes arranged in a gasla ashlight zooms
in and out on NodeH. Slightly after the ten second mark corresponds to the point at
which the ashlight was zoomed closest tél. Notice that as expected, all other nodes
exceptE show miniscule values on their light sensors at the ten second martkode
E only shows a relatively minor dip in its light sensor values beoae our ashlight
was larger than each node, and therefore it partially illunmated NodeE even when
zoomed in onH very closely. NodeF shows a brief sensor failure before the eight
second mark.
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Figure 5-11: Light responses of nine nodes arranged in a gridaaband passes over
the skin casting shadows.

Figure 5-12: Windowed microphone response to ve claps of vamg intensity.
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Figure 5-13: Un-windowed microphone response to ve claps ofryang intensity.
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Figure 5-14: Windowed microphone responses to ve claps of twe nodes connected
in a grid. NodeJ was not properly functioning during data collection.

5.3.3 Whisker Results

Taking inspiration from animal whiskers, we glued ne paint-bush bristles directly
to a microphone to create a whisker sensor. The microphone resgsrio vibrations
generated from the sensor's bristles' being touched. The glue ®ing the bristles
to the microphone prevented any audio signal from exciting # microphone. Our
whisker sensor was built primarily for proximity detection, bi as demonstrated in
Appendix B is sensitive enough to pick up other environmental stiuli as well. This
section presents basic data collected from our whisker sensors. risker sensor
su ered from some of the noise found on our temperature sensor (deised in Section
5.3.5) while running our 12C bus. Therefore, we ltered our wisker sensor's output,

reporting back only values that exceeded a pre-de ned threshd.

Figure 5-16 is a mosaic of data from the whisker sensors of nine sepanodes
connected in a grid. A hand, held parallel to the base of the skipasses across the top

of each of the whisker sensors three times. The brief sensor pealspldiyed between
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Figure 5-15: Un-windowed microphone responses to ve claps efdlve nodes con-
nected in a grid. NodeJ was not properly functioning during data collection.
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Figure 5-16: Whisker responses of a grid of nine nodes as a handses over the tips
of the whisker bristles three times.

the ve and ten second marks, between the ten and fteen second ma&, and between
the fteen and twenty second marks correspond to the hand's ctacting each node's
whisker sensor. The data before the ve second mark and after thevénty second
mark correspond to the sensor's unstimulated, quiescent state.

NodesE and H in Figure 5-16 show that our whisker sensors can be used for
more than just binary motion detection - their relatively slight responses occurring
just after the ten second mark indicate that each sensor can penee the di erence

between light and heavy stimuli.

5.3.4 Pressure Results
FSR Sensor

Section 2.4 details FSRs and their functions. In brief reviewan FSR is a device
that exhibits a resistance change with the amount of force apgpt. Although this
resistance change is somewhat non-linear, its monotonicityl@aks us to use the raw

values from the sensor directly as a proxy for force or pressure $everal applications.
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Figure 5-17: FSR responses of a grid of nine nodes as each nodegsientially pressed
upon.

Our FSR is mounted on the bottom right corner of each node. Fige 5-17 shows
the results of a thumb's sequentially pressing down hard upon rendistinct nodes
connected in a grid pattern. As can be seen from the graphs, the RS saturate
quickly. This e ect is due to the directness of the stimuli (eals press was targeted
on the node immediately above where each FSR was mounted) ath@ strength of
the stimuli. Later sections, such as 5.4.3, show that the sensors avell within their

operating ranges for other stimuli.

QTC Sensor

As explained in Section 2.4, we built a pressure sensor from quamtdunneling com-
posite. This sensor performed much worse than our FSR sensor: it wexs as sensitive
as an FSR nor as easy to mount on our board. However, despite theselglems our
QTC-based sensors were able to detect pressure stimuli. Figure &-for instance
shows a comparison of our FSR sensor against our QTC sensor for the spnessure

stimulus. Note that our QTC sensor detects the pressure event, but de not respond
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Figure 5-18: Comparison of FSR sensor (top) against QTC sensor (bmh) for same
stimulus.

to it as cleanly as our FSR sensor.

5.3.5 Temperature Sensor

Our LM20CIM temperature sensor is highly non-linear and sensit to a wide range
of temperatures (-40 C to 15C¢° C). For reasons expanded upon in Section 6.3 of this
thesis, our temperature sensor produced noisy data encounteretass temperatures
65° F to 10(° F. Despite this fact, we are still able to determine general teperature
trends from the data. Figure 5-19, for instance, shows the regme of a node's
temperature sensor to a heat gun's being applied to it at the tesecond mark. Notice
that, although there is quite a lot of disturbance in the respose, the suddenness of
the stimulus as well as the time at which it began and ended areilstquite visible.
Of course, a heat gun is an exaggerated stimulus: nothing in ourigk environment
will be producing the same intense temperatures. Therefore, vedso present the
temperature sensor's response to a thumb's being placed dirgctin it and removed
in Figure 5-20. Again, although noisy, the time at which the thmb was applied and

removed appear quite apparent. In addition, if we compare thtwo Figures, we see
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Figure 5-19: Temperature sensor response to heat gun. At the terceed mark, a
heat gun was turned on over the temperature sensor. Near the @ second mark,
the heat gun was removed. After the experiment, the board stifelt hot to the touch,

explaining why the output of the sensor did not quickly return o its pre-stimulated
state.

that our temperature does provide at least some information arelative intensity: the

LM20CIM's response to the heat gun dwarfs its response to a thunsibeing applied.

To clean our data, we used a fth order low-pass Butterworth lter on our temper-
ature sensor readings. Figure 5-20 indicates that the data cdube further improved
by applying a simple outlier rejection algorithm to remove sjes from digital pickup
prior to Itering. Thermal dynamics tend to be slow, and therdore this lter in-
troduces inconsequential time lag. Both this low-pass lterig and the non-linear
transform of the data were performed o ine - experiments indtated that executing
the oating-point operations associated with these function®nboard our microcon-

troller signi cantly impacted the speed and therefore samplig rate of each node.

Figures 5-21 and 5-22 show the impacts of this Iter on the dat@resented in
Figures 5-19 and 5-20 respectively. As can be seen, although #ensor's output

still appears slightly jittery, our Butterworth Iter went a g ood ways in smoothing
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Figure 5-20: Temperature sensor response to thumb's being applito it. The thumb
is applied near the ten second mark and removed near the thirgecond mark.

our results while still allowing us to distinguish key events sucls direct animate
touch from non-animate touch. Of course, as will be discussed iecion 6.3 a more
sensitive sensor or a passive infrared (PIR) sensor may have been adyathoice for

our apparatus.

Governed by the kinetics of heat di usion, temperature changs may operate on a
longer time scale than several other of our stimuli. Interesting our skin is capable
of detecting not only these temporal dynamics, but also the tengpature gradient of
a heat source. Figures 5-23, 5-24, and 5-25 speci cally higgtit this. Figure 5-23
shows the temperature readings of twelve nodes arranged in adgin response to
an incandescent bulb's being placed at the top left of the skinFigure 5-24 shows
the temperature readings of the same twelve nodes when the andescent bulb was
turned o. Notice in both gures that temperature changes arenot instantaneous
and instead proceed over a relatively long time scale, creagira gradient. Figure
5-25 is an interpolated snapshot of temperature readings at&h83.8 second mark

of Figure 5-23. The red in the top left corner indicates areasf higher temperature
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LM20CIM's Filtered Response to a Heat Gun
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Figure 5-21: Filtered response of temperature sensor to heat gufe use a fth-order
Butterworth Iter with a low cuto frequency of 1 Hz on the data presented in Figure
5-19. At the ten second mark, a heat gun was turned on over thenbperature sensor.
Near the fteen second mark, the heat gun was removed. After thexperiment, the
board still felt hot to the touch, explaining why the output of the sensor did not
quickly return to its pre-stimulated state.
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Figure 5-22: Filtered response of temperature sensor to thumkeing applied to

it. This is the Itered version of the data presented in 5-20. Weuse a fth-order

Butterworth Iter with a low cuto frequency of 1 Hz. At the ten second mark,

a thumb was placed on the temperature sensor. Near the thirty seab mark, the

thumb was removed.
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Figure 5-23: Filtered temperature response of twelve nodesamged in a grid after
an incandescent bulb is turned on very near to the top left coar of the grid.

while the blue in the lower right corner indicates lower temeratures. The ugre itself

emphasizes the spatial gradient our temperature sensors areeaby detect.
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Figure 5-24: Filtered temperature response of twelve nodesamged in a grid after
an incandescent bulb that has been on for some time near the upgeft corner of
the grid is turned o .
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Figure 5-25: The spatial temperature gradient established bynaincandescent bulb
placed near the upper left corner of a grid of nodes. We perfoech a cubic inter-
polation on the grid of nodes to smoothe our discrete data. Reddicates higher
temperatures while blue indicates lower temperatures. Thegure itself is a snapshot
of Figure 5-23's grid's temperature readings at the 83.8 sembmark.
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5.4 Extended Results

5.4.1 Proximity Events
Overview

S.N.AK.E. and Tribble, the prior skin-related projects in ourresearch group, pro-
moted the importance of being able to detect proximity evest- nearby stimuli that
never triggered the pressure sensors. In line with this goal, in Gen 5.3.2, we
demonstrated our skin's ability to capture audio events. Our ¢jht sensor and whisker
sensor also have the ability to detect stimuli that make little orno contact with
our skin. This section presents data captured from proximity eants, and focuses on

information that can be deduced from these stimuli.

Edge Detection

Although acoustic waves from abrupt sonic transmitters have sortieng of this char-
acter when they pass over our array [22], it does not make sensethink of certain
stimuli, such as a loud sound, as having an \edge". However, othstimuli have very
well-de ned edges. In addition, as noted by Perez [33], detewy an event's edge may
be very useful. This section shows how we can use our whisker sensarlaght sensor

to nd the edges of proximity events.

Light

Changes in a shadow's size or darkness may indicate an objectpm@ach or depar-
ture. Clearly, a single node cannot determine a shadow's edgesd, therefore, its
dimensions. However, when we link several nodes together intoredgand sample the
light sensor of each, we can nd the rough boundaries of a shadowhadow edges
on the network can be detected either through message passingvien nodes on
the skin or oine. In dark environments, this approach can be iwerted - the light

sensors can detect increasing re ection from the onboard LEDs of approaching

nearby objects.
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Figure 5-26: Eleven nodes' light sensor response to shadow. Thesefenodes are
con gured in an array as a hand casts a shadow over Nodas B, D, E, F, H, | and
is then removed. Due to lighting anglesG is partially shaded.

Figure 5-26 presents the plotted data of 11 nodes arranged irgad while a hand's
shadow covers Node#\, B, D, E, F, H, and | (the lower right-hand corner) and is
then removed. Notice how distinctly di erent the shaded nodes'ight sensor values
are from the other nodes on the skin. These clear di erences shw@llow us to nd
and present a shadow's area and bounds using a simple thresholdatgorithm in our

visualization program.

Whisker

Although limited to a closer range than our light sensor, our whisk sensor can also
be used to detect the edges of proximity events. Figure 5-27 steoweadings from
eleven nodes' whisker sensors. While recording data, the bristie$ached to Nodes
B, E, F, H, and | (the right corner of the grid) were heavily tousled. Notice how
distinctly di erent waveforms of the excited nodes appear aopared to waveforms of

the un-excited nodes. Again, because of the drastic di erences the waveforms, it
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Figure 5-27: Whisker sensor waveforms of grid. Eleven nodes gumed in a grid
while a hand roughly tousles nodeB, E, F, H, and I.

should be easy to automatate detection of the shape and edges o stimulus.

Hand Speed: Whisker

Intuitively, one might think that aggregating n nodes' worth of data would give us
times more information than a single node would provide. In ictice, we nd that we
actually gain much more information than we expect. As a simplexample, compare
a set of nodes equidistantly spaced to a single node. When a hanahsuacross the
whisker bristles of the single node, we know how intensely the lhimteracted with
the node's whiskers and for how long. In contrast, when a hand gses over a set
of nodes, we can infer not only how intensely and quickly the hdnnteracted with
each node, but also how fast the hand was traveling and in whichrection it moved.
Using the whisker sensor of each node, this section shows a proof afcept of this
example.

To demonstrate how hand speed could be detected using our skin, eannected
four nodes,A, B, C, and D, in a straight line. We then passed our hand through the
whiskers of each node three times. The rst and third time, we beg our hand at

Node A and then sequentially proceeded to Nodd3, C, and nally D. The second
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Figure 5-28: Whisker data from four nodes as a hand passes ovetheaequentially.
Top panel: three hand sweeps in a row. Bottom panel: zoomed wieof rst hand
sweep where one can see individual ngers passing over the whisker

time, we began our hand at node® and then sequentially proceeded to NodeS,
B, and A. We attempted to time each pass so that our hand moved steadily
taking as close to 3.5 seconds as possible to pass over the entiretabdes. Because
each node is 2.6 cm and each connector and cable was approxatya0.76 cm, this
translated to a hand speed of roughly 3.5 cm/s. Figure 5-28 showket whisker
waveforms recorded by each node during the three hand passestsnupper panel.
In its lower panel, Figure 5-28 expands the waveforms from ¢hrst handpass (we
selected the rst handpass because it most clearly matched our athpt to move our
hand over the entire set of nodes in 3.5 seconds).

We can infer the speed of the hand from Figure 5-28 by comparitige times at
which each node rst detected a presence on its whisker sensor. Theresults are

summarized in Table 5.5.

5.4.2 Magnetic Bend Sensor

We mounted six Hall e ect sensors on each of our nodes. As describedrction 2.7,

three sensors were mounted non-colinearly on the West side of dugard and three
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Node| Time at Which | Speed When| Speed When| Speed When| Speed When
First Signi cant Compared| Compared| Compared| Compared
Stimulus Noted to A to B to C to D

A 53s { 4.1 cmls 4.7 cmls 5.2 cm/s
B 6.1s 4.1 cmls { 5.5 cm/s 5.5 cm/s
C 6.7 s 4.7 cm/s 5.5 cm/s { 6.6 cm/s
D 7.2s 5.2 cm/s 5.5 cm/s 6.6 cm/s {

Avg. Handspeed: 5.3 cm/s

Table 5.5: Hand speeds calculated from whisker sensors.

sensors were mounted non-colinearly on the North side of our bdam addition, two
neodymium magnet were placed on our nodes, one on the East sidel ame on the
South side. The purpose of this arrangement was to allow our neslto triangulate

the positions of their neighbors based on the magnetic eld.

Figure 5-29 presents the responses of all six of a node's Hall e sginsors as a
magnet is passed at a distance of approximately half a centimefgarallel to the West
and North edges of each node (so that the magnet's eld is perpdioular to the of
the board's edges). As can be seen from the plots, all Hall e ect sensaletect the
disturbance of the magnet, demonstrating both the function#ly of our Hall e ect
sensors and the mux control circuitry used to direct our Hall e ecsensors' outputs

to our ADC (see Section 2.7).

Recalling Section 2.7, we used the approximation reproduceeélow to estimate

from two of our Hall e ect sensor's outputs Hall ; and Hall ).

_ Hall; Hall;
" Hall, + Hall,

(5.1)

During preliminary physical testing, we found this approxim#éion worked well to
estimate when one moved a single magnet in the plane of our board, facitige
board's edge. Running our Hall e ect sensors at 3.3 V and readinglues from our
debugger, we could estimate to within 5° or 1 of its actual value for between
-3¢ and 3. (We could not nd the radius with any real degree of accuragyand

therefore do not present these results.)

Encouraged by these results, we recorded data from twelve nod@signetic sensors

112



Figure 5-29: Responses of six Hall e ect sensors as a magnet passegdloe western
and northern edges of our node, so that the magnet's eld is pgendicular to our
board's edges. The order in which the magnet passes our sensors isesMNorth
sensor (bottom left corner of board), West sensor (middle left sidef board), West
North sensor (top left corner of board, sensor facing West), North Vge sensor (top
left corner of board, sensor facing North), North sensor (middle tdp edge of board),
North East sensor (top right corner of board).
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Figure 5-30: West North Hall e ect sensor results as skin is bent to aangle of 60
three times.

in response to various stimuli. We display the most relevant ressltin Figure 5-30.
Figure 5-30 shows the output of our North West Hall e ect sensor as ogkin is picked
up, bent to an angle of approximately 69 returned to form, again bent to an angle of
6(°, again returned to form, again bent to an angle of 80and nally again returned

to form. Notice that NodesE, H, and K clearly record magnetic disturbances as a
result of this stimulus. (NodeB does not record these same disturbance. Due to our
connector con guration, B was not physically linked toE, and therefore stayed xed
relative to its western neighbor,A, during this experiment.) Although a noticeable
signal is seen, it is unclear whether any level of precision cae lgleaned from this

implementation of the magnetic sensor.
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5.4.3 Hand Press

One of our principle benchmarks in performing this work wasotget a clean set of
data that captured a hand's approaching, pressing on, and ralging from a grid of
our nodes. The following sections present data recorded by ouirskor di erent hand

gestures.

Basic Hand Press

We recorded sensor data as a hand approached, descended, presseara pulled
away from a four-by-three node grid. The light, whisker, temerature, microphone,
and pressure data from this experiment are presented in Figuré&s31, 5-32, 5-33,
5-34, and 5-35 respectively. Because a hand is neither comelgt at, nor uniform,

the gures (particularly the pressure data presented in Figur®-35) indicate that the

response of the sensors is quite heterogeneous.

Progressive Hand Press

We need not limit ourselves to the basic hand gesture describedline previous section.
While the hand gestures from the previous section deal with a hd's carefully and
uniformly pressing on the entire skin or a section of the skin, wesal have the ability
to explore gestures that are more heterogeneous. Figures 5-8&7, 5-38, 5-39, and
5-40 present light, whisker, temperature, microphone, and @ssure data respectively
from a hand's pressing on the left-most column of the skin, progsively rolling onto
the left side of the skin, and nally rolling back. The non-unibrmity of the hand
stimulus can most easily be seen from the whisker responses in Figbf87. Notice
how NodeA's whiskers recorded excitation before Nod€'s. Initially, we thought
that the pressure sensors on Nodd$ and B may have broken. However, repeated
tests con rmed that they were completely functional. Therefre, we concluded that
the lack of response exhibited by these nodes' pressure sensors ighattable to the
non-uniformity of the stimulus. Such an interpretation is corrmed by the audio

plots of our nodes: if we consider audio events and pressure egertrrelated, we see
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Figure 5-31: Light sensor data from a twelve node grid as a han@stends, presses
on, and leaves grid.
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Figure 5-32: Whisker sensor data from a twelve node grid as a hatélscends, presses
on, and leaves grid.
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Figure 5-33: Filtered temperature sensor data from a twelve de grid as a hand
descends, presses on, and leaves grid.
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Figure 5-34: Microphone data from a twelve node grid as a hardescends, presses
on, and leaves grid. Some nodes hear the hand brushing agairtsm.
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Figure 5-35: Pressure sensor data from a twelve node grid as a haedcends, presses
on, and leaves grid.
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Figure 5-36: Light sensor data from a twelve node grid as a handlls from the left
side of the skin onto the right side of the skin and back.

that NodesB and H recorded little or no sounds or pressure at all.

5.5 Power Exploration

As presented in Section 2.10, in full operation, our nodes caarsume up to 250 mwW
of power. For some applications, this gure may be excessive oregevwholly unrea-
sonable. Electrically, we can achieve substantial power savggy removing several
sensors or LEDs from each node. However, this solution is hardlgsirable - it reduces
our skin's overall functionality and requires substantial e ot to implement or reverse.
Fortunately, there is another, more exible option - we can gnamically throttle the

rate of our microcontroller's clock and transition into one bthe MSP430F1611's a

low power modes. As explained in the MSP430F1611's datasheetctsisteps can
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Figure 5-37: Whisker sensor data from a twelve node grid as a harmlls from the
left side of the skin onto the right side of the skin and back.
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Figure 5-38: Temperature sensor data from a twelve node grid ashand rolls from
the left side of the skin onto the right side of the skin and back.
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Figure 5-39: Microphone data from a twelve node grid as a hamdlls from the left
side of the skin onto the right side of the skin and back.
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Figure 5-40: Pressure sensor data from a twelve node grid as a hanotis from the
left side of the skin onto the right side of the skin and back.
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Figure 5-41: Node con guration for low power mode exploratio

reduce our microcontroller's power consumption by 50,000%9].

We demonstrate the e ectiveness of this strategy by connectinge nodes together
in the shape of a '+' as seen in Figure 5-41. NodesA, B, C, and D are located
on the outer edges of this '+' and NodeE is at the center. All nodes are initialized
into their lowest power states. Additionally, we set an interrupton NodeE's whisker
sensor. WhenE detects that its whisker sensor has been depressed three times, it
sends a message via our custom-designed peer-to-peer protoc@.tJpon receiving
this messageA switches into its highest power mode at its fastest clock rate. Adt
receiving ve, seven, and nine interrupts on its whisker sensoE, sends similar wake
up messages to NodeB, C, and D respectively. Additionally, after detecting nine
whisker events,E switches from its low power mode to run at its most power hungry
state. Table 5.6 presents the current consumption of the netwocomposed of Nodes
A, B, C, D, and E when undergoing this experiment. Notice how dramatically th

power consumption of the overall network changes as nodes gha their states.

4It is important to note that in order to highlight our results, none of the nodes"' six Hall e ect
sensors were populated - if we had included these six sensors, they theoretically woulldve consumed
an additional 48 mA.
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While such a result provides insight into potential power regaltion schemes on
our skin, it also hints at possible future control mechanisms foru skin. Such control
mechanisms could play a part in rejecting spurious stimuli, scoy processing, and

regulating information ow.

Number | Node A | Node B | Node C| Node D | Node E| Skin Patch's
Interrupts on mode| mode| mode mode| mode Avg. Total

Node E Current Con-
sumption
O| Lowest| Lowest| Lowest| Lowest| Lowest 5.144 mA

Power| Power| Power| Power| Power
Mode Mode Mode Mode Mode
3 | Highest| Lowest| Lowest| Lowest| Lowest 7.558 mA
Power| Power| Power| Power| Power
Mode Mode Mode Mode Mode
5 | Highest | Highest | Lowest| Lowest| Lowest 9.873 mA
Power| Power| Power| Power| Power
Mode Mode Mode Mode Mode
7 | Highest | Highest | Highest | Lowest| Lowest 12.198 mA
Power| Power| Power| Power| Power
Mode Mode Mode Mode Mode
9 | Highest | Highest | Highest | Highest | Highest 17.288 mA
Power| Power| Power| Power| Power
Mode Mode Mode Mode Mode

Table 5.6: Current consumption from skin patch wakeup routine
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Chapter 6

Discussion

6.1 Communication

6.1.1 Peer-to-peer Protocol

We did not make as much use of our peer-to-peer protocol as o@Cl bus. However,
the limited speed and accuracy results shown in Section 5.2. Brdonstrated our peer-
to-peer protocol's viability as a stand-alone system. As preset in Table 5.2, our
peer-to-peer protocol is blazingly fast, evincing baud raseof over 10,000 bits per
second. To put this gure into perspective, at such a rate, we cddi transmit the
readings of almost 1,000 sensors every second - more than adegtatcapture basic
stimuli. In addition to its speed, our peer-to-peer protocols also highly accurate:
referring to Table 5.1, we see that our peer-to-peer protocekhibits no errors even
when run at its fastest rate.

Additionally encouraging were our results in Section 5.2.1,mch highlighted our
peer-to-peer protocol's provision for symmetric control ovehrottling communication
channels. In certain applications, it may be important for a nde to prioritize fore-
ground processing over communicating with its neighbors. As de#ed in Section
4.3.2, we designed our protocol for this eventuality, allowg either a transmitting
node or a receiving node to unilaterally reduce the baud ratef communication.

Table 5.3 demonstrates the e ectiveness of our implementatip showing a node suc-
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cessfully emphasizing processing over communication. As can bendeem the table,
as the receiver decreases the communication channel's baader the time required
to perform a pre-de ned set of foreground operations goes dow

In the interests of full-disclosure, it should be mentioned thathis experiment

exhibits two potential sources of error, listed and addressed Ibev:

1. Non-uniform oscillators.  Due to manufacturing variations, the MSP430F1611's
datasheet speci es only a range of frequencies over which wa expect our mi-
crocontroller to run [19]. Therefore, if we perform the samexperiment on
di erent nodes, we would likely encounter minor variations n our numbers.

To reduce the e ect of this variation on our results, we used the sa micro-
controllers for our transmitter and receiver across all runsfaur experiment.
Further, because our design does not explicitly rely on our nrmcontroller's
clock rates, we anticipate that any two nodes selected to perfo the same

experiment would show similar trends, if not precisely the same mbers.

2. Human response rate. As described in Section 5.2.1, a human with a stop-
watch timed each run of our experiment. As opposed to a mechaaior electri-
cal timing system, this setup couples delays from human responsgeas into our
results. To address potential variation in such delays, we took peated mea-
surements and averaged them, likely reducing the e ects of ldgs signi cantly
longer or shorter than the average. In addition, because thenting di erences
recorded in Table 5.3 are on the order of multiple seconds, it isilikely that

human response rates obscure the general trends presented in ttige.

The most serious downside to our peer-to-peer protocol appeaosbe the num-
ber of connections it requires. As will be discussed in Section 2,1requiring ve

connecting wires for our peer-to-peer protocol greatly reded our skin's exibility.

|2C Bus

As can be seen from the results presented in Section 5.2.2, our IBGs ran quickly

and e ciently. Speci cally, data transmission from our skin's nodes to a listening
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PC occurred with a baud rate of over 85,000 bits per second assoour 12C bus,
adequately fast to capture the numerous stimuli of interest peented in Chapter 5
and Appendix B. Even at its fastest rate, however the bus was rable. As can
be seen from Table 5.4, our 12C bus exhibited no errors in trangssion - a stellar
accomplishment considering the rate at which it runs and also king into account
the number of nodes on the bus. Most importantly, this result ingtates that we do
not need to build in any form error correction into our 12C bus. (Initially, we had
prepared error correction code for our skin, which went substaally untested after
these accuracy results. This code, as well as any thoroughly tedtand debugged error
correction code, reduced the speed at which we could transfenser information,

making it unattractive if unnecessary for accuracy.)

The paragraph above highlights all our positive results withtie 12C bus. Unfortu-
nately in our work, we also encountered a curious problem whemnning our 12C bus.
When 12C interrupts were enabled on our nodes, we observed a 1BiKdisturbance
on our power and ground lines. (This disturbance may explain ¢hnoise seen on our
temperature sensor's output in Figures 5-19 and 5-20 to our 12he.) We have some
di culty fully explaining the origin of this noise, but posit t hat it arises from our
I2C bus' SDA and SCL lines' being routed brie y through the edgeof our analog
ground plane. Signals on these lines may therefore have capaely coupled to our
analog ground plane, creating the noise that we see on our va&asupply. We are
slightly puzzled by the frequency of this noise - our I12C bus rgnat approximately

400 Kbits/s, much faster than the 10 KHz noise we observed.

In our early stages of prototyping, we did not notice this prolem (we used an
oscilloscope and debugger to check sensor states only when our G was not
enabled, and only tested our I12C bus by conveying very basic megsa), and therefore
could not fundamentally address it in our skin's more nal revsions. However, placing
additional .1 F bypass capacitors across sensors' power and ground rails did iaiish

this noise.
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6.2 Light

Our light sensor generally performed well, providing much merinformation than
we anticipated. For instance, Figure 5-10 from Section 5.3shows basic responses
of light sensors on our skin as a ashlight zooms in and out on Nodé. As can be
seen in the gure, several of the nodes' outputs vary substantigil exhibiting minor
peaks and valleys. Originally, we considered these as evideoteither an unsteady
hand holding the ashlight or incorrectly functioning sensors However, after repeated
and carefully studied experiments, we concluded that our ligtsensor was actually
correctly detecting a phenomenon we had never noticed or citered. Speci cally,
due to the physical properties of a ashlight's re ector, ligh from a ashlight is highly
non-uniform: at close ranges, a ashlight's beam exhibits a ptrn of rings. It was

these rings that our light sensors were detecting as they varied

Of course, our light sensor provided insight into far more than gt ashlight
operation. If we examine Figure 5-36 which records our skingjtht sensor responses
to a hand's pressing down on the left side of the skin, rolling onthe right side of the
skin, and then rolling back, we nd that even such a basic stimulus lled with detail.

In particular, observe NodeK's light sensor response to the stimulus. As opposed
to the values of light sensors below and to either side &, K's waveform contains
several peaks and valleys. Repeating this experiment, we ligatl these peaks and
valleys were caused by our middle nger's shifting across the de's surface several
times as we rolled our hand, thereby obscuring and revealingrdight sensor multiple
times. While such a small event may have gone wholly unnoticed byen a very intent

observer, our skin easily captures it in rich detail.

In addition, as noted in Section 5.3.1 we were able to distingan the 60 Hz mod-
ulation from lights plugged into a wall socket. Although we didnot write specic
code that exploited this ability, it is conceivable that we would be able to distinguish
roughly whether our skin was indoors (if our light sensor deteetl a signal with 60
Hz noise) or outdoors (if our light sensor detected a signal lackjrsuch noise). Such

an ability might prove useful if we found an application for ou skin in the world of
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context-aware computing.

6.3 Temperature

Our LM20CIM temperature sensor was advertised as having +/-5C of accuracy.
However, our temperature sensors' outputs never were in a ranget could be con-
strued as reasonable, indicating that a normal room was at alreb8C° C. In addition,
as can be seen in Figure 5-19, our LM20CIM's output was very 189] and required us
to perform low-pass ltering that took up computational time and may have glossed
over important events. Adding bypass capacitors immediatelydfore our LM20CIM's
power pin reduced noise in our sensor's output. However, we stilere required to
perform low-pass lItering.

In addition, the non-linearity of our sensor also introduced mblems. The LM20CIM's
data sheet species the following equation to convert betweethe sensor's output
voltage, V,, and temperature,T:

s
T= 148196+ 21962 10

1:8639 V,
3:88 10°6

(6.1)

Due to the numerous oating point operations required by thé equation, it was
impractical to compute the temperature at our sampling rate mboard our microcon-
troller. Therefore, we experimented with two strategies: raeting the rate at which
we sampled our temperature sensor and o -loading this computan to a listening
PC. Each strategy had its downsides. Reducing our temperaturerser's sample rate
destroys the sensor resolution which we value so much; o -loaditige computation to
a listening PC constrains our skin, preventing its being used asstand-alone device.
In theory, we could have also linearized Equation 6.1 around @om-temperature

operating point. However, this approach would have impactedccuracy; and because
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our sensor was outputting values well outside its expected ramgmay have proven
unreliable. Therefore, we did not attempt any linearizatio.

Finally, although our choice of sensor performs admirably inedecting a heat gun
(see Figure 5-19) or a thumb's being directly applied to it (seEigure 5-20), as seen
in Figure 5-33, our sensor sees almost no change in response to a sapckssing
down on our skin. Some of our LM20CIM's lack of sensitivity is lidy due to its
placement on our boards: a nearby Hall e ect sensor shields our tperature sensor
from immediate physical contact. However, we attribute most oits insensitivity to
poor sensor selection. The LM20CIM is rated for detecting tempastures between -
55 C and 130 C. Across such a broad range of operation, it is hardly surprisingpat
our sensor exhibits inadequate resolution when used across thecmunore restrictive
range of room temperature. As will be described in Section 711it would have been

much wiser to choose an alternate sensor than the LM20CIM, such a®iR.

6.4 Whisker

Recalling Section 2.5.2, we exerted quite a lot of e ort in hiding our whisker sen-
sor: we custom-designed and tested two novel implementationsuigg bristles to
a PKGS piezo shock sensor and gluing bristles to an SPM0102NE-3 roghone),
and evaluated the performance of a third type of sensor whichlied on a piezo- Im
vibra-tab.

Designed to detect only proximity events, such as the presence athand or a
strong air current, our whisker sensor performed admirably in #se tasks. Consider
for example Figure 5-32 which displays the outputs of our sks'whisker sensors as
a hand approaches our skin. Notice that all our whisker sensors det the hand's
approach before actual physical contact is made (indicatedylthe times at which
our pressure sensors start detecting an interaction), mimickinthe role of hair on
biological skin.

Our whisker sensor provided much more information than we antmated. In the

Huggable work cited earlier, Stiehl and his colleagues emdiee the importance of
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distinguishing di erent types of stimuli [39], [40]. As demonstated in Section 5.4.1 we
were able to aggregate the information from a grid of whisker sgors to analyze the
direction of travel of a stimulus as well as its intensity. Althaigh we never explicitly
used this information to characterize stimuli, it is completly conceivable that our

work could be extended along this path.

In addition, due to the inertia of the paint brush bristles used m building our
sensor, we were able to detect sudden movements of our skin. As desti@ated in
Figure B-4, all of our whisker sensors react violently to a suddemg on our skin's
base, behaving almost like a large accelerometer. While it islikely that our skin,
as currently constituted, will be deployed mobilely, futurdterations of our work may
be. In such a case, our new skin would be aware of the context in winiit was
operating, perhaps regulating its function depending on véther and how fast it was
being moved.

While the above paragraphs provide a list of all the positive &ures of our custom-
designed whisker sensor, we also encountered several failings. drtipular, as can
be seen from Nodé& in Figure 5-32, the high gain of our whisker sensor occasionally
caused our sensor to saturate for heavy stimuli. This presents artenesting problem.
For certain applications, such as detection of light or glanog stimuli, we appreciate
the high sensitivity of our whisker, and therefore recoil at thédea of simply reducing
our overall gain to prevent sensor saturation.

One potential solution to this issue might be to incorporate dyamically control-
lable gain. If we replace the standard 4.3 M resistor shown in ouwhisker's condi-
tioning circuitry in Figure 2-9 with a FET circuit that acts a s a voltage controlled
resistor, our microcontroller would be able to decrease gainitifdetected our sensor's
saturating. The only downside to this proposal is that it would ikely complexify
routing, add to component count, and potentially increase kard area.

Another problem with our whisker sensor arose from its manufactar Because
we built our whisker sensors by hand, they were not exactly ideotl: some sensors
had slightly more paint brush bristles than others, sensors' bristeewere positioned

at slightly di erent angles to others, etc. Recalling the contolling metaphor of our
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work - biological skin - this issue may be less of a problem and mayean accurate
imitation: biological skin's hairs are non-uniform as well. Some hairs on biological
skin are larger than others, some hairs point in radically di eent directions, and

some portions of the body have a lower hair density than others.

6.5 Microphone

After repeated tests with our microphone, we removed the 4 KHz wepass lter
described in Section 2-8: our microphone's output did not shoany high-frequency
noise and therefore all our low-pass Iter did was obfuscate thgharp edges of audio
stimuli. Other than this minor change to our conditioning ciccuitry, we were very
pleased with our microphone. Despite its small size, it was able tetect stimuli at
distances of several feet. In addition, as can be seen from Fig&-34, our microphone
was sensitive enough to detect sound from a hand's pressing downaur skin. As
with our light sensor discussed above, our microphone providedamticipated detail
of this simple stimulus. Notice from Figure 5-34 how di erent theresponses of each
microphone are to a hand press: NodB, E, and H record large spikes in volume,
while other microphones on our skin such as those of NodésD, K, L, and | are
barely excited. These plots therefore indicate a heterogetyeto the basic hand press

stimulus that we wholly did not expect.

6.6 Pressure

While our project should be thought of as a rude approximatiorof biological skin,
nowhere is the imperfection of our metaphor more apparent #m in our pressure
sensors. Skin on human ngers has up to 1,500 separate pressure senger square
centimeter [38]. In contrast, our node has only three pressurensers per square inch.
As explained in Section 2.4, we were generally disappointed oyr QTC sensors. Our
QTC sensors were relatively insensitive to pressure stimuli: a strgrstimulus that

excited our FSR sensor across its full dynamic range, which is shoin top panel of
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Figure 5-18, excited our QTC sensor to less than an eighth of ourT@ sensor's full
range, which is shown in the bottom pannel of the same gure (netthe y-axis of the
bottom panel only extends to 16 instead of up to 255 as the y-axof the top panel
does).

Because of this insensitivity concern, as well as the di culty v experienced in
mounting our QTC pills, which we discussed in Section 2.4, we fased instead on
our FSR sensor. In contrast to our QTC pills, we were very satis ed wh our FSR
pressure sensors: as demonstrated in Figure 5-17, our FSR sensorsk&d simple
stimuli very well. Like our light sensor and microphone, our FSRressure sensor also
highlighted the heterogeneity of stimuli.

Figure 5-40, which captures the pressure responses of a skin's F&Rsors as a
hand is placed on the left side of the skin, rolled to the right s& and then rolled back.
NodesH and B evince almost no response. Initially, we thought that this was aign
that the nodes’ pressure sensors were broken. However, repeatesiseon rmed that
they were completely functional. Therefore, we concludedhat the lack of response
exhibited by these nodes' pressure sensors is attributable to th@muniformity of
the stimulus. Such an interpretation is con rmed by the audio pots of our nodes: if
we consider audio events and pressure events correlated, we $at NodesB and H

recorded little or no sounds at all.

6.7 Magnetic Bend Sensors

Our magnetic bend sensor did not perform as well as we hoped: werg/never able
to accurately use our system of Hall e ect sensors for fully accumtlocalization of
neighbor nodes. This poor performance was not due to sensor Uegl Figure 5-
29 clearly shows each Hall e ect sensor responding to magnets passedr them.
Instead, we attribute our failure to our own limited physical understanding, as well
as simplifying assumptions made we in the design, simulation, apdototyping phases
of this project.

In particular, during simulation, we treated our magnet as a pint-source. How-
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ever, in actuality, our magnet is highly directional. Tests ging our magnets showed
that our Hall e ect sensors only detected magnetic disturbance a magnet was
almost directly pointed at the sensor. In addition, during simudtion, we assumed
our sensors would have 32-bit resolution, and therefore woule lable to detect even
slight movements of our magnet. In reality, our ADC provided usith only 12-bit
resolution, preventing us from detecting the minor changes iour magnetic requisite
for accurate localization.

Further, we overlooked the e ects of multiple magnets on ouskin. Figure 5-30
shows readings from our West North Hall e ect sensor as we repeatgdlent our skin
along the axis along the intersection of NodeB, G, and J and NodesE, H, and K.
Figure 6-1, below, shows the values recorded by our North West senin response to
these actions. Although the magnets on the southern edges of owdes did not move
relative to their counterpart North West Hall e ect sensor during this experiment,
notice that the North West Hall e ect sensor ofE, H, and K all detected magnetic
events. We attribute this response to the fact that our Hall e ectsensors along the
northern edge of our nodes were not truly orthogonal to the ld produced by the
magnets placed on the eastern edges of our boards. Thereforgnges in an eastern
magnet's position will be detected by some of our northern Hallect sensors as well.

Our nal shortcoming in this phase of our work was that we satis edourselves
with tests of our Hall e ect sensors using a magnet only in the planef the board,
and carefully moved by hand. In reality, our skin never exhibeéd such close and
careful motion: even simple interaction with our skin caused mies to quickly bend
at strange angles and form into strange topologies (as seen irgliie 5-4). Rather
than assuming our results would easily translate from such gentledts, we should
have speci cally tested our angular localization infrastruaire under more strenuous
conditions.

Despite all these shortcomings, as can be seen from Figure 5-3Q;, dall e ect
sensors were able to coarsely detect some strong stimuli and exaapl events. Such
functionality may be useful to waken nodes from low power modén a manner similar

to the work presented in Section 5.5 or to change node behavior
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Figure 6-1: North West Hall e ect sensor readings in response to sksnbeing bent
between Node®, G, andJ and NodesE, H, and K. Figure demonstrates coupling be-
tween magnet placed on east side of boards and Hall e ect sensorageld on northern

edge of board.
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Chapter 7

Conclusion and Future Work

This chapter is laid out in three separate sections. The rst detés solutions to
problems encountered during the development of our skin andsdussed in Chapter
6. The second section of this chapter suggests interesting and aebextensions of
our work. And the last provides a brief summary of our skin, acconiphments, and

failures.

7.1 Errata to be Fixed

7.1.1 Temperature Sensor

As noted in Section 6.3, our temperature sensor did not behavewas expected. Much
of our di culty we encountered was likely due to our sensor sensaelection. The
LM20CIM is rated for detecting temperatures between -55C and 130 C. Across
such a broad range of operation, it is hardly surprising that ousensor exhibited
inadequate resolution. Further, because of the non-lineayiof our sensor, we had to
0 oad computation of temperature values to a listening PC to pevent the required
oating point operations from swamping our processor. For theseasons, in retro-
spect, it would have been a better decision to choose an altereatensor for detecting
temperature. In particular, a linear PIR or more sensitive terperature sensor would

have performed better.
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7.1.2 Connectors

Our connectors frequently broke. In our lab environment, tis proved to be lit-
tle more than an inconvenience. However, the frequent faikes of our connectors
would certainly limit our skin's functionality in any extended deployment. A highly
attractive solution to this problem would be to transition our device away from our
rigid-nodes-with- exible-interconnects design to a fabribased layout in which circuit
components were mounted on a exible fabric such as a cotton shand connected
by conductive thread. Depending on our implementation of stica design, a fabric
substrate might reduce the strain on interconnects between cisit elements while in-
creasing the overall mechanical exibility of our skin. Many esearchers are working
on fabric circuiting and interconnections that might proveuseful if future iterations

of this project are directed towards fabrics [9], [10], [24]

7.1.3 Hall E ect Sensors

In retrospect, our basic approach to bend detection was naiveégcumbersome. Over-
all, the magnetic system we designed to track a node's neighbgrerformed poorly.
In addition, the infrastructure for such a system is expensive. Axplained in Section
2.7, we had to create a second power line, and deploy a mux to kéour six Hall
e ect sensors' outputs. This approach therefore took up a signiant amount of board
area on our nodes. We estimate that without our Hall e ect sensorsewvould be able
to shrink our board size by almost 30%. In addition, our six Hall e et sensors re-
quired a large amount of power. As detailed in Table 2.1, eachns®r requires at least
6 mA of current. Operating at 5 Volts, our Hall e ect sensors therre consumed at
least 180 mW - almost ten times the power consumed by an entire r@aithout its
Hall e ect sensors mounted (and LED o).

For these reasons, we would encourage future iterations of thverk to steer away
from attempting bend sensing in a similar manner. A more fruitfuapproach might
be to build such sensors into nodes' interconnections, perhapsngsia ex circuit

connector with a strain gauge similar to that described by Peremn [33]. Other
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options could include using FSR bendy sensors or stretchy FSRs, ganto [29]. We
initially rejected these approaches, deeming them too cumiserme and di cult to
obtain. However, their documented reliability suggests that & should reconsider our

initial assessment, and try to incorporate such a sensor into any fue work.

7.2 Potential Extensions

7.2.1 Visualization

We do not need to constrain our understanding of our skin and vislization to
be a one-way device. Just as easily as information can be pumpieom our skin
to an individual using our visualization, so too can informatia be pumped from
an individual using the visualization to our skin. With this in mind, we built our
visualization with an easy back-door that supported a user's seimg) messages to the
master node of our skin. We never tested this functionality beyal getting nodes to
echo back characters, but one might easily extend our visualt&an and node rmware
to support more complex behavior. For instance, a user could dot segments of our
skin to enter low power modes, or direct our skin's master node todus its attention

on a particular node.

7.2.2 Enlarging our Skin

The largest grid that we worked with had 13 nodes. However, due wur modular
design, our skin can support additional nodes. The primary issuelsat we anticipate

in scaling up our skin are:

Reduced e ectiveness of our 12C bus. As mentioned in Chapter 4dding nodes
increases the parasitic capacitance on our bus. Eventually, dhdelay imposed by
parasitic capacitance may require us to run our 12C bus at a lew rate, or abandon
it altogether for our peer-to-peer protocol. Further, addional nodes imply additional

information. Currently, the bandwidth of our 12C bus suppors a nearly 30 Hz update

rate for each node's sensor values. Adding nodes would reduce ewctive update
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rate.

Power. Our connectors were rated for a maximum current ow dd.75 A. Depending
on how many nodes we would add and how we connected our skin (irgad, in a
straight line, etc.), we might exceed our connector's maxinm current rating. For
instance, if we connected all our nodes in a straight line andmahem at full power,
our skin would support a maximum of 15 nodes.

A larger skin would allow us to perform additional sensing and #ect data on

more extensive stimuli.

7.2.3 Distributed Control

We extensively researched di erent control structures for ouskin, and took specic
inspiration from game theoretic literature, particularly mechanism design. Mecha-
nism design focuses on creating sets of rules so that individuakats in a multi-agent
system autonomously choose to perform actions that maximize trentire system's
utility. Needless to say, such work could be an enormously powerfiool in devel-
oping our skin. Our one master, multiple slave architecture ismaartifact of using
our 12C bus. Because we also designed a peer-to-peer protocoldmmmunication,
we can run our skin so that all nodes behave autonomously, choaswhich sensors
to sample, what power mode to be in, and which neighbors to corumicate with.
In such a setting, insights from mechanism design might permit owskin to evince
positive aggregate behavior while each node maintained itstanomy.

We formulated our inquiry as a question of sensor selection: basatwhich sensors
a node,A, was sampling, which sensors should its neighbd, sample to provide the
maximum amount of non-overlapping information?

We hoped to prove the existence of either a pure or mixed strateget of Nash
Equilibria that could be arrived at simply (either through iterated strict dominance
or through an e cient bargaining scenario).

A Nash Equilibrium is a state in which no agent in a game can bene from

unilaterally swithing its choice of strategies [15]. As opposetb a pure strategy
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equilibrium in which an agent's best decision is to always plag particular strategy, a
mixed strategy equilibrium is a probability distribution mapping across all available
actions. This mapping indicates the optimal frequency an ageshould play particular
strategies [15]. We treated each node on our skin as a separaterdag Each node's
action space (the strategies which each could play) was compdsef 16 separate

strategies:

1. Sample temperature sensor.
2. Sample pressure sensor one.
3. Sample pressure sensor two.
4. Sample pressure sensor three.
5. Sample light sensor.
6. Sample West South Hall e ect sensor.
7. Sample West Hall e ect sensor.
8. Sample West North Hall e ect sensor.
9. Sample North West Hall e ect sensor.
10. Sample North Hall e ect sensor.
11. Sample North East Hall e ect sensor.
12. Sample microphone.
13. Sample whisker sensor.
14. Send message to northern neighbor.
15. Send message to southern neighbor.

16. Send message to western neighbor.
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17. Send message to eastern neighbor.

18. Sleep/no action.

We regarded the probabilities put on pure strategies in a mixkestrategy equilib-
rium as a \sensor schedule”, in which a node would cycle throughe weighted sensors
at a frequency proportional to the probabilities with whichthey were weighted. Such
a sensor schedule would dynamically adjust and react to changestle skin's state.

As a simple proof-of-concept, we were able to construct a limgddwo-player game
with naively chosen utility functions and complete informaion such that we obtained
a mixed strategy equilibrium. However, we had di culty extendng our results as we
went from a two-player game to ann-player game and relaxed assumptions about
how much information A knew aboutB's sensor selection and vice versa.

Arslan, et. al suggested an approach for solving a similar assignmegmbblem in
[3]. We re-formulated Arslan et. al's basic problem statementdm a hypothetical
scenario in which multiple vehicles bargain to determine arptimal set of assignments
to destroy enemy targets to a less bellicose scenario in which lea¢ our nodes was
selecting the order and frequency with which to sample its sensorHowever, early
on we ran into mathematical resistance. Further complicatingnatters, due to the
amorphous application space of our skin, we had di culty cledy specifying our skin's
global utilities. Unfortunately, due to time considerations, v were unable to progress
past these obstacles. However, we hold great hope that future iéions of our skin

will address and overcome them.

7.2.4 Power

We primarily addressed power concerns in Chapter 2 with our cqgranent selection.
However, in Section 5.5, we briey explained and showed an altete method for
reducing our skin's power consumption. Speci cally, we demstrated our nodes'
ability to \sleep" in low-power states and quickly wake when reeiving peer-to-peer
messages. This simple example only touched on a rich vein of fieuresearch. Al-

gorithmically, there may be ways to intelligently put to sle@ certain sections of our
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skin. For instance, a period of relative tranquility in the enironment might require
only 42% of the nodes to be actively sensing and processing infatron. The re-
maining 58% of nodes would either put themselves to sleep or bieedted to sleep
by their neighboring nodes - greatly reducing the overall sysin's power consump-
tion for that period of tranquility. Of course, given a suitabke stimulus detected by
those 42% of awake nodes, the awake nodes might wake some or althefsleeping
nodes. Selecting which nodes to wake and sleep to ensure the sepgmocessing,
and communication of a suitable amount of information would & a non-trivial task

that could show results that generalized to a host of other sensoetworks.

7.3 Summary

Our work was concerned with building and deploying a sensate skivith embedded
processing. This thesis demonstrated an adolescent system. Overaé met most of,
but not all, the goals of our project, which we laid out in our peliminary chapter.
The skin that we developed showed good exibility for a prototpe, ran quickly and
e ciently, and could detect and respond to a variety of stimuli However, as noted
throughout our work, our skin does evince troubling issues thahould be addressed
before this project can be considered a success. Particularlyncerning were noise on
our power and ground lines engendered from running our 12C guthe unreliability
of our temperature sensor, the frequent breaking of our conrers, and the poor
performance of our magnetic bend sensor. The early sectionstustchapter suggested
potential solutions to these problems and further inquirieshat our system might

support.
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Appendix A

Simulation Code

A.1 Skin Simulation

Before we began construction of our skin, we wrote a large body code to test
our project's basic algorithmic framework. This code suppoed peer-to-peer message
passing, as well as a bus communication protocol. Figure A-1 denstrates the visual
output of our simulation as several nodes nodes on a grid are putder shadow.

We used this code only in a limited fashion because it was writtenith the as-
sumption that all nodes on our skin would be synchronized. Nevéless, it provided
a good starting point for considering design approaches for oskin's aggregate be-

havior.

A.2 Magnet Simulation

As mentioned in Section 5.4.2, we wrote a simulation program tdetermine the
feasability of angular localization using our Hall e ect sensorsThis simulation treated
our magnets as point sources of magnetic eld, and assumed our Halect sensors
had 32-bit resolution. Even with these shortcomings, we still céadi perform minor
algorithmic tests to determine how quickly and accurately derent algorithms for
computing magnet positions. Figure A-2 shows the visual output obur magnet

simulation.

149



Figure A-1: Visual output of skin simulation program. Individual nodes look for and
report being under shadow.
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Figure A-2: Visual output of magnet simulation. Large box indictes actual mag-
net position, small box north west of it indicates calculated mgnet position; three
horizontally colinear boxes are two Hall e ect sensors and themidpoint.
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Appendix B

Additional Data

We applied several atypical stimuli to our skin. For some of theseistuli, the re-
sponses of our whisker sensor and microphone were particularlyemnesting. This

appendix presents those results.

B.1 Table Pound

If we place our skin on a table, our whisker sensors can detect asgd st's pounding

down on the table surface, as can be seen in Figures B-1 and B-2.

B.2 Stomp on oor

Our skin, when placed on a table, can detect sudden events in gsvironment. For
instance, Figure B-3 presents our whisker sensor's response to a'sostomping on
the nearby oor twice. In this way, we see that our whisker sensorsan be used

almost like mini-seismometers.

B.3 Skin Yank

When our skin is subjected to a sudden force or tug, our whisker serseasily detect

it, as demonstrated in Figure B-4.
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Figure B-1: Whisker sensor's response to a st's pounding the tablen which our
skin is placed.
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Figure B-2: Microphone's response to a st's pounding the tablen which our skin
is placed
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Figure B-3: Whisker sensor's response to a foot's stomping the oaear our skin
twice
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Figure B-4: Responses of whisker sensors to a sudden tug on the bassuofskin.

B.4 Whisker Blow

Our whisker sensors are not only useful for detecting hand movente (Section 5.3.3)

and sudden shock events (above).
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Figure B-5: Responses of whisker sensors to someone's blowing sscsiin.
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Appendix C

PCB Layout

159



Figure C-1: PCB layout of entire node board.
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Figure C-2: PCB layout of top layer of node board.
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Figure C-3: PCB layout of interior layer of node board: VCC mne.
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Figure C-4: PCB layout of node board: GND plane.

163



Figure C-5: PCB layout of bottom layer of node board.
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Appendix D

Circuit Schematics
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Figure D-1: Power, LED, temperature sensor, and light sensor ciritry for node.
Note that the 1 K resistor for our LM20CIM temperature sensor is nopopulated.
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Figure D-2: Mux control circuitry for node.
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Figure D-3: Microphone and whisker conditioning circuitry.
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Figure D-4: Microcontroller and connector circuitry. Note hat the 1 K resistors on
the SCL and SDA lines are only populated on the master nodes.
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