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ABSTRACT

We explore how tocreate interactive systems based on
electrical muscle stimulatiothat offer expressive output
We presentmuscleplotter, a system thaprovides users
with inputand outputaccess to a computer systerhile on
the go Using peronpaper interaction,muscleplotter
allows users to engage cognitively demanding actities,
such as writing math. Usewgite formulasusing a perand
the sysemrespondy making the usefhanddraw charts
and widgets While Anoto technology in the petracks
users@nput, muscleplotter useselectrical muscle stimat
tion (EMS) to steerthe userQagrist so as toplot charts fit
lines through data pointind data points of interestr fill
in forms We demonstrate the systeahthe example ofix
simpleapplicationsincludingawind tunnelsimulator

The key idea behindhuscleplotter is tomake the userOs
hand sweep an area on which musidkdter rendes
curves, i.e.series of valugsand topersistthis EMS output

by means of the pen. This allows the system to build up a
larger whole Still, the use of EMS allowsiuscleplotterto
achieve a compacand mobileform factor. In ouruser
study, musclelotter made participants drargndomplots

with an accuracy of +4.0mm and preserved the frequency
of functions tobe draw up to 0.3 cycles per cm

Keywords: electrical muscle stimulatiospatial haptics;

ACM Classification: H.5.2 [Information interface and
presentation]: User Interfaces: Input Devices and &trat
gies, Interaction Styles.

INTRODUCTION

Interactive systems based oleatrical muscle stimulation
(EMS) actuate usergy sendig an electric signal to muscle
fibers and motor neurontbrough eletrodes attached toeh
skin. The possessed han{9], for example,useal this
technique toassistusers whilelearning the finger poses
required to play aimstrument
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The mainstrength of EMS is that the resulting systems

miniaturize wel] thus lend themselves well to mobile use
(mobile gaming 16]) or wearable usepgdestrian cruise

control [23]). A second key strength is their ability to

implement input/output interactons that use the same
modality (i.e., symmetricinteracton [25]) by using the
samegesture language famput and outpuf17].

Unfortunately the price for these benefits is that theer-
active EMS systemspresented so fdack expressiveness
Existing interactive EMS systenasitputa single 1D output

variable, such as screen titt§] or wrist tilt [17] or one of

n behaviors 18]. Since sibsequent output overwrites earl
er output, usexrnever see more thasingle value.

user requests a wind-tunnel
simulation of car sketches
by writing with anoto pen

\ muscle-plotter draws the
win eamlines by actuating
the userOs wrist with electrical
muscle stimulation

Figure 1: An interactive wind tunnel simulation with pen
input and outputN based on EMS. The user jotted down the
word QuindtunnelQ set down the pen left of the car, and
started to drag it towards the car sketch. In respose, muscle
plotter computed this particular streamline in the context of
the car sketch and is now stimulating the userOs wrist as to
plot this streamline.

In this paperwe explore how to create more expressive
EMS-based systemsMuscleplotter achieveshis by per-
sistingEMS output, allowing the system to build up agkar
er whole. More specifically,1) muscleplotter spreads out
the 1D signal ppduced by EMS over a 2D surface by stee
ing the user's wrist, while the user drags theirdhacoross
the surfaceRather than repeatedly updating a single value,
thisrenderamanyvaluesinto curves. (2) By adding the pen,
we persist this signal, allowinthe systemto build up a
larger display, which in turn enables longer and more
meaningfulinteractions

MUSCLE-PLOTTER
Muscleplotter is a closedoop EMS system It allows
users to enter information into a computer system by wri



ing using an Anoto peand it allowsthe computer system
to respond bynaking the user ploMuscleplotter accan-
plishesthis by actuating theiserOkandthat isholding the
pen by means ofa medicalgrade computecontrollable
electrical muscle stimulator.

Walkthrough

We think d muscleplotter as a tool for mobile sense
making in that it allows users toteract (inputand outpu}
with an intelligent backend

Figurel shows an examplef such a use caselere a car
designer is iterating on the thp of a newcar, sketching it
and analyzing implications dfs design onthe carOsen-
dynamic. The designewrote QvindtunneOonto the paper
and hasdrawn crop marks around the c&ince the user
does saisinga penthat offersbuilt-in tracking Anoto[1]),
muscleplotter Geethis input. Itrecognizes the hamdit-
ing using a handwriting recognizerTésseracf30]) and
forwards its output ta wind tunnel simulatorrunning in
our custonbackendThe system computes thénd velog-
ty field andmakesit availableto the pen frontend.

To plot the streamlines , this designemovesthe hand to the
left of the car sketch and sets down the pen. Asptre
entersthe wind tunnel simulat@s bounding box,

cle-plotter startssendng electrical impulses to the userOs

wrist, which from now on continuouslhactuatethe userOs

wrist. While the user moves the hand horizontally across

the papermuscleplotter controls the handOs vertical ipos
tion usinga closedloop control,resulting in plotted strea-
lines. Repeating thisprocess produces a field sfrean-
lines allowing the user to judge treerodynamic behavior
of the current car design.

Continuing the example fronfrigure 1, the desigeris now
contemplating whether the car shouidve ashorterrear
and a rear dooglso known ag hatchbackIn Figure2, the
designersketchesone possiblehatchbackdesignand by
having muscleplotterdraw streamlineson thisnew design
investigateswhat implicationsthe change in body shape
may have on thearOsn aerodynamics.

®
®

Figure 2: (a) Selecting which sketches to simulate in the wind
tunnel by drawing two crop marks. (b) The simulation ou-
puts by actuating the userOs muscles as to plot titeeamlines.

Line chart : Surprisingly, the hatchbackOstreamlineslook
straighterthat the sedan@Bigure 3a), possibly suggesting
an aerodynamiadvantageThe userdecides tadrill down
by plotting aerodynamic profiles of the tail winds the
two car designsAs shown inFigure 3a, the usedrawsone
vertical lineacrosseach ofthe two carétail sectionsand

annotates them withcédsssection sedéhand Orossse-
tion hatchbacl) therebycreating a seriesf data points for
each carAs shown inFigure3b, the designenow sketches
a blank coordinate systemrites Oplot seda@ setsdown
the pen down left of the coordinatgssem and drags the
pen into it.As shown inFigure 3c, muscleplotter responds
by plotting wind speed acrossthe cross sectiointo the
coordinate systemFor comparison,he usernow writes
plot hatchbackand plots the wind speedfunction for the
hatchbacknto the same coordinate system

®

Figure 3: (a) Being curious about the tail winds the user @-
fines a cross section of the streamlinef) In order to inspect
it in an X-Y plot, the user draws two axes, and (c) drags along

the X-axis while muscleplotter actuates the wrist toplot.

zooming: As shown inFigure4a, theright halves of the two
plots look differentValuesbelowthe X-axisindicatenega-
tive wind speed, which suggests undesirable turbulences
Surprisingly, again the hatchback seems tgédorming
better.The usedrills down furtherby writing @GoomtailQ
drawingtwo crop markghatselect theportion of the chart
to re-plot, drawsa fresh coordinate syste writes (plot tail
sedar) andplots the closeup of the chartThe closeup
clearly indicates thathe rear profile of the hatchbackis
indeed subject ttess turbulence.
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Figure 4: (a) The user inspects a region of the wingbeed
charts by zooming inwith crop marks, and then (b) re
plotting zoomed view in a new chart



Scale widget: Finally, the userwonderswhether theim-
proved turbulences will really manifestiemselvesn lower
wind resistancehencebettergas mileageln Figure5a, the
userwrites OplotdragOand (b) selects the car sketch by
drawing a pigtail on it. Then the usdraws a vertical line,
labels the lineOs ends 000 aQdabdtraces thdine using
the pen. (rHalf way in the ling the systemwhips the ws-
erO$andsideways creatinga tick markon the line repre-
senting the drag coefficient of the sedd#esign The user
now selecs the hatchbaclkdesign by drawing aigtail into

it and plots the drag coefficient of tiatchbackonto the
line. The hatchbaclsdrag coefficient is indeed smaller
than the sedanOs, which implies that this partitalth-
back design can actually be expected to offeore gas
mileage that the sedan.

®
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Figure 5: The userinspectsthe drag coefficient of the caby

(a) writing the command andsketchinga vertical line, and (b)

selecing the desired car with apigtail. Then, the(c) the sys-

tem outputs the valueas atick-mark to the right as the user
traces theline.

Other Application Scenarios

As discused earlier, we think of musefdotter as a tool
for sensemaking activities. To emphasize this pointe he
are5 other scenarios erhave enabled using musglotter:

Application 2: Solving Mathematical Exercises . Figure 6 de-
picts how a user interacts wi@ctave(software running in
the backend}o solve mathematical problems through pen
and paper.

®
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Figure 6: (a) Plotting a fifth degree polynomial and (b) query-
ing whereits integral totals 2 units.

In Figure 6a, the user first plots &fth degreepolynomial
Using the notation f()=E O the polynomiais saved for
future reuse as fix Then (b) the user queries for the point
in which the integral of(x) totals 2 by writing Gntegral

f(x)=20 followed by a question mark. The answer is given
as atick markwhile the user traces the-axis

Application 3: RC Circuit Simulator . Figure 7 depicts our
simple filter design application buidtround firstorder RC
filters.

®

Figure 7: Iterating through the design of a highpass RC filter
(a) by scribbling the old value a user can input a newapad-
tor value andthen (b) re-plot the filter response.

Figure 7 shows a user iteratively exploring different filter
designs by observing their frequenmgsponse. The user
first definesthe R (resistanceand C(capacitanceyalues
and the filter type and plsthe filterOs frequency response
using muste-plotterOdine chart. (a) Unhappy with the
filter, the user scribbles the capacitor value andew a
new one. (b) Muschkplotter recomputes the frequency
response and outputs it to the user in the line ch@he
new filter now high-passes around 34z.

Application 4: Interacting with Forms . Now we demonstrata
userinteracting witha simple formin order to configure
muscleplotterOstenulation parameters.
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Figure 8: Simple form widgets for quick queriesin muscle
plotter: (a) a multiple checkbox and (b) a radio button.

In Figure 8a, the user queries which channels are active by
writing @&hanneO followed by @D, then creates a list of
channel names (eadh square brackets)While the user
traces the options,muscleplotter outputs aick mark on
those that are activ&he user dcidesto activate the brake
chamel, by crossing its checkboklow, in Figure 8b, the
user repeats the same procedomea radiocbuttonto adjist

the intensity of the(brakeD stimulation. Lastly, in Figure

8c, the useadjusts the power of the ObrakeO toinmed

Application 5 : Fitting a Trend Line in Stat istics . Figure 9 de-
picts oursimple stastics applicatiorbuilt around muscle
plotter.



Figure 9: Working on statistics: (a) representing data as bars
and (b) fitting a linear regression.

In Figure9, auser is exploring a dataseith salesaranged
by montts. The user does so by plotting the sates bar
chart. This widgebehaves similato the line chart, except
that musle-plotteroutputsthe tickmarks for the horizontal
axis as the user scans the akisFigure 9a, the user scans
vertically from each tickmark and muschplotter outputs a

profile plots and the zoomed plofghe line chart widet
supports the following interactionsoomin/out by relabk
ing the axeszoom in by selecting with crop marks, fitting a
line through existing data pointserforming operations on
datatracesand replotting the resultss a tracde.g., den-
ative of a function. Also, the chart widget supports charts
that do not start at the origin.

Scale Widget: The scale widget outputs a single value per
interactionwhich isuseful for comparingalues In case of
clustered values in the same scale, mupltdéer will out-
put themby alternatingthe tickmarks to the left/rightin
the walkthrough and scenarjage fedured the scale wigh
etin: finding the dragcoefficient, finding anintegral of a
functionandplotting individualbars in a chartJust aswith
the axes of a plot, the scale widget allows to redefise
axis for zoom in/outThe scale widget is also used to allow
users to find whether a plot starts ke torigin or crosses
the Y-axis. For this we insert a scale widget in the line
chartOsr -axis, whih the user scans to final tick-mark
representinghe plotOs starting point (eig.Figure3).

dash to the left and a pen up at the end of each bar. Lastlyradio button : The radio button allowselecing one option

in Figure9b, the user makes@edction of the neximonth
sales by fitting dinear regression through the pjatvhich
muscleplotter outputs as a line chart.

Application 6 : Optic al Lenses Simulator . Figure 10 depicts
our simple optics application that allows exploring how
rays of light refract in convex and amave lenses.

Figure 10: Using muscleplotter to explore howrays of light
refract through convex and concave lenses

out of a rangeor receiving output fronthe option that is
active This @an also be used for a yes/no dialagpich is
useful when asking miple questions to musefdotter
(e.g., to check if a number is primdn the examples
above, wedemonstratedhis widgetat the example o&
user configiring the intensity on EMS chanel.

Checkbox : The checkbox israextension of the radio button
thatallows for multiple choices to be activehis widget is
useful for finding elements in lists such as optionsa
combo box We demonstrated at the example of a user
querying whichEMS channels are currently active.

CONTRIBUTION, BENEFITS, AND LIMITATIONS

Our main contributiorwith muscleplotter is that ittakes
electrical muscle stimulation interfaces to thetriexel by
demonstrating interactions that render significantly more
conplex datathan previous EMSbased systemsihe key
idea behind it is tanake the userOs hamdesp an area on
which muscleplotter renders curves, i.eseries of values

In Figure 10, a user sketches a convex lens and exploresresulting in more information than thatconveyed by a

how the light rays refrachrough it. Muscleplotter outputs
this by deviating the ray ia slope Now the user wonders
about how to further defocus the resulting beam dragvs
a concave lens to explore ifractionpropeties.

Summary of Widgets

We just sawsix examplesof interacting with muscle
plotter, each of which was implemented in the form of a
widget. Our widgets leverag@eninput techniques such as
crossing to select 1D primitive€fossY[2]), underline and
crop marks Rapiercraft[15]), and a pigtail gesture tces
lect 2D primitives §criboli[7]). All widgetsoutputwhen
the user crosses inttheir boundaries. The output ends
when muscleplotter stimulategshe muscles that causeeth
user to lift the penOs tip from the paper. We siomwmarize
the set of widgets:

Line chart: The walkthrough contained threspecialized
instancesf the line chart widgeti.e., windtunnel, the tail

single actuated pose

By allowing EMS to producepatial outputmuscleplotter
enablesa range okensemakingctivities, as we illustrated
at the example of several scenarios, including the
aerodynamics scenario at the beginning of our paper

In the process of creating musgimtter, we developed a
number of EMSrelatedtechnues (1) To quickly actuate
the userOs wriéhstead of merely informing the user where
and when to turp we simultaneously actuateairs of
opposing wrist muscles resulting ina more contro#éd
motion (2) We compensatdor latency introducedy the
Anoto trackng system (around 9fs) by extrapolatiig pen
positions. (3) In order toturn around sharper anglewe
slow down theuserOsvrist. We achievethis by actuating
the flexor carp ulnaris muscle This causes this muscle to
push the pen against the pgpercreasingfriction, and
slowing the hand down(4) To markthe end of an output



trace,we actuae the userOwrist upwards, hence lifting the
penOs tip away from the paper.

On the flipside, likeany ®lution based on electrical muscle
stimulation, muscleplotter requires placing electrodes,
calibration and recalibration if the muscles fadgaver
time[10]. Furthermore,since weactuae the userOsvrist
only (rather than wst and shoulder) our systemlimited

in terms of theshapest can output through the userOs hand

IMPLEMENTATION

The nuscleplotter systemis compried ofa wirelessAno-
to digitizer pen & pape [1] for input as well asa
HASOMED medically complant 8channelportable EMS
stimulator[6] for output Muscleplotter utilizes 4 chamels
of the EMSstimulatorat 200Hz. This EMS stimulatoris
poweredusing abattery and interfacewith muscleplotter
via USB. This allowsour prototypeto run based oa lg-
top computerwith a USB Bluetooth4.0 dongleanda USB
connecion. While our currentversion is merely portable, a
wearablesignal generatosuch as the one proposedHro-
prioceptive Interactiorjl7] could make muscleplotter
mobile

To help readers replicate oprototype, wenow provide a
detailed description of its implementatioAlso, we po-
vide muscleplotterOsource codefor replicating theex-
perimentsunderanopensource licens

Electrode P lacement

Muscleplotter controls four muscle groupsach responms
ble for a different axi®f motionas depicted irrigure 11:

(@) The extensor carpi radialis brevisand partially the
flexor digitoum move the pen to the right (assuming a
right-handed user), while thextensor carpi radialis longus
lifts the pen tip away from the paper. (bBhe flexor carpi
radialis moves the pen to the lefivhile the flexor carpi
ulnaris pushesthe pen downinto the paper, agtg as a
brakedto prevent osditions orimprovestraight lines
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pen down: flexor
carpi ulnaris

pen up: extensor

./ carpi radialis

pen left: flexor
carpi radialis

pen right:
extensor carpi radialis
and flexor digitorum

Figure 11: Electrode placementto perform (a) pen right, pen
up, (b) pen left, and pen dowr(i.e., ObrakeO)novements

Calibration Procedure
Muscleplotter uses a threstep calibration procedure:

1. Comfortable use : By slowly increasingthe intensity, we
first determire the minimum value required to actuate the
userOs muscleShen we find themaximum intensity i
mA) and pulse width (is) thatfeel comfortable and pain
free.

! http://hpi.de/baudisch/projectsiiscleplottehtml

2. Drawing slanted lines : Usess start by trying todraw a
straight lineonto the paper. Aarandom position along the
way, muscleplotter actuates their wristurning the e-
mainder of the userOs line intslaned line.By performing
this step repeatedly with varyirmulse widtls, the caliba-
tion routine determines the pulse widths that poad20,
40 and 66degreeslants to the left and to the right

3. Drawing straight lines : Users draw slanted lines, asthe
previousstep. When they reached a second random point
along the way, the system actuatiesm todraw a straight
line. By performing this step repeatedly with yarg pulse
widths, the calibration routine determin®g pulsewidths

that return the usés hand wrawinga straight line.

Figure 12 depick the average pulse widtldetermined by
means of this calibration routirfer all users in our expe

iment Similarly, the calibration routine determined thiéte

extensor muselshould be actuated using aneragenten-

sity of 2103 mA (SD=1.3 mA) and theflexor musle using

an average @ mA (SD=0.5mA).

Figure 12: Average pulsewidth per slant, for both extensor
and flexor muscles, for all partcipants of our experiment

Control Loop & Model of the W rist

The purpose of muscelotterOs control loop is to actuate
the wrist to reach a targas quickly as possible, yet Wit
out overshootingThe mainalgorithmreceives the tracking
data asynchronosly (i.e., theX/Y location of the Anoto
pen incoordinatesystem of the papgrit then reevaluates
the situation angicks one of three possible strategiaisn
for a target, compensaté the user is constantlyagging
behind the targetrace or brake The loopexecutes this
strategy by sending electrical impulses to the Qsewrist
muscles.In the following, we look into the each of these
steps in detail.

1. Receiving pen location data : The communication between
the Anoto Windows API (fromweQinspif® and muscle
plotter is done via Open Sound Control (OSC). Each OSC
packet is sent to musefgotterOs Python servétrencaps-
latesan X/Y position, an event type(pen up pendown or

2 hitp://weinspire.com



pendrag, and atimestamp We found thelatency of this
operation tdoe belowl msfor bothloopbackandEthernet.

2. Evaluating the current strateg y: Our systemaims forthe
most likelytarget which may not necessarily lige closest
one. It determinesthe most likely targetby extrapolating
the currentlocation based othe current spee@s depicted
in Figure13. This approach allowshe systento cope with
differences in hand movement velocitiemdwith the Arp-
to trackinglatency (around 90ms determinedisinga high-
speed cameja

Figure 13: Key principles in muscleplotterOs control loop.

Then for every decision cycle the system evaluates if the
user is: (a) close to a plausible target orcdgdmsistently
lagging behindhe target tracer (c) approaching the tget

at ahigh speedwith a chance of overshootingccording-

ly, it performs one of the following three responses.

Strategy (a): aim for a target . In order to reach a targehus-
cle-plotter computes thslant between the target arttie
current estimatedocation (Figure 13). Then, according to
this slant muscleplotterfinds a pair of pulse widthshat is
the closesto the pre-calibratedslantsfrom the userOs dall
brationdatasset Muscleplotter actuates the wristy appy-
ing a $multaneous signal ttoth sidesof the wrist We
found this toallow for smoother contrahanwhenactud-
ing just one sideat a time This is particularly important if
the werOsraggingspeed is fast.

Strategy (b): compensate for wrist lagging behind . If the ac-
cumulatederror (i.e., sum of alldistance to previoustar-
ges) exceed20mm we consider that thaser is lagging
behind.To compensateye dynamicallyincreasehe inte-
sity of the muscle that moves the pen closer to the tamget
1 mA steps|fp to 2mA). Finally, we reset the accumulated
error and disablehe intensity boost when the u€ar trace
crosses again with the target trace.

Strategy (c): brake. If the user approaches a target too fast,
thereOs &sk of overshootinglf the systemobsenes the
userOband approachinthe targefat increasing speed and
if is less thar8.3 mm away, the systentbrakesOthe userOs
wrist. By actuatingthe muscles that push the wristo the
paper the systemincreags the friction between pen and
paper,henceslowing thepenOs tidown The brakestrae-

gy is also particularly usefdbr improving the performance
of straight linesand to prevent undesired oscillations

3. Executing the current strategy : Muscleplotter executes
one of the strategies by sémgl the electrical impulses to
the userOs wrist. This is done in a separate thréach
allows it to keep a constant stimulation frequenafy

200Hz. To achieve precise control, musgletter controls
the pulse width fiom 20 us to 500us) of the wavefom
rather than the amplitud€hanging theamplitudeis only
used while the user is lagging behiné., strategy (b)

Lastly, to terminate the current output traceuscleplotter
moves the tip of the pen away from the papeabiyating
theuserOwrist upwards.

Heuristics used in the Control Loop
To avoid muscleplotter from overshooting the target we
handtunedthe main loo@s parameters as follows.

The 20mm thresholdis sufficient to detect when the user is
lagging behind without producing oscillat effects.If this
value is heavily decreased (e.gmi) theautomatic con-
pensatiorin intensitywill create unwanted oscillations.

The 3.3mm braking distance provides sufficient braking
distance to avoid overshooting/e found that the braking
techrique is most efficient if initiated at least 2 maway
from thetarget,otherwisethe systemtends toovershoot.

Our brake implementation uses 11 to 44 impulsegmtep
ing on the user's speeWe found that when the usep-a
proaches slowly (e.g., around33nm/s) 11 impulses are
sufficient to halt the trajectory without undersking.

Intuitively, when the userOs speed increases we indhease
brake impulseswe found that 44 pulses allows us to brake
before the target (no overshoat)speeds up to 10 cm/s

Computing Geometry for Widget Interaction

The geometry compted in muscleplotter uses PenCV
via Python bindings.For instanceline chartwidget start
when the user draws two axes that intersect amwher
This is calculatedas thecross product ofwo fitted lines
betweerthe two drawn axed.ikewise, the twacrop marks
that define the windunnel widgetare detected using the
same method foeach; the perpendiculdines determine
the wind tinnel dimensionsLastly, for the crossection
andscalewidget, the user drawn lines are fitted with a line

Handwriting Recognition using Tesseract

To recognizehandwritten input we integratedTesse
act[30], a trainedrecognizerwith severallanguagesand
one ofthe most robusbpensourceoptical character regp
nizers (OCR) [4]. Our systemloads only the Englishlan-
guageand common symbols such @20, O(€g¢. Before
applying Tesseracto the userOs strokes: (1) concatenate
all strokes that ardess than 3nm apartfrom their center
(enables multstroke writing. (2) Interpolate the points
from the Anoto trackingto complete a line. (3fonvertto a
black and whiteimage for OCR. (4) If the next stroke is
more than m apart, the previoudtroakesare grouped into
a command keywordnd evaluted with the OCR(5) After
a commandkeywordis deteted we evaluate the incoming
strokescharacter by chacter; this allows to directly write
commands such a®00T F(X)=SIN(XD.

Once Tesseractreturrs the recognized texto muscle
plotter, our systenreplaces it withthe wordfrom its cus-
tom keyword dictionary that is closest in terms loé-
venshteindistance(edit distance) This corrects for cm-
monmisrecognitionsuch as OLOr O(O or OXa@r OKO.



Application -specific | mplementations
We now detail the implementatisthatare spedic to each
of our applications.

Mathematical formulae manipulation & solvers . To solve
mathematical formuky we invokeOctaveby means ofts
Python bindings We use it 6r mathematics (derivatives,
integrak, and so forth) andor plotting functions from
formulae. We interface muschplotter and Octae by
(1) convering usernotation to @tave notationWhenthe
user writes €in(x)Q for example,we convertit to Qe-
val((sin(x), <rangeof-plot>)Q then, (2)send the formulae
to Octave, sampleit into pointsand return it to muscle
plotter, and, lastly,(3) transformthese points to the Aoto
paperOs coordina@sdinto the userdefined axis.

RC-Filter Response . We implemented a simple solver for
high and low pasRC circuit filters. It works by solving the
filter equations directly in the frequency domairne va-
ues for R and C are read from thgersO input when they
write Gap 10UFO (i.e., 10uF) and @esistor 33® (in
Ohms).

Statistics Example . TO performstatisti@al operations weause
PythonOScipy Statisticspackage This allows us to ao-
pute standard deviatiandregressios, which we use in a
simple demo application that draws liaear regression
throughbar chars.

Optical lenses ray casting . The optics demonstration is a
simple 2D ray castinpased or[31] that dealsexclusively
with concave andonvex lensesWe disambiguate the lens
type by measuring thewidth of the lens@niddle section
against a fixed threshold (i.e., convex is wider).

Wind tunnel simulation . The wind tunnel simulatiors based
on the Lattice-Boltzmann equations andadapted from
Schroeddds implementatiofi3]. To run a windtunnel
simulation (i.e.,to compute thewind speed streamlines)
we: (1) rotate the model accang) to the rotation of the
wind tunnel boundaries (2) extract the shapes drawn-i
side; (3)downsampletheseshapes(e.g., the carjnto a
binary matrix of 200px height this matrix containsthe
obstaclesto the wind flow; (4) for 30 steps we execute
Lattice Boltzmannby advancinghe streantines one stept

a timeand reevaluating thecollisionsto compute the e~
locity flow; (5) once the useadraws a line, waisePythonOs
Matplotlib streamlinesfunction to obtain the streamline
that starts athe userOs pelown position.

USER STUDY: VALIDATING OUR IMPLEMENTATION

To validate themechanismbehind muscleglotter, i.e., the
production of spatiabutput usingEMS, we conducteda
user stdy. Our focus was on which types of signals can
muscle-plotter reproduceas is and which signalsrequire
pre-processingin the study, muscilelotter actuategartic-
ipants to repeatedly dna curves and we measurdtbw
closely these curves matched the intenteget signal

Task
For each trial, participants plotted onenftion onto paper
using muscleplotter as depicted oRigurel14.

Figure 14: One trial: one plot (image from the study, with
consentof the participant) .

In each trial, participants plotted on&eightmathematical
functiors. Participants placed their hand on the left side of
the paper so as to point the penh&tmarked startingpos-
tion. Partidpant thenmoved their hands towards the opp
site side of the pagat any speed they choduring this
period muscleplotter actuated their wristience plotting
the curve When participants reachd® cm from the left to
right margin, the trial endedThe system recorded the-i
tended function, theiser drawnfunction, as well as the
time betweerstart and end of plot

Every participant performed each function twicesuléng
in 128 trials: &unctions! 2 repetitiond 8 participants.

The Dataset

The a@ght mathematical functions ahown inFigure 16.
The first six functions were composedby adding off-
phased sine waves increasingdifficulty; hence we denote
them asSinl-Sin6 (ascewling in frequency and amplitupe
We addeda triangular wave(denoted aslri) and a sine
wave that ended in a flat sectigenoted ag-lat) to ex-
plore how the system behaves with regardsaboupt
changes in slope and curvates well as to prevent parti
ipants from getting used to sine wavétpas)

Apparatus

Figure 15 shows our apparatus. Participants wones-
cle-plotterOselectrodes on the wrist flexor and extensor
muscles 4s described in ImplementatjoThey were sda

ed with the dominant forearm rested on thkele to reduce
fatigue. We used the controller describéd Implemena-
tion, which actuated flexors and extensors simultaneously
but without the brake channelvhich was introduced asa
outcome of this studyThe muscleplotter softwareadmn-
isteredthe espective functions to the user; all othercun
tionality was disabledMuscleplotter was calibrated with
the procedure described in the Implementation section.

Figure 15: Setup for our experiment(image taken fromthe
study, with consentof the participant) .



Participants

We recruited8 right-handedparticipants { female), le-
tween 22 an@6years old 1 = 23.9 years) fronour local
university. With consent of the participantse videotaped
the study sessions.

Results

Raw data Figure16 shows the curves drawn by participants.

The average errofrom targetacross all 128 trials was
4.07mm (SD=3.03mm).

Figure 16: Raw data from 8 participants and 128rials. The
white trace represents thedesiredtrajectory and colored
traces depictuser drawn plots (scale in nm). Average per

function represents error (distance to target).

Preservation of sine -based functions: Figure 16 also shows
the averageerror per by function(Sinl: M=2.45 mm,
SD=1.42mm; Sin2: M= 2.65 mm, SD=1.29 mm; Sin3:
M =266 mm, SD=0.90 mm; Sind: M=3.15 mm,
SD=1.00 mm; Sin5: M=4.55 mm, SD=1.31 mm; Sin6:
M =10.06, SD=2.67mm). As expected, there was an

increase in ear with the increase in the functionOs highest

partial confirmed by a linear regressiavith R?=0.64
through SinIDSin6. To provide an estimate of how much
each trial differed between each other, the repostar-
ard deviations (SDare between the meaerros of each
trial.

Preservation of non-sine functions : When plotting the two
functions that containegharperchanges in slope andreu
vature participantperformedsimilarly to the sine waves
(Tri: M=477mm, SD=1.53mm; Flat: M =2.29mm,
SD=0.82mm).

Preservation of features : The plots inFigure 17 illustrate in
how far plots made through musgtter preserved the
original function. The plots shovfrequency histogram
produced by means ofobrier tansformation We see the
original signal in green, as well as uspecific jitteN i.e.,
noise, in redAs the plots illustratgjitter tends torevolve
around wavelengths smaller than Bysles/cm.

Figure 17: Exemplary Fourier transforms for Sin2, Sin3, Sin5
and Sin6: original signal (red) and users output (green)

Jitter in Sin2 and SBhas very little impact on the signal
(the same as observed in Sinl and4giThis gets more
challenging with SiB, which has its highest partiadt a
wavekngth ofaround0.23 cycles/cm Still, signal and jitter
are clearly distingtwhich means that the original function
still stands out clearly, so thawareessof oneOsitter
allows uses to visually filter outthe noise The distance
between signal anjitter gets smallewith increasing signal
frequencyuntil theystart tooverlap inSin6, suggesting that
part of thissignal has drowned in the noised thus has
become unrecognizable.

We conclude that museldotter is suitable foreproducing
signalsof up to 0.3cyclesicm wavelengths, but should not
be used for frequencies higher than this.

Speed/Accuracy tradeoff : The fact that paicipants picked
their own paceesultedin a wide range of speedsigure
18 illustrates the esulting speed/accuracy traded®fartia-
pants plotted the 1émwide functions in betweef.98s
and 29.5 (M=16.17s, SD=4.9G).

Figure 18: Average error (in mm) for each trial in relation to
its duration (in seconds) Each color is a different participant.

Discussion

The main finding of the study is that musgletter is able
to reproduce signals up to 0.3 cycles/cm wavelen(gig
Sin5 signal), while higher frequencies (e.§in6 signal)
cannot be reproduced as is. lmsight is useful in that it
allows application designers to decide how to-pmecess
their data before outputting it through muspletter, e.g.
by stretching the signal horizontally before plotting.



Interestingly,two out of the eight participants g&ted that
they had not looked at the paper while plotting.sTihdp-
pened natrally, sincewe had not instructed them either
way.

We optedo study the performance diythmic curvedi.e.,
based onthe arithmetic combination ofmultiple sine

Handson Math[37] are systems thgirovide deepesup-
portfor sensemaking imathematics.

Other researchemsxploredprojectionin orderto augment
physical paper. For instance,PenLight [26] pairs up an
Anoto pen withan overheadprojectorand an external 3D
tracking systemallowing to visually overlay information

waves)as tlese allowed us to separate out signal and jitter and menu®n top ofthe physical paper

using the frequency analysis we presenin Figure 17.
However in our experimentsve foundthat nonrhythmic
curvesbehave similady. The reason is that musghotter
plots at aslow enough pace that every movementnis i
duced separale In fact, muscleplotter moves the wrist
from target to targetrather than in arhythmic manner
Hence the way in which our system plots is differentnfro
the way humans tend to sketch wavesckjyi by perfom-
ing a single oscillating moweent

Based on theeresults we improved the system by adding
the aforementionedbrake functionality, i.e., musclgplotter
slows down the user bgctuaing the wrist muscles down-
wardsas to push into the papehid increaseshe fricion
between pen and papiso, this helpsreturning the wrist
to a neutral positionimprovingthe quality ofstraight lines.

RELATED WORK

Our workrelates directly to research conductedniterec-
tive systemsbasedon exoskeletonspenbased interfaces
and interactive electrical muscle stimulation syste

Pen-based Devices and S ensemaking Systems

For many spatial activities such as sketchirggearchers
argue that pen and paper (or digital paper anerntsh-
tions) arethe mostadequate tool$3, 33]. This isdue to
their superior ergononics and support for bimanual u$g,
8], but alsobecauseheyleverage existig knowhow (e.g.,
signing your nameisinga pen is easier than with a tkac
pad)[3]. Also, sketching itself is an important and ergey
ble cogiitive tool[33]. In fact, Ullman et al. idetified that
sketching using pen and papga crucial tool for (mecha
ical) designersthat allows GGCommunicatingideas between
desgners and between the designe¥3, an analysis tod),
Ob simulate the desighand & an extension of the desig
er's short term mempO[33).

For these and other reaspaiicethe 600 searcherbave
utilized peninput for their interfaces, canonically
SketchPad28]. Notable examplegclude Teddy a system
for 3D modelingbased on 2D sketchirj§]. CrossYis a
fluid language of pen strokes that alloasntrolling GUI
elements based on crossing elements with a pekeg@h
PapierCraft is an annotation system for par in which
users directly interact with their printouts, using pes-ge
tures such as pigtails, crop marks or underlinesx&cute
commands such as copy & padieking, and so fortH15].

Several researchers have createdipasedsystens intend-
ed to hép users with sensemaking tasks particularwith
matremati@l problems.Flatland [20], for example, isa
pentbased interfacefor whiteboard that supportsasic
math and map drawing Also, both MathPad [14] and

Closing the L oop in Haptic and Tangible S ystems

Some researchehave takerangibleinput further by using

it not only for input but also for outpuNotably theActua-

ed Workbeaoh closedthe loopfor a tangible tabletop sy
tem by actuating thpucks using magnetic forcg22]. Our
inspirdion for closing the loop comes froBestureOut-
put[25] in which the loop of touch gestures on a mobile
phone is closebly actuating the userOs finger.

Haptics Systems: Actuated Pens

Most haptic systemswith suficient force to actuate users
transmitforces from a motor to the userOs body pidk
leys[19] or exoskeletons32]. An exemplary device is the
Phantom a desktop sized rokic arm featuring a peas its
ending Phantomor comparable systems habeen used
for penbased menu interactio2]], for rendeing bar
charts for visuallympairedusers B4], and so forth

Other systems, suchs Digital Rubbing allow uses to
transfer digitalgraphicsonto papef11]. Users accomplish
this by rubbinga penfeaturing an actuated tipnto a paper
on a digitizer tabletThe tip writes only when the user
passesat the targetiocation. The system is targetd at
drawing texturedimages rather than plots/lingsand e-
quires the user to always scan the complete surface.

Also using Actuated Workbendbsprinciple of magnetic
forces as guideslePENd is a sketching system thases a
custom ferromagnetic suface to actuate a ballpoint
pen[36]. The system is unfortunately staary but in turn
provides 2D actuation across the surfakege-iteration of
this interface Depend2.0[35], mitigates themobility issue

by usingasymmetricvibration patterns to generate a virtual
traction force which the user must respond to and turn in
that direction voluntarily; this ibased on theame unde
lying principle asTraxion[24].

Interactive Systems based on EMS

EMS is a techniqueriginatedin thefield of medical reb-
bilitation that applies electrical impulsedo involuntarily
contract muscléfibers; these impulses amgelivered to the
userOsnuscles viaelectrodesthat are attached to the
skin[12, 27].

Recently, researchers in HCI started to build inti&rac
systems based on EMBossessed Har@9], for example,

is a guidance devicghat helps users learifor example
how to playa new instrumentPedestrian Cruise Control
informs the userOs leg muscles when to ®&h [n con-
trast, muscleplotter actuates muscles directly, thereby
eliminates the cognitive load involved by systemst tha
merelyinform userswhento turn.

One motivation for the use of EMS in interactivesteys is
that it allows replacing motors, thereby resultingmuch



smaller, even mobile form factorsusclepropelled force
feedback for example,usesEMS to provide directional
force feedback (left & right) in mobile gamind.§]. Pose
10 is an interactivewearable systenthat allows for eyes
free input output with a computer systerfl7]. Af-
fordance++extends on this concept by allowingjects to

actuae the userOs haim order to make it manipulate the

object properly 18].
CONCLUSIONS AND FUTURE WORK

We presented muscldotter, an interactive system based

on eledrical muscle stimulatiothat providegpenon-paper
interactons for both input and output. In our systarsers
input by writing, e.g., writing mathematicérmulae or
drawing shapesThe systeroutputsby actuating te usesO
wrist so as talrawgraphs, strokes, etc.

We designed musclglotter to render significantly more
complex data than previous EMfased systemsThe key

idea behind musclglotter is to make the userOs hand
sweep an area on which musgpletter remers curves, i.e.,
series of valuesand topersist this EMS output by means
of apen This allows the systeto build up a larger whole,
enabling it to assist users in cognitively demanding
activities, such asdesigning an aerodynamically sound
vehicle by providing userswith access to a computer

systemwhile they are sketching on pen and pafitl, the
use of EMS allowsnuscleplotterto achieve a compaand
mobileform factor.

We have demonstratesix simpleapplicationsincluding a
wind tunnel sinulator, an RC circuit simulator, function
plotting, as well as a set of generic widgess future
work, we plan touse muscleplotter to make texbooks
interactive.
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