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ReFlex is a flexible smartphone with bend input and active
haptic feedback. ReFlex’s features allow the introduction of
sensations such as friction or resistance. We report results
from an experiment using ReFlex in a targeting task, as well
as initial users’ reactions to the prototype. We explore both
absolute and relative tactile haptic feedback, paired with two
types of bend input mappings: position-control and rate-
control. We observed that position-controlled cursors paired
well with relative bend feedback, while rate-controlled
cursors paired well with absolute bend feedback to indicate
targets. We also explored an eyes-free condition. Results
suggest that while eyes-free, haptic feedback conditions were
more error-prone than visual-only conditions, the size of the
error was relatively small, and users were able to complete
the task in all cases. We present two application scenarios
that take advantage of the unique input and output modalities
of ReFlex and discuss its potential for within document
navigation.

$XWKRU .H\ZRUGV
Flexible Displays; Bend Input; Haptic Feedback; Organic
User Interfaces

$&0 &ODVVLILFDWLRQ .H\ZRUGYV
H.5.m. Information interfaces and presentation (e.g., HCI):
Miscellaneous

,1752'8&7,21

When presented with a tool or a device, we assess its features
and attributes to understand what we can do with it, i.e, its
perceived affordances [18]. Visual inspection alone cannot
convey all of this information and it is often necessary to feel
objects with our hands to gain a fuller understanding of its
material and structural properties. We perceive these
qualities both through tactile stimulation on our skin and
kinesthetic receptors in our hands. When an object is
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Figure 1. ReFlex, a flexible haptic smartphone.

deformed, a rich set of sensations come into play to inform
us about its internal structure. For example, when reading a
paper document, the physical structure of pages can help
guide users to particular locations in the document. A book
can have physical tabs to indicate chapters and its pages
might have dog ears to denote bookmarks or creases at
frequently read passages. The distribution of pages between
the hands provides some haptic representation of the current
reading location. And pages sliding between a user’s fingers
provide feedback on the speed with which she is navigating.
Many, if not all, of these haptic affordances are lost when
navigating documents on rigid Tablet PCs. When designing
flexible organic user interfaces [9], the structural qualities of
the device are inherited from the material of the substrate
used in its construction. While haptic technologies have been
used to mimic textures of different materials [2], these
technologies often focus on surface features. An alternative
approach is to modify the perceived material properties of
the device [10,25].

5HIOH]
Contributing to the latter approach, we created ReFlex, a
flexible smartphone featuring a high-resolution flexible
display and a haptic actuator (Figure 1). ReFlex modifies the
experience of dry friction when bending the device, as
perceived through tactile and kinesthetic receptors of the
fingers. This feedback creates possibilities for new
interactive experiences, such as simulating the elastic and
material sensations that occur while navigating a paper book.
We report on results from a study that explores bending using
position control and rate control in combination with
different types of haptic feedback in a target acquisition task.
We found that position control resulted in faster times and
higher accuracy than rate control. Participants preferred
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UHODWLYH KDSWLF IHHGEDFN ZLWK VERXAKY VR | BR B W/HREM @RBEDHIES@\G ROYY 6. W
KDSWLF IHHGEDFN ZLWK UDWH FRQWWRWY HR @QRKR D JPW K HF K ODHNWIXDWWVH @M R U
SHUIRUPHG D VWXG\ HYDOXDWLQJ WKIHQHMWRWWLIFQBY & RV D/F MH. GID SIVORREX V L R
UHQGHULQJ WHFKQLTXHV IRU DFTXLDX®UWR WROFCHINE D W K HI CDEWHH G FIJ FH S V
YLVXDO IHHGEDFN :H IRXQG WKDW LWWZEZDI\Q ISRV VZEDBHWRKDOBR®S ®IQ/REMHFV
WKH WDVN ZLWK D UHODWLYHO\ ORDUWUQR LS HADAMIS WY HER @RV XIHHIONK VF KL
REVHUYDWLRQV RI WKH WZR VW XG LMK HZ K DEIWIEFK W\H QMKRU § RXWIVE EO QWD E VR
RI RXU KDSWLF UHQGHULQJ WHFKQLPRPMAH WLRD B Q@&DIQ FRIHYDYLIJDWLRQ IRU
ORQJ GLIJLWDO GRFXPHQWV SURYLGL

QJ VRPH RI WKH VDPH TXDOLWLHV

DV SDSHU ERRNV :H SUHVHQW WZR E e v % Vv Wy b s wL
PD\ LPSURYH WKH EURZVLQJ H[SHUL@ 1 etefe NH\\'§§ HO  XVE
RQ IOH[LEOH VPDUWSKRQHYV LQIRUPDWLRQ DERXW WKH WDUJHW ,Q

RELATED WORK $NDPDWVX@ WRBPQG WKDW WDFWLOH IHH
Elastic Input Devices WKH WDUJHW UHVXOWHG LQ HTXLYDOHQ
KDL @ GLVVANGHWIHKHQ WZR W\SHVERP O $RVEWMERQLQI WLPHV  WKDQ YL
LVRPHWULF DQG LVRWRQLF :KLOH \WJGI K%Y\%K ?—b bg Vi
W\SHV Rl FXUVRU FRQWURO KDV EH ’? VRO E \/\(,5%91 \A—\/\WJ s v?ri
GHILQLQJ | HDWWKLI HRLW VKIRIZLRX FK W KA1 ’EH RN ’ A
SK\WVLFDO GLVSODFHPHQW ,VRWRQL YieE %E) N?/'E%er 5 %g A
D FRQVWDQW ORZ UHVLVWDQFH DQ B%ng |-b% MR ; B

GHYLFHV VXFK DV HJ WKHIX®0\7 RIQRRE IHHGEDF Q QG LQWHLI
GLVSODFHPHQW DQG RSHUDWH WK UDBMGNKRARONALEY DSSOLHG %HWZHHQ
WKHP KRZHYHU LV D WKQDGBRFWHIW ZHWHKDOWRIUHVWHG LQ H[SORULQJ WK
7KHVH KDYH B KDWL D QHVALVWD QFH WKQSX W Z3 RS B D W RQDORUFH IHHGEDFEN
WR LWV GLVSODFHPHQW (ODVWLF GHWGENFXL JODHOF WK FD O GB\L VS I DHRHHIGY
WKURXJK SDVVLYH IRUFH IHHGEDFRHDDQQG WEBLRRPESQHQYWUDWWLRQV RI |
QDWXUDOO\ VHOI FHQWHULQJ 0D Q\GIIO H{ UEI@N &MASIV\ RG HEYH.F G V. Q MWMA U D F W L
LQWR WKLV FDWHJRU\ VLQFH ZKHQ S,Hl.RL%alz ﬁc}“ee%é%k'\ IOH[ DQG UHWXUQ

Vi
WR WKHLU RULJLQDO VWDWH XSRQ URREEYH 035 WRXFK VFUHHQ NLQHVWK!

&KDQJLQJ DQ HODVWLF GHYLFHTV WWKHIBRQIW PRVMHWLRW ROW&H WWR LV OD
LVRPHWULF LVRWRQLF VSHFWUXP +QBEBW LIRAER XXQRPS DRUHEHW RVWOFKFWUDG LV
FDQ DIIRUG EHWWHU UDWH FRQWUROSHZXKH[OIM SRYMUYUBHNRIUVLAKDIGIFHHG BPIRN) SV R
PRUH SURSULRFHSWLYH IHHGEDFN GXUWBURSELREEDWHINFHQJWHSE® D QLWK EH
EH PRUH VXLWDEOH IR® SRVLWLRQ FR®WQRDU FRUUHVSRQGHQFH EHWZHHQ

. SRVLWLRQ RU VSHHG RI D FXUVRU
Bendable Devices

JOH[LEOH GLVSOD\ LQWHUDFWLR Q VAdding ABtivd Hd[dics Yo b Bendable Shafghapey  E X W
LQFUHDVLQJO\ SRSXODU ILHOG RI VWXGRFLOUB\DMWEORYOWLRHQVRNEFKIHHGE
DV *XPP@>SUHGDWH WKH DFWXDO XRQWRUSOP\LEGDW ZGINS FbYKDO WDFWLOF
6RPH RI WKH ILUVW H[SORUDWLRQV7RVREORIRB B8O LVKOWHKLEO HZ it IDXSIGBIQYWHG W
LQFOXGH /DKH\ HW D@ TO/Q&D SRINBRRWD HKB®SHWILF DFWXDWRU WKDW SURYLGHV I
> @ $ORQJ ZLWK WKHVH SURWRW\SW¥YHVBRNVYHYHDN @ DEVMHF VRIYHHND OHQH U D\
VWXGLHV RI KRZ XVHUV SHUFHLYH "KM BRIE®GB® XV RERUMWAWMILNY RO\ PRGX
GHIRUPDEOH GHYLFHV 1@NBDI\DHGRMW\DYH KDSWLF IHHGEDFN H[SHULHQFF
OLPLF7LOH D EHQGDEOH GHYLFH ZLWHQN\QODWLRE O DWLDVSHRQV AKHWKH SHUF
GHPRQVWUDWHG WKDW SDUWLFLSDOWMWXFWXOE DFFXUDWHO\ LGHQWLI\
GLIIHUHQW OHYHOV RI VW@! WQHSRU MGG & EHgyHW DO >

XVHUV SUHIHUUHG IOH[LEOH GHYLFR\YHERW\PHHAH VY oV bIDW HRR RMKEY ¥
Haptics and Perception DQG KDSWLF DFWXDWRU )LJXUH 2XU
7KHUH DUH PDQ\ VWXGLHVY RQ KRZ BHRBDAGXYE RIS WHFLFXHNOQWRUXQV $QG
LQIHU DQ REMHFW{V SURSHUWLHV BRNMW DUH ZHOO EH\RQG WKH VFRSH
RI WKLV SDSHU )RU H[DPSOH WDFV%W%:VHITQ@H\/L@W KBS oA HYD BR b Fw x
EH XVHG WR FUHDWH DQ LOOXVL@®Q/RIHWH{WXUpgl (ODWINY- HW R QsdD\ KDV T
RXWOLQH PRGHOV IRU D IRUFH IHH@EDFN[ PRX Wiy

: 7

&lDFgEﬁF?R)’W\'/‘R UDW H
YDU\LQJ OHYHOV RI VXUIDFH URXJKQUVAR x6WK T R B 7| KESP X X EVWUDW
HW 08D X¥H HOHFWUR YLEUDWLRQ WR FUHDWH G\QDPLF IULFWLRQ RO D
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Figure 2. Left: Prototype with internal structure: Dark gray areas are semi-rigid, light gray areas are flexible. Position and size of
strain sensor is indicated by the red square. Middle, Right: ReFlex bending in both directions.

and right. This allows for a comfortable grip without
occluding the display, and a location for rigid electronics,
such as the processor and display driver board.

5LIJLGLW\

The structural substrate of the device is designed so that it is
most flexible at its center, tapering off towards the semi-rigid
ends. This was accomplished by adding trapezoidal re-
enforcements on both ends of the device (Figure 2, left).

,QSXW
ReFlex measures the direction and extent of a bend with an
Omega Engineering strain gauge [20] placed at its center. A
Teensy 3.1 microcontroller samples this strain gauge at 12
bits and ~2000 times per second. The high temporal and
spatial resolution of this strain gauge allows us to
synchronize the haptic actuation with the passive haptics that
are naturally present when bending the device. ReFlex also
has a multi-touch sensor which we use for setting up the
experiments, and a button on the back, which participants use
during the experiment.

+DSWLF 2XWSXW

Active haptic feedback is generated using a Tactile Labs
Haptuator [24] mounted on the back of ReFlex, parallel to
the length of the display. ReFlex uses a vibrotactile
transducer, rather than a vibrational motor, for precise
temporal control of haptic signals. The Haptuator generates
precise discrete pulses at an acceleration of up to 73 m/s? and
at rates up to 1000 Hz [24]. Discrete pulses are inaudible, and
a continuous series of pulses are audible only above ~500
Hz. The Haptuator is meant to be driven by a standard audio
amplifier. For our study, it was driven by the sound card of
the computer running the experimental software.

6RIWZDUH

A C++ program polls the Teensy microcontroller for sensor
values and converts them into cursor movement 200 times
per second. It then passes these values to a Max patch that
generates audio signals for the Haptuator. ReFlex runs a
simple Android client application that receives cursor and
target information from the computer over WiFi to draw
them on the display. ReFlex is tethered to optimize the
synchronizations between haptic and visual feedback,
however it can also be used as a stand-alone, wireless device.

%(1' ,1387 0$33,1*6
ReFlex uses two different types of cursor control, following
the definitions put forward by Zhai [26]:

187

3RVLWLRQ &RQWURO 3&

For ReFlex, position control means that sensor values are
directly mapped to pixels on the display’s x-axis, i.e., the
cursor position (p.) is linearly proportional to the amount of
bend (x) applied to the device:

pc(x) =X

When the device is flat, the cursor is in the center of the
display. The cursor is at the left extremity of the display
when ReFlex is fully convex, and on the right extremity
when ReFlex is fully concave. This mapping creates a linear
correspondence between passive kinesthetic feedback and
the visual position of the cursor on the display.

5DWH &RQWURO 5&

With rate control, the user controls position of the cursor by
manipulating its speed and direction via bend gestures. The
direction of movement is same as in Position Control. The
speed at which the cursor moves (r.) is mapped to the extent
of the bend with the following sinusoidal easing function:

r,(x) = —cos (x * g) +1, x:[0,1]

+$37,8& )(("%$&. $/*25,7+06

Active tactile haptic feedback was created using an audio
signal consisting of a train of discrete pulses. We applied a
high-pass filter (at 80Hz) to the signal to remove any low
frequency elements, helping each pulse to become more
distinct. A low-pass filter (at 200 Hz) helped to attenuate the
audibility of the signal.

We also modulated the amplitude of the signal so the haptic
pulses would be felt stronger at the extremes of bend input
(~160db) and weaker when the device is close to rest
(~110db). This increased the perceived strain proportionally
to the how much the device is bent.

We used two types of bend input to haptic feedback
mappings, as explained next. Depending on the mapping, we
could create the haptic illusion of altered material properties,
similar to 3D-press [10].

+DSWLF )HHGEDFN 0ODSSLQJ 7\SHV
Absolute Bend Feedback (A): in this mapping, the rate of the
pulse train (7,) varies linearly with the extent of bend (x). The
more extreme the bend, the higher the pulse train rate:

() =x
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7KH GXW\ F\FOH RI WKHRRXOOMKWOQ VERA LW (17 5(68/76
FRPELQLQJ WKLV PDSSLQJ ZL$KR D FMUNRDOYPDVEH WXUVYHRWLQJ WLPHV XVLQJ
WKH SXOVH UDWH YDULHV ZLWW K HDRWEES HH BaRit faydkadk F X \qwsrrdontfok L farget
WKH IHHOLQJ WKDW IL[HG ORFDWLRdDNMRQ WHHHGDQROODV Liisd BREFB GNP IV
SXOVHV ZKHQ WKH FXUVRU SDVVHV RYHQLWKBR W QDWWHSR WKHU KOOMX SRVL
ZKHQ FRPELQLQJ VKMEXUPRIE ISRV ZWERQWRBRW WRHY XOWLQJ LQ IDVWHU WDUJ
$3& WKH V\QFKURQL]DWLRQ EHWZHH® ¥X U RZEQRCORKDWDNQD VAEQLILFDQW
KDSWLF SXOVHV LV ORVW 7KH GHYLFH VLPS®\ SXOVHNQI® VWWHHU M/ K4DV D
IXUWKHU LW LV EHQW LQWHUDFWL(B’U@O}’ EdﬁWlZl-Dl-m}get distance

) H IRXQG QR VLJIQLILFEL
Relative Bend Feedback (R): I1RU WKLY PDSSLQJ }[{/ »ﬁ' Wbﬁ%
LV QRW QHFHVVDULO\ SHULRGLF QVWHDG W WH YDULHYVY OLQHDUO\
ZLW KpsttKRII WKH EHQG PRYHPHQW L HH DAXDO EfHGGWHORBUWRUYV XVLQJ D UHSF

T RQ KDSWLF IHHGEDFN [ FXUVRU FRQW
N L— 7KH DQDO\VLV VKRZHG WKDW FXUVRU
P IDFWRU ) S ZLWK SRVLWLRQ FRG

(DFK VLQJOH SXOVHPRDW®HWW W\WOXD U@ BGNWHHUURUV WKDQ UDWH FRQWUR!
:KHQ FRPELQLQJ WKLV PDSSLQJ ZLWAD ¥ X WRUQIRIWVAMQWQ RWOIWDRWLRQ HIIFE
53& DEVROXWHRQ®WKBWERWSOD\ VHHPOQWRNWWIHWHGLVVWDQFH

KDSWLF SXOVHV DV WKH FXUVRU SQ.\%@Q/ BYHY WKHP; &RQYHUVHO\

ZKHQ XVLQJ UDWH FRQWURO 5 5& W éXOVH UDWH VHHPV WR EH

VIQFKURQL]JHG ZLWK WKH DFFHOHUDWW@QWR%OFW\ﬁFQMLWLRQ &RQWURO
ZHUH DEOH WR FRPSOHWH WKH \

/DVN RQWURO WKDQ XVLQJ UDWH FROQWURO
3DUWLFLSDQWYV SHUIRUPHG D vx:zvr,tw PR B AQVRGE R U QW E R 8 DFR oMY PRV

ODZ WDUJHWLQJ WDVN 7ZR YHUWL M \%@@%quv%iwummgwwmo S|
GLVSOD\ ZLWK WDRNIQWH BHGMWHWD Q kit w7’ PR HW o R U ULRG RI WLPH

JH H
ZLGWK ZDV KHOG FRQVWDOW DW Sk B0 Wil Wi a i bio M/ Mg WRunwH F R
DOWHUQDWHO\ FOLFN ZLWKLQ WKH v DR D b@EB@WHW;LRI\Dﬁ-W/URO
(DFK EORFN RI WULDOV EHJDQ DIW kb WikH S RWBERFHHP QW 1 SO ER G WKHQ Fi
FXUVRU ZLWKLQ WKH OHIW WDUJHNy QQQU@U@N\)’\N@QW#W AHAWWADY KRZH
3DUWLFLSDQWYV ZHUH LQVWUXFWHG Wy SW 1 RY PWWEHVW P ¥ N DMyT Xk N O\ w
DQG DV DFFXUDWHO\ DV SRVVLEOH | GLFDWHV WKH RSSRVLWH 7KH HUURU
([SHULPHQW 'HVLJQ DOO WDUJHW GLVWDQFHV LQ UDWH FRQ\
‘H XVHG D |[[ IDFWRULDO ZLWKLQDWXEMHMRUGHWLEOVWMDRKHY FDXVHG P
UHSHDWHG PHDVXUHV 2XU IDFWRUN[SMHUIRQ KSPIMWLIFLEBQWYRNH[SHULHQFHYV
OHYHOV GLVFXVVHG EHORZ FXUVRBRMRK WWAH 5 RYRIGVRROHF R O WRILRG DWW & H
UDWH FRQWURO DQG WDUJHW GLWRRWRHRO LV JUHDWBVWORU VKRUW PRY
3DUWLFLSDQWY SHUIRUPHG RQH EOREgIV\RIF BLBPY; IRU HDFK Rl WKH
FRPELQDWLRQV RI IDFWRUV é,%/

| RY VXUDEQH HIIHF
FRXQWHUEDODQFHG EHWZHHQ SDUWFt—Fleb% |?L|[|1|lé3"|¥b'1_: R V\W YWD ENE-&H Gy
ZLWK HDFK FRPELQDWLRQ RI KDSWLIWkH_N/ ,_EFp WP [QGGLE%l\J/V\W FROMARSEN ER
XQWLO WKH\ DFKLHYHG OHVV WKDQpyw YHPV QWD BH WEHHR HP IRXQG
WULDOV 2XU PHDVXUHV ZHUH WDUJHW@@QXWLQMLQ/QLGHU% R,UG%@W@VRW FROW
+DSWLF JHHGEDFN REVHUYHG HIIHFWV RI KDSWLF IHHGEDF

3DUWLFLSDQWY ZHUH SURYLGHG ZLWKHQBYHE VW ILRDRWADFWHRIG EDEFRXW WK
QR IHHGEDFN DEVROXWH EHQG IHHRERNMVFNQIDYEHUHO@WRY HR @ HRGEOHH[SHU LI
IHHGEDFN 'HSHQGLQJ RQ WKH FXRWQPRU FRROWGRIGC LWKHUBFWLWRBUJHW LQI
IHHGEDFN SURYLGHG LQIRUPDWLRQSRY LIWXIUR/@U SRVLWLRQ $ 3&

FXUVRU VSHHG 5 3& $5& RU FXUVRUDEFHOHYBWHRA FES¥owvy FRPPHQW

SDUWLFLSDQWYV KDSWLF IHHGEDFN PLJKW KDYH LQIOXHC
SDUWLFLSDQWY SHUIRUPHG WKLYV SUKRMURW HSHW 3if T WpRHDN/H/GH INRKIBNY the
ZLWK DJHV UDQJLQJ IURP WR VebbibN it iOMRINMY [bStD WiN] Lnky brSiD /@ WIds faster
ZHUH ULJKW KDQGHG to my eyes than to my finger” VXJJHVWLQJ GRPLQDQ
YLVXDO VI\VWHRDL Q@ WFHRHP R\NFHDQIMNEGE: W K D W
feedback is helpful; it allows me to focus less on the visuals.”
‘H IRXQG WKLV FRPPHQW LQWHUHVWLQ
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results; despite the fact there were no differences in
performance, the participants felt it was the case. It is
possible that the haptic feedback can generate an additional
perceptual illusion, in the same vein to perception of
animation speed in moving progress bars [7].

Combinations of Haptic Feedback and Cursor Control
The two different types of cursor control types and methods
of generating haptic feedback can be combined in four
unique ways. Each combination results in a very different
experience for the user:

5HODWLYH %HQG )HHGEDFN 3RVLWLRQ

Here, as the cursor moves across the screen, the user receives
pulses of haptic feedback when crossing fixed locations on
the screen. When the device is released, the cursor self-
centers as a result of the elasticity of the device and position
control. The haptic pulses become stronger towards the edge
of the device; the active haptics correlate with the user’s
perception of passive bend forces. These properties seem to
make this combination one of the easiest to interpret. For
instance, P1 stated “/ can almost close my eyes and roughly
have an idea of where the cursor is”, an idea that we explored
further in Experiment 2. The synchronization of feedback
with body and display shape makes this haptic configuration
unlike regular vibration. Instead, it is experienced as friction
within the device, creating rich haptic images. Participants
explained it in diverse ways: “It almost feels lit it’s more
fibrous” (P1), “It feels like I'm bending a twig of wood” (P3),
“It’s a little bit like when you are moving a rubber band
along a smooth surface” (P4).

$EVROXWH %HQG )HHGEDFN 3RVLWLRQ

Here, the cursor behaves the same way as for the previous
combination, however, the pulses are no longer synchronized
to specific locations. Instead, the further the display is bent,
the faster the pulse rate. This gave an experience somewhat
reminiscent of flicking pages of a book at a rate that
corresponds to the exerted force. P4 explains it is “because
when you bend it and hold statically the vibrations just
continue at a steady pace”, while P3 states “that’s not a trait
I would attribute to an inanimate type of object that I am
working with”. While the mapping is not direct, participants
did experience this combination potentially useful. P6
considered that “it does a very good job in providing the user
with some sort of feedback as to the amount of pressure to
exert on the screen”, while P5 considered it to be “consistent
throughout”, and P3 suggested that this combination “could
be something very useful in gaming.”

TEI 2016, February 14-17, 2016, Eindhoven, the Netherlands

of times as it moves across the distance (...) It’s like a texture,
like a gradient”. This combination of cursor control and
feedback style was experienced as intuitive. “The haptic
feedback just makes me more aware of the speed of the
cursor” (P3); “It helps me know when to stop moving the
cursor or when to slow it down” (P4).

5HODWLYH %HQG )HHGEDFN 5DVWE& &RQWURO

With this cursor control, the feedback has haptic pulses
triggered with changes in cursor speed. It appeared difficult
to interpret and makes the interaction feel disjoint: “/’m not

1 t 1 ackis_jndicating” (P3);
gt%?eyg’?p%[%gg%_gg%fﬁ ee basz’ is helping me”
(P4); “[the task with this haptic feedback is] not necessarily

easier, it supplements but doesn’t make it easier” (P5). P1
and P6 suggested, “I don 't like this”.

With combinations R-PC and A-RC, the cursor movement
and active haptic output appear closely synced, leading to a
predictable behavior of the haptic qualities of the device. For
combination R-PC, it is experienced like the internal
structure of the device is changing, while A-RC is
experienced much like modulating surface textures that the
cursor moves over. While A-PC did not have these
properties, its clear mapping was still considered useful. R-
RC did not have the same type of coupling experienced with
R-PC and A-RC, nor did it have a clear mapping, like
combination A-PC. Unlike all other combinations,
participants did not enjoy it. With these results in mind, we
used the optimal combinations to test if the prototype would
allow a user to perform a task in an eyes-free scenario.

BXRERWIERTROHG &XUVRU $ 3&

We conducted a second experiment to assess the effects of
haptic feedback for indicating targets without visuals.
Participants performed the same targeting task as in
Experiment 1, with the same apparatus but a somewhat larger
target width of 120 pixels. We encouraged the participants to
prioritize accuracy over speed.

Haptic Feedback

The participants used haptic feedback to find the target. In
one condition, haptic feedback only occurred when the
cursor was over the target. In another, the haptic feedback
was removed only when the cursor was over the target. A
distinction from other investigations that utilize haptic
feedback to signify targets [1,5] is that our feedback is based
both on the presence of a target, as well as the behavior of
the cursor. That is, in both haptic conditions, the user only
feels haptic feedback when the cursor is moving. We chose

$SEVROXWH %HQG )HHGEDFN 5DWsH: &R Q Wthe Re€datckGtyfeX thetRodrtickpants felt closely matched

In this cursor control, the amount and direction of bend
determines the speed and direction of the cursor. The haptic
pulses appear at regular intervals which become shorter the
further the device is bent. This provides an effect of the
pulses being triggered by the cursor moving over fixed
locations on the display; the haptic pulses are experienced as
the texture of the surface the cursor is passing over, or as
explained by P1, “It feels like it’s bumping a regular number

189

cursor control: we used relative bend feedback with a
position-controlled cursor (R-PC) and absolute bend
feedback combined with the rate-controlled cursor (A-RC).

Experiment Design

We used a 3x2x2 factorial within-subjects design with
repeated measures. Our factors were feedback method (visual
feedback, haptics present only when on target, and haptics
always present except when on target), cursor control
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cursor N Cursor
Position Control Rate Control Position Gontrol Rate Control

Haptics On Target 417 (6.32) 11.00 (8.38) Haptics On Target 23.15(17.6) 60.03 (39.69)

Feedback
Type
Feedback
Type

Haptics Off Target 317 (4.71) 5.00 (2.95) Haptics Off Target 22.94 (23.99) 31.91 (28.74)
7TDEOH OHDQ QXPEHUSRUHRH@W 7TDEOHHIHQURU G IS MW@MQFHHULPHQ

SRVLWLRQ FRQWURO WRQGBJHMWWGILV WOWBEWOOHDGHHGEDFN RI WKH GHYLFH SU
DQG SL[HOV 2XU GHSHQGHQW PMIDWMGEQFMW@)WEww RH FRQWUROOHW
HUURUVY DQG HUURU VL]H WKH WDVN DW KDQG 7KHVH DIIRL

Participants and Training PHFKDQLVPV WKDW ZH DUH IDPLOLDU Z

SDUWLFLSDQWY SHUIRUPHG WKLV S |%#%VD|POHL52|\_CI
ZLWK DJHV EHWZHHQ ORVW HOW ZRXOG J
7KH\ ZHUH JLYHQ VHFRQGV WR H[ é%ﬁl

WKDQ D O]
KDSWLF UHQGHULQJ SXOVHV ZRXOG VLPXODWH SDJH IOLSSL
EXPERIMENT 2 RESULTS FDQ DOVR SURYLGH LPSOLFLW LQIRUPDYV

‘H DQDO\]HG HUURUV XVLQJ D UHSHNMWWYW PHWDVIKWGERI1QBRRA WHQGV WR R
IHHGEPIHWKRGFXUVRU FRQVWURGW GLNOWDODQWHGLHG LQWHQWO\ ZH FRXOG JHQ

7TKH DQDO\VLV INMKBEDG NWKBD®/KIRGVLWHG VHFWLRQV LQ D GLJLWDO G
VLIJQLILFDQW HIIHEFW ) RQ WKH QXRBHHLRHG VHSDUDWLRQ EHWZHHQ SDJ
HUURUYV SRVW KRF WHRWYV FRUOUIWKWSMRE@IBXOVHY :H EHOLHYH WKDW WKI
FRPSDULVRQV UHYHDOHG WKDW YLVZXDOHIHHG\E® B N VKDG VU BQUIXLMDEWE\IRU
IHZHU HUURUV WKDQ WKH FRQGLWUWRHQGKHUG JKDRIWLEFQWHQWK UHQ¥BVYUHG E
UHPRYHG IURP WKH WDUJHWYV 7KHUIBIQZEHDHDQJRD‘QLGJQ\LHDFUDQI\NSH\VH_H:W@ PHGLI

RI HLWKHU FXUVRU FRQWURO RU WD LVWR HRQ HUURU UDWHV 7TDEC
RXWOLQHYVY WKH PHDQ QXPEHU RI F%%%Fm\z GLILW
RI HHGEDFN PHWKRG DQG FXUVRU P L W K ésl\;éHQDYL\

PHDQ HUURU GLVWDQFHV LPSRUWDQFH DV SHRSOH XVH PRUH GL.
EXPERIMENT 2 DISCUSSION L3DG RU .LQGOH WR FRQVXPLQJ PDJD]L
8QVXUSULVLQJO\ WKH HUURU UDWMKVDQG WKHVBJBHYUBRY GLYVDFEGRANVLQJ
ZHUH KLJKHU LQ WKH H\HV IUHH QRRQCRWVFOEWDGWDHMMUWKHUH DUH GR
SDUWLFLSDQWYV ZHUH DEOH WR FRPIS® KW B GW KU WHNSN L F7H @ WHZD WK REXW F X V
YLVXDOV LQ ERWK FXUVRU FRQWURZEBRGLWLREOEG ZRH N FRPESOW LIDHED $H U

HUURU VL]H ZDV DURXQG SLIHOVGLALWIEFPO PRK® WBND BUBWOWDY LQ O0DUVKD
DYHUDJH HUURU VL]H ZDV OHVV WKDRSRBWHRDV QDY L PPWLERRPA O BSWDISWMUF GE
WKH WDUJHW PHVVDJH IURP WKHVH ZRUNV LV WKDW V

SDUWLFLSDQWY ZHUH VSOLW EHWZH\%@ %él H
WDUJHWYVY YV KDSWLFV RIl WDUJHW

WDUJHW FRQGLWLRQ EHFDXVH LWI
RQFH WKH\ UHDFKHG WKH WDUJHW
WIDIHWY DV WKH\ IHOW LW ZDV PRU

IURP WKH LQ EHWZHHQ VSDFH WR WI&'
RIl WDUJHW FRQGLWLRQ ZDV GHVFU

3DUWLFLSDQWY XVHG FRORUIXO GH FL\‘
WKLV H[SHULHQFH 3 VWDWMMIGH l%

EHWZHHQ WKH WDUJHWYVY LV ODQG D £ ﬁ[ﬂ;ﬂ}%\@"ﬁ@'ﬁg vs
W OLNH IDOOLQWKBW FG HDRMUHSW L

S WIV OLNH VRQWHIO KDEWLF IHHGE

é}ﬁ QDYLIJDWLRQ WKDW ZI
UHIHUUHGRUYR DYG WKH EO\DRRRRE@HV

V LQ D IRUP VXLWDEO

AFFORDANCES OF REFLEX SAMPLE APPLICATIONS

7KH ULFK PHWDSKRUV H[SUHVVHG Ef NN Epfyl TV
WKDW 5H)OH[ LV FDSDEOH RI HOLFL \ %DWL
ZKDW ZH ZRXOG H[SHFW RI WUDGLW %zén—b @ XWWR
7KH LQWHUSOD\ EHWZHHQ WKH SDV |
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Large List Navigation

Rate control and position control can act synergistically for
bend based input. Precise on-screen targeting actions can use
a position-controlled cursor, while off-screen actions that
require fast motion or continuous input, such as scrolling, are
better suited for rate control [26]. A scenario that takes
advantage of this technique is navigation through large lists.
Figure 3 (left) shows a user navigating a large list with
bending gestures, using rate control for off-screen list
browsing and position control when selecting on-screen
items from the list. Users can select rate control by pressing
and holding the back-of-the-device button during bends.
When the button is released, ReFlex uses position control.
Items are selected from the list with a click of the button in
both cases. The haptic feedback switches between absolute
and relative such that pulses always occur at the transition
between items on the list. For item selection (R-PC) these are
experienced as physical obstacles the cursor moves over, and
for off-screen scrolling (A-RC) users experience obstacles as
items enter the display.

Text Navigation and Annotation

Our second application is inspired by the wear and tear of
physical documents that occurs while reading. Figure 3
(right) shows our e-reader application, which features a
highlight function. Users scroll through off-screen content
using rate control. Bending ReFlex into a concave shape
moves the text up; the opposite moves the text down. When
the user clicks the button, the application switches from
reading mode to highlight mode. When in this mode, users
can use position control to highlight lines of text. Highlighted
areas are identifiable in two ways: visually via a brighter
foreground color, as well as haptically through a texture.
When scrolling, a highlighted area entering the viewport is
experienced as having more friction than its surrounding
text. As a user scrolls, this change in texture allows them to
feel that they are passing a highlighted section — even when
not attending visually or when scrolling quickly. The
additional friction invites the user to pause at a previously
highlighted section, like a dog ear invites the reader to open
the book to a previously highlighted page.

LIMITATIONS

The preliminary evaluation presented in this paper was
intended as a starting point for a more thorough study of the
perceived material properties of bendable devices when
augmented with haptic rendering. We obtained significant
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results for some variables from our experiments, but our
sample size was small. We therefore do not consider it a fully
conclusive or exhaustive experimental study. Our users’
feedback was, however, informative and valuable.

CONCLUSION & FUTURE WORK

We presented ReFlex, a flexible smartphone with passive
and active haptic feedback. The evaluation of the prototype
indicates that it has potential for enhancing document
browsing tasks. We discussed this possibility and we
presented two application scenarios, one for browsing long
lists and another for text navigation and annotation.

Many open questions remain, and we hope to address them
in future work. The combination of bending, active haptic
feedback, and different input-to-cursor mappings allowed us
to create an extremely expressive device. By modulating
several parameters of the haptic pulses—such as rate,
amplitude and filtering—, a rich haptic design language can
be developed, one that could be used to incorporate
sensations of material and structure in interface design.
Further investigation is needed to empirically determine the
suitability of this language for enhancing applications such
as browsing digital documents.
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