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( 57 ) ABSTRACT 
One illustrative system disclosed herein includes a first 
haptic output device configured to receive a first haptic 
signal and output a first haptic effect to a deformable surface 
and a second haptic output device configured to receive a 
second haptic signal and output a second haptic effect to the 
deformable surface . The illustrative system further includes 
a processor coupled to the first haptic output device and the 
second haptic output device , the processor configured to : 
determine an event , determine a first haptic effect and a 
second haptic effect based at least in part on the event , 
transmit a first haptic signal associated with the first haptic 
effect to the first haptic output device , and transmit a second 
haptic signal associated with the second haptic effect to the 
second haptic output device . 

20 Claims , 8 Drawing Sheets 
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SYSTEM AND METHOD FOR A haptic output device , wherein the first haptic output device 

HAPTICALLY - ENABLED DEFORMABLE is configured to receive the first haptic signal and output the 
SURFACE first haptic effect to a deformable surface . Further , the 

method may comprise transmitting a second haptic signal 
REFERENCE TO RELATED APPLICATION 5 associated with the second haptic effect to a second haptic 

output device , wherein the second haptic output device is 
This application claims priority to U . S . Provisional Patent configured to receive the second haptic signal and output the 

Application No . 61 / 922 , 536 , entitled “ System and Method second haptic effect to the deformable surface . Yet another 
for a Haptically - Enabled Deformable Surface , ” filed Dec . embodiment comprises a computer - readable medium for 
31 , 2013 , and to U . S . Provisional Patent Application No . 10 implementing such a method . 
61 / 816 , 605 , entitled “ Haptic Augmentation of Continuous These illustrative embodiments are mentioned not to limit 
Interactions with Bendable Displays , ” filed Apr . 26 , 2013 , or define the limits of the present subject matter , but to 
the entirety of both of which is hereby incorporated by provide examples to aid understanding thereof . Further 
reference herein . embodiments are discussed in the Detailed Description , and 

15 additional description is provided there . Advantages offered 
FIELD OF THE INVENTION by various embodiments may be further understood by 

examining this specification and / or by practicing one or 
The present invention relates to the field of user interface more embodiments of the claimed subject matter . 

devices . More specifically , the present invention relates to a 
deformable user interface device with haptic feedback . 20 BRIEF DESCRIPTION OF THE DRAWINGS 

BACKGROUND A full and enabling disclosure is set forth more particu 
larly in the remainder of the specification . The specification 

As computer - based systems become more prevalent , the makes reference to the following appended figures . 
quality of the interfaces through which humans interact with 25 FIG . 1 is a block diagram showing a system for a 
these systems is becoming increasingly important . One haptically - enabled deformable surface according to one 
interface that is of growing popularity due to its intuitive and embodiment ; 
interactive nature is the touchscreen display . Through a FIG . 2 shows one embodiment of a system for a hapti 
touchscreen display , a user can perform a variety of tasks by cally - enabled deformable surface ; 
contacting a region of the touchscreen with the user ' s finger . 30 FIG . 3 shows another embodiment of a system for a 
In order to create a more intuitive and enhanced user haptically - enabled deformable surface ; 
experience , designers often leverage user experience with FIG . 4A shows another embodiment of a system for a 
physical interactions . This is generally done by reproducing haptically - enabled deformable surface ; 
some aspects of interactions with the physical world through FIG . 4B shows yet another embodiment of a system for a 
visual , audio , and / or haptic feedback . Haptic feedback often 35 haptically - enabled deformable surface ; 
takes the form of a mechanical vibration or a perceived FIG . 4C shows still another embodiment of a system for 
change in the coefficient of friction . These types of interac a haptically - enabled deformable surface ; 
tions are common and particularly powerful with touch - FIG . 5 shows one embodiment of a user interaction with 
screen devices . Recently , touchscreen displays have been a haptically - enabled deformable surface ; 
developed that are flexible . These flexible touchscreen dis - 40 FIG . 6 shows another embodiment of a user interaction 
plays can be bent , folded , and / or rolled . Accordingly , there with a haptically - enabled deformable surface ; 
is a need for additional effects for these flexible displays . FIG . 7 shows a user interaction with a haptically - enabled 

deformable surface according to one embodiment ; 
SUMMARY FIG . 8 shows another embodiment of a user interaction 

45 with a haptically - enabled deformable surface ; 
Embodiments of the present disclosure comprise devices FIG . 9 is a flowchart showing a method for haptic 

comprising haptically - enabled deformable surfaces . In one feedback on a deformable surface according to one embodi 
embodiment , a system of the present disclosure may com - ment ; 
prise a first haptic output device configured to receive a first FIG . 10 shows one embodiment of a user interaction with 
haptic signal and output a first haptic effect to a deformable 50 a haptically - enabled deformable surface ; 
surface and a second haptic output device configured to FIG . 11 shows another embodiment of a user interaction 
receive a second haptic signal and output a second haptic with a haptically - enabled deformable surface ; 
effect to the deformable surface . The system may further FIG . 12A shows a user interaction with a haptically 
comprise a processor coupled to the first haptic output enabled deformable surface according to one embodiment ; 
device and the second haptic output device , the processor 55 and 
configured to : determine an event , determine a first haptic FIG . 12B shows another view of the embodiment of a user 
effect and a second haptic effect based at least in part on the interaction with a haptically - enabled deformable surface . 
event , transmit a first haptic signal associated with the first 
haptic effect to the first haptic output device , and transmit a DETAILED DESCRIPTION 
second haptic signal associated with the second haptic effect 60 
to the second haptic output device . Reference will now be made in detail to various and 

In another embodiment , a method of the present disclo - alternative illustrative embodiments and to the accompany 
sure may comprise : determining an event and determining a ing drawings . Each example is provided by way of expla 
first haptic effect based at least in part on the event , deter - nation , and not as a limitation . It will be apparent to those 
mining a second haptic effect based at least in part on the 65 skilled in the art that modifications and variations can be 
event . The method may also comprise transmitting a first made . For instance , features illustrated or described as part 
haptic signal associated with the first haptic effect to a first of one embodiment may be used in another embodiment to 
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yield a still further embodiment . Thus , it is intended that this Upon interacting with the computing device , the user may 
disclosure include modifications and variations as come be able to perceive the composite haptic effect . For example , 
within the scope of the appended claims and their equiva in the embodiment described above , as the user moves a 
lents . finger across the touch - screen display , the combination of 

5 the increased coefficient of friction and the decreased sur 
Illustrative Examples of a Haptically - Enabled face stiffness may cause display surface material to accu 

Deformable Surface mulate in front of the user ' s finger . This accumulation of 
material may form a wave or bump that moves with the 

One illustrative embodiment of the present disclosure user ' s finger , simulating the feeling of a page turning in 
comprises a computing device configured with a deformable 10 real - world interactions with books . 
touch - screen display . The computing device may be , for As will be discussed in further detail below , haptic effects 
example , a smartphone , tablet , laptop computer , pocket comprising deforming the touch - screen display and / or vary 
organizer , or portable music player . Further , the computing ing the coefficient of friction can be used in any number of 
device and / or the touch - screen display may be flexible , ways to provide information to a user . Additionally , the 
foldable , bendable , twistable , stretchable , and / or rollable , or 15 computing device may output haptic effects ( e . g . , vibrations ) 

in addition to or instead of deforming the display or varying otherwise deformable . the coefficient of friction . Similarly , the computing device In the illustrative embodiment , the computing device may output a haptic effect on another surface of the device , includes sensors for detecting events , such as user interac e . g . , a surface other than the display , such as the surface of 
tions , with the computing device and the touch - screen 20 the computing device or a touch surface separate from the 
display , and providing one or more sensor signals associated display . 
with the events to a processor in the computing device . The description of the illustrative embodiment above is 
These events may comprise interactions , for example , inter provided merely as an example . Various other embodiments 
acting with the touch - screen display by typing on a virtual of the present invention are described herein and variations 
keyboard or manipulating virtual controls . The processor 25 of such embodiments would be understood by one of skill in 
utilizes the sensor signals associated with these interactions the art . Advantages offered by various embodiments may be 
to make determinations associated with software executed further understood by examining this specification and / or by 
by the processor ( e . g . , applications , operating systems , or practicing one or more embodiments of the claimed subject 
other software ) . matter . 

In the illustrative embodiment , the computing device 30 
comprises two haptic output devices to provide haptic Illustrative Systems for Enabling Haptic Feedback 
feedback to a user . In the illustrative embodiment , the first in a Deformable Surface 
haptic output device is configured to provide an electrostatic 
friction ( ESF ) haptic effect . The second haptic output device FIG . 1 is a block diagram showing a system 100 for a 
is configured to deform a surface , for example , the surface 35 haptically - enabled deformable surface according to one 
of the touch - screen display . embodiment . In this example , system 100 comprises a 

In the illustrative embodiment , based on user interactions computing device 101 having a processor 102 interfaced 
with the computing device , the computing device may with other hardware via bus 106 . Computing device 101 
determine a composite haptic effect . A composite haptic may comprise , for example , a smartphone , tablet , e - reader , 
effect comprises multiple haptic effects that may be collec - 40 or portable gaming device . 
tively perceived as a single haptic effect to a user . Based on A memory 104 , which can comprise any suitable tangible 
the composite haptic effect , the computing device generates ( and non - transitory ) computer - readable medium such as 
first and second haptic feedback signals . The computing RAM , ROM , EEPROM , or the like , may embody program 
device transmits the first and second haptic feedback signals components that configure operation of the computing 
to the first and second haptic output devices , respectively . 45 device 101 . In this example , computing device 101 further 
The first and second haptic output devices collectively comprises one or more network interface devices 110 , 
output the composite haptic effect to the user . input / output ( 1 / 0 ) interface components 112 , and additional 

In the illustrative embodiment , the computing device storage 114 . 
comprises a reading application for reading a book . The Network device 110 can represent one or more of any 
reading application is configured to determine and output a 50 components that facilitate a network connection . Examples 
haptic effect based on user interaction . For example , in the include , but are not limited to , wired interfaces such as 
illustrative embodiment , as a user swipes a finger across the Ethernet , USB , IEEE 1394 , and / or wireless interfaces such 
touch - screen display to change the page of the book , the as IEEE 802 . 11 , Bluetooth , or radio interfaces for accessing 
computing device outputs a composite haptic effect . The cellular telephone networks ( e . g . , transceiver / antenna for 
composite haptic effect may , for example , simulate the feel 55 accessing a CDMA , GSM , UMTS , or other mobile commu 
of turning a page in a book . The composite haptic effect may nications network ) . 
simulate the feeling of a wave formed in the page of a book I / O components 112 may be used to facilitate connection 
when a page is turned . to devices such as one or more displays 132 , keyboards , 

The composite haptic effect may be generated in any mice , speakers , microphones , buttons , and / or other hard 
number of ways . For example , in some embodiments , to 60 ware used to input data or output data . Storage 114 repre 
simulate the feeling of a wave formed in the page of a book , sents nonvolatile storage such as read - only memory , flash 
computing device may output a first haptic effect configured memory , ferroelectric RAM ( F - RAM ) , magnetic , optical , or 
to increase the perceived coefficient of friction between the other storage media included in device 101 or coupled to 
user ' s finger and the touch - screen display . The computing processor 102 . 
device may also output a second haptic effect configured to 65 System 100 further includes haptic output devices 118 and 
decrease the stiffness of the surface of the touch - screen 120 in communication with processor 102 . The haptic output 
display . devices 118 and 120 are configured to output haptic effects 
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eynan 
that can be sensed by a user . In some embodiments , the through the wires , heat is emitted , causing the smart gel to 
haptic output device 118 may output haptic effects compris expand or contract , deforming haptic output device 120 . 
ing , for example , simulating a texture , simulating a vibra - Further , in some embodiments , haptic output device 120 
tion , or modulating a perceived coefficient of friction on the may comprise a rheological ( e . g . , a magneto - rheological or 
touch surface 116 in response to a haptic signal . In some 5 electro - rheological ) fluid . A rheological fluid may comprise 
embodiments , haptic output device 118 may comprise an metal particles ( e . g . , iron particles ) suspended in a fluid 
ultrasonic actuator . An ultrasonic actuator may vibrate at an ( e . g . , oil or water ) . In response to an electric or magnetic 
ultrasonic frequency , for example 20 kHz , increasing or field , the order of the molecules in the fluid may realign 
reducing the perceived coefficient at the surface of touch themselves , which may change the overall damping and / or 
surface 116 . Further , an ultrasonic actuator may comprise a 10 viscosity of the fluid , deforming haptic output device 120 . 
piezo - electric material . In some embodiments , haptic output In some embodiments , haptic output device 120 may 
device 118 may be a portion of the housing of touch surface comprise a mechanical deformation device . For example , in 
116 and / or computing device 101 . some embodiments , haptic output device 120 may comprise 

In some embodiments , haptic output device 118 may use an actuator coupled to an arm that rotates a deformation 
electrostatic attraction , for example by use of an electrostatic 15 component . The deformation component may comprise , for 
surface actuator , to output an ESF haptic effect . In some example , an oval , starburst , or corrugated shape . The defor 
embodiments , the haptic output device 118 may comprise a mation component may be configured to move the touch 
conducting layer and an insulating layer . The conducting surface 116 at some rotation angles but not others . The 
layer may comprise any semiconductor or other conductive actuator may comprise a piezo - electric actuator , rotating 
material , such as copper , aluminum , gold , or silver . The 20 linear actuator , solenoid , an electroactive polymer actuator , 
insulating layer may comprise any insulating material , for macro fiber composite ( MFC ) actuator , shape memory alloy 
example , glass , plastic , or polymer . In some embodiments , ( SMA ) actuator , and / or other actuator . As the actuator 
the processor 102 may operate the electrostatic actuator by rotates the deformation component , the deformation com 
applying an electric signal to the conducting layer . The ponent may move the surface of haptic output device 120 , 
electric signal may be an AC signal . In some embodiments , 25 causing it to deform . In such an embodiment , the deforma 
a high voltage amplifier may generate the AC signal . Appli - tion component may begin in a position wherein the touch 
cation of the AC voltage to the conducting layer may create surface 116 is flat . In response to receiving a signal from 
a capacitive coupling between the conducting layer and an processor 102 , the actuator may rotate the deformation 
object ( e . g . , a user ' s finger or a stylus ) near or touching the component . In some embodiments , rotating the deformation 
touch surface 116 . In some embodiments , the capacitive 30 component may cause one or more portions of the touch 
coupling may simulate a friction coefficient , a vibration , or surface 116 to raise or lower . The deformation may , in some 
a texture on the surface of the touch surface 116 . For embodiments , remain in this rotated state until the processor 
example , in one embodiment , the surface of the touch 102 signals the actuator to rotate the deformation component 
surface 116 may be smooth , but the capacitive coupling may back to its original position . 
produce an attractive force between an object near or touch - 35 Further , other techniques or methods can be used to 
ing the surface of the touch surface 116 ( and the conductive deform haptic output device 120 . For example , some 
layer ) . In some embodiments , varying the levels of attraction embodiments may comprise a flexible surface layer config 
between the object and the conducting layer can vary the ured to deform its surface or vary its texture based upon 
haptic effect perceived by the user . contact from a surface reconfigurable haptic substrate ( in 

In some embodiments , haptic output device 120 may 40 cluding , but not limited to , e . g . , fibers , nanotubes , electro 
comprise a deformation device configured to output a defor active polymers , piezoelectric elements , or shape memory 
mation haptic effect . In some embodiments , the deformation allows ) . In some embodiments , haptic output device 120 
haptic effect may comprise deforming the surface of the may be deformed by raising or lowering one or more surface 
touch surface 116 ( e . g . , raising or lowering portions of the features , for example , with a deforming mechanism , air or 
surface of the touch surface 116 ) . In some embodiments , the 45 fluid pockets , local deformation of materials , resonant 
deformation haptic effect may comprise bending , folding , mechanical elements , piezoelectric materials , micro - electro 
rolling , twisting , flexing , changing the shape of , or otherwise mechanical systems ( “ MEMS ” ) elements , thermal fluid 
deforming the computing device 101 and / or the touch sur - pockets , MEMS pumps , variable porosity membranes , or 
face 116 . That is , the deformation haptic effect may apply a laminar flow modulation . 
force on the computing device 101 and / or touch surface 116 50 In some embodiments , haptic output device 120 may be 
causing it to bend , fold , roll , twist , flex , change shape , or a portion of the housing of touch surface 116 and / or com 
otherwise deform . In some embodiments , the deformation puting device 101 . In other embodiments , haptic output 
haptic effect may comprise preventing or resisting comput - device 120 may be housed inside a flexible housing over 
ing device 101 and / or touch surface 116 from bending , laying touch surface 116 and / or computing device 101 . In 
folding , rolling , twisting , flexing , changing shape , or other - 55 some embodiments , the haptic output device 120 may com 
wise deforming . prise a flexible layer positioned behind computing device 

In some embodiments , haptic output device 120 may 101 and / or touch sensitive surface 116 ( e . g . , on the back of 
comprise fluid , for example , a smart gel . A smart gel may touch sensitive surface 116 ) . In some embodiments , the 
comprise a fluid with mechanical or structural properties that haptic output device 120 may be positioned over one or 
change in response to a stimulus or stimuli ( e . g . , an electric 60 more hinges in a foldable computing device 101 . For 
field , a magnetic field , temperature , ultraviolet light , shak - example , in some embodiments , the haptic output device 
ing , or a pH variation ) . For example , in response to a 120 may comprise a smart gel or rheological fluid and be 
stimulus , a smart gel may change in stiffness , volume , positioned over a hinge in a foldable display . Upon actuating 
transparency , and / or color . In some embodiments , stiffness the haptic output device 120 ( e . g . , with an electric field or an 
may comprise the resistance of the touch surface 116 against 65 electric current ) , the rheological or smart gel may change its 
deformation . In some embodiments , one or more wires may characteristics . In some embodiments , changing the charac 
be embedded in or coupled to the smart gel . As current runs teristics of the rheological fluid or smart gel may cause the 
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computing device 101 and / or a touch sensitive surface 116 example , optical sensors with a view of the touch surface 
to fold , bend , or flex . In other embodiments , changing the 116 may be used to determine the touch position . 
characteristics ( e . g . , hardening or stiffening ) of the rheologi - In other embodiments , the sensor 108 may comprise an 
cal fluid or smart gel may prevent or resist the computing LED detector . For example , in one embodiment , touch 
device 101 and / or touch sensitive surface 116 from folding , 5 surface 116 comprises an LED finger detector mounted on 
bending , or flexing . the side of a display 132 . In some embodiments , the pro 

In some embodiments , the computing device 101 may cessor 102 is in communication with a single sensor 108 , in 
comprise additional haptic output devices . For example , the other embodiments , the processor 102 is in communication 
computing device 101 may comprise one or more of a with a plurality of sensors 108 , for example , a first touch 
piezoelectric actuator , an electric motor , an electro - magnetic 10 surface and a second touch surface . The sensor 108 is 
actuator , a voice coil , a shape memory alloy , an electro - configured to detect user interaction ( e . g . , gestures , touches , 
active polymer , a solenoid , an ERM , or a linear resonant and / or bending , flexing , stretching , folding , twisting , or 
actuator ( LRA ) . Further , some haptic effects may utilize an rolling of the touch surface 116 ) with one or more touch 
actuator coupled to a housing of the computing device 101 , surfaces 116 , and based on the user interaction , transmit 
and some haptic effects may use multiple actuators of the 15 signals to processor 102 . In some embodiments , sensor 108 
same or different types in sequence and / or in concert . may be configured to detect multiple aspects of the user 

For example , in some embodiments , haptic output device interaction . For example , sensor 108 may detect the speed , 
118 may be used in concert with haptic output device 120 to direction , and pressure of a user interaction , and incorporate 
output a composite haptic effect . For instance , in some this information into the interface signal . 
embodiments , computing device 101 may output a compos - 20 Touch sensitive surface 116 may or may not comprise ( or 
ite haptic effect configured to create a ripple effect on touch otherwise correspond to ) a display 132 , depending on the 
surface 116 . In one embodiment , haptic output device 118 particular configuration of the system 100 . Some embodi 
increases the coefficient of friction on the surface of touch ments may include a touch - enabled display that combines 
surface 116 , while haptic output device 120 decreases the touch sensitive surface 116 and a display 132 , as shown in 
stiffness of the surface of touch surface 116 . Combined , as 25 FIG . 2 . In some embodiments , a flexible touch sensitive 
the user moves a finger along the touch surface 116 , a ripple surface 116 may overlay ( or otherwise correspond to ) a 
may be formed . display 132 . In such embodiments , the touch surface 116 

As another example , in some embodiments , computing may correspond to the display 132 exterior or one or more 
device 101 may output a composite haptic effect configured layers of material above the actual display 132 components . 
to cause the user to perceive a rubber button on the surface 30 Further , in some embodiments , the display 132 may be a 
of touch surface 116 . In one embodiment , the haptic output “ flexible display . ” A flexible display 132 may be one or more 
device 118 outputs a haptic effect simulating a rubber texture of rollable , bendable , foldable , stretchable , twistable , or 
on the surface of touch surface 116 while haptic output otherwise capable of surface deformation based effects . For 
device 120 deforms the surface ( e . g . , raises portions of the example , a flexible display 132 may comprise a bendable 
surface ) of touch surface 116 to simulate the edges of the 35 electronic paper . In some embodiments , the display 132 may 
button . The combined haptic effects may cause the user to be a permanently conformed display . In some embodiments , 
perceive a rubber button on the surface of touch surface 116 . a permanently conformed display may comprise curved 
In some embodiments , the texture and shape of the rubber surfaces and flat surfaces . In some embodiments , the curved 
button may be modulated via one or more haptic effects . In and / or flat surfaces cannot be deformed . 
other embodiments , computing device 101 may output a 40 Returning to FIG . 1 , in the embodiment shown , comput 
composite haptic effect configured to cause the user to ing device 101 comprises one or more additional sensors 
perceive touch surface 116 as smooth . In one embodiment , 130 . The one or more sensors 130 are configured to transmit 
haptic output device 118 decreases the coefficient of friction sensor signals to the processor 102 . In some embodiments , 
on the surface of touch surface 116 while haptic output sensor 130 may detect environmental characteristics ( e . g . 
device 120 increases the stiffness of the surface of touch 45 the amount of ambient light , humidity , atmospheric pres 
surface 116 . The combined haptic effects may cause the user sure , temperature , environmental noises ) , movement of the 
to perceive the touch surface 116 as a solid , smooth surface . computing device 116 ( e . g . , tilting ) , and / or deformations 
It should be understood that , although the composite haptic ( e . g . , bending , flexing , stretching , folding , twisting , or roll 
effects described in these examples as comprise two indi - ing ) of the computing device 101 . In some embodiments , the 
vidual haptic effects , a composite haptic effect may comprise 50 sensor 130 may comprise a camera , temperature sensor , 
any number of individual haptic effects . For example , in humidity sensor , sonar device , depth sensor , accelerometer , 
some embodiments , the composite haptic effect may com - or gyroscope , capacitive or resistive sensor , pressure sensor , 
prise a surface deformation , a simulated texture , and a strain gauge , or force sensor . For example , in some embodi 
vibration . ments , the sensor 130 may comprise a capacitive sensor for 

Further , system 100 comprises a touch surface 116 , 55 determining a contact surface area between a user and the 
which , in this example , is integrated into computing device computing device 101 and / or touch surface 116 . Further , in 
101 . Touch surface 116 represents any surface configured to some embodiments , sensor 130 may comprise a biosensor 
sense tactile input of a user ( e . g . , a touchpad ) . One or more configured to receive biological information and convert the 
sensors 108 are configured to detect a touch in a touch area biological information to a corresponding sensor signal 
when an object contacts a touch surface 116 and provide 60 based at least in part on the biosensor data . In some 
appropriate data for use by processor 102 . Any suitable embodiments , the biological information may comprise , for 
number , type , or arrangement of sensors can be used . For example , a person ' s heart rate , respiration rate , body tem 
example , resistive and / or capacitive sensors may be embed - perature , or biorhythm . In some embodiments , computing 
ded in touch surface 116 . In some embodiments , the sensors device 101 may determine and output a haptic effect based 
108 may be used to determine the location of a touch , a 65 in part on a signal from sensor 130 . Any suitable number , 
contact surface area between a user and the touch surface type , or arrangement of sensors 130 can be used . Although 
116 , and other information , such as pressure . As another the sensor 130 is depicted internal to computing device 101 
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in FIG . 1 , in some embodiments , one or more sensors 130 of a user ' s finger in contact with the surface of touch surface 
may be external to computing device 101 ( e . g . , on another 116 . In one embodiment , as the user flexes the computing 
device configured to transmit data from sensor 130 to the device , a smaller area of the user ' s skin may make contact 
computing device 101 , or mounted to a user ' s body , cloth - with the surface of touch surface 116 . Reduced contact area 
ing , or elsewhere ) . 5 between a user ' s finger and the touch surface 116 may result 

Turning to memory 104 , program components 124 , 126 , in the user perceiving a less intense haptic effect . For 
and 128 are depicted to show how a device can be config - example , reduced contact area may cause the user to per 
ured in some embodiments to provide a haptically - enabled ceive only a percentage of a haptic effect , e . g . , a haptic effect 
deformable surface . In this example , a detection module 124 intended to increase the perceived coefficient of friction . The 
configures processor 102 to monitor touch surface 116 via 10 haptic effect determination module 126 may detect or deter 
sensor 108 to determine a position of a touch . For example , mine this reduction in surface contact and , in response , 
module 124 may sample sensor 108 in order to track the output a haptic effect to compensate for this change . For 
presence or absence of a touch and , if a touch is present , to example , the haptic effect determination module may deter 
track one or more of the location , path , velocity , accelera - mine a more intense haptic effect to compensate for the 
tion , pressure and / or other characteristics of the touch over 15 reduced contact area . Thus , the coefficient of friction per 
time . Although the detection module 124 is depicted in FIG . ceived by the user remains the same as before the flexing of 
1 as a program component within the memory 104 , in some the computing device 101 . 
embodiments , the detection module 124 may comprise In some embodiments , haptic effect determination module 
hardware configured to monitor touch surface 116 via sensor 126 may comprise code that determines different haptic 
108 to detect or determine a position of a touch . In some 20 effects to be output at different locations on the touch surface 
embodiments , such hardware may comprise analogue to 116 . In some embodiments , the different haptic effects 116 
digital converters , processors , microcontrollers , compara may be configured to provide a more consistent haptic 
tors , amplifiers , transistors , and other analogue or digital experience to a user . For example , in some embodiments , a 
circuitry . user may contact the touch surface 116 with two or more 

Haptic effect determination module 126 represents a 25 fingers . In such embodiments , deformations in the touch 
program component that analyzes data regarding touch surface 116 and / or computing device 101 , different contact 
characteristics to determine a haptic effect to generate . surface areas between the user ' s fingers and the touch 
Particularly , haptic effect determination module 126 may surface 116 , and / or other factors may cause the user to 
comprise code that determines , based on an interaction with perceive inconsistent haptic effects between the two or more 
touch sensitive surface 116 , a haptic effect to output and 30 touch locations . For example , the user may perceive the 
code that selects one or more haptic effects to provide in haptic effect output at one touch surface 116 location as 
order to output the effect . For example , in some embodi - stronger than the haptic effect output at a second touch 
ments , some or all of the area of touch surface 116 may be surface 116 location . In some embodiments , the haptic effect 
mapped to a graphical user interface . Haptic effect determi - determination module 126 may determine one or more 
nation module 126 may select different haptic effects based 35 haptic effects configured to cause the user to perceive a 
on the location of a touch in order to simulate the presence consistent experience between the multiple touch surface 
of a feature on the surface of touch surface 116 . In some 116 locations . For example , the haptic effect determination 
embodiments , these features may correspond to a visible module 126 may determine a first haptic effect with a 
representation of the feature on the interface . However , decreased magnitude at the first touch location and a second 
haptic effects may be provided via touch surface 116 or the 40 haptic effect with an increased magnitude at the second 
display 132 even if a corresponding element is not displayed touch location . 
in the interface ( e . g . , a haptic effect may be provided if a In some embodiments , haptic effect determination module 
boundary in the interface is crossed , even if the boundary is 126 may comprise code that determines a haptic effect to 
not displayed ) . output based on the amount of pressure a user ( e . g . , the 

Further , in some embodiments , haptic effect determina - 45 user ' s finger ) exerts against the touch surface 116 and / or 
tion module 126 may comprise code that determines , based computing device 101 . For example , in some embodiments , 
on the degree of flexing , bending , folding , twisting , or haptic effect determination module 126 may select different 
stretching in the touch surface 116 or the display , a haptic haptic effects based on the amount of pressure a user exerts 
effect to output to the surface of the touch surface 116 . against the surface of touch surface 116 . In some embodi 
Haptic effect determination module 126 may further com - 50 ments , the amount of pressure a user exerts on the touch 
prise code that selects one or more haptic effects to provide surface 116 may affect the strength of the haptic effect 
in order to simulate the effect . For example , haptic effect perceived by the user . For example , in some embodiments , 
determination module 126 may select haptic effects based on reduced pressure may cause the user to perceive a weaker 
the amount of flex in the touch surface 116 or the display . haptic effect . The haptic effect determination module 126 
For example , in one embodiment , as the user flexes the 55 may detect or determine this reduction in pressure and , in 
computing device more than 20 degrees , the module 126 response , output or change a haptic effect to compensate for 
outputs a haptic effect configured to deform the touch this change . For example , the haptic effect determination 
surface 116 . In some embodiments , this touch surface 116 module may determine a more intense haptic effect to 
deformation may provide confirmation to the user that the compensate for the reduced pressure . Thus , the haptic effect 
touch surface 116 is flexed more than 20 degrees . 60 perceived by the user remains the same as before the 

In some embodiments , haptic effect determination module reduction in pressure . 
126 may comprise code that determines a haptic effect to In other embodiments , haptic effect determination module 
output based on an amount of a user ' s finger in contact with 126 may comprise code that determines , based on signals 
the touch surface 116 ( e . g . , the surface area of contact from sensor 130 ( e . g . , a humidity , temperature , an amount of 
between the finger and the touch surface 116 ) . For example , 65 ambient light , an accelerometer measurement , or a gyro 
in some embodiments , haptic effect determination module scope measurement ) , a haptic effect to output to touch 
126 may select different haptic effects based on the amount surface 116 . For example , in some embodiments , haptic 
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effect determination module 126 may determine a haptic Haptic effect generation module 128 represents program 
effect based on the amount of ambient light . In such embodi - ming that causes processor 102 to generate and transmit 
ments , as the ambient light decreases , the haptic effect haptic signals to haptic output devices 118 and 120 to 
determination module 126 may determine a haptic effect generate the selected haptic effect . For example , the haptic 
configured to deform the touch surface 116 or vary the 5 effect generation module 128 may access stored waveforms 
perceived coefficient of friction on touch surface 116 . In or commands to send to haptic output devices 118 and 120 
some embodiments , haptic effect determination module 126 to create the desired effect . In some embodiments , haptic 
may determine haptic effects based on the temperature ( e . g . , effect generation module 128 may comprise algorithms to 

as the temperature decreases , the haptic effect determination determine the haptic signal . Further , in some embodiments , 
module 126 may determine a haptic effect wherein the user 10 haptic effect generation module 128 may comprise algo 

rithms to determine target coordinates for the haptic effect perceives a decreasing coefficient of friction at the surface of ( e . g . , coordinates for a location on the touch surface 116 or touch surface 116 ) . the display ) . In some embodiments , environmental conditions ( e . g . , Although the haptic effect generation module 128 is humidity , temperature , pressure , environmental vibrations / $ 15 depicted in FIG . 1 as a program component within the 
noise , or an amount of ambient light ) may impact physical memory 104 , in some embodiments , the haptic effect gen 
properties of the touch surface 116 ( e . g . , its elasticity or eration module 128 may comprise hardware configured to 
shape ) . Changes in the physical properties of the touch determine one or more haptic effects to generate . In some 
surface 116 may impact the haptic effect perceived by the embodiments , such hardware may comprise analogue to 
user . Haptic effect determination module 126 may determine 20 digital converters , processors , microcontrollers , compara 
haptic effects configured to counteract these changes in tors , amplifiers , transistors , and other analogue or digital 
physical properties . In some embodiments , this may provide circuitry . 
a more consistent haptic experience for the user . For FIG . 3 shows another embodiment of a system for a 
example , in some embodiments , as temperature decreases , haptically - enabled deformable surface . In this example , the 
the elasticity of the touch surface 116 may decrease , result - 25 touch surface 316 does not overlay a display 322 . Comput 
ing in the touch surface 116 becoming more rigid . In ing device 301 comprises a touch surface 316 , which may be 
response , haptic effect determination module 126 may deter - mapped to a graphical user interface provided in a display 
mine a haptic effect configured to increase the elasticity of 322 included in computing system 320 . Computing system 
the surface of the touch surface 116 . In some embodiments , 320 is communicatively coupled to computing device 301 . 
the increased elasticity may provide a more consistent haptic 30 Computing device 301 may comprise a mouse , trackpad , or 
experience for the user . As another example , in some other device , while computing system 320 may comprise a 
embodiments , as environmental humidity or vibrations laptop computer , set - top box ( e . g . , DVD player , DVR , cable 
increase , the surface of touch surface 116 may deform . In television box ) , or another computing system . 
response , haptic effect determination module 126 may deter - In some embodiments , the touch surface 316 and display 
mine a haptic effect configured to resist deformations of the 35 322 may be disposed in the same device , such as a touch 
touch surface 116 . Further , in some embodiments , haptic enabled track pad in a laptop computer comprising display 
effect determination module 126 may determine a haptic 322 . Whether integrated with a display or otherwise , the 
effect configured to fold , bend , flex , or otherwise deform the depiction of planar touch surfaces in the examples herein is 
touch surface 116 substantially back to its unadulterated not meant to be limiting . Other embodiments may comprise 
configuration . 40 curved or irregular touch enabled surfaces that are further 

In some embodiments , haptic effect determination module configured to provide haptic effects . 
126 may comprise code that determines a haptic effect to be FIG . 4A shows another embodiment of a system for a 
output by haptic output device 118 based on a haptic effect haptically - enabled deformable surface . Deformable comput 
to be output by haptic output device 120 . Likewise , in some ing device 401 comprises a deformable touch - enabled dis 
embodiments , haptic effect determination module 126 may 45 play 416 , which combines a touch surface and a display . The 
comprise code that determines a haptic effect to be output by computing device 401 and / or touch - enabled display 416 
haptic output device 120 based on a haptic effect to be output may be flexible , bendable , foldable , twistable , stretchable , or 
by haptic output device 118 . For example , in some embodi - rollable . In some embodiments , computing device 401 may 
ments , the haptic effect determination module 126 may comprise a multifunction controller , for example , a control 
determine a first haptic effect comprising a decrease in a 50 ler for use in a kiosk , automobile , alarm system , thermostat , 
perceived coefficient of friction to be output by haptic output or other type of computing device . In some embodiment , 
device 118 . In some embodiments , based on the first haptic computing device 401 may comprise a smartphone , tablet , 
effect , the haptic effect determination module 126 may or other type of computer . 
determine a second haptic effect comprising an increase in Computing system 400 further comprises one or more 
surface tension of the touch surface 116 . The combination of 55 haptic output devices . At least one haptic output device is 
the decrease in the perceived coefficient of friction and the configured to output an ESF haptic effect , for example , a 
increased surface tension may make a user interaction ( e . g . , haptic effect simulating a texture or a vibration , or varying 
a sliding gesture ) more easily input by the user . a perceived coefficient of friction at the surface of touch 

Although the haptic effect determination module 126 is enabled display 416 . Further , in some embodiments , the 
depicted in FIG . 1 as a program component within the 60 computing device 400 may comprise a haptic output device 
memory 104 , in some embodiments , the haptic effect deter - configured to output a deformation haptic effect . 
mination module 126 may comprise hardware configured to In some embodiments , the computing device 401 may 
determine one or more haptic effects to generate . In some output a haptic effect in response to an event . An event , as 
embodiments , such hardware may comprise analogue to used herein , is any interaction , action , collision , or other 
digital converters , processors , microcontrollers , compara - 65 event which occurs during the operation of the computing 
tors , amplifiers , transistors , and other analogue or digital device 401 which can potentially comprise an associated 
circuitry . haptic effect . In some embodiments , an event may comprise 

Hlay 
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user input ( e . g . , interaction with a real or virtual button ; ments , changing the shape of the computing device 401 
manipulating a joystick ; interacting with a touch surface ; and / or touch enabled display 416 may provide a more 
tilting or orienting the computing device 401 ; or bending , realistic user interface experience for the user . In some 
folding , twisting , stretching , or flexing the computing device embodiments , the computing device 401 and / or touch 
101 ) , a system status ( e . g . , low battery , low memory , or a 5 enabled display 416 may change shape to enable or facilitate 
system notification , such as a notification generated based user input . For example , in some embodiments , the com 
on the system receiving an incoming call ) , sending data , puting device 401 may output a haptic effect configured to 
receiving data , or a program event ( e . g . , if the program is a change the shape of the touch enabled display 416 ( e . g . , to 
game , a program event may comprise explosions , collisions a game controller ) to enable a user to provide input more 
or interactions between game objects , or advancing to a new 10 easily ( e . g . , for a gaming application ) . In some embodi 
level ) . ments , the computing device 401 and / or touch enabled 

For example , in some embodiments , the computing display 416 may change shape based on information to be 
device 401 may output one or more virtual objects ( e . g . , a displayed to a user ( e . g . , the content of the information ) , or 
virtual menu , list , slider , knob , button , or other interface ) , as to display information ( e . g . , the computing device 401 may 
shown in FIG . 4B . In the embodiment shown in FIG . 4B , the 15 display information to a user through its shape ) . For 
virtual object 418 comprises a button with the word example , in some embodiments , the computing device 401 
“ BUMPY ” . Upon a user interacting with the one or more may output a haptic effect configured to change the shape of 
virtual objects 418 via touch enabled display 416 , one or the touch enabled display 416 in order to optimize the 
more haptic output devices may output haptic effects ( e . g . , information to be displayed on the touch enabled display 
a simulated bumpy texture ) . In some embodiments , the 20 416 . 
computing device may output one or more haptic effects In some embodiments , the user may be able to flex , bend , 
configured to cause a user to perceive a bump , border , or fold , stretch , or twist the computing device 416 into a 
other obstacle corresponding to an edge of a virtual object configuration . In some embodiments , the computing device 
418 . In some embodiments , a virtual object 418 may com - 416 may output one or more haptic effects configured to 
prise a widget configured to control a system associated with 25 maintain that configuration . For example , in some embodi 
the widget . For example , in some embodiments , the widget ments , the user may deform the computing device 401 
may comprise a virtual knob configured to control a tem - and / or touch enabled display 416 to make the computing 
perature setting of a climate control system . Thus , by device 401 and / or touch enabled display 416 conform to the 
interacting with the virtual knob , a user may be able to adjust shape of the user ' s body ( e . g . , the user may bend the 
temperature settings . 30 computing device 401 around the user ' s wrist ) . In some 

In some embodiments , multiple haptic output devices embodiments , the computing device 401 may output one or 
may output haptic effects in sequence or in concert . In some more haptic effects in response to the user flexing , bending , 
embodiments , the computing device 401 may determine the or folding the device , or other event . For example , in some 
multiple haptic effects such that a user perceives the multiple embodiments , the computing device 401 may output one or 
haptic effects as a single composite effect . Composite haptic 35 more haptic effects configured to maintain or hold the flex or 
effects are discussed in further detail with respect to FIG . 8 . bend ( e . g . , by preventing further flexing or deformation ) in 

FIG . 4C shows still another embodiment of a system for the computing device 401 and / or touch enabled display 416 . 
a haptically - enabled deformable surface . Deformable com - In some embodiments , maintaining the flex or bend in the 
puting device 401 comprises a deformable touch - enabled computing device 401 and / or touch enabled display 416 may 
display 416 , which combines a touch surface and a display . 40 allow a user to conform the computing device 401 to a shape 
In this example , the computing device 401 is executing an ( e . g . , around the user ' s ankle ) for use as a wearable device 
application , for example , a photo album application . The ( e . g . , as a ring , watch , bracelet , anklet , headband , or sleeve ) . 
application is outputting virtual objects 418 ( e . g . , a photo of FIG . 5 shows one embodiment of a user interaction with 
a dog ) via the touch enabled display 416 . a haptically - enabled deformable surface 502 . In some 

In some embodiments , the computing device 401 may 45 embodiments , a user may flex or bend touch surface 502 . For 
output one or more haptic effects configured to flex , bend , example , the user may flex touch surface 502 to lay the 
fold , twist , stretch , or roll the computing device 401 and / or computing device over an uneven surface . As another 
touch sensitive surface 416 based on an event . For example , example , a user may flex touch surface 502 to input data , 
in the example shown in FIG . 4C , the computing device 401 such as when flexing computing device comprises part of a 
has output a haptic effect configured to cause the computing 50 game . In some embodiments , a haptic output device may 
device 401 to fold in half , so that the back half of the cause the flexing or bending in the touch surface 502 as part 
computing device 401 acts as a stand for the computing of a haptic effect . 
device 401 , raising the computing device 401 off a resting In this example , the touch surface 502 is flexed so that a 
surface . In some embodiments , such a configuration may large portion of the user ' s finger 501 is in contact with the 
allow a user to more easily interact with or perceive appli - 55 touch surface 502 . In some embodiments , the computing 
cation data ( e . g . , photos ) . device may output a haptic effect in response to flexing , 

Further , in some embodiments , the computing device 401 bending , twisting , stretching , or folding of the computing 
and / or touch enabled display 416 may output haptic effects device and / or the touch surface 502 . In some embodiments , 
configured to change the shape of the computing device 401 the haptic effect may comprise ESF effects , vibrations , 
and / or touch enabled display 416 . In some embodiments , the 60 and / or deformations . 
computing device 401 and / or touch enabled display 416 may For example , in some embodiments , the computing 
change shape in response to the occurrence of an event , for device may detect bending , folding , or flexing . In response , 
example , the execution of a photo album application . For in some embodiments , the computing device may output 
example , in some embodiments , upon the execution of a haptic effects configured to provide a more consistent haptic 
photo album application , the computing device 401 may 65 experience for the user . For instance , in some embodiments , 
output a haptic effect configured to change the shape of the the amount of surface area of skin in contact with the touch 
computing device 401 to a photo frame . In some embodi - surface 502 may vary the user ' s perception of an ESF haptic 
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effect . As more surface area of the user ' s finger 501 makes example , if the user folds the computing device within a first 
contact with the touch surface 502 , the user may feel a range , such as between 10 and 20 degrees , the computing 
stronger haptic effect . Conversely , as less surface area of the device may output a first haptic effect ( e . g . , a deformation 
user ' s finger 501 makes contact with the touch surface 502 , configured to assist the user in folding the computing device 
the user may feel a weaker effect . Thus , in some embodi - 5 further ) . If the user bends the computing device within a 
ments , upon detecting the flexing , the computing device may second range , such as between 20 and 30 degrees , the 
determine that a relatively large amount of the user ' s finger computing device may output a second haptic effect ( e . g . , 
501 is in contact with touch surface 502 . In response , the modulate the perceived coefficient of friction on the surface 
computing device may output a haptic effect configured to of touch surface 602 proportionally to the amount of bend in 
decrease the capacitive coupling between the user and the 10 the computing device ) . Further , in some embodiments , a 
touch surface 502 . In some embodiments , this may result in haptic effect may be associated with the transition between 
the user perceiving a more constant ESF haptic effect . the first range and the second range . That is , upon the user 

FIG . 6 shows another embodiment of a user interaction bending the computing device roughly 20 degrees , the 
with a haptically - enabled deformable surface 602 . In this computing device may output a haptic effect ( e . g . , a vibra 
example , the computing device is outputting an ESF haptic 15 tion ) . In some embodiments , the transition haptic effect may 
effect . Further , in this example , the touch surface 602 is notify the user that the bend has transitioned between the 
flexed such that less surface area of user ' s finger 601 is in two ranges . 
contact with touch surface 602 than in the example shown in FIG . 7 shows a user interaction with a haptically - enabled 
FIG . 5 . In some embodiments , the computing device may deformable surface according to one embodiment . In some 
output a haptic effect in response to flexing , bending , twist - 20 embodiments , the touch surface 702 comprises the surface 
ing , stretching , or folding of the computing device and / or the of a computing device , such as a smartphone , laptop , tablet , 
touch surface 502 . In some embodiments , the haptic effect e - reader , or other electronic device . In some embodiments , 
may comprise ESF effects , vibrations , and / or deformations . a user may flex or bend touch surface 702 . For example , in 

For example , in some embodiments , the computing some embodiments , the user may bend or fold the touch 
device may detect bending , folding , or flexing . In response , 25 surface 702 to input data to a program ( e . g . , to turn the page 
in some embodiments , the computing device may output of a virtual book , to zoom in or out on a picture , or to scroll 
haptic effects configured to provide a more consistent haptic through a webpage ) . In some embodiments , the computing 
experience for the user . For instance , as noted above , as less device may output a haptic effect configured to flex , bend , or 
surface area of the user ' s finger 601 makes contact with the deform the surface of touch surface 702 . In some embodi 
touch surface 602 , the user may feel a weaker ESF haptic 30 ments this haptic effect may oppose or assist user interaction 
effect , even if the ESF haptic effect is output at a constant with the touch surface ( e . g . , folding or bending touch surface 
strength . Thus , in some embodiments , upon detecting the 702 ) . 
flexing , the computing device may determine that a rela - In some embodiments , the computing device may output 
tively small amount of the user ' s finger 601 is in contact one or more haptic effects based on user interaction . In some 
with touch surface 602 . In response , the computing device 35 embodiments , the user interaction may comprise past , cur 
may output a haptic effect configured to increase the capaci - rent , or anticipated future interaction . For example , in some 
tive coupling between the user and the touch surface 602 . In embodiments , the user may execute a drawing program 
some embodiments , this may result in the user perceiving a through which the user may draw a picture by sliding a 
more constant ESF haptic effect . finger across the surface of touch surface 702 . In response , 

In some embodiments , user input may comprise folding , 40 the computing device may output a composite haptic effect 
twisting , bending , stretching , or otherwise deforming the configured to simulate , for example , glass . In some embodi 
computing device and / or the touch surface 602 . For m ents , the composite haptic effect may comprise a first 
example , the computing device may comprise an application haptic effect configured to decrease the coefficient of friction 
( e . g . , a contact list application ) in which user input com perceived by the user . Further , the composite haptic effect 
prises folding the computing device ( e . g . , folding a corner of 45 may comprise a second haptic effect configured to increase 
the computing device to scroll downwards through the the stiffness of the touch surface 702 . In some embodiments , 
contact list ) . In some embodiments , upon the user folding the composite haptic effect may create a smooth , rigid 
the computing device , the computing device may output one surface ( e . g . , a glass - like surface ) over which a user ' s finger 
or more haptic effects . For example , in some embodiments , may more easily slide . 
the haptic effect may comprise a deformation configured to 50 As another example , in some embodiments , a user may 
resist against the user bending or flexing the computing execute a text entry program , through which the user enters 
device and / or touch surface 602 ( e . g . , if the user has reached text by interacting with a virtual keyboard output on the 
the end of the contact list ) . In some embodiments , the haptic touch surface 702 . In some embodiments , the computing 
effect may comprise a deformation configured to assist the device may output a haptic effect configured to simulate a 
user in folding the computing device ( e . g . , if the user is at 55 texture ( e . g . , plastic ) over the keys of the virtual keyboard . 
the beginning of the contact list ) . In other embodiments , the In some embodiments , the haptic effect may make text entry 
haptic effect may comprise a mechanical detent or vibration . more intuitive for a user . Further , in some embodiments , the 
In some embodiments , the detent or vibration may notify the computing device may output a composite haptic effect . In 
user of information ( e . g . , that the user has just scrolled some embodiments , the composite haptic effect may be 
passed a favorite contact , that the user is scrolling through 60 configured to simulate a keyboard . In some embodiments , 
a new subset of contacts , that the computing device has the composite haptic effect may comprise a first haptic effect 
received the user ' s input , or that the user interaction is configured to stiffen the touch surface 702 . In some embodi 
complete ) . ments , stiffening of the touch surface 702 may make text 

In some embodiments , the computing device may output entry easier for a user . The computing device may further 
haptic effects determined based on the manipulation of the 65 output a second haptic effect configured to deform the touch 
computing device ( e . g . , the amount of flexing , bending , surface 702 into a substantially planar shape . In some 
twisting , stretching , or folding in the computing device ) . For embodiments , deforming the touch surface 702 to a sub 



US 9 , 939 , 900 B2 
18 

stantially planar shape may make text entry easier for a user . 801a - c passes over this input device , the computing device 
Further , the computing device may output a third haptic may output one or more haptic effects to let the user know 
effect configured to simulate a texture ( e . g . , rubber ) over the that a finger 801a - c has passed over an input location . For 
keys of the virtual keyboard . In some embodiments , the example , in one embodiment , as the user ' s finger 801a - c 
composite haptic effect may make text entry easier for a user . 5 moves over top of a virtual button , the computing device 

FIG . 8 shows another embodiment of a user interaction outputs a composite haptic effect configured to increase the 
with a haptically - enabled deformable surface . In the coefficient of friction and deform the touch surface 802 to 
embodiment shown in FIG . 8 , multiple haptic output devices create a texture . In some embodiments , the composite haptic 
output haptic effects ( e . g . , an increase in a coefficient of effect may alert the user to the presence of the button . In 
friction perceived by a user and a decrease in the elasticity 10 another embodiment , as the user ' s finger 801a - c moves over 
of the touch surface 802 ) . These haptic effects are configured top of a slider , the computing device may output a composite 
to generate a composite haptic effect . In the embodiment haptic effect configured to increase the coefficient of friction 
shown in FIG . 8 , this composite haptic effect comprises a and decrease the stiffness of the surface of the touch surface 
bump or ripple in the touch surface 802 . As a result , as 802 . In some embodiments , the composite haptic effect may 
shown in FIG . 8 , as the user moves a finger 801a - c across 15 alert the user to the presence of the slider . 
touch surface 802 a ripple or bump may form . This ripple or 
bump may , in some embodiments , comprise the accumu Illustrative Methods for Enabling Haptic Feedback 
lated material of the touch surface 802 forming in front of in a Deformable Surface 
the user ' s finger . In some embodiments , such a composite 
effect may be used to simulate various features on touch 20 FIG . 9 is a flowchart showing a method for haptic 
surface 802 . feedback on a deformable surface according to one embodi 

In some embodiments , the computing device may com - ment . In some embodiments , the steps in FIG . 9 may be 
prise an e - reader with a deformable touch surface 802 . In implemented in program code that is executed by a proces 
some embodiments , the user may be reading a book on the sor , for example , the processor in a general purpose com 
e - reader via a reading application . The e - reader may output 25 puter , a mobile device , or a server . In some embodiments , 
a haptic effect associated with the reading application . For these steps may be implemented by a group of processors . 
example , a user may swipe a finger 801a - c from the left side In some embodiments one or more steps shown in FIG . 9 
of the touch surface 802 to the right side of the touch surface may be omitted or performed in a different order . Similarly , 
802 to change the page of the book . In response , in some in some embodiments , additional steps not shown in FIG . 9 
embodiments , the computing device may output one or more 30 may also be performed . The steps below are described with 
haptic effects . In some embodiments , the haptic effect may reference to components described above with regard to 
comprise a composite haptic effect configured to simulate system 100 shown in FIG . 1 . 
the feeling of a wave formed in the page of a book as the The method 900 begins at step 902 when processor 102 
page is turned . For example , one haptic output device may determines an event . In some embodiments , an event may 
output an ESF haptic effect configured to increase the 35 comprise , for example , interacting with the touch surface 
perceived coefficient of friction between the user ' s finger 116 or the computing device 101 , or a program event ( e . g . , 
801a - c and the touch surface 802 . Another haptic output the execution of software ) . For example , in some embodi 
device may output a haptic effect configured to decrease the ments , a user may fold the corner of the computing device 
stiffness of the surface of the touch surface 802 . As the user 101 to provide input . In response , the processor 102 may 
moves a finger 801a - c from the left side of the touch surface 40 determine that an event has occurred . 
802 to the right side of the touch surface 802 , the ESF haptic The method 900 continues when processor 102 deter 
effect may cause the user to feel additional friction . The mines a first haptic effect based at least in part on the event 
additional friction may cause material from deformable 904 . In some embodiments , the first haptic effect may 
touch surface 802 to accumulate in front of the user ' s comprise an effect configured to be output by haptic output 
moving finger 801a - c , forming a wave or bump in the touch 45 device 118 . Haptic output device 118 may comprise one or 
surface 802 . This wave or bump may simulate the feeling of more electrostatic actuators configured to simulate textures 
a page turning , e . g . , a page in a paperback book . or vibrations , or vary the perceived coefficient of friction on 

In some embodiments , as the user interacts with the touch surface 116 using electrostatic fields . The processor 
computing device ( e . g . , pushes the ripple or bump along 102 may rely on programming contained in haptic effect 
with a finger 801a - c ) , the computing device may vary the 50 determination module 126 to determine the first haptic effect 
characteristics of the composite haptic effect . In some to output to first haptic output device 118 . For example , in 
embodiments , the computing device may vary the charac - some embodiments , haptic effect determination module 126 
teristics of the composite haptic effect by modulating the may comprise a lookup table . In one such embodiment , 
characteristics of one or more individual haptic effects that , specific user inputs may be associated with particular haptic 
when combined , make up the composite haptic effect . For 55 effects . For example , in one embodiment , in response to 
example , as the user pushes the ripple or bump along with typing the word “ friction ” on a virtual keyboard on the 
a finger 801a - c , the computing device may modulate the device , the haptic effect determination module 126 associ 
elasticity of the touch surface 802 . In some embodiments , by ates a haptic effect wherein the haptic output device 116 
varying the characteristics of the composite haptic effect , the increases the coefficient of friction at the touch surface 116 . 
user may perceive a new or different composite haptic effect . 60 In some embodiments , the lookup table may comprise 

In other embodiments , the computing device may deform data associated with features of a user interface and a 
the touch surface 802 and output an ESF haptic effect to plurality of available haptic effects . For example , some 
provide the user with confirmation that a gesture is available . embodiments , the lookup table may comprise data associ 
For example , in some embodiments , as the user moves a ated with user interactions with a user interface , such as 
finger 801a - c across the surface of the touch surface 802 , the 65 sliding a user ' s finger over a virtual button , and a plurality 
user may pass over a button , slider , or other input device on of available haptic effects . For example , in such an embodi 
the surface of the touch surface 802 . As the user ' s finger ment , in response to a user sliding a finger over a virtual 
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button , the processor 102 may consult the lookup table . texture ( e . g . , due to surface deformations ) . Thus , the pro 
Based on the lookup table , the processor 102 may determine cessor 102 may determine that the first haptic effect need not 
a first haptic effect to be output by the first haptic output comprise an increase in a perceived coefficient of friction . 
device 118 wherein the coefficient of friction at touch This may be because the bumps in the touch surface 116 add 
surface 116 is increased . In some embodiments , the plurality 5 enough surface friction to achieve the desired first haptic 
of available haptic effects may comprise a plurality of effect . 
textures . For example , the plurality of textures may com - The method 900 continues when processor 102 deter 
prise one or more of the textures of : sand , glass , ice , rubber , mines a second haptic effect based at least in part on the 
water , or any other available texture . For example , in some event 906 . In some embodiments , the second haptic effect 
embodiments , a specific texture may be associated with a 10 may comprise a haptic effect configured to be output by 
button , for example , a glass texture . In such an embodiment , haptic output device 120 . Haptic output device 120 may 
the processor 102 may consult the lookup table and deter comprise one or more smart gels or deformation actuators 
mine a haptic effect in which the perceived coefficient of configured to deform touch surface 116 . The processor 102 
friction on the surface of touch surface 116 is decreased to may rely on programming contained in haptic effect deter 
create the feel of a glass button . 15 mination module 126 to determine the second haptic effect 

In some embodiments , a first haptic effect may be asso - to output to second haptic output device 120 . For example , 
ciated with the virtual terrain that a character in the game is in some embodiments , haptic effect determination module 
passing over . For example , in one embodiment , a first haptic 126 may comprise a lookup table . In one such embodiment , 
effect is associated with sand over which the character in the specific user inputs may be associated with particular haptic 
video game is walking . In such an embodiment , the proces - 20 effects . For example , in one embodiment , in response to 
sor 102 may determine a first haptic effect wherein the typing the word “ up ” on a virtual keyboard on the device , the 
perceived coefficient of friction on the surface of touch haptic effect determination module 126 associates a haptic 
surface 116 is increased to create the feel of sand . effect wherein the haptic output device 120 raises the surface 

In some embodiments , the processor 102 may determine of the touch surface 116 . 
the first haptic effect based on if , or how much , the touch 25 In some embodiments , the lookup table may comprise 
surface 116 is flexed , twisted , stretched , or folded . For data associated with features of a user interface and a 
example , in one such embodiment , if the touch surface 116 plurality of available haptic effects . For example , in some 
is flexed more than 50 % , the processor 102 determines a first embodiments , the lookup table may comprise data associ 
haptic effect that increases the perceived coefficient of ated with user interactions with a user interface , such as 
friction at touch surface 116 by 50 % . In another such 30 sliding a user ' s finger over a virtual button , and a plurality 
embodiment , if the touch surface 116 is flexed more than of available haptic effects . For example , in some embodi 
50 % , the processor 102 determines a first haptic effect that ments , in response to a user sliding a finger over a virtual 
comprising a vibration . button , the processor 102 may consult the lookup table . 

In one embodiment , the processor 102 may apply data Based on the lookup table , the processor 102 may determine 
from a user input to an algorithm to determine a first haptic 35 a second haptic effect to be output by the second haptic 
effect . For example , in some embodiments , a user may input output device 120 in which the touch surface 116 is raised 
a number as part of a game . In response , the processor 102 to simulate borders of the button . 
determines a first haptic effect wherein the first haptic output In some embodiments , a second haptic effect may be 
device 118 increases a perceived coefficient of friction at the associated with the virtual terrain that a character in the 
surface of touch surface 116 in an amount that is inversely 40 game is passing over . For example , in one embodiment , a 
proportional to the size of a number the user input . second haptic effect is associated with rocks over which the 

Further , in some embodiments , users may have “ haptic character in the video game is walking . In such an embodi 
profiles ” wherein a user can determine and save in memory ment , the processor 102 may determine a second haptic 
104 a " profile ” of the haptic effects the user would like effect wherein the second haptic output device 120 raises 
associated with particular events . For example , in one 45 and lowers the surface of touch surface 116 to create the feel 
embodiment , a user can select from a list of options which of rocks . 
haptic effect the user would like associated with a button on In some embodiments , processor 102 may determine the 
a user interface . In some embodiments , the list may com - second haptic effect based on if or how much the touch 
prise , for example , haptic effects such as high coefficient of surface 116 is flexed , twisted , stretched , or folded . For 
friction , low coefficient of friction , patterned changes in the 50 example , in some embodiments , if the touch surface 116 is 
coefficient of friction , or textures such as bumpy , rubbery , or flexed more than 50 % , processor 102 generates a haptic 
smooth . In such embodiments , the processor 102 may con - effect that increases the size of a bump on the touch surface 
sult with the user ' s haptic profile to determine which first 116 by 50 % of the original size . In some embodiments , if the 
haptic effect to generate . For example , if the user ' s haptic touch surface 116 is flexed more than 50 % , processor 102 
profile associates interaction with the button with a texture , 55 generates a haptic effect comprising a vibration . 
such as smooth , in response to the user placing a finger over In one embodiment , the processor 102 may apply data 
the button , processor 102 may determine a first haptic effect from a user input to an algorithm to determine a second 
wherein the user perceives a low coefficient of friction on the haptic effect . For example , in one such embodiment , a user 
surface of touch surface 116 . may input a number as part of a game . In response , the 

In other embodiments , processor 102 may determine the 60 processor 102 determines a second haptic effect wherein the 
first haptic effect based on current surface deformations or second haptic output device 120 raises the surface of touch 
the current perceived coefficient of friction on the surface of surface 116 in millimeters in an amount that is proportional 
touch surface 116 . For example , in some embodiments , the to the size of a number a user input . 
processor 102 may determine a first haptic effect perceivable Further , in some embodiments , user ' s may have " haptic 
by the user as a high coefficient of friction . Further , in some 65 profiles ” wherein a user can determine and save in memory 
embodiments , the processor 102 may determine that the 104 a " profile ” of the haptic effects the user would like 
surface of touch surface 116 may already comprise a bumpy associated with particular events . For example , in some 
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embodiments , a user can select from a list of options which The method 900 continues when processor 102 deter 
haptic effect the user would like associated with a button on mines a degree of flexing of a deformable surface . In some 
a user interface . In some embodiment , the list may comprise , embodiments , the processor 102 may determine if , or how 
for example , haptic effects such as bumpy , smooth , or wavy . much , the touch surface 116 or computing device 101 is 
In such embodiments , processor 102 may consult with the 5 flexed , twisted , stretched , or folded . 
user ' s haptic profile to determine which second haptic effect The method 900 continues when processor 102 changes 
to generate . For example , if the user ' s haptic profile asso the first haptic effect , the second haptic effect , or both based 
ciates interaction with the button with a texture , such as on at least one of the degree of flexing , the size of a surface 
bumpy , in response to the user placing a finger over the contact area , or the position of a detected user interaction . 
button , the processor 102 may generate a second haptic 10 For example , in some embodiments , based on the event , the 

processor 102 may determine a first haptic effect comprising effect wherein the user perceives bumps at the surface of an increase in a perceived coefficient of friction . Further , in touch surface 116 . some embodiments , the processor 102 may change the first In other embodiments , processor 102 may determine the haptic effect based on if , or how much , the touch surface 116 
second haptic effect based on the first haptic effect . For 15 is flexed twisted st haptic elect : For 15 is flexed , twisted , stretched , or folded . For example , in some example , if the first haptic effect comprises a high coefficient embodiments , in response to flexing or bending the com 
of friction , processor 102 may determine the second haptic puting device 101 and / or touch surface 116 , the processor 
effect should comprise low surface stiffness to create a 102 may change the first haptic effect from an increase in a 
composite ripple haptic effect . Similarly , processor 102 may perceived coefficient of friction to a simulated texture . In 
determine the second haptic effect based on current surface 20 other embodiments , in response to decreased contact surface 
deformations or the perceived coefficient of friction on the area between the user ' s finger and the touch surface 116 , the 
surface of touch surface 116 . In some embodiments , for processor 102 may increase the magnitude of the first haptic 
example , processor 102 may determine that because the effect . In some embodiments , increasing the magnitude of 
surface of touch surface 116 already has been deformed to the first haptic effect may counteract the effects of decreas 
contain a bump , the second haptic effect need not change 25 ing contact surface area between the user ' s finger and the 
anything , and thus no second haptic effect needs to be touch surface 116 on the strength of the haptic effect 
determined . perceived by the user . 

In some embodiments , processor 102 may determine the The method 900 continues when processor 102 receives a 
second haptic effect based on the characteristics of haptic signal from a sensor 130 configured to detect an environ 
output device 120 . In some embodiments , haptic output 30 mental characteristic or biological information 912 . The 
device 120 comprises smart gel and a conductor for emitting sensor 130 is configured to transmit a sensor signal to the 
heat . In such embodiments , processor 102 may base its processor 102 . In some embodiments , the environmental 
second haptic effect determination on one or more of the characteristic may comprise one or more of humidity , tem 
type of smart gel , the type of conductor , the effect to be perature , or the amount of ambient light . In some embodi 
generated , and how much heat must be generated to output 35 ments , the biological information may comprise one or more 
a specific effect . In other embodiments , haptic output device of a heart rate , respiration rate , body temperature , or bio 
120 may comprise a deformation actuator coupled to an arm rhythm . 
that rotates a deformation component . In such embodiments , The method 900 continues when processor 102 changes 
processor 102 may base its second haptic effect determina - the first haptic effect , the second haptic effect , or both based 
tion on one or more of the type of deformation actuator , the 40 on the signals from sensor 130 . For example , in some 
location of the deformation component , the effect to be embodiments , a user may be interacting with computing 
generated , and how much the deformation component must device 101 . In some embodiments , as the user interacts with 
be rotated to output a specific effect . the computing device 101 , the sensor 130 may detect the 

In some embodiments , processor 102 may determine a user ' s heart rate . The sensor 130 transmits a sensor signal 
composite haptic effect comprising the first haptic effect and 45 associated with the user ' s heart rate to processor 102 . The 
the second haptic effect . In some embodiments , processor processor 102 may change , based on the sensor signal , the 
102 may determine the composite haptic effect in response first haptic effect , the second haptic effect , or both . For 
to an event . Based on the determined composite haptic example , in some embodiments , a user may be playing a 
effect , processor 102 may determine the first haptic effect physical fitness video game . As part of a forearm exercise in 
and the second haptic effect that , in combination , create the 50 the game , the user may need to rapidly flex the computing 
perception of the composite haptic effect . For example , in device 101 up and down . The sensor 130 may detect the 
one embodiment , in response to a user sliding a finger over user ' s heart rate and / or respiration rate and transmit a sensor 
a virtual button , the processor 102 determines a composite signal associated with the heart rate and / or respiration rate to 
haptic effect , for example , comprising a rubber button the processor 102 . In some embodiments , the processor 102 
texture . In such an embodiment , based on the composite 55 may output a second haptic effect configured to resist against 
haptic effect , the processor 102 determines a first haptic the user flexing the computing device 101 . Further , in some 
effect , such as a rubber texture , and a second haptic effect , embodiments , the processor 102 may change ( e . g . , decrease ) 
such as the border of a button , that in combination create the the amount of resistance to be output via the second haptic 
feel of the composite haptic effect , a rubber button . As effect based on the user ' s heart rate and / or respiration rate . 
another example , in response to a user sliding a finger over 60 The method 900 continues when processor 102 transmits 
a virtual image of a road , in one embodiment , the processor a first haptic signal associated with the first haptic effect to 
102 determines a composite haptic effect , for example , first haptic output device 916 , which outputs the haptic 
comprising a bumpy texture . In such an embodiment , based effect . In some embodiments , the processor 102 may access 
on the composite haptic effect , the processor 102 determines drive signals stored in memory 104 and associated with 
a first haptic effect , such as a bumpy texture , and a second 65 particular haptic effects . In some embodiments , a signal may 
haptic effect , such as a vibration , that in combination create be generated by accessing a stored algorithm and inputting 
the feel of the composite haptic effect , a bumpy road . parameters associated with an effect . For example , in some 
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embodiments , an algorithm may output data for use in the characteristics of the haptic effect based on the kind of 
generating a drive signal based on amplitude and frequency paper ( e . g . , the roughness , texture , stiffness , or elasticity of 
parameters . As another example , a haptic signal may com - the paper ) on which the original book was printed . For 
prise data sent to an actuator to be decoded by the actuator . instance , if the original book was printed on parchment 
For instance , the actuator may itself respond to commands 5 paper , the computing device 1000 may output a haptic effect 
specifying parameters such as amplitude and frequency . specifving parameters such as amplitude and frequency . wherein the wave formed is not as significant , because 

The method 900 continues when processor 102 transmits parchment paper is more rigid . In some embodiments , to 
a second haptic signal associated with the second haptic simulate a wave formed in parchment paper , computing 
effect to a second haptic output device 918 , which outputs device 1000 may output a first haptic effect configured to 
the second haptic effect 618 . In some embodiments , the 10 increase the perceived coefficient of friction between the 
processor 102 may access drive signals stored in memory user ' s finger 1004 and the display surface 1002 , or output a 
104 and associated with particular haptic effects . In some texture configured to simulate that of parchment paper . The 
embodiments , a signal may be generated by accessing a computing device 1000 may further output a second haptic 
stored algorithm and inputting parameters associated with an effect configured to decrease the stiffness of the display 
effect . For example , in some embodiments , an algorithm 15 surface 1002 to further simulate the texture of parchment 
may output data for use in generating a drive signal based on paper . As the user moves a finger 1004 from the right side 
amplitude and frequency parameters . As another example , a of the display surface 1002 to the left side of the display 
haptic signal may comprise data sent to an actuator to be surface 1002 , a small wave or bump may form as a small 
decoded by the actuator . For instance , the actuator may itself amount of material from the deformable display surface 
respond to commands specifying parameters such as ampli - 20 1002 accumulates in front of the user ' s moving finger 1004 . 
tude and frequency . In some embodiments , this may simulate the feeling of a 

In some embodiments , processor 102 may determine a parchment page turning , e . g . , a parchment page in a paper 
composite haptic effect comprising a first haptic effect and back book . 
a second haptic effect . In such embodiments , the processor In another embodiment , computing device 1000 may be 
102 may create the composite haptic effect by transmitting 25 configured to output haptic effects configured to simulate a 
the second haptic signal associated with the second haptic texture similar to that of computer printer paper . For 
effect to haptic output device 120 . For example , processor example , in some embodiments , the computing device 1000 
102 may determine a composite haptic effect comprising a may output a first haptic effect configured to vary the 
wave on the surface of touch surface 116 . To create the perceived coefficient of friction . The computing device 1000 
composite haptic effect , processor 102 may determine a 30 may also output a second haptic effect configured to 
second haptic effect comprising decreasing the stiffness of decrease the stiffness of the surface of the display surface 
the surface of touch surface 116 . In some embodiments , 1002 . In some embodiments , as the user moves a finger 1004 
processor 102 may transmit a second haptic signal associ - from the right side of the display surface 1002 to the left side 
ated with a second haptic effect to second haptic output of the display surface 1002 , a wave or bump may form as 
device 120 , which outputs the second haptic effect . In one 35 material from the deformable display surface 1002 may 
such embodiment , the user may perceive decreased tension accumulate in front of the user ' s moving finger 1004 . In 
at the surface of touch surface 116 . When combined with a some embodiments , this may simulate the feeling of a page 
first haptic effect that increases the coefficient of friction at printed on computer printer paper turning . In some embodi 
the surface of touch surface 116 , the decreased stiffness may m ents , due to the difference in the texture of printer paper 
cause material from deformable touch surface 116 to accu - 40 versus parchment paper , the wave or bump may be larger 
mulate in front of the user ' s moving finger , forming a wave than in the embodiment described above with regard to 
in the touch surface 116 . simulating the texture of parchment paper . 

FIG . 11 shows another embodiment of a user interaction 
Additional Embodiments of Systems for Enabling with a haptically - enabled deformable surface . In this 

Haptic Feedback on a Deformable Surface 45 example , computing device 1106 comprises a smartphone 
with a touchscreen display . A virtual keyboard 1102 is 

FIG . 10 shows one embodiment of a user interaction with shown on the display surface 1100 . In some embodiments , 
a haptically - enabled deformable surface . In this example , a a user may wish to enter text for a text message via the 
computing device 1000 comprises an e - reader or a tablet . virtual keyboard 1102 . In some embodiments , the virtual 
The computing device 1000 comprises an application ( e . g . , 50 keyboard 1102 may be “ swipe " enabled , in which the user 
a reading application ) . In some embodiments , the computing can input words by sliding a finger along the virtual key 
device 1000 may output a haptic effect associated with the board from the first letter of a word to its last letter , lifting 
operation of the device and / or the application . For example , a finger only between words . 
as a user swipes a finger 1004 from the right side of the In some embodiments , the computing device 1106 may 
display surface 1002 to the left side of the display surface 55 output one or more haptic effects in response to a user 
1002 ( e . g . , to change the page of a book output by a reading interaction with the computing device 1006 and / or the 
application ) , the computing device 1000 may output a haptic display surface 1100 . For example , in some embodiments , as 
effect . For example , the computing device 1000 may output the user moves a finger 1104 along the letters of the virtual 
a haptic effect simulating the feel of turning the page in a keyboard 1102 , the computing device 1106 may output a 
paper book . In such an embodiment , the computing device 60 composite haptic effect comprising three haptic effects . In 
1000 may output one or more haptic effects configured to some embodiments , the first haptic effect may comprise an 
simulate the feeling of a wave formed in the page of a book ESF haptic effect configured to simulate the feeling of 
when a page is turned . interacting with each key ( e . g . a finger rubbing on a single 

In some embodiments , the computing device 1000 may key ) . The second haptic effect may comprise a deformation 
output one or more haptic effects with characteristics based 65 based haptic effect configured to simulate the edges of the 
on the characteristics of an object in real space . For example , keys . The third haptic effect may comprise a deformation 
in some embodiments , the computing device 1000 may vary based haptic effect configured to simulate the keys being 
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pushed as the user interacts with the keys . For instance , in The decreased coefficient of friction may cause the size of 
some embodiments , the composite haptic effect may com - the bump 1208 formed in the display surface 1206 to 
prise a metal button . In some embodiments , the computing decrease . The user may perceive the reduction in the size of 
device 1106 may output an ESF - based first haptic effect the bump as a decrease in the tension of the virtual slingshot 
configured to simulate the texture of metal . The computing 5 1202 . 
device 1106 may output a deformation - based second haptic As another example , in some embodiments , as the user 
effect to simulate the transitions between buttons . Further , moves a finger 1204 toward the slingshot ’ s frame to loosen 
the computing device 1106 may output a deformation - based the tension in the virtual slingshot 1202 , computing device 
third haptic effect to simulate pushing the keys down . 1200 may increase the surface stiffness on the surface of 
Combined , the user may perceive metal buttons as the user 10 display surface 1206 . The increased surface stiffness may 
swipes a finger 1104 over the display surface 1100 . cause the size of the bump 1208 formed in the display 

In some embodiments , the computing device 1106 may surface 1206 to decrease . The user may perceive the reduc 
output haptic effects to provide information to a user . For tion in the size of the bump as a decrease in the tension of 
example , in some embodiments , the computing device 1106 the virtual slingshot 1202 . 
may alter the perceived coefficient of friction on the display 15 In other embodiments , computing device 1200 may out 
surface 1100 and / or deform ( e . g . , raise or lower ) the display put haptic effects based on the characteristics of a virtual 
surface 1100 over certain keys in the virtual keyboard 1102 , object . For example , in the embodiment shown in FIG . 12 , 
for example , vowels . In such an embodiment , the user may the computing device 1200 may vary the perceived coeffi 
be able to perceive that a finger 1104 is touching a key , e . g . cient of friction or the deformation on the surface of display 
a vowel , without looking at the screen . For example , in some 20 surface 1206 based on the virtual materials within the virtual 
embodiments , the computing device 1106 may increase the slingshot 1202 . For instance , in one embodiment , the virtual 
perceived coefficient of friction on display surface 1100 and slingshot ’ s 1202 elastic material comprises virtual vulca 
also raise the display surface 1100 over vowels . As the user nized natural rubber . In some embodiments , as the user 
interacts with the virtual keyboard 1102 , the user may interacts with the virtual slingshot 1202 , the computing 
perceive features over the vowels , such as bumps , waves , 25 device 1200 may output a haptic effect with a significantly 
textures , or ridges , which the user would not otherwise higher perceived tension than if the virtual slingshot ' s 1202 
perceive without the haptic effects . In some embodiments , elastic material comprised a different virtual material , such 
this may alert the user that the user ' s finger is touching a as cotton . Likewise , the computing device 1200 may vary 
vowel . the haptic effect based on the material of the frame of the 

FIG . 12A shows a user interaction with a haptically - 30 virtual slingshot 1202 . For example , in some embodiments , 
enabled deformable surface according to one embodiment as the user interacts with the virtual slingshot 1202 , com 
In some embodiments , the computing device 1200 may puting device 1200 outputs a haptic effect with a lower 
output one or more haptic effects associated with a program perceived tension if the virtual slingshot ' s 1202 frame is 
or game . In the embodiment shown in FIG . 12A , the user is made from virtual metal rather than virtual wood . In some 
playing a game associated with a virtual slingshot 1202 . In 35 embodiments , this may simulate the difference in the pli 
some embodiments , as the user tightens the virtual slingshot ability of metal versus wood . 
1202 , computing device 1200 may output one or more haptic 
effects , for example , haptic effects configured to simulate an Advantages of a Haptically - Enabled Deformable 
increase in tension . In one embodiment , the computing Surface 
device 1200 outputs a haptic effect comprising a perceived 40 
increase in the coefficient of friction at the display surface There are numerous advantages to enabling haptic feed 
1206 and a surface deformation in which the surface of the back on deformable surfaces . Such systems may allow the 
display surface 1206 is raised . In some embodiments , as the user to make a state determination ( e . g . , determine the mode 
user moves a finger 1204 across the display surface 1206 to a device is in ) without looking at the device . Thus , the user 
tighten the virtual slingshot 1202 , the computing device 45 may be able to maintain focus on other tasks . For example , 
1200 increases the perceived coefficient of friction and a user may be able to make determinations with regard to 
raises a portion of the display surface 1206 , forming a bump available operations in a program or on a user interface , 
1208 as shown in FIG . 12B . As the user ' s finger 1204 pushes without having to visually focus on the display . Similarly , a 
against the bump 1208 , the user may perceive a feeling of haptic effect may serve as a confirmation that an operation 
increased tension ( i . e . , increased resistance against move - 50 is available , has been completed , or is of a certain level of 
ment ) . In some embodiments , the computing device 1200 importance . 
may increase the perceived coefficient of friction and / or the In other embodiments , haptically - enabled deformable sur 
stiffness of the bump such that the user may be prevented faces may enable a user to use software and user interfaces 
from moving the bump 1208 further . In some embodiments , more effectively . For example , in some embodiments , defor 
preventing the user from moving the bump 1208 further may 55 mation - based haptic feedback may assist or resist against a 
indicate to the user that the user has reached a maximum user performing certain functions . For instance , in some 
tension level . embodiments , deformation - based haptic feedback may 

In some embodiments , the computing device 1200 may assist a user in bending or folding a computing device to 
vary the characteristics of the haptic effect as the user provide input , or resist against the user bending or folding 
interacts with the computing device 1200 . In some embodi - 60 the computing device if the user is not allowed to provide 
ments , the computing device 1200 may vary the feeling of input at that time . 
tension by decreasing the perceived coefficient of friction or In some embodiments , haptically - enabled deformable 
lowering the raised portion of the display surface 1206 . For surfaces may provide a more realistic or immersive user 
example , in some embodiments , if the user moves a finger experience . For example , in some embodiments , a user 
towards the slingshot ’ s frame to loosen the tension in the 65 playing a game on a deformable surface may receive haptic 
virtual slingshot 1202 , computing device 1200 may decrease feedback associated with game events , making the game 
the perceived coefficient of friction at display surface 1206 . more realistic and enjoyable . 
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Further , in some embodiments , haptically - enabled values may , in practice , be based on additional conditions or 

deformable surfaces may allow deformable surfaces to values beyond those recited . Headings , lists , and numbering 
replace conventional switches . This may allow deformable included herein are for ease of explanation only and are not 
surfaces to operate as multifunction controllers and / or to be meant to be limiting . 
used in previously unused places . In some embodiments , 5 Embodiments in accordance with aspects of the present 
using deformable surfaces as multifunction controllers or in subject matter can be implemented in digital electronic 
previously unused places may reduce costs and increase circuitry , in computer hardware , firmware , software , or in 
overall user satisfaction . combinations of the preceding . In one embodiment , a com 

puter may comprise a processor or processors . The processor General Considerations comprises or has access to a computer - readable medium , 
The methods , systems , and devices discussed above are such as a random access memory ( RAM ) coupled to the 

processor . The processor executes computer - executable pro examples . Various configurations may omit , substitute , or 
add various procedures or components as appropriate . For gram instructions stored in memory , such as executing one 
instance , in alternative configurations , the methods may be 15 or more computer programs including a sensor sampling 
performed in an order different from that described , and / or routine , selection routines , and other routines to perform the 
various stages may be added , omitted , and / or combined . may be added omitted and / or combined methods described above . 
Also , features described with respect to certain configura Such processors may comprise a microprocessor , a digital 
tions may be combined in various other configurations . signal processor ( DSP ) , an application - specific integrated 
Different aspects and elements of the configurations may be 20 circuit ( ASIC ) , field programmable gate arrays ( FPGAs ) , 
combined in a similar manner . Also , technology evolves and state machines . Such processors may further comprise 
and , thus , many of the elements are examples and do not programmable electronic devices such as PLCs , program 
limit the scope of the disclosure or claims . mable interrupt controllers ( PICs ) , programmable logic 

Specific details are given in the description to provide a devices ( PLDs ) , programmable read - only memories 
thorough understanding of example configurations ( includ - 25 ( PROMs ) , electronically programmable read - only memories 
ing implementations ) . However , configurations may be ( EPROMs or EEPROMs ) , or other similar devices . 
practiced without these specific details . For example , well Such processors may comprise , or may be in communi 
known circuits , processes , algorithms , structures , and tech - cation with , media , for example tangible computer - readable 
niques have been shown without unnecessary detail in order media , that may store instructions that , when executed by 
to avoid obscuring the configurations . This description pro - 30 the processor , can cause the processor to perform the steps 
vides example configurations only , and does not limit the described herein as carried out , or assisted , by a processor . 
scope , applicability , or configurations of the claims . Rather , Embodiments of computer - readable media may comprise , 
the preceding description of the configurations will provide but are not limited to , all electronic , optical , magnetic , or 
those skilled in the art with an enabling description for other storage devices capable of providing a processor , such 
implementing described techniques . Various changes may 35 as the processor in a web server , with computer - readable 
be made in the function and arrangement of elements instructions . Other examples of media comprise , but are not 
without departing from the spirit or scope of the disclosure . limited to , a floppy disk , CD - ROM , magnetic disk , memory 

Also , configurations may be described as a process that is chip , ROM , RAM , ASIC , configured processor , all optical 
depicted as a flow diagram or block diagram . Although each media , all magnetic tape or other magnetic media , or any 
may describe the operations as a sequential process , many of 40 other medium from which a computer processor can read . 
the operations can be performed in parallel or concurrently . Also , various other devices may comprise computer - read 
In addition , the order of the operations may be rearranged able media , such as a router , private or public network , or 
A process may have additional steps not included in the other transmission device . The processor , and the process 
figure . Furthermore , examples of the methods may be imple ing , described may be in one or more structures , and may be 
mented by hardware , software , firmware , middleware , 45 dispersed through one or more structures . The processor 
microcode , hardware description languages , or any combi - may comprise code for carrying out one or more of the 
nation thereof . When implemented in software , firmware , methods ( or parts of methods ) described herein . 
middleware , or microcode , the program code or code seg While the present subject matter has been described in 
ments to perform the necessary tasks may be stored in a detail with respect to specific embodiments thereof , it will be 
non - transitory computer - readable medium such as a storage 50 appreciated that those skilled in the art , upon attaining an 
medium . Processors may perform the described tasks . understanding of the foregoing may readily produce altera 

Having described several example configurations , various tions to , variations of , and equivalents to such embodiments . 
modifications , alternative constructions , and equivalents Accordingly , it should be understood that the present dis 
may be used without departing from the spirit of the dis closure has been presented for purposes of example rather 
closure . For example , the above elements may be compo - 55 than limitation , and does not preclude inclusion of such 
nents of a larger system , wherein other rules may take modifications , variations and / or additions to the present 
precedence over or otherwise modify the application of the subject matter as would be readily apparent to one of 
invention . Also , a number of steps may be undertaken ordinary skill in the art . 
before , during , or after the above elements are considered . 
Accordingly , the above description does not bound the scope 60 What is claimed : 
of the claims . 1 . A system comprising : 

The use of “ adapted to " or " configured to ” herein is meant a first haptic output device configured to receive a first 
as open and inclusive language that does not foreclose haptic signal and output a first haptic effect comprising 
devices adapted to or configured to perform additional tasks an electrostatic friction haptic effect to a deformable 
or steps . Additionally , the use of “ based on ” is meant to be 65 surface by generating an electrostatic force between the 
open and inclusive , in that a process , step , calculation , or first haptic output device and an object contacting the 
other action “ based on ” one or more recited conditions or deformable surface ; 
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a second haptic output device configured to receive a surface to accumulate in response to a movement of a body 
second haptic signal and output a second haptic effect part along the deformable surface . 
configured to deform the deformable surface ; and 13 . The system of claim 1 , wherein the composite haptic 

a processor coupled to the first haptic output device and effect comprises an increase in the coefficient of friction and 
the second haptic output device , the processor config - 5 a decrease in the stiffness of the deformable surface . 
ured to : 14 . The system of claim 1 , wherein the composite haptic 
determine an event ; effect comprises an decrease in the coefficient of friction and 
determine a composite haptic effect based at least in an increase in the stiffness of the deformable surface . part on the event , the composite haptic effect com 15 . The system of claim 1 , wherein the processor is prising a change in a coefficient of friction and a 10 further configured to : 

change in a stiffness of the deformable surface ; and 
transmit the first haptic signal to the first haptic output transmit a third haptic signal to the second haptic output 

device and the second haptic signal to the second device , the third haptic signal configured to cause the 
haptic output device , the first and second haptic deformable surface to bend around and couple to a 
signals configured to cause the first and second 15 body part for use as a wearable device . 
haptic output devices to generate the composite 16 . The system of claim 1 , wherein the composite haptic 
haptic effect . effect is configured to simulate tension associated with a 

2 . The system of claim 1 , wherein the deformable surface virtual object . 
comprises a display . 17 . A method comprising : 

3 . The system of claim 2 , wherein the display comprises 20 determining an event ; 
a rollable display , a foldable display , or a bendable electronic determining a composite haptic effect based at least in part 
paper . on the event , the composite haptic effect comprising a 

4 . The system of claim 1 , wherein the first haptic output change in a coefficient of friction and a change in a 
stiffness of a deformable surface ; device comprises an electrostatic device . 

5 . The system of claim 4 , wherein the first haptic effect 25 transmitting a first haptic signal configured to cause a first 
comprises a vibration , a perceptible change in a coefficient haptic output device to generate the change in the 

coefficient of friction by generating an electrostatic of friction of the deformable surface , or a simulated texture . 
6 . The system of claim 4 , wherein the electrostatic device force between the first haptic output device and an 

is embedded within the deformable surface . object contacting the deformable surface ; and 
7 . The system of claim 1 , wherein the second haptic 30 transmitting a second haptic signal configured to cause a 

output device comprises a smart gel , a deformation actuator , second haptic output device to output a second haptic 
a rotating / linear actuator , a solenoid , an electroactive poly effect comprising the change in the stiffness of the 
mer actuator , a surface reconfigurable haptic substrate , a deformable surface ; 
magnetorheological or electrorheological fluid , a macro wherein the first and second haptic signals are configured 
fiber composite , an air or fluid pocket , a resonant mechanical 35 to cause the first and second haptic output devices to 
element , a piezoelectric material , a micro - electromechanical generate the composite haptic effect . 

18 . The method of claim 17 , wherein the second haptic element or pump , a thermal fluid pocket , or a variable 
porosity membrane . effect comprises deforming the shape of the deformable 

8 . The system of claim 1 , wherein the processor is further surface . 
configured to determine a degree of flexing of the deform - 40 19 . A non - transient computer readable medium compris 
able surface . ing program code , which when executed by a processor is 

9 . The system of claim 8 , wherein the processor is further configured to cause the processor to : 
configured to change the composite haptic effect based on at determine an event ; 
least one of the degree of flexing in the deformable surface , determine a composite haptic effect based at least in part 
the size of a surface contact area , or the position of the 45 on the event , the composite haptic effect comprising a 
detected user interaction . change in a coefficient of friction and a change in a 

10 . The system of claim 1 , wherein the processor is stiffness of the deformable surface ; 
further configured to : transmit a first haptic signal configured to cause a first 

receive a sensor signal from a sensor configured to detect haptic output device to generate the change in the 
an environmental characteristic or biological informa - 50 coefficient of friction by generating an electrostatic 
tion and transmit the sensor signal associated with the force between the first haptic output device and an 
environmental characteristic or biological information , object contacting the deformable surface ; and 

transmit a second haptic signal configured to cause a wherein the environmental characteristic comprises 
one or more of humidity , temperature , or the amount of second haptic output device to output a second haptic 
ambient light , and the biological information comprises 55 effect comprising the change in the stiffness of the 

one or more of a heart rate , respiration rate , body deformable surface ; 
temperature , or biorhythm ; and wherein the first and second haptic signals are configured 

generate the first haptic effect or the second haptic effect to cause the first and second haptic output devices to 
based on the sensor signal . generate the composite haptic effect . 

11 . The system of claim 1 , wherein the composite haptic 60 20 . The non - transient computer readable medium of claim 
effect is configured to produce a wave in the surface of the 19 , further comprising program code , which when executed 
deformable surface . by a processor is configured cause the processor to deter 

12 . The system of claim 1 , wherein the composite haptic mine a degree of flexing of the deformable surface . 
effect is configured to cause a material of the deformable * * * * 


