Session 7B: Haptics UIST "19, October 20-23, 2019, New Orleans, LA, USA

HapSense: A Soft Haptic I/0 Device with Uninterrupted Dual
Functionalities of Force Sensing and Vibrotactile Actuation

Sang Ho Yoon'*, Siyuan Ma'*, Woo Suk Lee', Shantanu Thakurdesai',
Di Sun'2**, Flavio P. Ribeiro', and James D. Holbery'
'Applied Sciences Group, Microsoft, Redmond, WA, USA
2Department of Electrical & Computer Engineering, University of Washington, Seattle, WA, USA
{sayoon, siyma, woolee, flaviopr, jiholb} @microsoft.com,
thakurdesai.shantanu @ gmail.com, dxs535 @uw.edu

ABSTRACT A B
We present HapSense, a single-volume soft haptic I/O device :
with uninterrupted dual functionalities of force sensing and
vibrotactile actuation. To achieve both input and output func-
tionalities, we employ a ferroelectric electroactive polymer
as core functional material with a multilayer structure design.
We introduce a haptic I/O hardware that supports tunable high
driving voltage waveform for vibrotactile actuation while in-
situ sensing a change in capacitance from contact force. With
mechanically soft nature of fabricated structure, HapSense can
be embedded onto various object surfaces including but not
limited to furniture, garments, and the human body. Through a
series of experiments and evaluations, we characterized phys-
ical properties of HapSense and validated the feasibility of
using soft haptic I/O with real users. We demonstrated a vari-
ety of interaction scenarios using HapSense.
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Figure 1: HapSense is (A) a soft haptic I/O device that (B) pro-

CCS Concepts . vides uninterrupted force sensing (green circle) and vibrotac-
fHardware — Sensors and actuators; Tactile and hand—bgsed tile feedback (yellow circle) while working with (C) various
interfaces; *Human-centered computing — Haptic devices; objects and surfaces.

INTRODUCTION

Haptic feedback systems have been widely adopted to effi-
ciently transfer, convey and enhance information from digital

interfaces. With emerging interfaces (e.g., augmented/virtual 57]. However, most haptic feedback systems still rely on rigid
reality and wearables), the role of haptic feedback becomes and bulky hardware components which limit applicability in
significantly important because visual attention is distracted highly flexible system or hinder potentials of seamless device
away from input devices to either immersive display [6] or integration.

everyday activity (e.g., walking, driving) [8]. Among various
haptic feedback approaches, vibrotactile mechanism is highly
populated for their technical maturity with granted safety [10,

To overcome these limitations, researchers have explored I/O
devices which are constructed with soft materials to achieve
sensing [61] and haptic actuation [63]. With soft materials,
. The first two authors contributed equally to this work. researchers have accommodated requirements of high flexi-
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Previously, coordinating sensing and actuating functionali-
ties showed improvements of user performance for touch-
screen interaction [23]. Recent works including tactile display
and shape-changing interface have also shown promising re-
sults. To ensure high-quality user experience, simultaneous or
smooth transition between sensing and actuation functional-
ities should be achieved to avoid any negative effects due to
user-perceptible interruptions [1]. Previous approaches, how-
ever, require discrete hardware components to achieve these
functionalities due to hardware incompatibility and system in-
tegration complexity. Using discrete hardware components for
sensing and actuation inevitably increases the overall system
complexity, physical size, and manufacturing cost.

In this work, we introduce HapSense, a single-volume soft
haptic I/O device that provides uninterrupted force sensing
and vibrotactile actuation. We utilize a multilayer ferroelec-
tric electroactive polymer to achieve driving voltage less than
300 V. We came up with a miniaturized system that supports
concurrent force sensing with controllable vibrotactile feed-
back. Also, we employed a low-cost fabrication process to
support building soft haptic I/O devices in general lab set-
ting. With proposed soft device, HapSense can be embedded
onto surfaces with various rigidities and geometries. This will
enable new opportunities of bringing I/O functionalities by
embedding HapSense to a wide range of objects and surfaces.

e A single-volume PVDF device enabling uninterrupted sens-
ing and actuation functionalities with a novel control hard-
ware;

e A low-cost soft I/O device fabrication process without need
of industrial-scale machinery or prior fabrication experi-
ence;

e Analysis of experiments and task evaluations for a soft
haptic I/O device;

e Example applications demonstrating the practical use of
HapSense in various form factors

RELATED WORK

Coordinating Haptic Sensing and Actuation

As haptic feedback becomes widely adopted in various devices
and interfaces, researchers have coordinated sensing capability
with new types of haptic feedback. Examples include but are
not limited to tactile displays [25, 27, 41], shape changing
displays [15, 48, 52], close-loop haptic feedback devices [36,
37,49, 50], and eyes-free wearables [43, 45, 55]. Moreover,
integrated tactile feedback used with sensing device has also
shown promising performance for user interactions [23]. How-
ever, previous works require discrete hardware components
to achieve simultaneous actuation and sensing functionality,
which results in complicated system design, large overall de-
vice size, and increased manufacturing cost. Thus, we aim to
build a single-volume haptic I/O device with advanced control
hardware and software to enable integrated and uninterrupted
haptic sensing and actuation functionalities.

Soft /0 Devices in HCI
Soft I/0 devices have shown in HCI applications with good
body-conformability and mechanical durability. For input
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sensing purposes, researchers have developed soft devices
with refined sensing capability [42, 62, 65] and on-skin com-
patibility [11, 30, 61]. On the other hand, researchers have
also explored haptic actuation through flexible and soft de-
vices [3, 22, 63, 64]. Although these works have demonstrated
promising input or output functionality, systems with simul-
taneously integrated sensing and actuation functionalities are
rarely reported [7]. In this work, we focus on bringing a soft
haptic I/O device that delivers simultaneous force sensing and
controllable vibrotactile actuations.

Soft & Self-Sensing Actuators

Soft actuators are classified into three types based on ma-
terial natures. These include electroactive polymer (EAP),
twisted and coiled polymer (TCP), and pneumatic-driven ar-
tificial muscle (PAM) [2, 9, 20, 40]. Among these types,
we focus on EAP since TCP generally shows low power ef-
ficiency and PAM requires bulky pneumatic driving system.
In terms of EAP, it includes dielectric electroactive polymer
actuator (DEA) [19] and ionic electroactive polymer actua-
tor (IEA) [58]. DEA shows a large output force with a rapid
response but requiring a high driving voltage (>1 kV). In con-
trast, IEA requires a low driving voltage but it provides a slow
actuation and requires encapsulation to prevent electrolyte loss.
We adopted a multilayer ferroelectric EAP which exhibits all
the advantages from a DEA and requires no encapsulation or
a high driving voltage. This approach entitles advantages over
combining discrete sensor and actuator [59] because HapSense
operates at less power with simpler system control.

Previous studies demonstrated DEA actuators with sensing
capability called self-sensing actuator [12, 28, 31, 35, 51, 54].
Multilayer stack EAP actuators using P(VDF-TrFE) (Poly
vinylidenfluoride-co-trifluoroethylene) copolymers [5, 17, 47]
have been studied to support actuation with low driving volt-
age. However, a PVDF-based device which simultaneously
serves as sensor and actuator with uninterrupted dual function-
alities is still lacking according to the best of our knowledge.
In addition, previous works required discrete physical devices
or bulky power supply to operate sensing or actuation. Thus,
we propose a novel hardware and system workflow to sup-
port force sensing integrated with simultaneous vibrotactile
actuation.

DESIGN GOALS AND CHALLENGES

Soft Material: Flexible sensors/actuators become popular
with the emerging applications such as VR and gaming.
Aligned with this direction, HapSense needs to be constructed
with soft materials which physically support flexibility and
softness. Also, integrating haptic feedback and sensing has
been a challenge. Our approach would allow using soft materi-
als as both sensor and actuator. With a low-profile form factor,
we expect that our prototype can be deployed as standalone
form factor or conformally wrapped onto 3D objects/bodies.

I/O Interaction Methodology: Integrated actuation with
sensing capability in a single device can deliver localized
haptic feedback triggered by user applied contact force. For
example, HapSense can provide vibrotactile feedback subse-
quent to sensing user’s physical contact. Being made with
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Figure 2: HapSense (A) overall assembly process, (B) indi-
vidual layer construction, and (C) fabrication process (left to
right: electrode screen printing, PVDF patterned with elec-
trodes, layer stacking and electrode through-holes punch).

soft materials, HapSense has a potential to deliver vibrotactile
signals without shaking rigid mounting structures or generat-
ing undesired audible signals. To confirm the feasibility of
the aforementioned interaction methods, we need to evaluate
and set design parameters for the perception of vibrotactile
feedback coordinated by concurrent force sensing.

Fabrication: Fabrication of a soft material device often re-
quires advanced process knowledge or expensive equipment.
Also, the fabrication process of the soft material device is of-
ten difficult to scale in manufacturing. We aim to enable HCI
practitioners to build and deploy their soft I/O device without
high cost or exotic equipment. To achieve this, a fabrication
process should enable ease of adoption in common lab settings
with no special or high-cost equipment requirement.

FABRICATION OF HAPSENSE

The fabrication of HapSense consists of 1) patterning the pre-
pared ferroelectric films with a conductive silver electrode us-
ing screen printing technique forming individual repeating unit
and 2) vertically stacking multiple units using laser-patterned
adhesive films resulting a multilayer structure which consists
of alternating ferroelectric polymer and electrode layers (Fig-
ure 2(A)). Unlike previous soft sensor fabrication works [16,
53], our approach does not require industrial-grade pad printer
or pre-stretching process. Only standard lab skill and low-cost
equipment like screen printing consumables are needed to fab-
ricate HapSense. We fabricated our PVDF film to ensure high
film quality (e.g., free of pin holes and defects at thin form fac-
tors) using ferroelectric polymer material within a suspension
of ketone solvent (Appendix), but identical performance can
be achieved with commercially available PVDF film [46].

Manual screen printing technique was adopted to form con-
ductive electrode patterns on prepared low-modulus PVDF
films (Figure 2 (C)). We used the ink consisted of stretchable
silver flake composite (Metalon HPS-021LV, Novacentrix).
Our screens were woven stainless-steel threads with 200 mesh
density. After screen printing, the printed pattern was cured
at 100 °C for 1 hour. Subsequently, 10 um thick laser pat-
terned acrylate adhesive film (82601, 3M) was manually ap-
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Envelope
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Figure 3: Schematic view of the HapSense board.

plied around the silver printed area. The fabricated structure
shown so far is defined as a repeating unit. Multiple repeating
units (25 layers) were vertically adhered manually with the
applied adhesive tape as shown in Figure 2 (B). An electri-
cal connection between alternating electrodes was resulted by
applying a conductive epoxy (Ablestik 2030SC, Henkel) to
punched 2 mm diameter through-holes on the shared electrode
overlapping area. This whole process took about 2 hours in-
cluding screen printing, curing, and assembly. Finally, the
fabricated device attached using adhesive tape (9471 LE, 3M)
or wrapped with a thin (<60 pum) plastic sealing tape to ensure
uniform and consistent surface contact.

Our fabrication method created a minimum device dimension
of 5mm X 5 mm x 0.7 mm with a minimum bending radii
of 2 mm. This is limited by manual alignment process of
repeating layers. For this study, we devised the device di-
mension of 35 mm x 14 mm x 2 mm with an active area
of 12 mm x 8 mm, close to the size of fingertip. We chose
the number of layers greater than 20 to provide greater than
200 mN/cm? force feedback with 200 V [47]. Utilizing a
3-point bending test, we characterized the bending stiffness of
the proposed device as 15 MPa. We also measured the hard-
ness of HapSense (62 Shore A) which is softer than polyethy-
lene naphthalate substrate (67 Shore D) used in [17].

HAPSENSE HAPTIC 1/0 OPERATING PRINCIPLE
HapSense generates vibrotactile feedback with a time-varying
driving voltage across adjacent electrodes. And, it works as a
force sensor based on capacitive sensing mechanism. Work-
ing as an actuator, PVDF piezoelectric polymer films were
deformed once electrical charges are induced. Working as a
force sensor, dielectric geometry changes caused by external
force results in overall system capacitance change which is
interpreted as applied forces. To implement a portable soft
haptic I/O system, we designed a battery-operated low-power
board capable of generating sufficient voltage (0~~300 V) with
arbitrary analog waveform. Also, our system can simultane-
ously actuate and sense with two operation modes: 1) hybrid
mode and 2) sensing-only mode. The board supports seam-
less transition between the two modes. We introduce each
operation mode in detail and explain the hardware/software
architectures that enable these two modes.
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Figure 4: Hardware configured with HapSense.

Hybrid & Sensing-only Modes

Hybrid mode refers to measuring forces applied to HapSense
during device actuation. HapSense is a capacitive load that we
exploit to achieve simultaneous sensing and actuation func-
tionalities instead of measuring the charge generated from
piezoelectric effect. This enables concurrent actuation and
force sensing without adding system complexity from accom-
modating piezoelectric effect. As a function of increased input
force, HapSense exhibits increased capacitance because of the
decreased dielectric layer thickness. The increased capaci-
tive value translates into attenuated magnitude of the voltage
waveform applied across HapSense electrodes. Therefore, we
measure the force level by monitoring the actual voltage across
HapSense using an envelope detector and subsequent signal
processing algorithm. In this mode, we apply input voltage of
above 100 V across HapSense.

For applications where only sensing functionality is needed,
HapSense can act as a sole contact force sensor. By adopting
the same technique as above, we provide sensing capability
with significantly lower voltage (3.3 V). The reduction in
driving voltage lowers an overall power consumption under the
circumstance when only sensing is required. Supporting both
modes using the same hardware lowers system cost, physical
size, as well as system complexity.
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Figure 5: System flow supporting soft haptic I/O.
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. | High Voltage Generation
Operation Mode |V, . m%”“” (V)| (MA) P, (mW) Overhead (mW)
_Hybrid | 3.7 | 350 | 173 | 640 A48
Sensing-Only | 3.7 | 33 79 292 N/A

Table 1: Overall power consumption for two operation modes

HW/SW Implementation

In this section, we introduce the hardware and software ar-
chitectures of HapSense and discuss its system workflow and
performance. Figure 3 and 4 illustrate a schematic block dia-
gram and major components of the board, respectively. The
block diagram depicts the case where board is configured for
the hybrid mode.

Hardware Development

The board is powered by a single 3.7V lithium polymer bat-
tery. The input voltage is regulated to 5 V using a DC/DC
converter IC (XC9131, Torex), which is further used to source
a high-voltage DC/DC controller IC (HV9150, Microchip).
The 5 V output is further regulated to 3.3 V to supply a control
subsystem, MCU (MK20DX256V, NXP). The board employs
a common-source MOSFET amplifier circuit to generate a
high-voltage (e.g., 350 V) arbitrary analog waveform. We
ensure electrical safety during high voltage manipulation by
adding discrete hardware verification logic. In order to mini-
mize power consumption, we operate MOSFET amplifier at
near threshold.

Due to the high-ratio voltage conversion (i.e., 3.7 V to 350 V),
the board is designed to take full advantages of different con-
version efficiencies provided by individual regulators. Table 1
summarizes overall system voltage, current, and power con-
sumption for each operation mode driven with 450 Hz sine
wave. We measured power consumptions at the battery level
to reflect the power consumption of entire system. As shown
in Table 1, the hybrid mode and the sensing-only mode power
consumptions are 640 mW and 292 mW, respectively. Given
that both modes utilize the same hardware, the power consump-
tion difference is mainly from the high-voltage generation for
actuation. The actual power consumed by HapSense device
itself was found out to be less than 3 mW. Comparing to com-
mercial piezoelectric actuator [59] (5 mW) and conventional
motor driver [24] (1480 mW @200 V,,), HapSense consumes
much less power for the device operation.

System Workflow

The MCU generates a rail-to-rail (i.e., 0 V to 3.3 V) analog
driving waveform using digital-to-analog converter. Then, the
waveform is attenuated and offset to proper Q-point using
a differential opamp where gain is controlled by a digital
potentiometer. Depending on the mode controlled by the
HV_EN and LV_EN signals, V., is either > 100 V or 3.3 V
minus forward voltage drop (V) of the Schottky diode for the
hybrid mode and the sensing-only mode, respectively.

While HapSense is being driven, a proportionally diminished
waveform (Vy,,s.) mirroring the amplified driving voltage
(Vioaa) appears at the mid-junction of a voltage divider. Next,
Vsense gets fed to a envelope detector that outputs V,,,,, which
follows the peak magnitude of V.. As opposed to the hybrid
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Figure 6: Actuator acceleration characterization: accelera-
tions from various (A) input frequencies and (B) input volt-
ages (with 160 Hz frequency).

mode where V,,, is sufficiently high enough to be read directly
by the analog-to-digital converter (ADC), in the sensing-only
mode, an op-amp is activated and facilitates the ADC reading
by amplifying Ven t0 Veny_amp-

TECHNICAL EVALUATION

To understand the HapSense structure and performance, we
measured HapSense’s performance as an actuator (e.g. out-
put force, displacement) and as a sensor (e.g. capacitance
change as function of input force). Furthermore, we inves-
tigated thermal characteristics of both PVDF ink and cured
film, surface morphology, structural thickness, and electrode
resistivity which are enclosed in the Appendix.

Device performance as an actuator

First, we characterized actuator acceleration using an inertial
measurement unit (MPU9250, TDK, JP). The overall test
specimen mass (HapSense under test and IMU test board)
was 15 g. The PVDF structure shows a broad-band actuating
frequency range centered at 160 Hz and 430 Hz (Figure 6(A)).
Figure 6(B) shows a relationship between accelerations and
different input voltages. From 100 V to 300 V, we observed
linear relationship between acceleration and input voltage.

We measured output force and displacement using a MEMS
analysis device (Aurora Scientific, CA). A sinusoidal wave-
form was used as driving signal at various peak voltage values.

(A) Output force from HopSense
L]

35 (B) Displacement of HapSense
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Figure 7: (A) Output force and (B) displacement measure-
ments using a MEMS analysis device. (C) Captured time-
revolved motion with using a laser vibrometer.
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Figure 8: Custom-designed capacitance test measurement
system (left) and result of capacitance characterization of
HapSense as a sensor (right).

From 100 V to 300 V, the actuating output force was con-
tinuously modulated from 3.7 mN to 6.7 mN (Figure 7(A))
and force displacement from 1.2 um to 4.1 um (Figure 7(B)).
These results show that HapSense can fulfill a minimum de-
tection threshold for the hand skin neural receptors where the
minimum detection threshold can be as low as 0.16 um at
250 Hz with a stimulation area of 5cm? [29]. In addition, we
confirmed displacement of HapSense during actuation using a
laser vibrometer (Polytech, PSV-500 Scanning Vibrometer).
The measured results are consistent with result achieved using
the MEMS analysis device. For input voltage, we regulated
max input voltage to be less than 400 V due to occasional
electrical breakdowns of PVDF layer above 400 V.

Device performance as a sensor

Sensor performance was characterized, as shown in Figure 8,
using a custom system consisting of a z-axis stage (Newport),
a force gauge (Imada, JP) and an LCR meter (Agilent 4556).
The force gauge was fixed at a stationary location while a z-
stage was controlled manually for desired displacement value.
The force gauge tip has an area of 80 mm?. Without applying
external pressure, system capacitance was measured approxi-
mately 2.2 nF. When the applied pressure was increased from
0 kPa to 12 kPa, a minor increase in capacitance was ob-
served fitting equation of C = 0.0103P +2.21. From 12 kPa
to 0.45 kPa, a rapid capacitance increase was measured fitting
equation of C = 0.0817P + 1.15. For the equations above, C
is measured capacitance value in nF and P is applied pressure
in kilopascal. For pressures larger than 45 kPa, we did not
observe apparent capacitance changes.

EXPLORATORY STUDY

For HapSense, we investigated following two fundamen-
tal questions: 1) What is the minimum driving voltage re-
quired to provide tactile sensation above user perception with
HapSense? 2) What types of actuation driving waveform de-
liver the preferred user experience and effective performance
using HapSense? For this study, we recruited 9 participants
with a mean age of 30 (4 female) and each participant wore
earplugs to avoid biases from any environmental noises during
first two studies. We used a prototype made with 25 PVDF
layers with an active area of 12 mm x 8 mm.

Minimum Driving Voltage Threshold for Tactile Sensation
Based on a psychophysical research for tactile design guide-
lines, the minimum pressure to stimulate fingertip mechanore-
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Figure 9: Absolute tactile threshold per participant with rec-
ommended minimum driving voltage (150 V).

ceptors needs to be greater than 60~200 mN/cm? [21]. Previ-
ous work [47] simulated that more than 20 PVDF-TrFE layers
with a driving voltage of 200 V are needed to achieve force
greater than 200 mN/cm? which led our prototype design with
greater than 20 PVDF layers (25 layers in this paper). In this
study, we investigate minimum driving voltage of HapSense
for absolute voltage threshold which results in actuation above
user’s perception level. This will provide information about
proper driving voltage to be used with multilayer PVDF actu-
ators for interaction purpose, which has not been reported in
literature according to the best of our knowledge.

Setup: We used a random, double Staircase Method (20 steps
per staircase) which is a modern variation based on the Method
of Limit [13, 18]. For HapSense, the starting stimulus intensity
for the descending staircase was 300 V due to dielectric break-
down. Participants maintained their contact with the prototype
using the index finger of the dominant hand. In order to avoid
any interaction effect from a fatigue, we guided users to rest
arms on the table during the study. A minimum stimulus onset
asynchrony of 2 s was provided between each step and the
threshold was computed by averaging last 10 reversals from
each ladder.

We guided and advised users to prevent applying force above
0.6 N by applying a digital scale under the HapSense device.
This ensures that our investigation is within the scope of tactile
sensation with a light touch similar to a user-touch screen

(A) Study Setup (B} Static Form Factor (C) Wearable Form Factor

Multiple
Fingers

HapSense Prototype Locations

Figure 10: (A) The overall study setup using four different
hand regions with (B) static and (C) wearable form factors.

sine/ | Rigid | 92.5 (+11.18) | 97.50 (£5.55) [4.0 {4.00-5,00)[5.0 (5.00-6.25)[4.50 {4.00-5.25]
160 Hz | Soft |89.64 (+10.59)) 87.98 (£2.21) [4.0 (3.00-5,00)[5.0 {4.75-6.00)[ 4.0 (3.00-4.00)
sine/ | Rigid [89.29 (+11.78)[85.00 (20 54)[4.0 {3.00-6.00)[5.0 {4.00-6.25)] 4.5 (3.00-5.00)
430Hz | Soft | B7.50 (£7.22) |78.33 (£19.18)[3.0 (2.00-4.00)|5.0 (4.00-5.00)| 3.0 (2.00-4.00)
Sguare/ | Rigid | 92.50 [+6.85) [100.00 (+0.00)[5.0 (4.75-6.00)(5.0 |4.00-6.00}[ 5.0 {5.00-5.25)
10Hz | soft [85.00 (+10.46)] 93.33 (+6.32) [4.0 (4.00-5.00)(4.5 (4.00-5.00)| 4.0 (4.00-5.00)
Square/ | Rigid |100.00 (+0.00)[92.50 [+11,18)[5.0 (5.00-5.25)|5.0 (5.00-6.00)| 4.0 {4.00-5.00)
160 Hz | Soft | 87.50 (9.32) [30.00 [+16.30})[4.5 (4.00-6.00)[5.0 {5.00-6.00}[ 4.0 (4.00-5.25)
sawtooth/ | Rigid | 97.50 (+5.59) [100.00 (£0.00)[5.0 (4.00-6.00)[5.0 (4 75-6.25)[ 5.0 (5.00-6.00)
10Hz | Soft [89.12 (+10.87)] 95.83 (+5.89) [4.0 {3.75-4.25)[5.0 [4.00-5.00}[ 4.0 {4.00-5.00)
Sawtooth/ | Rigld | 92.5 (6.85) | 94.64 (£7.36) [4.5 (3.00-5.25)[5.0 {5.00-6.00}] 4.0 (3.75-5.00)
160 Hz | Soft |83.09 (+13.89)] 95.00 (+6.85) [3.5 (2.00-4.00)|5.0 (4.00-5.00)] 4.0 (2.00-5.00)

Table 2: The recognition rate (mean value w/ SD) and collected
subjective responses with 7-point Likert scale (median value
w/ interquartile range). The best ratings are in bold.

interaction [32]. We selected 100 ms as a stimulus duration
and sinusoidal waveform with 160 Hz (resonant frequency
found in Technical Evaluation) as a driving pattern. We
mounted our prototypes on two different surfaces including
a rigid acrylic plate and a soft silicone (EcoFlex™ 00-10).
We herein explored effect of mounting surface’s mechanical
hardness on users’ tactile perception.

Results: Figure 9 shows the absolute threshold of sensation
from each participant. The result verified that all thresholds
were far below than occasionally observed HapSense dielectric
breakdown voltage (> 400 V) which ensures the safety during
device usage. Between the two mounting surfaces, we did not
observe noticeable driving voltage threshold difference. From
the result, it is recommended to keep the driving voltage at
least above 150 V to deliver perceptible stimulation among
broad range of different users with HapSense’s actuation.

Actuation Driving Waveform Investigation

We investigated the user’s preference and performance (recog-
nition rate) of vibrotactile actuation from HapSense which
were driven at various waveforms. We investigated user per-
ception of actuation when HapSense was in contact with
Thumb, Index, multiple fingers, and Palm when HapSense
was mounted either on a rigid surface or on a participant’s
wrist.

Since physical interaction with HapSense is executed mainly
with hands, we narrowed our scope to hand regions as shown in
Figure 10. We selected testing waveforms as shown in Table 2
including sine, square, and sawtooth waveform patterns with
a peak voltage of 300 V at resonant frequencies measured in
Technical Evaluation.

Setup: We selected four regions of hand consisting of differ-
ent mechanoreceptor unit densities including thumb, index
finger, multiple fingers, and palm [26] for the study. The dura-
tion and driving voltage of actuation was set to 2 s and 300 V
accordingly. A 10 s pause was provided between trials. Also,
we designed our study to incorporate 1) localization (single
mode - actuating a single HapSense unit out of two neighbored
units) and 2) spatiotemporal aspect (dynamic mode - actuating
two adjacent HapSense units in sequence). We asked partic-
ipants which unit had been actuated in single mode and the
direction of actuation in dynamic mode.
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For each set of trials, we asked participants about sensitiv-
ity (“I could easily feel the vibration”), comfort (“This actua-
tion is what I desired’), and discernibility (“It is easy to tell
which area is vibrating ) of provided actuations using 7-point
Likert scale similar to [44]. We collected subjective opinions
to analyze preferable haptic parameters for HapSense.A to-
tal of 5184 data points (6 trialsx 4 hand regions x 2 form
factors x 2 modes x 6 haptic parameters x 9 users) and 864
subjective responses were collected.

Results: Table 2 shows that participants achieved the highest
accuracy with the square wave and ranked it with the best
sensitivity and discernibility. Participants reported having the
highest comfort rating with a sine wave input. Participants
commented that they felt a subtle and soft vibration with a sine
wave whereas square & sawtooth waves were relatively easy
to discern. Based on the results, we chose the square wave at
a frequency of 160 Hz as a representative haptic parameter for
Main Study.

MAIN STUDY

To further validate the functionality and explore design guide-
lines for HapSense, we targeted to answer the following ques-
tions: 1) How is the force sensing performance of proposed de-
vice on different operation modes and surfaces? 2) In sensing-
only mode, what is the user-preferred input force to trigger an
actuation event? These questions help us understand the basic
functionality and the user preference while using HapSense.

In all evaluations, we used a prototype with 25 PVDF layers
along with our board. For driving voltage waveform and
frequency, we employed a square wave with 160 Hz which
found out to be favorable sensation in Exploratory Study.
We recruited 12 participants with a mean age of 29 (3 female).
At the end of the study, we took a post survey for suggestions
and applicable use case scenarios.

Task 1: HapSense Force Sensing Investigation

HapSense supports force sensing with two operation modes:
sensing-only & hybrid modes. In this study, we investigated
signal-to-noise ratio (SNR) on user’s touch and press behavior
for these two operation modes. Moreover, we carried out tests
when HapSense device was mounted on a rigid acrylic plate
and a participant’s wrist to verify the effect of any potential
sensing performance differences.

Figure 11: Study setup to measure SNR for two operation
modes (Sensing-only & Hybrid) on different mounting sur-
faces (Acrylic Plate & Wrist).
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Figure 12: One exemplary force distribution pattern for
"Touch" & "Press" behaviors (Multiple markers refer to repre-
sentative data collected from different users).

Setup: We evaluated effects of two different HapSense mount-
ing surfaces and operation modes as shown in Figure 11. We
randomized the test parameter combination orders for differ-
ent users to avoid learning effect. We asked participants to
use their index finger to either Touch (similar force as gen-
eral touch screen use as being elaborated in previous sections)
or Press (user-defined force that can be differentiate from
Touch). We measured the contact force from the participant
on the acrylic plate and on the wrist using digital scale and
a force sensitive resistor (FSR) sensor (FSR 402, Interlink
Electronics), respectively. For hybrid mode, we used a driv-
ing voltage of 300 V with 160 Hz square wave as actuation
driving parameters. For each condition, participants repeat-
edly (3 sets) performed ls interval (20 data points) of No
Touch, Touch, and Press. A total of 8640 data points were
collected using our prototype (2 form factors x 2 operation
modes x 3 tasks x 60 data points x 12 users). The SNR was
calculated following the method discussed in [60].

Results: Figure 12 illustrates an exemplary distribution of
Touch and Press from multiple participants with force sensing
readings from HapSense. It is interesting to note that partic-
ipants tend to apply larger forces for both Touch and Press
when HapSense is mounted on a wrist comparing to on a rigid
acrylic plate. This aligned with our observation where the
participants showed a tendency to exert a fingertip contact
until getting tactile sensations from the mounted body.

Figure 13 shows a force sensing SNR of HapSense with vari-
ous parameters including mounting surfaces, operation modes,
and contact behaviors. HapSense exhibits a relatively lower
SNR when being on the wrist comparing to being placed on
the acrylic plate. This can be explained by the electric field
coupling between HapSense and the human body which is
widely observed in capacitive sensors [4].

We also observed a lower force sensing SNR on hybrid mode
comparing to sensing-only mode at the same conditions. We
hypothesize this is due to electrical/mechanical noises from
device actuation. Still, our results exhibit force sensing SNR
higher than 23.5 dB [14], which is the minimum requirement
for having robust touch sensing. This validates functionality of
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Figure 13: SNR with HapSense on two different mounting
surfaces and operation modes.

the force sensing with simultaneous actuation under different
mounting surfaces and contact behaviors.

Task 2: HapSense Actuation Triggering Force

Previously, a study using rigid piezo ceramic buttons was car-
ried out to identify user preference of vibration duration and
time delay between user’s touch input and actuator output [38].
In this study, we followed the reported ideal vibration dura-
tion (100 ms). We further extended the investigation scope
using HapSense. To be more specific, we investigated the user
preferred applied force to trigger HapSense actuation on differ-
ent types of mounting surfaces including a rigid acrylic plate
and participant’s wrist. The study result will serve as a refer-
ence for operating soft haptic I/O on surfaces with different
hardness.

Setup: We used the same hardware setup as described in
Task 1, but without digital gauge and FSR sensor. For actua-
tion driving waveform, we used a square wave with 160 Hz
frequency, 300 V as peak voltage, and 100 ms as actuation
duration. In our preliminary experiment, we found out a pre-
ferred contact force to trigger HapSense actuation ranged from
0.3 N to 10 N. Based on this observation, we set our triggering
force levels as 0.5, 1, 2.5, 5, and 7.5 N. Since we directly use
sensor reading to represent force values, HapSense’s sensor
readings were fitted with digital gauge readings (R > 0.95)
prior to the study.

Participants were asked to rank among five different force
triggering thresholds described above with five trials preceded
by two practice trials. The participants were allowed to try
and compare different thresholds as many time as they desired.
The participants ranked from the most preferred pattern to
the least preferred. In each trial, the sequence of five force
thresholds was randomized. Following [38], we first analyzed
with a Friedman test, then confirmed pairwise comparison
with a Wilcoxon Signed Ranks test.

Results: In each trial, each triggering force threshold got
a ranking score from 1 to 5 (1 = most preferred, 5 = least
preferred). Figure 14 shows mean rankings and standard error
of the means (S.E.M.s) of the feedback stimuli. The Friedman
test showed a statistically significant effect of the feedback
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Figure 14: Mean ranking orders and S.E.M.s for the feedback
stimuli. The ranking is arranged by triggering force threshold
and surface type.

with x2 = 27.48, p < 0.01. Wilcoxon Signed Ranks tests
showed that within Surfaces of:

e Acrylic Plate, feedback with 0.5, 1, and 2.5, and 5 N trigger-
ing thresholds were rated significantly better than feedback
with 75 N (Z=-2.10, p<0.05,Z=-2.11, p<0.05,Z =
-1.97, p<0.05,Z=-2.12, p < 0.05). 0.5 and 1N triggering
thresholds were rated significantly better than feedback with
SN(Z=-194,p<0.05Z=-2.01, p<0.05).

o Wrist, feedback with 2.5 N triggering threshold was rated
significantly better than feedback with 0.5, 5, and 7.5 N
(2=-2.13,p<0.05,Z2=-2.34, p<0.05,Z=-2.34, p <0.05).
1N triggering threshold was rated significantly better than
0.5 and 7.5N (Z =-2.04, p <0.05, Z = -2.23, p < 0.05).

Based on the results, the participants showed preference on
higher triggering force thresholds when using HapSense on the
wrist. On the other hand, the light triggering force thresholds
were preferred for interaction on a rigid surface. It is worth
noting that the participants were not favored on the highest
triggering force (7.5 N) on all surfaces. The results indicate
that the triggering force threshold should be carefully selected
according to applied mounting surfaces to ensure desired per-
formance with HapSense.

Overall Feedback

We elicited qualitative user feedback on the overall HapSense
experience. Participants favored the HapSense’s textured vi-
brotactile feedback and the comfort from soft/flexible mate-
rial. Moreover, most participants were glad to find out that
there existed no motors or rigid structures in the device. For
improvements, participants recommended employing an aes-
thetic design and further making the device thinner while
providing stronger actuation. Suggested application spaces
include smart clothing, braille communication, VR controller,
rehabilitation tool, and passive haptic training [56] tool.

EXAMPLE APPLICATIONS

We highlight a soft haptic I/O device that supports force sens-
ing with integrated vibrotactile feedback. Comparing to pre-
vious works utilizing multiple hardware for sensing and ac-
tuation, the HapSense enable dual functionalities using only
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a single device with uninterrupted system workflow and sup-
port applications which require thin and soft devices. The
suggested examples showcase wide applicability of HapSense.

Figure 15: HapSense brings instructional guide for physical
tool with integrated haptic feedback.

Haptic I/0 Embedded Syringe for Training: HapSense can
be attached to a syringe’s plunger to train medical personnel
controlling fluid injection rate (Figure 15). By sensing applied
force on the plunger, vibrotactile actuation with distinctive
waveforms can be provided to guide users’ injection rate. This
showecases a straightforward approach of making existing ob-
ject as an interactive I/O device.

Figure 16: A wearable I/O sticker supports confident input.

Haptic I/O Sticker for VR: HapSense can be easily wrapped
around or adhered onto human skin. HapSense vibrates when
a user successfully executes a tap or press gesture to select
3D model in mixed reality environment. Users easily identify
whether input control has been executed or not with integrated
vibrotactile actuation. This demonstrates a potential in en-
hancing level of confidence during input commands for virtual
environment.

Figure 17: Supporting eyes-free & private interactions by
embedding HapSense prototypes on (A) a pocket and (B) a
wristband.

Interactive Wearables: Multiple HapSense are configured
to support private and eyes-free interactions. Figure 17 (A)
demonstrates using HapSense as a private haptic I/O device
embedded onto clothing. For example, users naturally contact
on pocket area to acquire different vibrotactile actuation pat-
terns to decide if receiving messages from their smartphones.
With assistance from HapSense, users do not have to look at
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the mobile device screen for checking notifications. Without
needing of exposing personal device screen in public, to cer-
tain degree, we believe HapSense supports eyes-free as well
as private interactions.

Figure 17 (B) illustrates a potential approach of providing rich
localized feedback for eyes-free interaction. HapSense devices
are attached to a fabric band to form a 2 x 2 interactive nodes.
Each node can be customized to different software applications
like E-Mail, Messages, Calls and Calendar. With a supported
localized actuation from configured setup, users can acquire
rich information without looking at the wearable device.

Figure 18: HapSense brings 1/O functionalities as part of ex-
isting (A) rigid and (B) flexible objects with arbitrary shapes.

Armrest Haptic Controller: HapSense can be adapted on
various mounting surfaces including uneven profiles. Multiple
HapSense devices can be adhered to curved armrest as shown
in Figure 18 (A). HapSense can easily turn the armrest into a
controller with integrated vibrotactile feedback regardless its
complicated external shape.

Interactive Phone Case: HapSense can be embedded onto
various soft enclosures such as phone case with low-profile
and soft form factor (Figure 18 (B)). The addition of soft I/O
device onto phone case enables localized sensing and actua-
tion on back of the device. Developing supported software
(e.g., gaming, video streaming), HapSense shows great poten-
tial in enhancing user experience.

DISCUSSION

Durability & Structural Limitations: Currently, we have
not conducted a comprehensive investigation to characterize
system durability over large number of cycles. A rigid silver
epoxy is currently applied for interconnection material be-
tween HapSense electrode and external circuitry. This limits
the large bending deformation over the connection area. Poten-
tial remedies are to add durable protection layers or/and adopt
more flexible/pliable conductive connections as silver epoxy
alternatives. HapSense also needs to be evaluated in our future
work with various environmental conditions (e.g., temperature,
humidity, etc.).

Actuation Performance: The actuation resonant frequency
of current prototype is not fully optimized for an effective
skin-sensitive frequency range (200~300 Hz) for human [39].
In future work, the resonant frequency profile of HapSense
will be fully optimized by varying device’s dimension/layer
structure. Also, the current prototype is mainly designed to
create tactile perception on user’s fingertip rather than on the
mounted body part (e.g., wrist). However, in our preliminary
findings, when we deliberately enlarge HapSense active area
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or enhance contact force between HapSense and wrist, it is
achievable to enable actuation perception on user’s wrist. This
is currently under our active investigation. In addition, it is
also within our interest to fully investigate specific application-
driven performances (e.g., noticeability and discernibility) in
the future.

Safety: Unlike electrostatic stimulation of skin, HapSense
does not directly flow current to human skin and the output
current at the high voltage rail is low (<10 pA). The electrodes
are carefully sealed with insulated materials. Furthermore, the
proposed custom hardware has a quick-discharging capability
to ensure users safety.

Aesthetic Design: In current form factor, aesthetic design is
not within our scope. To use HapSense as part of a practical
consumer product, we will focus on improving its cosmetic
appearance. Potential solutions would include employing
cosmetic paints or cover materials.

Additional I/0 Functionality: HapSense is capable of actu-
ating at much higher frequency in audible frequency range,
which has not been thoroughly investigated. This shows that
HapSense has a potential in providing vibrotactile actuation,
force sensing, as well as audio output which may result in
broader application spaces.

PVDF is a ferroelectric polymer material. In this study, we
utilized its piezoelectric physics. However, PVDF also shows
pyroelectricity nature which has not been investigated in our
current study. With pyroelectricity property, PVDF inherently
induces electrical signals when experiencing environmental
temperature change. It will potentially enable temperature
variation as an additional input modality to HapSense.

CONCLUSION

We present a HapSense, a soft I/O device with uninterrupted
dual functionalities of force sensing and vibrotactile actuation.
We employ a multilayer ferroelectric electroactive polymer
to achieve both input and output functionalities at reasonably
low operating voltage as a soft device. We developed an ad-
vanced haptic system with novel hardware system workflow in
a portable and miniaturized form factor. The electromechani-
cal characterization validated the performance of HapSense as
a sensor and an actuator. Throughout a series of user studies,
we verified functionality and explored design guidelines to
employ HapSense. We demonstrated example applications
which showcase use of HapSense for meaningful and practical
interactions. We envision to improve and expand interactions
by bringing a soft I/O device in a highly integrated form factor.

UIST '19, October 20-23, 2019, New Orleans, LA, USA
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