79-2/S. Sung

Large-Area Single-Crystal Actuator for Multifunctional Haptic Displays

Seung Hyun Sung*, Seungryull Park*, Yoonsang Jeong ™, Sang-Goo Lee™

*Corporate R&D Center, LG Display Co., Ltd., Seoul, Republic of Korea
**iBULe Photonics Co., Ltd., Incheon, Republic of Korea

Abstract

Haptic interface is essential for improved user interaction with
various displays by the sense of touch. However, current haptics in
most displays provide limited tactile feedbacks due to their narrow
operating frequencies. We present a multifunctional haptic display
with a large-area single crystal actuator which allows more diverse
user experiences with a broad range of frequencies. The haptic
actuator composed of the single crystal leads to high vibrational
performance originated from its superior electromechanical
properties. Furthermore, the automotive “Smart Surface” organic
light-emitting diode (OLED) display integrated with the actuator
suggests a new direction for future interactive display applications.
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1. Introduction

Haptic feedback meets recent demand of various display
applications to enhance their immersive and interactive user
experiences [1]. Especially, organic light-emitting diode (OLED)
displays need smaller, thinner and lighter components with their
improved design flexibilities compared to liquid crystal displays
(LCDs) [2]. To address these needs, piezoelectric haptic actuators
have been considered as potential alternatives to commercially
widespread electromagnetic motors because the piezoelectric
actuators do not require a thick and heavy permanent magnet. The
piezoelectric actuators generate vibrational displacements caused
by the mechanical strain from the power-efficient inverse
piezoelectric effect upon applied voltages. Furthermore, they can
offer a wide range of haptic experiences including audible sound
and ultrasonic tactile response [3].

Representative  piezoelectric  properties (€.9., piezoelectric
coefficient (ds3), mechanical quality factor (Qm)) of piezoelectric
materials play a crucial role in the vibrational performance of the
actuators [4]. As such, there have been tremendous attempts to
improve the piezoelectric properties, for instance, compositional
changes [5]. Single crystal piezoelectric materials such as
Pb(Mg13Nb23)-PbTiOs  (PMN-PT) and  Pb(Ini2Nbi2)Os-
Pb(Mg13Nb2/3)03-PbTiOs (PIN-PMN-PT) are highly promising
candidates due to excellent electromechanical properties compared
to those of conventional polycrystalline piezoelectric ceramics [6].
Here, we present a piezoelectric actuator with a large-area single
crystal film grown by Bridgman method, which has the high ds3
and Qm parameters for improved vibrational displacement outputs.
We demonstrate the multifunctional performance of the haptic
actuator induced by its broad operating frequencies (i.€., from low
to ultrasonic frequencies) with an OLED display panel.
Furthermore, audible sound levels of the actuator were
characterized with a monitor display mock-up model. Finally, we
highlight the automotive “Smart Surface” OLED display integrated
with the single crystal haptic actuator to show its promise as the
multifunctional haptic display producing low frequency tactile
haptic and audible sound performance for future interactive display
applications.

2. Results and Discussion

Fig. 1(a) shows that a large-area single crystal thin film was
successfully fabricated by Bridgman method and cut into a size of
60x60 mm?. The thin film was designed with the PIN-PMN-PT
composition for high thermal stability, and the size is the largest to
maintain the compositional uniformity across the whole area. Fig.
1(b) clearly proves the excellent piezoelectric parameters of the
fabricated single crystal thin film compared to commercially
available piezoelectric ceramic films based on polycrystalline lead
zirconate titanate (PZT). The d33 and Qm parameters of the single
crystal have ~2 times and ~15 times higher than those of the widely
commercialized soft PZT (PZT-5H), respectively [7]. Particularly,
the product of d33 and Qm parameters of the single crystal film,
which represents its vibrational performance, is significantly
enhanced in comparison with the commercialized soft ceramic
PZT-5H and hard ceramic PZT-8 [8]. It is evident that the
vibrational performance of the single crystal is superior to that of
polycrystalline piezoelectric materials. Additionally, the curie
temperature (T¢) of the single crystal is competitive to the soft PZT,
therefore, the thin film is thermally resistant for a wide variety of
display applications.
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Figure 1. (a) A large-area single crystal thin film (60 x 60 mm?)
for a multifunctional haptic actuator. (b) Relative piezoelectric
properties of the single crystal compared to commercialized
soft PZT (PZT-5H) and hard PZT (PZT-8).
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Figure 2. (a) A 7.2-inch OLED display panel to characterize
the performance of the single crystal actuator. (b) Relative
vibrational performance of the actuator compared to the soft
PZT (PZT-5H) at low (130 Hz) and ultrasonic (26 kHz)
frequencies. (c) Resonant frequency of the single crystal
actuator applied to the OLED display panel, (Inset) ultrasonic
vibrational displacements of the single crystal actuator.

Next, the multi-haptic performance of the actuator composed of the
single crystal thin film was characterized with an application to an
OLED display. As shown in Fig. 2(a), the 7.2-inch OLED display
panel was used to evaluate the vibrational performance of the
actuator. The vibrational outputs were obtained by the average
values of 3 points (i.e., upper (1), middle (2), lower (3)) on the
display panel. The vibrational displacements at a low frequency
(130 Hz) and an ultrasonic frequency (26 kHz) were measured by
an accelerometer using Ni-P1Xe (National Instruments Co., Austin,
TX, USA) and a scanning laser Doppler vibrometer (SLDV)
(Optomet GmbH, Darmstadt, Germany), respectively. The high
vibrational performance of the single crystal actuator was verified
compared to the soft PZT (PZT-5H).

Fig. 2(b) presents the low frequency vibrational acceleration of the
single crystal actuator has ~2.5 times higher than the value of the
commercial soft PZT-based actuator. Furthermore, the ultrasonic
displacement of the actuator is ~4 times higher than the soft PZT-
based actuator. Fig. 2(c) is the resonant frequency of the single
crystal actuator applied to the OLED display. The normalized
electrical impedance data and phase angle spectrums of the single
crystal-based actuator were obtained from the E4990A Keysight
impedance analyzer (Keysight Technologies, Santa Rosa, CA,
USA). The inset of Fig. 2(c) exhibits the ultrasonic vibrational
displacements of the actuator. Especially, the ultrasonic vibrational
performance cannot be achieved by the commercial magnet-based
motors (e.g., voice coil motors) due to their limited operating
frequencies. As such, this clearly proves the single crystal actuator
has a promising potential for the multifunctional haptic display
which can generate vibrational outputs in a wide range of
frequencies.

Additionally, sound pressure level (SPL) of the single crystal
actuator was characterized for speaker applications operated in
audible frequencies (i.e., 100 ~ 20,000 Hz). We demonstrate a
monitor display mock-up to evaluate the SPL of single crystal
actuators (Fig. 3(a)). Two actuators with the size of 60X60 mm?
were attached to the back of the display mock-up. The SPL of the
actuators was characterized by the APx525 audio analyzer (Audio
Precision, Beaverton, OR, USA). It is obvious that the single
crystal actuators generate sufficient sound level which is relatively
higher than the reference of the normal conversation sound (i.e., 60
dB) [9] (Fig. 3(b)). As such, the single crystal-based actuators can
be applied to display applications as thin film speakers.
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Figure 3. (a) A monitor display mock-up to evaluate the SPL
of single crystal actuators. (b) Relative SPL of single crystal
actuators integrated into the monitor display mock-up.
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Figure 4. (a) “Smart Surface” haptic display integrated with the
single crystal actuator. (b) Vibrational acceleration of the
actuator. (c) Relative SPL of the single crystal actuator, (inset)
representative user interface of the haptic display.

Finally, we introduce the “Smart Surface” haptic display integrated
with the single crystal actuator for automotive applications.
Recently, the smart interactive surfaces called “Shy Tech” with
displays have attracted growing attention as a new trend with
seamless integration of user interfaces into the interior surfaces of
vehicles [10]. The combination of decorative elements and actuator
technologies could open up the new possibilities for future
automotive haptic displays allowing for diverse and immersive
experiences. The smart surface haptic display was designed for
automotive applications (Fig. 4(a)). The decorative seamless film
with wood texture and color was applied to the OLED display with
the single crystal haptic actuator. Fig. 4(b) demonstrates the
vibrational acceleration of the actuator operated at a low frequency
(130 Hz). It is clear that the vibrational performance is significantly
high with fast response. Both the 10 % to 90 % rise time and the

90 % to 10 % fall time of the single crystal actuator are shorter than
10 ms in the vibrational acceleration. Additionally, the single
crystal actuator can produce sufficient sound level compared to the
reference sound level (i.e., 60 dB) for the speaker function in the
smart surface haptic display (Fig. 4(c)). The inset of Fig. 4(c) is an
example of user interface of the smart surface display.

3. Conclusion

We developed the high performance piezoelectric actuator based
on a large-area single crystal film for multifunctional haptic display
applications. The vibrational performance of the single crystal
actuator in a broad range of operating frequencies is superior to the
conventional polycrystalline PZT ceramics. Obviously, the
multifunctional properties and miniaturization cannot be achieved
by the commercial magnet-based motors because of their limited
operating frequency and thickness. The vibrational outputs at a low
frequency and an ultrasonic frequency are considerably improved
compared to those of the commercial soft PZT-based actuators.
Furthermore, the actuator can generate sufficient sound level as the
speaker function for thin display applications. The promise of the
actuator was clearly demonstrated as a multifunctional haptic
component in the automotive smart surface haptic display. We
believe the single crystal actuator can be one of the potential
candidates for multifunctional interactive haptic displays.

4. Acknowledgements

This work was supported by the Material Technology Development
program (No. 1415182019) through the Korea Evaluation Institute
of Industrial Technology (KEIT).

5. References

1. K. D. Kim et al., “An Electrostatic Haptic Display with a
Projected Capacitive Touch Screen”, SID Symposium Digest of
Technical Papers 39-3, pp. 506-509 (2016).

2. H. J. Shin et al., “Invited Paper: Novel OLED display
technologies for large-size UHD OLED TVs”, SID Symposium
Digest of Technical Papers 7-1, pp. 53-56 (2015).

3. S. H. Sung et al., “60 kHz Ultrasonic Actuators for Animal-
Friendly Haptic Displays”, SID Symposium Digest of
Technical Papers 94-3, pp. 1338-1340 (2024).

4. Z. Li et al., “Defect engineering in lead zirconate titanate
ferroelectric ceramic for enhanced electromechanical
transducer efficiency”, Advanced Functional Materials, 31,
2005012 (2021).

5. F. Li et al., “Giant piezoelectricity of Sm-doped
Pb(Mg13Nb2/3)03-PbTiOs single crystals”, Science, 364, pp.
264-268 (2019).

6. K. Echizenya et al., “PMN-PT and PIN-PMN-PT single
crystals grown by continuous-feeding Bridgman method”,
Journal of Crystal Growth, 531, 125364 (2020).

7. K. H. Lam et al., “Lead-free acoustic emission sensors”,
Review of Scientific Instruments, 78, (2007).

8. D. A. DeAngelis et al., “Performance of PZT8 versus PZT4
piezoceramic materials in ultrasonic transducers”, Physics
Procedia, 87, pp. 85-92 (2016).

9. S. Cheriyan et al., “The impact of operating room noise upon
communication during percutaneous nephrostolithotomy”,
Journal of Endourology, 30, pp. 1062-1066 (2016).

10. P. K. Murali et al., “Intelligent in-vehicle interaction
technologies”, Advanced Intelligent Systems, 4, 2100122
(2022).

SID 2025 DIGEST « 1082





