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Fig. 1. Top row: illustration of our battery-free, electronic-free vibrotactile device. (a) The device is powered and controlled by
a laser, avoiding the need for frequent charging or battery replacement. (b) The device is made up of solar cells connected to
a linear resonant actuator (LRA) or eccentric rotating mass (ERM) motor. Bottom row: application scenarios for prolonged
device operation. (c) A door handle with ambient haptic feedback to show if the room is occupied. (d) Haptic gloves for
immersive VR experiences. (e) An ambient haptic display on a coach to remind a user of important upcoming meetings.
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We investigate the feasibility of a vibrotactile device that is both battery-free and electronic-free. Our approach leverages
lasers as a wireless power transfer and haptic control mechanism, which can drive small actuators commonly used in AR/VR
and mobile applications with DC or AC signals. To validate the feasibility of our method, we developed a proof-of-concept
prototype that includes low-cost eccentric rotating mass (ERM) motors and linear resonant actuators (LRAs) connected to
photovoltaic (PV) cells. This prototype enabled us to capture laser energy from any distance across a room and analyze the
impact of critical parameters on the effectiveness of our approach. Through a user study, testing 16 different vibration patterns
rendered using either a single motor or two motors, we demonstrate the effectiveness of our approach in generating vibration
patterns of comparable quality to a baseline, which rendered the patterns using a signal generator.

CCS Concepts: • Human-centered computing→ Haptic devices.
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1 INTRODUCTION
Small and lightweight electromagnetic actuators, such as LRAs and ERM motors, have widespread usage in
AR/VR and ubiquitous computing applications for providing rich vibrotactile feedback. However, the requirement
for regular battery charges or replacements presents a considerable challenge for their deployment in daily
use cases that require extended system operation. In recent years, battery-free technologies have emerged as a
promising solution, with actuators that operate using alternative sources such as light [22] or kinetic energy [46]
exhibiting the potential to enable prolonged device operation. However, the incorporation of energy harvesting
and power management components, in addition to the already cumbersome electronics and hardware, results in
a trade-off that yields a bulky device form factor that may be intrusive when deployed on everyday objects or
uncomfortable to wear on the human body.
In this paper, we examine the viability of developing a vibrotactile device comprising small ERM motors

or LRAs without requiring any batteries or electronic components, such as microcontrollers, driver chips, or
Wi-Fi modules. Our approach involves using a laser as a wireless power transfer and haptic control mechanism,
enabling the actuators to be driven using DC (e.g., ERM) or AC (e.g., LRA) signals. The proposed method replaces
the battery with small PV cells that harness laser energy at any distance across a room. Additionally, electronic
components required for power management and motor control, including drivers, microcontrollers, and other
hardware, are removed. Instead, the intensity or duty cycle of the laser is used to control the rendering of different
vibrational patterns. The outcome is a simple and low-maintenance device architecture, as illustrated in (Figure
1a-b).

In contrast to alternative wireless charging approaches such as magnetic induction, lasers are capable of
operating over long distances with minimal attenuation. Compared to far-field technologies including microwaves
[55] and radio-frequency identification (RFID) [38], as well as optical methods utilizing visible light [49], lasers
have high power density, leading to a smaller form factor for the haptic device that is crucial in daily applications.
Additionally, lasers offer directional transmission, which enables the precise control and focused delivery of
power to a particular device.
We studied the influence of several critical parameters on the effectiveness of our method using a blue laser

operating within the range of 200mW to 600mW and a wavelength of 445 nm. We found that parameters such as
beam size and angle of incidence exhibited negligible influence on generated vibrotactile output. Additionally, by
examining the correlation between laser input intensity and PV cell output voltage, we determined that a laser
power of 500mWwith a beam size of 368𝑚𝑚2 is the optimal choice in our implementation for achieving a balance
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between low laser power and richness of haptic output. Using this optimal power choice, we develop a proof-of-
concept prototype that operates within the safety range of the laser-induced damage threshold (LIDT) [16], with a
power density of 135.9𝑚𝑊 /𝑐𝑚2, similar to that of direct sunlight. Despite the relatively low conversion efficiency
of the PV cells (i.e., only 10%), our prototype is capable of energizing an ERM motor or LRA to generate some of
the most common vibrotactile patterns. By rapidly sweeping between the adjacent PV cells of two motors, our
prototype can even activate two motors simultaneously (with a reduced maximum intensity), thereby creating
richer effects, such as the illusion of vibration passing across the space between the motors [14], using a single
laser source.
We present several use cases (see Figure 1c-e) and the result of a user study involving seven participants, in

which we evaluated the rendering quality of our method against a baseline method using a signal generator. We
tested 9 vibration patterns rendered using a single ERM motor and 7 patterns rendered using two ERM motors.
The results of our study indicate that our approach was able to generate vibration patterns of comparable quality
to the baseline, thus providing evidence of the potential for laser-powered vibrotactile rendering.
The contributions of our work include (1) introduction of using laser as a mechanism to power and control

vibrotactile actuators; (2) validation of technical feasibility through a working prototype; (3) insights into critical
parameters that affect our proposed method; and (4) demonstration of the effectiveness of our approach through
a user study.

2 RELATED WORKS
Our study is situated within the literature concerning the application of vibrotactile feedback, primarily in smart
virtual and physical environments, as well as energy harvesting and wireless power transfer techniques, and
battery-free interactive systems.

2.1 Vibrotactile Output
Vibrotactile output has gained widespread adoption in commercial products, leveraging phones, handheld
controllers, or vests to offer an immersive experience, especially in AR/VR applications [3, 12, 48]. Given their
compact form factor, lightweight, and affordability, vibration motors have also become a popular tool for
researchers seeking to explore novel means of interaction with the virtual world across various regions of the
human body.
For example, providing vibrotactile feedback on the palm or fingers can foster improved interaction with

virtual environments by detecting the virtual object’s touch [19], tracking its movement [30], or perceiving its
deformation through sensations of stretching, bending, and twisting [15]. The torso is also a widely studied
area for receiving the vibrotactile output [9]. For example, vibrating on the chest and back of the body could
create an illusion of something passing through the body [15]. In addition to the hand and torso, vibrotactile
output rendered on the head has been shown to provide effective relief for motion sickness [39] or communicate
information for 3D navigation [27].

2.2 Harvesting and Transferring Power Wirelessly
2.2.1 Energy harvesting. An instinctive strategy for energizing a compact haptic device is leveraging sunlight.
However, the operation of an ERM motor necessitates intense and constant sunlight, which is not ensured even
during daylight hours. As an alternative, the conversion of body heat via Peltier elements is plausible, but the
power output generated is limited to the micro-watt range [29], inadequate to supply the energy requirements of
an ERM motor. In contrast, kinetic energy generated from body movement provides a more substantial energy
output but this approach may result in quicker user fatigue [41].
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2.2.2 Wireless power transfer. Transferring power wirelessly can be accomplished through various means, such
as magnetic resonance coupling, electromagnetic induction, microwave, and laser, each presenting distinct
features that vary in terms of efficiency, power, and range. Magnetic resonance coupling, for instance, is suitable
for working in close proximity, thus, suitable for smartphones and other small devices [2]. The efficiency of
electromagnetic induction is also subject to a decline as distance increases [32]. In contrast, microwaves can cover
greater distances but are hard to be used in indoor environments due to their dependence on large antennas
and high-power levels to attain adequate efficiency [45]. The omnidirectional nature of microwaves also poses a
challenge in our application context, where precise control of individual vibration motors is essential.

In comparison to these technologies, lasers have unique benefits owing to their capability to provide concen-
trated energy with precise targeting over long distances. In outdoor settings, lasers have demonstrated their utility
in charging unmanned aerial vehicles (UAVs) [6], robots [21, 28], and satellites [31]. Within indoor environments,
lasers have been employed to wirelessly charge an individual [20] or several smartphones simultaneously [51].
To ensure usability across a wide range of IoT devices, laptops, and smartphones, practical guidelines have been
established for the implementation of distributed laser charging systems [52]. Additionally, safety systems have
been developed to promptly deactivate the laser in response to user exposure, with a reaction time of under 300
𝜇s [20].

2.3 Battery-Free Interative Devices
Battery-free input devices have been developed by using kinetic energy generated by user interaction with
a device, such as pushing a button [34] or twisting a knob [1]. Recent advancements have expanded on this
approach by demonstrating that a Gameboy console can be powered solely through the energy harvested from
button clicks and ambient light [8]. In the realm of augmented reality, Li and Zhou have developed a gaze-tracking
system powered by thin film solar cells [33].

Regarding output devices, prior studies have investigated the viability of utilizing the energy produced from a
user’s rubbing motion on an electret harvester to power LEDs or e-ink displays [26]. Another common technology
that can generate a small amount of electricity is triboelectric nanogenerators (TENGs) [50], which have been used
to stimulate nerve fibers within the skin to create electro-tactile output [44]. For the purpose of generating higher
levels of energy, Teng and Lopes [47] developed a haptic device that can provide long-term use of vibration and
electrical stimulation by harnessing the energy from arm movement. Pulsed lasers have also been used to induce
a sensation of strain through thermoelastic deformation of the skin [25], but their effectiveness has yet to be
established. It is worth noting that incorporating power management components, drivers, and microcontrollers
for vibration motors may increase device form factor and complexity. Our goal is to examine the feasibility of
vibrotactile devices that do not rely on batteries or electronics.

3 WORKING PRINCIPLE
In the simplest form, our system comprises a small actuator connected to one or two solar cells, which harvests
laser energy from a laser source installed on the ceiling or wall of a room. Since there is no need for a battery,
circuits and components relating to power management are no longer needed. Our approach can drive both AC
and DC vibration motors, including LRA and ERM motors, commonly used in AR/VR and ubiquitous computing
applications.

3.1 Controlling ERM Motors Using DC Signals
Controlling a single ERM motor. A single ERM motor can be controlled through a single laser source (Figure 2b).
Since the solar cell generates DC power, the intensity of the motor’s vibrations can be adjusted by regulating
the power of the laser, with greater laser power resulting in higher speeds and hence, more intense vibrations.
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Fig. 2. Working principle of our vibration device, which is powered by a laser. (a) The connection scheme of our prototype,
wherein two solar cells are connected in opposite directions. Cell 1 generates a positive signal, represented by the red color,
while Cell 2 produces a negative signal, indicated by the blue color. For DC signals, Cell 2 is used to counteract the impact of
ambient light. (b) Pointing the laser at Cell 1 generates DC signals for a single ERM motor. (c) Controlling two ERM motors
by evenly distributing the laser duty cycle between the solar cells of different motors. (d) Sequentially scanning Cell 1 and
Cell 2 generates AC signals for a single LRA. (e) Controlling two LRA motors by distributing the duty cycle between Cell 1
and Cell 2, as well as between the solar cells of different motors.

Since there is no need for signal or data handling on the haptic device, the controller unit (e.g., microcontroller or
driver chip), data communication unit (e.g., Wi-Fi module), and all the other electronic components are removed.

Controlling multiple ERM motors. A single laser source can sequentially scan the solar cells of different actuators
to drive the motors in an alternating manner (referred to as alternating patterns in this paper). However, in
scenarios that demand simultaneous control of multiple motors, employing multiple laser sources may be
necessary (referred to as concurrent patterns). Alternatively, simultaneous control of more than one ERM motor
can be achieved by the rapid sweeping of the laser beam between adjacent solar cells of different motors (Figure
2d). This method requires rapid transfer of the laser beam to the adjacent motor after achieving the desired
vibration intensity in the current motor and promptly returning before any significant decay in the current motor
(Figure 8). We demonstrate the feasibility of this approach by using it to control the simultaneous actuation of
two ERM motors, resulting in richer vibration patterns such as simulating a moving object between the two
motors (i.e., vibrotactile flow [42]). Note that conventional methods employing electric components necessitate a
designated driver chip for each individual motor for control.

The limitation of this approach is that the time of exposure to the laser for each solar cell decreases by a factor
equivalent to the number of motors, leading to a proportional decrease in the maximum vibration intensity
of each motor. However, it should be noted that the reduction in intensity does not necessarily equate to a
proportionate reduction in haptic experience, as the accuracy of the vibration intensity must be appropriately
aligned with the corresponding virtual event.

3.2 Controlling LRAs Using AC Signals
Controlling a single LRA. Unlike the simpler ERM motor, controlling an LRA is challenging due to the need for
AC signals. The current method for LRA control involves converting DC signals produced by solar cells into AC
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signals using a PV inverter. Our method eliminates the need for the PV inverter by incorporating an additional
solar cell connected in parallel but in the opposite direction (Figure 2a). This arrangement generates an AC signal
when a laser beam sequentially scans the two solar cells (Figure 2c). We used square waves for simplicity in our
implementation. The frequency of the produced AC signal can be optimized by adjusting the speed at which
the laser beam sweeps to align with the resonant frequency of the LRA (170 Hz in our implementation). The
power of the laser can be modulated to adjust the amplitude of the vibrations. One of the advantages of using
LRAs instead of ERM motors is their shorter rise time. Our experimental results demonstrate that the transition
time of the rising and falling edge of the signal generated using our method is around 10 microseconds, which is
significantly shorter than the period of typical AC signals (1ms) used for common vibrotactile output. This fast
transition time is comparable to what can be achieved using electronics, ensuring a smooth and effective control
of the vibrations of the LRA.

Controlling multiple LRAs. Similar to the simultaneous control of ERMs, simultaneous control of multiple LRAs,
each with distinct vibrational intensities, can be achieved through the use of a single laser source that quickly
scans the solar cells of different LRA at their respective resonant frequencies (Figure 2e). In this case, the vibration
intensity of an LRA is also influenced by the duration of exposure of its solar cells to the laser beam (duty cycle),
in addition to the laser power. If the laser power is held constant, an increased duty cycle engenders a stronger
vibration.

3.3 Operate Against the Impact of Ambient Light
An important consideration in our design is to minimize the impact of ambient light as the addition of ambient
light to the laser power may result in unpredictable fluctuations in output voltage, making it difficult to precisely
control motor vibration. Particularly, in situations where high levels of ambient light intensity prevail, such as
direct exposure to sunlight, the power density may exceed 130𝑚𝑊 /𝑐𝑚2, surpassing the threshold required to
directly power an ERM motor, thereby rendering the control of motor vibration infeasible. To address this issue,
an additional PV cell (i.e. SOLARCELL2 in Figure 2) can be introduced to the current setup with a polarity opposite
to that of the existing cell. This configuration would offset the energies of both cells, effectively neutralizing each
other’s output when exposed to equal levels of ambient light. It is worth noting that the same cell arrangement is
used for powering the LRAs. Hence, the impact of ambient light on the LRAs is minimal. The difference is that,
unlike the LRAs, the additional PV cell used for the ERM motors does not serve the purpose of receiving energy
from the laser.

3.4 Braking
To enhance the clarity of vibrotactile rendering, haptic drivers commonly incorporate a reverse signal to brake
the motor. One widely utilized haptic driver for this purpose is the DRV2605 [18]. In our implementation of
the system, an alternative braking mechanism can be achieved using lasers, thereby eliminating the need for a
haptic driver or any additional components. This novel approach entails directing the laser at the opposing cell
to achieve the desired braking effect. For example, if the laser is focused on the PV cell utilized to counteract
the impact of ambient light, it will generate a negative DC signal, effectively acting as a brake for the DC motor.
Similarly, by scanning the laser at the cells of the LRAs in a reversed sequence, the system can generate an
opposing AC signal, which effectively brakes the LRAs..

4 IMPLEMENTATION
We present the implementation details of our prototype, which comprises two main components: a laser source
and a haptic device composed of a vibration motor(s).
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4.1 Haptic Device
Our haptic device was implemented using two different types of motors: a 3V 11000RPM ERM motor and a
2.5V 170Hz LRA, both of which are commonly used in research and commercial products. The ERM motor is
controlled using DC, while the LRA is controlled using AC signals. The motor is connected to low-cost PV cells
from Anysolar (KXOB25-14X1F), each with dimensions of 23×8 mm. These cells exhibit good performance when
exposed to high power-density light sources, making them well-suited for use with lasers. The cells are composed
of monocrystalline material and are capable of harnessing visible light as well as a segment of the near-infrared
spectrum with consistent conversion efficiency.

The PV cells are connected in parallel but oriented in the opposite direction. It should be noted that this setup
alone produces a maximum 690mV for the ERM motor and an average root mean square voltage (Vrms) of 585
mV for the LRA, which is inadequate to generate strong vibrations. To address this issue, we incorporated an
additional PV cell in each direction, connected in series, to increase the maximum output power to 1310mV DC
for the ERM motor and 1100 mV (AC, Vrms, square wave) for the LRA. While adding more cells could further
increase the output power, it would result in an undesirable increase in the device’s size. Therefore, we opted to
use only two cells in each direction (four in total), as the current output capacity is adequate for driving the LRA
or ERM motor to generate vibrations of varying strengths, suitable for a range of applications, such as simulating
engine vibrations or a butterfly alighting on the palm.
Considering cell placement, a stable surface, such as a wall or the side panel of a couch, can provide a solid

foundation for the installation of PV cells, particularly when used to augment everyday objects. However, this
setup may not be the optimal choice for wearable scenarios due to the need for tethering the haptic device
to moving body parts. An alternative approach involves affixing the PV cells to a wearable item, like a glove
or vest. In this case, precise tracking of the cells’ motion is necessary to ensure accurate alignment with the
cell. Recent technological advancements in computer vision have made it possible to track tagged objects with
millimeter-level accuracy and millisecond-scale latency [37]. Given this, we’ve made the strategic choice not to
delve into the implementation of a motion-tracking system within the confines of our current work. A more
detailed discussion of potential tracking systems that could integrate with our method is outlined in Section 9.

4.2 Laser
We utilized a rectangular blue laser diode with a wavelength of 445 nm and a maximum output power of 700mW.
In the final implementation, however, the output power was set to 500mW according to the results of our
experiments. The movement of the laser beam was controlled using a galvo scanner. We used the blue laser
primarily for debugging and illustration purposes, while a near-infrared laser is preferred due to its lower risk of
ocular damage.

Laser safety. Ensuring compliance with the Maximum Permissible Exposure (MPE) limit is crucial in protecting
users from potential laser-induced hazards [16]. In our implementation, we took a strategy to mitigate the power
density by increasing the beam size to match the dimensions of the two PV cells, which is 368𝑚𝑚2. The resulting
power density is 135.9𝑚𝑊 /𝑚𝑚2, which is similar to the power density of direct sunlight (∼ 135𝑚𝑊 /𝑐𝑚2) and is
32.1% lower than the laser-induced damage threshold of 200𝑚𝑊 /𝑐𝑚2, the MPE value calculated for our continuous
445nm laser. We based our calculations on the American National Standard for Safe Use of Lasers (ANSI Z136)
[16], taking into account the potential for prolonged skin exposure of up to 104 seconds. Note that the beam
size can be increased using a beam expander or by increasing the distance between the laser diode and the cells.
While the former approach is preferred, as it allows the power density to remain at the same low level along the
pathway of the beam, the latter approach was chosen as a cheaper alternative in our initial explorations.

Overdrive. In low voltage conditions, the ERM motor exhibits a delay of approximately 300ms before it reaches
the desired vibration intensity. A common approach to reducing this rise time is to introduce a brief period of
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overdrive at a higher voltage. Overdrive is also used to produce low-intensity vibration when the input power is
below 400mW, which is inadequate to nitiate motor spinning. The overdrive is commonly supplied through a
driver chip with conventional electronic components. In our prototype, we incorporated a 10ms 500mW laser
(outputting 1310mV) as a prefix to the lasers with power levels below 400mW to realize overdrive. On the other
hand, overdrive is not required for the LRA. Our implementation employs an LRA with a very short rise time of
roughly 11.8ms, even when driven by a minimum power of a 50mW laser. This time is less than two duty cycles
of the LRA’s resonant frequency (170Hz).

5 EXPERIMENTS
We conducted a series of experiments to assess the potential impact of several critical parameters such as beam
size, angle of incidence, and laser power on the performance and viability of our approach. Furthermore, we were
interested in understanding whether the commonly used methods to enhance the performance of inexpensive
vibration motors, such as overdriving, can be effectively achieved using the laser. Our investigation intentionally
excluded application-specific questions, such as the feasibility of tracking the movement of solar cells, as they
fall outside the scope of this initial exploration. Particularly, we sought to answer the following questions:

Q1: How does beam size impact output voltage? If a negligible impact is found, larger beam sizes are preferred
for reduced power density or improved safety.
Q2: How does the angle of incidence of a beam may affect the output voltage? If the impact is significant,

meticulous setup and calibration may be necessary, which can be costly and time-consuming.
Q3: How does laser power level impact output voltage? The answer will allow us to understand how to render

vibration intensities of varying degrees.
Q4: Can the rise time of the ERM motor be significantly reduced with our overdrive implementation? Our

focus of this question has been deliberately limited to the ERM motors, as the rise time is of less concern in the
case of LRAs.

5.1 How Does Beam Size Impact Output Voltage?
The first question we sought to answer was the impact of beam size on the energy harvested by the PV cells.
The experiment setup involved the placement of PV cells at a perpendicular angle to a laser beam of 200mW. To
achieve different beam sizes, the distance between the laser source and the PV cells was manually adjusted. The
beam size was increased from 8𝑚𝑚2 to 88𝑚𝑚2 with increments of 10𝑚𝑚2, with the maximum size selected to
fit within the shape of a single PV cell. We ensured that there was no overflow beyond the edge of the PV cell
which allowed complete absorption of the laser power by the PV cell. To account for potential variations in the
conversion efficiency across the PV cell’s surface, the beam’s position was randomly altered within the cell.
Results. Our result suggests that the size of the laser beam exhibited negligible influence on the amount of

energy harvested by the PV cells. This is evidenced by the relatively constant voltage output ranging from 600mV
to 612mV for the ERM motor and from 470mV to 471mV Vrms for the LRA, observed across varying beam sizes
(Figure 3). We anticipate that this outcome can be generalized to larger beams and cells, given the identical
internal structure of the PV cells. As noted previously, it is crucial to maintain the size of the beam above a safe
threshold, which is determined based on power density (and kept below LIDT) to ensure safety. Hence, a larger
beam dimension is preferred. However, beams that are excessively larger than the cell should be avoided to allow
for the capture of all available energy. Based on the finding of this study, we selected a beam size of approximately
368𝑐𝑚2, which covers the combined area of two PV cells.
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Fig. 3. Voltage output of the ERM motor and LRA (Vrms) with different sizes of the laser beam.

5.2 How Does Angle of Incidence Impact Output Voltage?
This study aimed to measure the impact of the angle of incidence on the output voltage of the PV cells. The study
setup was similar to the first study, except that the PV cells were placed at a fixed location 2m away from the
laser source. We varied the angle of incidence from -80° to 80° with a step of 10°. To ensure the beam remained
within the boundaries of the PV cells’ surface area across the different angles of incidence, the size of the laser
beam was adjusted to an area of 27.5𝑐𝑚2.
Results. Our results indicate that the angle of incidence of the laser had negligible effects on the harvested

energy. We observed a stable voltage output range of 588mV to 614mV for the ERM motor and 470mV to 470.6mV
Vrms for the LRA across all tested angles of incidence (Figure 4). Our findings are consistent with previous
investigations of sunlight, which have demonstrated that a perpendicular alignment between the laser and solar
cell is not a necessary condition for efficient energy harvesting [43]. As a result, it is unnecessary to carefully set
up and calibrate the system. This study further suggests that VR applications involving motion tracking may be
feasible because when the solar cell is attached to the hand, it may appear at different angles within the line of
sight of the laser.

Fig. 4. Voltage output of the ERM motor and LRA (Vrms) with different angles of incidence of the laser.
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5.3 How Does Laser Power Level Impact Output Power And Vibration Intensity?
This study investigated the impact of varying laser power levels on the output power of the PV cells and the
subsequent vibration intensity of the ERM motor and LRA. The experiment setup was similar to the first study.
The size of the laser beam was adjusted to approximately 368𝑐𝑚2 to cover the combined area of the two PV cells,
by positioning the laser source at a distance of 5m away from the cells. The effect of laser power at different
levels was assessed by varying the power of the laser from 227mW to 600mW for the ERM motor motor and
50mW to 600mW for the LRA. The lower boundary of 227mW was selected for the ERM motor motor because
it generates an output of 350mW on the PV cells, which is the minimum power required to actuate the ERM
motor. Similarly, the lower boundary of 50mW was selected for the LRA based on the minimum power required
to actuate the LRA (35mV VRms on the PV cells). The upper boundary of 600mW (163𝑚𝑊 /𝑐𝑚2) was chosen to
ensure that the laser power density was lower than the laser-induced damage threshold of 200𝑚𝑊 /𝑐𝑚2.

The intensity of vibration was measured using an ADXL335 accelerometer attached to the motor. The analog
signal was collected using Analog Discovery 2 [11]. The voltage peak-to-peak (Vpp) was recorded to demonstrate
the intensity of vibration, as the acceleration exhibited a sine wave pattern. To reduce the rise time and initiate
the vibration of the ERM motor under low power input, we introduced an overdrive voltage generated using a
500mW laser beam with a duration of 10ms.

Results. Our result revealed interesting trends between the output voltage and vibration intensity (Figure 5a-b).
For the ERM motor, the output power exhibits a swift rise until the laser power reaches 400mW, beyond which
the rate of increase levels off. Notably, increasing the laser power from 500mW to 600mW did not result in an
increase in output power, as the PV cells had already reached their maximum output voltage of 1310mV. Of
particular interest is the observation that subtle variations in laser power at low levels may result in significant
changes in vibration intensity. This has important implications for generating rich vibrotactile patterns, such as
progressive increases or decreases in intensity.

In the LRA condition, the output power of the PV cells showcases a different pattern, especially in the range of
500-600mW, wherein a continued increase in output power is observed with the increase in laser power. Despite
this rise, there is no corresponding increase in the vibration intensity (Figure 5b). This can be attributed to the
LRA reaching its threshold of maximum vibration intensity at around 512mW. These findings suggest that a
500mW laser would be optimal for achieving a balance between laser power strength and vibration intensity for
both ERM and LRA in our specific implementation.

Lastly, our PV cell showed a relatively low conversion rate ranging from 2.7% to 8.3% for the ERM motor and
0.06% to 8.9% for the LRA (Figure 5c), suggesting the potential for elevated output power through higher-end
solar cells. In the ERM motor condition, there’s an inflection point in the conversion rate, indicating that beyond
a laser power of 400mW, the output power of the PV cells has a diminishing rate of increase, again, due to the PV
cells reaching their maximum output voltage.

5.4 Evaluation of PV Cell Output with Fixed Resistor
To further validate the findings presented in Section 5.3, we conducted another study to assess the output power
and voltage of PV cells when a fixed resistor was introduced. This study aimed to investigate the effects of laser
power on the output of the PV cells under a DC signal condition. To closely resemble the conditions in Section
5.3, a resistance value of 47 Ohms, which closely approximates the resistance of the ERM motor utilized in that
section, was selected. Similar to the method employed in Section 5.3, a range of laser powers, spanning from
227mW to 600mW with an increment of 100mW, were tested. It is worth noting that since the power and voltage
characteristics (𝑃 = 𝑈 𝐼 ) of the resistor remain consistent for both DC and AC signals, we expected that the
insights gained from the DC condition could be generalized to the AC condition. Therefore, we did not conduct a
separate study for the AC condition.
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Fig. 5. (a) Output power of the PV cells shown by different laser power levels. (b) Acceleration of the ERM motor and LRA
shown by different laser power levels (c) Conversion Rate of the ERM motor and LRA shown by different laser power levels

Results. As shown in Figure 6, the output power and DC voltage of the PV cell demonstrate a rapid increase
until the laser power reaches approximately 400mW. Beyond this threshold, the rate of increase stabilizes. It is
worth noting that this observation aligns with the results obtained from the previous study that utilized an ERM
motor.

Fig. 6. Voltage and output power of the PV cells with a fixed resistor shown by different laser power levels

5.5 Effectiveness of Overdrive Voltage
This study aims to assess the effectiveness of our overdrive implementation in expediting the rise time of the
ERM motor. The overdrive was implemented by introducing a 10ms 500mW laser (1310mV output) as a prefix for
three laser power levels, including 335mW, 361mW, and 391mW, which resulted in corresponding outputs of
1015mV, 1100mV, and 1216mV. The rise time of the ERM motor was determined by analyzing the accelerometer
data. The Analog Discovery 2 was used to collect the analog signal from the ERM circuit.
Results. Figure 7 shows the effectiveness of overdrive in reducing the rise time of vibrations. Specifically, the

application of overdrive resulted in an average reduction of 9.93% in the rise time. As expected, the influence of
overdrive on reducing the rise time was found to be more pronounced in the lasers with lower power.
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Fig. 7. Rise time with and without overdrive shown by different laser power levels.

6 VIBROTACTILE PATTERNS
To demonstrate the potential of our system, we implemented 16 vibration patterns for both the ERM motor and
LRA, among which, 9 were created using a single motor, while the other 7 patterns were created using two motors.
The latter set of patterns consisted of 4 alternating patterns and 3 concurrent patterns. The selected patterns
are representative of widely used patterns in both industrial and academic settings [23]. Figure 8 and Figure 9
illustrate some of the implemented patterns and their corresponding signals. Most of the selected patterns are
compounding patterns, which are combinations of two or three simpler patterns. For the sake of conciseness, we
do not present the simpler patterns individually to avoid redundancy. It is worth noting that the resulting pattern
shapes and vibration indensities, as detected using an accelerometer, are not identical between our LRA and ERM
implementations, particularly in the case of dual motor control. This is due to the reduced duty cycle and longer
rising and braking time of the ERM motor when compared to the LRA.

6.1 Single Motor Vibration Patterns
We implemented nine distinct patterns using a single actuator, employing varying levels of vibration intensity
and duration.
Single/Double/Triple Click (No.1-3). Single Click displays a 100ms vibration measured at a PTP acceleration

of 1.2𝑚/𝑠2 (500mW laser) using the ERM motor and 1.85𝑚/𝑠2 (420mW laser) using the LRA. Double Click and
Triple Click exhibit the occurrence of two and three Single Clicks, separated by a short interval of 100ms.

Buzz (No.4). A 100ms vibration exhibiting a PTP acceleration of 1.2𝑚/𝑠2 for the ERM and 1.5𝑚/𝑠2 for the LRA,
produced by a laser of 500mW for the ERM and 360mW for the LRA, with a brief interval of 100ms.
Intense-Subtle (No.5).A 150ms intense vibration measured at a PTP acceleration of 1.8𝑚/𝑠2 (500mW laser)

for the ERM and 1.85/𝑠2 (400mW laser) for the LRA, followed by a 50ms subtle vibration measured at a PTP
acceleration of 0.8𝑚/𝑠2 (500mW laser) for the ERM motor and 0.32𝑚/𝑠2 (200mW laser) for the LRA. Notably, the
ERM motors require higher PTP acceleration for short-period vibration to provide a clear vibrotactile feedback.
Intense-Subtle-Subtle (No.6). Similar to Intense-Subtle except for the presence of two instances of the subtle

vibratory stimulus.
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Fig. 8. Illustration of representative vibrotactile patterns developed using a single (Red Line) and two ERM motors (Red
and Blue Lines), shown by the laser signals created to generate the target patterns (col. 1), the corresponding resulting
patterns generated by the laser (col. 2), the signal generator signals created to generate the target patterns (col. 3), and the
corresponding resulting patterns generated by the signal generator (col. 4).

Intense-Subtle-Moderate-Subtle (No.7). A sequential presentation of two Intense-Subtle with the second intense
vibration rendered 2 times weaker than the initial presentation using a 100ms 500mW for the ERM and 100ms
350mW laser for the LRA.
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Fig. 9. Illustration of representative vibrotactile patterns developed using a single (Red Line) and two ERM motors (Red
and Blue Lines), shown by the laser signals created to generate the target patterns (col. 1), the corresponding resulting
patterns generated by the laser (col. 2), the signal generator signals created to generate the target patterns (col. 3), and the
corresponding resulting patterns generated by the signal generator (col. 4) (the fluctuations caused by the signal generator
are hardly perceivable by a human)

Ramp-Up (No.8). The vibration intensity exhibits an incremental rise (9 steps) from an initial value of 0.2𝑚/𝑠2
to a final value of 1.6𝑚/𝑠2 for the ERM and from 0.2𝑚/𝑠2 to 1.3𝑚/𝑠2 for the LRA over a 1.6s duration. The highest
intensity was achieved through the laser operating at 433mW for the ERM and 350mW for LRA, while the lowest
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intensity was produced with the laser operating at 227mW for the ERM and 180mW for the LRA. We used an
overdrive at the beginning to initiate the vibration for the ERM motor.

Ramp-Down (No.9). Ramp-Down is the opposite of Ramp-Up, whereby the vibration intensity progressively
reduces. The highest intensity was achieved through the laser operating at 500mW for the ERM and 350mW for
the LRA, while the lowest intensity was generated with the laser operating at 257mW for the ERM and 180mW
for the LRA.

6.2 Alternating Patterns with Two Motors
We made slight adjustments to the vibration patterns developed for a single motor and generated four additional
patterns by incorporating alternating vibrations between two motors. Implementation of these patterns was
achieved through the use of a single laser source as described early.

Intense-Subtle-Alt (No.10). Following an intense vibration on a motor, a subtle vibration is rendered on a different
motor.
Intense-Subtle-Subtle-Alt (No.11). Subsequent to the intense vibration on a motor, two subtle vibrations were

rendered on a different motor.
Intense-Subtle-Moderate-Subtle-Alt (No.12). The order remains the same as the single motor version, except for

the allocation of high/moderate and subtle vibrations, which were rendered on separate motors as opposed to a
singular motor.
Buzz-Alt (No.13). The rendering of buzzing alternates between the two motors.

6.3 Concurrent Patterns with Two Motors
We implemented three concurrent vibration patterns by incorporating the simultaneous operation of two motors
using a single laser source. As described in the previous section, the concurrent operation of the motors with a
single laser source leads to a reduction in the maximum vibration intensity by half.
SingleClick-Buzz (No.14). It renders the Single Click on one motor and Buzz concurrently on the other motor.
Buzz-Buzz (No.15). It renders Buzz concurrently on both motors.
Vibrotactile Flow (No.16). Vibrotactile Flow induces a sense of a moving object between two motors[42]. This

was implemented by presenting two overlapping sets of ramp-up-and-down patterns, one on each motor (Figure
9; Row 7, Column 3).
For the ERM, however, the challenge is that our ramp-up implementation developed on a single motor could

not be used for simultaneous control, especially at the beginning of the ramp, where the vibration intensity is low.
This was due to the deceleration of the motor once the laser was moved away from its PV cells, making it difficult
for the motor to reach the desired speed. To address this challenge, we used a laser with a higher power (500mW
in our implementation). This allowed the motor to accelerate faster than it decelerated, an important requirement
for increasing vibration intensity in simultaneous control where each motor is allocated an equal share of 50%
duty cycle. We set the duty cycle to 23ms, which resulted in a steady increase in vibration intensity from a PTP
acceleration of approximately 0.3𝑚/𝑠2 to 0.8𝑚/𝑠2 in 115ms (3 cycles as shown in Figure 8). Ramp-down does not
have this problem. In our implementation, the reduction of vibration intensity was achieved by progressively
decreasing the laser power from 500mW to 391mW, and subsequently to 212mW, resulting in a PTP acceleration
of 0.3𝑚/𝑠2.

The LRA does not have the same issue. Thus, we could use the same method developed for a singular actuator
to achieve both ramp-up and ramp-down. In our implementation, the highest intensity of 1.1𝑚/𝑠2 was achieved
through the laser operating at 370mW, whereas the lowest intensity of 0.15𝑚/𝑠2 was achieved using a 180mW
laser.
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As with other vibrotactile flow generated using vibratory stimuli [54], we enhance users’ perceptual experience
by incorporating visual feedback of a rolling ball (Figure 10, right).

7 USER STUDY
We conducted a user study to evaluate the subjective assessment of users’ initial exposure to the vibrotactile
patterns generated by our approach. Our study task involved exposing participants to a range of vibrotactile
patterns applied to their hand, simulating what is typically encountered in a VR environment. Our choice of
task was motivated by the fact that VR applications impose higher demands for high-quality haptic rendering
compared to other use cases of our device.

We would like to note that, generally speaking, LRAs are capable of producing more noticeable and immediate
changes in vibration compared to ERM motors. This is mainly due to their unique characteristics, such as
shorter starting and braking times and lower power requirements to initiate vibrations. Therefore, delivering the
designed patterns with high quality using ERM motors presents a more significant challenge compared to LRAs
(as confirmed by our pilot study). In this study, we deliberately focused on ERM motors, which enabled us to
gain insights into the lower limit of our approach. Additionally, we were interested in understanding how our
approach would perform in comparison to those relying on electronics. Thus, we included a baseline condition
with the same set of patterns generated using a signal generator. Although we could have implemented the
baseline through a microcontroller and driver, we chose the signal generator to generate analog signals, which
are generally more optimal for motor control.

7.1 Participants and Apparatus
Seven right-handed participants (2 females and 5 males) were recruited to participate in the study. Although
the sample size was relatively small, it conforms to the common practices in haptics research of similar studies
[5, 13, 40]. During the study, a pair of ERM motors were affixed to the palm of the dominant hand of each
participant with a distance of 30mm and 50mm for female and male participants, respectively (Figure 10, left). In
order to generate the concurrent patterns in the baseline condition, two signal generators were used, with each
of them controlling a separate motor, whereas our method utilized a single laser source operating at 500mW.
To ensure a fair comparison between the two methods, the maximum voltage output of the signal generator

was limited to 1.3V, which corresponds to the maximum voltage output of our prototype for the ERM motor.
Additionally, we ensured that salient features of the tested vibrotactile patterns, such as vibration intensity and
duration, remained the same across both implementation methods.

While our implementation is, in principle, deemed safe for human body application, laser-based technologies,
by their nature, necessitate a more careful study design to ensure participant safety, particularly during the
technology’s early developmental phase. Consequently, we have opted for a more stringent IRB protocol to
strategically partition the laser component from direct participant interaction, thus minimizing potential risks
during the course of our study. Specifically, the laser and solar cells were situated within a protected laser
operation space covered with safety curtains. The distance between the laser and PV cells was set at 5 meters
(Figure. 11). The participants were seated in an adjacent room. They were advised to maintain a relaxed posture
of their choice while completing the study. The experimental interface was presented on a 27-inch monitor placed
on a desk in front of the participants.

7.2 Task and Procedure
The study consisted of two sessions, which were presented to the participants in a randomized order. During
Session A, participants were presented with all the vibration patterns as detailed in the previous section, with the
exception of Vibrotactile Flow, which was assessed in Session B due to its unique requirements for visual feedback.
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Fig. 10. Left: Participant’s right hand wearing a glove with two ERM motors. Right: In the Vibrotactile Flow condition, we
showed the visual feedback of a rolling ball moving in and out on a participant’s hand from left to right.

Fig. 11. The setup of our study.

The method of delivery, either through the laser or signal generator was randomly assigned. Since the vibration
patterns using one or two motors could be easily differentiated, we chose to present them as two separate groups,
and in a randomized order. Following the presentation of each vibration pattern in Session A, participants were
required to select a text description from a pre-determined list that most accurately described the pattern they
perceived. Additionally, they were instructed to provide a continuous numerical rating to evaluate the degree
of congruence between the selected text description and the presented vibration pattern (1 being a complete
mismatch and 5 being a perfect match).

The evaluation of Vibrotactile Flow was conducted during Session B, as it was paired with a visual display of a
rolling ball (Figure 10, right). The tactile experience was activated upon the virtual ball crossing the virtual line
on the left, emulating its entry from the left side of the hand and subsequent exit from the right. The vibrotactile
feedback was terminated once the virtual ball crossed the virtual line on the right. Following the presentation of
the Vibrotactile Flow produced by either the laser or the signal generator, the participants were asked to provide
a continuous numerical rating to assess the degree of realism.

Before the study, participants were given a brief introductory session to acquaint them with the experimental
apparatus. No specific training was provided to familiarize them with the tested vibration patterns. Our pilot
study findings indicate that the recognition of vibration patterns, particularly those involving subtle vibrations,
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Table 1. The average and standard deviation of the congruence scores collected from our user study.

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8

Laser: Average 5 4.86 5 4.64 4.2 4.56 4.08 4.64
Laser: STD 0 0.38 0 0.75 0.84 0.88 0.92 0.63

Analog: Average 5 5 5 4.86 4.03 4.41 4.67 4.79
Analog: STD 0 0 0 0.37 0.9 0.92 0.52 0.4

No.9 No.10 No.11 No.12 No.13 No.14 No.15 No.16

Laser: Average 4.07 4.43 5 4.71 4.71 4.57 4.14 4.29
Laser: STD 0.84 0.98 0 0.76 0.49 1.13 0.9 0.76

Analog: Average 4.57 4.29 5 5 4.86 4.79 4.29 4.14
Analog: STD 0.53 0.95 0 0 0.38 0.39 0.95 0.69

improves with repeated exposure. To gauge the initial reactions of the participants, we restricted their exposure
to each pattern to a single trial.

7.3 Results and Discussion
Figure 12 shows confusion matrices that illustrate the recognition accuracy of the tested vibrotactile patterns
rendered via the laser and the baseline. The degree of congruence is shown in Figure 13.

The participants in the study did not report any noticeable differences between the laser and baseline conditions,
as indicated by the congruence scores presented in Table 1. To further explore this finding, we conducted a
paired-sample t-test for all the patterns, with the exception of the Click, Triple Click, and Vibration-Vibration
patterns, which all received a full score of 5. Additionally, data points where participants failed to correctly
recognize a pattern were excluded from the analysis, resulting in the removal of 7 out of 224 data points (3.1%).
The results of the analysis revealed that all the p-values were greater than 0.05, indicating that no statistically
significant differences in means between conditions were observed. Although conducting the study with a larger
number of participants may potentially reveal a statistically significant difference, the current results suggest
that any numerical difference would likely be small. In fact, all participants commented that the vibrations felt
identical to them under both conditions.
The participants were able to accurately recognize the majority of the vibration patterns, regardless of the

power source driving the motors. The results also revealed a consistent pattern concerning the recognition
accuracy across the laser and baseline conditions. Specifically, those with low recognition accuracy remained
consistently low irrespective of the power source, while those with high accuracy remained consistently high
for both methods. These results suggest that laser-powered vibrotactile rendering has the potential to replace
electronic systems with comparable performance.
The majority of the recognition errors were associated with patterns containing subtle vibrations, which

subsequently resulted in lower ratings as the participants found them difficult to perceive. Analysis of the
participants’ feedback identified three primary reasons contributing to the errors, namely, failure to detect the
subtle vibrations, misconstruing them as motor noise, or misperceiving them as intense vibrations. Notably, all of
them are linked to the perception of subtle vibrations. The participants emphasized that these errors could have
been avoided if they were given further trials or changed their previous results. The common mistakes made by
the participants include recognizing Intense-Subtle or Intense-Subtle-Subtle as Single Click or Triple Click (P3,
P5), Intense-Subtle-Moderate-Subtle as Intense-Subtle (P3).
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Fig. 12. The confusion Matrices of the vibrotactile patterns rendered using the ERM motor(s)

Fig. 13. Mean Degree of Congruence shown by the powering methods and 16 tested patterns (SD = 1).

7.4 Vibrotactile Flow
The results indicated an average rating of 4.29 and 4.14 for the laser and baseline condition, respectively (Pattern
16 in Figure 13). A t-test revealed no statistically significant difference between the two methods (p = 0.356). The
results again suggest that the laser-powered vibrotactile rendering method yields comparable performance to
the baseline approach using a signal generator. Notably, the results are particularly encouraging as the baseline
condition involved the use of two signal generators, while only one laser source was used to drive two motors in
the laser condition.
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8 ENVISIONED APPLICATIONS
To demonstrate the versatility of our approach, we present a diverse set of use cases that leverage our device to
facilitate novel haptic interactions. In Figure 14 we present a detailed depiction of our entire system, including a
proposed tracking system that we envision integrating in the future. Our applications are classified into three
categories (1) battery-free haptic gloves, (2) ambient haptic feedback, and (3) adaptation of conventional input
devices.

Fig. 14. (a) A hypothetical utilization of our system in VR applications. The system is comprised of various components,
including a laser, a motion tracking system (to be incorporated in the future), a VR headset, and our haptic gloves. (b) Details
of the haptic gloves comprising PV cells and vibrotactile motors.

8.1 Battery-Free Haptic Gloves
We implemented a pair of haptic gloves with two LRAs strategically attached to the palm of each glove. These
LRAs were then tethered to the PV cells affixed to the lag of the table placed in front of the user. This design
choice allows the user to freely move their hands without the tangling of wires. To showcase the capability of
our device, we developed two VR demo applications (Figure 15). In the first demo, users are presented with the
realistic sensation of a butterfly landing on their hand. In the second demo, we implemented the vibrotactile flow
[42] by enabling users to perceive the sensation of a spider crawling across their palm from left to right. Unlike
the existing approaches, our system features an extended operational time, thus obviating the need for frequent
charging.

8.2 Ambient Haptic Feedback
Ambient haptic interfaces aim to seamlessly integrate haptic feedback into everyday environments, providing
unobtrusive access to haptic experiences in home or work settings. The challenge with current approaches is the
need for battery replacement and recharging of haptic devices. Our proposed device could facilitate the easy
deployment of ambient haptic interfaces in everyday environments. For example, we present a door handle of
a meeting room augmented with our device that vibrates when touched, indicating that the room is in use by
someone (see Figure 1b). Additionally, we illustrate how our device can be attached to a sofa, which vibrates to
remind the user of an upcoming important meeting appointment (see Figure 1d). As a new way to enable ambient
haptics, our approach has the potential to minimize the inconvenience associated with charging and replacing
batteries in haptic devices.

8.3 Adaptation of Conventional Input Devices
In the third scenario, we demonstrate the potential of the proposed device to enhance conventional input devices,
such as mice or keyboards, designed for prolonged use. As the contemporary usage of such devices has expanded
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Fig. 15. Eenvisioned applications of our proposed device in VR environments. (a) A user feels a butterfly landing on their
hand. (b) A user feels a spider crawling across their palm. This demo was developed using our implementation of Vibrotactile
Flow.

to encompass activities that necessitate more sophisticated haptic feedback, such as gaming, there is a growing
need for more immersive haptic experiences in these scenarios. However, a significant challenge faced is the
limited battery life associated with integrating a vibration motor. Our proposed device could be a temporary
attachment to a computer mouse (with PV cells affixed to the lag of the table) that offers users the ability to
experience haptic impulses when simulating the firing of a gun or the tactile edge of virtual objects during the
alignment of shapes or objects using the cursor.

9 LIMITATIONS AND FUTURE WORK
In this section, we present the observations and insights garnered throughout the course of our research.
Additionally, we discuss the limitations of our work and outline a plan for future investigations.

Conversion efficiency. Despite the relatively low conversion rate of 10% observed in our current implementation,
our research effectively demonstrated the potential of utilizing laser to energize and control both LRA and
ERM motors, enabling them to provide haptic feedback across various vibration intensities. However, further
exploration is necessary to fully exploit the capabilities of our approach. One avenue for improvement lies in
leveraging high-efficiency solar cells, specifically, those composed of Gallium arsenide, which have exhibited
efficiencies exceeding 30%. Another potential strategy to enhance the conversion efficiency of our system revolves
around matching the characteristic resistance of the solar cell. This resistance refers to the output resistance of
the cell at its maximum power point. By aligning the resistance of the vibrotactile motor with the characteristic
resistance of the solar cell, optimal power transfer to the motor can be achieved, enabling the PV cells to operate
at its peak performance. It is important to note that a key distinction between our work and existing studies
focusing on efficient circuits tailored for battery-free energy harvesting systems [7, 10] lies in our elimination of
all electronics and components on the haptic interface side. This removal significantly reduces the complexity of
the hardware user interface, potentially improving the overall user experience.

Laser safety.The power density of our current implementation is similar to that of direct sunlight (∼ 135𝑚𝑊 /𝑐𝑚2),
which is sufficient for the operation of LRAs. However, to achieve stronger vibrations using ERM motors, it is
possible to increase the power density by raising the laser power or by utilizing solar cells with high conversion
efficiency. It is important to note that for safe use of the system with stronger lasers in practical applications, an
additional safety mechanism similar to that proposed by Iyer et al. [20] is crucial to ensure prompt termination
of laser exposure to the user. Nevertheless, the integration of such a system is beyond the current scope of our
research, and we will investigate it in future work.
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Distance. During our study, we set the distance between the laser and the PV cell at 5 meters. This distance was
chosen to ensure that the laser’s power density at the cells remained at a low level of approximately 135𝑚𝑊 /𝑐𝑚2.
We acknowledge that using a beam expander is a preferable method for controlling the beam size and power
density. With a beam expander, the distance constraint is eliminated, and the power density can be maintained
at a consistent low level throughout the entire pathway of the beam. However, for the purpose of our initial
exploration of this new approach, we opted for the more cost-effective approach of controlling the beam size by
adjusting the distance between the laser diode and the cells.

Beyond ERM and LRA.We investigated the feasibility of using laser as a means of powering and controlling LRA
and ERM motors. Future research will investigate the compatibility of our approach with other types of actuators,
especially those that require high voltage input, such as piezo actuators. Piezo actuators demand approximately
100v AC signals, which poses a challenge to the current approach. However, the energy consumption measure-
ments conducted by Texas Instruments indicate that the power consumption of piezo actuators is comparable to
that of ERM motors and LRAs. Specifically, the energy consumption per vibration (or click) is measured as 0.34
uAh for Piezo, 0.58 uAh for LRA, and 1.72 uAh for ERM [17]. These findings suggest that high-voltage PV cells
can provide a promising solution to overcome this challenge and improve the versatility of our approach for a
broader range of actuators.

Tracking. The accurate delivery of a laser beam to PV cells is a crucial requirement in several target applications.
Achieving such precision necessitates the precise tracking of the cells’ locations. Tracking the movement of objects
in 3D space has been extensively investigated within academia and industry, thus paving a pragmatic path for
integrating our proposed method into VR applications. Among the existing tracking methods, a straightforward
yet effective approach employs computer vision to track tagged objects [35–37]. Within the context of our work,
we envision augmenting the PB cells with retroreflective markers along their periphery. The 3D position of the
markers can subsequently be tracked using a camera and established computer vision techniques, resulting in
millimeter-level precision [38] with latency at the millisecond scale [37]. This latency remains imperceptible to
human perception [24].

The speed of the galvo plays an equally important role in guaranteeing precise laser beam delivery. Considering
that the fastest human motion at around 44 m/s [20] – translating to angular velocities of 44 rad/s, 8.8 rad/s,
and 4.4 rad/s when the laser is positioned 1 m, 5 m, and 10 m away from the PV cell, respectively. Note that the
commonly used galvo scanners in commercial products can significantly surpass these angular velocities. For
instance, our current implementation uses a galvo system with an angular velocity of approximately 4,221 rad/s,
outpacing human motion by 480 times at a 5 m distance from the laser. Our upcoming research will investigate
suitable tracking methods that can enable untethered solutions.

In addition, we will also seek to determine the maximum number of vibration motors that can be controlled by
a single laser source and develop an optimal control algorithm that can handle multiple moving cells within a
room.
Sensing user input. The present implementation lacks the ability to perceive the user’s input during the

interaction with physical objects augmented with ambient haptic feedback. Our forthcoming research will
investigate methods for repurposing the existing approach and laser system to facilitate user input detection
while minimizing the usage of additional devices on the laser side. We see that a potential avenue for achieving
this objective is through laser speckle imaging techniques [4].

Sensing vibration frequency. Our current implementation lacks the ability to detect the vibration frequency of
the motor, posing a challenge in achieving accurate and timely vibrotactile rendering. To address this limitation,
we plan to explore approaches to repurpose the laser for sensing the motor’s vibration frequency. This adaptation
would enable the system to establish a closed loop, facilitating real-time adjustments to the motor’s output
based on sensor feedback. Consequently, this enhancement will provide us with finer-grained control over how
vibrotactile experiences can be precisely rendered. A potential solution for achieving non-contact vibration
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sensing could draw inspiration from the methods often utilized in laser Doppler vibrometers [53]. Additionally,
tracking the motor’s location can be accomplished using computer vision methods, as discussed earlier.

10 CONCLUSION
This paper presents a battery-free and electronic-free vibrotactile device that leverages a laser-based wireless
power transfer and haptic control mechanism. The proposed solution enables the driving of vibrotactile motors
using both DC and AC signals. Through the development of a proof-of-concept prototype and a series of technical
evaluations and user studies, we demonstrate the feasibility of our approach to replace conventional electronics
and batteries in existing devices. The implications of our work extend beyond the domain of vibrotactile devices,
offering insights into the advancement of sustainable smart devices in virtual and physical environments. We
believe this alternative perspective could foster the growth of sustainable technologies and facilitates the reduction
of electronic waste.
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