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Figure 1: (a) We propose a new method for powering devices only during user interaction. It comprises of two parts: a wearable
transmitter-module worn by the user and receiver-tags with coils that can be used to power devices without batteries. (b) When
the user interacts with devices with receiver tags, energy is inductively transferred between the user’s coil and the device’s coil.
This energy is sufficient for powering sensors, microcontrollers, and even actuators. (c-f) Our approach offers a new pathway
for a greater number and diversity of battery-free devices in ubiquitous computing.

Abstract
We introduce Power-on-Touch, a novel method for powering de-
vices during interaction. Power-on-Touch comprises two main
components: (1) a wearable-transmitter attached to the user’s body
(e.g., fingernail, back of the hand, feet) with wireless power-coils
and a battery; and (2) receiver-tags embedded in interactive de-
vices, making them battery-free. Many devices only require power
during interaction (e.g., TV remotes, digital calipers). We lever-
age this interactive opportunity by inductively transferring energy
from the user’s coil to the device’s coil when in close proximity.
To achieve this, we engineered receiver-tags and coils, including
thin pancake-coils best-suited for wearables and spherical-coils
that receive power omnidirectionally. To understand which coils
best support a wide range of interactions (e.g., grasping, touch-
ing, hovering), we performed technical characterizations, including
impedance and 3D efficiency analysis. We believe our technical
approach can inspire ubiquitous computing with new ways to scale
up the number and diversity of battery-free devices, not just sensors
(`Watts) but also actuators (Watts).
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1 Introduction
Mark Weiser envisioned a future where computing devices are
seamlessly embedded in nearly every object, enabling an era of
ubiquitous computing [67]. While this vision is becoming increas-
ingly feasible with advancements in technology, a significant hurdle
remains: power supply. Currently, most interactive devices rely on
batteries, which do not present a major hassle if users just interact
with a limited number of devices in a room. However, as the number
of interactive objects in a single environment increase, users find
themselves requiring charging or replacement of batteries, which
becomes impractical if we truly envision potentially hundreds of
devices in a single smart environment [67].

In fact, supplying power is one of the primary practical obstacles
in ubiquitous computing [15, 17, 49, 53]. There have since been
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significant strides made in ubiquitous sensing [16, 68, 78, 79], visual
displays [13, 41, 45], low-power computers and microcontrollers
[64], and even battery-free devices that harvest energy from users
and operate intermittently [8]. However, these do not represent
the full-power spectrum of interactive devices. While sensors or
displays might require less power, most devices that contain actua-
tors are not eligible for most forms of low-powered computing or
energy harvesting [61, 71]. In fact, most interactive devices contain-
ing haptic actuation, motor-based tangibles, or other power-hungry
actuators (e.g., ultrasound, electromagnets, and much more), are
not typically featured in research on ubiquitous computing or in
visions of this future.

To explore a new technical approach towards these challenges,
we propose Power-on-Touch, a one-to-many wearable approach de-
signed to power devices on-demand. By eliminating the need for
built-in batteries and enabling scalable power transfer, Power-on-
Touch not only mitigates the maintenance burden associated with
batteries but also meets the power required for actuators, facilitat-
ing wider adoption of haptic and actuated devices in ubiquitous
computing.

2 Related Work
The work presented in this paper builds primarily on ubiquitous
interfaces, particularly instrumented interactive surfaces, and wire-
less power transfer, with emphasis on wearable approaches.

2.1 Adding Output to Everyday Objects &
Surfaces

To achieve the vision of ubiquitous computing [67], researchers
have developed various techniques to integrate input & output into
everyday objects & surfaces—attempting to make these come alive
and become responsive. One main challenge when adding interac-
tivity to objects is how to power the input & output components.
Since these objects and surfaces are meant to be scattered around
users, powering them with batteries is challenging due to repetitive
charging.

In addition to input, researchers have explored adding output
to everyday objects and surfaces. For instance, researchers have
added visual [13], audio [19], and actuated output [40]. On the
haptics side, the common approach to adding haptics is to simply
embed a vibromotor in the object [42, 43, 73]. On the actuation side,
Robiot generated mechanisms for adding actuation to everyday
objects, such as augmenting a lamp with robotic movements [30].
Evidently, when compared with adding input to the environment,
adding actuation is far less explored, likely a symptom of their
limited battery life. This is because actuators require orders of
magnitude more power (100-1000x) than their sensing counterparts,
making their burden of battery maintenance substantial.

To address this issue, some have argued for making actuators
wearable so that a single device can overlay sensations onto many
objects [21, 35, 60]. For example, MagnetIO added feedback to
objects via passive magnetic patches that vibrate against the user’s
finger in a magnetic field [36]. These techniques have furthered the
scale of haptics; however, they rely onmodality-specific approaches
that limit them to single modalities (only vibration, only friction,
etc.).

To overcome this limitation, Power-on-Touch takes a generalizable
approach. Instead of being tied to a specific actuation modality,
our device directly addresses the bottleneck of actuation at scale:
providing power to many devices. This is only possible because
our concept uses battery-free devices in the user’s environment. To
power these devices on-demand, we are inspired by and build upon
techniques from (1) wireless power transfer and (2) battery-free
devices. Such ideas explore the notion of the user becoming the
battery (i.e., bringing power with them for on-demand use).

2.2 Wireless Power Transfer
Wireless power transfer denotes transferring energy from a source
to a receiver without the need for physical connectors, like wires or
cables, making it especially attractive for reconfigurable and mobile
devices. Several techniques have been developed for transferring
power over a distance, such as electromagnetic [47], capacitive [26],
laser-based [56], and ultrasonic [38]. In our review, we group ap-
proaches into three main categories: (1) instrumented environments,
(2) body-as-wire, and (3) encountered-type, which we summarize
and compare in Table 1.

Instrumented environments. Researchers have experimented
with stationary transmitters built into the environment for trans-
ferring power to devices. For example, UltraPower used focused
ultrasonic waves pointed at a receiver to transfer up to 50 mW [38].
Similarly, Su et. al combined lasers with photovoltaic cells for pow-
ering vibration motors via light [56]. However, these mediums are
difficult to integrate into daily life because they require very precise
tracking and alignment between the transmitter and receiver. Alter-
natively, others have used wireless power transfer coils to augment
desks [7, 22, 50, 69] and even entire rooms [48] with wireless power.
These have the advantage of being able to transfer high amounts
of power (>10W) over a large space without precise alignment, but
unfortunately require very specific construction, such as encasing
entire rooms with metallic cages and poles [6, 48]. As such, it is
difficult to scale instrumenting the environment, and there are cases
in which it is infeasible, such as outdoors and on-the-go.

Body-as-wire. To make wireless power transfer mobile, oth-
ers have focused on wearable and environmental transmitters that
can send small amounts of current through the skin. Often, this
approach is used to power battery-free wearable devices that are
augmented with a receiving electrode [31, 37, 39, 62, 63]. For ex-
ample, SkinnyPower demonstrated intra-body power transfer to
transmit power from an electrode on the wrist to an accelerometer
worn on the index finger [51]. Power-Over-Skin improved upon
this approach to intra-body power transfer to scale to powering
multiple receiver devices, sensors, and microcontrollers (typically
<1 mW, dependent upon electrode size) [25].

Intentio had a similar principle, but for non-wearable, or encoun-
tered objects [26]. When a user wearing a transmitter touches an
electrode on a receiving object, power is transferred through the
skin to the receiving object. However, the user and object must
share a common ground, which can require instrumentation and
sensitive tuning of the capacitive coupling to ensure efficiency. Un-
fortunately, for body-as-wire techniques, the power that can be
transferred through the skin is limited by the current that can travel
through the skin without inducing tactile sensations (typically <0.5
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Table 1: Comparison of Power-on-Touch with prior work on wireless power systems. Power-on-Touch addresses all the stated
design goals to provide a solution to scaling on-demand power through touch (7): not available, �: partially available, 3:
available).

Category Related Work Design goals
Easy to scale Versatile across

spectrums of power
Robust to various
touch interactions

instrumented
environments

desk-scale inductive power [7, 22] ✘ ✔ ✔
room-scale inductive power [6, 48] ✘ ✔ ✔
laser power [56] ✘ ✔ �
UltraPower [38] ✘ � �

body-as-wire SkinnyPower [51] ✘ ✘ �
Power-over-Skin [25] � ✘ �
Intentio [26] � ✘ �

encountered-type MagnetIO [36] ✔ � �
PowerShake [70] ✔ ✔ ✘
Meander Coil++ [59] ✔ ✔ ✘
TouchPower [76] ✔ �a ✘
Power-on-Touch (our work) ✔ ✔ ✔

aTouchPower ’s efficiency/output were described as very low (46%, 200 mW). We see no reason why they cannot be improved, thus we
bumped it up in our rating.

mA [27]). While this is sufficient for sensing and microcontrollers,
it is not enough power to realistically drive actuation.

Encountered type. Alternatively, other works aim to power
devices that the user encounters within their environment. Meander
Coil++ [59] and its predecessor Twin Meander Coil [58] leveraged
inductively coupled wireless power transfer on the user by em-
bedding coils into the user’s t-shirt. This work inspires us with
examples of encountered and wearable sensors, LEDs, and a robot.
Similarly, PowerShake [70] demonstrated using wireless power to
transfer energy between users’ phones and watches via device-to-
device contact. However, the form factors of Meander Coil++ and
PowerShake limit interaction, since the user must either contact
objects with their torso or tap devices together. Instead, we lever-
age a more natural channel: interactions via one’s hands—we use
our hands heavily to interact with and manipulate objects in the
environment, and many existing devices are designed around this
channel. TouchPower [76] shares our vision of powering devices
during touch, recognizing that many electronic devices only need to
be powered up during interaction (e.g., TV remotes, digital calipers,
karaoke microphones, etc.) and that interaction with devices usu-
ally requires proximity or contact between the user’s hands or body
and the target device, forming a natural channel for power transfer.
However, TouchPower ’s working principle is fundamentally differ-
ent from ours. TouchPower is a glove with electrodes, that, when
aligned with receiving electrodes, powers battery-free devices dur-
ing grasping. The downside to an electrode-based approach is that
it requires at least two electrodes to be precisely aligned (actual
physical contact, no gaps), to connect both power & ground and
complete the electrical circuit. Therefore, this technique is only
suitable for objects in which the geometry dictates a precise grasp—
moreover, it assumes that all users will grasp the object in the same
way, i.e., not robust to variations in pose. In contrast, our approach
does not require precise alignment, and therefore accommodates a

wider range of grasps and interaction poses, as we later show in
our Technical Evaluation.

Comparing approaches. When comparing approaches, a few
trends emerge across the categories. Instrumented environments
tend to be versatile across spectrums of power and robust to various
touch interactions; however, they are intrinsically limited in scale
because it is infeasible to implement in every environment. In con-
trast, body-as-wire tends to enable scale due to wearables’ travelling
with the user (with minor drawbacks of requiring common grounds,
which necessitates instrumenting objects with electrodes); however,
passing current through the skin is limited to low-power devices
like sensors and microcontrollers, and is too low for actuation. Fi-
nally, encountered-type ensures scalability and is generally versatile
across power spectrums depending on the working principle. How-
ever, to our knowledge, encountered-type devices have not been
robust to various touch interactions. In contrast, Power-on-Touch
is tolerant to alternative touches because inductive power transfer
does not require precise alignment to the extent that electrodes do,
while leveraging natural touch channels, such as the hands and
fingers. Thus, Power-on-Touch achieves all three goals.

2.3 Energy-Harvesting and Battery-Free Devices
Finally, we draw inspiration energy harvesting and battery-free
devices [1, 72, 77]. For instance, interactive generator presented
a rotary input device that provided haptics with energy entirely
harvested from the rotation itself [2]. Teng et. al used a similar
approach in a wearable to harvest energy from the user while pro-
viding resistance as haptics [61]. While Power-on-Touch can transfer
high power from the user to devices, we use this to actuate power-
hungry devices, which can lead to intermittent power. Thus, we
employ similar strategies to works on intermittent power sources
[8].
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Figure 2: Our approach uses (a) resonant inductive coupling to power devices. (b) However, rather than placing transmitters in
the environment to which users must bring their devices to charge (i.e., coupling upon proximity), our transmitter travels with
the user to power devices during interaction (i.e., coupling during interaction).

3 Our Approach: Power-on-Touch
Power-on-Touch consists of a wearable wireless power unit that en-
ables users to power many battery-free devices as they encounter
and interact with them. We augment devices with our custom-
engineered receiver-tags so that they can be powered inductively
during interactions that require close proximity. The key enabler of
our approach is that our device is: (1) encountered-type, which en-
ables scale; (2) versatile across power requirements, which enables
powering not only sensors, but also actuators; and (3) robust to
various touch interactions due to its non-contact working principle.

Our approach is based on inductive power transfer, not unlike
the principle used in common wireless phone or electric toothbrush
chargers, as shown schematically in Figure 2a. In these chargers,
when a receiving device is placed on a charger in the environment,
the transmitter and receiver become inductively coupled, enabling
power transfer. However, we take a conceptual turn from typi-
cal wireless chargers—we developed a wearable power transmitter
(Figure 2b). Rather than placing transmitters in the environment
for users to bring their devices to (i.e., coupling upon proximity),
our transmitter travels with the user to power devices during in-
teraction (i.e., coupling during interaction). By turning the user
into a mobile power source, devices that only need power during
interaction no longer need to have batteries and can instead be
powered on-demand. Eliminating the need for built-in batteries
reduces maintenance efforts while enabling powering actuators,
which can broaden adoption of haptic and actuated devices in ubiq-
uitous computing.

Synergies between our work and other approaches. Pow-
ering devices in the environment is a longstanding challenge, and
numerous approaches have been proposed. Today, users are typi-
cally equipped with mobile and wearable battery-powered devices
(e.g., cellphones, smartwatches). Thus, there are increasing oppor-
tunities to share power between the user’s devices and devices in
the environment. For instance, sharing energy between devices
like phones and watches is already integrated in some commercial
devices [9, 70]. Others showed transmitting energy through the
skin from a central battery to power peripheral wearables [25].
There has also been growing focus on new ways to charge wearable
batteries, such as through kinetic interactions with objects [72]
or harvesting from the user [61]. Rather than supplanting these

approaches, Power-on-Touch complements them, enabling its bat-
tery to be charged through harvesting or shared power while also
facilitating energy transfer back to devices in the environment on
demand.

4 Contribution and Limitations
Our key contribution is that we propose, explore, and engineer a
novel method for powering devices during interaction. Our techni-
cal approach enables new ways to scale the number and diversity
of battery-free devices in ubiquitous environments, such as going
beyond ubiquitous sensing and into the realm of ubiquitous haptics.

Our approach has the following benefits: (1) While traditional
devices and actuators each require their own power supply, often in
the form of batteries or tethered outlet connections, Power-on-Touch
instead places the battery on the user and augments devices with
receiver tags to receive power on-demand, resulting in scalability;
(2) Power-on-Touch is versatile across spectrums of power, enabling
not only sensors and microcontrollers to be deployed ubiquitously,
but also actuators; (3) Power-on-Touch is robust to various touch
interactions, from hovering to single-finger touch to grasping and
resting as it does not depend on direct or perfect contact with
devices; (4) Power-on-Touch can sufficiently provide power without
obstructing the user’s palms and fingers (e.g., wearing a glove);
instead, coils can be placed on the back-of-the-hand and fingernail,
leaving the user free to interact with devices.

Our approach is limited in that: (1) inductive power transfer
will never be as efficient as wired power transfer due to additional
losses—still, to minimize this, we employ tuning techniques (see
Implementation); (2) our approach requires proximity between the
user and devices, thus it is most applicable to devices that only
need to power on when the user is close or touching them; (3) our
approach requires modification of existing devices to be compatible
with wireless power, which can result in requiring some retrofitting
and possible changes to form factor; (4) metallic obstacles (e.g., a
metal enclosure) will introduce unintended losses via eddy currents
and may interfere with effective power transfer [20, 75]; (5) for our
complete vision in which every user can power devices on-demand,
all users must be equipped with wearable transmitters/coils. While
the latter is a limitation, it can also be a strength and a worthwhile
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vision for research, as this allows us to explore the goal of a one-to-
many and natural power delivery system, as there are many more
devices in the world than there are people [18].

5 Implementation
To help readers replicate our design, we now provide the necessary
technical details and fabrication process. Furthermore, to accelerate
replication, we open-source our implementation1. Power-on-Touch
consists of two principal components: (1) many battery-free de-
vices in the environment that are powered wirelessly with our
receiver tags and (2) our wearable wireless transmitter (battery,
microcontroller with BLE, voltage booster, switching circuit, and
coils).

5.1 Achieving Resonant Inductive Coupling
Ordinary inductive charging (e.g., commonly used with electric
toothbrushes) is efficient when the transmitting and receiving coils
are especially close together and well-aligned. However, as the
gap between coils increases or the alignment skews, this efficiency
plummets. Therefore, the key to achieving our approach at reason-
able efficiencies is to tune our transmitting and receiving circuits
to resonate at the same resonant frequency. This is called resonant
inductive coupling, and greatly improves both the efficiency and
power transfer over distance/misalignment. For example, early
seminal work demonstrated 40% efficiency over a distance of 8
coil diameters [29]. Had these coils not been carefully tuned, this
efficiency would be many orders of magnitude lower. Thus, to
maximize efficiency, and therefore enable a wider range of interac-
tions (e.g., powering while hovering, stronger actuators, etc.), we
carefully tune all our circuits.

Tuning consists of a series of steps. First, each coil has its own
quality factor, (Q-factor ) a measure of the frequency at which the
coil experiences the lowest losses. In other words, driving our coils
at frequencies for which a coil has a high Q-factor results in greater
efficiency (and lower temperatures). In our Technical Evaluation,
we use impedance analysis to find coils that have high Q-factors
at our desired frequency. Then, the coils are tuned to the resonant
frequency by placing a capacitor in parallel. This turns the circuit
into an LC circuit, which has a well-defined equation for undamped
resonant frequency: 5 = 1

2c
√
!�

. In practice, damping occurs; as
such, we hand-tune the capacitor value to ensure resonance at
the transmitting frequency. These steps are taken for both our
transmitting and receiving coils, and as we show in our circuits, we
leave room for multiple parallel capacitors in our PCBs to enable
fine-grain tuning. In the future, integrating dynamic frequency
tuning may automate this process [47].

5.2 Coil Design
We implement and characterize three types of coils in our approach:
(1) large-coils typically worn on the back-of-the-hand and used
in grasping or palmar interactions; (2) small-coils typically worn
on the fingernail and used in single-finger touches; (3) spherical-
receivers designed to receive power omnidirectionally. We inves-
tigate both traditional spiral coils and spiderweb coils for their
1https://anonymous.4open.science/r/PowerOnTouch-E266/README.md (firmware,
schematics, etc.)

low self-capacitance [34]. In general, we recommend pairing the
receiving coil’s diameter to be close to that of the transmitting coil
for maximal efficiency [66].

Large-coils. Large diameter coils are our default coils. The
larger a coil’s diameter, the further its field travels [52]. Thus,
larger coils tend to enable greater magnitudes of power transfer and
higher efficiencies. Therefore, we use larger diameter coils when
the interaction permits (i.e., the user’s body part can accommodate
a larger coil, like on the back of the hand, foot, arm, etc.) and
when the receiving object can fit a large coil without dramatic
consequence to form factor.

Small-coils. In instances where larger coils are unsuitable (e.g.,
fingernail for power over single-finger interactions), we opt for
smaller diameter coils. As shown in our Technical Evaluation, this
comes at a small cost to efficiency. However, as we also show, the
power transfer of smaller coils can be increased by adding ferrite
backings that direct the field [54].

Spherical-receivers. To best enable our vision of robustness to
various types of touches (e.g., angles, etc.), we wound and character-
ized spherical coils designed to receive power omnidirectionally—
as we show in our Technical Evaluation, no matter the direction
from which user approaches, power is received, unlike traditional,
flat coils, which have dead zones when coils are arranged perpendic-
ularly [12, 23, 24]. We recommend these coils in devices that don’t
have affordances that suggest directionality, such as cylindrical
devices (e.g., microphones).

Coil Wearability. Figure 3 shows three distinct coil materials
that we explored, each with their own benefits. First, we engineered
rigid coils made from solid copper wire. While these coils prove
effective for receivers, their rigidity becomes problematic for wear-
able transmitter applications, as demonstrated by the difficulty in
bending a sample coil in Figure 3a. In contrast, Litz wire presents a
more conformable alternative, comprising multiple thin individual
wires that enable significantly greater flexibility compared to solid
wire of equivalent gauge (Figure 3b) [55]. At the opposite end of
the spectrum, we engineered stretchable coils by embedding liquid
metal channels within silicone (as in [59]). While these stretchable
coils offer superior flexibility (Figure 3c), they did not match the
efficiency of our flexible or rigid coils. Ultimately, we found Litz
wire to strike a better balance between being flexible for wearability
and performance in our transmitter’s frequency range; Litz wire is
effective at reducing losses due to skin effect and proximity effects
within 100kHz-1MHz [46]. Some body parts do not require as much
flexibility (e.g., the fingernail is rigid); for these, we can use ferrous
backing to boost the field strength, despite its rigidity.

We deliberately chose to wear transmitter coils on body parts
that minimize interference with manual interactions, such as the
back of the hand or fingernail, as opposed to gloves [76]. While we
could have placed coils on the palmar side of the hand or finger—
which would significantly increase transmission efficiency—this
would have correspondingly and dramatically reduced user dexter-
ity. We attached these coils to the user’s body using double-sided
tape and tacky silicones, though future work might explore alter-
native attachment strategies, such as semi-open gloves. Moreover,
while our current implementation employs traditional coil form
factors, our approach remains compatible with other materials and
fabrication techniques. Potential future iterations could integrate
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Figure 3: We tested coils made of (a) solid wire, (b) flexible Litz wire, and (c) liquid metal wires (silicone tubing filled with
EGaIn).

Figure 4: (a) Our wearable transmitter and (b) its schematic.

coils into knitted textiles [44] or jewelry [57], for improved social
acceptance and wearability.

5.3 Engineering our Wearable-Transmitter and
Receiver-Tags

We engineered (1) a wearable-transmitter and (2) receiver-tags, as
shown in Figure 4 & Figure 5.

Wearable-transmitter. Our wearable transmitter primarily
consists of a battery (1200mAh), microcontroller with BLE (Seee-
duino XIAO nrf52840), DC-DC voltage booster (XL6009), transmis-
sion switching module (XKT-801: 50-900kHz adjustable, Taidecent),
and coils worn on the user. We selected this frequency range based
on compatibility with the Qi standard (100-200kHz), a common
standard in commercial devices [33, 65]. Thus, many commercially-
available coils are optimized for this range, enabling prototyping
with proven coils. This is just one physical implementation of the
conceptual principle of Power-on-Touch, and implementing other
standards (e.g., NFC at 13.56MHz) is possible. In fact, higher fre-
quencies may lead to improved wearability, as they afford coils with
fewer turns/smaller diameters [32, 74].

The battery powers the microcontroller, which uses a MOSFET
(RFP30N06LE) to control the current flow from the battery through
the voltage booster, which steps the voltage up from 3.7V to 32V,

before being fed into the transmission module. Our wearable trans-
mitter contains a power-monitoring circuit consisting of a cur-
rent sensor (ACS70331) in combination with the nrf52840’s built-in
battery voltage monitor to actively sense the reflective load pre-
sented by nearby receiving coils. While our implementation of a
transmitting circuit is made from individual modules assembled on
protoboard, the device can be miniaturized with a custom PCB.

The transmitter’s power consumption varies based on its oper-
ational mode. During active power transmission for our typical
large-coil, the transmitter draws 3.2W (0.85A), and this increases
to 4.5W (1.2A) when a receiver coil is nearby. With a 1200mAh
battery, the transmitter can continuously emit power for ∼1h. How-
ever, we conserve battery life by only transmitting at full power
when a receiving coil is detected. In standby mode with test-pulses
to detect if a receiver is present, power consumption drops to an
average of 0.3W, extending battery life to ∼9.5 hours.

Receiver-tags. We engineered a custom PCB for our receiver-
tags containing a rectifying circuit, a supercapacitor, microcon-
troller with BLE (Seeeduino XIAO nrf52840), and MOSFETs for
controlling high-power devices (actuators, displays, etc.). It can ac-
commodate up to three receiver coils with various tuning capacitors.
The received AC power is rectified through fast-switching diode
bridges (1N4148, while we experimented with rectifier-specific
diodes, we found fast-switching to be necessary to reduce losses
at high frequencies). The rectified DC power is then smoothed
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Figure 5: (a) Our custom receiver tag PCB and (b) its schematic.

through capacitors. Since our rectifiers are wired in series, the
voltages from each coil add together. This total voltage is used to
charge the supercapacitor (330mF, 5.5V). The benefit is that our tags
can accommodate multiple coils for added robustness to variations
in touch, as well as our spherical-receivers, which consist of three
coils on orthogonal planes.

The supercapacitor directly powers the microcontroller, which
was chosen for its fast boot time, low minimum operating voltage
(1.7V), and simple footprint for producing and deploying receiver
tags rapidly. Our PCB exposes all but two of the XIAO’s I/O pins
for easy prototyping. Two pins are dedicated to controlling on-
board MOSFETs (SIA436DJ). We use these MOSFETs to control
high-power components; when the supercapacitor is charging, the
MOSFETs remain open until a sufficiently high voltage is reached
for actuation. This is especially critical as many high-power de-
vices have an “activation energy” that must be overcome to turn on.
Using MOSFETs isolates higher-power components from draining
the supercapacitor. Supercapacitors enable our approach to quickly
charge with sufficient energy to generate high power actuation
and short-term sustained power because, supercapacitors charge
faster than batteries, and more importantly, balance energy storage
with charge and discharge times. While supercapacitors do not
hold as much energy as a comparably sized lithium-ion battery,
they trade capacity with power density [28], which allows for fast
charging/discharging speed (orders of magnitude faster than a bat-
tery of similar capacity). The supercapacitor circuit can be tuned to
balance storage (increasing capacity) vs. charging time (decreasing
capacity).

5.4 Detecting Receiver Tags and
Communication

While our primary goal focused on implementing a wireless power
technique for powering battery-free devices to scale up the number
and diversity of devices (including actuators) in ubiquitous comput-
ing, we also implemented a basic tag detection and communication
schema. Rather than our transmitter constantly emitting power
into the environment and needlessly wasting energy, we imple-
mented a simple protocol for detecting when receiving tags are
nearby. Our transmitter periodically sends out short (50ms) test
pulses at monitored power draw. When a receiving coil is nearby,

the transmitting and receiving coils’ coupling increases and the
receiving coil naturally draws more power from the transmitter
during the test pulse. If a test pulse’s power draw exceeds our
threshold for knowing a potential receiver is nearby, our transmit-
ter switches from test pulses to transmitting at full power. Since
our receiver tags feature a BLE microcontroller, upon receiving
power, the tag can begin advertising itself as a BLE device to let the
transmitter know its specific needs or its supercapacitor’s voltage to
strategically control transmission for better energy use. This type
of reflective load sensing is very similar to how wireless chargers
based on the popular Qi standard operate [65].

We acknowledge that there are multiple ways to implement
sensing (e.g., RFID). While BLE requires time to pair and energy to
stream, it is a simple protocol to demonstrate our full vision with
communication. In the future, lower power and faster communi-
cation can be established by implementing an ultrasonic chirping
circuit (inspired by Sozu [77]).

6 Technical Evaluation
To characterize our effectiveness and seek out improvements, we
performed a series of technical evaluations. These aimed at finding
efficient coils to enable applications that are otherwise not feasible.
As electromagnetic fields decay dramatically over distance, even
marginal gains can unlock new interactions and more robustness
to variation in touch.

1. First, we measure the quality factor (Q-factor ) of a variety of
coils, both commercially available and custom-made based on prior
work. This gives us a view of how efficient each coil is with respect
to frequency.

2. Next, we measure the power transfer efficiency for pairs of
candidate coils with respect to distance and alignment. This gives
us insights into what kinds of devices we can power with different
form factors, spacings, and alignments.

3. Additionally, we test the robustness of these coils to changes
in the angular alignment between coils. While flat coils are very ef-
fective when aligned angularly, their efficiency drops as the angular
difference increases [10, 14]. As such, we propose and demonstrate
a spherical-receivers that can effectively receive power along all
three planes.
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Figure 6: Quality factor with respect to frequency for (a) large-coils, (b) small-coils, & (c) spherical-receivers.

4. Finally, to characterize our approach’s ability to power real
devices during interaction, we tested our approach on three example
objects with different form factors and output modalities.

5. We perform a safety and thermal analysis to validate safe
levels of electromagnetic field and heat.

In summary, our Technical Evaluation demonstrates our ap-
proach’s ability to transfer a wide spectrum of power while being
robust to different types of touch.

6.1 Quality Factor Analysis
First, we measure the quality factor, Q, of a variety of coils, both
commercially available and custom-made based on prior work.
Figure 6 presents Q vs. frequency for our three types of coils. The
Q-factor is defined as 2c 5 !

'
, where f is frequency, L is inductance,

and R is resistance. Since inductance and resistance also depend on
frequency, the Q-factor is a frequency-dependent measure of where
the coil experiences the lowest losses. In other words, to optimize
our system’s efficiency, we want to select coils with high Q-factors
at our transmitting frequency. To perform this analysis, we used
an impedance analyzer (Analog Discovery Studio), which gave
insight into each coil’s resonant frequency and the Q-factor and
bandwidth, especially in relation to other coils. We swept a 5V sine
wave through each coil and a known value resistor at frequencies
from 1kHz to 5MHz in 1001 steps, taking the average at each point
over a 500ms excitation. We performed impedance analysis for a
variety of palm-sized coils, nail-sized coils, and spherical coils.

This impedance analysis, depicted in Figure 6, provided insight
into the coils that perform efficiently at our wearable transmitter’s
effective frequency range (50-900kHz). In each of our applications,
we select coils with Q-factor greater than 95 for our selected trans-
mitter frequency to support increased efficiency. In a similar effort
to increase efficiency, we pair transmitting and receiving coils with
similar resonant frequencies/bandwidths so that both perform max-
imally. In the following subsections, we further evaluate pairs of
coils (individual coils labeled in Figure 6) following this principle.
Generally, we find that large-coils have lower resonant frequencies
and greater Q-factor than small-coils. This trend is highlighted by
our spherical coils, where, for the same number of turns, decreas-
ing coil diameter led to higher resonant frequencies and reduced
Q-factor. As such, to maximize efficiency, we often aim to use the
largest coils that an application permits. Finally, we found that
ferrite backings shifted the resonant peaks. In the following sub-
section, we further investigate how ferrite backings can affect the
power transfer efficiency.

6.2 Power Transfer with respect to Distance and
Alignment

Next, we measure the power transfer efficiency for pairs of coils
with respect to distance and alignment. This gives us a view of
the types of devices we can power with different form factors,
coil spacings, and affordances. We built a test apparatus using a
pegboardwith a grid of holes (7.5mm spacing) and adjustable height;
we 3D-printed jigs that fixed the relative position between pairs of
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Figure 7: (a) Our pegboard apparatus for controlling 3D alignment between coils. Power transfer with respect to distance and
alignment for a pair of large-coils: (b) efficiency and (c) received power.

coils as shown in Figure 7. By sampling (4MHz sampling rate) the
transmitted and received power over points in the grid at different
heights, we can construct a 3D view of the power transfer. Here,
we measured the “end-to-end” power transfer, i.e., we monitored
the DC power draw of our transmission circuit and the rectified
DC power through a load (250ohm) of our receiver circuit. All coils
were tuned to the selected transmission frequency. Following these
results in air, sections 6.4 and 6.6 investigate efficiency when coils
are worn on the hand.

Large-coils. We tested the power transfer of coils 1 (transmitter)
and 2 (receiver) at 320kHz. Figure 7 shows the 3D plot of efficiency
and received power. We found a peak efficiency of 55% when coils
were well-aligned and separated by 5mm; this corresponds to 2.2W
received for this pair of coils.

Our efficiency is comparable to other wireless power approaches
within HCI, e.g., Meander Coil++ and TouchPower had end-to-end
efficiencies of 25% and 46%, respectively [59, 76]. Given our aim to
pass power through to the palm from the back of the hand, as well
as enabling hovering, we are also interested in the performance at
greater distances. For example, at 25mm gap (approximately the
thickness of a hand) and no offset, the received power was 1.03W,
suggesting that higher power devices (e.g., motors) can be powered
through the thickness of the hand. At 45mm gap, the received
power was 38mW; modern microcontrollers (e.g., nrf52840 used in
our tags) consume well below this power even without entering
power-efficient modes, suggesting that Power-on-Touch can power
microcontrollers upon hovering [81]. Additionally, we found that
the received power was maximal when coils were aligned and
decreased as the offset reached approximately the coils’ radius.

Small-coils. We tested the power transfer of coils 4 (transmitter)
and 5 (receiver) at 640kHz. Specifically, we aimed to determine
whether ferrous backing, which typically is used in commercial
wireless chargers to improve coupling, is beneficial for small-coils,
which typically exhibit worse efficiencies than larger coils. As such,
we tested our small-coils both without any ferrous backing (Figure
8a) and with ferrous backing (Figure 8b) to determine their effect.
We found that the peak received power nearly doubledwhen ferrous
backing was used (no ferrous backing peak received power: 0.87W;
ferrous backing peak received power: 1.63W). At approximately
finger thickness (15mm), ferrous backing also led to greater received
power (no ferrous backing peak received power: 121mW; ferrous

Figure 8: Power transfer with respect to distance and align-
ment for a pair of small-coils (a) without and (b) with ferrous
backing.

backing peak received power: 88.4mW). As such, we use ferrous
backings on our small coil pairs to boost their efficiency.

6.3 Robustness to Angles
While flat coils are compact and very effective when aligned an-
gularly, their efficiency drops as the angular difference increases
[10, 14]. As such, to ensure robustness to different angles of touch,
especially in applications where the angle of touch is expected to
vary, we implement and characterize spherical-receivers designed
to receive power in multiple dimensions. We performed this eval-
uation by rotating a spherical-receiver (coil 3) 360 degrees about
its three axes while measuring the power received from a trans-
mission coil (coil 6) at 15-degree increments. The z-spacing of the
coils was set to 30mm and we tested both when the coils were
axially-aligned and offset by the transmitting coil’s radius. Figure
9 shows the average received power for each axis and alignment.
As shown, the average received power for each axis is similar, in-
dicating that spherical-receivers can be expected to receive power
omnidirectionally. When the coils are axially-aligned, we found
an average received power of about 130mW, enough to power a
small vibration motor. As expected, the received power decreases
with axial misalignment, but the received power is still roughly
equal across the three axes. It is important to note that this test was
performed with a 25mm diameter sphere, which strikes a compro-
mise between compact size for embedding into objects and power
transfer efficiency. Increasing the size of the sphere and decreasing
the gap between coils both lead to increased power when designing
applications.
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Figure 9: Average received power (mW) rotated about three
axes of our spherical coils.

Figure 10: Contact likeliness heatmaps from ContactDB [4]
that we used to inform touch interactions during characteri-
zation.

6.4 Characterizing Performance in Real Devices
Up to this point, we have characterized our system within a lab;
however, real-world objects and environments often do not align
with the ideals of the lab. As such, we now evaluate our system
using real devices and interactions (e.g., grasping, touching, hov-
ering) to measure the power transfer and the time to charge to
produce useful outputs (e.g., sending a signal or driving a motor).
To inform the likeliness of an interaction pose, we leverage the
ContactDB dataset [4], which contains data on grasping 50 com-
mon objects (e.g., doorknob, cellphone, etc.) from 50 participants
to create heatmaps of contact likeliness. In this study, we mimic
likely touches from three of these objects (shown in Figure 10), as
well as test alternative, less-likely touches while interacting with
our devices.

TV Remote. First, we tested a TV remote, from which we re-
moved the batteries and converted to being powered by our receiver
tag and two coils, as shown in Figure 11. First, we measured the
power consumed by the remote. As shown in Figure 11a, the remote
consumes very little power when idle, but wakes upon a button
press, followed by sending short a transmission signal, with a peak
power of about 34mW (and total energy consumption of 0.9mJ).

To inform our touches, we refer to the heatmaps from the Con-
tactDB dataset [4] for a similarly shaped device with similar buttons
for interaction, a cellphone. We mimic the likely touch from the
dataset’s heatmaps, as well as our own, alternative touch which
rotates the hand 180 degrees from the likely touch, as shown in
Figure 11c. Figure 11d presents the received power in both interac-
tions. We found that the likely touch resulted in 100mW of received

power, while the alternative touch resulted in 40mW. Given the
remote’s peak power draw of 34mW, both touches can sufficiently
power the remote. In fact, the spare power during the likely touch
can even be used to add haptic feedback to the remote; as shown
in Figure 11b, we added a vibration motor to augment the remote
with eyes-free feedback and notifications.

Figure 11e shows the supercapacitor’s charge over time starting
at picking up the dead remote in the likely touch (rapid increase in
supercapacitor charge indicates initiating pickup). As shown, the
tag’s microcontroller wakes about two seconds after the remote is
picked up; the remote can then immediately function as though it
were powered by batteries. Moreover, we demonstrate augment-
ing the remote with vibration feedback, which results in a brief
supercapacitor voltage drop, followed by a rapid rise upon ceasing
vibration.

Karaoke Mic. Second, we tested a karaoke microphone, from
which we removed the batteries and converted to being powered
by our receiver tag and a spherical-coil, as shown in Figure 12.
We measured the karaoke microphone’s power draw, which con-
sists of powering the microphone transducer, streaming audio over
BLE, and a small OLED display. Figure 12a plots this power draw
along with a moving average. The microphone’s average power
consumption was 60mW, with spikes up to 130mW.

To inform our touches, we refer to the heatmaps from the Con-
tactDB dataset [4] for a similar, cylindrical device with similar
buttons, a flashlight. We mimic the likely touch from the dataset’s
heatmaps, as well as an alternative touch in which the microphone
is held lower, increasing the misalignment between the coils, as
shown in Figure 12c. Figure 12d illustrates the received power
in both interactions. We found that the likely touch resulted in
138mW of received power, while the alternative touch resulted
in 73mW. Thus, both touches exceed the average power draw of
the microphone. However, spikes in power draw may exceed the
instantaneous received power. This is where the benefits of our
tags’ supercapacitor become clear: the supercapacitor stores energy
when there is an excess and can help compensate the instantaneous
received power when the power draw spikes.

Figure 12e plots the supercapacitor’s charge over time begin-
ning with picking up the dead microphone in the likely touch. As
shown, the tag’s microcontroller wakes about two seconds after
the microphone is picked up. As the supercapacitor charges, more
functionalities become available, such as the screen turning on at
six seconds and streaming audio over BLE at seven seconds. After
this initial charging from 0V, the microphone functions stably.

Doorknob (with motor-controlled lock). Finally, we directly
adapted an object from the ContactDB dataset [4]; we 3D-printed
the studied doorknob from the dataset and hollowed it to embed a
receiver coil directly inside, as shown in Figure 13. To illustrate how
our approach enables powering actuators without batteries during
interaction, we made a motorized latch that locks and unlocks a
cabinet to which we attached the doorknob. Figure 13a shows the
power draw of the latch’s motor, which exceeds 600mW for 350ms.

Again, we mimic the likely touch from ContactDB, as well as
an alternative, looser touch in which the palm doesn’t touch the
knob, as shown in Figure 13c. Figure 13d shows the received power
for both touches, where the likely and alternative touches resulted
in 548mW and 83mW, respectively. While each of these is below
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Figure 11: (a) Measured power consumption of the TV remote during a button press. (b) Our modified, battery-free remote,
including two receiver coils and a vibration motor. (c) Our mimicry of the likely touch and our alternative touch. (d) The
measured received power for both the likely and alternative touch (five repetitions). (e) Supercapacitor charge vs. time in the
likely pose, detailing the microcontroller’s waking, sending signals upon button press, and added vibration notifications.

Figure 12: (a) Measured power consumption of the microphone. (b) Our modified, battery-free microphone including our
spherical-coil. (c) Our mimicry of the likely touch and our alternative touch. (d) The measured received power for both the
likely and alternative touch (five repetitions). (e) Supercapacitor charge vs. time in the likely pose.

the instantaneous power draw of the motor, our supercapacitor
again aids by charging until it has stored sufficient energy to drive
the motor. As shown in Figure 13e, this only takes about two
seconds after grabbing the doorknob since the circuit’s idle power
consumption is low.

6.5 Discussion: Design strategies for specific
applications

While we used the same circuit components in our technical eval-
uation to reduce complexity, our tags’ supercapacitor circuit can
be tailored to each specific application. Each of the examples in
our technical evaluation were designed to be complex to demon-
strate the high-power capabilities of our approach. For example,
TV remotes are not normally augmented with vibrotactile feedback,
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Figure 13: (a) Measured power consumption of the motorized latch. (b) Our cabinet features a battery-free, motorized latch that
triggers upon doorknob touch. (c) Our mimicry of the likely touch and our alternative touch. (d) The received power for both
the likely and alternative touch (five repetitions). (e) Supercapacitor charge in the likely pose while the user opens/closes the
cabinet.

thus their power demands are much lower and would therefore not
require a large supercapacitor (or even a supercapacitor at all). In
fact, if both the required power and the received power have been
determined, the supercapacitor and its series resistor (determines
charge/discharge rate) can be selected to to speed up the device’s
time to turn on. In cases where the delay may impact experience,
analog circuits that give indication to the user that the device is
receiving power and will turn on soon can mitigate uncertainty.
As an example, an LED can be placed after the power is rectified,
in a way that its brightness signals the power is being transferred.
Moreover, additional LED or other forms of user feedback (e.g.,
the vibrations we use in some of our examples) can be controlled
by a microcontroller to signal to the user that the device is now
fully charged and operational. Ultimately, Power-on-Touch can
take advantage of many design patterns used in modern devices to
signal their readiness to their user.

6.6 Safety andThermal Performance
Finally, we perform a safety and thermal analysis to validate that
our wearable system transmits safe levels of electromagnetic field
and does not significantly heat the skin. The IEC 60601-2-33 guide-
line defines the safe specific absorption rate of radiated energy in
extremities (e.g., hands) at 20W/kg during occupational exposure
and 4W/kg during general public exposure [80]. To determine the
specific absorption rate of our system, we designed an experiment
based on prior biomedical work on wearable wireless power [3].
We placed a transmitter coil on the back of the hand and aligned it
to a receiving coil on the palm while measuring the received power.
We then measured the received power across the same distance and
angle in air, while keeping the transmitted power the same (4.5W).
The difference between the received power in air and through the
hand indicates the amount of power being absorbed by the hand.
This was repeated five times for each condition. Figure 14a shows

Figure 14: Safety and thermal performance of a 4.5W trans-
mitter on the back of the hand: (a) Received power through
the hand and through the same distance in air. (b) Skin
temperature vs. time. Shaded error denotes 95% confidence
interval.

the received power for each condition. We found that efficiency
decreased by 0.82% and received power by 0.04W when transmit-
ting through the hand. Considering the weight of a human hand is
about 400 grams [11], the absorbed power averages ∼0.1W/kg for a
4.5W transmission. Thus, our system is ∼40x below the suggested
limit, which suggests a factor of safety below the safe absorption
rate.

While specific absorption rate is one measure of safety, thermal
performance is also of interest as tissue heating can occur even
at levels below absorption rate limits. As such, we measured the
change in surface temperature of the back of the hand while wear-
ing a 4.5W transmitter for 30 minutes, as shown in Figure 14b. Over
the course of the experiment, we found that the skin temperature
increased by only 1℃ while the coil’s temperature warmed to equi-
libriumwith the skin. Given that our designed interactions are brief,
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Figure 15: (a) A digital caliper is powered while the user holds it. (b) A digital body scale is powered on when the user, wearing
shoes embedded with transmitter coil, steps on it. (c) A batteryless thermostat that contains an ink display and a thermistor.

Figure 16: (a) A user in a restaurant uses a batteryless service button equipped with our receiver coil to call for service. (b) A
surprise box opens automatically when touched by the user wearing a coil. (c) A birthday card that plays a melody and lights
up when held.

on-demand, and well below 30 minutes of constant transmission,
we can conclude that our particular implementation (i.e., transmit-
ting at <1MHz) is safe when considering tissue heating. Note that
there are additional safety cases that should be evaluated before
deployment to a wide audience, such as characterizing potential
interference with safety-critical devices like pacemakers [5].

7 Additional Applications
To illustrate the versatility of our approach, we demonstrate a wide
range of applications, where we use Power-on-Touch to propose
new opportunities for battery-free, interactive devices in ubiquitous
environments. We implemented nine applications, including the
three presented in our Technical Evaluation.

7.1 Communal Devices
Communal devices that are shared among users can be retrofit-
ted into Power-on-Touch devices (Figure 15), so that the devices
receive power directly from the user, without needing additional
maintenance (changing/charging batteries).

Digital calipers. We retrofitted a battery-powered digital
caliper with our receiver-tag and coil, making it batteryless. The
receiver coil is attached to the outer case where users typically hold.

The user, who wears our nail-type transmitter on their finger, will
power on the caliper by simply picking it up.

Digital body scale. We retrofitted a battery-powered digital
scale with our receiver-tag and coil. The receiver coil is attached to
the top surface of the scale. This allows a user, who wears shoes
with our transmitter coil embedded in the insole, to power the scale
upon stepping on it.

Thermostat. We created a batteryless thermostat that works
upon the touch from the user. Utilizing a small transmitter coil,
the thermostat can draw power from the user to power on the
microcontroller with a temperature sensor, an e-ink display, and
buttons for control.

7.2 Quick/Disposable Interactions
Power-on-Touch can be made into devices that offer quick or dis-
posable interactions (Figure 16).

Service button. We showcase a batteryless service button that
can be used in restaurant settings. When the user’s finger, wearing a
transmitter coil, hovers over the button with an embedded receiver
coil, the microcontroller inside is powered up and lights up an LED
to indicate it is “on.” When the user presses the button (to call
for service), a buzzer beeps and the microcontroller sends out a
wireless message through BLE containing the table number to the
staff.
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Actuated surprise box. We created a surprise box with an
automatic-opening mechanism. When a user, wearing the palm-
mounted transmitter coil, touches the box, the geared motor inside
the box is powered on and lifts the lid to reveal a surprise figure.

Interactive birthday card. Since our receiving-tag is slim, it
can be embedded into a birthday card, making it interactive. When
the card receiver, wearing the transmitter coil on their palm opens
the card, they power up the circuit inside the card, play a melody
through the speaker, and light up LEDs.

8 Conclusion
We introduced Power-on-Touch, a novel method for powering de-
vices during interaction using wireless power transfer between a
user-worn coil and object-embedded coils. To enable many possi-
ble interactions with our novel concept, we performed technical
characterizations (e.g., impedance and 3D-efficiency analysis) to
reveal which coils best support a wide range of interactions (e.g.,
grasping, touching, hovering). On the technical side, this techni-
cal approach can inspire ubiquitous computing with new ways to
scale up the number and diversity of battery-free devices, not just
sensors (`Watts) but also actuators (Watts). We believe that future
researchers in HCI equipped with our approach can improve our
approach’s efficiency with dynamic impedance matching/capaci-
tive tuning as well as its range via alternative coil architectures to
unlock further interactions.

We tend to think of Power-on-Touch not as an end-product but
as a design technique that will inspire the creation of a new type of
battery-free interactive devices that can even unlock new use cases.
Thus, we will publish the detailed fabrication process, hardware
schematics and code as open-source to accelerate future research.
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