
International Journal of Human–Computer Interaction

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/hihc20

User-Centered Perspectives on the Design of Batteryless
Wearables

Arwa Alsubhi, Reza Ghaiumy Anaraky, Simeon Babatunde, Abu Bakar,
Thomas Cohen, Josiah Hester, Bart Knijnenburg & Jacob Sorber

To cite this article: Arwa Alsubhi, Reza Ghaiumy Anaraky, Simeon Babatunde, Abu Bakar,
Thomas Cohen, Josiah Hester, Bart Knijnenburg & Jacob Sorber (2024) User-Centered
Perspectives on the Design of Batteryless Wearables, International Journal of Human–
Computer Interaction, 40:23, 8025-8046, DOI: 10.1080/10447318.2023.2276528

To link to this article:  https://doi.org/10.1080/10447318.2023.2276528

Published online: 21 Nov 2023.

Submit your article to this journal 

Article views: 234

View related articles 

View Crossmark data

Citing articles: 1 View citing articles 

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=hihc20

https://www.tandfonline.com/journals/hihc20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10447318.2023.2276528
https://doi.org/10.1080/10447318.2023.2276528
https://www.tandfonline.com/action/authorSubmission?journalCode=hihc20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=hihc20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10447318.2023.2276528?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10447318.2023.2276528?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/10447318.2023.2276528&domain=pdf&date_stamp=21%20Nov%202023
http://crossmark.crossref.org/dialog/?doi=10.1080/10447318.2023.2276528&domain=pdf&date_stamp=21%20Nov%202023
https://www.tandfonline.com/doi/citedby/10.1080/10447318.2023.2276528?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/10447318.2023.2276528?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=hihc20


User-Centered Perspectives on the Design of Batteryless Wearables

Arwa Alsubhia , Reza Ghaiumy Anarakyb , Simeon Babatundea , Abu Bakarc , Thomas Cohend ,  
Josiah Hesterc , Bart Knijnenburga, and Jacob Sorbera 

aClemson University, Clemson, SC, USA; bNew York University, New York City, NY, USA; cGeorgia Institute of Technology, Atlanta, GA, USA; 
dNorthwestern University, Evanston, IL, USA 

ABSTRACT 
Batteryless wearables use energy harvested from the environment, eliminating the burden of 
charging or replacing batteries. This makes them convenient and environmentally friendly. 
However, these benefits come at a price. Batteryless wearables operate intermittently (based on 
energy availability), which adds complexity to their design and introduces usability limitations not 
present in their battery-powered counterparts. In this paper, we conduct a scenario-based study 
with 400 wearable users to explore how users perceive the inherent trade-offs of batteryless wear
able devices. Our results reveal users’ concerns, expectations, and preferences when transitioning 
from battery-powered to batteryless wearable use. We discuss how the findings of this study can 
inform the design of usable batteryless wearables.

KEYWORDS 
Batteryless; wearables; 
designing; user study   

1. Introduction

Wearables offer a wide range of applications that improve 
the lives of their users, from activity tracking to health mon
itoring and stress management. The frequent need to charge 
these devices hinders their intended use (Seneviratne et al., 
2017), as charging interrupts some of the most critical appli
cations to the users (e.g., activity tracking) (Motti & Caine, 
2016), causing users to abandon the wearable device (Jeong 
et al., 2017). Additionally, batteries wear out within a few 
years and need to be replaced, increasing the e-waste 
(Hendrickson et al., 1994; Hester & Sorber, 2017b).

Using capacitors instead of batteries to store harnessed 
energy from the surrounding environment (light, body 
movements or heat) has resulted in a new generation of bat
teryless devices that are maintenance-free, eco-friendly, and 
sustainable.

However, designing such wearables is a user experience 
challenge due to their intermittent operation: their ability to 
operate is determined by the characteristics of the capacitors 
(which cannot hold a charge for a long period of time due 
to their self-discharging nature), the availability of harvested 
energy (which may vary substantially and unpredictably 
over time) and the application needs as shown in Figure 1. 
The ability to only operate intermittently affects many 
aspects of wearable design that users of existing battery- 
powered wearables are unfamiliar with, making batteryless 
devices more challenging to design. For example, while most 
battery-powered wearables can always respond to user input, 
batteryless wearables can only do so if they have captured 
enough energy. Moreover, batteryless wearable designers 
may be forced to reduce the size, type, and quality of the 

device’s screen to compensate for the limited energy harvest
ing available. For example, they may have to use a small 
e-ink display instead of an OLED touch screen on a battery
less device. Some batteryless wearables may not be able to 
power a screen at all. Therefore, several tradeoffs in the 
design of batteryless wearables need to be considered.

Several batteryless devices have already been developed, 
including a mobile gaming device (De Winkel et al., 2020), 
a mobile phone (Talla et al., 2017), a shoe pedometer 
(Kalantarian & Sarrafzadeh, 2016), an opportunistic display 
(Dierk et al., 2018), and an interaction device for gesture 
recognition (Truong et al., 2018). These efforts contribute 
significantly to the expansion of batteryless technology and 
reducing environmental hazards associated with batteries 
(Hendrickson et al., 1994; Hester & Sorber, 2017b). 
However, each of these devices considers only a small sub
section of the design space for batteryless wearables. The 
wearable design literature lacks a generalized analysis of 
users’ preferences when considering the adoption of battery
less wearables in their daily lives.

We address this gap by investigating users’ perspectives 
on batteryless wearable technologies for daily sensing and 
health tracking in various scenarios (including both indoor 
and outdoor) without the need for additional infrastructure 
equipment. Such wearables are essential for health tracking, 
particularly in situations where healthcare accessibility is 
limited. Batteryless options offer health tracking at a lower 
cost and require less maintenance, making them beneficial 
for a wider range of populations, including the elderly and 
children.

Although conducting the study with a real device has sig
nificant advantages, we chose to use online contextual 
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scenarios to reach a wider and more diverse pool of daily 
tracking wearable users, ensuring a broader range of per
spectives, and getting more comprehensive insight into the 
design parameters that may affect the development of bat
teryless wearables. Also, this approach has been widely used 
in the literature to explore the user-centered design and per
ception of many new technologies (e.g., for smart homes 
(He et al., 2020; Zaidi et al., 2022), IoT health assistant sys
tems (Faltaous et al., 2021), electric muscle stimulation 
(EMS) (Shahu et al., 2022), and digital contact tracing 
(Zakaria et al., 2022)) to help developers address design 
issues early in the product or prototype development cycle 
and better accommodate users’ preferences and needs (Park 
& McKilligan, 2018).

We conduct a user study in which 400 users evaluate a 
total of 1792 different wearable usage scenarios and focus 
our analysis of the results on users’ perceptions of the 
unique selling points of sensing-based batteryless wearables 
when compared to their battery-powered counterparts. In 
particular, we address the following research questions:

RQ1 What are users’ common perceptions of batteryless 
wearables?

RQ2 What popular daily-use sensing applications do users 
think can be supported by batteryless wearables?

RQ3 Is there a difference between batteryless wearables and 
their battery-powered counterparts in which part of the 
body users prefer to wear them?

RQ4 How do users perceive potential data transfer methods 
for batteryless wearables?

RQ5 What display types—if any—do users consider most 
suitable for batteryless wearables?

Based on our findings, we provide actionable design rec
ommendations that will help in balancing the trade-offs 
inherent in the development of usable sensing batteryless 
wearables in daily tracking scenarios, and that may scale to 
other types of batteryless wearables.

2. Background and related work

A major challenge in designing batteryless wearables is that 
they derive their power from environmental sources that 
fluctuate unpredictably and store their harvested energy in 
capacitors, which cannot maintain a charge for a long 
period compared to batteries, resulting in intermittent oper
ation. This poses several challenges for developers and 
results in trade-offs for the end-users as summarized in 
Figure 2. In this section, we leverage existing literature to 
survey the prevalent design considerations for batteryless 
wearables.

2.1. Batteryless devices design trade-offs

2.1.1. Energy harvesting
The choice of energy harvesting depends on the intended 
device application, including powering a sensor/set of sen
sors, collecting and processing data, the intended position of 
the wearable on the user’s body, where, when, and how 
often the user will wear the device, and the circumstances 
under which the device will be used. For instance, technolo
gies like photovoltaic cells (Parrilla & De Wael, 2021; Song 
et al., 2021; Truong et al., 2018) and photodiodes depend on 
ambient light. Photodiodes are particularly suitable for nano 
power applications in miniature devices, serving both as an 
energy source and a sensor (Heo et al., 2018). However, the 
energy output of a single photodiode may not be sufficient 
to power sensors or more complex applications and usually 
requires an array of them for this purpose (Li et al., 2018). 
Consequently, neither of these harvesting methods is capable 
of providing enough energy to support sleep monitoring.

Figure 1. Batteryless devices operate intermittently with unknown periods of 
outages. Energy availability depends on the environmental condition and the 
device application.

Figure 2. Key trade-offs in developing batteryless wearables.
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Kinetic harvesters require substantial movement and thus 
cannot do so either. Among the latter types, electromagnetic 
kinetic harvesters require pendulum-like movements. 
Therefore, they will only work on a swaying wrist or ankle 
(Magno et al., 2016), whereas piezoelectric kinetic harvesters 
create power through pressure, which means that they pro
duce enough energy when placed on joints (Tuncel et al., 
2020) or in shoe insoles (Huang et al., 2018; Kalantarian & 
Sarrafzadeh, 2016). Triboelectric nanogenerators, another 
type of kinetic harvester, generate electric charges when 
materials come into contact and separate or rub against 
each other (W.-G. Kim et al., 2021; Parrilla & De Wael, 
2021; Pecunia et al., 2023; Song et al., 2021). Consequently, 
they are most effective when strategically positioned in areas 
where frequent friction or contact occurs between diverse 
materials, such as beneath the armpit, around the waist, and 
along the inner thigh (Su & Kim, 2020).

Thermal harvesters extract energy from human body heat 
whenever there is a difference between human body tem
perature and the surrounding air (Parrilla & De Wael, 2021; 
Yan et al., 2018). The applications of this thermal harvester 
are limited as it might not generate sufficient energy without 
a significant temperature difference.

Radio frequency can be harnessed to power batteryless 
wearables through methods like radio frequency identifica
tion tags (RFID), power casting, or near-field communica
tion (NFC) protocols. However, each protocol imposes some 
design limitations. For example, RFID requires both a radio 
transmitter and a reader for operation (Jaiswal et al., 2018; 
Jayatilaka et al., 2019; Ranganathan et al., 2018). Conversely, 
power casting (Stuart et al., 2021), eliminates the need for a 
reader but still necessitates a radio transmitter to power the 
batteryless wearable. Consequently, this requirement restricts 
the practical application of RFID and power casting to 
indoor environments equipped with the necessary RF 
infrastructure.

On the other hand, NFC capabilities are available in most 
current mobile phones, enabling users to transfer data or 
interact with batteryless wearables at no energy cost. 
However, NFC requires users to hold their phone within 
4 cm of the wearable device and only transfers a very small 
amount of power. As such, NFC harvesters are suitable for 
interacting with batteryless wearables but not for powering 
them all the time. The design decision between using RFID 
or NFC will significantly impact the product’s affordability.

2.1.2. Application
Batteryless devices operate on a tight energy budget, limiting 
the number of applications that can be supported since dif
ferent applications require different sensors and vary in 
computational complexity (de Winkel et al., 2021). As a 
result, many batteryless wearables have been designed to 
support a single sensing application like step counting 
(Kalantarian & Sarrafzadeh, 2016), sleep tracking 
(Ranganathan et al., 2018), heart rate (Agezo et al., 2016), 
blood pressure monitoring (Cong et al., 2010), and 
Ultraviolet (UV) light exposure (Heo et al., 2018).

Batteryless wearables require an intuitive user interface 
that helps users understand the tradeoffs between enabling 
more applications vs. increasing their wearables’ overall 
availability. Batteryless devices also require a new kind of 
user interaction paradigm that assumes inconsistent avail
ability—if the device does not have enough power, the user 
will not be able to interact with the device. Thus, interactive 
features such as push buttons, Bluetooth communication, 
and touch screens that are common in battery-powered 
wearables may occasionally operate in their batteryless coun
terparts—if they have any of these features at all.

2.1.3. Data display
The display of a wearable can account for about 30% of its 
power consumption (Liu et al., 2017). The display power 
consumption depends on the screen’s type and size. Most 
fitness trackers and smartwatches that run on batteries have 
a liquid crystal display (LCD) or a light-emitting diode dis
play (OLED) that is either always on or activated when the 
user taps on it or performs a certain gesture. Batteryless 
devices may not always be able to provide this on-demand 
display feature due to the potential insufficiency of harvested 
energy under specific conditions when certain types of har
vesters are used. As an alternative, batteryless wearables can 
use e-ink/e-paper displays (Dierk et al., 2018; Dierk et al., 
2017), which only consume energy when they update the 
displayed information. When the device has no power, users 
cannot see the latest data, but at least they can see the data 
that was available at the most recent update since it remains 
on the screen until another update is made. This can, how
ever, result in privacy concerns when the display contains 
sensitive information and is not turned off once the user is 
done interacting with the device, especially when the device 
is worn on a visible position.

The wearable display size affects not only power con
sumption but also the way users perceive the displayed 
information. Health information displayed on a large screen 
was perceived to be of higher quality than that displayed on 
a smartwatch’s small screen (Kim, 2017).

2.1.4. Data synchronization
NFC enables zero-energy communication (Boada et al., 
2019; Cho et al., 2019; Dierk et al., 2018, 2017; Escobedo 
et al., 2021; Heo et al., 2018; Lazaro et al., 2019). It only 
supports a limited range of about 4 cm, though, so it 
requires the users to hold their phone near the wearable 
until the data transfer is completed. This could be particu
larly cumbersome when the device is worn on the lower 
part of the user’s body (e.g., ankle or foot).

Battery-operated wearables usually use Bluetooth Low 
Energy (BLE) to send collected data to users’ mobile phones 
upon request. This process requires establishing a connec
tion between the wearable and users’ phones—the process is 
quite expensive in terms of energy. Therefore, batteryless 
wearables tend to use the BLE’s “connection-less” mode, in 
which the device sends the data whenever it has enough 
energy, not upon user request. However, this approach has a 
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limitation which requires the users’ phones to be nearby and 
the designated mobile application to always running in the 
background whenever data is being transmitted (DeBruin 
et al., 2015; Kalantarian & Sarrafzadeh, 2016).

Using one of these methods is not limited to transferring 
data from the wearable to users’ phones. Developers rely on 
users’ phones to correct inaccurate on-sensor timing as well 
as timestamp the data they receive from batteryless wear
ables. Despite developing several approaches for tracking 
time during short power outages (Alsubhi et al., 2020; de 
Winkel et al., 2020; Hester & Sorber, 2017a; Hester et al., 
2016; Rahmati et al., 2012), batteryless devices are incapable 
of accurately keeping track of time during significantly long 
power outages. In addition, batteryless devices do not have a 
24-hour clock and cannot detect day boundaries accurately. 
As a result, if an application requires reasonably accurate 
timestamps, the users may have to carry their phones with 
them and collect data from their wearable with a certain fre
quency—which may be considered cumbersome.

2.2. Research gap: What are users’ preferences 
regarding batteryless wearables for daily tracking?

While batteryless technology has started to expand from the 
Internet-of-Things to wearable devices, research on battery
less wearables (e.g., insole pedometers (Huang et al., 2018; 
Kalantarian & Sarrafzadeh, 2016), wrist gesture recognition 
wearables (Truong et al., 2018), wearables monitoring PH 
level (Boada et al., 2019), and smart bandages for wound 
monitoring (Escobedo et al., 2021)) has mostly been limited 
to testing devices in controlled environments rather than 
involving users in the development process or testing the 
usability of such devices in users’ daily lives to determine 
what trade-offs users experience.

One study explored the possibility of batteryless inter
action with smart objects using an e-ink display at a finger
tip, combined with an accelerometer (Dierk et al., 2017). 
The smart objects are equipped with a vibrating motor and 
a wireless charger. In response to the touch, the wireless 
charger powers both the e-ink display and the accelerometer 
that detects vibration patterns of the object and updates the 
display at the fingertip with info about the touched object. 
Therefore, each object should have a unique vibration pat
tern to make it stand out from others. The authors tested 
the system’s efficacy with users, but did not explicitly exam
ine how useful such an interaction could be for the users in 
their daily lives.

(Jayatilaka et al., 2019) conducted a user study in a local 
hospital setting, studying older patients’ perceptions of bat
teryless sensor devices that were placed over their clothes to 
monitor their activities. This study was carried out in a con
trolled setting where the batteryless wearables were powered 
using the radio frequency emitted from radio readers set 
around the patient. Before using the device, the patients 
were concerned about its bulkiness and performance, but 
after placing the device on themselves, their confidence and 
trust in using batteryless technology increased. The system 

tested in this study is RFID based has very little downtime, 
not causing performance perception issues.

Dierk et al. studied the usability of batteryless wearables 
with e-ink displays embedded in clothes (e.g., hats, shoes, 
and T-shirts) that can be updated with any information 
(e.g., counted steps) or graphical design by holding a phone 
close to the display (Dierk et al., 2018). Based on their find
ings, users found batteryless e-ink displays beneficial since 
they did not have to charge the device. Additionally, users 
liked the device’s pull notifications feature and pointed out 
that it is less overwhelming than push notifications. Again, 
the device’s usability was tested in a controlled setting, 
where the researchers could not explicitly examine how use
ful the device could be in users’ daily lives.

The developers of Energybugs (Ryokai et al., 2014) tested 
a tangible approach to teaching elementary school kids 
about harvested energy, using a bug that lights up an LED 
when two types of kinetic harvesters collected enough power 
from the children’s movements. The study found that this 
functionality motivated the kids to engage in physical activ
ities and that they were connected emotionally with the gen
erated energy.

The described studies take important steps in testing the 
efficacy of batteryless wearables with real users in con
trolled environments. However, these studies provide users 
with the finished product and seek their opinion about it. 
In user-centered design, developers should involve users in 
all stages of the development of digital products—including 
in the early stages of requirements engineering (Myers, 
1994). In this study, we attempt to fill this gap and seek 
out users’ perspectives on the design trade-offs that must 
be made when batteryless wearables are deployed in real- 
world settings. To this end, we present a scenario-based 
study that investigates users’ perspectives regarding the set 
of design constraints that is common among the entire 
class of batteryless wearable sensing technologies. The 
results of this study will inform the design of a wide array 
of products and prototypes in this nascent domain of 
technological innovation.

3. Experimental design

To understand how wearable users perceive the trade-offs 
involved in adopting batteryless technology, we recruited 
400 wearable-using participants and divided them equally 
into two groups. The first group was not informed about 
batteryless devices, while the second group completed a 
pre-survey tutorial explaining the pros and cons of this 
new technology. We exposed each participant (in both 
groups) to 12 scenarios from a total 1792 ones, each 
describing wearable device functionality. In the following 
subsections, we describe the scenarios that cover various 
possible future technologies and how they are distributed 
among participants. Additionally, we explain the pre-survey 
tutorial and survey questions that were utilized to assess 
each scenario presented and the demographics of our 
participants.

8028 A. ALSUBHI ET AL.



3.1. Scenario parameters

We measure the effect of six design parameters on how par
ticipants respond to the presented wearable. These parame
ters, annotated in Figure 3, were selected after carefully 
reviewing the existing literature describing the design chal
lenges of batteryless wearables (discussed in section 2.1).

3.1.1. Power source
The battery life of wearables negatively impacts users’ wear
ing behavior (Jeong et al., 2017). Our study measures bat
teryless wearable perception (where there is no need for 
battery charging or replacement) by comparing it with three 
types of battery charging/replacing devices that require dif
ferent levels of charging/replacing frequency that are similar 
to commercial devices. Each scenario describes a wearable 
that is powered by one of four methods. Two methods 
involve a rechargeable battery—one that requires charging 
every week (e.g., a Fitbit) and another that needs charging 
daily (e.g., an Apple Watch). The third method involves a 
replaceable battery that requires replacement once every 
year (like the Kronaby Apex smartwatch), while the fourth 
method uses harvested energy (powered by body heat, 
movement, or light). Scenarios including the last method, 
explicitly mention that the device only works when it has 
enough power, but that the batteries never have to be 
charged or replaced. Effectively, this highlights the pros and 
cons of using batteryless technology in the relevant 
scenarios.

We do not differentiate between harvester types (as this 
is typically not something end-users concern themselves 
with), but we do manipulate device aspects that may be con
strained by harvester types, e.g. device size and body pos
ition. Evaluating users’ perceptions independent of 
harvesting technology makes our results robust against 
future technological improvements while still allowing us to 
compare users’ perceptions against current constraints.

The power source is our main parameter of interest, 
allowing us to compare batteryless wearables’ anticipated 
usability, usefulness, etc., against their battery-powered 
counterparts. The remaining parameters (described below) 

are included to test for statistical moderation effects. They 
can be used to determine if, e.g., users’ preferred application 
(or body position, display type and size, data synchroniza
tion or storage method) differs between batteryless wearables 
and battery-powered wearables.

3.1.2. Application
Each scenario considers one of four major wearable device 
sensing applications: step counting, sleep tracking, heart rate 
and blood pressure monitoring, and tone analysis–used by 
Amazon’s novel “Halo” wearable, which claims to provide 
users insights into their overall mental and emotional 
state (Aboutamazon, 2020), and this application could be 
implemented in a batteryless device using the self-powered 
microphone (Arora et al., 2018). These applications have a 
health-related purpose and are available on at least one 
device currently sold to consumers, as well as a research 
prototype we discussed in section 2.1.2.

3.1.3. Body Position
As we discussed in section 2.1.1, one of the challenges in 
batteryless wearable design is that each harvester is efficient 
when worn on certain parts of the body. Our scenarios con
sider four common body positions: wrist, waist, ankle, and 
arm, which have been studied in the literature for effectively 
harvesting energy using various harvesters for sensing-based 
applications (Cai & Liao, 2021; Chong et al., 2019; Halim 
et al., 2018; Zeagler, 2017).

3.1.4. Display type and size
The size and type of screen significantly impact the user 
experience of a wearable device as well as the wearable size, 
as discussed in section 2.1.3. In our scenarios, we contrast 
energy harvesting devices with battery-powered ones when 
LCDs or e-ink displays are used. Specifically, when the 
device is powered by harvested energy, we stated that LCD 
displays up-to-date information only when it has enough 
power otherwise, it is completely off, while the e-ink is per
manently on but updates information only when there is 

Figure 3. A sample scenario of a total 4(power source) � 4(application) � 4(body position) � 7(display) � 2(data synchronization) � 2(data storage) �>¼ 1792 
unique scenarios resulting from a full factorial combination of the six scenario parameters levels that annotated in the graph. The explanation is used to highlight 
the pros and cons of using batteryless technology in the relevant scenario.
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enough power. For the LCD display, we consider both a 
black and white option and a color option (the latter gener
ally requires more power). Since the commonly used e-ink 
displays are only in black and white, we do not include a 
color option for this type of screen. For most wearables, the 
screen is a major determinant of the size of the device; 
hence we describe the device with no display as “tiny”, while 
the devices with a display come in either “small” (similar to 
the Apple watch) or “large” (similar to the LOKMAT 
APPLLP MAX watch). We describe the device size in each 
scenario as “about the size of a penny” (tiny), “about the 
size of an Oreo cookie” (small) or “about the size of a pack 
of Post-it notes” (large).

In our study, we do not analyze the power consumption 
of each display type and size, nor link it to what harvesters 
must be used to meet that consumption while keeping the 
device size and weight in an acceptable range. We assume 
that the developers will use a suitable harvester to match the 
display size and type consumption without making the 
device more bulkier. For example, a transparent solar panel 
could be layered over the screen as used in the commercially 
battery-powered LunaR smartwatch (Kickstarter, 2018). 
Moreover, while some combinations of parameters may be 
unrealistic with existing technology, we keep these in our 
study to maintain the orthogonal nature of our manipula
tions and to make our results relevant to potential future 
improvements in energy harvesting technology that would 
make a wider range of device configurations possible.

3.1.5. Data synchronization
Section 2.1.4 outlines the benefits and downsides of commu
nication with wearables via Bluetooth versus NFC. This par
ameter is also evaluated in our scenarios, as each device is 
described to use one of these two methods. The require
ments for synchronization (i.e., for NFC, the phone needs to 
be held near the device, while for Bluetooth, the phone 
always needs to be ready to receive data (the application is 
required to run continuously in the background) if the 
device uses harvested energy since the communication will 
be without a handshake) are mentioned in the scenario as 
well.

3.1.6. Data storage
Most existing wearables try to reduce energy consumption 
(on both the wearable and the user’s phone) by moving 
heavy computation (e.g., sophisticated machine learning) to 
external servers. As batteryless devices operate intermit
tently, they rely more on cloud computing than their bat
tery-powered counterparts to conserve their limited 
resources while still providing useful functionality to users. 
The transfer and storage of the collected data on an external 
server may present a privacy risk (Paul & Irvine, 2014), 
though, since this data could potentially be used to derive 
other sensitive information about the user, especially when 
this information is related to the user’s health. Cloud-based 
processing also requires a continuous internet connection, 
which creates additional risks. Data interception and 

surveillance are increased by constant connectivity. 
Additionally, wearables’ functionality may be limited when 
internet connections are unreliable, particularly in situations 
requiring real-time data processing, which may negatively 
affect the user experience.

In contrast, storing and processing data locally on a 
user’s phone presents a different risk profile. Although it 
offers more control over data privacy and reduces reliance 
on an active internet connection, it may strain the user’s 
device, potentially draining the battery or consuming valu
able storage space in case of heavy computation processing. 
Moreover, if the user’s phone is lost or compromised, stored 
data could be lost or at risk of privacy invasion.

3.2. Pre-survey tutorial Description

We created a tutorial to explain the impact of the environ
ment on the operation of batteryless wearables. It starts by 
asking participants to imagine being introduced to a new 
technology called” batteryless” while shopping for a wearable 
device. This technology uses harvested energy from the sur
rounding environment, such as indoor/outdoor solar energy, 
thermal energy from the temperature difference between the 
surroundings and the wearer’s body, and kinetic energy 
from the user’s movements. The tutorial explains that this 
energy is stored in capacitors instead of batteries and 
presents the advantages and disadvantages of capacitors, 
including their smaller size and environmental friendliness 
and limited charge-holding capacity due to fast self-dis
charge, unlike batteries.

Additionally, the tutorial outlines the drawbacks of bat
teryless wearables, which are affected by their environment 
and operate in different modes depending on energy avail
ability. For instance, they operate continuously like conven
tional battery-powered devices when energy is abundant. 
However, when energy is scarce, such as when a solar-pow
ered wearable is partially shaded, the devices may run inter
mittently and experience power outages. These outages can 
be brief, lasting only milliseconds and going unnoticed, but 
longer outages can cause slower device responses or less 
accurate data. The device may not function in extremely 
low-energy environments until moving to a more energy- 
rich environment. The tutorial also points out that using 
larger or multiple harvesters can reduce power outages, 
although this may increase the size and weight of the device.

3.3. Scenario Description

We generate a total of 4 (power source) � 4 (application) �
4 (body position) � 7 (display) � 2 (data synchronization) 
� 2 (data storage) �>¼ 1792 unique scenarios resulting 
from a full factorial combination of the six scenario parame
ters variations. Each resulting scenario asks the participant 
to imagine a wearable device based on the selected combin
ation of design parameters according to the following tem
plate: “Please imagine a [size] device with a [type of display] 
that is worn on your [body position] and tracks your [appli
cation]. This device syncs data via [data synchronization] to 
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your phone and stores this data on [data storage]. The 
device uses [power þ explanation].” Each parameter value is 
highlighted in the scenario to make it easy to identify. An 
example scenario is shown in Figure 3. We avoided the 
most unrealistic scenarios (e.g. a tiny device with a giant 
LCD display) by carefully selecting parameters that would 
go together well. None of the resulting scenarios are unreal
istic or conceptually impossible; some may be infeasible with 
existing technology, but that should not be a limitation for a 
user acceptance study (i.e., researchers can test the user 
acceptance of technologies yet to be developed).

3.4. Scenario evaluation questions

We measure the effect of the scenario parameters on partici
pants’ perceptions of the wearable device by asking them to 
respond to a set of questions for each scenario. Table A1 in 
Appendix A summarizes all dependent variables and their 
measured scales. First, participants are asked how much they 
would pay for the presented wearable device (in US dollars). 
Next, they are asked to rate the presented device in terms of 
usefulness, convenience, expected performance, perceived 
effort and attention, eco-friendliness, and the potential priv
acy concerns associated with using the device. These ques
tions are answered on a 7-point scale ranging from, e.g., 
“completely useless” to “very useful.”

Subsequently, participants are asked how much effort and 
attention they believe the presented device requires to use 
(the latter question is answered on a 5-point scale ranging 
from “virtually none” to “a lot”). To understand how the 
participants assess the main application accuracy of the pre
sented wearable compared to other devices, we ask them 
whether they believe the presented wearable is: i) less accur
ate than most other wearables, ii) on par with other wear
ables, or iii) more accurate than most other wearables since 
there is no standard measurement of the wearable’s applica
tion accuracy (Bassett et al., 2017).

Next, we ask participants how often they would upgrade 
a device like the one described in the scenario. The options 
include: i) about once every year, ii) about once every two 
years, iii) about once every three years, iv) about once every 
4–5 years, v) about once every 6–10 years, and vi) I’d plan to 
keep this device for more than a decade. Finally, we ask par
ticipants to list the main drawback and the key selling point 
of the presented wearable—these are open-ended questions 
where participants can write anything they like.

3.5. Participants

We recruited 400 participants for our survey using the 
Prolific online recruitment platform1. Participation was 
restricted to participants with a high reputation (>94 
Prolific score) who own a smartwatch or activity tracker. 
Our study included 240 participants who identified as 
women and 160 who identified as men, aged 18 to 72 years 
old. Among them, 118 were students, 158 were employed, 
15 were unemployed, and 109 others. The participants were 
based in eighteen different countries: United States (258), 

Mexico (32), Canada (24), Portugal (22), South Africa (16), 
United Kingdom (12), Chile (7), Australia (6), Poland (5), 
France (2), Greece (3), New Zealand (2), Spain (2), Austria 
(1), Italy (2), Sweden (1), Hungary (1), and South Africa (4).

We evenly split the participants into two groups (200 
participants each). The first group received no education 
about batteryless devices, while the second group underwent 
a pre-survey tutorial and knowledge test regarding the tuto
rial’s contents before proceeding to the scenarios. In the 
event of failure on the knowledge test, the participants were 
shown the descriptive text of the tutorial and retested. This 
process was repeated until the participants passed the know
ledge test to ensure that they paid attention to the detailed 
information presented to them about batteryless wearables.

Study participants had to consent to take part in the 
study, and once consent was obtained, the study began and 
took about 30 minutes to complete, after which participants 
were paid $4 for successful completion of the study. We 
removed any participant who completed the study in less 
than 15 minutes or did not provide valid answers to the gen
eral questions at the end of the study(only one excluded 
participant who was not part of the total count of 400 par
ticipants, as our recruitment efforts yielded over 400 partici
pants in total). We provided each participant with 12 
scenarios that were selected from 1792 scenarios using a 
fractional factorial design that balances both within- and 
between-subject assignment of each parameter’s main effects, 
ensuring that all participants are equally exposed to both 
within- and between-subject variations (i.e., avoiding similar 
scenarios and ensuring that each participant is exposed to 
one batteryless scenario). For each scenario, we asked partic
ipants to carefully read the scenario and then answer all 
related questions about it. After concluding the scenario 
evaluations, participants answered a number of general ques
tions, including demographics.

3.6. Methodology

To show how different scenario parameters influenced par
ticipants’ responses toward the presented wearable device 
for each scenario, we ran several linear and generalized lin
ear mixed-effects models. As a baseline for our comparisons, 
we used a wearable device that requires daily charging, is 
equipped with a small color LCD screen, is designed to be 
worn on the wrist, has step counting application, syncs data 
via Bluetooth, and saves the collected data locally on the 
user’s phone. We collected data from two distinct groups of 
participants: the group of participants who did not receive a 
training video, and the group of participants who did. We 
first divided these two groups for analysis. If we found simi
lar results in both groups, we merged the data to obtain a 
comprehensive perspective. Conversely, when we observed 
variations in the results, we analyzed each group separately 
to account for these differences. This approach allowed us 
to carefully consider the nuanced differences and similarities 
within the data and ensure that our analysis accurately 
reflected the distinct characteristics of each group.

INTERNATIONAL JOURNAL OF HUMAN–COMPUTER INTERACTION 8031



To test the main effects of the parameters, we used a 
step-wise forward approach in which one of the remaining 
parameters was added to the model at every step and com
pared to the previous model using omnibus tests to deter
mine if the scenario parameters and their interactions 
significantly influence the dependent variables. Once we 
added all the main effects of each scenario parameter to the 
model, we tested the two-way interaction effects between 
power and other parameters one by one (comparing a 
model with all main effects in addition to the interaction 
effect under consideration against a model with only the 
main effects) and consider only the significant ones. 
Interested readers can find detailed results of the quantita
tive analyses in Appendix A. Differences between specific 
levels of statistically significant parameters are presented 
throughout the paper using aggregate plots with errorbars.

Additionally, we conducted a thematic analysis of the two 
open-ended questions responses to identify the most preva
lent themes. We systematically reviewed the responses, iden
tified recurring patterns and concepts, and selected 
participant quotes that best exemplified each theme. These 
quotes are integrated with the quantitative results to provide 
contextual information and illustrate the themes identified 
in the data. This approach provides a more comprehensive 
understanding of the research question and enhances the 
interpretation of the quantitative data.

4. Results

In this section, we organize our findings into themes that 
emerge from the initial research questions presented in the 
introduction. Hence, we highlight results from our quantita
tive analyses as they pertain to each theme. We complement 
these quantitative results with findings from a qualitative 
analysis of responses to the two open-ended questions that 
directly asked about the presented device’s drawbacks and 
selling points. Table 1 summarizes our study findings.

4.1. Perception of batteryless wearables

We address the research question RQ1 by measuring partici
pants’ perceptions of batteryless wearables. Specifically, par
ticipants were asked to rate each scenario in terms of 
perceived usefulness, convenience, effort and attention, 
accuracy of the main application, eco-friendliness, and will
ingness to pay for the presented device. The power source 
parameter (which compares batteryless devices against alter
natives that need periodic charging) had a modest but sig
nificant effect on all of these parameters. The omnibus effect 
of the power source (and all other parameters) can be found 
in the appendix. Below, we describe the difference between 
batteryless devices and devices that must be recharged daily 
(our baseline condition).

Both groups find that utilizing energy from the surround
ings significantly reduces the effort and attention involved in 
charging and maintaining the device, compared to devices 
that must be recharged daily (p < .0001, b ¼ −0.335). This 
benefit is also reflected in an increased perceived convenience 
(p < .0001, b ¼ 0.455) of batteryless devices compared to their 
conventional counterparts. For instance, a participant gave 
the example of a watch currently available on the market that 
is powered by body movement and how convenient it is:

It uses harvested energy, powered by body heat, movement, or 
light that should be the main selling point. People like 
automatic watches a part of the reason is that when people wear 
it long enough, it will always be running, and that’s convenient.

However, individuals who did not receive the pre-survey 
tutorial about batteryless devices have a higher perception of 
their usefulness (p < .0001, b ¼ 0.330) and higher expectation 
of overall performance (p ¼ 0.0077, b ¼ 0.199) than their bat
tery-powered counterparts. Moreover, the participants from 
this group expected batteryless wearable applications to be 
more accurate (p ¼ 0.0013, b ¼ 0.098) than devices that need 
to be charged every day. This is surprising since the intermit
tent availability of harvested energy would most likely make 

Table 1. Summary of the study key findings for batteryless wearables.

Batteryless wearables perceptions � Harvested energy reduces the device’s perceived effort and attention, as no charging is needed. 
� The lack of the pre-survey tutorial increases batteryless wearables’ usefulness and performance expectations. 
� The pre-survey tutorial uncovered misconceptions like batteryless devices have similar charging times as  

battery-powered ones, and thinking certain harvesters only work outdoors, limiting indoor use. 
� Boosts users’ perception of the device eco-friendliness. 
� Increases the anticipation of longer usage (>3 years) before upgrading to a new device. 
� Higher price expectations. 

Preferable applications � Step-counting is perceived as more useful and advantageous when the device is powered by harvested energy  
compared to battery. 

� Sleep tracking and heart rate/blood pressure monitoring are perceived as useful but less eco-friendly,  
as participants are more likely to believe they will require additional power sources due to energy  
limitations from harvesting energy. 

� Tone analysis is perceived as less useful, inaccurate, and eco-friendly, raising privacy concerns among users  
compared to other presented applications. 

Preferable body placement � Wrist-worn device is perceived as the most convenient choice compared to wearing it on the ankle, arm, or waist. 
� Arm-worn device is perceived as more useful and convenient when powered by harvested energy instead of batteries. 

Preferable data syncing  
and storage

� Syncing wearable data to phones via NFC is perceived as less convenient but requires less effort than Bluetooth. 
� Storing data in the cloud raises privacy concerns’ perception, while local storage increases the perceived risk  

of data loss if the phone is lost or stolen. 
Preferable display type and size � Small screens are perceived as more convenient than larger ones. 

� Devices without screens are perceived as more convenient and reducing perceived privacy concerns.  
However, participants expressed concerns about needing to check their phones for data viewing. 

� There is no strong preference perceived for LCD over e-ink displays but mixed feelings are noted in free-text  
responses regarding e-ink’s perceived advantages, limitations, and misconceptions. 
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batteryless wearables less accurate than their battery-powered 
counterparts, although we highlighted the intermittent oper
ation in the presented scenario of the batteryless wearable by 
stating that it works only when it harvests enough energy. 
Indeed, our results suggest that user expectations about bat
teryless wearables may have to be corrected, as one of the 
participants who did not receive the tutorial stated:

The harvested energy, if it works well. It only works when it has 
enough power–would that ever not happen? If that is minimized 
close to 0, then it’s good.

These false expectations seemed to be corrected among 
individuals who received the tutorial; there were no statistic
ally significant positive or negative effects on the perceived 
usefulness, the overall expected performance, and applica
tions accuracy of the devices powered by harvested energy 
compared to their battery-powered counterparts; however, 
participants from this group raised concern about the reli
ability of the collected data and lack of system transparency 
as some participants pointed out:

The drawback of such a device that its power source is not 
always reliable. So it could have inconsistencies in its data.

As the device only works when it has enough power, the device 
may not work consistently and may not be reliable.

It only works when it has enough power, so you never know 
when it has enough power.

Although the high expectation about the batteryless over
all performance and application accuracy was corrected 
within the group who received the tutorial, new misconcep
tions were revealed. Specifically, participants incorrectly 
assumed that the charging time of batteryless devices was 
similar to that of battery-powered devices. Furthermore, 
some participants believed that certain harvesters, such as 
thermal and solar, only functioned in outdoor settings, 
which would render the devices unusable for extended peri
ods of indoor use.

If not worn for a long time the device will find a hard time 
gaining it’s power for immediate use on next usage.

It uses harvested energy, so it could run out of power if you’re 
not moving enough or if you’re out in the cold.

It only work when it has enough body heat. So, in winter it may 
not work.

It would take a lot of effort to keep it charged. I either have to 
continuously move or be in direct sunlight.

Powering a device from harvested energy also increases 
users’ perception of the eco-friendliness of the device in 
both groups (p < .0001, b ¼ 1.515)—power source was the 
strongest predictor of perceived eco-friendliness in our 
study. Furthermore, a wearable that is powered by harvested 
energy is more likely to be upgraded (replaced by a new 
device) after more than three years of use (p < .0001, 
b ¼ 0.595) than a wearable powered by a battery that 
requires daily charging. This will help in reducing the nega
tive impact of e-waste on the environment and aligns with 
the long lifetime of capacitors, unlike batteries which wear 
out within a few years.

These favorable perceptions of batteryless wearables 
translate into a higher price expectation in both groups, as 
participants who did not receive any education about bat
teryless devices were willing to pay a considerably higher 
price if their wearable was powered by harvested energy 
(p < .0001, b ¼ 10.90). However, the difference was signifi
cantly smaller for those who received the tutorial (p <

.0001, b ¼ 5.94). This price expectation may become an obs
tacle: participants consider the high expected price of a bat
teryless wearable as a main barrier to owning such a device. 
As one participant stated:

The main drawback of this device is price point will probably be 
high with the renewable technology

4.2. Possible applications for batteryless wearables

Research question RQ2 considers the usage applications that 
batteryless wearables could support as perceived by users know
ing that the device works only when it harvests enough energy. 
We measured participants’ perceptions of possible applications 
of batteryless wearables by considering the effect of the 
“application” parameter (and where significant, its interaction 
with the “power source” parameter) on the device’s usefulness, 
privacy concern, expected accuracy, and eco-friendliness.

Figures 4(a,b) show that participants from both groups 
generally found the presented applications useful, except for 
the tone analysis (p < .0001, b ¼ −1.791). As one of the par
ticipants wrote:

This device is somehow useless, I don’t need to know the tone 
of my voice

Others considered this application to only be useful for a 
specific group of users in particular situations, thereby not 
requiring them to continuously wear the device:

People who speak too loudly that are trying to quiet their tone 
maybe

The function does not seem very relevant to the general public 
(maybe useful for people who actually need to monitor their 
voice tone, like singers

Participants from both groups also expected tone analysis to 
be less accurate than the step-counting application (our base
line) regardless of the device power source(p < .0001, 
b ¼ −0.267), which according to the free-text responses, mostly 
seemed to be caused by a belief that the microphone used for 
the tone analysis would likely pick up other sounds and voices:

It doesn’t seem like it would be accurate, will it pick up other 
voices?

The microphone may have some problems with catching the 
voice of a person speaking.

Furthermore, participants anticipate tone analysis to be 
less eco-friendly (p < 0.0001, b ¼ −0.181), and the applica
tion raised significantly more privacy concerns (p < .0001, 
b ¼ 0.858) among our participants in both groups(see 
Figure 4(c)). This result is supported by our qualitative data. 
For instance, one participant wrote as a main drawback of 
the presented device:
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It records personal data. It records the tone of your voice and 
that could be the invasion of people’s privacy.

Tone analysis is the most difficult application to support 
with batteryless technology due to the high energy con
sumption requirements of this application. Even with the 
use of a self-powered microphone, as demonstrated in previ
ous research (Arora et al., 2018), the application still necessi
tates intensive computations. However, our results suggest 
that this application is generally undesirable anyway—a 
benefit for batteryless wearables.

We found an interesting interaction effect between the 
power source and application on usefulness (v2ð9Þ ¼

21:75216, p ¼ :0097, see Table A4 in Appendix A): as 
shown in Figure 4(a), the individual who did not receive 
education about batteryless are particularly appreciated using 
harvested energy to power step-counting devices—this com
bination leads to higher perceived usefulness than for the 
step-counting devices that are powered by batteries. Some 
participants expressed that using harvested energy to power 
a fitness tracker would be a motivation for being active and 
eco-friendly. For example, one participant explained:

The key selling point is its harvested energy. Not only does it 
deem as sustainable but also encourages movement and appeals 
to a healthy lifestyle.

In contrast, participants are less willing to use a wearable 
device to count their steps if it requires a daily recharge— 
something they could then just as well accomplish through 
their phones, as one participant pointed out:

Recharged once a day. The benefit of other wearables is that 
they don’t have to be charged frequently. Otherwise, my phone 
also is charged once a day and counts my steps. I don’t need 
this device.

In contrast, individuals who received the tutorial about 
batteryless don’t show a strong preference for batteryless 
applications, but some of them express that step counting is 
the most appropriate one:

Key selling points of this device are ability step counting, and 
never having to be charged.

The key selling point of this device is likely to be its convenient 
form factor and the fact that it can be worn on the ankle, 
allowing for a more accurate count of steps. The use of 
harvested energy means that the device is always ready to use 
and the user never has to worry about charging it.

Finally, we found an interaction effect between the power 
source and application on the perceived eco-friendliness of 
the device (v2ð9Þ ¼ 21:349, p ¼ 0:0112, see Table A9 in 
the appendix). As shown in Figure 4(d), participants from 

Figure 4. The effect of the device’s main application and its interaction with how it is powered on the perceived usefulness, privacy concerns and eco-friendliness. 
Tone analysis is less useful and increases the perceived privacy concern regardless of how the device is powered in both groups. All presented applications (except 
the step counting) are perceived as less eco-friendly when the wearable device is powered by harvested energy.
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both groups found the sleep tracking and heart rate/blood 
pressure monitoring applications less eco-friendly on a bat
teryless device compared to the step counting application 
(for battery-powered devices these applications are perceived 
to be roughly equally eco-friendly). Arguably, whereas in 
participants’ intuitive understanding step counting can easily 
be powered by harvested energy (as walking generates ample 
kinetic energy and is usually performed during the day 
where harvesting energy from light is possible), they likely 
believed that sleep tracking and heart rate/blood pressure 
monitoring would require supplemental sources of power 
(as heart rate/blood pressure needs to be monitor periodic
ally and the harvested energy might not be sufficient, as well 
as sleeping generates little kinetic energy and is often done 
in darkness), as some participants explain:

If it’s meant to be worn when you sleep, then how will it ever 
get its natural charge.

It may not work when it doesn’t have enough power. If you 
need to use movement or body heat, that could be hard under 
some health conditions. And if you are trying to measure your 
blood pressure because you are worried it is high, moving 
around to get the device working could be bad.

4.3. Batteryless wearable body position

Research question RQ3 considers the part of the body where 
users would prefer to wear batteryless wearables. We meas
ured participants’ preference for the wearable’s body pos
ition by analyzing the effect of the “body position” 
parameter and its interaction effect with the device power 
on participants’ perceived convenience, and the perceived 
usefulness, effort and attention of the presented device.

Participants in both groups expressed that wearing the 
wearable device on the ankle (p < .0001, b ¼ 0.457), waist 
(p < .0001, b ¼ −0.460), or arm (p ¼ 0.0061, b ¼ −0.172) is 
considered significantly less convenient than wearing it on 
the wrist (see Figure 5) regardless to how the wearable is 
powered. Wrist-worn devices seem most appropriate regard
less of the application because participants are likely biased 
by prior exposure to wrist-worn wearables (e.g., most com
mercial wearable devices are wrist-worn).

However, we found an interaction effect between the 
device body placement and its power source 
(v2ð9Þ ¼ 22:43866, p ¼ 0:0076, see Table A6 in the 
appendix), showing that arm-worn device perceived more 
convenient when it is powered using harvested energy than 
the battery counterparts.

Furthermore, individuals who were educated about bat
teryless, found that arm-worn devices are more useful when 
powered by harvested energy compared to batteries 
(v2ð9Þ ¼ 24:14036, p ¼ 0:007, see Table A5 in the appendix)

4.4. Data synchronization and storage

Research question RQ4 considers the most suitable method 
from users’ perspective for batteryless wearables to transfer 
data to their phones, where it can be processed further and/ 
or sent to an online data collection platform. We address 
this research question by testing the effect of the “data syn
chronization” parameter on participants’ perception of the 
convenience of the described device, and their perception of 
usefulness, the effort, and attention needed in the device’s 
daily operation. We also considered the effect of the “data 
storage” parameter on participants’ perceived privacy 
concerns.

Participants in both groups perceived syncing wearable 
data to their phones via NFC as less convenient (p ¼ 0.0170, 
b ¼ −0.096) and required more effort and attention 
(p ¼ 0.0533, b ¼ 0.0219) compared to using Bluetooth. This 
is because the phone needs to be held close to the wearable 
device until the data transmission is completed, as we 
explained in the affected scenarios (where data 
synchronization ¼ NFC). Moreover, some users were not 
familiar with this technology, despite it is increasingly used 
in applications like headphone pairing and mobile payment 
options like Apple Pay, as a participant mentioned:

Speaking for myself I have never used NFC on my phone. So I 
could say it’s a bit of an inconvenient.

Participants who did receive the tutorial about batteryless 
found that using NFC is less useful (p ¼ 0.0239, b ¼ −0.116) 
than using Bluetooth for data synchronization, whereas indi
viduals who did not receive the tutorial don’t have any 
strong preference in term of usefulness.

One interesting caveat for batteryless wearables is that in 
order to use Bluetooth with a limited amount of power, they 
may not be able to complete a traditional “handshake” data 
transfer protocol. This means that users must perpetually 
leave the application that receives the data running in the 
background on their phones, lest the data transferred from 
the wearable is not properly received. We mentioned this 
caveat in the affected scenarios (where power ¼ batteryless 
and data synchronization ¼ Bluetooth). Consequently, there 
is a significant interaction effect between how the device 
is powered and its capability to sync the data to the user’s 
phone on the perceived effort and attention (v2ð3Þ ¼

10:41105, p ¼ 0:0154, see Table A13, showing that partici
pants in both groups perceive using NFC when the device is 
powered by harvested energy less effort and attention than 

Figure 5. The interaction effect between the device’s main power source and 
where it is worn on the perceived convenience in both groups. Wrist-worn devi
ces are more convenient than other devices worn on other body positions. 
Arm-worn becomes more convenient when it is powered by harvested energy 
compared to when it operates with a battery.
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using Bluetooth, which requires the user to ensure the receiv
ing application is running to avoid losing data. This also, 
raises concerns about the phone’s battery depletion and priv
acy violation, as some participants pointed out:

The drawback of this device is that you would have to make 
sure the app is always running in the background, which may 
bring up privacy concerns

App has to run in the background which drains the battery 
quicker.

The app running in the background could limit its usability, as 
people may forget to leave the app running or may not want to 
sacrifice battery life on their phone.

In terms of data storage, we do find a significant effect of 
this parameter on privacy concerns among all participants 
in both groups, with cloud storage causing significantly 
greater concerns than local storage regardless of the wear
able power source (p < .0001, b ¼ 0.317). As a counterpoint 
to this concern over cloud storage, one participant men
tioned that storing data locally on the phone increases the 
risk of data loss if the phone is lost or stolen:

What will happen if my phone gets lost? will I be able to store 
the information again? That might be the main drawback. I 
don’t know if the data is transmittable.

4.5. Display type and size

Research question RQ5 asks whether users expect batteryless 
wearables to have a display, and if so, what type and size of 
the display is most suitable in their opinion. We address 
this research question by measuring the effect of the 
“display” parameter on participants’ perceived convenience 
and perceived privacy concerns. The display parameter 
acknowledges that the display is an important determinant 
of the overall size of a device: devices without any display 
can be tiny (i.e., the size of a penny), while devices with a 
display range from small (i.e., the size of an Oreo cookie) to 
large (i.e., the size of a pack of Post-it notes).

As shown in Figure 6(b) the display parameter has a sig
nificant effect on perceived convenience in both groups: 
wearable users found small screens more convenient than 
large screens, including black-and-white e-ink (p < 0.0001, 

b ¼ −1.0002), black-and-white LCD (p < 0.0001, b ¼ −1.071), 
and color LCD (p < 0.0001, b ¼ −0.970). Interestingly, a 
device without a screen was even perceived to be more con
venient than a small screen (p < 0.0001, b ¼ 0.473). Also, 
another advantage of the screenless device significantly reduces 
the user’s perceived privacy concern (p ¼ 0.0003, b ¼ −0.208); 
Figure 6(a). We suspect that participants have lower privacy 
concerns with screenless devices because such devices cannot 
display sensitive information that could potentially be read by 
a coincidental onlooker. Furthermore, one participant men
tioned that sleep tracking devices benefit from not having a 
screen that could unintentionally light up in the dark:

[I like] how small it is and that there is no display. I use my 
Apple Watch to track my sleep but sometimes the display lights 
up in the middle of the night and wakes me up.

Despite the advantages of screenless devices, the free text 
responses revealed that many participants expressed con
cerns about the need to check their phones to view the col
lected data. As one participant noted:

The drawback of this device is that there is no display - you 
have to have your phone to see the data.

This concern is valid particularly when the user is unable 
to check her phone immediately due to various reasons such 
as social situations, busy work, or simply not having her 
phone nearby.

In terms of display type, we find no evidence that LCD 
displays are significantly preferable over e-ink displays 
(which require less power and are, therefore generally more 
suitable for batteryless devices). However, our free-text 
response questions show that participants do have mixed 
feelings about the latter. While some believe that the use of 
e-ink limits the wearable device, or mistakenly think that it 
wastes stored power (since the information is always 
displayed as we explained in the affected scenarios (where 
power ¼ batteryless and display ¼ e-ink), while others think 
it offers an advantage:

The e-ink display might make the use cases for the device quite 
limited.

Having the screen stay on seems wasteful.

I like e-ink tech, it is the most eco-friendly possible.

Figure 6. The effect of the device’s display type and size on the perceived privacy concern and convenience. Screenless devices perceived less privacy concern com
pared to other devices with screens. All large screens are perceived as less convenient than small ones regardless of how the device is powered.
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Finally, we note that display type and size did not show 
any significant interaction effects with the device power 
source.

5. Discussion and design implications

We structure our discussion and design implications reflect
ing on the study results based on the research questions out
lined in the introduction, including batteryless prescriptions, 
preferred sensing applications, convenient body placement, 
favorable data synchronization and storage options, and 
desired display sizes and types. At the end of this section, 
we emphasize the importance of educating users about the 
differences between batteryless devices and battery-powered 
counterparts to adjust their expectations and ensure a 
smooth transition.

5.1. Improving user perceptions of batteryless wearables

Both groups of participants in our study liked the idea of 
not having to charge or replace the battery of a batteryless 
wearable. However, those who did not receive the tutorial 
seemed to lack an understanding of the potential limitation: 
the batteryless device’s intermittent operation when it fails 
to harvest sufficient power. On the other hand, the other 
group raised concerns about the reliability of data collection 
due to this intermittent operation. To address this concern 
and minimize extended power outages, the designers of bat
teryless wearables should consider utilizing multiple energy 
sources, such as ambient light, body heat, and movement, 
rather than relying on just one type of power source. This 
would allow the device to harvest energy more robustly even 
as the surrounding environment and user activity change 
while the device is in use (Magno & Boyle, 2017; Magno 
et al., 2016; Song et al., 2021): for instance, a kinetic har
vester will not work while the user is sitting down in his/her 
office, but in that case, a photovoltaic cell may be able to 
harvest energy from indoor light. In addition, there is a 
decreasing rate of return on the size of any single harvester, 
e.g., a photovoltaic cell of twice the size does not necessarily 

produce twice the amount of electricity under the same light 
conditions. As such, several smaller harvesters of various 
types of energy might generate power more efficiently than 
a single larger one. As an example, PowerWatch (n.d.) con
tinually charges up its battery using both thermal energy 
generated from body heat as well as solar energy while 
maintaining a small size, especially for wrist-worn devices. 
Arguably, solar cells can be customized to meet wearable 
energy, size, and weight needs. For instance, a flexible solar 
panel can be placed on the wearable band while other har
vesters like MATRIX Prometheus (thermal harvester) 
(Matrix Industries, n.d.) or a microkinetic harvester (like the 
one produced by Kinetron (n.d.)) can be placed inside the 
wearable case along with flexible main circuit board to 
achieve the goal of multi-source powering and small size as 
shown in the two wrist-worn suggested designs in Figure 7.

It is important to note that, unlike battery-powered devi
ces, batteryless wearable devices will inevitably suffer from 
reliability issues due to power outages of unknown length, 
even if they use multiple harvesters. Developers must inves
tigate to what extent the users of batteryless wearables are 
willing to accept the inevitable unreliability of frequent 
power outages and find ways to compensate for the lower 
reliability (e.g. using lightweight machine learning techni
ques to estimate the lost data during these outages (Abedin 
et al., 2019; Izonin et al., 2019; Monjur & Nirjon, 2022)).

Additionally, participants have concerns over the data 
reliability of the batteryless device due to the uncertainty of 
when it loses power. While recent works have attempted to 
infer missing data during power failures (Abedin et al., 
2019; Izonin et al., 2019; Monjur & Nirjon, 2022), providing 
users with insight into the data collection process could 
prove beneficial. We propose that developers offer users a 
timeline of data collection on their mobile phones, enabling 
them to clearly differentiate between the collected and 
inferred data. By having access to this timeline, users can 
better understand when the device was active and when data 
was estimated (device was inactive). This transparency 
empowers users to make informed decisions about the reli
ability of the data and gain a deeper understanding of the 

Figure 7. Proposed example of user-centric designs for wrist-worn batteryless devices.
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information collected. For instance, if they notice inaccur
acy/lack of data during certain periods, they can identify 
reasons for the inactivity, such as the solar/kinetic-powered 
activity tracker being covered by a sleeve while sitting in the 
office or placed in a dark location like a drawer. By incorpo
rating such a feature, developers can enhance user trust and 
engagement with the batteryless wearable, as users become 
more confident in interpreting and utilizing the data it pro
vides. This approach fosters a greater sense of control and 
comprehension, encouraging more active and meaningful 
engagement with the device’s capabilities.

5.2. Convenient and sustainable daily sensing 
applications

While the participants in our study were open to using bat
teryless wearables for a variety of sense applications (with 
the exception of tone analysis, although it is used in a com
mercial wearable to support mental health, this purpose was 
not clear to the participants), we caution the designers of 
batteryless wearables against implementing too many appli
cations in parallel (de Winkel et al., 2021). This is because 
supporting multiple applications requires more power, 
which in turn would require larger harvesters. This will 
inevitably require increasing the size of the device—poten
tially beyond the ideal upper limit of the “small” device (the 
size of an Oreo cookie) tested in our study. A similar trade- 
off also occurs in battery-powered devices, where power- 
hungry applications require either a larger device or more 
frequent charging. Thus, developers of batteryless wearables 
must intelligently enable/disable applications based on the 
context using event-driven techniques or allow users to con
trol which applications are activated at any time. For 
example, the wearable could (allow the user to) disable sleep 
tracking during the day and (allow the user to) disable fit
ness tracking at night using zero energy interaction techni
ques, e.g., NFC or Piezoelectric push buttons as illustrated 
in Design 1, Figure 7. In addition, developers must use an 
ultra-low-power sensor to support multiple applications 
instead of using multiple sensors when it is possible. For 
instance, the heart rate sensor can be used to measure the 
heart rate/blood pressure as well as the user’s mental state 
based on heart rate variability (HRV) instead of relying on 
tone analysis which raised a privacy concern among our 
participants.

Despite the inherent limitations of batteryless wearables, 
our results highlight several applications where batteryless 
wearables are advantageous over battery-powered devices. 
These considerations can inform the design of new wearable 
devices.

5.2.1. Convenient Non-Stop activity tracking
Participants in our study found batteryless activity trackers 
(e.g., step counting) more desirable than those powered by 
batteries. Users who are motivated to track their activity 
tend to wear their device during most of the day, and they 
do not want the tracking to be interrupted because of a 

battery that must be recharged or replaced. Activity trackers 
are an ideal use case for batteryless wearables, as the move
ment that is being tracked is, at the same time, a rich source 
for harvesting energy. If implemented correctly, an activity 
tracker without batteries can motivate people to be more 
active since it will always be ready to use when the user 
needs it to be.

5.2.2. Eco-Friendly heart rate monitoring and sleep track
ing with advanced energy harvesting
In our study, participants found heart rate monitoring and 
sleep tracking to be useful applications; however, they 
expressed concerns about the eco-friendliness of these appli
cations. This is likely because both activities generate little 
to no energy, and measuring heart rate requires energy even 
when the user is at rest, making it necessary to supplement 
the power source. However, recent research has found a 
new way to harvest energy continuously from the user’s fin
gertips during sleep (Yin et al., 2021), which can be trans
ferred to a wrist- or finger-worn batteryless device using a 
technique proposed in (Shukla et al., 2019). Additionally, 
advanced thermal harvesters such as MATRIX Prometheus 
(Matrix Industries, n.d.) can convert small temperature gra
dients into useful electricity, which can provide enough 
power for sleep tracking, particularly as people tend to sleep 
in a cold ambient temperature (Okamoto-Mizuno & 
Mizuno, 2012). The first wrist-worn design in Figure 7 dem
onstrates how these novel technologies can enable sleep 
tracking with the same benefits as described above for activ
ity tracking: instantaneous availability with no need for 
inconvenient and environmentally unfriendly batteries or 
any external equipment (like an RF transmitter to power RF 
Bandaid, as discussed in Ranganathan et al. (2018)).

Similarly, using thermal harvesters can enable continuous 
heart rate monitoring without the need for supplementary 
batteries or the user having to perform physical activities to 
generate kinetic energy to power the device, as studied in 
Bose et al. (2020). These advances in energy harvesting tech
nology can help overcome the energy limitations of heart 
rate monitoring and sleep tracking, enabling the develop
ment of eco-friendly wearable devices with sustainable 
power sources.

5.3. Convenient and energy efficient body placement

While the efficient body placement for harvesting kinetic 
energy in a batteryless device is typically the user’s wrist or 
ankle (Cai & Liao, 2021; Halim et al., 2018), our study 
revealed that participants from both groups found wearing 
the device on the wrist more convenient than on the ankle. 
This preference is rooted in social and cultural considera
tions (Kilgour, 2020), as well as the familiarity established 
through the prevalent use of wrist-worn devices driven by 
commercial wearables. This location not only supports many 
sensing applications Zeagler (2017) but also offers efficient 
energy harvesting from various sources (Chong et al., 2019) 
and perceived less effort and attention among our 
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participants (arguably because they can be operated/ 
inspected more easily).

Interestingly, participants in both groups perceived arm- 
worn devices powered by harvested energy to be more con
venient, and participants who received a tutorial also found 
them more useful than their battery-powered counterparts. 
This introduces an alternative to wrist-worn placements and 
provides developers with the flexibility to increase the devi
ce’s size beyond that of an Oreo cookie-the larger size 
favored in our study. Enlarging the device allows for the 
incorporation of larger or multiple harvesters, capturing 
more energy, extending the device operation, supporting 
multiple applications, and performing more computations. 
This body placement is particularly advantageous for har
vesters that demand larger dimensions to generate sufficient 
energy, such as flexible thermal harvesters (Proto et al., 
2021). The concern about user comfort with a larger-sized 
device is mitigated by the fact that many individuals already 
wear items like phones on their arms during physical activ
ities. However, the designer must minimize the weight of 
the wearable in this place as wearing bulky or heavy wear
ables on the body’s extremities for a prolonged duration can 
lead to discomfort, restricted movement, and potential strain 
(Zeagler, 2017). To address this concern, a solution lies in 
the utilization of flexible energy harvesters, customized flex
ible circuit boards, and soft, comfortable materials for wear
able bands. These components contribute to enhanced user 
comfort and minimize potential discomfort or stress caused 
by long-term wear.

5.4. The inevitable data synchronization and storage 
trade-offs

Our findings indicate that participants perceive NFC to be 
more effortful and attention-demanding, less convenient, 
and less useful than Bluetooth; however, when wearables are 
powered by harvested energy, participants anticipate NFC to 
require less effort and attention for data synchronization 
than Bluetooth. Each method has its own drawbacks. With 
Bluetooth, since batteryless wearables cannot establish a full 
“handshake”-style synchronization connection (i.e., they rely 
on passive communication), users would always have to 
have the wearable smartphone app running in the back
ground to avoid data loss. Unfortunately, mobile operating 
systems tend to kill background processes to save the 
phone’s battery and memory (Hu et al., 2014). As an alter
native, developers could schedule the Bluetooth scanning 
process, but even this method is not fully reliable, as mobile 
operating systems can modify the schedule based on factors 
like app usage and resources budget (i.e., battery, memory, 
and scheduled tasks for other applications) (Apple Inc, n.d.). 
As such, it is nearly impossible to support Bluetooth syn
chronization without at least some data loss. Although 
recent work (De Winkel et al., 2022) attempts to enable the 
“handshake”-style synchronization connection and save it to 
the batteryless device’s non-volatile FRAM to maintain the 
connection across the power outages, it works under the 
assumption that the mobile device application is scanning 

for the batteryless device at the same time when the battery
less device has enough power to successfully establish the 
connection for the first time which is not always the case 
under low harvested energy condition.

On the other hand, NFC does not have this problem, as 
it inherently leverages a passive connection. However, NFC 
requires the user to hold the phone close to the wearable 
every time they want to synchronize it—an inconvenience 
that is arguably exacerbated if the device is worn in an 
inconvenient place on the body.

Piezoelectric buttons could provide a solution to sending 
data through Bluetooth (cf. (Tan et al., 2006)), since these 
buttons can serve as a means to initiate the synchronization 
as well as a means to harvest the power required for sending 
the data to the phone as illustrated in the first suggested 
design, Figure 7. Other alternative option involves directing 
the phone’s flashlight towards the solar cell in cases where 
the device incorporates such a harvester, as demonstrated in 
the smart microCard where Bluetooth packets are transmit
ted upon the user exposing the solar cell to a specific level 
of light (Gomez, 2020). However, these methods transform 
data synchronization into a manual procedure instead of 
passive, albeit offering on-demand synchronization.

Wearables that rely on cloud storage and data processing 
cause privacy concerns and require the user to always have 
an active Internet connection. As such, we suggest that 
designers should consider storing and processing the data 
locally on the user’s phone, even though this poses a risk in 
case the phone is stolen, lost, or reset without a backup (cf. 
(Kobsa et al., 2014)). Developers can balance this trade-off 
by providing users with the option to make encrypted cloud 
backups or backups on another personal device like a com
puter. Encryption would also be desired for sending col
lected data to others, e.g., exercise peers or healthcare 
professionals.

5.5. Use E-ink screens, but be mindful of privacy and 
disruptions

Our quantitative analysis revealed that screenless devices 
offer greater convenience and decreased privacy concerns 
for users, which is advantageous for batteryless wearables. 
However, our qualitative data indicated that many partici
pants expressed a desire for some form of display on their 
wearables to keep them informed about their sensed data, 
rather than having to check their phones frequently. 
Equipping a batteryless device with an LCD screen is not 
feasible due to its high power consumption. Therefore, we 
recommend designers of batteryless wearables consider an e- 
ink display. Not only are such displays more power efficient, 
but they also retain the last updated information when they 
lose power. This makes them uniquely suitable for battery
less wearables.

A notable downside of e-ink displays in batteryless wear
ables is that their always-on nature may give users the feel
ing that the system is on when it is not (de Winkel et al., 
2021) and continuously consuming power which is not. 
When the system is off, an e-ink display maintains the last 
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updated information, which could be outdated by the time 
the user inspects the display—something that could lead to 
confusion unless the user is aware of it. In addition, e-ink 
displays pose a potential threat to privacy: Unlike most 
wearable LCDs, they do not turn off when the user stops 
attending to them. As such, e-ink displays may easily reveal 
the last updated piece of information to bystanders, even 
when they lose power.

Smaller screens use less power, so we recommend that 
batteryless wearable developers think of creative ways to 
incorporate tiny displays into larger devices. For example, 
one could embed a tiny e-ink display into a physical 
watch face (e.g. in the place where classical watches show 
a mechanical date counter), in order to show tiny pieces 
of information such as steps taken or current heart rate as 
illustrated in the second design, Figure 7. The watch itself 
can also be powered by harvested energy (cf. the Seiko 
Kinetic watch (Seikowatches, n.d.)). Moreover, rather than 
updating the display at unpredictable intervals when the 
harvested power is sufficient, one could save power by 
only updating it at the user’s explicit request (e.g. using 
NFC on the user phone as in Dierk et al. (2018) or by 
pushing a piezoelectric button (Tan et al., 2006) which 
can also provide the energy needed to update the e-ink 
content). Similarly, these approaches could be used to 
enable privacy-conscious users to clear any sensitive 
information from the e-ink display e.g., a double button 
push updates the screen and a single button push 
clears it.

5.6. Educating users about the differences between 
batteryless devices and their counterparts

Our study found a misconception among users and a lack 
of knowledge when switching from battery-powered to bat
teryless wearables, and this necessitated educating them 
regarding design decisions.

Our study revealed that participants who did not 
receive the tutorial about batteryless seem to have a mis
understanding about the intermittent operation of these 
devices (although we highlighted this in the presented 
scenario as it only works when it has enough power), 
expecting it to be more accurate than the battery powered 
devices that required charging or replacement. This mis
conception might be biased by widely common commer
cial watches (e.g Seiko) that are powered by batteries (not 
capacitors). Those batteries are always charged by kinetic 
or thermal energy, enabling continuous operation as long 
as the device is worn. However, this misconception is 
cleared with participants who were informed about bat
teryless technology but a new misconception was raised 
about the working environment of certain harvesters such 
as solar, assuming it only works outdoors, despite that the 
tutorial emphasizes that it works both indoors and out
doors. Similarly, thermal harvesters are assumed to work 
only outdoors in cold weather. Furthermore, participants 
from this group also confused the charging rate of bat
teryless devices with that of devices with batteries. Our 

results suggest that users must be educated regarding the 
operation of the utilized harvester in various environmen
tal conditions. Additionally, users should be informed 
about the differences between utilizing capacitors and bat
teries to store the harvested energy for powering wearable 
devices, particularly in terms of intermittent operation 
and charging rates.

The study also, revealed that the participants have 
expressed concerns regarding the intermittent operation of 
batteryless wearables for monitoring critical health condi
tions such as blood pressure. It is important to educate users 
that these devices are not designed to monitor critical health 
conditions, and battery-powered wearables may be a better 
option in such cases.

Our results indicate that individuals who were educated 
about the intermittent operation of batteryless were con
cerned about data reliability. However this is a valid concern 
but they need to be informed that even battery powered 
devices don’t turn on the sensors always on all the time, 
instead, they sample them in a duty cycle manner to save 
the device battery life which might ease this concern.

Furthermore, the participants seem to assume that sleep 
tracking and heart rate monitoring are required a supple
ment battery, because they may be unaware of the advanced 
existence of thermal harvesters (Matrix Industries, n.d.) 
which could power batteryless sleep tracking/heart rate 
monitoring devices—educating users about this eco-friendly 
possibility would be a useful opportunity for those seeking 
to develop such a device.

Users also are unaware of the relationship between body 
position and the effectiveness of various types of harvesters. 
Therefore, if a batteryless device uses a harvester that 
requires unconventional body placement, it may be crucial 
to educate users about this design decision.

Finally, users’ display type preferences are not different 
for batteryless and battery-powered devices. However, some 
participants think that e-ink wastes stored power (since the 
information is always displayed). Again, users of novel bat
teryless devices may have to be educated about this type of 
display.

6. Limitations and future work

The goal of our study is to get users’ perspectives on the 
design characteristics of batteryless wearables. We conducted 
this study on Prolific, an online crowdsourcing platform 
whose users may not be a representative sample. To increase 
the alignment between our sample and the target popula
tion, we specifically recruited participants who owned a 
smartwatch or fitness tracker (Prolific has a built-in tool to 
screen for these characteristics).

Another drawback of our study is that participants pro
vided opinions about scenarios describing wearable devi
ces—they did not interact with the described devices. 
However, this work was an attempt to narrow down the 
design possibilities by studying a broad set of parameters 
that can play a role in the design of batteryless wearables 
and highlight unique design opportunities. Future 
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research should consider conducting further studies on 
users’ perceptions of batteryless wearables, including 
qualitative studies (e.g. interviews and focus groups) to 
obtain deeper insights about users’ perceptions, or live 
studies with functional prototypes designed based on the 
results of our study.

7. Conclusion

Batteryless wearables are new types of wearables that may 
have unique drawbacks and advantages compared to their 
battery-powered counterparts. Our study provides valuable 
insights into how users perceive the pros (e.g., no charging) 
and cons (e.g., intermittent operation) of such devices in the 
context of possible sensing applications, body positions, dis
play types and sizes, and data storage and synchronization 
options. As such, our paper provides suggestions for the 
developers of batteryless wearables addressing the challenges 
and trade-offs in designing usable and scalable batteryless 
wearables.
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Appendices

Appendix A. Dependent variables used to evaluate 
each scenario and their tests analysis results

A1. Price expectation

Participants expressed the price they would be willing to pay for the pre
sented wearables in US Dollars. We analyzed the responses using linear 
mixed effects regression (lme) with a random intercept to account for 
the fact that each participant rated 12 scenarios. Table A3 shows the 
effects of the scenario parameters on the price participants were willing 
to pay for the presented wearable2. The individual differences in price 
seem to overshadow any effects from the device application, as 60.90%, 
65.10% of the variance in price is explained by the random intercept 
alone in both tutorial and no tutorial samples respectively.

In no tutorial sample, the main device application has the most 
substantial effect on price, explaining 3.15% of the variance in price, 
followed by the device power source which explains 1.60% of the vari
ance in price. The device display, also contributes significantly to the 
price participants were willing to pay, but make only a small contribu
tion (a increase in the explained variance of about 0.54%).

In the tutorial sample, similarly, the main device application has 
the most substantial effect on price, explaining 2.87% of the variance 
in price. The device power, display and where it is worn, also contrib
ute significantly to the price participants were willing to pay, but make 
only a small contribution (a total increase in the explained variance of 
about 1.65%).

A2. Perceived usefulness

We measured the perceived usefulness of the described wearable device 
using a 7-point Likert-type question and analyzed it using linear mixed 
effects regression (lme). Among participants who were not educated 
about batteryless, we found that the way a wearable device is powered, 
its main application, body placement, and its display significantly con
tribute to its perceived usefulness among the participants who were not 
educated about batteryless. The main application has the strongest 
effect, explaining about 32.53% of the variance in usefulness. The devi
ce’s power source, display, and body position make much smaller con
tributions (0.53% to 1.42% increase in explained variance). We also 
found a significant interaction effect between the device’s power and 
its application in determining its perceived usefulness. Note, though, 
that this effect makes only a small contribution to predicting perceived 
usefulness (offering R-squared 0.44% increase); see Table A4.

In contrast, participants who were educated about batteryless did 
not find the way the device is powered significantly contributed to its 
perceived usefulness. Instead, the device’s main application, body place
ment, display, and the way it syncs the data to the phone significantly 
contribute to its perceived usefulness. Similar to the none educated 
group, the main application has the strongest effect, explaining about 
23.46% of the variance in usefulness. In comparison, other parameters 
make much smaller contributions (0.12% to 1.25% increase in 

Table A1. Dependent variables and survey questions used to evaluate each 
scenario.

Dependent variable Question Scale

Price how much would you US dollars
expectation pay for this device?
Perceived How useless or useful 7-point scale
usefulness is this device?
Perceived How cumbersome or 7-point scale
Convenience convenient is this device?
Expected How effective do you expect 7-point scale
performance this device to work?
Perceived This device is___for 7-point scale
Eco-friendliness the environment.
Perceived How accurate do you think the 7-point scale
Accuracy data is that this device collects?
Privacy concern Using this device would cause me 7-point scale
perception serious privacy problems.
Perceived Effort This device requires___of my 5- point scale
and attention attention and effort.
Upgrade How often would you plan to 6 options
intention upgrade a device like this?

Table A2. Effect of scenario parameters on the wearable expected price (no 
tutorial sample).

Model df Chi-squared R-squared D R-squared p Value

Price �(1—sid) 0.651089
þpower 3 104.80626 0.6671495 0.0160605 <.0001
þapplication 3 221.72848 0.6987316 0.0315821 <.0001
þbody position 3 1.86411 0.698984 0.0002524 0.6011
þdisplay 6 43.31120 0.7044489 0.0054649 <.0001
þdata synchronization 1 0.05088 0.7044557 0.0000068 0.8215
þdata storage 1 0.02053 0.7044576 0.0000019 0.8861

Table A3. Effect of scenario parameters on the wearable expected price 
(tutorial sample).

Model df Chi-squared R-squared D R-squared P-Value

Price �(1—sid) 0.604523
þpower 3 25.02374 0.6090581 0.0045351 <.0001
þapplication 3 165.78360 0.6378171 0.028759 <.0001
þbody position 3 29.89258 0.6427729 0.0049558 <.0001
þdisplay 6 44.39507 0.6499657 0.0071928 <.0001
þdata synchronization 1 5.51476 0.6508579 0.0008922 0.0189
þdata storage 1 0.05100 0.6508661 0.0000082 0.8213

Table A4. Effect of scenario parameters on the wearable perceived usefulness 
(no tutorial sample).

Model df Chi-squared R-squared D R-squared P-Value

usefulness �(1—sid) 0.1467666
þpower 3 28.5730 0.157653 0.0108863 <.0001
þapplication 3 1086.0090 0.4829551 0.3253021 <.0001
þbody position 3 23.0426 0.4882818 0.0053266 <.0001
þdisplay 6 59.7484 0.5025816 0.0142997 <.0001
þdata synchronization 1 0.2722 0.5026425 0.0000609 0.6018
þdata storage 1 0.0827 0.5026589 0.0000164 0.7736
Interactions
þpower:application 9 21.75216 0.5071119 0.0044529 0.0097
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explained variance). We also found a significant interaction effect 
between the device’s power and where it is worn on its perceived use
fulness. Note, though, that this effect makes only a small contribution 
to predicting perceived usefulness (offering R-squared 0.70% increase; 
see Table A5.

A3. Perceived convenience

We measured the perceived convenience of the described wearable 
device using a 7-point Likert-type question and analyzed it using linear 
mixed effects regression (lme). In both groups, We learned that a wear
able display has the most substantial effect on convenience, explaining 
13.25% of its variance. The main application of the device is respon
sible for 4.61% of its variance on the perceived convenience, while its 
power source, its body placement, and how it syncs data to the user’s 
phone have a significant but small impact on convenience, explaining 
1.02%, 1.34%, and 0.08% of the variance, respectively.

We found a significant interaction effect between the device power 
source and where it is worn on the device’s perceived convenience. 
However, this effect makes only a small contribution to predicting per
ceived usefulness (offering R-squared 0.19% increase); see Table A6.

A4. Expected performance of the wearable

Using a 7-point Likert-type item ranging from “very poorly” to “very 
well”, we examined participants’ expectations about how effective the 
device would work. We analyzed the results of this variable using a lin
ear mixed effects regression (lme). For the group who did not receive 
the presurvey tutorial about batteryless, we found that a wearable devi
ce’s expected performance is influenced by four factors: power source, 
main application, worn position on the body, and type and size of the 
display (see Table A7). The device’s main application has the most sub
stantial effect, explaining 11.40% of the variance in expected perform
ance, while the device’s power, body position, and display contribute 
only 0.34%, 1.66% and 1.09% respectively. On the other hand, for the 
group who received the batteryless tutorial, the power no longer sig
nificantly contributed to the perceived performance. Instead, how the 
device syncs the data to the users’ phones influences the device’s 
expected performance, explaining 0.17% of the variance. (see Table A8)

Looking at the potential two-way interaction effects between how 
the wearable is powered and other parameters in our study on expected 

performance for both groups, we found no significant interaction 
effect.

A5. Perceived eco-friendliness

We assessed the perceived eco-friendliness of the wearable device using 
a 7-point Likert-type question ranging from “very unfriendly” to “very 
friendly” to the environment and performed a linear mixed effect 
regression (lme) on the results. The device’s power source is a major 
factor influencing participants’ perceptions of eco-friendliness, explain
ing 17.19% of the variance in eco-friendliness perceptions in both 
groups. The wearable device’s screen, main application, and placement 
on the user’s body also have significant but much smaller effects on 
the device’s perceived eco-friendliness (explaining between 0.14% and 
1.04% of the variance in perceived eco-friendliness, see Table A9). We 
found an interaction effect between the device power and its applica
tion explains a small (R-squared increase of 0.28%) but significant pro
portion of the variance in perceived eco-friendliness.

A6. Perceived accuracy

We measured the perceived main application accuracy of the presented 
wearable device by asking participants if they expected the device to be 
less accurate than, on par with, or more accurate than most other 
wearables. We coded these options −1, 0, and 1, respectively, and then 
performed a linear mixed effect regression (lme) on the results. Among 
the group who were not educated about batteryless technology, we 
found that the device’s perceived accuracy is significantly and substan
tially affected by its main application (explaining 4.87% of the variance 
in perceived accuracy), while the device’s power and body position 

Table A5. Effect of scenario parameters on the wearable perceived usefulness 
(tutorial sample).

Model df Chi-squared R-squared D R-squared p Value

usefulness �(1—sid) 0.2093162
þpower 3 6.5741 0.2117079 0.0023917 0.0868
þapplication 3 766.8625 0.4463746 0.2346667 <.0001
þbody position 3 26.5244 0.4531003 0.0067257 <.0001
þdisplay 6 54.0993 0.4656768 0.0125765 <.0001
þdata synchronization 1 5.1431 0.466947 0.0012702 0.0233
þdata storage 1 0.2059 0.4669976 0.0000506 0.6500
Interactions
þpower:body position 9 24.14036 0.4740053 0.0070077 0.0041

Table A6. Effect of scenario parameters on the wearable perceived conveni
ence (both tutorial/no tutorial samples).

Model df Chi-squared R-squared D R-squared p Value

Convenience �(1—sid) 0.1769648
þtutorial 1 0.0821 0.1769663 0.0000015 0.7745
þpower 3 54.8254 0.1871669 0.0102006 <.0001
þapplication 3 256.9042 0.2333073 0.0461404 <.0001
þbody position 3 77.6044 0.2467231 0.0134158 <.0001
þdisplay 6 844.3287 0.37932 0.1325969 <.0001
þdata synchronization 1 5.7229 0.380126 0.000806 0.0167
þdata storage 1 0.4288 0.380188 0.000062 0.5126
Interactions
þpower:body position 9 22.43866 0.3837211 0.0019253 0.0076

Table A7. Effect of scenario parameters on the wearable’s expected perform
ance (no tutorial sample).

Model df Chi-squared R-squared D R-squared P-Value

Performance �(1—sid) 0.2601625
þpower 3 10.3360 0.2635915 0.003429 0.0159
þapplication 3 374.4890 0.3776713 0.1140798 <.0001
þbody position 3 60.3923 0.3943364 0.0166651 <.0001
þdisplay 6 38.7410 0.405246 0.0109096 <.0001
þdata synchronization 1 0.0271 0.4052533 0.000007 0.8692
þdata storage 1 0.5105 0.4053939 0.0001406 0.4749

Table A8. Effect of scenario parameters on the wearable’s expected perform
ance (tutorial sample).

Model df Chi-squared R-squared D R-squared p Value

Performance �(1—sid) 0.2669963
þpower 3 7.42685 0.2695007 0.0025044 0.0595
þapplication 3 281.95736 0.3585085 0.0890078 <.0001
þbody position 3 33.79263 0.3684207 0.0099122 <.0001
þdisplay 6 45.67308 0.3810113 0.0125906 <.0001
þdata synchronization 1 5.97398 0.3827168 0.0017055 0.0145
þdata storage 1 0.00224 0.3827175 0.0000007 0.9622

Table A9. Effect of scenario parameters on the wearable’s perceived eco- 
friendliness (both tutorial and no tutorial samples).

Model df Chi-squared R-squared D R-squared p Value

Eco-friendliness �(1—sid) 0.2583686
þtutorial 1 0.5904 0.2583759 0.0000073 0.4423
þpower 3 1159.4389 0.430312 0.1719361 <.0001
þapplication 3 21.5816 0.4331021 0.0027901 0.0001
þbody position 3 11.6198 0.4345986 0.0014965 0.0088
þdisplay 6 80.9916 0.4450525 0.0104539 <.0001
þdata synchronization 1 0.8830 0.4451637 0.0001112 0.3474
þdata storage 1 0.0422 0.4451692 0.0000055 0.8373
Interactions
þpower:application 9 21.34927 0.4479786 0.0028094 0.0112
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played significant but smaller roles, explaining 0.43% and 1.33% of the 
variance respectively; see Table A10).

In contrast, among the participants who received the pre-survey 
tutorial about batteryless technology, the device’s perceived accuracy is 
still significantly affected by its main application and where it’s worn 
(explaining 3.27% and 1.01% of the variance). The device power no 
longer contributes to the perceived accuracy. see Table A11).

A7. Privacy concern

The perceived privacy concern caused by the presented device was 
measured using a 7-point Likert-type question. We analyzed partici
pants’ responses (in both groups) using a linear mixed effect regression 
(lme). The main application of the device has the most significant 
effect on privacy concerns, explaining 4.98% of the variance in privacy 
concerns (see Table A12). The data storage approach and display type 
have significant but smaller effects (explaining 1.07% and 0.44% of the 
variance in privacy concerns, respectively). No interaction effects 
between how the device is powered, and other scenario parameters 
were found to have a significant effect on users’ privacy concerns.

A8. Perceived effort and attention

We evaluated the perceived effort and attention required by the pre
sented device using a 5-point Likert-type item and analyzed the results 
using a linear mixed effects regression (lme). The effort and attention 
required to operate the device (in both groups) significantly depend on 
how the device is powered, where the device is worn on the user’s 
body, the device display type and size, and where the how data is 
synced to the user’s phone (see Table A13. The display and the power 
play the most significant role, explaining 3.73% and 3.25% respectively 
of the variance in effort and attention. The body position contributes 
0.34% and data synchronization 0.07%. There is a small but significant 
interaction effect between the device power source and how the data 

syncs to the user’s phone on users’ perceptions of effort and attention, 
explaining 0.16% of the variance.

A9. Upgrade intention

Participants were asked how often they would upgrade the presented 
device, with the options [once every year, once every 2 years, once 
every 3 years, once every 4-5 years, once every 6-10 years, I’d plan to 
keep this device for more than a decade] . We transformed this vari
able into a binary variable by dividing the six options into a binary 
decision to upgrade within 3 years (0) or after more than 3 years of use 
(1). In both groups, the device’s power source and where it stores the 
data have significant effect, explaining 0.65% and 0.10% respectively of 
the variance in upgrading decision (see Table A14). We did not find 
any significant interaction effect between the device power source and 
other scenario parameters on the users’ decision to upgrade their devi
ces within vs. after three years.

Table A10. Effect of scenario parameters on the perceived main application 
accuracy of the wearable (no tutorial sample).

Model df Chi-squared R-squared D R-squared p Value

Accuracy �(1—sid) 0.1940124
þpower 3 12.12923 0.1983935 0.0043811 0.0070
þapplication 3 139.72326 0.2471769 0.0487834 <.0001
þbody position 3 55.86779 0.2658415 0.0186646 <.0001
þdisplay 6 6.85474 0.2676776 0.0018361 0.3345
þdata synchronization 1 0.00064 0.2676778 0.0000002 0.9798
þdata storage 1 1.01386 0.2680061 0.0003283 0.3140

Table A11. Effect of scenario parameters on the perceived main application 
accuracy of the wearable (tutorial sample).

Model df Chi-squared R-squared D R-squared P-Value

Accuracy �(1—sid) 0.1593487
þpower 3 3.34144 0.1606419 0.0012932 0.3419
þapplication 3 86.49068 0.1934327 0.0327908 <.0001
þbody position 3 27.56331 0.203611 0.0101783 <.0001
þdisplay 6 8.47470 0.2067145 0.0031035 0.2053
þdata synchronization 1 2.88284 0.2077662 0.0010517 0.0895
þdata storage 1 0.31358 0.2078806 0.0001144 0.5755

Table A12. Effect of scenario parameters on users’ privacy concern (both 
tutorial and no tutorial samples).

Model df Chi-squared R-squared D R-squared p Value

Privacy �(1—sid) 0.4324701
þtutorial 1 7.1397 0.4324776 0.0000075 0.0075
þpower 6 4.5872 0.4330695 0.0005919 0.2046
þapplication 9 404.8037 0.4829461 0.0498766 <.0001
þbody position 12 1.0868 0.4830739 0.0001278 0.7803
þdisplay 18 37.8901 0.4875364 0.0044625 <.0001
þdata synchronization 19 2.1860 0.4877914 0.000255 0.1393
þdata storage 20 93.0265 0.4985205 0.0107291 <.0001

Table A13. Effect of scenario parameters on the effort and attention users 
expect the device to require (both tutorial and no tutorial samples).

Model df Chi-squared R-squared D R-squared p Value

effort/attention �(1—sid) 0.2900129
þtutorial 1 0.93821 0.2900129 0 0.3327
þpower 3 206.62788 0.3226086 0.0325986 <.0001
þapplication 3 4.82015 0.3233509 0.0007423 0.1855
þbody position 3 22.64370 0.3268272 0.0034763 <.0001
þdisplay 6 252.32073 0.3642018 0.0373746 <.0001
þdata synchronization 1 5.27655 0.3649648 0.000763 0.0216
þdata storage 1 0.23569 0.3649986 0.0000338 0.6273
Interactions
þpower:data synchronization 3 10.41105 0.3666445 0.0016459 0.0154

Table A14. Effect of scenario parameters on participants’ tendency to upgrade 
the wearable within or after three years (both tutorial and no tutorial 
samples).

Model df Chi.squared R-squared D R-squared p Value

Upgrade �(1—sid) 0.6218575
þtutorial 1 3.0570 0.6222476 0.0003901 0.08039
þpower 3 32.1494 0.6284470 0.0065895 <.0001
þapplication 3 2.9080 0.6290060 0.000559 0.40603
þbody position 3 4.9756 0.6299967 0.0009907 0.17359
þdisplay 6 3.0317 0.6306474 0.0006507 0.80485
þdata synchronization 1 1.2712 0.6308773 0.0002299 0.25955
þdata storage 1 4.6252 0.6319010 0.0010237 0.03151
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