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Abstract—The high power consumption of inertial activity sen-
sors limits the battery lifetime of today’s wearable devices. Recent
studies promise to extend the lifetime of wearable devices by
translating kinetic energy from human movements into electrical
energy while using the harvesting signal to replace conventional
activity sensors. However, in human-centric applications, the
amount of harvested kinetic energy is not enough to power a real-
time activity recognition algorithm and run the wearable device
perpetually. In this paper, we propose Solar based human Activity
Recognition (SolAR), which uses solar cells simultaneously as an
activity sensor as well as an energy source. Our key observation
is that the power available from a wrist-worn solar cell changes
dynamically while a person moves, encoding information about
the underlying activity. We collect empirical solar energy data to
explore its activity sensing potential and implement the activity
recognition pipeline on an ultra low-power micro-controller unit
to evaluate the end-to-end power consumption of the system.
Our analysis reveals that SolAR improves activity recognition
accuracy by up to 8.3% and harvests more than one order of
magnitude higher power compared to its kinetic counterpart.
This enables SolAR to generate more energy than required
for the entire activity recognition pipeline, which we term
as energy positive activity recognition, achieving uninterrupted,
autonomous, self-powered and real-time operation.

Index Terms—Wearables, Solar, Kinetic, Energy Harvesting,
Sensors, Human Activity Recognition, Energy Positive Sensing

I. INTRODUCTION

With the advancement in technology, wearable Internet of
Things (IoT) devices are becoming increasingly popular with
an expected market size of US$ 51.62 billion by the year
2022 [1]. They have numerous applications in our daily lives
including Human Activity Recognition (HAR), health and
fitness monitoring [2], and transport route planning [3]. How-
ever, current wearable devices have limited lifetime due to the
finite energy storage capacity of their batteries which impedes
their pervasive deployment. A promising solution is to employ
energy harvesters to convert ambient energy into electrical
energy to power these wearable devices. Because the amount
of harvested energy encodes information about the underlying
physical processes, energy harvesters can be used as activity
sensors to replace conventional power consuming sensors such
as accelerometers and magnetometers [2]. For example, the
harvesting signal from a wearable Kinetic Energy Harvesting

Fig. 1: Using solar cell for activity recognition as well as to
power the sensor node, leading towards energy positive HAR

(KEH) transducer changes according to the underlying human
movements/vibrations and thus contains information about the
activity [3], [4]. In addition to KEH transducers, solar cells are
also used as a proxy for activity sensors [5], [6]. Ma et al. [5]
employ solar cells for recognizing different types of hand
gestures in a controlled environment under a lamp. Umetsu
et al. [6] employ both solar and kinetic energy harvesters
for room-level place recognition in a building. However, most
previous works [4]–[6] operate KEH transducer and solar cells
in an open circuit configuration, i.e. only as a sensor without
extracting energy simultaneously.

To address this issue, researchers [7], [8] employ KEH
for simultaneous sensing and energy harvesting, showing
that it can support energy positive signal acquisition, where
the harvested energy exceeds the energy required for signal
acquisition [7]. This enables applications where sensor data is
logged on the device locally, and then manually transferred
post deployment for offline processing and activity classifica-
tion. However, real-time HAR with energy harvesting-based
sensors, where users receive live feedback on their activities,
requires that the harvested energy can power not only signal
acquisition, but also classification, and transmission. Unfortu-
nately, the harvested energy from a tiny, single, untuned KEH
is not enough to power all components of a HAR system [7],
[9]. Our objective in this paper is to enable energy positive



HAR, where the harvested energy exceeds the energy required
for signal acquisition, classification, and activity transmission.

To this end, we propose Solar based human Activity
Recognition (SolAR) which uses solar cells as a sensor for
activity recognition as well as a source of energy. As the
human activities interfere with the ambient light differently, the
output signal from the wearable solar cell embeds a signature
of the underlying activity. In addition, the harvested power
from the solar cell can be sufficient to run the end-to-end
HAR algorithm (including signal acquisition, classification
and real-time wireless activity transmission) and thus enables
energy positive HAR as depicted in Fig. 1. In order to evaluate
SolAR, we collect Solar Energy Harvesting (SEH) data from
21 adult and healthy participants performing five common
activities both indoors and outdoors. Using well-known ma-
chine learning algorithms, we discover that, compared to
conventional KEH-based HAR systems [4], [10], the proposed
SolAR system delivers an order of magnitude higher harvested
power indoors, and up to 8:3 % higher HAR accuracy. In
outdoor settings, SolAR offers comparable HAR accuracy and
more than two orders of magnitude higher harvested power
compared to KEH-based HAR. The significant increase in the
harvested power enables real-time and energy positive HAR.

This paper makes the following main contributions:
• We propose SolAR, an energy-positive HAR mechanism

which employs a wearable-sized solar cell to provide both
activity information as well as energy simultaneously.

• We collect solar data from 21 participants in indoor as
well as outdoor environments and implement a classi-
fication algorithm to infer the underlying activity. Our
rigorous analysis reveals that SolAR provides up to 8:3 %
higher HAR accuracy compared to KEH-based HAR.

• In order to measure the end-to-end power consumption,
we implement the proposed classification pipeline on
an ultra low-power Micro-controller Unit (MCU). We
discover that SolAR offers energy positive HAR as the
harvested power is higher than the power required to
run the HAR algorithm on the wearable device, ensuring
its autonomous, self-powered, real-time and perpetual
operation without the need for any external energy source.

II. RELATED WORK AND MOTIVATION

A. Previous HAR mechanisms

Previous HAR techniques rely mainly on conventional ac-
tivity sensors [11] such as accelerometers and magnetometers
which consume significant energy and require an external
energy source for their perpetual operation [2]. In order
to allow uninterrupted operation and to reduce the energy
consumption of IoT sensor nodes, recently, KEH transducers
are also being used as activity sensors for HAR. Khalifa et
al. [4] show that KEH-based sensing can offer reasonable
HAR accuracy with significantly reduced energy consumption
compared to conventional activity sensors. Kalantarian et
al. [12] design a KEH-based necklace for monitoring food
intake and eating habits. Lan et al. [13] use a capacitor to store

TABLE I: Properties of SEH and KEH [14], [15]

Property Photovoltaic Piezoelectric

Power density [µW/cm2] 10 µW to 15 mW upto 330 µW

Conversion efficiency up to 40% up to 30%

Robustness High Low

the harvested energy from KEH and then use the capacitor
voltage signal for HAR. This reduces the energy consumption
due to the reduced sampling rate for acquiring the slowly
varying capacitor voltage. Instead of using a single KEH
transducer, Ma el al. [8] employ two transducers in a shoe
to identify the underlying human activities. They use both
transducers for HAR as well as for extracting energy (stored
in the capacitors), but do not consider the effect of a realistic,
dynamic load. Sandhu et al. [7], instead, use a KEH transducer
as an activity sensor and source of energy simultaneously to
power a dynamic load. They show that KEH offers energy
positive signal acquisition, which means that the harvested
energy is higher than the energy required for acquiring the
activity signal. However, in human-centric applications, the
limited harvested energy from a KEH transducer may not be
sufficient to run all tasks on the sensor node, including signal
acquisition, classification and transmission without the need
for any external energy source [7]. This limits its application
to scenarios with offline, cloud-based classification. Therefore,
there is still a significant need for alternative HAR mechanisms
that can ensure the autonomous and perpetual operation of
sensor nodes for running the HAR algorithm leading towards
a truly pervasive energy harvesting-based IoT.

Previous studies illustrate that ambient light also contains
information about the human context and, for example, can
be used to analyse human eating habits [16] when combined
with other sensory data. The authors in [17] deploy light
sensors on the floor and use the output signals to detect
human gestures. Zhang et al. [18] develop a photodiode array
and use it in various applications including detection of door
opening/closing, liquid level detection, step count and touch
detection, etc. Instead of using conventional light sensors,
the authors of [5] employ solar cells to recognise various
hand gestures under a fixed lamp. Furthermore, Li et al. [19]
use arrays of photodiodes for finger gesture recognition and
employ the harvested energy to power the gesture recognition
module. However, they perform gestures by touching the
arrays of photodiodes and thus their system may not recognise
finger gestures performed in the vicinity of (without touching)
the photodiode array. In another study [6], a combination of
solar and kinetic energy harvesters (placed on the human chest)
is used for room-level place recognition in buildings. These
works employ SEH either in a controlled environment [5]
(indoor only) or in a combination with KEH transducers [6].
Furthermore, they (except [19]) employ SEH merely as an
activity sensor without harvesting energy to power a dynamic
load. Moreover, to the best of our knowledge, the potential of
using solar cells to detect human physical activities (indoors
and outdoors) in HAR applications remains unexplored.
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Fig. 2: Solar harvested power during various human activities

B. Motivation

Solar (or photovoltaic) cells are the most common and
economical source of energy used to power IoT sensor
nodes [20]. A solar cell consists of a semiconductor material
and generates an electric current (photocurrent) in response to
the ambient light energy falling on its surface [21]. Due to
the wide availability and ease of implementation in indoor
and outdoor environments, they are used in a variety of
applications including handheld calculators, garden lights [5]
and wearable devices. Table I [15] shows that visible light
offers higher power density compared to kinetic energy. The
table also shows that SEH possesses significant advantages
in terms of conversion efficiency and robustness compared
to its counterpart of motion/kinetic energy. High conversion
efficiency means that a certain harvesting technique can extract
a higher proportion of energy from the source, whereas ro-
bustness means that the system is sufficiently reliable, requires
limited maintenance and offers a consistent response each time
it is exposed to a similar environment.

The harvested energy from a solar cell varies according
to the intensity of incident light and orientation of the solar
surface relative to the light source [5]. When worn on the
human body, the harvested energy changes during various hu-
man activities thanks to the different type of mobility relative
to the source(s) of light as well as shadowing, which contains
a unique signature of the underlying activity. Fig. 2 plots the
generated power from a wrist-wearable small-sized solar cell
during three common indoor human activities: running, walk-
ing, and standing. As various human activities interfere with
the ambient light differently – resulting in distinct harvesting
patterns, we can use the harvesting signal as a sensing signal
in order to classify the current activity. Thus, solar cells offer
an attractive combination of activity information and harvested
energy for realizing pervasive energy harvesting-based HAR.

III. SOLAR: A NOVEL HUMAN ACTIVITY RECOGNITION
SYSTEM

This section describes the architecture of our proposed
SolAR system whereas the implementation specific details
are provided in Section IV. We employ a wearable solar
cell as an activity sensor for HAR as well as an energy
source to power the system load for the autonomous and
perpetual operation of wearable IoT devices. Fig. 3 depicts the
architecture of the SolAR model, showing both the energy and
data flows. We use a DC-DC boost converter with maximum

Fig. 3: Proposed SolAR model using the solar cell as an
activity sensor as well as an energy source simultaneously

power point tracking to optimize harvested energy [22] and
to decouple the harvesting signal from the energy storage
and load behaviour [7]. The harvested energy is stored in
an energy storage (a capacitor/battery) and is finally used
to power the system. The information about the underlying
activity is only encoded in the harvesting current, because
the DC-DC boost converter regulates the voltage of the solar
cell to a constant, optimized value [7]. We use an MCU
to sample and process this current signal and to infer the
underlying activity as shown in Fig. 3. Firstly, various time
and frequency domain features are extracted from the acquired
SEH signal [4], [7]. Then, extracted features are used as input
to a classifier to detect the underlying activity. Finally, the
result of the inferred activity is transmitted to a receiver (e.g.,
a smartphone) where it is exploited, e.g., by health or fitness
applications. Note that, in contrast to [7] which samples the
KEH signal locally and streams the raw data to a server, SolAR
implements signal acquisition, feature extraction, classification
and activity transmission on the wearable device powered
only by the harvested energy from the wearable solar cell.
Implementing the complete HAR pipeline on the sensor node
not only reduces the power consumption [23], [24], but also
improves application latency and privacy [25], [26]. Omitting
conventional activity sensors, rectification circuits (required
for KEH) and external energy sources, SolAR minimizes the
cost, complexity, form factor, and environmental impact of the
wearable IoT system. This finally realises the vision of energy
positive HAR in which end-to-end HAR is performed in real-
time on the wearable devices using only harvested energy.

IV. MEASUREMENT SETUP, DATA COLLECTION AND
IMPLEMENTATION OF THE PROPOSED MODEL

This section explains the measurement setup, the data col-
lection procedure as well as the data traces and implementation
process of SolAR.




