Potential of Large Area Photovoltaic
Sheets as Indoor Interactive Surfaces

Cristian Sorescu, Yogesh Kumar Meena,
Deepak Ranjan Sahoo

Computational Foundry

Swansea University, UK

{879091, y.k.meena, d.r.sahoo}@swansea.ac.uk

Abstract

Human activity recognition in indoor environments is use-
ful for comfortable and efficient living and working in smart
homes and buildings. Energy harvesting technologies such
as the photovoltaics could offer advantages for low-cost in-
stallation and maintenance, portability and energy savings.
In this paper, we explore large area indoor photovoltaic (PV)
sheets for both energy harvesting and gesture recognition
and present early results to discuss and demonstrate its po-
tential.
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Introduction

Today, we are part of a culture where technology plays an
important role in almost everything. As technology is
evolving, we have smaller and more powerful personal
devices consuming lesser power. In recent years, with the
introduction of the Internet of Things (loT) and smart
devices in the market, we witness a persistent integration of
computing into our everyday life such as in homes and
offices. The prohibiting factors in the adoption of these
technologies are the associated cost of the device and its
installation and maintenance and lack of human factors
considerations. There are not many self-powered devices in
households nowadays. Electricity is required to power most
of them which are increasing our ecological footprint.
However, indoor light energy can be captured and reused
with photovoltaic (PV) cells. Such energy harvesting
devices are enough to power small loT devices [10, 19].

Interaction with 0T and smart devices with hand gesture
recognition is an interesting proposition. Depth cameras
and biomechanical sensors are currently used in indoors
and personal devices for our comfort, efficient and safe
living [17, 11]. Having smart homes and buildings recognise
and understand the human body language would greatly
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Figure 1: Example gestures, (a)
Fist open/close, (b) clockwise hand
rotation, (c) counterclockwise
rotation, (d) swipe once, (e) swipe
continuously, and (f) hand up/down

benefit the users. In this work, we are exploring the
possibility of using a light energy harvester for hand
gestures recognition for integration in smart homes and
buildings. We specifically aim to examine whether a low
cost and portable self-powered PV interactive tabletop is
feasible and usable in indoor lighting such as with the
existing lights in the ceiling.

An Example Use-case

Rose is sitting on the sofa in front of the TV. The coffee table
in front of her has an integrated PV sheet for her hand
gesture recognition, Figure 1. She makes a fist to hold the
TV remote. Then she swipes to select the volume option.
Lastly, she performs clockwise or counterclockwise hand
motions to adjust the volume setting. She then makes a fist
and with clockwise or counterclockwise hand motions
selects the remote control of the smart light and changes its
colour.

Related Work

Previous work has addressed the use of PV cells for energy
harvesting in outdoor environments. For example, PV
Glasses use semi-transparent organic PV cells as lenses to
harvest light energy to power the ultra-low-power
microelectronic circuit and displays [7]. PV materials have
been combined with digital displays to present a prototype
of ultra-low-power displays [5]. Amaravati et al. presented
an ultra-low-power smart camera for gesture detection and
powered it by ambient light harvested through PV cells [1].
Kartsch et al. presented a novel fully-flexible wearable EMG
gesture recognition device and powered by an ultra-thin PV
cell [6]. Yu et al. discussed a self-powered wearable tactile
feedback system, powered by an organic PV module [21].
In contrast, we show both energy harvesting and gesture
recognition in indoor settings using the PV cells like in
PV-tiles [15], albeit using large-area PV sheets.

Light-based Interaction Technologies

Chakraborty et al. proposed a visible light-based gesture
recognition system and used phototransistor (PT) as a light
sensor for gesture detection [2]. Li et al. presented
StarLight [9], an infrastructure-based sensing system used
in a 3.6 m x 4.8 m office room, with customized 20 LED
panels and 20 photodiodes. Zhang et al. explored visible
light-based device-free localization (DFL) method, which
has been widely developed for many applications including
gesture recognition [4, 22].

PV Interactive Devices

Manabe et al. [14] proposed a touch-sensing technique
using the partial shadowing of a small Si PV module. Li et
al. presented LiSense which relies on an array of LEDs
installed in the ceiling to reconstruct the entire human
skeleton in 3D for gestures recognition [8]. Venkatnarayan
et al. presented LiGest, an improvement over LiSense
which can sense hand gestures from farther distance and is
user agnostic, orientation agnostic and lighting condition
agnostic [20]. Mahina-Diana Kaholokula presented
GestureLite which detects hand gestures using Si PDs.
These works do not discuss energy harvesting. Li et al.
presented self-powered watches and glasses for finger
gesture recognition using the ambient light using an array of
PDs [10]. In contrast, we consider a single PV module with
a large area with simpler electronics for large interactive
surfaces with hand gesture sensing.

Ma et al. explored the transparent PV cells for hand gesture
sensing and reported gesture recognition accuracy of
94.96% and 94.52% under 500 lux and 2600 lux,
respectively [12]. Ma et al. presented a battery-free system
which can perform gesture recognition using PV cells by
analysing patterns of the photocurrent [13]. They reported
that opaque PV cells show an accuracy of 97% and



Figure 2: Prototype: The PV sheet
and the recognition signals are
shown.

Type Bidirectional
Length (mm) 110
Voltage
pr. meter (V) 56-60
Current (mA) 60-70
Power
(mW pr.m) ca. 2400
Cost
(€pr. m)¢ 120 (110)

Table 1: infinityPV, Solar Tape
General Specifications, 110mm
wide bidirectional PV tape (> 4%).
d: The quoted value is with lined
adhesive on the backside.

transparent PV cells can achieve accuracy of 94% whilst
consuming 44% less power. In contrast, we present
operation with indoor ambient light only and provide larger
surfaces for the user to interact with.

Prototype

The current prototype consists of a large-area PV sheet *,
an energy harvesting circuit board and a single board
microcomputer. The experimental setup is shown in

Figure 2. The length and width of the PV sheet are 110 mm
and 28 mm. It can generate up to 2.4 W/m with voltage and
current 50-60 V and 60-70 mA, Table 1.

In the current prototype, both the harvesting energy and the
recognition signals are sampled using the two electrodes of
the PV sheet only. During energy harvesting, the PV module
generates predominantly DC electricity as shown in Figure 3
due to stable indoor lighting. The recognition signal appears
as AC modulation which is filtered by a series capacitor.
The energy harvesting circuit board consists of a maximum
power-point tracking (MPPT) module which continuously
charges a rechargeable Lithium Polymer (LiPo) battery. The
gesture recognition circuit board is connected to the load of
the MPPT board. The recognition signal is connected to the
recognition circuit board from the PV sheet.

Evaluation

We tested the prototype amongst the authors to create a set
of six hand gestures to evaluate the prototype. We
considered a set of potential use cases such as the one
presented in the example applications. The gestures are
shown in Figure 1. They are (a) fist open/close, circular
swipe (b) clockwise and (c) counterclockwise, linear swipe
(d) once and (e) continuously and (f) move hand up/down
above the PV sheet as shown in Figure 1. The gestures

TinfinityPV. https://infinitypv.com/products/opv/solar-tape

were performed in a laboratory environment under standard
workplace lighting condition, i.e. with multiple fluorescent
lights in the ceiling giving a light power of about 800 lux. We
performed the gestures over five seconds with a natural
speed of movement of the hand.

The recognition signals corresponding to the six gestures in
Figure 1 are shown in Figure 3. The signatures
corresponding to each gesture is unique. The fist
open/close gesture in Figure 3 (a) changes the DC level in
the signal due to change in the size of the shadow from the
hand. The signal shows flat top. The signal corresponding
to the circular swipe gestures in Figure 3 (b) and (c) for the
clockwise and counterclockwise motions are inverted in the
time when compared with each other. The dynamic shadow
pattern on the PV sheet involves the increasing/decreasing
shadow from the arm. The signal shows a notch on the
rising or falling edge. The signals corresponding to the
linear swipe (d) once and (e) continuously are also unique.
The signal for the continuous swipe gesture consists of
multiple padded sequences of the signal corresponding to
the signal swipe gesture. These signals have two sharp
troughs without notches on the rising or falling edges. The
signal corresponding to the (f) move hand up/down gesture
changes due to the change in the intensity of shadow from
the hand. It consists of rounded peaks and troughs without
notches.

These unique signatures were consistently observed for
different lighting conditions and position and orientation of
the user and the PV sheet. The signals could be calibrated
to different light conditions and users. A machine learning
approach may be used for feature extraction [3] or train a
classifier of Support Vector Machine (SVM) for pattern
recognition. A cross-correlation algorithm could be used to
extract patterns from the training data. A suitable algorithm
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Figure 3: Gesture readings, (a) fist (open/close), (b) Clockwise motion, (c) Counterclockwise motion, (d) Singular swipe motion, (e) Continuous

swipes motion, and (f) raise/lower hand motion.

could be selected based on complexity, execution time and
energy cost.

Discussion

Artificial indoor lighting is required for reliable operation of
the proposed device. This is particularly suitable in the
workplace and overhead lighting environments. Inconsistent
lighting in the operating environment poses a limitation. For
example, despite artificial indoor lighting, the conditions will
vary with the outdoor light conditions during the daytime
through the transmitting surfaces like the windows and
doors. More energy will be harvesting with the additional
outdoor light. The base signal will increase. The gesture
signals are generated by the shadows from the indoor light.
The signal to noise ratio (SNR) will decrease due to light
from outdoors. As a result, the performance of the system
might deteriorate during the daytime. The SNR in the

current prototype is very low without artificial indoor lights.

Unreliable indoor lighting could also be a limiting factor.
Different kinds of light sources may introduce unpredictable
noise in the gesture recognition signal. Dimming or
switching off one or multiple light sources, flickering and
light from a temporary external source such as a torch or
car headlight could contribute to unreliable behaviour of the
proposed system. The proposed device requires adequate
light to be useful according to the use case scenarios. For
example, the device might need low overhead lighting to be
useful during watching movies in a dark room.

The large area of the PV sheet allows the device to be
operated in different positions to the ceiling light. The
recognition signal is independent of the position of the
shadow on the sheet. Large gesture input surfaces could be



created by connecting PV sheets in series and parallel
electrical arrangements. The proposed device could
recognise the same gestures regardless of the position and
orientation of the user, PV sheet and the ceiling lights.

A self-powered device could harvest enough energy for
intermittent use. To increase the usage time, low-power
energy harvesting and micro-controllers are available.
Different modules on these boards could be put into sleep
mode to conserve energy. Gesture recognition using
real-time energy would be challenging. Trickle charging a
rechargeable battery or a super-capacitor would provide
enough power on demand. The training to recognise
gestures for users could be energy expensive. Low-energy
algorithms could be implemented to reduce the energy
footprint in gesture recognition. The proposed approach is
promising as many self-powered devices have been
developed, such as battery-less cellphones [18] and
cameras [16].

The proposed approach could give a low-cost sensor and
computation suitable for decentralized control of loT
devices. However, distributed and centralized computation
may lead to trade-offs such as privacy. To address these
concerns, certain level of local computation to access or
control the device and its resources will be necessary.

Future Work

To demonstrate the effective working of the prototype, it
would need to be evaluated with a group of users. A set of
useful gestures could be established in a design workshop.
The gesture recognition algorithm could be trained within
minutes for each user. The gesture recognition performance
could then be evaluated with different height, position and
lighting conditions. In the future, the gesture recognition
pipeline will need to consider the different speed and

variability of gestures from the users. The prototype could
be further developed to work with multiple hands and users
under different use case scenarios. For deployment, the
power harvesting and gesture recognition electronics could
be implemented on a single board computer for real-time
hand gesture recognition. A custom application with midair
toggles, sliders and dial input features could be deployed
with a select group of users.

Conclusion

With the advent of IoT based ubiquitous interfaces, having
the smart buildings understand the human body language
with a self-sustained and portable device would greatly
benefit the users and make human-computer interactions
more intuitive and effortless. We could use the indoor light
in our houses for self-powered devices using large PV
sheets. The energy harvested could be enough to power
interfaces with intermittent use around the building.
Self-powered, mobile and low-cost interactive surfaces
could be made using large PV sheets. We explored a useful
set of gestures with unique signatures and demonstrated
with a prototype made using off-the-shelf components. Our
current work shows that the potential of using large-area PV
sheets as interactive surfaces in indoor lighting is promising.



REFERENCES

[1]

2]

(3]

[4]

[5]

Anvesha Amaravati, Shaojie Xu, Ningyuan Cao, Justin
Romberg, and Arijit Raychowdhury. 2017. A
light-powered smart camera with compressed domain
gesture detection. IEEE Transactions on Circuits and
Systems for Video Technology 28, 10 (2017),
3077-3085.

Tusher Chakraborty, Md Nasim, Sakib Md Bin Malek,
Md Taksir Hasan Majumder, Md Samiul Saeef, and
ABM Alim Al Islam. 2017. Devising a novel visible light
based low-cost ultra-low-power gesture recognition
system. In 2017 International Conference on
Networking, Systems and Security (NSysS). |IEEE,
3-11.

Maximilian Christ, Nils Braun, Julius Neuffer, and
Andreas W. Kempa-Liehr. 2018. Time Series FeatuRe
Extraction on basis of Scalable Hypothesis tests
(tsfresh — A Python package). Neurocomputing 307
(2018), 72— 77. D01 :http://dx.doi.org/https:
//doi.org/10.1016/j.neucom.2018.03.067

Yishuang Geng, Jin Chen, Ruijun Fu, Guanqun Bao,
and Kaveh Pahlavan. 2015. Enlighten wearable
physiological monitoring systems: On-body rf
characteristics based human motion classification
using a support vector machine. IEEE transactions on
mobile computing 15, 3 (2015), 656—671.

Tobias Grosse-Puppendahl, Steve Hodges, Nicholas
Chen, John Helmes, Stuart Taylor, James Scott, Josh
Fromm, and David Sweeney. 2016. Exploring the
Design Space for Energy-Harvesting Situated
Displays. In Proceedings of the 29th Annual
Symposium on User Interface Software and
Technology (UIST ’16). ACM, New York, NY, USA,

(6]

(7]

(8]

9]

(10]

41-48. DOI:
http://dx.doi.org/10.1145/2984511.2984513

Victor Kartsch, Simone Benatti, Maurizio Mancini,
Michele Magno, and Luca Benini. 2018. Smart
wearable wristband for EMG based gesture recognition
powered by solar energy harvester. In 2018 IEEE
International Symposium on Circuits and Systems
(ISCAS). IEEE, 1-5.

Dominik Landerer, Daniel Bahro, Holger Réhm,
Manuel Koppitz, Adrian Mertens, Felix Manger, Fabian
Denk, Michael Heidinger, Thomas Windmann, and
Alexander Colsmann. 2017. Solar Glasses: A Case
Study on Semitransparent Organic Solar Cells for
Self-Powered, Smart, Wearable Devices. Energy
Technology 5, 11 (2017), 1936—1945.

Tianxing Li, Chuankai An, Zhao Tian, Andrew T.
Campbell, and Xia Zhou. 2015. Human Sensing Using
Visible Light Communication. In Proceedings of the
21st Annual International Conference on Mobile
Computing and Networking (MobiCom ’15). ACM, New
York, NY, USA, 331-344. D0I:
http://dx.doi.org/10.1145/2789168.2790110

Tianxing Li, Qiang Liu, and Xia Zhou. 2016. Practical
human sensing in the light. In Proceedings of the 14th
Annual International Conference on Mobile Systems,
Applications, and Services. 71-84.

Yichen Li, Tianxing Li, Ruchir A. Patel, Xing-Dong
Yang, and Xia Zhou. 2018. Self-Powered Gesture
Recognition with Ambient Light. In Proceedings of the
31st Annual ACM Symposium on User Interface
Software and Technology (UIST ’18). ACM, New York,
NY, USA, 595-608. DOI:
http://dx.doi.org/10.1145/3242587.3242635


http://dx.doi.org/https://doi.org/10.1016/j.neucom.2018.03.067
http://dx.doi.org/https://doi.org/10.1016/j.neucom.2018.03.067
http://dx.doi.org/10.1145/2984511.2984513
http://dx.doi.org/10.1145/2789168.2790110
http://dx.doi.org/10.1145/3242587.3242635

(1]

(12]

(13]

(14]

(15]

Jaime Lien, Nicholas Gillian, M. Karagozler, Patrick
Amihood, Carsten Schwesig, Erik Olson, Hakim Raja,
and Ivan Poupyrev. 2016. Soli: Ubiquitous Gesture
Sensing with Millimeter Wave Radar. ACM
Transactions on Graphics 35 (07 2016), 1—19. DOI:
http://dx.doi.org/10.1145/2897824.2925953

Dong Ma, Guohao Lan, Mahbub Hassan, Wen Hu,
Mushfika Upama, A. Uddin, and Moustafa Youssef.
2018. Gesture Recognition with Transparent Solar
Cells: A Feasibility Study. 79-88. DOI:
http://dx.doi.org/10.1145/3267204.3267209

Dong Ma, Guohao Lan, Mahbub Hassan, Wen Hu,
Mushfika B. Upama, Ashraf Uddin, and Moustafa
Youssef. 2019. SolarGest: Ubiquitous and
Battery-Free Gesture Recognition Using Solar Cells. In
The 25th Annual International Conference on Mobile
Computing and Networking (MobiCom °19).
Association for Computing Machinery, New York, NY,
USA, Article Article 12, 15 pages. DOI:
http://dx.doi.org/10.1145/3300061.3300129

Hiroyuki Manabe and Masaaki Fukumoto. 2012. Touch
sensing by partial shadowing of PV module. In Adjunct
Proceedings of the 25th Annual ACM Symposium on
User Interface Software and Technology (UIST Adjunct
Proceedings '12). ACM, New York, NY, USA, 7-8.
DOI:http://dx.doi.org/10.1145/2380296.2380301

Y. K. Meena, K Seunarine, D. Sahoo, S. Robinson, J.
Pearson, A. Pockett, A. Prescott, S. Thomas, K. Lee,
and M. Jones. 2020. PV-Tiles: Towards
Closely-Coupled Photovoltaic and Digital Materials for
Useful, Beautiful and Sustainable Interactive Surfaces.
Proceedings of ACM CHI 2020 (— 2020), —. DOI:
http://dx.doi.org/10.1145/3313831.3376368

[16]

(17]

(18]

[19]

(20]

(21]

(22]

S. Naderiparizi, A. N. Parks, Z. Kapetanovic, B.
Ransford, and J. R. Smith. 2015. WISPCam: A
battery-free RFID camera. In 2015 IEEE International
Conference on RFID (RFID). 166—173. DOI:
http://dx.doi.org/10.1109/RFID.2015.7113088

J. Shotton, A. Fitzgibbon, M. Cook, T. Sharp, M.
Finocchio, R. Moore, A. Kipman, and A. Blake. 2011.
Real-time human pose recognition in parts from single
depth images. In CVPR 2011. 1297—1304. DOI:
http://dx.doi.org/10.1109/CVPR.2011.5995316

Vamsi Talla, Bryce Kellogg, Shyamnath Gollakota, and
Joshua R. Smith. 2017. Battery-Free Cellphone. Proc.
ACM Interact. Mob. Wearable Ubiquitous Technol. 1, 2,
Article 25 (June 2017), 20 pages. DOTI:
http://dx.doi.org/10.1145/3090090

Ambuj Varshney, Andreas Soleiman, Luca Mottola,
and Thiemo Voigt. 2017. Battery-free Visible Light
Sensing. In Proceedings of the 4th ACM Workshop on
Visible Light Communication Systems (VLCS ’17).
ACM, New York, NY, USA, 3-8. DOI:
http://dx.doi.org/10.1145/3129881.3129890

Raghav H. Venkatnarayan and Muhammad Shahzad.
2018. Gesture Recognition Using Ambient Light. Proc.
ACM Interact. Mob. Wearable Ubiquitous Technol. 2, 1,
Article 40 (March 2018), 28 pages. DOI:
http://dx.doi.org/10.1145/3191772

Kilho Yu, Steven Rich, Sunghoon Lee, Kenjiro Fukuda,
Tomoyuki Yokota, and Takao Someya. 2019. Organic
photovoltaics: Toward self-powered wearable
electronics. Proc. IEEE 107,10 (2019), 2137-2154.

Shuai Zhang, Kaihua Liu, Yongtao Ma, Xiangdong
Huang, Xiaolin Gong, and Yunlei Zhang. 2018. An
accurate geometrical multi-target device-free
localization method using light sensors. IEEE Sensors
Journal 18, 18 (2018), 7619-7632.


http://dx.doi.org/10.1145/2897824.2925953
http://dx.doi.org/10.1145/3267204.3267209
http://dx.doi.org/10.1145/3300061.3300129
http://dx.doi.org/10.1145/2380296.2380301
http://dx.doi.org/10.1145/3313831.3376368
http://dx.doi.org/10.1109/RFID.2015.7113088
http://dx.doi.org/10.1109/CVPR.2011.5995316
http://dx.doi.org/10.1145/3090090
http://dx.doi.org/10.1145/3129881.3129890
http://dx.doi.org/10.1145/3191772

	Introduction
	An Example Use-case

	Related Work
	Light-based Interaction Technologies
	PV Interactive Devices

	Prototype
	Evaluation
	Discussion
	Future Work
	Conclusion
	REFERENCES 



