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Automating operations of objects has made life easier and more convenient for billions of people, especially those with limited
motor capabilities. On the other hand, even able-bodied users might not always be able to perform manual operations (e.g.,
both hands are occupied), and manual operations might be undesirable for hygiene purposes (e.g., contactless devices). As a
result, automation systems like motion-triggered doors, remote-control window shades, contactless toilet lids have become
increasingly popular in private and public environments. Yet, these systems are hampered by complex building wiring or
short battery lifetimes, negating their positive benefits for accessibility, energy saving, healthcare, and other domains. In this
paper we explore how these types of objects can be powered in perpetuity by the energy generated from a unique energy
source – user interactions, specifically, the manual manipulations of objects by users who can afford them when they can
afford them. Our assumption is that users’ capabilities for object operations are heterogeneous, there are desires for both
manual and automatic operations in most environments, and that automatic operations are often not needed as frequently –
for example, an automatic door in a public space is often manually opened many times before a need for automatic operation
shows up. The energy harvested by those manual operations would be sufficient to power that one automatic operation. We
instantiate this idea by upcycling common everyday objects with devices which have various mechanical designs powered by
a general-purpose backbone embedded system. We call these devices, MiniKers. We built a custom driver circuit that can
enable motor mechanisms to toggle between generating powers (i.e., manual operation) and actuating objects (i.e., automatic
operation). We designed a wide variety of mechanical mechanisms to retrofit existing objects and evaluated our system with a
48-hour deployment study, which proves the efficacy ofMiniKers as well as shedding light into this people-as-power approach
as a feasible solution to address energy needed for smart environment automation.
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1 INTRODUCTION
Automating objects in physical spaces has long been practiced in ubiquitous computing and the Internet of
Things. Automation not only boosts e�ciency but also creates environments that can be equally accessible to all.
These environments feature physical interfaces on the objects for manipulation or function (e.g., a handle or
pedal for movement). Many everyday objects require users with enough dexterity, motor strength, and often the
use of both hands to interact purposefully. These requirements can be challenging to someone who is not capable
of such interaction due to a physical disability. Thus, automation can be a great bene�t for users with motor
impairments and even o�er much utility to everyone else � for example, if someone has their hands occupied at
the moment. Existing approaches (like sliding doors in a supermarket, automatic hand sanitizer dispensers in a
building) rely either on tethered power, which limits the �exibility of deployment, or run on batteries demanding
maintenance e�orts. Both of these power solutions are di�cult to scale � which we suspect to be one of the
key reasons why we have only seen the success of automation on a few objects while the majority of everyday
objects remain passive.

Prior research has tackled the energy challenges on the sensing front [8, 9, 72, 73] while little has been done on
the actuating front � speci�cally in regards to actuating objects with intrinsic motion parameters (e.g., drawers
with slides, doors with hinges, etc.). This characteristic is a huge challenge as actuating applications require a
large power consumption relative to sensing applications in many orders of magnitude. For instance, we found
anecdotally that the amount of energy consumed to open a door once is equivalent to the amount of energy
required to sense that event for nearly one whole year.

Fortunately, the remedy can be found in the problem. Electric motors consume energy when actuating objects;
however, when used as generator, they are also ideal for harvesting energy from the current generated by the
input actuation � the electromagnetic induction e�ect, which generates more than 93% of all the electricity that
powers the world [13]. Our research uniquely leverages this advantage of motors by enabling them to work as
both harvesters and actuators seamlessly in a smart environment. Our system intelligently switches between
manual and automation modes depending on the user needs in the environment. One existing example of such
design concept can be found on the commercially available door closers � energy stored in the spring when the
door is being manually opened can later be used to automatically close it, preserving user time while improving
environmental safety, achieved with a simple and passive device that can last for years [17]. Though door closers
create force/torque overheads that might make it harder to use the door than without, the bene�ts overcome
this potential undercut in usability. We were inspired by examples like this when we createdMiniKers, which
generalize the design concept to a wide array of everyday objects.

This dual usage allows us to explore how we can utilize user interactions as a ubiquitous and reliable source
of power. While prior work has demonstrated the e�cacy of environment-centric harvesters (e.g., solar cells,
wind turbines), we turned our focus to people � a rich source of kinetic energy � because there will undoubtedly
be presence of users wherever there are interactive systems, and user interactions can be turned into power
as several seminal works have demonstrated [15, 27, 63, 73]. Unlike prior work which focused on interactive
sensing, this paper looks into a di�erent and yet important task � actuation via enhancing objects that have
intrinsic movements, with motors that can be repurposed into energy harvesters.

We presentMiniKers, a series of interaction-powered actuation devices for smart environment automation.
MiniKerscan retro�t to everyday objects with various mechanical mechanisms (see Figure 7 for examples) and
feature a custom circuit board, energy-aware software, and a phone app. Taking the instrumented window
blinds for example,MiniKersharvest energy from a synchronously spinning DC motor each time the tilt wand
is turned manually. This energy is stored in a supercapacitor and then in a small Li-Po battery. This energy is
later extracted from the battery to drive the same DC motor, providing the actuation force that turns the tilt
wand and opens/closes the window blinds automatically. The energy harvesting, regulation, and management
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are controlled by the custom circuit board centered around low-power components including a BLE-enabled SoC
(Nordic nRF52832). Simultaneously, our system hitchhikes the energy harvesting mechanism for sensing, turning
the harvested energy into sensory feeds. Speci�cally, by monitoring the amount of harvested energy,MiniKers
detect the state of objects as well as �ne-grained information such as magnitude, speed, and frequency. Overall,
our research contributions include:

� Generalization of the design concept which uses people as power for interactive systems by harvesting
energy from user interactions (i.e., manual operations) to power automatic operations of everyday objects.

� A custom circuit that uniquely combines sensing, energy harvesting, regulation, management, and energy-
aware actuation for an optimal energy e�ciency.

� A system that utilizes this custom circuit with various mechanical mechanisms that can cheaply retro�t
onto everyday objects.

� A technical validation and a deployment study that assess the feasibility of interaction-powered automation,
creating footholds for future work.

2 RELATED WORK

2.1 Motorized Smart Environments
MiniKersare related to systems that actuate users' environments on their behalf, motorizing objects for remote
controls or assisted uses. These systems intersect with research and commercial e�orts in smart homes, automation,
remote control, and personal robots. In the product domain, Clicbot [31], Smartians [60], and Microbot-push
[43] use gear mechanisms powered by DC motors to enable remote actuation of everyday objects, mostly small
ones like switches. There have also been automatic door closers [17] and greenhouse auto vent openers [55] that
actuate objects with only passive mechanisms (i.e., no electronic components). The aforementioned retro�tting
devices could result in additional installation labor which can make built-in control mechanisms preferable if the
"smarts" could be built from scratch (e.g., smart switch [28] or smart lock [50]).

In the research domain, there have been two common modalities to achieve environment automation. People can
either have general-purpose robots which can move around the space for a variety of tasks [6, 7, 18, 19, 30, 32, 67],
or robotic mechanisms which can be instrumented onto objects for software-controlled actuation [1, 10, 22, 34�
36, 51]. The latter is more closely related to this work. In this realm of innovations, IoTIZER [10] instruments light
and aesthetically appealing mechanisms onto objects with a toolkit. Robiot [35] motorizes everyday objects by
retro�tting 3D-printed motor mechanisms. Mobiot [1] further mobilizes the objects with 3D-printable structures.
In this line of work, Roman [36] enables handheld objects to be manipulable by robotic arms with 3D-printable
add-on mechanisms. It is possible to structurally modify everyday objects to augment their default functionalities
[22, 34]. Finally, RetroFab [51] o�ers an authoring tool to scan an existing physical interface and automate its
controls by adding external mechanical and electronic components.

2.2 Power from Environments
Energy harvesting has long been exploited by interactive systems and environments in which these systems
reside have many types of energy to leverage. One of the most common energy sources is light, harvested by
photovoltaic panels. On commercial products, light energy harvesting is often used to extend battery lifetime.
These products range from keyboards [39], smart curtains [61] and cleaning robots [26] to trash cans [33], street
lights [25] and vehicles [62].

In the research domain, a variety of energy sources have been utilized. Light continues its popularity as a
major energy source in ubiquitous computing and IoT, powering systems for ambient displays [20], hand posture
reconstruction [37], and touch sensing [65]. It is possible to harvest energy using piezoelectric materials from
mechanical oscillations such as vibrations resulting from running motors [73], tra�c on road and bridges [46, 66],
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�uctuations of pressure inside water pipes [9], and even temporal ambient temperature changes [74]. Recent
advances in 3D printing also facilitate harvesting such energy using delicate coil-magnet mechanisms that allow
the resulting devices to harvest vibrations of minute magnitude that were beyond previously possible [11, 29].
Finally, such oscillations can induce a triboelectric e�ect that has recently been enhanced by the exploration of
nano-level structures, resulting in sensing systems that could be powered by sound, the very signal they aim to
sense [2, 4, 38]. Less common are microbial fuel cells (MFC), which have also shown promise in prior work in
powering sensing systems [40, 42]. To generalize energy harvesting to a wider set of use cases, prior research has
investigated general-purpose platforms and pipelines. For example, Campbell and Dutta [8] proposed a pioneering
generic system architecture that runs on energy scavenged from environments to detect events in buildings. The
di�erence between signals that yield energy and signals that need to be sensed often means separations between
energy harvesters and sensors. In the HVAC sensing example shown by the prior work [8], light energy has to
be harvested from a solar cell on a window delivering energy to the air�ow sensor attached to the HVAC vent
through a long wire. This con�guration might be obtrusive to user environments and undermine the durability.
To mitigate this undesirable con�guration, prior work looked into energy and signal that can be bundled together.
OptoSense [72] proposes a light-sensing pipeline that runs on energy harvested also from light, resulting in a
�eet of compact and versatile sensors. In another example, Sozu [73] proposed a general sensing pipeline that
leverages the very harvested energy as the signals for sensing, by transforming this energy into RF broadcasts.

2.3 People as Power
Another popular source of power comes from users themselves � people can be leveraged as major sources
of energy. This creates an inviting opportunity to address the power constraints on wearable devices [59].
For example, the swaying motion of arms can be harvested by coil-magnet mechanism [68], and mechanical
oscillations induced by foot stepping can be turned into energy using an array of piezo discs [71]. Even the
seemingly minute thermal energy dissipated by human skin can be turned into electricity using Peltier junctions
[48]. It is also possible to combine multiple energy sources, as is shown in Facebit [12], which investigated
di�erent types of energy harvested from wearers' faces, including motion, breath, and thermal, all of which can
be easy to �nd at the proximity of masks.

Closer toMiniKersis prior work that exploited user interactions with interactive systems and objects around.
First, there have been commercial products such as self-powered doorbells [41] and switches [56], which transmit
RF broadcasts powered by energy harvested from button presses. In the research domain, The Peppermill [63]
demonstrates a self-powered interaction paradigm. In this example, the device allows users to rotate a knob
to generate power for sensing user interactions, such as button presses. Similarly, EnergyBugs [53] harnesses
electricity generated by children shaking energy harvesters with coil-magnet mechanisms. Using a di�erent class
of harvesters, Paper Generators [27] allow power generation from users performing touch, tap, and rub gestures
on paper leveraging the triboelectric e�ect. Recently, Battery-free Game Boy [15] demonstrated an energy-aware
gaming platform that uniquely combines energy generation with game actions like button presses. Closest to our
work are previous systems that aim to harness energy resulting from user interactions with everyday objects.
Among the �eet of examples, one class of devices in Sozu [73] turned user motion (i.e., turning mailbox �ags,
using pruners, opening/closing pill bottles, drawers, and doors) into RF broadcasts for sensing applications.

3 DESIGN GOALS
Based on our review of existing smart environment automation systems and user expectations as discussed in
literature [52, 64], we set several design goals forMiniKers, which we achieved in this research:

Rich input: Unlike personal devices, automation in environments has unique challenges to overcome because
environments are often shared across multiple users, each having their unique set of capabilities and preferences.
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This diversity demands interactive systems in shared environments to accommodate diverse interactions. Ideally,
the device should o�er a wide array of interaction modalities (e.g., touch interaction, voice control) or even
multi-modal interactions to �t user needs. This design goal was drawn from the recent success of commercial
smart environment solutions, with which users often have various controls of smart appliances like lights [47],
TV mounts [24], window shades [23], and screens [58], using tangible buttons, remotes, apps on smartphone and
tablets, or voice.

Compatibility: Practical automation techniques should consider all stakeholders in the environment. Speci�cally,
there needs to be automation that does not compromise the functionality and ergonomics of existing objects.
This design concept has been demonstrated in literature [10, 14, 60, 61, 73]. In the context of this project, we
aim to have compact and versatile mechanisms that can easily retro�t existing environments. Ideally, the core
components (e.g., motors and gears) could be readily applicable to a variety of objects without altering their
existing structures and a�ordances.

Adaptability: Adaptability has been a common feature in smart environment products such as smart lights,
thermostats, irrigation systems, etc. that can adjust brightness, temperature, soil moisture using sensory data from
the environment. Similarly, our automation system needs to have situational awareness to respond intelligently
to a di�erent system and environmental status. For example, the system should adjust intrinsic parameters (e.g.,
motor current) in response to di�erent energy levels and use frequencies. We achieved this through energy
awareness � enablingMiniKersto probe energy supply and consumption at key points on the circuit board.
We implemented a programmable resistance in the motor powerline and PWM motor drive to adapt the motor
current to the system's energy status.

Low cost and durability: Practical automation systems should be low-cost to be scalable. With a house that
could easily consist of more than 20 objects to automate, the cost of instrumenting each should not exceed $50,
totaling the whole house of automation with $1000, which is comparable to a middle-end smartphone or a laptop.
At the same time, lowering the price tag should not be at the cost of durability. The system needs to be robust
against exposure to elements (e.g., temperature, humidity, and impact). This design goal has been sought after
in previous IoT systems (e.g., [3, 8, 73]). In the following paper, we demonstrate and evaluate howMiniKers
achieve these with a 48-hour deployment study on 9 objects across 3 locations of di�erent con�gurations and
functionalities.

4 ENERGY INVESTIGATION
Energy harvesting with motors and consumption at motors are at the core of our research. In this section, we
conducted benchmark tests aiming to answer one key question: how does the amount of energy harvested from
manual operations compare to that of the energy consumed in automatic operations?

4.1 Apparatus
We conducted benchmark tests to investigate amounts of energy that could be harvested from everyday objects as
well as the factors that a�ect them. To conduct these tests with su�cient versatility without losing generalizability,
we decided to use a 3D printed device (Figure 1 right). This 3D printed device allowed us to correlate harvested
energy with force (in translational motions) and torque (in rotational motions), in forms that are common to �nd
in everyday settings (Figure 1 left). The device can be put into two con�gurations. The �rst con�guration features
a handle that moves in a translational manner while the second con�guration features a handle that moves in a
rotational manner, both in relation to the device body. The force and torque needed to actuate the device are set
by the embedded motors, for which we selected the GA12-N20 DC motor with an additional gearbox attachment.
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This type of motor is low-cost and easy to source, because of which they are common to �nd in maker projects
and commercial products.

We conducted three tests below. These tests systematically examined key factors, including motor gear ratio,
user motion characteristic, and resistance in the motor powerline. Insights from these tests guided us in various
design choices in developingMiniKershardware and �rmware as we will elaborate in detail later in Section 5.

Fig. 1. Translational and rotational motions are the two common types of motion on everyday objects (le�). The device
designed to simulate these motions on everyday objects and used in the energy investigation tests (right).

4.2 Motor Gear Ratio
One immediate factor that a�ects energy harvesting is the gear ratio of the gearbox, which is the ratio between
the angular speeds of the driver (input) gear to the driven (output) gear. Of note that when motors are used as
generators, the driven gear is the one that is actuated by user interactions, and therefore the gear ratio becomes
the reciprocal of that of motors as actuators. Intuitively, larger gear ratios require a larger force to actuate but
can induce a higher amount of energy. We conducted tests to quantify this e�ect in the context of user-powered
mechanisms. In this test, we used motors with gearboxes of di�erent gear ratios (500:1, 250:1, 150:1, 100:1, 75:1)
and measured their output currents when these motors were connected in series with a 100 Ohm resistor. These
motors were instrumented onto the test device, which was a�xed to a lab table with the con�guration that
supports translational motions. An experimenter actuated the device from one end to the other and returned to
the original position (i.e., one trial) three times at normal speeds (similar to ones in actuating everyday objects)
during which a force gauge was used to measure force and torque. Figure 3 left shows the results, which veri�ed
our expectation that the force required and energy generated are proportional to the gear ratio � motors with
larger gear ratios are in general harder to actuate, but can generate more energy which is roughly linearly
proportional to the gear ratio.

4.3 User Motion Characteristics
An important factor that a�ects energy harvesting is the varying user interactions due to the fact that di�erent
users often have di�erent motor capabilities, resulting in di�erent speeds, acceleration and deceleration rates, etc.
This variance could a�ect the amount of harvested energy. We conducted a user study (n=5), using the same
device in the previous test. A motor with the gearbox of a 250:1 ratio was used. Its output was connected to a
100 Ohm resistor. Participants were asked to complete three trials actuating the device at normal speeds. The
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output voltage across the resistor was recorded and can be found in Figure 2. Interestingly, we measured a largely
consistent amount of generated energy despite that di�erent users manipulated the device at di�erent speeds.
However, we found a large di�erence between the two motion types � translational motions generate more
energy than rotational motions due to the di�erence in the number of revolutions by the motor over the courses
of trials. This observation led to the design of having larger gear ratios for rotational motions than translational
ones later in our system implementation.

Fig. 2. Signal characteristics of interaction-powered motor mechanisms with two motion types: translational and rotational.
Each color denotes data from one participant.

4.4 Resistance in Motor Powerline
Resistance in the motor powerline a�ects the output currents and thus the harvested energy. In practice, we
found that increasing this resistance limits the output currents by motors and reduces the force and torque to
actuate the mechanisms. This correspondence gives us a way of setting motor force/torque in a �ner-grained
manner using programmable resistors than using gearboxes, because gearboxes often have discrete gear ratios
and are impossible to change by software. In this test, we connected the motor in series with a resistor. The
device was con�gured to support translational motions and we used a gearbox of a 250:1 ratio. A capacitor of
2.5 F was connected to the motor-resistor setup for storing the harvested energy, which can be calculated by
measuring the voltage increases using a multimeter. We gradually changed the amount of current generated by
motors by changing the resistance (from 0 to 150 Ohm with a 25 Ohm interval). This change in induced current
also changed forces needed to actuate the device, which we measured with the force gauge. Figure 3 right shows
measurements of amounts of energy in response to the change of resistance. We found that the device was harder
to actuate with a lower resistance value (in series) but can generate more energy. For example, a 100 Ohm resistor
can reduce 54% of the total force required to move the device.

4.5 Harvest Energy from Real-World Objects
Previous tests outline the characteristics of interaction-powered harvested energy. To gauge more precisely
how much energy can be harvested from users' interactions with everyday objects, we conducted tests on real
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Fig. 3. Investigation of gear ratio's e�ect on harvested energy (le�). Investigation of the e�ect on harvested energy from the
resistance in the motor powerline (right).

everyday objects. We included 9 common objects, with 5 involving rotational motions (i.e., fridge door, CNC
enclosure, window blinds, toilet lid, room door) and 4 involving translational motions (i.e., backdrop, drawer,
trash can, dimmer switch). We designed 3D-printed gear mechanisms that turn both types of motions into motor
revolutions (Figure 7). Details of these mechanisms will be discussed later in the paper (Section 5.2). We used
the motor with a gear ratio of 250:1 in tandem with these mechanisms. An experimenter manually operated
these objects and measured the harvested energy of each object in one trial. On average, each trial of manually
operating these objects generated 0.56J (SD=0.32) energy. Figure 4 shows the voltage across a 100 Ohm resistor in
series with the motors of these objects being manually operated in one direction. We omit the rest of the trial for
them simply mirroring the signals shown around the 0V line. In general, these half trials took from around 1 to
14 seconds to complete. Objects with longer strokes (e.g., backdrop, window blinds) generated more power for
inducing more revolutions of motors, than those with shorter strokes (e.g., dimmer switch, trash can).

4.6 Energy Consumed for Actuating Real-World Objects
Previous tests help us understand how much energy can be harvested from user interactions. Here, we investigate
energy consumption in automatic operations � how much energy we need to actuate objects. With the same
set of objects in the previous test, we used a DC power supply (DCV=4V) to power the motors, which induced
su�cient torque to actuate these objects at normal speeds. We measured the current during the courses of object
actuation in three trials.

On average, these objects consumed 2.77 J (SD=2.03) energy in one trial of their actuation (i.e., open and
close). Similar to insights from the energy harvesting test, objects with longer strokes consumed more power for
taking longer to complete the motion. Even on the same objects, actuation in di�erent directions could consume
di�erent amounts of energy depending on if gravity contributes or resists the motion. For example, it takes 1.7 J
on average to open a CNC enclosure door, while that number is 0.3 J for closing it. We also noticed that when the
gear mechanisms were blocked by the objects from further movements at the completion of motion, motors were
overloaded and drew a high current (i.e., stall current). This stall current measured approximately 120 mA with
our motor, and consumed a lot of energy, for which we later designed our system so it can detect and cut o�
power timely to minimize energy wasted on unnecessary actuation.

5 MINIKERS SYSTEM
Based on insights from the aforementioned tests, and taking into account our design goals, we implemented
MiniKerssystem. Our system is composed of: 1) a fully self-sustaining wireless circuit board, which connects
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Fig. 4. Voltage-time plot of the 9 objects with gear mechanisms and motors (gear ratio = 250:1) a�ached. These objects were
manually operated from one extreme position to the other (i.e., half trials).

to a mechanism and a motor to capture energy and actuate; 2) a phone application to support end users with a
variety of interactions to activate the actuation, as well as to keep track of allMiniKersin the environment.

5.1 Hardware

Overall Structure: TheMiniKerscustom circuit (Figure 5) was designed to accommodate energy character-
istics found in the previous investigation studies. The circuit has two energy storage devices: a rechargeable
supercapacitor and a Lithium-ion Polymer (Li-Po) battery. We used a supercapacitor which has two capacitance
options (0.6 F and 2.5 F) depending on the application � among the 9 objects in Figure 7, only theMiniKersfor the
backdrop used a supercapacitor of 2.5 F capacitance for the signi�cantly large amount of energy generated in each
manual operation. Similar in concept to the power grid stability support for renewable sources, supercapacitors
and Li-Po batteries (3.7V, 70mAh) provide stable energy storage to bu�er the intermittent user-interaction energy.
The Li-Po batteries can power the motor continuously for more than two hours. This deep energy reservoir makes
the system more tolerant to short energy consumption surge, improving the overall system's power reliability.

The circuit features a discharging and a charging mode to support the motor being used as either an actuator
or a generator. Figure 6 shows the power architecture ofMiniKerswhich accommodates the coexistence of these
two modes on the motor front end. In the discharging mode, the motor is driven by a motor driver, drawing
power from the battery. A MOSFET is used to disconnect the charging line in this mode. In the charging mode,
the motor is driven by user interactions and generates currents, which are regulated by a bridge recti�er and
immediately stored in a supercapacitor. Once the voltage of the supercapacitor reaches a certain threshold, the
boost converter starts working and feeding energy into the battery.
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