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ABSTRACT 
The rise of the Internet of Things (IoT) has given birth to trans-
formative and massively deployed computing applications that 
raise the signifcant issue of energy sources. It is impractical and 
irresponsible to rely on wires and batteries to power trillion-level 
devices. One promising prediction is that energy harvesting tech-
nologies will serve as alternative power sources for IoT devices. 
However, we might be losing this prophecy for lack of understand-
ing of how novice developers comprehend energy in developing 
IoT. In response, we conducted a mentored physical prototyping 
study with a two-day workshop involving eight novice developers. 
The study consisted of qualitative and quantitative analyses, the 
artifacts, interviews with both novice developers and an expert, 
and implications of designs for future tools. The fndings reveal 
informational gaps that demand educational eforts and assistive 
features to facilitate novice developers. We present major fndings 
from the study and implications for the design of future tools. 
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1 INTRODUCTION 
Advances in electronics have promised to provide a bright future 
of distributed and embedded form factors realized by trillions of 
devices constituting the Internet of Things (IoT). Recent advances 
in energy harvesters have enabled a wide range of self-sustaining 
systems that do not need to be plugged in, preserving deployment 
fexibility, or require batteries, eliminating users’ maintenance bur-
den. 

While energy from environments takes many forms (e.g., solar, 
wind) and is seemingly infnite, energy from developers is fnite – 
it is considerably more exhausting for developers to adopt energy 
harvesting to power IoT systems than their dominant alternatives, 
namely, battery power [19]. With IoT systems that feature energy 
harvesting, energy availability can change over time, power failures 
may occur, and resources may be constrained. Although develop-
ers’ expectations for energy harvesting are high, its performance 
in practice may be low. This “impedance mismatch” between devel-
opers and energy harvesters creates frustrations and drives people 
(especially novice IoT developers) away from adopting energy har-
vesting as a promising technology that could make IoT practical 
and sustainable. 

Recent years have seen the recognition of self-powered comput-
ing with an emerging system technology that extends its perfor-
mance and capability envelope. Previous research has demonstrated 
novel system technologies, such as battery-free cellphones [66], 
battery-free smart environment sensing [79], a battery-free Game 
Boy [10], and novel programming [21, 36, 38], runtime [3, 49], and 
architecture [9, 13, 20] level techniques, to provide reliable com-
putation, sensing, and actuation. Despite the promise of these sys-
tems, little has been done to understand what information and 
feedback novice developers need as they build these systems. Un-
like prior work which aims to investigate the usability of energy 
harvesting tools (e.g., Fliker [20], BFree [36], and Battery-Free Mak-
erCode [39]), we set out to uncover what novice developers need 
with a general-purpose IoT platform featuring the state-of-the-art 
computing, sensing, actuation, communication, as well as energy 
harvesting technologies. 

In this study, we target novice developers, as experienced elec-
tronic system developers tend to circumvent the difculty we aim to 
expose: “expert blindness,” which is when experienced developers 
are unable to perceive the difculties encountered by novices when 
approaching a new domain. Therefore, studying novice developers 
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may be more informative. In addition, novice developers are more 
open to trying new technologies and approaches, and are likely 
to adopt them for future practices in their development. We con-
sider that targeting novice IoT developers could be equally, if not 
more, efective than targeting experienced developers in the long 
run. Therefore, we believe that the contributions of this study can 
support developers who work on novice developer-oriented energy 
harvesting toolkits and can help produce a platform dedicated to en-
ergy harvesting similar to mainstream interactive electronic system 
development, such as that of Arduino 1. ) We investigated novice 
developers’ needs in a mentored physical prototyping study with 
a two-day workshop. The paradigm was derived from prior pair 
programming work that had been proven successful [72]. We paired 
novice developers with an expert who had extensive experience 
in energy harvesting and self-powered system development. The 
expert worked with the novice developers through a collaborative 
development process, addressed questions from the participants, 
and provided guidance when necessary. Each participant—expert 
team was required to fnish two tasks featuring diferent applica-
tion needs and energy sources. Semi-structured interviews were 
conducted after each task, aiming to probe where novice developers 
needed the most support when addressing the challenges. 

Our fndings can be categorized into two aspects, including gaps 
between concept and practice and need for assistive features, regard-
ing the fundamental electronics practice lack and the energy har-
vesting technique dedicated assistance need. This insufciency of 
knowledge constitutes many “unknown unknowns” (i.e., one might 
lack the required knowledge to be aware of critical information 
that one might be missing to accomplish certain tasks) reported 
by the expert. By revealing this gap and features, we call for ac-
tion from computer science and electrical engineering educators 
and researchers to support tools for IoT development that would 
integrate the promise of energy harvesting techniques into practi-
cal and sustainable systems. The contributions of our study are as 
follows: 

• A two-day mentored physical prototyping study involving 
eight novice developers and an expert that revealed insights 
into the needed support of novice developers when develop-
ing self-powered IoT. 

• Design implications based on summarizing the existing plat-
forms/tools and study fndings and providing assistive fea-
tures and caveats for future tools in developing self-powered 
IoT systems with energy harvesters. 

2 RELATED WORK 

2.1 Interactive Systems Powered by Energy 
Harvesters 

One of the signifcant bottlenecks in IoT applications is the power 
consumption of a single device, which limits the life of the system 
[31]. In recent years, HCI researchers have begun to incorporate 
human behavior with energy generation through diferent energy 
harvesters to address energy-constrained issues [79]. Diferent en-
ergy sources are used depending on variations in environmental 

1https://www.arduino.cc/ 

parameters, such as illumination, temperature, and mechanical en-
ergy. Among these energy sources, photoelectric conversion is the 
most popular in related designs due to the ubiquitous nature of 
light conditions [41, 46, 77]. For monitoring systems in the wild, 
thermometric generators can be adapted to power the computing 
sensor system continuously [24]. These generators can also be used 
on the human skin to reduce the burden of the body area sensor net-
work’s power [73]. Cooperating with human behavior, the kinetic 
energy generated from humans can also be used, such as device 
authentication and secret keys generation [42] and wearables for 
children [58]. Winkel et al. [10] introduced a platform utilizing 
solar and kinetic energy to power a game console. Intermittent 
computing was used to maintain the continuity of the game when 
the harvested energy was exhausted. Teng et al. [67] designed a 
kinetic energy harvesting-based system to enhance virtual reality 
haptics from the user’s movement. 

2.2 Technology Pillars to Improve the 
Reliability of Energy Harvesting 

To improve reliability at the hardware level, mainstream solutions 
have proposed adding an energy storage unit as a universal solu-
tion to fuctuations in environmental parameters. Zhang et al. [78] 
designed a hysteresis circuit system for energy harvesting from mi-
crobial fuel cells (MFCs). Such a connection and operation approach 
has been extensively adopted in various energy harvesting-based 
systems [18, 19]. However, the energy storage unit usually has a 
low energy density and a high leakage current. This has led us 
to rethink the use of capacitors in energy harvesting systems. For 
example, Jackson et al. [28] reconsidered the use of batteries in IoT 
nodes due to the high performance of recent batteries, especially 
when combined with ultra-low power consumption sensors. There 
is no doubt that using connected supercapacitors or rechargeable 
batteries to bufer energy in energy harvesting circuits is widely 
accepted. For example, numerous commercial ICs are available for 
developers to create energy harvesting circuits using referenced 
schemes with an energy storage unit, such as Linear LTC3588 [43], 
TI BQ25570 [26], and charge pumps [25]. Energy harvesting IoT 
nodes normally operate periodically because of fuctuations in en-
vironmental energy. This introduces volatile data transmission into 
the system’s characteristics. Many techniques have been proposed 
to optimize system operation to ensure that tasks can be correctly 
performed, such as a dedicated operating system [69] and cache 
structure [76]. The use of checking points enables switching the 
location of a variable storage in the sensing task program by non-
volatile memory to save important node information before running 
out of energy and completing the task after the next resumption 
of work [30, 48, 56]. For larger distributive networks, studying 
the energy-efcient protocol and coordinating method among the 
nodes can enhance working performance [1, 33, 65]. 

2.3 Integrated Systems to Facilitate Energy 
Harvesting Development 

To facilitate energy harvesting uses, previous studies have focused 
on developing integrated plug-and-play energy harvesting systems 
to assist developers in adopting energy harvesters in both hardware 
and software. EnOcean [12] released self-powered sensor systems 

https://1https://www.arduino.cc
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Figure 1: Summary of the existing works on facilitating energy harvesting development. 

that use ambient light and kinetic and thermometric energy. Camp-
bell et al. [6] proposed a solar cell-based IoT sensor node solution 
for indoor monitoring. Saoda et al. [60] presented guidelines for 
designing a generic platform for energy harvesting applications, 
suggesting that developers should have the fexibility to select 
energy sources and perform energy optimization on applications. 
Flicker [19] demonstrated a plug-and-play architecture that allowed 
kinetic, RFID, and solar energy harvesting with wireless transmit-
ting capability and supported fault-tolerant computing in software 
that allows developers to perform storage calculations. Considering 
the programming aspect, BFree [37] is a system that integrates the 
Python language with energy harvesting hardware to help novice 
users build a long-term, ubiquitous computing system using energy 
harvesters. Park et al. [54] designed a simulation environment in 
which users could place the kinetic energy harvester in a virtual 
vehicle and receive a predicted power amount in a real situation. 
Iizuka et al. [23] introduced a simulation framework that fused the 
environment, storage, harvesting model, and tasks to facilitate the 
integration of energy harvesting systems. 

3 RECALL CURRENT PLATFORMS AND 
TOOLS TO UNDERSTAND DIFFERENT 
LEVELS OF ENERGY HARVESTING 
DEVELOPMENT 

Various works, including platform and bespoke tools, have emerged 
to help developers build self-powered IoT systems efciently. These 
works were proposed to target developers or researchers with dif-
ferent knowledge levels of energy harvesting. To determine the 
main contributions of existing studies, we recalled some represen-
tative works, as shown in Figure 1. By interviewing experienced 
energy-harvesting developers in [55], three main development as-
pects of energy-harvesting development were identifed: design, 

hardware, and software. We followed the taxonomy based on these 
three aspects. 

Targeting the novice developer, Exergy [55] was designed to as-
sist with a wind energy harvesting system. It shows how the toolkit 
is utilized as a creative design tool to engage novice developers 
throughout the design, hardware, and software aspects. Although 
it covers three development stages, the tools and techniques for 
each aspect are relatively simple. Specifcally, for the design, some 
tools aim to simplify the simulation of harvested energy through 
visualization [22]. For example, Kim et al. [35] presented Solacle, 
a visualized tool to simulate the harvested light energy in indoor 
ambient conditions. By seeing its potential energy capability, users 
can easily determine where to locate the light energy harvesting 
IoT node indoors. These “shallow” tools address developers’ un-
derstanding of how much power the energy harvester generates. 
With the development of design tools, some studies have focused 
on helping developers simulate sensing tasks and the correspond-
ing power consumption of energy-harvesting IoT (i.e., how to use 
the simulated energy) to balance the sensing data transmission 
task during system design [4, 23, 62]. In addition to designing with 
simulated energy, more dedicated studies have investigated the 
simulation mechanism and principle, which can predict more ac-
curate energy harvested according to the input of ambient factors 
[32]. This makes the tools progressively deeper and requires more 
knowledge of energy simulation. 

For hardware, more straightforward tools have been developed 
to help quick and simple prototypes, which normally integrate the 
plug-and-play circuit system with multiple energy harvester inputs 
[6, 79]. For example, SoZu [79] is a tool for recognizing human 
motions through various energy harvesters’ activities. More sophis-
ticated tools focusing on the management and application of energy 
have emerged, with the ability to incorporate more peripheral, task, 
and environment-specifc features [17, 19, 74]. These platforms 
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often have more complex hardware architectures, and some previ-
ous eforts also involve software development support to achieve 
dynamic task and power tuning. Developers are also required to 
be more familiar with the key hardware parameters of the energy 
harvesting system, such as output voltage, and maximum power 
tracking issues. One representative work is Flickers [19], which 
provides a faster and more usable energy harvesting tool that sup-
ports testing and enables dynamic energy storage without changing 
the hardware architecture. Similar works include Capybara [9] and 
Hypnos [14]. More in-depth hardware tools have become increas-
ingly specialized, including higher-performance voltage conversion 
circuits [27] and power-efcient computer architecture. 

At the software level, tools for novices often look for simple 
programming languages and example codes to get started quickly 
[55]. Novices typically need to switch their programming habits 
from other electronic systems to energy harvesting IoT [36]. Subse-
quently, more advanced system tools can implement energy-aware 
calculations. By monitoring the harvested energy, software algo-
rithms are used to realize dynamic IoT node operations [14]. In 
addition, there has been a proliferation of programming tools for 
intermittent computing [38, 40, 47, 64]. Assisting users to have fast 
and easy intermittent computation experiences is the main contri-
bution of these tools. For example, [38] instrumented intermittent 
computing in MakeCode improves the accessibility of programming 
languages for energy harvesting. 

Among the three aspects discussed previously, energy harvesting 
technology involves more cumbersome expertise. This is one of the 
reasons why developing energy harvesting systems is challenging. 
Therefore, in existing works, novice developers are expected to 
work on the design, hardware, and software during the implemen-
tation of an energy harvesting system, which not only requires 
knowledge of power but also of hardware circuits and software 
programming. However, existing studies either expect novice devel-
opers to have a background in sensing, circuit design, or dynamic 
perceptual adjustments, or understand sensor energy consumption, 
power electronics, and so on. It is not necessary to consider sensing 
task simulations, circuit design solutions for energy management, 
and dynamic perceptual adjustments. Moreover, novice developers 
do not need basic knowledge of this kind of work, such as refned 
IoT node energy consumption, power electronics design, and energy 
sensing algorithms. 

For novice developers, skills such as designing energy use and 
developing hardware and software in coordination usually need 
to be improved. However, most of the previous platforms aim to 
improve the usability of energy harvesting from a system perspec-
tive and only exist as standalone contributions. Little work has 
been done to improve the usability of energy harvesting from the 
perspective of novice developers. Exergy [55] is a novice-oriented 
development tool, but it targets only wind energy harvesting, which 
is a single object, and it does not explore the issues that users cre-
ate in developing the system. Therefore, our study complements 
this important work by treating users’ needs as a nuanced and 
dynamic variable—how novice developers apply energy harvesting 
techniques in their developments, what critical knowledge novice 
developers require, and what support they need. 

4 EVALUATION PLATFORM 
To explore and assess novice developers’ needs, we designed an eval-
uation platform consisting of hardware circuits and a development 
tool chain. The evaluation platform helped the novice developers 
and the expert to better test the various modules of the system 
during the mentored physical prototyping study. 

4.1 Design Considerations 
As the output power from energy harvesters is small, deploying 
energy harvesters in applications typically needs to consider volt-
age regulation and energy accumulation. Thus, a power manage-
ment circuit is important to connect energy harvesters to system 
loads. Specifcally, power management ICs are supposed to per-
form DC–DC conversions with various typologies, such as boost 
converters, charge pumps, and fy-back converters. Considering 
adaptability to various kinds of energy harvesters, two application 
circuits for power management ICs were designed in the platform. 

The frst circuit is based on BQ 25504 [68], which fuses the max-
imum power point tracking (MPPT) function through impedance 
matching to enable maximum power output from energy harvesters. 
The confgurable circuit parameters allow an adjustable output volt-
age. This circuit system accepts a minimum input voltage of 130 
mV. The BQ series has become one of the most popular solutions 
for energy harvester-based systems, but its high cold-start voltage 
(over 600 mV) is one of its major drawbacks. The second power 
management IC is LTC3108 [43]. It uses a transformer-based volt-
age conversion and allows a minimum input voltage of 20 mV, the 
lowest input voltage allowed by IC energy management chips in 
the market. This IC does not maintain the MPPT function, and the 
conversion frequency is relatively low. These two types of power 
management circuits can satisfy most energy harvesters’ input and 
can be used separately or together to form hybrid energy harvesting 
circuits. 

As the main application scenario for energy harvest-based sys-
tems is IoT, we integrated a wireless communication module on the 
platform—the Bluetooth-enabled MCU, nRF52832. Using the Blue-
tooth protocol requires relatively low power consumption. This 
popular nRF52832 scheme has a wide source for application to 
terminal devices and the cloud. 

4.2 Core Features 
Figure 2 shows a block diagram of the design platform and the 
designed hardware evaluation platform. The entire platform was 
designed with a leaf-like form, and we left 16 general input/output 
pins from the microcontroller with castellated holes, which were 
easily tested and connected by external devices/systems. 

Separate modules for testing. All three main parts (Bluetooth, 
power management IC1, and power management IC2) were de-
signed separately and could be used individually (i.e., with separate 
input and output pins). This is useful for debugging the board’s 
functionality and testing the operation of each part. 

Wide support programs and application examples. Pro-
gramming the Bluetooth module is relatively easy to access, with 
extensive online resources. Ofcial mobile application development 
examples are available to help mobile design applications for termi-
nals. 



Understanding Novice Developers in Creating Self-Powered IoT CHI ’24, May 11–16, 2024, Honolulu, HI, USA 

Figure 2: Designed evaluation platform. (a) 3D PCB design. (b) Functional block diagram of the designed platform. (c) Practical 
usage process of the platform. For example, it supports diferent input energy harvesters (E is the solar panel, and F is the MFC 
harvester) and diferent peripherals (G is the connection to the temperature sensor, and H is the E-ink display and the related 
mobile application). 

Probe pins for voltage checking. Per the perspectives of the 
previous works [28], one of the main concerns is the uncertainty 
of energy harvester-based systems. Thus, we added probe pins to 
the board to facilitate the monitoring of the energy storage unit 
(e.g., super-capacitor/rechargeable battery) voltage and help the 
developers master the power conditions of the whole system. 

5 USER STUDY CONFIGURATION 
This study involved two tasks using an energy harvester to develop 
self-powered embedded systems. In addition to a wide set of energy 
harvesters (Figure 2) and an evaluation platform, we also provided a 
DC voltage source, digital multimeters, an oscilloscope, solder tools, 
supercapacitors, breadboards, a smartphone, and basic electronic 
components (e.g., jump wires, resistors). 

We provided basic code examples and wrapper functions for 
the programming development aspect. The main programming 
development environment was based on the C language (i.e., Keil 
Embedded Development Tools), and the wireless signal-checking 
application was developed based on a smartphone. The study was 
conducted for two days for each novice developer, with each day 
allocated to one task. The duration of each task was 2 hours. Thus, 
each novice participant performed a 2-day, 4-h mentored physical 
prototyping study with the expert. On the frst day of the study, 
the participants were frst asked to sign an IRB consent form and 
provide demographic information, and the expert introduced the 
basic characteristics of the energy harvesters used (detailed process 
is presented in Section A.1). Afterward, the study commenced. 

5.1 Methodology 
Our work centered on a mentored physical prototyping study mod-
eled after a pair-programming study [7, 59, 71, 80]. In the study, 
the recruited novice developer mainly implemented the system 
development, with the expert acting as a navigator and providing 
the necessary guidance. The novice developer was the driver, while 
the expert helped conduct assistive operations, such as soldering, 
according to the novice developer’s design. If a novice developer 
was not profcient in C, the expert could help with coding according 
to the novice developer’s design. These studies were recorded and 
transcribed later for analysis (the corresponding analysis process is 
shown in the Appendix). The responses from both novice develop-
ers and the expert were coded using afnity diagramming [16, 61] 
and thematic analysis [5, 63]. 

5.2 Participants 
Novice developers: We recruited eight novice developers to participate 
in our study. All were novice electronic developers (i.e., undergrad-
uate and junior Ph.D. students majoring in engineering disciplines) 
from an institution in North America. As indicated in Section 3, the 
recruited developers were new to all three levels of design, hardware, 
and software in terms of energy harvesting. They had no extensive 
experience with embedded systems, and none had experience devel-
oping systems using energy harvesters. This is also in accordance 
with the other novice-oriented toolkit [55]. Nevertheless, they had 
taken relevant classes and conducted electronic labs in their educa-
tion and had more or less used some simple electronic prototyping 
platforms or components, such as Arduino, and sensor breakout 
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boards. Their detailed demographic information is shown in Table 
1. Each novice developer was reimbursed for $100 in total. 

Expert: The expert was a member of the research team (and 
a co-author of this paper) with extensive experience developing 
self-powered IoT devices using energy harvesting technologies. 

Table 1: Demographic information of the novice developers 
in the user study. (Year indicates the year of development) 

Users Age/Sex Year Background 
Simple electronic system P1 24/Male 1 (Arduino-based) 

Temperature monitoring system P2 26/Male 1 (Arduino-based) 
P3 23/Male 0.5 Embedded system software development 

Simple sensor-based detection system P4 27/Male 0.5 (Arduino-based) 
Remote control system P5 25/Male 1 (Raspberry Pi-based) 
Motor controlling circuit P6 25/Male 1 system development 

P7 24/Female 0.5 Laser detection system 
Simple electronic system P8 18/Male 1 (Arduino-based) 

5.3 IoT Development Tasks 
We designed two basic self-powered IoT development tasks follow-
ing a similar systematic structure: using a sensor to detect variations 
and an MCU to process the signal and control an actuator to execute. 
These two tasks were identifed from the most common cases of 
IoT use. 

Task 1: An automatic outdoor lighting system. The frst task was 
to develop an automatic lighting system similar to solar-sensitive 
streetlights. The participant was asked to design a lighting system 
demo using a light sensor (TEMT6000), the evaluation platform, and 
the energy harvesters of their choice. The light was recycled from a 
commercial garden light product (i.e., an LED). All the participants 
were requested to make the system intelligent (i.e., act according to 
environmental conditions) and programmable (i.e., thresholds and 
logic can be adjusted later in the deployment). All signal processing 
and logic should operate locally on the MCU. 

Task 2: An interior door/window monitoring system. The second 
task was to develop a monitoring system used in indoor environ-
ments. The system can be deployed on a door or window to alert 
users when an unexpected person opens it and enters the indoor 
environment. Specifcally, the participant was asked to use a hall 
magnetic sensor (3144E) with a magnet. The two components were 
installed before the study began (i.e., the sensor on the door and 
the magnet on the wall). 

Energy harvesters: We chose four types of energy harvesters 
(Figure 3), identifed by their popularity in the research felds and 
maker/hobbit communities. If used properly, any harvester type 
could meet the energy needs for the two tasks, whether indoor or 
outdoor. The selected energy harvesters were as follows: 

• Solar panel: Converting solar energy to electricity. 
• Piezoelectric: Converting the mechanical stress to electricity. 

Figure 3: Energy harvesters provided in the mentored physi-
cal prototyping study. 

• DC motor/Wind turbine: Converting the kinetic energy to 
electricity. 

• Soil microbial fuel cell: Converting chemical energy in a 
microorganism into electricity through bacteria in the soil. 

6 USER STUDY RESULTS 

6.1 Findings from Observing the Study (OS) 
To understand the workfow of our participants in their develop-
ment of self-powered IoT systems, we encoded the video sequence 
(mostly based on conversations between the novice developers and 
the expert and their activities) into eight subtasks: 1) Test the sen-
sor function, 2) Code, 3) Test the system function, 4) Measure the 
power consumption, 5) Measure the energy harvesters, 6) Calculate 
the capacitance and power, 7) Test the system connection, and 8) 
Improve robustness. Figure 4 visualizes the two requested tasks in 
this study, and Figure 5 shows the subtasks along the time axis. 

Table 2 shows the quantitative measurements of the two tasks in 
terms of harvested energy, consumed energy, and the design choice 
of each participant. The participants had various design choices 
regarding system working time, energy harvesting time, and energy 
harvester type. For Task 1, the power measurement of the solar 
panel was conducted only in the indoor environment for ease of 
debugging and development. The participants difered in the degree 
of success of their program designs. For example, P8 and P6 were 
unsuccessful in both tasks. P1, P4, and P7 were successful in both 
tasks. P2 and P5 were successful only in Task 2. P3 was successful 
in Task 1. 

6.1.1 Workflow. The participants generally followed the devel-
opment paradigm of components testing (for sensor and energy 
harvester) - system building (realizing the system function) - task 
debugging (using energy harvesters to power the system). 
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Calculating the
capacitor and power

Robustness 
improvement

Measuring the 
power consumption

(a) (b)

(c) (d) (e)

Figure 4: Two requested tasks in the mentored physical prototyping study: An automatic lighting system (a) with related demos 
of Task 1 of using a wind turbine as an energy harvester (b). An interior door and window monitoring system (c) with a related 
demo of Task 2 using a solar panel (d). Subplot (e) shows the participants’ behaviors in programming, using the evaluation 
platform, and energy harvesters. 

Figure 5: Participant time allocation during the mentored physical prototyping study. 
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Table 2: Quantitative measurements of the two tasks by all the participants in the mentored physical prototyping study. 

Task 1 Task 2 Developer Consumed Selected Harvested Consumed Selected Harvested 
Power Harversters Power Power Harversters Power 

P1 

P2 

P3 
P4 

P5 

P6 

P7 

P8 

0.01W 

0.58mW 

1.56mW 
4mW 

0.675mW 

0.3mW 

1.25mW 

6mW 

Solar panel 

Solar panel 

Solar panel 
Solar panel 

Wind Turbine 

Solar panel 

Solar panel + 
Wind Turbine 
Solar panel 

0.4mW 

0.3 mW 

3.68mW 
8mW 

2.5mW 

0.17mW 

12.6mW 

1.2mW 

0.3mW 

0.27mW 

0.3mW 
0.2mW 

0.3mW 

7.8mW 

0.1mW 

8.8mW 

Motor 
Solar panel + 
Soil MFC 

/ 
Wind Turbine 

Motor + 
Soil MFC 
Motor + 

Solar panel 

Solar panel 

Solar panel 

2.6mW 

0.6mW 

/ 
3.3 mW 

0.5mW 

0.4mW 

0.3mW 

0.3mW 

Components testing: As novice developers were more familiar 
with the concept of sensors or programming, most of the partici-
pants preferred testing the sensor function or getting familiar with 
the key parts of the system frst. Thus, they implemented system 
functions using the DC power supply, which was later replaced by 
energy harvesters. Afterward, they started measuring the energy 
harvesters, which took a long time. 

System building: In building systems, as we provided a demon-
stration programming, the developers did not put much efort into 
the function realization of the system. The time spent on this link 
was shorter. 

Task debugging: The results showed that most of the participants 
understood the key part of developing such an energy harvesting 
system: matching the energy harvested to the system’s consump-
tion. They attempted to fnd a trade-of between energy consump-
tion and energy harvesting, which was signifcant in developing 
an energy harvesting system. 

For the developers who completed the task, the development 
normally took 1.5–2 h. Most of the participants spent compara-
tively longer on capacitor calculation, energy harvester measuring, 
and system connection tests, and less time on system and sensor 
function tests. They also needed to be reminded of how to calculate 
capacitance values and adjust the system’s duty cycle. Based on 
the thematic analysis of the video recorded during the study and 
the observation notes of the expert, we identifed two high-level 
themes: 1) gaps between concept and practice and 2) the need for 
assistive features. The fndings for these themes are summarized as 
follows: 

6.1.2 Gaps between concept and practice. a). Gaps between the 
power concept and the measurement of energy harvester: The 
developers quickly understood the task’s requirements. They typi-
cally started with the sensor’s performance and performed basic 
tests to see how the sensor output relates to the input to determine 
the basic operational logic of the system. More questions were 
asked while powering the system with the energy harvesters. The 
frequently asked questions were: 

"How do I measure the power of the energy harvester?" 
(P2, P5, P7). "What is the output of these [energy har-
vester])?" (P3, P5). 

Although the developers were briefed on how energy harvesters 
work and the output energy, it was clear that they had little idea 
how to convert this knowledge into practice. The basic concept 
of power is known to developers and can be applied in system 
design to some extent (power is needed to support the system’s 
operation). However, they usually did not have the practical skills 
to measure power. For example, when P7 asked how to measure 
power, the expert needed to remind P7 of building a circuit loop 
using a resistor and measuring the current and voltage. However, 
when the expert asked what resistance value to choose, P7 did not 
give a specifc reason (took one resistor randomly). The participants 
recalled the formula for power calculation, but it was difcult for 
them to determine which circuit confguration to use to measure 
the voltage and current, which are two constituent parameters in 
the formula. Specifcally, they did not know the meaning of the 
output power, which should be determined by the load resistance in 
the circuit. To reach optimal output power, the impedance should 
be matched. This required elaboration and help from the expert, 
who assisted the novice developers in measuring the output power 
of the energy harvesters and the output power. 

b). Gaps between the capacitor concept and deployment: By 
using the energy harvesters, the participants quickly realized the 
characteristics of the unstable input of energy harvesters (e.g., using 
solar cells with power during the day and no power at night), and 
they were all aware that storage mechanisms could be used to 
mitigate the instability. However, when the capacitor was provided 
to the developers, at least one of the following questions would be 
raised by the participants: 

"How does this [capacitor] work?" (P5), "How does the 
[capacitor] work in the circuit?" (P5), "How can I charge 
the [capacitor]?" (P4, P5, P7), "How fast does it charge?" 
(P4), "How do I increase the charging speed?" (P2) "How 
many volts will it be charged to?" (P7), "How does it 
discharge?" (P5-P7), "Is the charging current the same as 
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the discharging current?" (P5, P7), "How do I determine 
how much charge it holds?" (P4, P5, P7). 

The novice developers knew how a capacitor would be used in 
this project (i.e., to store energy to eliminate the efects of fuctu-
ations in the environmental parameters). However, they required 
further guidance from the expert on the steps and design rules of 
thumb for capacitor use. 

c). Gaps between the sensing concept and digital sampling: 
Another question that was frequently raised was how to read the 
digital signal of the sensor during development. The participants 
understood the basic concepts of analog to-digital conversion and 
sampling but often needed to look into the setting of the sam-
pling frequency to enable the system to operate in intermittent 
mode with the duty cycle. Therefore, it was often the case that the 
expert had to remind the participants about the steps to set the 
sampling frequency. Furthermore, the novice developers wondered 
how high/low should they set the sampling frequency. Nevertheless, 
they usually understood the intention of sampling sparingly, which 
was to preserve power: 

"I would like to set the sampling frequency to [once 
every] 10 minutes because the outdoor light changes 
are relatively slow." (P1). "Let us set it to be 500ms frst 
to test the system function, and then we can test the 
practical situation of opening the door to change it." 
(P2). 

6.1.3 Need for assistive features. a). Need for capacitor calcula-
tion: More efort was put into the selection of the capacitor’s value. 
Although the basic features of the capacitor (e.g., the capacitor can 
store and release energy) were known to novice developers, they 
were stuck in calculating the charging time and the required ca-
pacitor size after specifying the required energy. The expert often 
assisted the novice developers in using an online capacitor energy 
calculator to help them overcome the problem quickly. 2. 

b). Need for optimization strategy: Another theme from the 
observation notes was their strategies in handling the issue of 
the harvested energy not meeting the consumed energy. As the 
output power from the energy harvester is generally low, this is 
one of the most common problems developers must solve. The 
participants wanted to increase the harvested energy to balance 
out the consumed energy, which was often their strategy when 
frst faced with the issue of an energy shortage. For example, in 
Task 1, P8 used only one solar panel for the electronic system at 
frst and found that it did not work (out of the box). Thus, he added 
more solar panels to a series and tried to improve the voltage. As 
he did not consider the power issue, the energy harvesters still 
failed to meet the energy requirements of the system. For most 
developers, adding input energy harvesters to increase the amount 
of energy that could be collected was the most obvious solution, 
but the additional cost was also discussed: 

"I can use many solar panels if the cost allows." (P3) 
Interestingly, compared with increasing the energy harvester 

count, it was not as obvious to our participants that they could also 
move the solar panels to a brighter environment, as they thought 
2Online Capacitor calculator tool: https://www.omnicalculator.com/physics/capacitor-
energy 

the brightness would not afect the output power much. The expert 
helped P3 place the solar panel near a window, and P3 found that 
the output current greatly increased. 

"I didn’t think the light would have such a big impact 
on the solar panel." (P3). 

Another interesting note is overlooking the key solutions. In this 
case, one commonly overlooked solution was to reduce energy con-
sumption, especially under space and cost constraints, which limit 
the number of allowable energy harvesters. This refected a lack 
of understanding of the sensor’s energy consumption. Although 
the participants were aware that optimization could reduce energy 
consumption, it was unclear to them how much could be reduced 
and whether it was worth the trouble to compare with simpler 
solutions of having more energy harvesters. This unknown led to 
the neglect of this part of energy consumption. When the expert 
guided the developers in dealing with the energy consumption of 
sensors, the participants remarked the following: 

"I didn’t know that the hall sensor consumes so much 
energy." (P2) and "This is where a lot of the energy is 
consumed by the system." (P5). 

Another energy optimization strategy is diversifying the sys-
tem’s energy harvester profle to improve robustness against low-
energy environmental conditions. At the end of Task 1, the expert 
asked questions, hoping to solicit the use of multiple types of en-
ergy harvesters. As the application of Task 1 was for outdoor-use 
scenarios, the environmental factors changed more signifcantly 
than the indoor scenarios (Task 2). However, this limitation also 
came with a richer set of energy sources that, if leveraged efec-
tively, could be advantageous. Specifcally, the expert asked, “If we 
choose to use solar cells, does the current design support lighting 
conditions in the wild, for example, when it rains for several days 
in a row or when there is not enough light?" Although it was not 
their frst response, most of the developers eventually came up with 
the solution of leveraging multiple types of energy harvesters: 

"Include the use of MFC or wind energy harvesters to 
make up for the missing energy amount." (P5). 

A hybrid harvesting scheme using diferent energy harvesters 
that complement each other to increase the input energy was the 
solution. However, this solution did not address (if not worsened) 
the issue of the uncertainty of energy profles by introducing more 
variability from the environment. In addition, an increase in energy 
harvester types could lead to false confdence in the energy supply. 
To address this issue, the participants mentioned a solution for mon-
itoring the harvested energy and adjusting the power consumption 
accordingly. According to P4: 

"We can monitor the voltage in the capacitor to derive 
the energy, and preset an information table in the system 
to dynamically adjust and calculate the time to provide 
lighting in conjunction with the local sunrise and sunset 
times." (P4) 

Maintaining the energy match of the output and input and dy-
namically adjusting the energy at the consumption end is a more 
intelligent solution to improve the robustness of the energy har-
vesting system. Novice developers generally prefer optimizing the 

https://www.omnicalculator.com/physics/capacitor


CHI ’24, May 11–16, 2024, Honolulu, HI, USA Xia, et al. 

energy supply by increasing the number and type of energy har-
vesters to meet demand (e.g., power consumption, robustness). How-
ever, there are more issues to consider when using multiple energy 
harvesters in conjunction with impedance matching, and energy 
harvester response. These were the issues that novice developers 
did not consider when developing systems using energy harvesters, 
constituting the “unknown unknowns,” which we relied on our 
interview with the expert to uncover. For example, it was unknown 
to most novice developers that complementary dynamic adjust-
ment and dynamic balancing solutions were possible. During the 
experiments, most of the novice developers needed to be reminded 
by the expert. 

6.2 Interview with Novice Developers (IN) 
After the two tasks were completed, we conducted a short interview 
with the novice developers, following a semi-structured interview 
scheme. Their responses were coded using thematic analysis and 
afnity diagramming (the method is introduced in Section A.2). The 
results also echoed the main themes identifed in the observations. 

6.2.1 Gaps between Concept and Practice. a). Gaps between energy 
harvesters and batery powering: We asked the participants what 
they thought after completing the development of these two tasks 
and what they felt they had learned that they had not noticed 
before. We considered many comments regarding energy harvesters. 
Almost all of the developers indicated they had a more practical 
understanding of energy harvesting technology: 

"I didn’t expect the solar cell to produce such diferent 
outputs for diferent lighting conditions" and "I thought 
the soil MFC was the most reliable, but I didn’t expect it 
to have such a low output voltage and power". "The solar 
cell was the most surprising to me. I thought it would be 
as stable as a battery [to provide a stable voltage/current 
output]." (P2) 

Similar comments on the power profles of harvesters also emerged 
from the interviews with P1, P7, and P8. Although no developer 
thought of energy harvesters entirely as batteries, they all used en-
ergy harvesters with expectations and conventions inherited from 
their previous experience with batteries. For example, they expected 
them to be as easy as using battery power and that their power 
and output would be stable. The novice developers commented that 
they could be “naïve” in the use of energy harvesters, constantly 
trying to draw analogies between energy harvesters and batteries. 
This mindset could be a result of failure and frustration rather than 
thinking of energy harvesters as a function of power with input 
parameters of environments and system implementation, both of 
which were noted as elements of surprise by the participants in 
their interview. 

6.2.2 Need for Assistive Features. a). Need for power simulation: 
We then asked the novice developers about their willingness to use 
energy harvesters and, in particular, whether they would consider 
using them instead of batteries (e.g., power banks or button cells) 
when developing similar IoT systems. Overall, the participants 
indicated that they would use energy harvesters to develop systems 
if certain conditions were met. These conditions were all related 
to tedious calculations and the unknown considerations of critical 

design elements, both of which could be addressed with assistive 
features in future development tools. For example: 

"I would choose to use an energy harvester if it was in 
outdoor conditions because the battery would need to 
be replaced." (P1). "I would trust it more if I could know 
exactly how much output power each energy harvester 
can have." (P2). "If I could be told directly how much 
power each energy harvester could produce and how 
much energy the system would consume, I could just 
connect them easily." (P3). "I would like to trust the 
energy harvester if I understand all of the [system] parts’ 
power consumption." (P4). 

Thus, more explicit information about power is needed. The 
novice developers relied on the power harvester to tell them how 
much power could be generated so that they could be more com-
fortable in the design and debugging phases. This demonstrates the 
importance of exposing critical design elements as early as possible 
in the initial stages. Simulation can help with this. Power infor-
mation should be provided to users as early as possible, and users 
should be allowed to design based on the simulation information, 
thus reducing actual trial and error. 

6.3 Interview with Expert (IE) 
We interviewed the expert to compensate for the participants’ feed-
back, which could require completion or could be biased due to 
a lack of knowledge (efect of "unknown unknowns"). With the 
interview with the expert, we expected to validate the participants’ 
fndings and discover complementary new insights into the partici-
pants’ needs. We navigated the interview with the expert using the 
following questions: 

• Information exchange/sharing. Was there information asym-
metry between expert and participants. If so, how did this 
afect participants’ development of self-sustaining systems? 

• Communication experiences. What were the experiences of 
exchanging information with participants in collaborative 
developments. Were there any obstacles that expert encoun-
tered in this process? 

• Navigation strategy. How did expert solve problems or deal 
with difculties in communicating with participants during 
the collaborative developments? 

6.3.1 Gaps between concept and practice. The expert revealed that 
the novice developers needed to learn to put constituent concepts in 
energy harvesting into practice. These concepts include capacitor, 
power, and duty cycle. The frst two fndings generally agree with 
the observations of the study. 

a). Gaps between the capacitor concept and charging and dis-
charging: The expert revealed that although all the participants 
knew that capacitors could store energy, few knew how to make or 
use the connections. The expert reported an example in which one 
participant asked, “Can a capacitor discharge when it is not fully 
charged?” Another even more troublesome example was when the 
participants expected their system to work only after the capacitor 
was fully charged without asking the question. In fact, discharging 
a capacitor does not need to wait until it is fully charged. The actual 
discharge of the capacitor is afected by the situation of the circuit 
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and its capacitance. This problem also revealed that the novice 
developers had only a conceptual understanding of capacitors and 
were not familiar with their practical use. The expert also found 
power to be another front in which knowledge of practice was 
largely missing. 

"Participants knew P is calculated by multiplying U with 
I, but what they didn’t know is that both voltage and 
current have to be supplied to get the expected power." 
(Expert) 

b). Gaps between power concept and load: What the developers 
overlooked was that the output power of the harvester is decided 
by its load, which changes the output voltage and current in en-
ergy harvesting. Assuming either of them was constant only led 
to confusion and frustration. For example, the expert mentioned 
an example in which P8 tested an open-circuit voltage of 5 V from 
the solar panel. When P8 connected the solar panel to the system, 
he found that it could not supply power to the system and was 
confused about why the output voltage decreased rapidly. 

c). Gaps between the sensing concept and duty cycle: On the 
power consumption end, it was common for novice developers to 
overlook the option of reducing it by optimizing the sensing or 
actuation duty cycle. The expert observed that most of the partici-
pants immediately found ways to increase the power supply once 
they learned about its shortage in supplying the consumption of 
their applications while overlooking the other part—reducing the 
consumption on the LED (actuator) or the sensor. 

Further communication between the expert and the novice de-
velopers revealed that the reasons for this mindset were because 
1) the novice developers believed that power consumption was 
already very low and that improving it would not be worthwhile, 
2) they did not know the existence of methods for reducing energy 
consumption, and 3) they thought the methods to reduce energy 
consumption were challenging. The expert reported that the novice 
developers tended to think that the sensors had very low power 
consumption and did not require merit optimization. However, 
hall efect sensors consume considerable power (3.5 mW) without 
optimization of the sampling rate or adoption of power gating ap-
proaches. Furthermore, even if the novices noticed the considerable 
power consumption of the sensors, they needed to learn how to 
correlate it with the sensor’s sampling rate. We found that the gaps 
between practice and concept in the case of the LED were much 
better than those in the case of sensors. The expert observed that 
the novice developers had a better understanding of perceivable 
elements. The light from the LED was a constant reminder of “hey, 
I am consuming power, so do something about it,” whereas the 
sampling rate of the sensors was abstract and thus “invisible” to 
them in their developments. 

6.3.2 Need for assistive features. Most of the assistive features were 
reported in the previous sections, while the interview mostly fo-
cused on the “unknown unknowns”—knowledge that the novice 
developers themselves would not know that could help them. Find-
ings regarding this were scattered throughout the interviews. 

For example, depending on the design points at diferent stages, 
when using energy-consuming or power supply units, it is usually 
necessary to specify their power. When selecting energy storage 

elements, it is necessary to specify how much energy is to be col-
lected, as the time of charging needs to be taken into account. The 
novice developers spent a signifcant amount of time converting 
power (needed for the LED/sensor) into energy (design factor for 
capacitance selection) and power (needed to be harvested) in the 
iteration of their system development. This calculation could be 
facilitated and even automated using built-in features on future 
development tools. 

a). Need for capacitor selection recommendation: The expert 
also noted that the size selection for capacitors could be a space in 
which support is needed. The novice developers relied on a trial-
and-error approach to select capacitance for storing energy. For 
example, once the energy required was calculated, they would try 
a small capacitor (e.g., 0.1 F ) to store it. If the energy harvested 
charged up the small capacitor too quickly, they would increase 
it to a larger capacitor (e.g., 1F) to improve the energy harvesting 
efciency, as energy does not charge into the capacitor further after 
it reaches the maximum voltage. However, a capacitor that is too 
large can result in a longer energy harvesting time before reaching 
a usable voltage level. This trade-of posed difculties in capacitor 
selection for all novice developers in the study. 

b). Need for hints: The expert reported a general problem in 
energy harvesting of having too many variables to consider in op-
timization. Guidelines, recommendations, or proactive hints com-
pared with passive information feeds (e.g., status indications, logs, 
and visualizations) could help reduce the confusion caused mainly 
by novice developers needing to know where to start and what 
should be the plan of attack. This support is even more important 
given the ebbs and fows of energy supply and consumption due 
to varying environmental conditions and application needs. The 
novice developers had little clue about which variable to tune in 
response to the change in dynamism between energy supply and 
consumption. 

6.4 Summary 
We summarized the fndings from observing the study and inter-
views with novice developers and the expert (Table 3). We observed 
that for the informational gap, novice developers need to bridge it 
with relevant hands-on experience in basic electronics, which could 
lead them to acquire the skills necessary for energy harvesting 
systems faster. These fundamental physical electronics informa-
tional gaps were previously dispersed in various applications in the 
electronics feld, and the energy harvesting system integrated them. 
The problems specifc to energy harvesting technology are mostly 
refected in the assistive features needed to help novice developers. 
This also tells us what kind of skills they need to be educated to 
practice and what kind of help they need when introducing a novice 
to energy harvesting system development. 

We further connect the relevant informational gaps and assistive 
features with issues found in the study (Figure 6). To some extent, 
the informational gaps can also be refected in the need for assistive 
features, which are the potential functions of what a toolkit aims 
novice developers to have (Table 4). However, most solutions solve 
practical energy harvesting-related physical electronics problems 
through assistance methods. We believe that these existing tool-
based solutions are insufcient for novice developers and that the 
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Table 3: Findings on the informational gaps and the need for assistive features from the user study. OS: observing the study; IN: 
interview with the novice developers; IE: interview with the expert. 

Gaps between 
concept and practice 

Need for 
assistive feature 

OS-a & IE-b: 
Power concept and measurement of energy harvester/load 

OS-b & IE-a: 
Capacitor concept and deployment/charging and discharging 

OS-c & IE-c: 
Sensing concept and duty cycle 

IN-a: 
Energy harvesters and battery powering 

OS-a & IE-a: 
Capacitor calculation/selection recommendation 

OS-b & IE-b: 
Optimization strategy/Hints 

IN-a: 
Energy harvester power simulation 

Table 4: Summary of issues and existing solutions. 

Issues Findings Category 
Solutions in existing 

platforms/tools 
Used in 
study 

Physical electronics 
issues 

Measurement of 
energy harvester/ 
power with load 
Digital sampling/ 

duty cycle 
Capacitor deployment/ 

charging and discharging 

Informational 
gaps 

Power profle tool 
Voltmeter 

Demo programming 
[23, 55] 

Online calculator 

! 

! 

! 

Capacitor selection 
recommendation Assistive 

Online calculator ! 

Energy harvesting 
issues 

Optimization 
strategy/hints 

Energy harvester 
power simulation 

features / 

Power simulation 
model 

[22, 32, 35, 55] 

problems are still open for better solutions, such as power profles 
or logging [8]. To better reveal novice developers’ needs, we did 
not provide energy harvester power simulation tools in the experi-
ment. The existing platforms are well aware of and integrated with 
relevant functions for this part of the solution (e.g., Exergy [55] and 
Solacle [35]). An unsolved problem lies in the provision of power 
optimization strategies. The novice developers were often at a loss 
when faced with problems such as energy fuctuations, excessive 
power consumption, and insufcient harvested energy due to a lack 
of experience. 

7 DISCUSSION AND IMPLICATIONS FOR 
DESIGN 

7.1 Education Eforts 
The experiments in this paper revealed many practical issues in 
basic physical electronics that might have nothing to do with the 
energy harvesting technology itself as a related underlying tech-
nology. However, we believe that, as a gap, these issues are what 

Informational gaps Assistve features
Capacitor vs. 

deployment and charging

Power vs. 
measurement and loading

Sensing vs.
digital sampling and duty cycle

Energy harvesters vs. 
battery powering

Capacitor 
calculation/recommendation

Optimization strategy/hints

Energy harvester simulation

Issues in study

Measuring power and 
testing harvesters

Capacitor calculation

Sensor operation mode

Sampling frequency

Deal with power 
insufficient

Figure 6: The relationship between informational gaps and 
assistive features found in the user study. 

novice developers should overcome when developing energy har-
vesting systems. Related issues are also refected in [55], which is an 
energy harvesting toolkit for novice developers. When promoting 
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the toolkit to novice developers, the authors conducted a workshop 
and tutorials for them before using the relevant Exergy toolkit. The 
novice developers needed to be familiar with the related concepts 
before they could start using the toolkit. This “educational tutorial” 
was intended to solve the relevant informational gaps of novice 
developers. Therefore, a toolkit intended for novice developers 
should consider the users’ informational gaps between concept and 
practice more carefully. To fll this informational gap, educational 
eforts should be centered on the involvement of lab components in 
the curriculum, giving students hands-on experience in using har-
vesters in embedded system projects. As universities have long been 
integrating low-cost, novice-friendly hardware into their curricula 
[29], having an energy harvester could be incremental and not 
disruptive to the existing curriculum setup. Educators have shared 
their experiences in this domain, such as in a survey of energy 
harvesting techniques for engineering courses [11] and curriculum 
setup [53]. 

7.2 Functions to Bridge the Informational Gaps 
Although education can address these informational gaps to some 
extent, we do think that it can also be integrated into a novice 
developer-oriented toolkit for energy harvesting. The toolkit needs 
to consider the practical issues of novices and provide more as-
sistance. This kind of help should not only be about the use of 
skill-level tools (e.g., instrument/power profle). A solution is to 
consider more example demonstrations. These demos are similar 
to game guides or product manuals. They should “awaken” novice 
developers to make up for the practice of previous concepts in an 
easy-to-understand manner. For example, regarding the power con-
cept and measurement/loading, the toolkit can start with basic 
concepts that users are familiar with (e.g., the calculation formula 
of power) through example demos and guide users in applying 
power in practice (e.g., measuring a power source, clarifying the 
maximum power and output power). In addition, the example of 
the power concept further illustrates the comparison between en-
ergy harvesters and batery power. By showing that the power 
output of an energy harvester depends on relevant environmental 
factors, it is possible to identify the diferences between an energy 
harvester and a battery and their advantages (e.g., it can be seen as 
an unlimited source of energy) and disadvantages (e.g., it is subject 
to fuctuations in environmental factors). Similarly, in the program-
ming process for sensing, users are prompted to pay attention to 
programming related to “intermittent” work. When novice devel-
opers realize that energy storage units can be used to bufer energy 
fuctuations, the toolkit can show through simple examples how 
the capacitor should be used in the system and what the principles 
are. Closing these informational gaps can help users better discover 
the main knowledge of energy harvesting and open the key to enter 
its domain. 

7.3 Logging for Optimization Strategy 
An extensive amount of logging can help novice developers un-
cover problems in their development and come up with informed 
solutions. As what the participants desired in the study, the energy 
optimization strategy depends on information that can be straight-
forwardly acquired in logging. For the same purpose, a checklist 

approach can be used to help developers check whether their de-
signs have been optimized, especially for obvious fronts on which 
energy could be saved (e.g., intermittent sensor turn-on and turn-
of). Such methods of providing help have been widely used to help 
developers use complex software tools [2, 44]. 

7.4 Further Expand Simulation to Digital Twins 
We also highlight the importance of using digital tools, such as sim-
ulations or even digital twin techniques, to move exploration from 
the physical to the digital realm. This point refects the need for the 
simulation of energy harvesters during the study. Many previous 
systems have demonstrated simulations for energy-harvesting ap-
plications [23, 54]. The simulation of energy harvesters can lead to 
optimization that guides the selection of harvester parameters (e.g., 
size of a solar cell) and code-level implementation (e.g., sampling 
rate and duty cycle), as shown by Lizuka et al. [23]. Moreover, sim-
ulation tools may potentially turn into digital twins, with real-time 
monitoring capabilities possibly achieved using debugger types of 
adaptor boards or data exchange mechanisms in frmware. With 
rich data logged from deployments, including measurements that 
can be difcult to simulate (e.g., environmental factors), digital 
twins can facilitate the exploration of novice developers later in the 
development phase in cases in which they need to fnd alternative 
approaches. 

These digital twin systems should be more modular than the 
status quo, allowing for more fexible explorations in a trial-and-
error manner. The trial-and-error approach has been recognized 
as the preferred strategy for developers when faced with com-
plex objects [34, 50]. These digital twin systems can be combined 
with calculation tools (e.g., a capacitor size calculator) and a soft-
ware programming platform to collaborate when developing the 
required programs. For example, Weniner et al. [70] proposed a 
guided exploration to help novice developers create monitoring 
tools, highlighting the most important information to users and 
providing relevant suggestions. 

7.5 Composability/Plug and Play 
In the physical layer, it is also important to help developers make 
connections efciently and test them, as we found that much time 
was spent on tasks regarding connectivity in our study (Figure 5 
purple). The results from this study confrm the benefts of mod-
ular designs, which have shown promise in previous studies (e.g., 
[6, 20]) in facilitating the assembly and measurement of physical 
devices. The novice developers found one major diference between 
batteries and energy harvesters—the ability to “package” energy to 
be later used in modules. For example, batteries support physical 
connections, including series and parallel connections, achieving 
the desired voltage and current in a fexible manner enabled by the 
modular design of batteries, which is a plug-and-play experience. 
Aside from the fact that it is faster to make connections between 
modularized harvesters and the system, novice developers can also 
beneft from modularized harvesters in reducing the possibility of 
error. In this sense, supporting tools that can yield “just work”, use 
experience can yield the same benefts. We argue that providing a 
robust “just work” experience can be a better focus for tool research 
in this space. Another beneft is the automatic match impedance 
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demonstrated by commercially available energy management ICs 
(e.g., [68]), further mitigating the source of errors while preserving 
novice developers’ time for more design iterations. 

7.6 Avoid "Creeping Featurism" 
There is beauty in the fundamentals, as pointed out by pioneering 
research in creativity-supporting tools in the caveats for “creeping 
featurism" [57]. Guo argued that minimizing user options would 
be preferable in the long run to avoid overwhelming novice users 
and to lower the burden of maintenance [15]. In developing energy 
harvester-based IoT devices, developers need to put more efort 
into eliminating the instability caused by unstable environmental 
factors, such as real-time scheduling, dynamic load adjustment, 
data storage under checkpoints, and energy storage mitigation of 
monitoring. However, developing many optimizations and provid-
ing as many assistive tools as possible can pose the opposite efect, 
leaving developers with a dizzying array of features, unnecessarily 
increasing the number of “tools” and taking the focus away from 
the awareness of in-/outlets and variables developers need to tune. 

In addition, featurism packages fundamentals into “black boxes” 
that hide important information from novice developers that could 
lead to the unveiling of potential problems or solutions. Existing 
popular IoT development platforms, such as Arduino, Raspberry Pi
3, and Micro: bit 4, have appealed to a wider range of developers. 
The platforms have a high degree of system encapsulation to lower 
the threshold of expertise for use. For example, users can easily plug 
and unplug electronic components and wires physically. To form 
an accessible path, they only need to recognize the appropriate 
pins and simple electronics knowledge (e.g., positive and negative 
electrodes). However, convenient development with a low knowl-
edge threshold hides much information about the performance of 
physical electronics (e.g., supply voltage and power). On the soft-
ware level, the demo code guides users to rewrite the core parts 
without requiring more knowledge of embedded system develop-
ment. Thus, expertise such as digital sampling is disregarded. The 
over-concealment of specialized knowledge also makes existing 
platforms less suitable for novice developers of energy harvest-
ing to get started. Such platforms, which are designed to facilitate 
development, hide the key elements of energy harvesting system 
development, such as power and sampling frequency, so that devel-
opers who have formed a development habit with these platforms 
will be exposed to various problems when facing energy harvesting 
system development. 

Therefore, the struggle to have a low foor while keeping the 
ceiling high will likely continue to exist in the supporting tools, and 
we should be mindful of the risk of having too many features that 
skip, combine, or hide fundamentals from developers. We urge the 
community to focus on improving the awareness of and capability 
of developers in in-/outlets and variables for energy, as opposed to 
features in future supporting tools for building. 

3https://www.raspberrypi.com/
4https://microbit.org/ 

8 LIMITATION 

8.1 Lack of Investigation into True 
Intermittency 

Although our evaluation platform features all the components 
needed to implement systems that face true intermittency, we de-
cided to exclude it from the current study’s scope to accommodate 
novice developers’ lack of experience. In other words, advanced 
techniques in intermittent computing, such as timekeeping and 
checkpointing, still need to be implemented and tested. In reality, 
power failures can be frequent and difcult to predict. The tar-
get applications that the novice developers implemented included 
data processing, sensing, communication, and actuation, and we 
asked them to refrain from considering (implementing) scenarios 
in which power failures could disrupt these functions (e.g., clock 
resetting and lost volatile memory). Future eforts are needed to 
investigate novice developers’ implementation of IoT systems with 
intermittent computing schemes. 

8.2 Missing Data Points from Developers of 
Various Levels 

Continuing from the previous limitation, we should have consid-
ered expert developers or developers with more embedded system 
development experience in the current study. We suspect that ex-
pert developers may have fewer gaps between concept and practice, 
while novice developers without experience in embedded system 
development need more help to bridge these gaps. However, the 
same assistive features obtained from the study are still required 
for all developers, regardless of their level. Future work continuing 
this line of research should look into informational gaps and assis-
tive features for developers of various levels, including experts in 
developing IoT systems with energy harvesting and K12 students 
who have just begun to learn about embedded systems. Addition-
ally, considering the diverse age and gender participants could help 
a more comprehensive understanding of the related IoT system 
development with energy harvesting. 

8.3 Limited Variety of Evaluated Applications 
Finally, the two target applications could not represent all applica-
tions of the IoT. For example, the two examples we selected were 
stationary, whereas self-powered IoT systems could also take wear-
able or mobile forms that have entirely diferent sources of energy 
(e.g., the body temperature or kinetic energy of a wearer) and con-
straints in optimization (e.g., size, weight, and fexibility). Even for 
stationary IoT systems, a diverse set of applications could be consid-
ered in the future, such as applications in the wild that are far from 
human activities (e.g., wildlife/wetland preservation). These applica-
tions demand diferent amounts of energy and levels of robustness. 
Other design factors weighing more than energy harvesting ef-
fciency must also be considered. For example, self-powered IoT 
systems must not pollute the sensitive ecological environment in 
the wild. These applications were not covered in this study, and 
they merit further investigation in our future work. 

https://4https://microbit.org
https://3https://www.raspberrypi.com
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9 CONCLUSION 
We conducted the frst user study to investigate the support needed 
for novice developers in creating self-powered IoT systems using 
energy harvesting. We recalled the represented existing works to 
facilitate the development of self-powered IoT systems with difer-
ent developers’ knowledge levels and created a customized energy 
harvesting platform for evaluation. We then conducted a two-day 
user study with this platform in a mentored physical prototyping 
paradigm, teaming up novice developers with an expert in the de-
velopment of two target applications—an automatic lighting system 
and a home security system—both of which were required to be 
self-powered using the platform and a wide array of energy har-
vesters provided in the study. We performed a thematic analysis 
on video transcripts, notes from the experimenters, and interviews 
with both the novice developers and the expert. Our fndings point 
to informational gaps and assistive features and call for future ef-
forts on tools to support novice IoT developers’ adoption of energy 
harvesting technology to improve the sustainability of computing 
and IoT applications. Overall, we believe that our study flls a gap 
in the literature and provides a foothold for future eforts. 
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A DETAILED INFORMATION IN USER STUDY 

A.1 Introduction of Energy Harvesting by the 
Expert 

After presenting the main contents of the two-day mentored phys-
ical prototyping study, the expert describes the characteristics of 
each type of energy harvester since none of the novice developers 
involved in the study had experience developing energy harvest-
ing systems. The expert only explained what kind of energy-to-
electricity conversion the corresponding energy harvester accom-
plished (instead of the related detailed electrical characteristics, 
e.g., the voltage level, power, and so on ) and the characteristics of 
the output energy (DC or AC). After confrming that each novice 
developer had a clear understanding of the characteristics of the 
provided energy harvesters and had no further questions, the main 
phase of experimentation began. 

A.2 Afnity diagramming and Thematic 
Analysis for Observation Study and 
Interview 

Both the observation study and interview study were analyzed by 
afnity diagramming for thematic analysis, which is the common 

way in HCI qualitative evaluation [45, 52, 75]. We transcribed the 
observation study and recorded the video and interview video. Two 
co-authors (including the expert) reviewed the video and transcripts 
via the Miro [51]. Each co-author textualized the key points of 
novice users’ behavior, such as their questions, required assistance, 
and proposed tentative solutions, as well as the interview’s main 
topics. Subsequently, two co-authors worked together to cluster the 
found topics and form the groups. Lastly, they collaboratively re-
viewed all topics and groups and summarized them in more specifc 
and appropriate themes. Figure 7 presented our thematic analysis. 
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