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Abstract— The rise of IoT and 5G-powered cybernetic 

connectivity has drastically transformed our living 

environment with the rapid introduction of diverse and 

disaggregated sensing systems. A plethora of prototyping 

boards and development kits offering disparate environmental 

condition sensors have become available to promote DIY 

applications, but they require significant user programming 

and assembly. The adoption of commercial products on the 

other hand is largely limited by the high costs associated with 

device capability, installation and maintenance. These 

expenses are dominated by the power and connectivity 

requirements as well as long-term upkeep of device operations. 

To overcome these challenges, we developed an ultra-compact, 

low-cost and a fully packaged environmental sensing device 

capable of monitoring up to seven parameters at once that can 

be easily installed on any surface and recharges automatically 

with embedded solar energy harvesting. We believe this 

compact and power-efficient sensing device will provide an 

unobtrusive and cost-effective example for future distributed 

environment monitoring systems with a wide variety of 

applications. 

Keywords—Environment Sensor, IoT Device, Low-power, 

Low-cost, Compact, Gecko, Continuous Monitoring.  

I. INTRODUCTION  

With the rapid increase in urbanization, Internet-of-
Things (IoT) is radically transforming our daily life by 
keeping us intimately connected with each other, our devices 
and the information superhighway [1], [2]. Adding cloud-
based artificial intelligence and 5G connectivity [3], IoT 
devices populate the consumer sector - with applications 
such as smart lights, voice-assisted home entertainment, self-
driving cars [4] - and the enterprise sector – with applications 
such as asset tracking, production monitoring, and smart 
factories[5], [6] Amongst them all, environment monitoring 
has become one of the most beneficial and sought-after 
applications [7]. This is due to the rapid growth in 
industrialization and urbanization that creates harmful 
pollutants in residential homes, office spaces, and factory 
floors [8], [9]. Pollutants such as Carbon monoxide, ozone, 
sulfur oxides, and particular matters (PM) severely damage 
human health [10]. Other factors such as temperature, 
humidity and ambient noise also impact our wellbeing and 
lead to stress, discomfort, and distractions. [11], [12]. As we 
spend more time indoors, it’s imperative to have well-
distributed multi-modal sensors to provide continuous 
environment monitoring with minimal space intrusion, to 
improve comfortability, work efficiency and safety [12].  

Currently available commercial sensors cannot meet the 
requirements for large scale, distributed IoT environmental 
sensing; most of them are monolithically made to act as a 
centralized unit for monitoring a single location [13]. 
Devices such as the AirThinx Go [14] are specialized to 
detect air pollutants such as Formaldehyde, PM and VOC, at 
a high cost of $699 per unit. This system requires a constant 
power source, connectivity to the internet, and dedicated 
services for regular system maintenance and operation 
upkeep. For most commercial products, due to their 
propriety, hardware and software access are usually 
restricted for end users.  

Unlike fully packaged commercial products, there are a 
plethora of DIY prototyping boards and development kits on 
the market today, available for self-customization and 
programming. This endeavor is often supported by open 
firmware, allowing any user to modify device operations 
without restrictions. Sensor calibration is in the hands of the 
developer. An example device is the Arduino Nano 33 BLE 
[15], which has a low retail cost per unit of $28.99, that 
comes with 6 different environment sensors. However, the 
device needs to be built to user specifications, which requires 
extensive knowledge in hardware and software. The Nordic 
Thingy: 52 [16] is another popular IoT device that sells as a 
development kit and a fully packaged device. The 
development kit is well equipped with seven different 
sensors, having a total dimension of 60 x 60 x 35 mm and 
powered by a Li-po battery. To the best of our knowledge, 
it’s the latest and closest to our Gecko device, however we 
believe further reduction in size, weight, and power 
consumption will significantly improve IoT’s usability and 
adoption for ubiquitous environment monitoring and even 
object tracking.  

To that end, we’ve developed a small, lightweight, solar-
powered, flexible mounting, and fully packaged device that 
can be conveniently positioned on surfaces of an 
environment in large numbers at a relatively low production 
cost of $35 per unit. Our goal is to facilitate the wide 
deployment of affordable, unobtrusive IoT sensors to gather 
relevant information in the background for a variety of end 
user applications. Prebuilt with seven state-of-the-art high-
accuracy environmental monitoring sensors, user-interface 
ready-display via a mobile phone and full user access to 
firmware, we showcase our Gecko device’s potential in 
forming a widely distributed network of environment 
monitoring IoT sensing units for a variety of applications.  
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II. MATERIAL AND METHODS 

A. Materials & Layout 

The casing of our device was manufactured through two 
approaches, either injection molding or 3D printing. The 
former was employed for achieving low-cost product at large 
scale, while the latter provides a fast turnaround time in low 
volume orders. As shown in Figure 1a, the case measures at 
a dimension of 40 x 25 x 15 mm. The construction is divided 
into the top half with distributed access apertures for the 
embedded sensors as well as a recess for the solar panel and 
the bottom half holds the rechargeable battery and two 
vertically connected circuit boards. A sandwich structure 
(Figure 1b) ensures easy user accessibility. A layer of 
reusable, reversible tape made by Duck Brand [17] is 
attached to the smoothed surface of the bottom plate, 
permitting arbitrary placement in a fixed orientation during 
monitoring. 

B. Custom Circuit Board Design 

We designed our circuit boards with Altium Designer to 
minimize the amount of space occupied and utilized power 
efficient, compact, and high-performance electronic 
components. Illustrated in Figure 2, we take advantage of 
the casing space available and maximize the top and bottom 
circuit boards using inter-stacking connectors. We 
employed a highly efficient ARM-based Cortex M4-F 
64MHz processor, with 8 MB of on-board flashing and USB 
charging capability. The most notable feature of our device 
is the inclusion of the BQ25504 ultra low power solar 
energy harvester, measuring only at 3mm x 3mm. The 
sensing system consists of a 6-axis BMI160 Inertial 
Measurement Unit (IMU), a digital color and illumination 
BH1745NUC sensor, a MEMS-based MP34DT05 
omnidirectional stereo sensor, and an ultra-compact and 
low-power BME680 sensing modules capable of measuring 
300 - 1100 hPa air pressure range, 0-100% humidity, -40 ˚C 
– 85 ˚C temperature, and 0-500 IAQ air quality index. The 
sensing module is also expandable via the SPI/I2C protocol. 
To communicate with the device, a developer has the option 
of BLE4.2/5.3 optional NFC, SD-card, and on-board RGB 
LED lights.  

III. RESULTS & DISCUSSIONS 

Weighing 24 grams, our entire circuit board fits snuggly 
in the lightweight and durable plastic case. We calculated a 
building cost per device of $35 for bulk quantity over 10,000 
units. The uniquely implemented solar-charging module 
along with high energy efficiency sensors and processors 
supports long-term and continuous operation, potentially 
eliminating the need for manual recharging or battery 

replacement. By employing a state-of-the-art solar charger, 
our compact 150 mAh Li-po battery is rechargeable at an 
efficiency over 85% under 30 mA input current and 3V 
source voltage. Our device had shown 15 hours of 
continuous operation for logging data on SD card without 
fail during our validation experiments. With ongoing power 
distribution optimization efforts, our device is set to run 
indefinitely under the solar mode. Furthermore, the device 
is fully packaged to function out of the box, streaming all 
seven sensors data through a mobile device app. All sensors 
were verified to be working correctly according to the 
factory datasheet. The device is fully open source, granting 
unrestricted access to its firmware and raw data through any 
of the 4 communication protocols available. The firmware 
and processing codes were written in C and python, 
respectively.  

To ensure reliable sensor operations and assess their 
performances, each Gecko device underwent a placement 
protocol that introduces abrupt environment alterations to all 
sensors. Briefly, each device starts at an initial horizontal 
position in a first environment condition for 400 seconds. 
Then the device is brought to a second environment 
condition in a vertical position for 550 seconds. Finally, the 
device was returned to the first environment in a horizontal 
position for 450 seconds. This repetition demonstrates the 

Figure 1. a) The Gecko device and its measurements b) 
Schematic sectional view of the device with labeled 
components   

Figure 3. Validation of sensor operation of the Gecko device 
under two abrupt environment condition variations at two time 
indices marked by downward arrows     
 

Figure 2. Circuit renderings with component labels (a) top 
and (b) bottom of circuit.    
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consistency in the sensor accuracy and reliability. The first 
environment is an indoor space with an average temperature 
(~ 21 ˚C), humidity (~60%), light intensity (20 lx), air 
condition (20 IAQ) and sound level at peak (65 dB). These 
measurements were from each of Gecko’s sensor and used 
as specified by the manufacture. The second environment is 
an open space adjacent to the first environment with an 
insulated separator. Same sets of measurement standards 
were obtained for the second environment at ~ 18 ˚C, 40% 
humidity, 550 lx brightness, 60 IAQ, and 55-60 dB peak 
noise.  

All sensor outputs were saved directly to the on-board SD 
card for easier post-processing in Python. The results are 
shown in Figure 3. Two vertical arrows atop indicates time 
indices of environment change. As shown by the gyroscope 
and accelerometer sensor readout, there is no movement of 
the device during initial start-up in the first environment, as 
expected. The atmospheric level remains constant at 1030.7 
hPa or 1 atm regardless of positional or environment 
variations. Consistent and notable responses can be observed 
at time index 1 and 2 in which placing the device from the 
first environment to the second, then back to the first again 
brought on corresponding changes to the temperature sensor 
(from 21 ˚C to 17 ˚C to ~20 ˚C), humidity sensor (from 60% 
to 40% to 60%), and air quality sensor (from 20 to 100 then 
to 90 and lower IAQ). The air quality index was calculated 
from the sensor’s proprietary algorithm and shows an 
abnormal uptick in the transition from second to first 
environment. This is due to the fact that IAQ algorithm is 
used for steady VOC status tracking, and therefore not 
accurate for abrupt change of environment conditions [12]. 
We confirmed the consistency of the sensor operation by 
evaluating the raw gas sensor resistance and obtained 
expected air quality dynamics (from 100 to 150 to 100 
kohm). Indoor lighting was provided by an incandescent 
light source. Four light constituents (red, green, blue and 
clear) were detected by the light sensor’s IRCUT filter to 
ascertain color temperature and brightness. Their intensities 
remain low in the first environment. The strong natural 
lighting of the second environment with direct sun exposure 
contributed to elevated color temperature and illuminance at 

the marked time indices. The audio sensor responses were 
evaluated by purposely introducing abrupt loud noises in the 
first environment, as indicated by the uptick of decibels at 
the 50-seconds, 950-second, and 1200 second marks. No 
artificial noise was introduced in the second environment, as 
indicated by the relatively low noise floor.  

We surveyed the relevant IoT community for notable 
features of our Gecko device with products dedicated for 
environment sensing, their current status, constituents, and 
capabilities. This summary (Table 1) provides a 
comprehensive comparison. We highlight these key metrics 
in this survey using green and pink labels to indicate 
favorability and limitation, respectively. With the aim to gain 
greater knowledge of the environment of interest, achieving 
every edge is key to the Gecko’s wide adoption and usage. 
The usability and capability of our Gecko device was made 
apparent with novel features such as energy-efficient solar 
powering in which to our best knowledge, are not found in 
any other IoT devices we surveyed; small physical 
dimensions that most environmental sensing devices lack; 
and seven typical environmental sensors that are not always 
included. Other features such as low-weight, accessibility, 
placement flexibility, availability of several communication 
protocols, and low upkeep costs allow our Gecko device to 
further stand out among many prototyping boards, especially 
commercially available IoT sensing devices.  

IV. CONCLUSION 

We developed our Gecko as a highly compact, energy 
efficient and cost-effective IoT environment monitoring 
device, that can be deployed in large numbers to gather 
massive data. With powerful embedded sensors, the device 
detects air pressure, temperature, humidity, air quality, 
lighting, ambient noise, device orientation and vibration. 
Designed for long-term operation, a solar harvester and low-
power components were used. We custom-designed the 
circuit hardware and verified sensor operations with offline 
SD-card recording and live data streaming to a mobile 
device under varying environment conditions. Our devices 
can be manufactured at large quantities cheaply, facilitating 
the adoption of IoT devices in every commercial sector.  

Table 1. Feature comparison of the Gecko device with competing products  
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