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Abstract—Environmental monitoring often requires integrat-
ing heterogeneous sensors, resource-constrained edge hardware,
persistent time-series storage, and an accessible user interface.
Existing research platforms can be difficult to reproduce or
adapt when hardware drivers, data models, and deployment
procedures are tightly coupled. This paper presents openCol-
lector, an open-source edge-to-cloud platform developed around
a Raspberry Pi Pico W collector, MicroPython-compatible sensor
drivers, QuestDB storage, and a Python web service. The design
separates sensing, transport, persistence, and presentation while
retaining shared metadata across layers. The resulting prototype
provides a practical foundation for research deployments that
need inspectable hardware and software rather than a closed
monitoring stack.

Index Terms—environmental monitoring, Internet of Things,
edge computing, open-source hardware, sensor networks, time-
series database

I. INTRODUCTION

Low-cost environmental sensor networks can increase the
spatial and temporal resolution available to researchers, but
the apparent simplicity of attaching a sensor to a networked
microcontroller hides substantial systems work. A usable de-
ployment must configure heterogeneous interfaces, associate
measurements with stable metadata, tolerate communication
failures, store time-indexed values, and make system status in-
telligible to users. A review of environmental sensor networks
identifies openness, maintainability, calibration, data quality,
cost and connectivity as persistent challenges [1]-[3].

The Internet of Things (IoT) is an architecture that connects
physical sensing, network transport, distributed computation,
and applications [4], [5]. Edge computing moves selected
functions closer to data sources, reducing dependence on
centralized cloud resources and enabling local control [6], [7].
However, many environmental projects remain application-
specific assemblies of firmware, scripts, and cloud services.
Reproducing or modifying them can require rebuilding the
complete stack.

Existing low-cost environmental platforms commonly opti-
mize only part of the measurement path. Single-purpose data
loggers often couple sensor firmware to a particular stor-
age representation, while general IoT platforms can conceal
transport, persistence, and failure behaviour behind managed
services. For research deployments, this makes it difficult to
trace how a measurement is identified, transported, stored, and
interpreted, or to determine what is lost when a component
fails. openCollector addresses this reproducibility gap through

an inspectable, replaceable edge-to-cloud architecture that
preserves explicit sensor and record identities across its layers.

This paper presents openCollector, an open-source platform
intended to make that stack explicit and replaceable. Its main
contributions are: (1) a configuration-driven collector and
common sensor abstraction spanning Python and MicroPy-
thon; (2) a compact record and metadata model for time-
series ingestion; (3) a separable storage, API, and browser
layer; and (4) an open hardware and deployment workflow
suitable for extension. The prototype originated as a 2024-
2025 undergraduate capstone project from the SFU School
for Sustainable Energy Engineering (SEE).

II. BACKGROUND

Early habitat-monitoring deployments established the value
of autonomous, networked sensing while exposing constraints
in energy, communication, and field maintenance [8]. Con-
temporary low-cost networks add Wi-Fi microcontrollers, web
APIs, and commodity databases, but heterogeneous obser-
vations still require consistent identity and semantics. The
OGC SensorThings API defines a Web-oriented observation
model [9], while the W3C Web of Things architecture de-
scribes interoperable abstractions for connected devices [10].
openCollector does not yet implement either standard as a
choice to meet a lightweight, cost-effective, architecturally
simple design.

The edge node uses the Raspberry Pi Pico W, an RP2040-
based microcontroller with 2.4-GHz wireless networking and
exposed digital interfaces [11]. MicroPython provides a com-
pact Python implementation for microcontrollers [12]. These
choices allow much of the collector logic and its drivers to
retain a common programming model on both microcontroller
and desktop test environments. The platform uses QuestDB for
time-series persistence and its line protocol for ingestion [13];
a Litestar application exposes queries and server-rendered
views [14]; and Bokeh supplies interactive plots [15].

This combination occupies a middle ground between a
single-purpose data logger and a general IoT platform. A
logger can be simple to deploy but usually couples its stor-
age format to one device. General platforms offer device
management and analytics but can conceal the measurement
path behind managed services. openCollector instead keeps
the acquisition code small while making the database schema
and service queries inspectable. It deliberately stores both
observations and operating errors: a missing interval can
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TABLE I
ARCHITECTURAL ELEMENTS AND DESIGN RATIONALE

Element Selection Rationale

Edge node Pico W / MicroPython Low-cost Wi-Fi device with Python-compatible firmware
Sensor layer Driver interface Isolates bus protocols and measurement schemas
Transport QuestDB line protocol Compact batched ingestion of timestamped values
Persistence QuestDB Time partitions, symbolic identifiers, SQL queries
Service Litestar / Bokeh Typed Python API and interactive browser plots
Deployment Docker Compose Repeatable database and application configuration
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Fig. 1. Supported deployment options. The collector, QuestDB, and storage service may share a host or be placed on separate edge/server devices.

TABLE 11
SENSORS IMPLEMENTED IN THE PROTOTYPE

Sensor Interface  Measurements Unit
DHT20 I?C Temperature, humidity ~ °C, %
TSL2561 12C Illuminance Ix
PMS5003 UART PM1.0, PM2.5, PM10  pg/m?
MH-Z19B  UART CO2 concentration ppm

therefore be distinguished from a recorded sensor or upload
failure when diagnosing a field deployment.

III. DESIGN METHODOLOGY

The design followed a requirements-led capstone process:
identify stakeholders and measurements, compare candidate
hardware and software, select a modular architecture, im-
plement a vertical prototype, and document the result for
later teams. Five requirements guided trade-offs: affordability,
support for multiple sensor buses, deployability on constrained
hardware, inspectable data flow, and adaptability beyond the
initial greenhouse use case. Open-source licensing and repro-
ducible fabrication were treated as design constraints rather
than release tasks. This approach is consistent with open-
source hardware principles, which require preferred design
sources to be available for study and modification [16].

Figure 1 shows three supported placement patterns. The
collector, database, and service can share a Raspberry Pi-class
host during development; the collector can be separated from
a server or cloud host; or all three elements can be indepen-
dently placed. Each collector currently has one database target,
whereas multiple collectors can feed one database. Separating
the layers makes sensor timing independent of visualization
and allows storage or presentation technologies to change
without rewriting sensor drivers.

Table I summarizes the selected responsibilities. The collec-
tor uploads metadata at startup and then polls all configured
sensors at a millisecond interval. A measurement is repre-
sented by collector, sensor, and record identifiers, a timestamp,
and a numeric value. Metadata is stored separately so repeated
records remain compact. Polling and upload failures are rep-
resented explicitly rather than being silently discarded.

Alternative choices were evaluated at each boundary. A
Linux single-board computer simplifies driver development,
but a microcontroller better represents the memory and deploy-
ment constraints expected at the sensing edge. A topic-oriented
broker such as MQTT is attractive for intermittently connected
networks, whereas direct line-protocol ingestion reduced the
number of services needed for the first vertical prototype.
Similarly, a fixed table per sensor would provide strongly
typed columns but make new drivers a database migration. The
chosen narrow record table stores numeric values by record
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identifier and moves human-readable names into metadata.
This favours extensibility and compact ingestion; the trade-off
is that units and record semantics must be resolved through
sensor metadata or the shared software definitions.

A further design requirement was compactness and porta-
bility. A custom sensor-interface PCB was developed to con-
solidate the Raspberry Pi Pico W, sensor connections, and
supporting electronics, reducing reliance on loose breakout
boards and jumper wiring while improving assembly repeata-
bility. The PCB and sensor modules were arranged to fit
within a purpose-designed, 3D-printable enclosure. The enclo-
sure protects the electronics while providing access to power
and programming connections and appropriate openings for
airflow and optical exposure. Together, the PCB and enclosure
create a self-contained sensing unit that can be transported,
installed, serviced, and reproduced using commonly available
fabrication equipment. These design files are released as open
source with the project.

IV. SYSTEM IMPLEMENTATION
A. Collector and Sensor Interfaces

The collector comprises configuration, sensor, report, and
upload managers. A JSON configuration supplies a collec-
tor UUID, display name, polling interval, Wi-Fi credentials,
database endpoint, and an array of sensor definitions. The
program connects to Wi-Fi, validates configuration, constructs
drivers, uploads metadata, and enters a repeated poll-report—
upload cycle. The current collector provides best-effort, at-
most-once delivery. Each report is retained only for its active
polling cycle and is submitted once. If an HTTP upload raises
an exception, the exception is logged locally and the polling
loop proceeds to the next cycle. The failed report is neither
buffered nor retried; consequently, measurements produced
during the failure are permanently absent from QuestDB.
Sensor polling errors can be stored when communication is
available, whereas communication failures themselves are not
persisted remotely. Persistent offline buffering and bounded
retry are therefore identified as future work.

Validation occurs before acquisition begins. Required keys
are checked, sensor codes are mapped to registered driver
classes, and each driver interprets only its own GPIO and
optional attributes. This confines device-specific knowledge to
the driver boundary. Implementations are paired where neces-
sary: MicroPython drivers use the microcontroller’s machine
interfaces, while desktop Python variants and a mock driver
permit development without attached hardware. The manager
returns records and errors as separate collections and the
report object binds them to the collector UUID. The upload
layer batches the resulting lines, reducing per-value protocol
overhead while preserving sensor and record identifiers.

Supported drivers are listed in Table II. The DHT20 and
TSL2561 share an I2C bus, whereas the PMS5003 and MH-
Z19B use UART. Their manufacturer documentation defines
the electrical interfaces and payload interpretation [17]-[20].
Driver classes return named values with units or structured
errors, enabling the same upload path to handle different

measurement cardinalities. Note that the system architecture
easily allows new sensors to be added to data collection.

B. Persistence, API, and Dashboard

QuestDB tables store records, sensor errors, collector meta-
data, and sensor metadata. Time-series tables are partitioned
by day; metadata tables are partitioned by week. Symbol
columns compact repeated UUIDs and sensor codes. The
storage service queries current totals, latest values, timelines,
and error states. Browser routes render dashboard, collector-
detail, and sensor-detail views, while REST routes expose
the same repository layer. Authentication can be enabled for
browser and API access, and production deployment places
the service behind HTTPS. Container configuration follows
the Compose specification [21].

The repository layer centralizes SQL rather than embedding
it in page handlers. Consequently, browser fragments and API
commands share the same definitions of “latest,” status, and
timeline selection. Collector and sensor detail pages derive
their identity from metadata and join it with the most recent
observation or error. The dashboard can therefore show an
online summary without copying descriptive fields into every
measurement. For network deployment, the database ingestion
port is restricted to collector networks, while users reach the
web service through an HTTPS reverse proxy. Basic authenti-
cation protects the prototype interface but is not presented as
a complete multi-tenant identity system.

Figure 2 shows the prototype dashboard populated with
test data. It combines network-level totals, per-sensor status,
latest values, and a selectable time-series plot. This view
demonstrates end-to-end schema flow; it is not an accuracy
or field-performance evaluation.

C. Source Code and Reproducibility

Source code, hardware design files, deployment configu-
rations, documentation, and automated tests are available at
https://github.com/compsust/openCollector.

V. CONCLUSIONS

openCollector demonstrates a complete, inspectable path
from heterogeneous environmental sensors to time-series stor-
age, APIs, and visualization. Its main value is architectural:
hardware drivers, acquisition, storage, and presentation are
independently replaceable but share explicit identifiers and
metadata. The current implementation supports four sensor
models, desktop-testable driver paths, repeatable service de-
ployment, and public documentation. It should be understood
as a research prototype rather than a calibrated instrument or
a completed scalability study.

A. Future Work

The immediate priority is a controlled field evaluation
reporting sample loss, end-to-end latency, database through-
put, WiFi recovery, and multi-day stability across increasing
collector counts. Energy experiments will characterize aver-
age and peak power, battery runtime, recharge requirements,
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Fig. 2. Prototype dashboard populated with test data, showing network summaries, sensor status, latest values, and an interactive timeline.

and service continuity under battery-only and electric-vehicle-
powered operation. Software work will add offline buffering,
secure per-node credentials, over-the-air updates, and com-
pleted Pico W hardware-in-the-loop tests.
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