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Abstract 

Smartphone-based colorimetry has become an effective alternative to bulky, costly spectrophotometers, especially for portable 

and field-based analysis. This study aims to develop Colorizer, a modular smartphone-based colorimetric platform designed to 

deliver accurate and affordable measurements for environmental, chemical, and biomedical uses. The system integrates a custom 

Android app with a 3D-printed sampling station that features controlled LED lighting, RGB-to-CIELAB conversion, calibration 

blanking, and multivariate regression modeling to ensure consistent results across devices. Illumination is controlled by an ESP32 

microcontroller and activated via Bluetooth within a light-tight chamber to minimize ambient interference. Additional validation 

includes measuring multiple concentrations, benchmarking against standard spectrophotometers, and calibrating across different 

smartphones. Results indicate that Colorizer maintains high linearity across red, yellow, and blue dyes (R² up to 0.9952), shows 

improved stability with the sampling station, and aligns well with spectrophotometric calibration curves. These findings 

demonstrate that the platform offers reproducible, portable performance while functioning fully offline with local calibration 

storage. Colorizer provides a practical, low-cost alternative to benchtop spectrophotometers for routine colorimetric analysis. The 

platform presents a compact, scalable framework for portable analyte detection and sets the stage for future expansion into multi-

indicator sensing applications. 
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I. INTRODUCTION 

Colorimetric assays are a fundamental technique in 

chemical analysis, biomedical testing, and environmental 

monitoring, relying on the measurement of color changes 

to quantify analyte concentrations with a rapid and cost-

effective approach [1]–[6]. These assays operate by 

leveraging the interaction of analytes with specific 

reagents to produce detectable color shifts, which can be 

visually interpreted or measured to determine 

concentration levels, offering simplicity and minimal 

reagent requirements. Conventional spectrophotometers 

serve as the gold standard for such measurements, using 

precise optical systems to measure absorbance across a 

broad wavelength range with high reliability [3]–[5], [7]. 

However, these instruments are characterized by their 

bulky design, significant weight, and lack of portability, 

restricting their application to well-equipped laboratory 

settings and necessitating the use of alternatives for field-

based applications [8]–[13]. 

Recent advances in smartphone imaging and 

processing capabilities have positioned mobile devices as 

viable tools for portable colorimetric analysis. High-

resolution cameras, integrated sensors, and on-device 

computation allow smartphones to capture and process 

images for quantitative measurements in real time. 

Additionally, smartphones provide a widely accessible 

platform capable of supporting diverse analytical 

applications without specialized laboratory equipment. 

These advantages have motivated the development of a 

growing number of smartphone-based solutions for 

chemical and biomedical testing. 

Despite this promise, smartphone-based colorimetric 

platforms still face persistent technical and practical 

challenges. Accuracy is frequently compromised by 

ambient light interference, device-to-device camera 

variation, and inconsistent image-processing pipelines 

[9]–[11]. Strategies such as flash/no-flash subtraction [9], 

ring-light modules [11], and background correction 

algorithms [14] have been introduced to mitigate these 
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factors. Other works have emphasized the importance of 

device-independent calibration and robust color-space 

transformations, such as HSV and CIELAB, to improve 

reproducibility across platforms [15]-[17]. 

Researchers have also investigated hardware-based 

methods, including 3D-printed holders, enclosed 

chambers, and optical diffusers, to stabilize imaging 

conditions [19], [20]. Meanwhile, cloud-based pipelines 

and AI-driven algorithms have been suggested to 

improve sensitivity and specificity, though these raise 

concerns about connectivity, privacy, and computational 

requirements [12], [21]. Overall, these advancements 

demonstrate a widespread and ongoing effort to develop 

portable, reliable, and affordable colorimetric systems 

using consumer devices. 

In this work, we present Colorizer, a smartphone-

based platform for fully offline colorimetric analysis. The 

system integrates RGB-to-CIELAB conversion, 

calibration blanking, and multivariate regression to 

reduce device variability. Validation experiments using 

synthetic dye assays evaluated accuracy, reproducibility, 

and cross-device performance. By combining controlled 

illumination in a 3D-printed chamber with modular 

software and hardware integration, the platform provides 

a compact and scalable solution suitable for 

environmental monitoring, education, routine assays, and 

potential point-of-care applications. 

II. EXPERIMENTAL METHOD 

A. System Design 

The Colorizer platform is built on the principle of 

modularity, where software, hardware, and illumination 

are regarded as separate yet closely integrated 

subsystems. This design allows each module to be 

developed, optimized, and upgraded independently, 

without requiring a complete redesign. The platform 

comprises three main parts: (i) a smartphone app for 

capturing and processing images, (ii) a 3D-printed 

sampling station that guarantees consistent positioning 

and light isolation, and (iii) an ESP32-based 

microcontroller that manages a high-power LED for 

steady illumination. By integrating these modules, the 

platform offers portability, reproducibility, and 

independence from offline connectivity, overcoming key 

limitations of traditional spectrophotometers and earlier 

smartphone-based systems. 

 
Figure 1. System architecture of colorizer. 

 
Figure 2. Operational workflow. 

The overall system architecture is illustrated in 

Figure 1, showing the integration of smartphone 

software, the 3D-printed sampling station, and ESP32-

controlled illumination.  
A high-level operational workflow is presented in 

Figure 2, where samples are introduced into the cuvette 

holder, the smartphone captures images under controlled 

illumination, RGB values are transformed into CIELAB 

coordinates, calibration is applied, and multivariate 

regression generates analyte concentration predictions. 

This modular workflow demonstrates how the platform 

achieves a balance of low-cost design, reproducibility, 

and offline capability, distinguishing it from both 

traditional laboratory instrumentation and previous 

smartphone-based solutions. 

B. Software Pipeline 

The Colorizer smartphone app serves as the core of 

the platform, managing image capture, pre-processing, 

color adjustments, calibration blanking, and 

concentration prediction. It was built in Kotlin using 

Android Studio with the CameraX API, which offers 

precise control over settings such as ISO, exposure, and 

focus. Images were standardized to 480 × 640 pixels to 

optimize processing speed and image quality. This 

ensures compatibility with low- to mid-range 

smartphones often used in resource-limited settings. 
For each captured image, a 30 × 30 pixel region of 

interest (ROI) was extracted from the center of the 

cuvette’s optical path. Larger ROIs were avoided because 

they caused edge reflections, while smaller ROIs were 

more susceptible to random sensor noise. Averaging 

across 900 pixels reduced variability while maintaining 



Smartphone-Based Colorimetric Platform with RGB-CIELAB Multivariate Regression and 3D-Printed Illumination for Portable Colorimetric Detection • 121 

 
p-ISSN: 1411-8289; e-ISSN: 2527-9955 

sensitivity to concentration changes, thereby improving 

overall measurement stability. ROI-based averaging has 

also been shown in previous smartphone colorimetric 

systems to enhance robustness against pixel noise [22]-

[24]. 

The mean RGB values were then transformed into 

the CIELAB color space, which provides perceptual 

uniformity and reduces dependence on device-specific 

color profiles [25]. The conversion was performed using 

the standard RGB→XYZ→CIELAB transformation 

under a D65 illuminant, yielding L*, a*, and b* values. 

These values, combined with the original RGB channels, 

formed a six-dimensional feature vector [R, G, B, L*, a*, 

b*]. The process is illustrated in Figure 3, where blank 

calibration offsets are also applied. 

                 𝑦 = 𝛽0 +∑ 𝛽𝑖𝑙𝑛(𝑥𝑖 + 1) + 𝜖𝑛
𝑖=1  (1) 

Concentration prediction was carried out using 

multivariate linear regression (MLR) with log-

transformed input features as described in (1). In (1), y 

represents the predicted concentration, β₀ is the intercept 

term, βᵢ denotes the regression coefficient for the i-th 

color feature, n represents the total number of color 

features (n = 6, corresponding to RGB and CIELAB 

color parameters), xᵢ refers to the i-th independent 

variable (raw color values: r, g, b, L, a, b), and ε is the 

error term accounting for residual variation not captured 

by the model. The log transform, ln(x+1), was chosen to 

linearize the relationship between absorbance intensity 

and concentration, especially at higher levels. Ridge 

regularization with a penalty factor λ = 0.01 was used to 

reduce multicollinearity among color channels, stabilize 

coefficient estimates, and enhance reproducibility. 

 

 
 

Figure 3. Offset adjustment. 

 

 
Figure 4. Room database. 

 
Figure 5. 3D-schematic ilustration of the Sampling Station . 

All calibration data, regression coefficients, and 

measurement records were stored in an offline Room 

database (Figure 4). The schema includes tables for 

calibration entries, measurement history, and regression 

parameters, enabling persistent storage of calibration 

curves across sessions. This design ensures full 

operability in field conditions without internet access, 

supporting long-term monitoring where data continuity is 

essential. By decentralizing storage, the system 

guarantees transparency, reproducibility, and 

independence in resource-limited environments. 

C. Hardware Configuration 

The 3D-printed sampling station, made from PLA 

filament, was designed to securely hold standard cuvettes 

and dual smartphones for stable image capture. Its 

modular design includes a cuvette holder, a light-tight 

enclosure, and a rear cover to protect internal electronics 

while allowing easy maintenance (Figure 5). The station 

ensures precise positioning of both samples and cameras, 

maintaining consistent alignment during imaging. This 

design improves reproducibility and reduces external 

light interference, both of which are essential for accurate 

colorimetric measurements [19], [20]. 
A high-power LED provides illumination, carefully 

positioned to ensure even lighting across the cuvette. The 

LED is controlled by an ESP32 microcontroller, which 

manages timing and brightness, while power is supplied 

by a compact Li-ion battery for portability. The station 

includes basic circuit-stabilization components to 

prevent fluctuations during measurements, ensuring 

consistent data. Overall, this hardware setup creates a 

controlled, repeatable imaging environment, providing a 

solid foundation for accurate analysis. 

D. Experimental Setup 

Experiments were conducted using synthetic dye 

solutions (red, yellow, and blue) prepared at 

concentrations ranging from 0–100% in 10% increments, 

following Lambert-Beer law principles for absorbance-

based quantification [3]–[5]. Each sample was placed in 

a 4 mL cuvette within the 3D-printed sampling station, 

with smartphones aligned via integrated holders to ensure 

consistent ROI capture. To evaluate the effect of ambient 

light, a subset of cuvettes was measured outside the 
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station; results demonstrated that the station substantially 

improved measurement reproducibility without requiring 

specialized laboratory conditions for calibration, a 

bundle of known samples (one from each dye) was 

measured first, followed by three replicates (n=3) per 

concentration under controlled ambient light (<50 lux) 

and temperature (25±2°C).  
The setup, depicted in Figure 6, integrates the 

smartphone and the sampling station to maintain 

consistent and reproducible measurement conditions. 
Illumination was controlled either via Bluetooth 

through the ESP32 microcontroller or manually with a 

momentary push button, ensuring consistent lighting and 

fixed geometry across all trials. Images were captured at 

480×640 resolution using the CameraX library. A 30×30 

pixel ROI was extracted, averaged, and converted from 

RGB to CIELAB. The calibration and prediction pipeline 

uses this conversion to minimize device-specific 

variation. Regression models were trained separately for 

each dye using three-channel CIELAB inputs with an 

ln(x+1) transformation to address non-linearities. 

Bluetooth communication, shown in Figure 7, enabled 

smooth interaction between the mobile application and 

microcontroller, supporting both system calibration and 

testing. This integrated setup enabled reliable, repeatable 

data collection under field-like conditions, reducing 

dependence on traditional laboratory infrastructure while 

maintaining measurement accuracy. 

 
Figure 6. Experimental setup. 

 

 
Figure 7. Bluetooth communication. 

 
Figure 8. 3D-printed sampling station with cuvette. 

III. RESULTS 

A. System Demonstration 

The 3D-printed sampling station, made from PLA 

filament, effectively blocked ambient light from reaching 

the cuvette, preventing any interference during image 

capture. Comparative measurements with and without 

the station (Table I) showed a slight improvement in 

predictive accuracy when using the light-tight chamber. 

The chamber reliably held standard 4 mL cuvettes, 

keeping the samples stable across replicates, while built-

in smartphone holders ensured accurate camera 

positioning. Its compact design and compatibility with 

standard cuvettes make it suitable for portable, field-

based use (Figure 8). 

The Android app captured images at 480×640 pixels 

using the CameraX library, targeting a 30×30-pixel ROI. 

Mean RGB values were extracted and converted to 

CIELAB coordinates in real time, with an average 

processing time of 500 ms per sample. Calibration 

blanking, normalized measurements, and MLR with 

ln(x+1) transformation accurately predicted analyte 

concentrations. The bilingual interface (Indonesian-

English) offered intuitive navigation and real-time 

readouts on the detection screen (Figure 9). 
TABLE I 

EFFECT OF SAMPLING STATION ON MEASURED CONCENTRATION 

Dye Color 

Concentration (%) 

Actua

l 
With Station 
(Avg n=3) 

Without 

Station 
(Avg n=3) 

Red 

30 31.08 32.71 
70 70.15 71.26 
80 80.04 82.27 
90 90.30 92.67 

Yellow 

30 31.23 32.51 
70 72.04 73.35 

80 80.89 82.91 

90 91.72 93.07 

Blue 

30 32.42 34.61 
70 71.83 75.36 

80 83.01 85.94 

90 92.86 97.45 
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Figure 9. Colorizer app detection screen. 

Illumination control, managed via an ESP32 

microcontroller and a 1 W high-power LED, achieved 

less than 1% variance across replicates using Bluetooth 

Low Energy (BLE). Manual operation with a momentary 

push button was also supported for field flexibility. The 

3.7 V Li-ion battery (≥1000 mAh) provided 15–20 

minutes of continuous use. Hardware and software 

integration enabled seamless offline data collection, 

storage in a Room database, and immediate concentration 

predictions, confirming dependable performance under 

controlled conditions. With these operational conditions 

verified, the system’s quantitative performance was 

assessed using synthetic-dye assays to evaluate 

predictive accuracy and reproducibility. The following 

section summarizes these results, emphasizing model 

performance with red, yellow, and blue dyes under the 

established measurement setup. 

B. Performance Metrics 

Validation experiments (Table II) using synthetic-

dye assays demonstrated strong agreement between 

predicted and actual concentrations. The final regression 

models achieved R² values of 0.9952 for red, 0.9816 for 

yellow, and 0.9321 for blue, with corresponding Root 

Mean Square Error (RMSE) values of 1.901, 3.846, and 

7.168. These metrics indicate high predictive accuracy 

for red and yellow dyes and slightly lower performance 

for blue due to reduced signal-to-noise ratios at higher 

absorbance levels. All measurements were performed in 

triplicate to ensure reproducibility.  

 
TABLE II 

PERFORMANCE METRICS FOR DYE ASSAYS 
Dye 

Color 
R2 RMSE 

Red 0.9952 1.901 

Yellow 0.9816 3.846 

Blue 0.9321 7.168 

 

 
Figure 10. The calibration’s curve of Predicted vs Actual 

Concentration of Dyes 

System prediction modelling (Figure 10) provides a 

visual summary of the system’s overall predictive 

performance by plotting predicted versus actual 

concentrations for all dyes. The regression curves closely 

follow the ideal 1:1 line, reflecting the strong linearity 

already indicated in Table II. Red and yellow dyes show 

tight clustering around the regression line, demonstrating 

high agreement across the whole concentration range. 

Blue dye data exhibit slightly wider dispersion, 

consistent with its lower R² and higher RMSE, but still 

maintain a clear linear trend. 
The combined plots illustrate how the multivariate 

regression model generalizes across different 

colorimetric responses, confirming that the RGB-to-

CIELAB transformation and illumination-controlled 

setup produce stable predictions suitable for portable 

analysis. 

C. Comparative Reference Validation 

Table III compares Colorizer’s performance with the 

linear calibration fits from the reference 

spectrophotometer. This comparison determines whether 

the smartphone-based system exhibits the same 

concentration–absorbance performance as a laboratory-

grade instrument. 
Figure 11 visually reinforces these trends by 

showing the regression lines for both devices across the 

red, yellow, and blue assays. Red and yellow dyes 

displayed near-identical linearity between Colorizer and 

the spectrophotometer, with only minor deviations at 

higher concentrations. Blue dye measurements showed 

slightly larger dispersion yet maintained a consistent 

slope aligned with the reference curve. Together, Table 

III and Figure 11 confirm that Colorizer produces 

concentration predictions that are not only internally 

accurate but externally consistent with established 

spectrophotometric behavior. 
These findings show that the controlled illumination 

chamber and CIELAB-based regression framework 

effectively minimize typical smartphone-related 

variability. The agreement with standard 

spectrophotometer curves enhances Colorizer’s 

credibility as a portable analytical tool capable of 

approximating lab-grade measurements. 

 
TABLE III 

PERFORMANCE METRICS COMPARISON 
Device Metric Red Yellow Blue 

Spectrophotometer R2 1.00 0.984 0.987 

Colorizer App R2 0.995 0.982 0.932 

 

 
Figure 11. Colorizer vs spectrophotometer results comparison for each 

dye.  



124 • Robeth Viktoria Manurung, et. al. 

 
JURNAL ELEKTRONIKA DAN TELEKOMUNIKASI, Vol. 25, No. 2, December 2025 

TABEL 1V 

CROSS-DEVICE CALIBRATION TESTING 

Dye 

Color 

Concentration (%) 

Actual 

Poco F4 GT Poco X5 5G 

With 

Station 

Without 

Station 

With 

Station 

Without 

Staton 

Red 

30 31.08 31.62 32.71 27.27 

70 70.15 71.26 71.26 73.97 

80 80.04 91.73 82.27 82.75 

90 90.30 91.24 92.13 92.67 

D. Cross-Device Validation 

Table IV presents cross-device testing between the 

Poco F4 and Poco X5 under both station and no-station 

conditions. Cross-device evaluation showed that 

measurements taken inside the illumination chamber 

exhibited minimal variation between smartphones. This 

confirms that the platform’s fixed geometry, stable LED 

illumination, and RGB-to-CIELAB normalization 

successfully compensate for differences in sensor 

characteristics, white balance behavior, and image 

processing pipelines across devices. In contrast, 

no-station measurements showed larger deviations, 

reflecting the impact of uncontrolled ambient lighting 

and inconsistent positioning. 

IV. DISCUSSION 

The Colorizer platform showed strong 

reproducibility, portability, and analytical reliability 

across all tested dye assays. The controlled illumination 

chamber was key to this performance, maintaining stable 

optical conditions and reducing the impact of ambient 

light. Along with fixed smartphone positioning, this 

ensured consistent image capture across replicates and 

devices. These conditions directly contributed to the high 

R² values seen for red and yellow dyes in Table II and 

Figure 10, confirming that the measurement process 

remained linear across the tested concentration ranges. 

The RGB-to-CIELAB transformation and ln(x+1) 

feature adjustment further improved predictive accuracy 

by reducing device-specific variation and linearizing the 

color–concentration response. These lightweight 

processing steps were sufficient to achieve 

near-spectrophotometric agreement for red and yellow 

dyes, as shown in Table III and Figure 11. Blue dyes 

showed greater variance and higher RMSE, consistent 

with the inherent difficulty of quantifying darker samples 

using smartphone cameras. Despite this, the platform 

maintained an overall linear trend aligned with the 

reference instrument, indicating that the core modeling 

pipeline remains effective even under challenging optical 

conditions. 

Cross-device comparisons in Table IV revealed that 

measurements taken inside the illumination chamber 

were consistent across smartphones. This shows that 

controlled lighting geometry helps reduce differences 

caused by sensor traits, automatic white balance, and 

internal image-processing pipelines. No-station testing 

exhibited noticeably larger deviations, highlighting the 

need for hardware stabilization to ensure accurate 

smartphone-based colorimetry. Overall, these results 

confirm that combining fixed geometry, stable 

illumination, and CIELAB normalization allows for 

consistent performance across various devices. 

The offline architecture further improves the 

platform’s field usability. Local calibration storage, on-

device regression, and real-time processing enable 

operation without network connectivity, which is vital for 

remote or resource-limited settings. The small sampling 

station, Bluetooth-controlled illumination, and instant 

readout interface make the system ideal for 

environmental monitoring, educational labs, and 

emerging point-of-care workflows. The low hardware 

cost enhances accessibility in situations where benchtop 

spectrophotometers are impractical. 

However, several limitations remain. Blue dye 

measurements showed reduced accuracy due to lower 

signal-to-noise ratios and partial sensor saturation at high 

absorbance levels. The experiments used synthetic dyes, 

which do not capture the complexity of real-world targets 

like environmental contaminants, biochemical markers, 

or food-quality indicators. The single-cuvette setup also 

limits throughput, making the system more suitable for 

low-volume testing. These limitations highlight 

opportunities for improved optical design, expanded 

calibration sets, and multi-sample or automated 

measurement formats. 

Future development should concentrate on 

validation with actual analytes to evaluate performance 

in more complex matrices. Additional modeling 

techniques, such as partial least squares or lightweight 

neural networks optimized for mobile hardware, could 

improve prediction accuracy while maintaining real-time 

functionality. Broader benchmarking against established 

spectrophotometers and current smartphone colorimetry 

platforms will also be essential to understand Colorizer’s 

accuracy, limitations, and practical benefits. Testing 

system robustness under varying lighting conditions, 

temperature changes, and sample turbidity will offer a 

more comprehensive view of operational limits. These 

efforts will drive iterative improvements to both 

hardware and software, leading to better optical stability, 

more flexible calibration processes, and potentially 

multi-analyte workflows. Overall, this will help evolve 

Colorizer into a dependable, field-ready tool for portable 

colorimetric measurement. 

V. CONCLUSION 

This study introduced Colorizer, a modular 

smartphone-based colorimetric platform that combines 

controlled LED lighting, RGB-to-CIELAB conversion, 

and lightweight multivariate regression for portable 

analyte measurement. The system demonstrated high 

reproducibility and closely matched the trends of the 

reference spectrophotometer for red and yellow dyes, 

thanks to stable illumination, a fixed imaging geometry, 

and device-independent color normalization. Although 

results for blue dye showed more variability due to sensor 

saturation and lower signal-to-noise ratios, the overall 

linear response across all dyes indicates that the 

measurement process is reliable under practical 

conditions. Cross-device testing revealed that the 

controlled illumination chamber significantly reduces 

variability among smartphones, highlighting the 

importance of optical stabilization in mobile colorimetry. 

Offline operation, local calibration storage, and real-time 

processing further enhance field usability, making the 
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platform suitable for environmental testing, educational 

purposes, and early-stage point-of-care workflows where 

traditional spectrophotometers are not available. Future 

work will extend validation to real analytes, including 

environmental contaminants, biochemical markers, and 

food-quality indicators, to evaluate performance in 

complex matrices. Additional improvements will 

investigate enhanced optical design, expanded 

calibration sets, and potential multi-sample formats to 

boost throughput. Further assessment of alternative 

modeling strategies, such as partial least squares 

regression or lightweight neural networks optimized for 

mobile devices, may enhance prediction accuracy while 

maintaining real-time operation. These developments 

will support the ongoing refinement of Colorizer as a 

reliable, scalable, and field-deployable platform for 

portable colorimetric analysis. 
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