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[bookmark: kix.dnstqay1kwjl]SUMMARY:
A hardware protocol for the fabrication, assembly, calibration, and operation of the LittleDrop spectrophotometer using a modified office stapler, polydimethylsiloxane (PDMS) lenses, and low-cost microelectronics, enabling absorbance measurements outside the traditional cuvette workflow.

[bookmark: 3znysh7]ABSTRACT:
Spectrophotometric measurements are fundamental analytical methods for biochemical and human health diagnostics. The methods support standard metabolic, blood, and lipid panels, as well as other routine human health diagnostics. They can be paired with nanoparticle-mediated assays that produce larger absorbance changes. Here, a hardware protocol is demonstrated for the fabrication and operation of a LittleDrop spectrophotometer. The device uses a single drop of sample that becomes a waveguide in the form of a capillary bridge. Off-the-shelf components are selected for their universal availability, such as a standard office stapler for mechanics, consumer microelectronics, and locally available materials compatible with extreme environments, LMICs, and distributed science applications. Compared with current state-of-the-art commercial instruments, this process costs less than $150. It provides diagnostic designers with a primer on using supply chain arbitrage, microsystem integration, and instrument design for extreme environments, transparency, and affordability. The results are selected for their relevance to diagnostic reagents and samples, in both laboratory conditions and remote settings.

INTRODUCTION:
Absorbance spectrophotometry remains a foundational analytical method1 across clinical chemistry, biochemistry2, and environmental testing. It supports routine diagnostic workflows, including metabolic panels and lipid panels. They can be paired with nanoparticle-mediated assays that generate enhanced changes in absorbance3. The measurement itself is simple: light of a defined wavelength passes through a sample of known path length, and the attenuation of that light reports on the concentration of absorbing species1. Traditional spectrophotometers are not simple4. Commercial units couple precision monochromators, optical benches, and cuvette holders into a single enclosure that is expensive to manufacture, difficult to service away from the vendor, and fundamentally tied to the cuvette as its sample format1. For laboratories operating in low- and middle-income countries, for field deployments, and for distributed point-of-care use, the cuvette workflow and the instrument price point create challenges for point-of-care use.

A number of low-cost alternatives have emerged in response to these challenges. Smartphone-camera assays exploit the imaging sensor as a three-channel colorimeter and have been applied to colorimetric panels6, lateral flow readouts7, and paper-based diagnostics. Open-source spectrophotometer designs8 built around microcontrollers9 and commodity optics lower the cost of the instrument itself. Each of these approaches carries tradeoffs. Smartphone cameras inherit ambient-light sensitivity, white-balance processing, and lens geometry that vary from phone to phone. So far, open-source benchtop designs retain the cuvette and its minimum sample-volume demands.

A capillary bridge offers an alternative sample workflow to cuvette based systems10.  A drop of sample held between two hydrophilic surfaces at a controlled gap forms an optical cavity whose path length is set by the mechanical spacing of the surfaces and whose volume is set by the drop itself. Because the sample is the waveguide, there is no cuvette to clean or disposables to purchase. The volume requirement drops from the ~1 mL of a standard cuvette to a single drop (~20–50 µL). The challenge is mechanical: holding two optical surfaces at a reproducible, sub-millimeter gap outside a precision machine shop is non-trivial. This work describes LittleDrop, a spectrophotometer that solves this mechanical problem using an office stapler as its chassis (Figure 1A). The stapler’s hinge, spring, and anvil together provide a repeatable closing motion, a defined resting gap, and a flat reference surface — the same properties that make it useful for its original purpose. Two polydimethylsiloxane (PDMS) pads, one bonded to each jaw, serve as the optical surfaces of the capillary bridge, and a single drop of sample pinned between them becomes the measurement cavity (Figure 1B). 

An LED board supplies monochromatic illumination from above; an optical sensor senses the transmitted light from below; a microcontroller reads, displays, and logs the signal. A Bluetooth wireless board provides a user-friendly UI on a laptop or mobile phone. Every component is selected for off-the-shelf availability and for the ability to substitute locally sourced equivalents where the exact part is unavailable. The resulting instrument performs single-wavelength absorbance measurements at a modular wavelength, comparable to a commercial UV-Vis spectrophotometer across a clinically relevant dynamic range, while costing approximately two to three orders of magnitude less in materials, as noted in Supplementary File 1. This protocol provides step-by-step instructions for the fabrication and operation of LittleDrop and is intended as a primer on supply-chain arbitrage and microcontroller integration for diagnostic designers working under transparency and affordability constraints.

PROTOCOL:
 This study did not involve human participants, animals, or identifiable personal data; therefore, institutional ethics approval and informed consent were not required. All materials, components, reagents, and equipment used in the protocol are detailed in the Table of Materials.


1. Prepare the kit materials

1.1. Assemble the following components on a clean workbench (Figure 2A–K): a standard office stapler, transfer pipette, PDMS lenses, biopsy punch, a multiplexing board, a Bluetooth board, microcontroller, LED Board, optical sensor, 4 Pin JST cables, and a micro USB cable.

CRITICAL STEP: Modify the stapler chassis.

1.2. Open the stapler fully so that the upper jaw, lower base, and staple track are accessible (Figure 3A). Remove the spring slider and discard. 

1.3. Remove the staple punch.

1.4. Mark the position of the LED access hole on the underside of the staple track where the staple punch used to be. Mark the position of the optical sensor access hole on the top surface of the lower base, directly beneath the LED mark, so that an optical path connects the two.

1.5. Drill a through-hole on the bottom portion of the stapler wide enough (2.5 mm to 3.5 mm) to transmit light from the upper LED lens and onto the lower optical sensor.

1.6. Wipe the drilled holes with isopropanol to remove any debris. 

2. Print and install the capillary bridge housing

2.1. Download the file littledrop.stl from the GitHub Repository found in the materials list https://github.com/littledevicesemory/littledrop. 

2.2. Load the file into Slicer software and slice the 3D object at a maximum of 0.12 mm layer height with a minimum of 15% infill. Coarser settings are possible but will require calibrating the PDMS lens dimensions to achieve a tight seal. 

2.3. Print the littledrop.stl on PLA. Remove the two pieces from the printer.

2.4. Attach thin double-sided tape to the bottom of each part without blocking the holes where the light goes through.

2.5. Stick the top and bottom 3D printed components of the stapler as previously shown (Figure 3A). The thicker piece goes on the bottom of the stapler and the thinner piece on the top. Each component will hold PDMS lenses.

3. Fabricate the PDMS optical lenses

3.1. Prepare PDMS by mixing the elastomer base with the curing agent at a 10:1 mass ratio. Stir gently for 2–3 min.

3.2. Degas the mixture in a vacuum desiccator for approximately 30 min, or until all visible bubbles are removed. 

3.3. Cast the PDMS into a Petri dish mold to create a thin 3 mm to 4 mm layer. Cure the PDMS at 70 °C for 120 min

3.4. Harvest each lens using a 3 mm biopsy punch to extract 2.5 mm x 3 mm PDMS columns with tweezers (Figure 4). 

3.5. The 3 mm biopsy punch will extract a slightly smaller diameter of material owing to the kerf of the instrument. 

3.6. Store lenses in a covered Petri dish at ambient temperature. 

4. Fabrication of the capillary bridge with double-sided tape

4.1. For users without access to PDMS, cut two squares of optically transparent double-sided 3M silicone tape (Figure 5).

4.2. Adhere one square to the underside of the upper jaw directly above the LED access hole, and one square to the top of the lower base directly above the photosensor access hole. Leave the protective release liner in place until assembly is complete.

5. Install the photosensor

5.1. Open the lower half of the stapler housing to expose the interior (Figure 3B).

5.2. Position the optical sensor board with its optical window aligned to the photosensor access hole drilled. Secure the board to the internal ribbing of the housing with double-sided foam tape, insulation tape, or a dab of hot-melt adhesive.

5.3. Route the JST cable along the internal channel toward the rear of the stapler (Figure 3D).

6. Install the LED

6.1. With the stapler open, locate the hole in the underside of the staple track (Figure 3C).

6.2. Place the LED board so that the beam source protrudes through the hole and faces downward toward the photosensor.

6.3. Route the JST cable along the inside of the upper jaw, out through the hinge region, and along the rear of the stapler alongside the photosensor cables (Figure 3D).

6.4. Secure the leads at the hinge with a small piece of Kapton or electrical tape to prevent abrasion during stapler operation.

7. Install the PDMS lenses

7.1. Seat one PDMS lens on the 3D-printed spacer bonded over the photosensor access hole (Figure 6A).

7.2. Seat a second PDMS lens on the underside of the upper jaw (Figure 6B), aligned with the LED, such that closing the stapler brings the two lenses into register with a small air gap between them.

7.3. Close the stapler with no sample and confirm visually that the two lenses align at the closing surfaces without binding, as shown in Figure 1B. 

7.4. If a lens is not seated appropriately, use tweezers to reseat the lens to ensure that a visible gap is present when closing the stapler. 

7.5. When running the device, a low signal may indicate PDMS lens misalignment or an air gap. See Supplementary File 1 for troubleshooting examples.

8. Connect the microcontroller

8.1. Stack the microcontroller board, the Bluetooth board, and the multiplexer board vertically using the 32-pin connectors (Figure 7). 

8.2. Connect the JST cable leads from the LED board and the optical sensor board to the multiplexer board. 

8.3. Connect the microcontroller to a host computer or a USB power source using the USB cable from the kit (Supplementary File 2).

9. Upload firmware 

9.1. Go to https://github.com/littledevicesemory/littledrop and download the .ino file containing the firmware code. Launch Arduino IDE and upload the LittleDrop firmware to the microcontroller over USB.

9.2. With no sample on the device and the stapler fully closed, record the dark-count reading from the photodiode. This is the instrument zero.

9.3. Open the stapler, deposit one drop of deionized water (~10–20 µL) onto the lower PDMS lens, and close the stapler to form a capillary bridge of water between the two lenses (Figure 1B)

9.4. Record the reading with the water bridge in place. This is the reference signal used to compute transmittance for subsequent samples. 

NOTE: Always return to a clean water-bridge reference when switching between sample types. 

10. Measure a sample

10.1. Open the stapler. Wick the previous drop off both PDMS lenses with a lint-free laboratory wipe.

10.2. Deposit one drop of the sample onto the lower lens (Figure 8). Close the stapler to form the capillary bridge.

10.3. Record the photodiode reading from the OLED display or from the serial output of the microcontroller.

10.4. Compute transmittance as the ratio of the sample reading to the water-bridge reference after subtracting the dark count.



10.5. Repeat steps 10.1–10.4 for replicates. Rinse both lenses with deionized water between samples of differing composition and blot dry. 

10.6. Alternatively, replace the lenses with the new ones using the steps denoted earlier.

RESULTS:  
Three validation experiments were performed to characterize the LittleDrop instrument against a commercial UV-Vis spectrophotometer (Table of Materials) and a smartphone-camera-based colorimeter. Two-wavelength discrimination of common liquids (Figure 9) is performed with the device. Red LED (~625 nm) and green LED (~520–525 nm) readings were collected for water, cola, Fanta, and milk. Plotting the two readings against each other placed each liquid in a distinct cluster in the two-dimensional space, with milk occupying the low-reading corner (both red and green attenuated by scattering), water occupying the high-reading corner (minimal attenuation at either wavelength), and the two colored sodas occupying intermediate positions distinguishable by their relative red-versus-green attenuation. This demonstrates that even the simple two-wavelength readout is sufficient to classify optically distinct aqueous samples without further spectral decomposition. 

Next, a four-point milk dilution was performed to demonstrate that LittleDrop can detect adulterated solutions from pure ones (Figure 10). These were measured on LittleDrop (n = 3) with a red LED (~625 nm), a UV-Vis spectrophotometer (n = 1), and a smartphone-camera pipeline (n = 1). The LittleDrop response tracked the UV-Vis response across the full dilution series (Figure 11); the signal increased as milk concentration decreased, and the two instruments agreed closely in slope and shape. The smartphone camera did not track UV-Vis across the series and did not produce a reading at 100% milk, consistent with saturation or path-length failure at high optical density.

Finally, a BSA titration was performed on simulated urine to assess clinically relevant absorption. BSA standards (0–1000 mg/dL) were prepared by serial dilution of bovine serum albumin in synthetic urine. The LittleDrop was outfitted with a 595nm LED and compared against a standard UV-Vis at the same wavelength. As Figure 12 shows, a clinically relevant range (2–100 mg/dL, n = 10 per point) is shown on a logarithmic concentration axis in concordance with the UV-VIS. Agreement statistics over this range: Pearson r = –0.946 (p = 3. 6 × 10⁻⁵), Spearman ρ = –0.891 (p = 5. 4 × 10⁻⁴), Lin's concordance correlation coefficient = 0.85.  Bland–Altman analysis of normalized signals: mean bias 0.076; 95% limits of agreement (–0.028, 0.179).

FIGURE AND TABLE LEGENDS:
Figure 1: LittleDrop instrument. (A) An office stapler is modified to hold the optical components of the LittleDrop instrument. (B) PDMS Capillary Bridge. A capillary bridge forms between two transparent PDMS lenses held together by 3D-printed PLA components. Light from the top passes through the upper PDMS layer into the sample, then through the lower PDMS lens, which directs it to the optical sensor.

Figure 2: Kit materials. A modular assembly kit was generated for field production. (A) Standard office stapler (B) Transfer pipette (C) PDMS lenses (D) Biopsy punch (E) Multiplex board (F) Bluetooth Board (G) Microcontroller (H) LED Board (I) Optical sensor board (J) 4 Pin JST cables (K) Micro USB cable.

Figure 3: Assembly. (A) 3D Printed Component Placement. 3D Printed components are placed on the bottom and top of the interior part of the stapler. (B) Sensor placement. After making a hole in the bottom of the stapler, an optical sensor board is secured underneath, allowing the sensor to detect changes in absorbance of the light above. (C) Light source integration. The LED board is connected via JST cables that are pushed back into the stapler and exit through the back. (D) Cable routing through the stapler hinge. Cable leads are routed through the staple hinge to be connected to the main microcontroller and power source.  

Figure 4: PDMS lenses. Lenses are harvested from a flat PDMS cast on a Petri dish using a biopsy punch.

Figure 5: Double-sided tape bridge. An alternative method using transparent double-sided tape forms the capillary bridge.

Figure 6: Installing PDMS lenses. (A) PDMS lenses are placed on the 3D-printed spacer above the optical sensor and aligned with the 3D-printed spacer above it (B) and with the LED board. It provides a light path from the LED towards the optical sensor.

Figure 7: Stapler board connection. The sensor and LED are connected to a microcontroller shield powered via USB.

Figure 8: Placement of the sample on the PDMS component. A drop of liquid is placed on the lower PDMS pad to form a capillary bridge. 

Figure 9: Identification by color. Liquid identification by color. Red and green LED readings plotted for water (red, n = 2), cola (blue, n = 2), Fanta (purple, n = 2), and milk (green, n = 1). Each liquid forms a distinct cluster in the x-y plane.

Figure 10: Milk dilution. Instrument response to milk dilution. Signal from LittleDrop (red, n = 3), UV-Vis (green, n = 1), and a smartphone camera (blue, n = 1) across four milk-water mixtures. LittleDrop tracks UV-Vis across the dilution series; the smartphone camera does not, and is absent at 100%.

Figure 11: Camera comparison. Method agreement with UV-Vis. LittleDrop (red, n = 3) and smartphone (blue, n = 1) signals plotted against UV-Vis at matched concentrations; dashed line is y = x. LittleDrop falls on unity at 50–100% and slightly above at 25%; the smartphone camera scatters off it.

Figure 12: Detection of albumin in simulated urine. Comparison of spectrophotometric and LittleDrop responses to albumin concentration using Bradford reagent (Coomassie Brilliant Blue, 595 nm). Albumin standards (0–1000 mg/dL) were prepared by serial dilution of bovine serum albumin in synthetic urine and incubated with Coomassie Brilliant Blue G-250. The clinically relevant range (2–100 mg/dL, n = 10) is shown on a logarithmic concentration axis. Both signals were min-max normalized to [0, 1](#) across the full dilution series, with LittleDrop transmittance negated to co-orient with absorbance. The two instruments show strong agreement over this range (Pearson r = −0.946, p = 3.6 × 10⁻⁵; Spearman ρ = −0.891, p = 5.4 × 10⁻⁴; Lin's CCC = 0.85). Bland-Altman analysis of normalized signals yields a mean bias of 0.076 with all points within the 95% limits of agreement (−0.028, 0.179).

Supplementary File 1: PDMS bridge quality assessment and component costs. Representative images showing acceptable and unacceptable PDMS bridge formation, accompanied by an itemized cost estimate for the components used to construct the LittleDrop device. 

Supplementary File 2: LED board wavelength characteristics. Relative emission distributions of the blue, green, and red LEDs across the visible wavelength range used in the LittleDrop optical system.

DISCUSSION:  
Several steps in this protocol have an outsized effect on instrument performance. The first is alignment between the LED and the photodiode, just like any other optical instrument relying on beam analysis. Because the optical path is short and the beam is narrow, small offsets between the drilled LED hole and the drilled sensor hole produce large swings in baseline transmission that can swamp the absorbance signal of dilute samples. Drilling both holes in a single setup is recommended, using a pilot hole to keep the two coaxial, and confirming alignment at baseline before collecting any sample data. The second critical step is PDMS lens quality. Bubbles and inclusions in the cured PDMS scatter light and shift the water-reference signal from run to run; discarding defective lenses is less expensive than discarding data later. The third is the role of ambient light, which can affect results in different conditions. Future work will provide a lock-in amplifier workflow that will be updated in the repository. Supplementary File 1 describes acceptable PDMS lenses and unacceptable examples. 

The protocol is amenable to a number of modifications that trade cost against optical quality. The double-sided tape variant eliminates the PDMS step entirely, at the expense of some optical clarity; it is useful for teaching and field repair. Users who require additional wavelengths can swap the LEDs for any through-hole or surface-mount LED whose emission has been characterized against a reference spectrometer, as long as the sensor remains responsive in that wavelength band. The stapler chassis can be substituted with any hinged clamp that provides a repeatable closing force and a flat reference surface; the authors have found the common full-strip office stapler to be the most widely available choice across supply environments. For assays that require longer integration11 times or lower detection limits, the firmware can be modified to average over a longer sensor sampling window. The device demonstrated that repeated measurements following the appropriate calibration steps above do not meaningfully affect the performance of the device. 

The method has limitations that future work should address. The instrument is a transmittance12 reader with a single optical path; it does not perform spectral decomposition and cannot separate absorbance from scattering in turbid samples13. The path length is set by the combined geometry of the PDMS lenses, the 3D-printed spacer, and the stapler closing position, and is therefore sensitive to PDMS batch variability and wear of the stapler hinge over time. Users running the instrument for extended campaigns of hours should build in periodic calibration against a reference instrument. Dark count calibration is inherent in the measurement cycle protocol described above (blank, control, sample, repeat) and should be followed for proper results. Finally, the drop-based sample format is not compatible with all sample types — high-viscosity samples may not form a clean capillary bridge14, and samples with surfactants15 can wet the PDMS surfaces in ways that change the effective path length.

LittleDrop occupies a specific niche relative to existing options. Against commercial benchtop spectrophotometers, it trades optical complexity for a significant cost reduction and portability. Smartphone-camera colorimetry is ubiquitous16,17,18, but lacks a defined monochromatic light source, a defined path length, and independence from the camera pipeline and white-balance processing of any given handset. This is supported by the results in Figure 11, where the smartphone variability gave inconclusive results. The approach sought to build on the important work in other open-source spectrophotometer designs. The primary contribution of this work is in reducing the sample volume using the drop-scale optics that replace cuvettes, and a widely available mechanical chassis instead of  bespoke optomechanical enclosures. 

The Bradford-albumin results (Figure 12) point toward urinary albumin screening as a near-term application; the two-wavelength readout (Figure 9) points toward classification of other colorimetric assays for which a benchtop cuvette spectrophotometer would be overkill. The small amount of reagent needed could pave the way for a return of optical glucometers such as the Dextrometer19 of the 1970s, without the requirements for expensive consumables found in modern electrochemical glucometers. Future work will involve creating additional modular sensors and light sources, including the deep UV (≈260–280 nm) range, to enable direct nucleic-acid and protein quantification. In order to do that, the PDMS components will have to be replaced with a suitable material, such as quartz, that is transparent to UV. The instrument is intended for diagnostics developers building absorbance-based assays outside well-resourced laboratory environments: low- and middle-income country clinics, field research programs, veterinary-on-farm workflows, and distributed science applications where instrument transparency, serviceability, and local sourcing are important.

[bookmark: 2s8eyo1]ACKNOWLEDGMENTS: 
[bookmark: 17dp8vu]The Uruguayan Agencia Nacional de Investigación e Innovación provided support for field operations for LittleDrop, and Universidad del Desarrollo C+ and the Hatchery Center for Innovation at Emory University provided support for recent experiments. 

DISCLOSURES: 
The authors have no disclosures. 

[bookmark: 3rdcrjn]REFERENCES:
1. Hicks M, Gebicki JM. A spectrophotometric method for the determination of lipid hydroperoxides. Analytical Biochemistry. 1979 Nov 1;99(2):249–53. 
2. Frederix F, Friedt JM, Choi KH, Laureyn W, Campitelli A, Mondelaers D, et al. Biosensing Based on Light Absorption of Nanoscaled Gold and Silver Particles. Anal Chem. 2003 Dec 1;75(24):6894–900.
3. J.Gomez-Marquez, K.Hamad-Schifferli, Distributed Biological Foundries for Global Health. Advanced Healthcare Materials 2019, 9, 1900184. 
4. Fan K, Liu W, Miao Y, Li Z, Liu G. Engineering Strategies for Advancing Optical Signal Outputs in Smartphone-Enabled Point-of-Care Diagnostics. Advanced Intelligent Systems. 2023;5(6):2200285. 
5. Organization WH. Manual of Basic Techniques for a Health Laboratory. World Health Organization; 2003. 395 p.
6. Desjardins P, Conklin D. NanoDrop microvolume quantitation of nucleic acids. J Vis Exp. 2010 Nov 22;(45):2565. 
7. Vacas-Jacques P, Linnes J, Young A, Gerrard V, Gomez-Marquez J. Portable digital lock-in instrument to determine chemical constituents with single-color absorption measurements for Global Health Initiatives. Rev Sci Instrum. 2014 Mar 6;85(3):033103.
8. Laganovska K, Zolotarjovs A, Vázquez M, McDonnell K, Liepins J, Ben-Yoav H, et al. A portable low-cost open-source wireless spectrophotometer for fast and reliable measurements. HardwareX. 2020 Apr 1;7:e00108. 
9. Park J. Smartphone-based lateral flow immunoassay quantifications. Journal of Immunological Methods. 2024 Oct 1;533:113745. 
10. Visible/UV-Visible Spectroscopy from Cole-Parmer. Available from: https://www.coleparmer.com/c/visible-uv-visible-spectroscopy?source=disc
11. Szkop M, Brygola K, Janczewska M, Ciach T. A simple time-resolved fluorescence assay for quantitative determination of DOTA chelator. Analytical Biochemistry. 2019 November 584, 113384. 
12. Ellerbee, A.K., Phillips, S.T., Siegel, A.C., Mirica, K.A., Martinez, A.W., Striehl, P., Jain, N., Prentiss, M., Whitesides, G.M. Quantifying colorimetric assays in paper-based microfluidic devices by measuring the transmission of light through paper. Anal. Chem. 81 (20), 8447–8452 (2009).
13. Cowles, J. Theory of dual-wavelength spectrophotometry for turbid samples. J. Opt. Soc. Am. 55, 690–692 (1965).
14. Brulin, S., Tropea, C., Roisman, I.V. Pinch-off of a viscous liquid bridge stretched with high Reynolds numbers. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 587, 124271 (2020).
15. Seo, J., Lee, L.P. Effects on wettability by surfactant accumulation/depletion in bulk polydimethylsiloxane (PDMS). Sensors and Actuators B: Chemical. 119, 192–198 (2006).
16. Pohanka, M., Zakova, J. Urine test strip quantitative assay with a smartphone camera. International Journal of Analytical Chemistry. (2024).
17. Sevastou, A., Tragoulias, S.S., Kalogianni, D.P., Christopoulos, T.K. Mix-and-read method for assessment of milk pasteurization using a smartphone or a common digital camera. Analytical and Bioanalytical Chemistry. 1–7 (2020).
18. Munkholm, S.B., Krøgholt, T., Ebbesen, F., Szecsi, P.B., Kristensen, S.R. The smartphone camera as a potential method for transcutaneous bilirubin measurement. PLoS ONE. 13 (2018).
19. Dextrometer for self-testing of blood glucose. The Western Journal of Medicine. 136 (3), 275 (1982).

