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Abstract

Raman spectroscopy is a powerful tool for qualitative and quantitative analysis in var-

ious scientific and industrial fields. However, the development of multisample auto-

mated screening remains relatively unexplored. In this paper, we develop RamanBot,

a low-cost, easy-to-assemble, and automated Raman spectroscopy system designed

for efficient signal collection from samples stored in different types of containers. For

the first time, the proposed device introduces the Cartesian motion system, com-

monly used in 3D printers, to Raman spectroscopy automation. This is achieved

by replacing the extrusion head of a commercially available 3D printer with a novel

designed “Raman head”. The Raman head integrates all the necessary optical com-

ponents required for in-place sample excitation and signal collection. A multimode

fiber is used to deliver the excitation laser to the Raman head, whereas the collected

Raman signal is delivered to the spectrometer via a fiber bundle. The motion sys-

tem is programmed to scan predefined sample arrangements using the standard pro-

gramming language for computer numerical control (G-code). The effect of move-

ment precision on the Raman signal is studied. The introduced device is used in

the quantitative analysis of ethanol and methanol. In addition, RamanBot is used

to screen six eggs in their commercial packaging with minimal human intervention.

The results show that the system is highly stable and capable of delivering reliable

Raman measurements, making it a promising solution for high-throughput Raman

spectroscopy applications.

Introduction

Over the years, Raman spectroscopy has emerged as a powerful and versatile ana-
lytical technique, finding applications across diverse disciplines such as materials
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science, life sciences, chemistry, physics, medicine, pharmaceuticals, semiconduc-
tor manufacturing, process monitoring, quality control, and forensics [1–5]. The tech-
nique operates by measuring the energy shift of incident photons as they interact with
molecular vibrations within a sample, enabling both qualitative and quantitative com-
positional analysis [1,3]. Despite its broad applicability, Raman spectroscopy has yet
to reach its full potential, in part due to the high cost and complexity of developing
high-throughput Raman systems [6].

High-throughput Raman screening is particularly important in applications requir-
ing the rapid and reproducible analysis of large sample sets. For example, high-
throughput Raman platforms have enabled rapid screening of serum samples for col-
orectal cancer with approximately 83 % sensitivity and specificity [7], and label-free
screening of tens of thousands of eukaryotic cells for biomedical assays [8]. In mate-
rials and biomedical contexts, a multifocal Raman spectrophotometer has been used
to analyze multiple 3D cell spheroids in parallel—improving throughput by approx-
imately two orders of magnitude [9]. In these scenarios, the ability to collect large
datasets with minimal human intervention is critical to accelerate decision-making,
reduce operator error, and enable robust statistical analysis.

A significant body of research has focused on integrating Raman spectroscopy
with microplate-based platforms, which are widely used in analytical research and
medical diagnostics due to their compatibility with multiple detection modalities [7,10–
14]. Standard microplates typically contain 96, 384, or 1536 wells, with capacities
ranging from a few nanoliters to several milliliters. However, most Raman systems
are designed to accommodate only one or two specific microplate formats, limiting
their adaptability. For example, [10] developed 1 x 8 optical channels that move with
a motorized stage while switching between channels is done using optical switching.
This system is limited to 96 well plates. Another example is the simultaneous screen-
ing system presented by [13]. It consists of a 192 small lenses array that aligns per-
fectly under 192 wells which is half the standard 384 well plate. Moreover, many bio-
logical and chemical samples are stored in alternative containers, such as capillaries,
cuvettes, or centrifuge tubes, which vary in size and configuration [15].

Alternatively, handheld Raman devices [16,17] offer convenience and portabil-
ity for point-of-care and on-site measurements. However, despite their widespread
adoption, these devices are typically operated manually, which reduces throughput,
reproducibility, and measurement consistency, particularly in high-throughput settings
or when precise spatial sampling is required [18,19].

In certain cases, samples must be scanned directly in their original containers to
avoid unnecessary handling that could compromise integrity, ensuring more accurate
and representative Raman measurements. This diversity of sample formats under-
scores the need for a flexible, automated Raman system capable of accommodating
multiple container types, arbitrary sample arrangements, and direct container-based
scanning.

In this work, we leverage recent advancements in motion control systems from
fused deposition modeling (FDM) 3D printing to develop a cost-effective, versatile,
and high-throughput Raman screening system. Existing automated Raman
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platforms are often prohibitively expensive, proprietary, or restricted to specific formats, whereas our approach repurposes
widely available and inexpensive 3D printer motion systems. This enables a substantial reduction in acquisition time while
maintaining high positional precision.

In our system, the extrusion head is replaced with a custom-designed “Raman head” that houses all optical compo-
nents necessary for laser excitation and Raman signal collection. Taking advantage of the 3D printer ecosystem, the pro-
posed device is programmable via standard G-code [20,21]. Pause commands are inserted when the system reaches a
sample location to allow the spectrometer to collect a Raman signal. Simultaneously, a synchronized acquisition schedule
is passed to the spectrometer to ensure coordination between the motion platform and the spectrometer.

Our approach reduces manual effort, accelerates sample screening, and enables large-scale Raman data collection
across a broad range of sample types, bridging the gap between cost-effective instrumentation and high-throughput ana-
lytical capabilities. While the current implementation operates with one sample at a time, the idea remains applicable to
different excitation configurations, where multiple samples can be excited simultaneously.

The rest of this paper is organized as follows. The “High-throughput Raman system” section covers the selection of
the motion system, the Raman head design, and the overall operation. The “Results and discussion” section discusses
the results of positioning error, and the quantitative analysis of ethanol and methanol in different sample platforms. It also
highlights the system’s adaptability to non-standard sample configurations by scanning commercially purchased eggs in
their original carton.

High-throughput Raman system
Motion system selection

There are various types of 3D printers available [22]. Among them, FDM printers are the most widely used because of
their ease of modification, and the availability of a large support community. The motion system of FDM printers remains
an active area of research, with different configurations introduced to optimize speed, precision, and stability [23–26]. The
most prevalent configuration is the Cartesian system, valued for its simplicity, reliability, and ease of maintenance. It relies
on independent linear movement along the X, Y, and Z axes, offering good stability, resolution, and easy calibration. How-
ever, in designs where the Y-axis movement involves shifting the entire print bed, performance is limited by inertia [27].
This limitation is addressed in CoreXY systems [24], where the bed moves only along the Z-axis, while a crossed-belt
arrangement drives the print head in the X–Y plane.

Alternatively, Delta printers employ three articulated arms connected to the extrusion head, with the print bed remain-
ing stationary. This kinematic arrangement allows for very high printing speeds and produces a circular build area. How-
ever, Delta printers are more complex to calibrate because motion along any axis requires coordinated action of all three
motors, and positional accuracy decreases toward the edges of the build plate [28].

Another alternative is the selective compliance assembly Robot Arm (SCARA) systems. It uses a robotic arm that
moves in X, Y, and Z, offering a small footprint and mechanical flexibility [29]. However, they are generally slower than
Delta designs and harder to calibrate.

The high speed achievable with Delta and SCARA systems is not advantageous in the present work, as it may com-
promise the stability of the optics. While, the Cartesian configuration provides an optimal balance between accuracy,
steadiness, and mechanical simplicity. Most importantly, it sustains cost effectiveness.

For these reasons, we prefer the Cartesian motion system. We chose the open-source Prusa i3 MK3S printer [30],
where all the printer pieces are 3D printed, which makes it easy to modify for our purpose. The printer is also backed up
by a large open-source community which is a major advantage over the previously introduced custom made screening
systems [7,10–14]. Additionally, the device offers high mechanical precision and a build volume of 250 × 210 × 210 mm.
In our setup, the X–Y motion system of the printer is used to scan samples in different arrangements across the printing
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bed, while the Z-axis is employed to adjust the focus on each sample. The printer is controlled via standard G-code com-
mands to perform three-dimensional positioning. For example, the command G0 X10 Y10 Z5 F500 moves the head to
coordinates (10 mm, 10 mm, 5 mm) at a speed of 500 mm/min.

During acquisition, the motion system is paused at each sampling location, allowing time for the head to come to a
complete stop and to mitigate residual vibrations. The spectrometer is programmed to collect a predefined number of
spectra per location, with an inter-scan delay accounting for both mechanical travel and stabilization time. This coordi-
nated control ensures high-quality spectral data across all sample positions.

Raman head

The Raman head is designed after the required optical configuration is selected. Table 1 summarizes the optical com-
ponents used with their corresponding part numbers. In our approach, the excitation light is provided by a 400 mW mul-
timode laser operating at 785 nm, delivered via a 0.22 NA multimode optical fiber entering from the top. The scattered
Raman signal is collected from the side through a 0.22 NA seven-core round-to-line fiber bundle (Thorlabs BFL200LS02),
as shown in Fig 1:A. This arrangement prevents tangling between the excitation and collection fibers during scanning.

A collimation package (Thorlabs F220APC-780) is used to collimate the output of the multimode fiber that carries the
laser light. A 10 nm full-width at half-maximum (FWHM) line filter (Thorlabs FL05780-10) is chosen to suppress broad-
band background emission of the collimated beam. A short-pass dichroic mirror with a cut-off wavelength of 805 nm
(Thorlabs DMSP805) is used to reflect the Raman-shifted light above 805 nm toward the spectrometer side. While, it
transmits the 785 nm laser to the objective lens. The laser is then focused onto the sample using a 0.4 NA objective lens
with a 10 mm focal length.

The reflected Raman signal from the dichroic mirror is passed through a long-pass filter to further attenuate residual
excitation light. A 0.22 NA lens is used to couple the Raman signal to the fiber bundle. It is worth mentioning that the col-
lected Raman signal from a single point is coupled into the seven-core fiber bundle which enhances the overall system
SNR. This bundling strategy differs from the 192-core system in [13], where each core individually collected a signal from
a separate point.

Taking into account this optical setup, the original Prusa extrusion head model [30] is redesigned to house these optical
components. The new Raman head consists of three main parts as shown in Fig 1:B: (1) the main body, which accepts
the multimode fiber input and holds the collimation package together with all optical components except the objective and
the coupling lens; (2) a dedicated objective lens holder; and (3) a coupling lens holder for focusing the Raman signal to
the fiber bundle. The 3D printed designs can be found in the [31]. The focusing and coupling lens holders were designed
as separate components from the main body, allowing lens replacement if needed, without disturbing the integrity of the
main structure. They are screwed to the main body for assembly. In the proposed design, we use the flexure of the 3D

Table 1. Optical components. Optical components incorporated in the Raman head with corresponding part numbers and key specifications.

Component Part number Specifications
Fiber-coupled Laser BWTEK BRM-785 450 mW at 785 nm, 0.22-SMA
Multimode Fiber Thorlabs-M18L01 0.22 NA, 105 𝜇m core diameter
Collimation package F220APC-780 0.26 NA, 11 mm focal length
line filter Thorlabs-FL05780-10 10 nm FWHM
Dichroic mirror Thorlabs-DMSP805 805 nm cut-off wavelength
Lens-objective Thorlabs-AC080-010-B-ML 0.4 NA
Long pass filter Thorlabs-FEL0800 805 nm cut-off wavelength
Lens Thorlabs-AC080-010-B-ML 0.22 NA
Fiber bundle Thorlabs-BFL200LS02 0.22 NA, 7 cores, 200 𝜇m
Spectrometer Andor-HoloSpec [32,33]

https://doi.org/10.1371/journal.pone.0334679.t001
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Fig 1. Raman head design and implementation. A: Schematic diagram of the optical setup within the Raman head, illustrating the beam path and
key optical components. B: 3D mechanical design showing the custom-printed parts used to mount and align the optics. C: Photograph of the fully
assembled Raman head after 3D printing and integration of all optical elements.

https://doi.org/10.1371/journal.pone.0334679.g001

printed pieces to tightly secure the optical components and maintain precise alignment. The collimation package, how-
ever, is additionally fastened with a top screw (Fig 1:B) to provide enhanced stability, as it is directly coupled to the multi-
mode fiber. Similarly, the fiber bundle is fastened with an SMA adapter with a lock nut (Thorlabs HASMA).

The fully assembled Raman head is shown in Fig 1:C. Although the design is compatible with any spectrometer that
accepts a standard fiber input, our experiments use an Andor HoloSpec spectrometer for spectral acquisition [32].

Overall system operation

Fig 2 shows the overall workflow of the introduced machine. First, samples are placed on the device bed in the desired
order. The location of each sample is measured with respect to the Raman head home (0,0,0). The height of each sam-
ple is also measured to ensure perfect focus on every sample. The spectrometer acquisition time for each sample is
defined and a time margin is set . The machine pause time at each sample is then defined as the sum of the acquisition
time and the time margin. With all these parameters, a sequence of moves separated with pauses at each sample is then
converted into a G-code and passed to the machine through pronterface [34], which is open-source software based on
Python for controlling 3D printers. It communicates with the printer via USB. Simultaneously, an acquisition schedule is
created based on the time taken by the machine to reach a certain sample (travel time) and the specified acquisition time.
The acquisition schedule is then passed to the spectrometer via Solis software [33], which controls our Andor HoloSpec
spectrometer [32].

G-code offers a variety of motion commands [21]. Among them, the positioning mode commands G90 and G91 for rel-
ative and absolute positioning, respectively, are well suited for our device. The relative positioning command G90 is use-
ful when it is required to manually optimize the position of the Raman head for the strongest signal at the first acquisition
point and then move relative to this optimized start point. The absolute positioning command G91 is useful when the head
is required to start moving from the home point (0,0,0). Furthermore, the G1 motion mode command is used for precise
movement.
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Fig 2.Workflow of the high-throughput Raman screening. Flowchart illustrating the sequence of sample geometry characterization, generation of
motion instructions (G-code) and acquisition schedules, and the final execution of sequential scanning and signal acquisition.

https://doi.org/10.1371/journal.pone.0334679.g002

Results and discussion
The positioning error

Positioning errors in 3D printers originate from several sources, including inaccuracies in the stepper motors controlling
motion along the x, y, and z axes, as well as improper belt tension. Excessive belt tension can cause the motor to skip
steps, while loose belts may introduce oscillations. Additionally, higher movement speeds increase positioning errors
because of the momentum of the moving parts, such as the printer bed or the Raman head, resisting rapid changes in
motion. A properly assembled printer typically achieves a precision of approximately 0.1 mm along the Z-axis and 0.3 mm
in the X–Y plane. With additional calibration, the precision can be improved to roughly 0.05 mm on all axes [35]. There-
fore, it is worth calibrating the machine after the introduced modifications.

Similarly to the calibration process of a 3D printer, we distinguish positioning errors into two categories: errors along
the z-axis, controlled by a single stepper motor, and errors in the xy-plane, controlled by two stepper motors. Errors in the
z-direction primarily cause misfocus on the sample, leading to losses in the collected Raman signal. Conversely, impreci-
sion in the xy-plane movement leads to collecting signal from incorrect spatial locations. For these reasons, after assem-
bling the Raman head, which now has a weight different from the original extrusion head, it is critical to evaluate the posi-
tioning accuracy. These errors can be compensated for through appropriate G-code commands, if needed.

Before error measurement, the printer bed was carefully leveled to ensure a uniform distance from the Raman head
across the entire bed surface as described in [36].

To investigate the positioning error in the Z-axis, Raman signals were collected from ten PLA columns printed with
heights ranging from 0.5 to 5 cm, as illustrated in Fig 3:A. To evaluate the xy-plane error, Raman signals were collected
at 16 locations on a 4×4 PLA grid, where the hemispheres are placed at the grid intersections as shown in Fig 3:B. The
dimensions of both tools were measured precisely to minimize geometric errors, and a 100% material fill was used in the
printing process to ensure uniform surface material. The test models used in this assessment can be found in [31].

In order to measure the Z errors, we first calibrated the initial position of the objective lens to be at the focal point of the
printing bed. Using the G91 command for relative positioning, we then instructed the machine to move upward by 0.5 mm
at a fixed speed. We then placed a 0.5 mm column beneath the Raman head, ensuring its top was at the focal distance
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Fig 3. Evaluation of the positioning error in Z direction and XY. A: 3D design of 10 columns with heights ranging from 0.5 cm to 5 cm for z posi-
tioning error evaluation. B: 3D model of a 4×4 grid structure featuring hemispherical features located at each intersection point for xy positioning error
evaluation. C: Raman spectra collected from the top of the 10 columns at four scanning speeds (1, 21, 41, and 61 mm/s), with shaded regions indicating
potential signal loss due to positioning error. D: Raman spectra acquired at the 16 grid intersection points under the same four scanning speeds, with
shaded regions representing signal variations attributed to positioning error.

https://doi.org/10.1371/journal.pone.0334679.g003

from the lens. Any decrease in the recorded Raman intensity at this point would indicate a positioning error. This proce-
dure was then repeated by systematically raising the head in 0.5 mm increments and inserting a corresponding column
of increasing height. The experiment was carried out at four different speeds: 1, 21, 41, and 61 mm/s. Fig 3:C shows the
Raman signals collected at these speeds, with shaded areas representing how much the signal can drop because of the
positioning error. As expected, the slowest speed (1 mm/s) yielded the smallest reduction ( 1.5%). Increasing the speed
results in greater focus errors and a corresponding reduction in Raman intensity. The maximum reduction measured was
(9.5%) recorded at 61 mm/s.

The XY positioning error was assessed by scanning a 4x4 grid of 16 hemispheres, as depicted in Fig 3:B. First, the
maximum Raman signal was recorded at the initial hemisphere. The instrument was then commanded to move to the next
hemisphere at a fixed speed, where another Raman signal was collected. A decrease in signal intensity indicated that the
measurement head was not precisely positioned at the hemisphere’s apex due to movement errors. The remaining posi-
tions were scanned sequentially, row by row, at the same speed. This procedure was repeated at all speeds previously
used.

The results, shown in Fig 3:D, demonstrate a correlation between speed and the reduction in signal intensity, which
is directly attributable to positioning imprecision. Consistent with the Z-axis error findings, the slowest speed (1 mm/s)
resulted in a minimal signal reduction of approximately 1.7%. In contrast, the highest speed (61 mm/s) caused a much
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larger reduction of approximately 11%. These findings quantify the reliability of the proposed device at different scan-
ning speeds. It is important to note that the precision of these results is contingent on the quality of the 3D printer com-
ponents and the accuracy of the system assembly. This analysis facilitates application-specific speed selection. For
high-throughput screening, higher speeds are viable for samples with large Raman cross-sections, where minor inten-
sity variations are tolerable. Conversely, high-precision screening necessitates slower speeds to ensure optimal focus
and enhanced SNR for low cross-section biological samples. It is worth mentioning that these errors can be algorithmi-
cally reduced by developing a lookup table that characterizes the difference between the commanded movement and
the actual distance at every point on the grid as a function of the speed. Then, a derived correction value is added to the
commanded distance to compensate the error in the actual movement [37,38].

Microplate plateform

After calibrating the device for optimal performance, we evaluated its capability to read a standard 96-well microplate.
Microplates are commonly made of polystyrene, which exhibits a strong Raman peak near 1000 cm–1 attributed to the ring
breathing mode [39]. Additional, less intense peaks were observed at approximately 1030 cm–1 and 1602 cm–1.

To ensure that the microplate remains securely positioned during acquisitions, we use the magnetic properties of the
build plate by printing the custom plate frame shown in Fig 4:A with holes designed to house metal inserts. This design
enables firm attachment of the plate frame to the build plate. Fig 4:B shows the microplate mounted in the frame and
affixed to the build plate.

Clear microplates are the most commonly used microplates as they allow absorbance assays. However, they cause
strong background peaks when used for Raman spectroscopy. In contrast, black microplates produce significantly lower
background peaks. Fig 4:C compares the Raman signals obtained from empty wells in clear and black microplates. It can
be observed that the clear microplate exhibits a significantly higher background intensity. This comparison was conducted
on empty wells. Fig 4:D compares the background Raman peaks of the clear and black microplates when the wells were
filled with 330 𝜇L of water. The spectra are normalized to the highest reported peak in the empty well example. The focus
was adjusted to the water surface which significantly reduces the microplate background through two mechanisms. First,
the bottom of the well is physically out of focus, limiting signal collection from the bottom of the well. Second, the refractive
index mismatch between water and air further attenuates any residual signal originating from the bottom. The comparison
shows that the black microplate exhibits substantially reduced background interference in both cases, making it a superior
choice for Raman screening applications.

An additional critical factor is the level of cross-talk between adjacent wells. For this evaluation, a black microplate was
used and ethanol was selected because of its strong Raman scattering characteristics. Ethanol has a strong Raman peak
around 880 cm–1 that corresponds to C-C stretching. Additionally, it has less significant peaks around 1050 cm–1,1090
cm–1,1280 cm–1, and 1455 cm–1. These peaks correspond, respectively, to C-O stretching, C-C stretching,C-O-H bend-
ing, and CH2/CH3 bending. For this experiment, we used acquisition time of 30 s and ice packs were used to reduce
evaporation. Fig 5:A presents Raman spectra collected from a 3×3 well array, where the central well (well 0) was filled
with ethanol and the surrounding wells (wells 1 to 8) contain only water. It may be observed that ethanol strong peaks in
the surrounding wells were minimal. The inset of Fig 5:A reveals negligible traces of the characteristic ethanol peak in the
surrounding wells. The observed ethanol peaks at well 0 are in agreement with the peaks reported in [40]. These traces
can be attributed to contamination arising from ethanol evaporation triggered by the laser intensity. Fig 5:B shows the
signal-to-noise ratio (SNR) calculated at the ethanol filled well for the significant peaks (880, 1050, 1090, 1280, and 1455
cm–1). The SNR profile demonstrates that RamanBot maintains high signal fidelity across the entire spectral fingerprint
of Ethanol which makes it an excellent choice for quantitative analysis. A similar experiment was conducted on a clear
microplate can be found in S1 File, Section B.
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Fig 4. Microplate background Raman evaluation. A: 3D design of the mounting frame featuring alignment features to secure the microplate and
openings for metal inserts to ensure attachment to the build plate. B: Photograph of the 3D-printed frame mounted on the build platform, demonstrating
proper positioning and stabilization of a standard microplate. C: Comparison of background Raman spectra from empty clear and black microplates. D:
Comparison of background Raman spectra from clear and black microplates when filled with water.

https://doi.org/10.1371/journal.pone.0334679.g004

Quantitative analysis using 96-well microplate

In this study, we explore the application of the 96-well microplate for quantitative Raman analysis. Twelve ethanol solu-
tions (columns 1–12) were prepared with concentrations ranging from 200 mM to 2400 mM. Each concentration was repli-
cated eight times (rows A–H), resulting in a total of 96 samples. The samples were loaded into the microplate, which was
maintained at a low temperature by placing ice packs on the printing bed to minimize ethanol evaporation during mea-
surements.

The Raman system was programmed to sequentially scan all 96 wells and acquire the Raman spectrum from each.
Each well was measured with an acquisition time of 4 seconds. To accommodate system delays and ensure the Raman
head fully stabilized before acquisition, an extra 1 second is added as stability margin time. The printer speed was set
to 20 mm/s, with the home position initialized at well A1. The Raman head was positioned to maximize the signal inten-
sity before scanning was commenced. The total scanning time for the entire microplate was approximately 9 minutes,
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Fig 5. Black microplate cross-talk evaluation with ethanol sample. A: Nine Raman spectra collected from a 3×3 arrangement of microplate wells,
where the central well (well 0) contains ethanol and the surrounding wells are filled with water. The inset highlights the spectral region near 880 cm–1,
revealing the ethanol-associated peak and demonstrating negligible ethanol signal into adjacent wells. B: The signal-to-noise ratio calculated at the
major ethanol peaks (880, 1050, 1090, 1280, and 1455 cm–1) for the sample in the central well.

https://doi.org/10.1371/journal.pone.0334679.g005

which is much less than scanning the samples manually while maintaining a low standard deviation between replicas.
The height was fixed during the screening process and the overall travel range in xy-plane was 99 × 77mm. The param-
eters for this experiment are summarized in Table 2. In contrast to the screening systems reported in [10,13] which could
be faster due to optical switching in [10] or simultaneous acquisition in [13], our system travels in all directions instead.
While this approach results in a longer duration, it affords significantly greater flexibility. All collected spectra were pro-
cessed using the airPLS baseline correction method [41]. Fig 6:A shows Raman spectra of ethanol acquired at different
concentrations. A clear increase in Raman intensity is observed with increasing concentration. Fig 6:B shows the average
intensity of the dominant ethanol peak at 880 cm–1 for the 12 concentrations with error bars indicating the standard devi-
ation. The linear fit yields an R-squared value of 0.9975, which reflects an excellent linear relationship between Raman
intensity and ethanol concentration. This is because of the direct relationship between the number of molecules and the
intensity of the scattered Raman signal. The maximum recorded standard deviation between replicas was 2.5%, which
highlights the reproducibility of the results. The calculated limit of detection (LOD) according to the calibration slope is 9
mM which is higher than 1.2 mM reported in [42]. However, different measurement conditions were used. The LOD was
calculated using the standard criterion LOD = 3𝜎/S where 𝜎 denotes the standard deviation of the blank and S is the cal-
ibration slope.

Quantitative analysis using microfuge tubes

Microfuge tubes are essential consumables in molecular biology laboratories, designed to withstand rapid temperature
changes while their secure sealing minimizes evaporation and contamination. They are widely used in applications such
as DNA cloning, gene expression analysis, pathogen detection, and genotyping [43].

Table 2. Time breakdown for the automated screening of a 96-well microplate. Table summarizes the key parameters for the microplate sceening,
including acquisition and margin time in seconds at each well, and stage travel time and range.

Acquisition + Margin Travel range (X × Y × Z) Travel time Overall time
4 s + 1 s 99 × 77 × −mm 108 s 540 s

https://doi.org/10.1371/journal.pone.0334679.t002
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Fig 6. Ethanol concentration calibration. A: Raman spectra of ethanol solutions at concentrations ranging from 200 mM to 2400 mM. B: Calibra-
tion curve showing the intensity of the 880 cm–1 Raman peak as a function of ethanol concentration, fitted with a linear regression model. Error bars
represent the standard deviation of repeated measurements at each concentration.

https://doi.org/10.1371/journal.pone.0334679.g006

To demonstrate the versatility of our proposed Raman system, we designed and 3D printed a holder for the microfuge
tubes shown in Fig 7:A. The holder aligns the samples at an approximate tilt angle of 24°. This inclination allows the
Raman head to focus unobstructed on the clear bottom of each tube, maximizing the collected Raman signal. Moreover,
the holder is hollow beneath the tubes to prevent interference from Raman signals originating from the PLA material. It
is designed to accommodate a 4×3 array of samples, with a spacing of 16 mm between tubes along the x-axis and 45
mm along the y-axis. Two holes were made in the back of the holder to house metal inserts which enable the holder to be
magnetically attached to the build plate. Fig 7:B shows the holder mounted on the build plate with the samples in place.

We used the holder to analyze 10 methanol concentrations ranging from 10% to 100%. Six different replicas of each
concentration were created. The focus was initially optimized on the first sample in the array to maximize Raman signal
collection, accounting for the thin microfuge tube wall (∼0.5 mm) between the methanol and the excitation laser. The opti-
mal distance between the objective and the surface of the microfuge tube was found to be 7 mm. Using the known dimen-
sions of the holder, a G-code was generated to sequentially move the Raman head between samples at a speed of 20
mm/s. The acquisition time per sample was set to 20 seconds, with a margin time of 2 seconds to ensure stabilization
before measurement. We used a larger precautionary time margin here than the 1 second used for the microplate. This is
because the longer travel distance between adjacent samples could raise delays caused by any speed inaccuracies. The
total scanning time per replica set was approximately 4.8 minutes. Table 3 summarizes the acquisition and pause time per
each sample as well as the overall travel range and its corresponding time. This procedure was repeated for the remain-
ing five replicates. Performing the same experiment manually would take a longer time and result in lower reproducibility.
A recording of the screening process can be found in S1 Video.

All collected spectra were corrected for the baseline using the airPLS algorithm [41], and the background spectrum of
polypropylene was subtracted to isolate the methanol signal. Fig 7:C shows the Raman spectra for each methanol con-
centration averaged across the replicas. Raman peaks are observed at 1035 cm–1, 1450 cm–1, and 1125 cm–1, which
agree well with the peaks reported in [44]. Fig 7:D tracks the intensity of the methanol peak at 1450 cm–1. The results
demonstrate a linear relationship between Raman intensity and methanol concentration with error bars representing the
standard deviation of the replicates. The linear fit, represented by the dotted line, yields an R-squared value of 0.9987.
This indicates excellent quantification performance. The linear behavior is attributed to the linear relationship between the
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Fig 7. Microfuge tube holder design and Raman calibration for methanol quantification. A: 3D model of the custom-designed microfuge tube
holder. B: Photograph of the 3D-printed holder mounted on the build plate, securely positioning a microfuge tube. C: Raman spectra of methanol–water
solutions at concentrations ranging from 10% to 100% (v/v). D: Calibration curve of the 1450 cm–1 Raman peak intensity versus methanol concentration,
fitted with a linear regression model. Error bars denote the standard deviation from repeated measurements.

https://doi.org/10.1371/journal.pone.0334679.g007

Raman intensity and the number of molecules. The maximum standard deviation noticed was 2�.8%, which underscores
the reliability of the proposed device.

System adaptability: Egg-shell analysis

The programmable flexibility of the RamanBot provides a practical approach to Raman screening in the food industry. It
can allow screening to be performed directly within the original packaging of food products. To demonstrate this, we ana-
lyzed six eggs placed in their standard 3×2 egg carton, as shown in Fig 8:A. The egg carton was aligned with the grid
lines of the build plate. The center-to-center distance between adjacent eggs was measured to be approximately 45 mm.
Accurate knowledge of the relative positions of each egg is essential to enable precise movement between samples.
Additionally, the height of each egg was measured to ensure correct focus adjustment for each measurement.

For this experiment, the Raman acquisition time per sample was set to 4 seconds. To account for potential delays
on the spectrometer side and to allow sufficient time for data saving and optical stabilization after stopping, an extra
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Table 3. Time breakdown for the screening of the microfuge tubes. Table summarizes the essential parameters for the screening of microfuge tubes
array. These parameters are the acquisition and margin time at each sample in seconds, and the stage travel time and range.

Acquisition + Margin Travel range (X × Y × Z) Travel time Overall time
20 s + 2 s 48 × 100 × −mm 68 s 288 s

https://doi.org/10.1371/journal.pone.0334679.t003

Fig 8. Raman measurements of eggs positioned on the RamanBot platform. A: Photograph of 3x2 eggs positioned in their carton and mounted on
the RamanBot build plate. B: Raman spectra collected from each of the six eggs under the same measurement conditions.

https://doi.org/10.1371/journal.pone.0334679.g008

2 seconds margin time was set so that the overall pause time is 6 seconds. A larger time margin was used to account for
the longer travel distance (45 mm) between adjacent samples, which increases the potential for delays due to speed inac-
curacies. The printer speed was maintained at 20 mm/s. Using this information, a G-code script was generated to sequen-
tially scan the six samples, and the acquisition schedule was generated to synchronize the system with the spectrometer.
The total screening time for this experiment was approximately 95 seconds (Table 4). This recorded time highlights the
time efficiency of the device compared to manual screening. An extension of this idea is to use generated G-code to scan
similar egg cartons in the market, reducing both labor and time. A recording of the screening process can be found in
S2 Video.

Table 4. Time breakdown for the automated screening of the eggshells. Table summarizes the parameters used for the screening of 3x2 eggs.
These parameters are the acquisition and margin time at each egg in seconds, and the overall travel time and range of the entire process.

Acquisition + Margin Travel range (X × Y × Z) Travel time Overall time
4 s + 2 s 92 × 46 × 4mm 59 s 95 s

https://doi.org/10.1371/journal.pone.0334679.t004
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After acquisition, baseline correction was applied to the spectra using the airPLS algorithm [41]. Fig 8:B displays the
Raman spectra obtained from the eggshells. A dominant peak is observed at 1094 cm–1, indicative of crystalline calcium
carbonate (CaCO3), consistent with previous reports [45,46]. Additional bands appeared at 719 cm–1, 1445 cm–1, and
1758 cm–1, corresponding to symmetric deformation of CO2, CH2 bending, and C-O stretching vibrations, respectively, in
agreement with literature [45]. The sinusoidal pattern observed between 300 cm–1 and 1000 cm–1 is attributed to interfer-
ence effects from the eggshell’s multilayer structure.

Conclusions

We have presented a high-throughput Raman screening system developed by modifying the XYZ motion stage of a stan-
dard 3D printer. The central innovation lies in the design of a custom Raman head that replaces the extrusion head and
integrates all optical components necessary for sample excitation and Raman signal collection. This approach enables
flexible, high-throughput screening and holds potential to be extended to other spectroscopic modalities. Moreover, it
opens the possibility of incorporating Raman spectrometers into existing 3D printing platforms. The low cost of the pro-
posed system makes Raman measurements more accessible to laboratories.

The complete system workflow has been detailed, including G-code generation and acquisition scheduling. We have
also introduced a method to evaluate the effect of positioning errors on the Raman signal intensity. The speed and repro-
ducibility of the system were demonstrated through quantitative analyses of ethanol in a microplate. Additionally, the fea-
sibility of fabricating a microfuge tube array for quantitative methanol analysis has been presented, which highlights the
versatility of the device. Finally, the adaptability of the system to unconventional sample arrangements was demonstrated
by successfully acquiring Raman spectra from six eggs within their carton.

Supporting information

S1 File. Supporting information. This document includes the detailed RamanBot scanning workflow and coordinate reg-
istration methods (Section A), an assessment of optical crosstalk in clear microplates (Section B), a comparison of the
Cartesian motion architecture versus traditional motorized stages (Section C), and a kinematic analysis of motion delays
and margin time optimization (Section D).
(PDF)

S1 Video. Screening of the microfuge tubes array. Video captures the screening process of the microfuge tubes.
(MP4)

S2 Video. Screening of eggs in an egg carton. Video captures the screening process of the eggs.
(MP4)
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