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Abstract: Standard bacterial suspensions play a crucial role in microbiological diagnosis. Traditional prepar-
ation methods, which rely heavily on manual operations, face challenges such as poor reproducibility, low ef-
ficiency, and biosafety concerns. In this study, we propose a high-precision automated colony extraction and
separation system that combines large-field imaging and artificial intelligence (Al) to facilitate intelligent
screening and localization of colonies. Firstly, a large-field imaging system was developed to capture high-
resolution images of 90 mm Petri dishes, achieving a physical resolution of 13.2 ym and an imaging speed of
13 frames per second. Subsequently, Al technology was employed for the automatic recognition and localiza-
tion of colonies, enabling the selection of target colonies with diameters ranging from 1.9 to 2.3 mm. Next, a
three-axis motion control platform was designed, accompanied by a path planning algorithm for the efficient
extraction of colonies. An electronic pipette was employed for accurate colony collection. Additionally, a
bacterial suspension concentration measurement module was developed, incorporating a 650 nm laser diode
as the light source, achieving a measurement accuracy of 0.01 McFarland concentration (MCF). Finally, the
system’s performance was validated through the preparation of an Esckerichia coli (E. coli) suspension. After
17 hours of cultivation, E. coli was extracted four times, achieving the target concentration set by the system.
This work is expected to enable rapid and accurate microbial sample preparation, significantly reducing de-

tection cycles and alleviating the workload of healthcare personnel.
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1 Introduction

Microbial diagnosis involves obtaining patient
samples (e.g., sputum, urine, blood, aspirates such
as pleural fluid, synovial fluid, pericardial fluid,
cerebrospinal fluid, purulent secretions, and wound
exudates) and, through culture amplification and
species identification, determining the appropriate
type and concentration of antibiotics, as well as con-
ducting antimicrobial susceptibility testing™®. The
primary goal of this process is to identify pathogen-
ic microorganisms, elucidate their pathogenic mech-
anisms, and provide physicians with precise dia-
gnostic information to guide the appropriate use of
antibiotics for effective treatment®. Given the in-
creasing prevalence of antibiotic resistance, accur-
ate and efficient microbial diagnosis is critical for
improving clinical outcomes and mitigating antibi-
otic misuse™®. Microbial diagnosis plays a pivotal
role in clinical medicine; however, the current dia-

gnostic process faces several significant challen-
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ges!™®. First, the vast diversity of microorganisms
presents in clinical samples, each requiring distinct
processing methods, complicates the diagnostic
workflow® . Moreover, traditional diagnostic me-
thods are heavily dependent on manual intervention,
which increases processing time and the risk of mis-
diagnosis®. Microbial diagnosis entails multiple
steps, with the automated isolation and localization
of single colonies being a critical task. This step is
vital, as the accuracy of subsequent tests depends on
the proper collection and processing of clinical
sample™.

Automating the handling of single colonies can
substantially enhance the standardization, precisi-
on, and efficiency of microbial processing opera-
tions*2™3, An automated system can optimize the
colony extraction and isolation process, reduce hu-
man intervention, and integrate advanced technolo-
gies such as mass spectrometry for species identific-
ation®™*®! and Raman spectroscopy for antimicrobi-

al susceptibility testing™®. This approach facilitates
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streamlined processing, identification, and analysis
of pathogens, which can greatly improve diagnostic
speed and accuracy. Ultimately, it contributes to the
development of precision medicine by enabling rap-
id pathogen identification and targeted treatment in
clinical settingst™. Despite progress in automating
single-colony handling, several challenges persist in
practical applications. (1) Field of view limitations:
traditional imaging systems possess a limited field
of view, hindering the ability to capture sufficient
colonies in a single scan, which leads to reduced re-
cognition and localization accuracy; (2) Inaccurate
colony recognition and localization: traditional di-
gital image processing methods often lack robust-
ness in complex backgrounds, failing to ensure the
accurate identification of all colonies, particularly
when densely packed or exhibiting diverse morpho-
logies*®*%; (3) Complicated colony extraction paths:
the random nature of colony extraction paths re-
mains an unsolved problem, lacking efficient auto-
mated solutions; (4) Challenges in measuring bac-
terial suspension concentration: measuring bacterial
suspension concentration during automated pro-
cessing faces significant technical challenges,
hindering the achievement of closed-loop feedback
control®”

In recent years, Al has seen rapid advance-
ments across multiple domains, demonstrating im-
mense potential to address the aforementioned chal-
lenges®?#, In the fields of image processing and
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pattern recognition, Al has made substantial pro-
gress in medical imaging analysis??!, automated
detection®27, autonomous driving®?%, and clinical
microbiology image analysis®**¥, positioning Al as
a promising tool for overcoming these obstacles. To
address the challenges outlined above, we present an
artificial intelligence-enabled, high-precision colony
extraction and isolation system, designed to facilit-
ate subsequent antimicrobial susceptibility analysis.
The system utilizes large-field imaging technology,
in combination with deep learning models for
colony recognition and localization. It incorporates
an extraction module on a motion control platform
for bacterial suspension preparation. Additionally, a
single-wavelength measurement module enables
real-time monitoring of bacterial suspension con-
centration, ensuring it meets the requirements for
analysis. Figure 1(a) (color online) illustrates the
colony extraction system, the large-field imaging
schematic, and the colony extraction process. Sup-
plementary Movie S1 (see the supplementary in-
formation online) shows the finite element analysis
of the camera mounting bracket using Ansys.
Figure 1(b) (color online) depicts the operational
architecture of the colony extraction system, includ-
ing the motion control module, large-field imaging
module, measurement module, and extraction mod-
ule. Figure 1(c) (color online) demonstrates the deep
learning-based process for single-colony recogni-
tion and screening.
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Fig. 1 Artificial Intelligence-enabled high-precision colony extraction and isolation system. (a) Optical system for colony ex-
traction. (b) Workflow of colony extraction. (c) Deep learning-based colony recognition

2 Methods and materials

2.1 High-precision automated colony extraction

system

We have developed a high-precision auto-
mated system for single-colony extraction, the ar-
chitecture of which is illustrated in Figure 2 (color
online). Finite element analysis of the critical struc-
tures was performed, as shown in Supplementary
Figure S1 (see the supplementary information on-
line). Figure 2(a) shows a photograph of the colony
extraction system, which consists of a high-preci-
sion motion control platform and a large-field ima-
ging system. The motion control platform provides a
repeat positioning accuracy of 0.01 mm, fulfilling
the requirements for precise operations. The ima-
ging system offers a field of view of 136 x 136 mm,

enabling single-shot imaging of a 90-mm diameter
Petri dish. With a camera resolution of 65 mega-
pixels, the system ensures high-quality imaging. Ad-
ditionally, the dual telecentric lenses minimize dis-
tortion during large-field imaging. To expand the
application range of the system, a large-field ima-
ging system was used to image blood agar under
the illumination of a bar light source, as shown in
Supplementary Figure S2 (see the supplementary
information online). Adjustable device for mount-
ing bar light source, as shown in Supplementary
Figure S3 (see the supplementary information on-
line). Figure 2(b) illustrates the design of the core
motion control board, which is equipped with multi-
channel motion control interfaces capable of driv-
ing up to six motors simultaneously. The control
system, based on the real-time operating system
UCOSII, enables efficient real-time control of the
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colony extraction system. Motion control board
PCB layout and wiring diagram is shown in Sup-
plementary Figure S4 (see the supplementary in-
formation online). As shown in Figure 2(c), the
colony extraction workflow involves several steps.
First, the large-field imaging system captures im-
ages of the bacterial culture on the Petri dish. Sub-
sequently, a deep learning algorithm processes the
acquired images to automatically identify and local-
ize target colonies. Finally, the host computer dri-
ves the motion module based on the positional in-
formation to execute the extraction of single colon-
ies and measure the bacterial suspension concentra-
tion. Figure 2(d) demonstrates the translational rela-
tionship between the world coordinate system and
the camera coordinate system. In this system, the

@ Area array
camera

origin of the world coordinate system is located at
the origin of the mechanical motion platform, while
the origin of the camera coordinate system is at
the top-left corner of the field of view. Each point
within the Petri dish corresponds to a unique co-
ordinate in the camera coordinate system, and accur-
ate mapping from the camera to the world coordin-
ate system is achieved through coordinate transla-
tion. Figure 2(e) shows a schematic of the dynamic
adjustment principle for solution concentration.
During the colony extraction process, since the ex-
traction module may not directly prepare the bacteri-
al suspension at the target concentration in a single
step, a single-wavelength measurement module was
designed to monitor the concentration of the bacteri-
al suspension.
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Fig. 2 High-precision automated colony extraction system. (a) Core control board. (b) Physical diagram of the optical system

for colony extraction. (c) Components of the extraction system. (d) Translation transformation between the world co-

ordinate system and the camera coordinate system. (e) Schematic diagram of dynamic solution adjustment

This module provides real-time feedback on
the solution concentration to the host computer, al-
lowing the system to dynamically adjust the concen-
tration to ensure the extracted bacterial suspension
meets the preset target concentration.

2.2 Design of bacterial suspension concentration
measurement module

To accurately measure the concentration of
bacterial suspensions and ensure they meet the iden-
tification requirements for antimicrobial susceptibil-
ity testing instruments, we designed a single-wave-
length measurement method at 650 nm to quantify
the concentration of prepared bacterial suspensions.
Figure 3(a) (color online) shows the study investig-
ated with two methods: scattering measurement and
transmission measurement, and the average voltage
values corresponding to 0.5 MCF. The bar chart
shows that the scattering measurement method’s
values are close to the minimum resolution of the
detection device (0.078 mV). If the solution concen-
tration drops below 0.5 MCF, the instrument’s out-
put may approach zero and may not provide a reas-

onable reading, making it unable to distinguish

changes in concentration, as the concentration falls
below the minimum limit the instrument can meas-
ure. In low concentration detection, the scattering
measurement method may yield unstable results,
heavily influenced by noise interference, leading to
fluctuations or inaccurate readings. Figure 3(b)
(color online) illustrates the schematic diagram of
the measurement principle along with a three-di-
mensional model. In selecting the measurement
method, we initially considered both transmission
and scattering techniques. Preliminary experimental
results showed that, at low concentrations (below
0.7 MCF), the scattering method resulted in minim-
al changes in light intensity, and the measurements
were unstable due to noise interference, making it
unsuitable for providing reliable results.  Con-
sequently, we selected the transmission method.
Based on the requirements of this method and the
dimensions of the measuring components, we de-
signed the corresponding measurement module
structure. During the design phase, we addressed the
issue of insufficient light path length at low concen-

trations, which could result in the incident light not
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being absorbed by the bacteria in the solution, lead-
ing to undetectable changes in light intensity by the
receiver. To ensure adequate light penetration and
bacterial absorption, we selected a measurement cu-
vette with dimensions of 5 mm x 10 mm. The incid-
ent light enters through the 5 mm side, traverses a
10 mm liquid path, thereby ensuring that the light
received by the detector has been absorbed by the
bacteria in the solution, enhancing measurement ac-
curacy. Figure 3(c) (color online) shows the physic-
al setup of the measurement system, which consists
of three main components: the optical system, the
ADC, and the microcontroller. The optical system
employs a 650 nm laser diode as the light source
and a PIN photodiode with high photoelectric con-
version efficiency and excellent sensitivity as the re-
ceiver. Light emitted from the source passes through
the sample solution and is detected by the receiver,
which converts the light intensity into an electrical
signal. The light source must balance penetration
capability with absorption by particles in the solu-
tion, ensuring that the received light intensity varies
with solution concentration. The amplified voltage
signal is sampled by the ADC at 1000 Hz, achiev-
ing a minimum voltage resolution of 0.078 mV.
Figure 3(d) (color online) presents the core
schematic of the measurement circuit. The light re-
ceiver converts the received optical signal into an
electrical signal (current). To facilitate the intuitive
expression of the solution concentration, the current
is amplified 100-fold and converted into a voltage
output. This voltage signal is digitized by a 16-bit
ADC, transmitted via serial communication to a
host computer for data processing, and subsequ-
ently used to determine the system’s subsequent op-
erations. To avoid interference from environmental
light, we performed measurements with the cover in
place to block external light. We conducted experi-
ments on the scattering method, and the correspond-
ing scattering measurement curve is presented in the
Supplementary Figure S5 (see the supplementary

information online). Figure 3(e) (color online)
presents the calibration curve of measured voltage
versus standard concentration. During calibration,
we followed the gradient dilution method outlined
in the standard solution manual to ensure accuracy.
After each dilution, the corresponding voltage was
recorded by the measurement module, and multiple
measurements were averaged.

The relationship between voltage and McFar-
land (MCF) concentration was established through
linear fitting. By collecting and storing multiple
measurements, we calculated the average voltage for
each MCF concentration, reducing random errors
and improving the overall reliability of the data.
MCF is a turbidity unit used to estimate bacterial
counts by comparing the turbidity of bacterial sus-
pensions with standard turbidity tubes. In this study,
we used a concentration gradient ranging from
0.30 to 3.00 MCF (in increments of 0.1 MCF) and
collected 28 data points to explore the relationship
between MCF and voltage. The 28 measurement
datasets are provided in Supplementary Tables S1
(see the supplementary information online). To pre-
pare a bacterial suspension with a target concentra-
tion of 0.50 + 0.05 MCF, 500 pL of pure water is
used as the buffer. Let C represent the concentra-
tion of the mixed bacterial suspension. If C >
0.55 MCF, the required volume of water (B) to be
added is calculated using the following formula:

B=1000C 500 : A A

If C <0.45 MCF, a secondary extraction is per-
formed using an imaging system to select bacteria
from the culture dish. After mixing, if the measured
concentration falls within the range of 0.45 MCF <
C < 0.55 MCF, the extraction process is con-
sidered complete. If C exceeds 0.55 MCF, addition-
al water is added according to the formula until C is
reduced to 0.50 MCF. The complete process of mi-
crobial extraction by the automated extraction sys-
tem, as shown in Supplementary Movie S2 (see the
supplementary information online).
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Fig. 3 Bacterial suspension concentration measurement system. (a) Comparison of scattering and transmission measurement

values at 0.5 McFarland concentration. (b) Schematic diagram and 3D model of the bacterial suspension concentration

measurement module. (c) Physical diagram of the single-wavelength measurement system. (d) Circuit diagram of the

signal amplification for measurement. (e) Calibration curve of measured voltage versus standard concentration

2.3 Materials and reagents

The motors are 57 - type stepper motors, the
57CME26 and 57CME22D, produced by Leadshine
Technology Co., Ltd. The standard solution used for
calibration is provided by Beckman Biotech Co.,
Ltd., and its main components include sulfuric acid
and barium chloride. The Escherichia coli (E. coli)
cultured for 17 hours was selected for the experi-

ment, and the photos in the dataset are from the E.
coli cultured for 17 hours. The large-field array
camera is from Zhejiang HuaRay Technology Co.,
Ltd. The dual telecentric lens is a high-precision op-
tical lens manufactured by Coolens. All models
were trained on an NVIDIA RTX 3090 GPU
(24GB) using the following settings: initial learning
rate of 0.005, momentum of 0.97, weight decay of
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0.0005, 3 warm-up epochs with warm-up momen-
tum set to 0.8, a maximum of 200 training epochs,
early stopping patience of 50, and stochastic gradi-
ent descent (SGD) as the optimization algorithm.
The threshold for single-colony recognition is
between 150-180 pixels, with each pixel
ponding to 13.2 um. This translates to a real-world
size of 1.9-2.3 mm on the petri dish. We tested the
model’s inference time for single-colony recogni-
tion, which is approximately 500 ms using an Intel
i5-13600KF CPU.
2.4 Deep Learning-based object detection models

In this work, we compared six object detection
models: YOLOv5-s, YOLOv7-tiny, YOLOvVS-s,
YOLO11-s, Object Box, and RT-DETR-R18. All
of these models are single-stage algorithms. YO-
LOv5 was released in 2020 (https://github.com/ult
ralytics/yolov5), YOLOV7 was released in 202282,
YOLOv8 was released in 2023 (https://github.co
m/ultralytics/ultralytics), YOLO11 was released in
2024 (https://github.com/ultralytics/ultralytics), Ob-
ject Box was released in 2022, and RT-DETR was
released in 202304,
2.5 Colony data collection and pre-processing

For the training and evaluation of deep learn-
ing models, we prepared a colony dataset. These
colony images were captured using a 4.132x object-
ive lens, resulting in a resolution of 9344x7000. A
total of 150 images were curated to construct the
initial colony dataset. The colony dataset was ex-
panded to 900 images through data augmentation.
These images were then split into a training set
(630 images, 70%), a validation set (180 images,
20%), and a test set (90 images, 10%).

corres-

3 Results and discussion
3.1 Deep learning-based single colony recogni-
tion and localization

In the Petri dish, bacteria are streaked using an
inoculation loop dipped in a bacterial suspension,
resulting in a random distribution of bacteria across
the surface. To facilitate the precise extraction of in-
dividual single colonies by the extraction module, a
large-field imaging system is employed to capture
images of the Petri dish, thereby obtaining the posi-
tional information of each single colony.

To establish and optimize a high-precision
colony extraction and isolation system, we com-
pared six object detection models mentioned earlier.
Figure 4(a) (color online) illustrates the perform-
ance of these models across various metrics. The
results demonstrate that the YOLOv11-s model con-
sistently outperforms the others, achieving superior
colony recognition precision. Figures 4(b) and 4(c)
(color online) depict the image processing work-
flow of the system. The image processing workflow
is as follows. Initially, the system inputs an original
image. Subsequently, through the prediction of the
YOLO11-s model, the second image demonstrates
the result of colonies being outlined by red rect-
angles within the Petri dish. Building upon this, the
third image refines the selection by applying a
screening threshold to exclude colonies that are
either too large, too small, or too close to one anoth-
er, with qualifying single colonies highlighted by
green rectangles.
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Fig. 4 Deep learning-based single colony recognition and localization. (a) Performance of different models on metrics of para-
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We have conducted additional experiments
with Klebsiella pneumoniae and Staphylococcus
aureus to verify the system’s general applicability.
Klebsiella pneumoniae and Staphylococcus aureus
are shown in Supplementary Figure S6 (see the sup-
plementary information online).

3.2 Path planning for single colony extraction

During the colony extraction process, the sys-
tem’s starting point is set at the origin of the motion
platform, with the endpoint at the measurement
module. Since multiple bacterial collections are re-
quired to prepare the necessary bacterial suspension,
and despite the random distribution of bacteria
across the Petri dish, preliminary experiments estim-
ate that four colonies need to be extracted. Path
planning for single colony extraction, is shown in
Supplementary Movie S3 (see the supplementary in-
formation online). However, the extraction se-
guence varies depending on the order, resulting in
different paths taken by the extraction module.
Maintaining a consistent speed, the shorter the path,
the higher the extraction efficiency. Therefore, op-
timizing the extraction path to reduce unnecessary
movements can significantly enhance the system’s
operational efficiency. Sample preparation diagram
for 17-hour E. coli culture, is shown in Supplement-
ary Figure S7 (see the supplementary information

online).

Figure 5(a) (color online) presents a three-
dimensional simulation diagram of the random
paths taken by the extraction system to select co-
lonies from the Petri dish. Lines of different co-
lors represent the various extraction paths. Dur-
ing the simulation, the starting and ending points
are fixed, with four intermediate extraction points
randomly selected. By comparing the total dis-
tances of the different paths, it is evident that, under
consistent speed conditions, the shorter the ex-
traction path, the higher the extraction efficiency.
Figures 5(b)-5(g) (color online) illustrate this work
and other five random extraction paths. Since the
extraction process primarily occurs on the XY pl-
ane of the Petri dish, with consistent displaceme-
nt along the Z-axis, the simulation only considers
path lengths within the XY plane. By compar-
ing the total distances of these six paths, the sho-
rtest path is selected as the optimal extraction path,
thus improving extraction efficiency. Figure 5(h)
(color online) compares the Euclidean distances of
various paths, ultimately determining that the path
planning algorithm proposed in this work is the
optimal extraction path. Figure 5(i) (color online)
displays the operation interface of the upper com-
puter.
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The interface is divided into four modules,
each controlling one of the system’s major function-
al components. The second module is the large-field
imaging module, which connects to the camera for
capturing, storing, and processing images, ulti-
mately displaying the processed images and extract-
ing target colonies. The third module is the extrac-
tion module, which primarily controls the pipette’s
operations for bacterial aspiration and mixing. Fi-
nally, the measurement module detects the concen-
tration of the prepared bacterial suspension. If the
target concentration is not met, the system, based on
feedback from the measurement module, determ-
ines whether to add water for dilution or to extract
bacteria again.

3.3 On-demand preparation of E. coli suspension
concentration

Figure 6(a) (color online) illustrates the rela-

tionship between the number of extractions and the
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cultivation time for E. coli at the target concentra-
tion. Under consistent cultivation conditions, bac-
terial extraction began at 12 hours of cultivation and
continued until the target concentration of 0.5 *
0.05 MCF was achieved. Through extensive experi-
mentation, the relationship between the number of
extractions and the proximity to the target concen-
tration at different cultivation durations was invest-
igated. The experimental results indicate that E. coli
cultured for 17 and 18 hours, when extracted four
times, reached concentrations closest to the target.
Consequently, the system selected E. coli cultured
for 17 hours as the sample for subsequent extrac-
tions. Figures 6(b)-6(d) (color online) present the
graph depicting the relationship between the con-
centration of E. coli cultured for 17 hours and the
number of extractions. Figure 6(b) is labeled as
Group 1, Figure 6(c) as Group 2, and Figure 6(d) as
Group 3.
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after 17 hours of cultivation: (b) Group 1, (c) Group 2, (d) Group 3
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To validate the aforementioned conclusion,
multiple extraction experiments were conducted on
E. coli cultured for 17 hours, and the results from
three experiments were compared. Despite some
variability in each experiment, the results demon-
strate that E. coli cultured for 17 hours, after four
extractions, can achieve the target concentration set
by the system.

4 Conclusion

In this work, we present an Al-enhanced, high-
precision colony extraction and isolation system. By
integrating large-field imaging with Al techniques,
the system enables intelligent screening and localiz-
ation of individual colonies in petri dishes. The sys-
tem employs a motion control platform to drive a
pipetting module for targeted colony extraction,
while the bacterial suspension concentration meas-
urement module provides real-time feedback to
dynamically adjust solution concentrations. This fa-
cilitates the automated preparation of bacterial sus-
pensions, thereby improving the efficiency, accur-
acy, and automation of microbiological detection.
The key contributions of this work are as follows:
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