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Abstract

Automation and robotics have significantly transformed in-vitro fertilization (IVF) laboratories by enhancing precision, efficiency, 
and reproducibility in various procedures. Robotic systems standardize critical tasks such as sperm selection, intracytoplasmic 
sperm injection (ICSI), and embryo handling, reducing human error and variability. Advanced automation integrates microfluidics 
and artificial intelligence (AI) for applications such as sperm sorting, time-lapse imaging, and cryopreservation. These 
innovations enable accurate embryo selection, streamline workflows, and improve patient outcomes. Systems like BLASTO-chip 
and Magnetic-Activated Cell Sorting (MACS) enhance sperm selection accuracy and fertilization potential. Robotic ICSI minimizes 
oocyte damage while optimizing injection precision using high-resolution imaging and AI-driven motion control. Automated 
embryo culture with time-lapse imaging allows continuous monitoring and data-driven decisions, improving implantation 
success rates. Cryopreservation automation ensures consistency in freezing protocols and safeguards samples via robotic storage 
systems. Additionally, workflow optimization integrates multiple lab functions, real-time monitoring, and predictive analytics to 
enhance efficiency and throughput. Challenges, including high costs and integration complexities, limit widespread adoption. 
Future advancements aim to expand AI applications, integrate omics-based profiling, and enable remote operation for global 
accessibility. The synergistic application of robotics, AI, and automation holds immense potential to revolutionize IVF practices, 
enhancing outcomes, reproducibility, and accessibility.
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AI: Artificial Intelligence; ICSI: Intracytoplasmic Sperm 
Injection; IVF: In Vitro Fertilization; MACS: Magnetic-
Activated Cell Sorting.

Introduction

Automation and robotics are transforming IVF laboratories 
by enhancing precision, efficiency, and reproducibility across 
various procedures, making them critical in advancing 
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reproductive technologies. Robotic systems standardize 
tasks like gamete handling and embryo culture, reducing 
human error and variability, while automation optimizes 
workflows and boosts efficiency by integrating tools 
like time-lapse imaging and cryopreservation systems. 
Additionally, artificial intelligence (AI) applications such as 
machine learning and deep learning are increasingly used to 
analyze clinical parameters and imaging data, enabling more 
accurate embryo and sperm selection, quality control, and 
predictive analytics. These advancements not only improve 
outcomes but also support scalability, allowing clinics to 
handle growing demands more effectively. The synergy of 
robotics, AI, and microfluidics has the potential to create 
fully automated systems that revolutionize IVF processes, 
enhancing success rates and accessibility.

Automated Sperm Selection 
Conventional sperm preparation techniques such as density 
gradient centrifugation and swim-up are labor-intensive 
and operator-dependent. Automation through microfluidic 
sperm selection devices has revolutionized this process. 
These systems use physical and chemical cues to select 
motile and morphologically normal sperm, minimizing DNA 
fragmentation and oxidative stress. Recent advancements in 
microfluidics for sperm selection have introduced systems 
like the BLASTO-chip, which can sort biochemically active 
sperm with over 90% accuracy [1]. These devices use laminar 
flow and low Reynolds number environments to replicate 
physiological conditions, reducing mechanical stress on 
sperm and improving selection efficiency by up to tenfold. 
Magnetic-activated cell sorting (MACS), another automated 
technology, further refines sperm selection by isolating 
apoptotic sperm, contributing to improved fertilization and 
embryo quality. Furthermore, magnetic-activated cell sorting 
(MACS) has been optimized with integrated robotic systems 
to handle higher sample throughput and isolate sperm 
with reduced apoptotic markers more effectively, thereby 
enhancing fertilization potential and embryo quality.

Robotics and AI driven Intracytoplasmic Sperm 
Injection (ICSI) 
ICSI requires high precision and manual dexterity, making 
it prone to operator variability. Robotic ICSI systems, such 
as the automated micromanipulator systems, allow for 
consistent sperm injection with minimal disruption to the 
oocyte. These systems use high-resolution imaging and 
motion stabilization to improve success rates, particularly 
in difficult cases like fragile oocytes or severe male factor 
infertility. Advanced robotic ICSI systems now incorporate 
artificial intelligence and piezo-driven technology for 
precision. For example, the ICSIA robot automates the 
pipette’s movement and penetration of the zona pellucida 
and oolemma, minimizing damage to oocytes and improving 

injection consistency. Additionally, remote-controlled robotic 
ICSI systems powered by AI allow specialists to perform the 
procedure with precision from different locations, enabling 
global access to expert care even in challenging cases [2].

Embryo Handling and Culture 
Robotics play a critical role in minimizing handling stress 
on embryos. Automated pipetting systems and robotic 
arms ensure consistent transfer of gametes and embryos 
during fertilization, washing, and culture. Additionally, 
automated embryo culture systems with integrated time-
lapse imaging reduce the need for manual interventions, 
preserving the embryo’s microenvironment. Recent 
advancements in robotics have refined embryo handling 
through enhanced precision and reduced mechanical stress. 
Automated pipetting systems and robotic arms, equipped 
with force sensors, ensure delicate transfer of gametes and 
embryos during complex processes like ICSI and embryo 
culture, decreasing variability and increasing survival rates. 
Automated incubators integrated with time-lapse imaging 
reduce environmental fluctuations by eliminating the need 
for manual embryo removal, thus maintaining optimal 
conditions for development [3].

Time-Lapse Imaging and AI Integration 
Time-lapse imaging systems integrated with AI algorithms 
have enhanced embryo selection accuracy. Automation 
allows for continuous monitoring of embryonic 
development, capturing key events such as cleavage timings 
and morphokinetics without manual observation. AI-
driven systems analyze these patterns and rank embryos 
by implantation potential, reducing subjectivity in decision-
making. Time-lapse imaging combined with AI algorithms 
has revolutionized embryo selection. This also reduces 
subjective bias and improves pregnancy outcomes. For 
example, AI models trained on large datasets can predict 
chromosomal abnormalities with high accuracy, enabling 
more informed decision-making in embryo transfer [4,5].

Cryopreservation Automation 
Automated vitrification systems have improved the 
consistency and speed of gamete and embryo freezing. These 
systems standardize cryoprotectant exposure times and 
cooling rates, minimizing operator variability. Innovations 
in robotic cryostorage solutions also streamline the 
labeling, tracking, and retrieval of cryopreserved samples, 
reducing the risk of errors and contamination. Innovative 
automated vitrification systems like the Biorocks semi-
automated platform streamline oocyte and embryo freezing 
[6]. These systems standardize critical parameters, such 
as cryoprotectant exposure and cooling rates, ensuring 
higher post-thaw survival rates without compromising 

https://academicstrive.com/OJGOMC/
https://academicstrive.com/submit-manuscript.php
https://academicstrive.com/OJGOMC/


3

https://academicstrive.com/OJGOMC/ https://academicstrive.com/submit-manuscript.php

Online Journal of Gynecology, Obstetrics and Maternity Care

developmental potential. Additionally, robotic cryostorage 
solutions automate the labeling, tracking, and retrieval of 
cryopreserved samples, minimizing errors and enhancing 
workflow efficiency. AI-enabled systems further optimize 
inventory management and monitor storage conditions to 
safeguard samples against contamination or mishandling.

Lab Workflow Optimization 
Robotics and automation enhance workflow by integrating 
multiple lab functions. For example, automated platforms 
can perform semen analysis, sperm preparation, and quality 
control simultaneously. Workflow management software 
integrated with robotic systems tracks procedures in 
real-time, improving lab efficiency and turnaround times. 
Robotics and automation streamline lab workflows by 
centralizing multiple processes, which reduces time and 
human intervention while maintaining high precision. 
Modern automated platforms integrate semen analysis, DNA 
fragmentation testing, and sperm preparation in a single 
system, improving throughput and standardization [7]. 
Workflow management software linked to robotic systems 
facilitates real-time tracking of sample status, streamlining 
data storage and analysis. Advanced systems also employ 
predictive analytics to anticipate delays and resource needs, 
significantly reducing turnaround times.

Quality Control and Monitoring 
Automated systems for monitoring laboratory conditions, 
such as incubator temperature, pH, and CO₂ levels, ensure 
optimal environments for gamete and embryo culture 
[8]. Real-time alerts and automated corrections prevent 
deviations that could compromise outcomes. Some robotic 
systems also automate quality control protocols, including 
calibration and media preparation, further reducing human 
error. Robotic systems equipped with environmental 
sensors continuously monitor critical lab parameters, such 
as CO₂ concentration, humidity, temperature, and pH levels 
in incubators. These systems generate real-time alerts and 
can autonomously correct deviations, ensuring optimal 
conditions for gametes and embryos. Additionally, automated 
quality control protocols, including media preparation and 
equipment calibration, ensure consistent adherence to 
standardized operating procedures, minimizing the risk of 
human error. Some laboratories are exploring AI-integrated 
systems for anomaly detection in workflow processes, 
further enhancing reliability and safety [9].

Advantages of Automation and Robotics in IVF 
Labs 
Increased Precision: Automation reduces variability in 
procedures such as ICSI, sperm selection, and embryo 
culture. 

Improved Efficiency: Streamlined workflows and faster 
processing times allow for better resource utilization and 
higher throughput. 
Enhanced Reproducibility: Standardized protocols ensure 
consistent outcomes across cycles and patients. 
Reduced Human Error: Automated systems minimize 
operator-dependent variability and errors in sample 
handling and labeling. 
Patient-Centric Outcomes: Improved precision and quality 
control enhance fertilization rates, embryo viability, and 
implantation success. 

Challenges and Future Directions 
Despite these advancements, cost and the learning curve 
for integrating robotics into existing workflows remain. 
Further research is needed to refine automation in sensitive 
procedures like oocyte retrieval. Artificial Intelligence 
Expansion: Real-time data analysis for embryo viability and 
decision-making. 
Omics Integration: Automated profiling of gametes and 
embryos using proteomics and metabolomics. 
Remote Lab Operation: Robotics enabling teleoperation of 
IVF labs, improving access in remote areas. 

Conclusion 

Automation and robotics are redefining IVF laboratory 
operations, improving precision, efficiency, and outcomes. 
While initial investments may be high, the long-term benefits 
in consistency and success rates make these technologies 
essential for the future of reproductive medicine. As these 
systems evolve, their integration with AI and omics technologies 
promises even greater advancements in personalized 
IVF care. Automation and robotics have revolutionized 
IVF laboratories, offering transformative advantages in 
precision, efficiency, and patient outcomes. By minimizing 
human variability, standardizing procedures, and enabling 
real-time decision-making through AI, these technologies 
optimize critical processes like sperm selection, ICSI, embryo 
culture, and cryopreservation. While challenges such as high 
implementation costs persist, the future holds promising 
developments, including real-time AI analytics, omics 
integration, and remote IVF lab operations. These innovations 
will further enhance the scalability, accessibility, and success 
rates of IVF, making it a cornerstone in reproductive medicine.
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