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Abstract

Microfluidics provides precise control of microscale fluid transport and has become cen-
tral to biomedical, pharmaceutical, and industrial technologies. However, conventional
fabrication methods such as photolithography and soft lithography require cleanroom
facilities, use costly materials, and offer limited capability for constructing complex or
multi-material architectures. This review highlights emerging manufacturing strategies,
focusing on polymer-based micro-milling as an accessible and cost-effective alternative for
microfluidic device production. Advances in micro-milling now enable the fabrication of
microchannels and functional features with improved dimensional accuracy and surface
quality, while additive manufacturing offers complementary rapid prototyping and design
flexibility. Micro-milling is particularly promising for rapid prototyping of polymeric
biosensor chips designed for point-of-care diagnostics. The technique supports diverse
materials and eliminates reliance on cleanroom processing. Critical parameters, including
tool geometry, spindle speed, and feeding rate, strongly influence fidelity and surface
roughness, which directly affect biosensor sensitivity. Despite its advantages, challenges
such as tool wear, burr formation, and limits on minimum feature size continue to hinder
reproducibility. Recent progress in toolpath optimization, hybrid additive-subtractive
methods, and real-time process monitoring shows the potential to overcome these barriers.
Overall, micro-milling offers a scalable and economical route for fabricating accessible
microfluidic and biosensing platforms, with future work needed to standardize processes
and improve integration with surface functionalization methods.

Keywords: micro-milling; microfluidic device fabrication; biosensing applications;
polymer-based microfluidics; soft lithography; injection molding; point-of-care diagnostics

1. Introduction

Biosensors have emerged as transformative tools in medical diagnostics, environ-
mental monitoring, and food safety, enabling rapid, sensitive, and specific detection of
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biological analytes. The miniaturization of biosensors into microchip formats has further
enhanced their portability, integration, and efficiency, facilitating point-of-care and de-
centralized testing. However, the widespread adoption of microchip-based biosensors is
often hindered by the complexity and cost associated with their fabrication [1]. Traditional
microfabrication techniques, including photolithography, soft lithography, and laser micro-
machining, while well established, frequently require cleanroom environments, expensive
materials, and multistep processes, limiting accessibility, especially in resource-constrained
settings. Micro-milling, technique has been evolved over the decades and gain the impor-
tant upgrades and a high-precision subtractive manufacturing process, has recently gained
attention as a promising alternative for the fabrication of microstructured biosensor chips
(Figure 1) [2]. This technique offers several advantages, including reduced production
costs, faster prototyping, material versatility, and minimal need for cleanroom facilities.
Micro-milling enables the direct patterning of diverse substrates, such as polymers, metals,
and composites, without extensive sample preparation, making it an attractive option for
biosensor development [3].

Process Science Era
(2010s)
* Size effect,
» Reliability Optimization

Early Micromachining
(1980s-19905)
e Laboratory-Scale,
e Ultra precision systems, Smart & Hybrid Micro-Milling

CNC Micro-milling (Present & Future)

(2000s) * Al monitoring,
* High-speed CNC, * Hybrid manufacturing
* Industrial adoption * Nano-scale fabrication

Conventional Milling

(Pre-1980s)
*  Macro tools
¢ Low Precision Limits
Figure 1. Evolution and development trajectory of micro-milling technologies from conventional
machining to smart and hybrid micro-milling, highlighting key milestones, process understanding,
and future research directions.

Microfluidics is a multidisciplinary field that integrates principles from physics, chem-
istry, and engineering to develop microscale systems capable of precise fluid manipulation.
The development of micro-milling technology for microfluidic chip fabrication can be
traced back to the early 2000s. In 2009, a study evaluated various micromechanical manu-
facturing processes, including micro-end milling, for producing microfluidic devices [4].
The study highlighted the potential of micro-milling in achieving high precision and surface
quality suitable for microchannel fabrication. This marked a significant step in recognizing
micro-milling as a viable method for microfluidic chip production. In the following years,
advancements in micro-milling technology have led to its increased adoption in biosensor
fabrication. For instance, in 2021, Rahim and Ehsan reviewed the use of micro-milling
for the rapid prototyping of microfluidic devices, emphasizing its cost effectiveness and
efficiency. Similarly, in 2022, ref. [5] discussed the application of micro-milling in the fab-
rication of microelectrode arrays for biosensing applications, highlighting its advantages
over traditional microfabrication techniques [6].

https://doi.org/10.3390/micro6010016


https://doi.org/10.3390/micro6010016

Micro 2026, 6, 16

30f26

The uncut chip thickness ranges from a few nanometers to hundreds of micrometers [7].
Micro-parts and miniaturized components from micro-milling contribute to microscale
fuel cells, micro-holes, microfluidic systems, micro-holes for fiber optics, micronozzles
for high-temperature jets, micro-molds, deep X-ray lithography masks, and many other
areas [8]. Micro-milling not only increases the precision and provides material versatility
but also is a cost-effective way to produce products with improved quality [9].

Limitations of micro-milling include its low productivity and uncertainty of the tool
life and premature tool failures because of low stiffness and high stress concentrations in
the micrometer tooling [10]. The process also differs in the result when given different
operating conditions like temperature and tool-workpiece alignment, selection parameters
like feed, depth of cut, and spindle speed, and materials such as metals, polymers, ceramics,
composition, and others [11]. Recent advancement in technology includes the availability
of various tool sets and allowance for complex fabrication [12]. These alterations brought
to the traditional micro-milling technology have made it a promising alternative to other
fabrication methods. Micro-milling can produce advanced, complex structures such as
completely circular microchannels, modular microfluidic systems in injection-molded
bricks, or channels with different size ranges, lengths, and depths. Micro-milling is not
limited to any kind of polymer, unlike 3D printing, and hence can work on different plastics
and metals [13].

Several reviews and research articles have comprehensively discussed micro-milling
as a general fabrication strategy for microfluidic devices, focusing on tool development,
machining physics, and surface integrity across metals and polymers [13,14]. Other re-
views emphasize microfluidic fabrication techniques broadly, comparing soft lithography,
molding, and additive manufacturing for lab-on-chip systems [15]. However, these studies
largely lack a biosensor-centric perspective, particularly with respect to polymer micro-
milling as an enabling route for economical, accessible biosensor chip fabrication, where
surface roughness, bonding compatibility, functionalization feasibility, and repeatability
directly govern sensing performance [16].

This review highlights the critical parameters and advanced fabrication process used
to create smart microfluidic chips. The review also focuses on material selection for the
fabrication of good devices in a cost-effective manner and tries to summarize and include
microfluidic commercial applications and industry-oriented services. Additionally, the
review addresses this gap by systematically synthesizing polymer micro-milling process
parameters with biosensor-relevant performance metrics, including dimensional tolerance,
surface roughness, failure modes, post-milling bonding strategies, and surface function-
alization compatibility. Unlike prior narrative reviews, this work introduces quantitative
decision criteria and comparative frameworks across application domains (POCT, phar-
maceutical screening, environmental monitoring, and food safety), highlighting both the
promise and the practical limitations of micro-milling for translational biosensor develop-
ment [5]. By emphasizing process standardization, integration constraints, and scalability
considerations, this review provides actionable guidance that bridges the gap between
machining research and deployable biosensor platforms.

This review follows a structured narrative literature analysis focusing on polymer
micro-milling for microfluidic and biosensor chip fabrication. The literature was collected
from Web of Science, Scopus, PubMed, and Google Scholar, covering publications from 2000

a7

to 2025. Search keywords included “micro-milling”, “polymer microfluidics”, “biosensor
chip fabrication”, “micromachining”, and “point-of-care diagnostics”. Studies were selected
based on their relevance to fabrication parameters, surface integrity, bonding strategies,
functionalization compatibility, and biosensor integration. Articles unrelated to polymer-

based micro-milling were excluded unless they provided comparative insights.
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2. Design and Development of a Microfluidic Chip

The design of biosensor microchips via micro-milling integrates CAD-driven archi-
tectures, encompassing microchannels, sensing sites, and electrodes tailored to analyte
detection. Process parameters like tool size, spindle speed, and feed rate critically influence
machining accuracy and surface quality, impacting fluid dynamics and sensor sensitivity.
Material choice, often biocompatible polymers (e.g., PMMA and COC) or metals, affects
both fabrication feasibility and device performance.

2.1. Software

The design and fabrication of biosensor microchips via micro-milling rely heavily
on sophisticated software tools that facilitate precise control over geometry, machining
paths, and process optimization. When making a model of a microfluidic chip pattern,
high-end software is used to ensure optimal performance, as microfluidic device develop-
ment requires a high level of precision and accuracy. Several design software programs are
frequently used, such as AutoCAD, SolidWorks, COMSOL, Fusion-360, Flui3d, etc. [12,13].
Among the available CAD tools, this review addresses a few software programs commonly
used in micro-milling, as they operate efficiently with tool path generation, micro-feature
modeling, and parameter-driven design processes. AutoCAD: Notable for its precision in
2D designing, it is often employed for creating complex schematics for microfluidic equip-
ment and pathways [12]. FLUI'DEVICE: This is a web-based application for designing
microfluidic devices. It offers a collection of frequently used microfluidic configurations in
addition to incorporated multipliers for parameters such as the Reynolds number and flow
rate. This makes it feasible to explore ideas and designs in versions and formats that are
compatible with various manufacturing techniques. Flui3d: This creative online design
application intended primarily for 3D printing applications interactively modifies microflu-
idic geometries for the production process. It improves the development procedure for
devices by enabling multilayer designs while providing an identical standardized element
repository [17].

Furthermore, the integration of Finite Element Analysis (FEA) and Computational
Fluid Dynamics (CFD) software like ANSYS and COMSOL Multiphysics provides critical
insights during the design phase. FEA helps assess mechanical stresses and thermal effects
during milling, guiding the selection of optimal process parameters to reduce deforma-
tion. CFD simulations enable the evaluation of fluid flow behavior within microchannels,
informing geometric refinements that enhance analyte transport and biosensor sensitivity.

2.2. Critical Parameters

Micro-milling is a specialized subtractive manufacturing method that is best appli-
cable to the fabrication of microscale patterns in biosensor chips and microfluidic device
components. The accuracy of machining, geometric accuracy, and surface quality require
a delicate balance of several closely related process parameters. Essential elements such
as the spindle rotational speed, feed per tooth, feed speed, axial depth of engagement,
and axial depth of cut are the critical factors that dictate the cutting force levels, chip
removal behavior, development of burr, quality of finish on the surface, and dimensional
fidelity of the resultant microstructures. These parameters determine the change between
shear-based material removal and ploughing-based deformation modes, a crucial differ-
ence in microchannels and sensor cavities, where even small changes in surface texture,
burr properties, or edge shapes can significantly alter fluid flow patterns and biosensor
functionality [18].

The tool diameter becomes one of the main factors of the attainable feature resolution
and the process mechanical stability. Regular micro-end mills cover a diameter between
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25 um and 1000 pm, which has an edge radius between 5 and 20 um and supports the
fabrication of structure to 1-500 wm scales. Smaller tools, below 100 um diameter, can be
used, though this increases the risk of deflection, chipping, and premature failure since the
local stresses exceed the transverse rupture strength of traditional fluted designs, which is
frequently less than 3 Gpa in hostile conditions. Diameters greater than 400 um in hard
biomedical alloys like CoCrMo increase the tool stiffness and reduce deflection caused by
elastic forces by 25-60% under 1-4 N loads and von Mises stresses to about 1 GPa [19].

2.2.1. Spindle Speed Effects

Spindle speed has a twofold effect on the micro-milling, which impacts thermal
softening, force profiles, and chip morphology. As always, experiments show that high
cutting speeds will result in improved shearing of the material, thus minimizing surface
roughness, whereas high feed rates will increase roughness through higher uncut chip
thickness. Best limits are 15,000-40,000 spindle speeds, which reduce forces and produce
less than 1 mm roughness, and forces three to four times lower than other equivalent speeds,
31.4 m/min [18]. Rotations exceeding a 25,000-spindle speed cause local temperatures
of 200400 °C in thermoplastics such as PMMA at higher speeds, which causes thermal
distortion and spikes in roughness of 0.2 pm to more than 1 um between 3750 spindle
speeds and higher. In the case of polymers, the forces are significantly reduced to a
30,000-spindle speed with cryogenic help, and chatter is prevented in the 4-5 kHz natural
frequency ranges [20].

2.2.2. Feed and Depth Parameters

Feed per tooth and depth of axes control the material removal rates in addition
to the quality of the machined microstructure. Operating windows are reported to be
0.2-5 um/tooth feeds and 2—400 pm depths. Burrs of more than 10 mm/tooth or 500 pm
depth activate strong burrs with more than 25 nm, roughness is above 1.8 mm, and there is
a 50-70% force increase; Fy components, as an example, can triple at 200-400 um depth,
degrading topography and microfluidic performance [21]. Optimized biosensor conditions
suggest 1-5 pm/tooth feeds and less than 50 pm depths when Ra is less than 0.8 pm, with
up-milling slashing the top burrs of the tool by as much as 87%. Increasing feeds will
enhance the instantaneous chips and increase the exit-edge plastic deformation, and lower
feeds will cause ploughing over shearing. Too deep cuts worsen deflection of tools, chatter,
and edge rounding [22].

2.2.3. Tool Materials and Coatings

The tool substrate and coating determine longevity, frictional response, and microscale
stability. With a 3.2 um diameter diamond-like carbon (DLC) coating, tungsten carbide end
mills cut wear and friction, increasing life 267-640% compared to TiAIN in the dry condition
and limiting flank wear at 15-20 um before failure [23]. DLC WC tools (0.4-0.8 um) have a
life of more than 30 times longer in TicAl4V and wear less than 0.1 of the 800 um tools of
the cutting-edge contact area of approximately 700 pm 2 [24]. These improvements have
been because of lower adhesion and more efficient evacuation of chips, which is essential
in a long-run process in biomedical alloys [25].

2.2.4. Requirements of Machine Rigidity

The high precision required at micron dimensions of accuracy requires strong ma-
chine stiffness and vibration isolation, which causes features to be distorted by 20% and
roughness to be doubled when chattering occurs in the machine. Peak instabilities are
30-121 Hz; high-stiffness designs have deflections of less than 3 um, which attenuate ampli-
tudes at frequencies above 64 Hz excitations. Micro-step motors and mini-dynamometers
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provide 0.1 mm resolution in precision setups, which record peak—valley forces at 7 kHz
sampling [25].

2.2.5. Influences of Workpiece Material

The parameter strategies are different due to the properties of the substrates. PMMA
gives low forces to be easily channeled, but it deforms at temperatures above 150 °C,
preferring 5-10 mm/tooth feeds and 45-90 min tool life; MQL trimming forces are
11-30%. Cooling options are MQL, cryogenic N, /CO,, hybrid NanoMQL, and reduc-
ing heat; NanoMQL reduces Ra by 8.72%, decreases forces to 11.8-30, and multiplies life
23-50x compared to flood cooling. Moreover 25 Hz pulses are suitable with DLC machines,
and cryogenics provide over 200 um depths at Sa =1 pm [21].

2.2.6. Size-Effect Phenomena

Microscale chip thickness competes with edge radius, and size effects are triggered
by removal diminishing to below minimum chip thickness (~0.25x edge radius). This
results in elastic recovery, finish degradation, energy spikes, and wear acceleration, and
near-threshold instability varies forces and enhances roughness [26]. The effective rake
angles are related to this threshold and enhance edge-dominated cutting, recovery, and
deviations that affect channel uniformity, flow, and sensing in the biosensors [27]. The
size effect fundamentally alters cutting mechanics because the uncut chip thickness (h,
often 0.5-10 um) becomes comparable to or smaller than the tool edge radius (re, typically
1-5 pum for micro-end mills), shifting dominance from ideal shear plane deformation (valid
in macro-milling where tools are effectively sharp) to edge geometry-driven processes.
This scale dependency invalidates conventional machining models like Merchant’s shear
angle theory, as ploughing and rubbing negligible at macroscales now contribute >50% of
cutting energy, elevating specific cutting pressures from ~2-5 GPa to 10-70 GPa [28]. The
minimum uncut chip thickness (MUCT) defines the critical transition: below this threshold
(empirically ~0.2-0.4 ro, with 0.25 re commonly cited from stagnation point flow models
assuming ~45° rake angles and ductile material behavior), the tool edge fails to initiate
stable chip formation via shear. Instead, material undergoes elastic/ plastic deformation
regimes [29].

Ploughing: The rounded edge acts like a blunt indenter, displacing material laterally
(side flow) and vertically (pile-up), generating subsurface plastic strain, recrystallized
layers, and burr formation that degrade channel geometry.

Rubbing: Frictional contact along the tool flank produces stick-slip dynamics, localized
heating (up to 30-50% higher than shear-dominated zones), and surface defects like feed
marks or cracks. When h < MUCT (~0.25 r.), these mechanisms trigger cascading effects:
elastic recovery (spring-back of 5-20% of deformed depth due to stored strain energy release),
finish degradation (Ra increasing 2-5x from ploughing ridges), energy spikes (intermittent
force peaks from plough-to-chip transitions), and accelerated flank wear (edge chipping
or abrasion under unstable loading). The effective rake angle (xtefs = 0t1oo) — arctan (h/re))
becomes increasingly negative, further promoting edge-dominated cutting that amplifies
dimensional deviations (tolerances worsening to £2-5 pm), burr heights (>10 um), and
channel non-uniformity [30].

For biosensor microfabrication, these phenomena critically disrupt microfluidic perfor-
mance: irregular walls induce turbulent microflow (Re > 1 in shallow channels), dead
volumes, and inconsistent electrode spacing, compromising laminar flow uniformity;,
biomolecule adsorption, and electrochemical signal fidelity (e.g., 15-30% CV peak varia-
tion). Process windows must thus target h > 0.5 re with vibration control and edge honing
to maintain sensing channel precision. As shown in Figure 2, an integrated experimental—-
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Tool geometrical
parameters: re, V.

modeling framework is employed to systematically link tool geometry, machining param-
eters, and material mechanical properties to microscale cutting behavior and size effects.
Micro-milling slot experiments conducted using defined edge radii, effective rake angles,
and machining conditions provide cutting force signatures, force magnitudes, surface
morphology, specific cutting energy, and roughness metrics.

Processing parameters: f;. n
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Figure 2. Schematic illustration of the integrated experimental-modeling framework for micro-
milling, showing the systematic linkage between tool geometry, processing parameters, and material
properties with cutting force characteristics, surface integrity, specific cutting energy, size-effect
analysis, and minimum uncut chip thickness determination through coupled mechanistic models
(Model A and Model B) [31].

These force-related features are used to establish a force-based mechanistic model
to identify optimal feed per tooth, calculate cutting and feed force components, and de-
termine the MUCT separating ploughing-dominated deformation from true shearing. In
parallel, surface roughness and specific cutting energy trends are analyzed through a com-
plementary size-effect model to characterize chip-thickness-dependent microscale behavior.
The outcomes of the size-effect analysis are subsequently used to verify and validate the
force-based predictions, forming a closed-loop methodology that unifies cutting forces,
surface integrity, energy consumption, and minimum uncut chip thickness into a coherent
explanation of micro-milling mechanics [31].
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2.2.7. Optimization Methodologies

Micro-milling comprises a family of high-precision subtractive micromachining
techniques that differ in tool engagement, kinematic configuration, and achievable ge-
ometric complexity. In microfluidic and biosensor chip fabrication, 2.5-dimensional
and three-axis micro-end milling are most commonly employed for planar microchan-
nels, cavities, and electrode recesses, while four- and five-axis micro-milling enable the
fabrication of curved channels, inclined features, and 3-dimensional interconnects that
are difficult to achieve using planar lithographic techniques [13,14]. Compared to laser
ablation or micro-engraving, micro-end milling offers deterministic material removal
with well-defined cutting mechanics, which is particularly advantageous for polymer
substrates used in biosensor platforms.

Despite these advantages, micro-milling faces several process-inherent challenges
that limit surface integrity and reproducibility. Common issues include burr formation at
channel edges, tool wear and premature failure due to low tool stiffness, thermal soften-
ing and melting of thermoplastics, and process instability caused by chatter and spindle
runout [10,11]. These effects are amplified at small tool diameters where size-effect phe-
nomena dominate, causing a transition from shearing- to ploughing-dominated material
removal when the uncut chip thickness approaches the cutting-edge radius [16]. In polymer
microfluidics, localized heat accumulation can result in surface smearing and dimensional
distortion, which directly influence fluidic resistance, biomolecule adsorption, and biosen-
sor signal repeatability.

To mitigate these limitations, optimization methodologies have evolved from single-
parameter studies toward multi-objective optimization frameworks that balance surface
roughness, dimensional accuracy, tool life, and productivity. Design-of-experiments
approaches such as Taguchi methods, response surface methodology, and gray relational
analysis are widely applied to identify stable operating windows for polymer micro-
milling [18]. More recent studies incorporate physics-based force and temperature
models as well as data-driven approaches to predict burr formation, tool wear, and
surface quality, enabling parameter selection tailored to specific materials and biosensor
geometries [13,14].

An increasingly important yet under-represented aspect of micro-milling is online
process monitoring and adaptive control. Real-time monitoring using cutting force sensors,
vibration and acoustic emission signals, spindle current analysis, and machine vision
systems enables early detection of tool wear, chatter onset, and thermal drift [7,32]. Such
feedback-driven strategies allow for dynamic adjustment of the spindle speed, feed rate,
or depth of cut, significantly improving process stability and part-to-part consistency.
For biosensor chip fabrication, where small geometric or surface deviations can lead
to substantial sensing variability, online monitoring provides a critical pathway toward
process standardization and quality assurance.

Micro-milling also plays a complementary role to additive manufacturing rather
than acting as a competing fabrication method. While additive techniques such as stere-
olithography and fused deposition modeling enable the rapid generation of complex or
enclosed geometries, they often suffer from surface roughness, limited material options,
and anisotropic mechanical properties [33]. Micro-milling is therefore frequently employed
as a post-processing or hybrid step to refine critical features, smooth channel surfaces,
define electrode regions, or fabricate high-precision master molds for replication via hot
embossing or injection molding [2,12]. Hybrid additive-subtractive workflows leverage the
design flexibility of additive manufacturing with the dimensional accuracy and surface con-
trol of micro-milling, offering a pragmatic route for producing functional, polymer-based
biosensor chips.
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Overall, micro-milling should be viewed as a process ecosystem rather than a stan-
dalone technique, where tool design, parameter optimization, online monitoring, and
hybrid integration collectively determine fabrication success. Addressing these inter-
connected factors is essential for translating micro-milled microfluidic biosensors from
laboratory-scale prototypes to reliable and scalable diagnostic platforms [20].

2.3. Materials for Microfluidic Chips

Material selection plays a critical role in the micro-milling fabrication of biosen-
sor chips, influencing machining feasibility, device performance, and biocompatibility.
Polymers such as polymethyl methacrylate (PMMA), cyclic olefin copolymer (COC),
and polydimethylsiloxane (PDMS) dominate due to their optical transparency, biocom-
patibility, and ease of machining. Rahim and Ehsan (2021) reported that micro-milled
PMMA substrates yielded microchannels with smooth surfaces and dimensional ac-
curacy suitable for optical biosensors [3]. COC has gained attention for its chemical
resistance and low autofluorescence, improving signal-to-noise ratios in fluorescence-
based sensors [5]. PDMS, while soft and flexible, is less commonly micro-milled directly
but is often integrated post-milling as a sealing layer. Metals like stainless steel and
aluminum are employed for their mechanical robustness and electrical conductivity,
enabling direct integration of microelectrodes or sensor housings [2]. However, metals
demand careful optimization of cutting parameters to minimize tool wear and thermal
damage. Composite materials, combining polymers with conductive fillers (e.g., carbon
nanotubes), are being explored to provide multifunctionality such as enhanced electri-
cal properties alongside ease of fabrication [6]. Ceramics such as alumina and silicon
carbide offer exceptional chemical stability and thermal resistance, making them ideal
for harsh environmental biosensing [34]. Though challenging to machine, advances
in micro-milling tooling and cooling techniques have expanded their usability. Ad-
ditionally, recent studies have explored biodegradable polymers like polylactic acid
(PLA) for disposable biosensors, fabricated via micro-milling for rapid prototyping [35].
This diverse material palette underlines micro-milling’s versatility, enabling tailored
biosensor platforms across applications.

2.4. Molding Technologies

Micro-milling is frequently employed to fabricate master molds for replicating mi-
crofluidic biosensor chips through various molding techniques, enabling scalable and
cost-effective production. Among these, hot embossing stands out as a prevalent method
wherein a micro-milled master mold is pressed against a thermoplastic substrate such
as polymethyl methacrylate (PMMA) or cyclic olefin copolymer (COC) under elevated
temperature and pressure conditions. This process transfers intricate microstructures with
high fidelity and surface smoothness. For example, Rahim and Ehsan (2021) demonstrated
successful hot embossing replication of micro-milled PMMA molds, achieving precise
microchannel geometries suitable for biosensing applications [3].

Injection molding: A type of thermoplastic manufacturing method has been devel-
oped for fabricating microfluidic gadgets in enormous quantities, exhibiting remarkable
precision and uniformity, as shown in Figure 3. Injection molding offers another scalable
fabrication route, where molten polymer is injected into micro-milled mold cavities, al-
lowing for rapid mass production with excellent dimensional accuracy. Injection molding
was utilized to replicate COC microfluidic chips from micro-milled masters, highlighting
its potential for commercial biosensor manufacturing due to its short cycle times and
reproducibility [5]. It consists of several stages: Mold fabrication: This is a technique that
includes micro-milling and laser ablation, being built to generate a high-accuracy mold
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chamber typically made from nickel or stainless-steel material. The required microfluidic
designs’ adverse effect can be seen in this type of mold [8]. Injection and melting of
polymer: In a preheated container, pellets of thermoplastic material like COC and PMMA
undergo melting prior to being injected inside the mold cavity with high levels of pressure.
In particular, slim microchannel features are occupied with polymer due to pressure [36].
Freezing and ejection: For hardening of the polymer, the mold gets cooled down immedi-
ately following loading. The demolding technique is employed to get rid of the molded
substance after it has completely hardened [8]. In contrast, Soft lithography employs
elastomeric materials like polydimethylsiloxane (PDMS) cast against micro-milled molds to
produce flexible replicas. While PDMS molding is advantageous for prototyping because
of its biocompatibility and optical transparency, it is less suited for high-volume production
due to mechanical wear and swelling. PDMS casting was showcased on micro-milled
molds to fabricate disposable biosensor chips, demonstrating rapid prototyping flexibil-
ity. The PDMS casting of a master mold gets coated using a blend of PDMS base and
healing substance, generally in a ratio of 10 to 1. To get rid of any air bubbles that may
affect channel-related quality, the combined solution was decontaminated under a vacuum.
Therefore, PDMS is cleaned and treated for a couple of hours at around 60 degrees Celsius
until it settles [26].

Furthermore, hybrid molding techniques combining hot embossing with soft lithogra-
phy have been explored to harness the strengths of both approaches, enabling multilayer
chip fabrication with enhanced fluidic integration [2]. Surface treatments such as oxygen
plasma and silanization are often applied post-molding to improve bonding and fluid com-
patibility. Punching and the process of demolding: Employing biopsy holes or punches
leads to the accessibility of pores for liquid inflows, and outflows are created by punching
once the fixed surface of PDMS is carefully stripped from the master mold. Bonding:
Through the treatment of oxygen plasma, the PDMS surface is finally attached to an exter-
nal planar substrate, generally a transparent glass plate or slide, or an additional slice of
PDMS [37,38] (Figure 3, point no (6—(®). Soft lithography is cost effective and simple to
utilize, and its adaptability renders it an appealing option for enabling device development
in educational and scientific environments. The utilization possibilities involving biological
compliance and visibility of compounds such as PDMS seem advantageous; notably, those
such as cell-based testing methods, organ-on-chip mechanisms, and vasculature designs
(micro) are particularly appropriate for it. The generation of organic substances within
miniature channels provides an additional advantage. This technique is additionally uti-
lized in microreactor structures for efficient screening systems and droplet microfluidics
for the research of those reactions that are involved in kinetics [38]. Its adaptability for
biological analytics purposes is further enhanced by its ability to replicate sophisticated
small structures using sub-micron accuracy and by its suitability to alterations of surface
procedures, such as protein encapsulating and salinization as part [39]. Considering all
this, vast applications in industry are restricted by problems such as a lack of mechanical
resistance and the capacity to hold onto hydrophobic molecules [37].
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Figure 3. Soft lithography method to produce microfluidic devices. The procedure consists of the
steps listed below: (1) Using CAD software, design the microfluidic device in consideration of the
device’s specifications. (2) Create the master mold using various methods, such as 3D printing, wax
printing, laser cutting, micro-milling, or electrochemical etching. (3) Create the PDMS solution by
combining the PDM and curing agent with the PDMS. (4) Using a spin coater or by hand, evenly coat
the mold with the PDMS mixture. (5) Cure the PDMS layer in an oven at temperatures between 80 °C
and 100 °C for a few hours. The PDMS should then be removed from the mold and sized and shaped
as desired. (6) Treat the surface of the PDMS device. Attach the PDMS device to the substrate’s
lid using oxygen plasma or thermal bonding. Utilize a biopsy punch or a laser cutter to create the
required inlets and outlets in the from design in software to fabrication of PDMS devise using soft
lithography approach (reproduced from ref. [40] with permission, Frontiers in Bioengineering and
Biotechnology, copyright 2023).

Particularly, in the general fabrication of recyclable, accessible, and financially effective
devices, the process of injection molding is perfect, specifically for applications including
POCT, referred to as point-of-care testing, in vitro diagnostics (IVD), and drug screening [33,36].
Furthermore, POCT technologies that include detectors or sensors for fluidic control in tiny
cases and medical frameworks that require logical gadgets take advantage of injection molding.
Moderate throughput, which makes it feasible to manufacture numerous gadgets each day;,
and multidimensional management must be achieved for accurate function of the devices
and connectivity via an array of polymers, and this allows for modification of durability
against chemicals, visual understanding, or biologic compatibility, with only a handful of the
technologies having many positive aspects [33,41].

2.5. Decision Framework for Microfluidic Fabrication Selection

The Figure 4 presents a selection framework that guides users in choosing fabrication
routes based on performance capability, cost, and application intent. Micro-milling enables
£5-20 pm tolerance for thermoplastic masters but may introduce burrs and chatter, miti-
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gated through tool coatings and high-speed machining. Laser micromachining supports
hard materials without tool wear, though melting and taper require fs/ps pulses and
post-cleaning. Also, 3D printing offers rapid iteration but suffers layer artifacts, improved
through orientation and post-curing. Hot embossing achieves high replication fidelity,
while injection molding /ICM provides the lowest unit cost but requires strategies to control
shrinkage and warpage.
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Laser micro-machining: No
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Figure 4. A systematic decision tree, which determines major performance criteria such as feature
resolution, dimensional tolerance, material compatibility, roughness, volume of production, and the
prevailing failure modes. The first step of the framework is the decision node prototyping versus
production as the initial goal.

3. Biomedical and Clinical Diagnostics
3.1. Micro-Milling and Microfluidics in Point-of-Care Testing (POCT)

Point-of-care testing (POCT) demands rapid, sensitive, and portable diagnostic plat-
forms, and micro-milling has become a prominent technique in fabricating microfluidic
devices that meet these requirements. Micro-milling offers advantages such as low cost,
rapid prototyping, and high precision, enabling the production of customizable microflu-
idic chips for diverse POCT applications. The researcher developed electrochemical im-
munosensors on micro-milled microfluidic chips capable of detecting protein biomarkers
at picogram levels, facilitating early disease diagnosis Ref. [42]. Similarly, in another re-
search the fabricated fluorescence and colorimetric microfluidic assays for the detection
of infectious diseases with detection limits in the low nanogram per milliliter range [43].
The integration of lateral flow assays into micro-milled platforms further enhanced rapid
biomarker detection, as shown in Figure 5, and it is demonstrated by researchers who
reported improved sensitivity and specificity for hormone and pathogen detection [44].

Paper-based microfluidic devices fabricated by micro-milling have also been employed
for enzymatic metabolite detection, providing a cost-effective solution with micromolar
sensitivity suitable for metabolic monitoring [45]. One of the researcher team introduced
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aptamer-based electrochemical sensors on micro-milled chips that achieved ultrasensitive
cancer biomarker detection at picomolar levels [46]. In the realm of nucleic acid diagnostics,
scientist designed micro-milled microfluidic PCR chips enabling rapid viral RNA detection
with reduced assay times [47]. Smartphone-integrated fluorescence detection systems
combined with micro-milled microfluidic devices have allowed for portable and accurate
HIV viral load quantification. The employed impedance spectroscopy within micro-milled
microfluidics for precise electrolyte monitoring, achieving nanomolar sensitivity [20].

Beyond these, it was reported that surface plasmon resonance (SPR)-based micro-
milled sensors for label-free, real-time detection of cardiac biomarkers, providing rapid
diagnostics for acute myocardial infarction [39]. The fabricated colorimetric enzymatic
assays on paper-based micro-milled microfluidic devices, enhancing POCT utility in
resource-limited environments [36]. Scientist developed electrochemical DNA sensors
on micro-milled chips for detecting genetic mutations with femtomolar sensitivity, empha-
sizing applications in personalized medicine [48]. Further advances include micro-milled
ELISA chips for pregnancy hormone detection, CRISPR-integrated microfluidic chips for
SARS-CoV-2 RNA detection with attomolar sensitivity, and loop-mediated isothermal
amplification (LAMP)-based micro-milled devices for rapid bacterial pathogen detection.
A team of researchers demonstrated optical biosensors fabricated via micro-milling for
real-time enzymatic reaction monitoring in synthetic biology, highlighting the versatility of
this fabrication method in diverse POCT contexts [49]. Collectively, these studies illustrate
the significant role of micro-milling in advancing microfluidic POCT platforms by com-
bining rapid fabrication, precision, and compatibility with various detection modalities.
The ongoing innovation promises enhanced diagnostic speed, sensitivity, and accessibility
crucial for global healthcare needs.

Green Technology

Test strip

m_

Saves time

Simple fabrication

C) HE

Reservoir Safe and portable

Figure 5. Schematic of the microdevice showing the collection point, mixing chamber, test strip, and
reservoir, along with key advantages including green technology, time efficiency, simple fabrication,
and safe portability (reproduced from ref. [50] with permission, Elsevier, copyright 2024).

3.2. Drug Development and Screening

Micro-milling has emerged as a versatile and cost-effective fabrication technique in
drug development and screening, enabling the rapid prototyping of microfluidic devices
that closely mimic physiological environments. For example, CNC micro-milling has been
used to create acrylic microfluidic devices for magnetic nanoparticle-based immunoassays,
facilitating sensitive and low-cost detection of biomarkers like lysozyme, which is valuable
for point-of-care testing in resource-limited settings [51]. Additionally, micro-milled PMMA
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chips have supported primary neuronal cultures and 3D neurospheroid growth, provid-
ing a controlled platform for evaluating neurotoxicity and drug efficacy [52]. In cancer
research, low-cost micro-milled microfluidic devices have enabled high-throughput drug
testing on static and dynamic 3D spheroid cultures, as shown in Figure 6, offering more
accurate in vitro models that better represent in vivo conditions compared to traditional
2D cultures [53]. The precision, adaptability, and affordability of micro-milling make it a
powerful tool for accelerating drug discovery and improving the reliability of preclinical
testing, particularly in labs without access to expensive cleanroom facilities.

2D Cell Culture Organ-On-A-Chip  Human-On-A-Chip
Media

Inhaled Dlug > VR
j ": v

Cell-On-A-Chip (3D Cell Culture)

Continuous Media Oral Drug
\ Extracellular Matrix (ECM)

- o o
— - -
® o e © o ©
|

f L
Continuous Media
Figure 6. Overview of cellular and organ-mimicking platforms: 2D cell culture in static media,
3D cell-on-a-chip culture integrating extracellular matrix and continuous media flow, and multi-
organ/human-on-a-chip models enabling physiologically relevant testing of inhaled and oral drug
pathways (reproduced from ref. [54] with permission, MDPI, copyright 2018).

3.3. Cell Culture and Analysis

Micro-milling has proven to be a valuable technique in the fabrication of microfluidic
devices for cell culture and analysis, offering a cost-effective and precise alternative to
traditional methods. For instance, a study developed a microfluidic spheroid-on-a-chip
model using micro-milled PMMA and vapor-assisted thermal bonding, which supported
the growth of 3D cell spheroids and provided a more accurate representation of in vivo
conditions for drug testing and disease modeling.

Another research focused on creating low-cost CNC-milled PMMA microfluidic chips
to support primary neuronal cultures and 3D neurospheroid growth, as shown in Figure 6,
enabling a detailed study of neuronal development and response to stimuli [55]. Addition-
ally, micro-milling was used to fabricate microfluidic devices capable of partially separating
red blood cells from plasma, an important feature for cell sorting and analysis in hematol-
ogy and diagnostics [56]. These examples underscore the versatility of micro-milling in
creating microfluidic platforms that support cell culture and detailed cellular analysis in
controlled environments.

3.4. Environmental Monitoring

Micro-milling has become an essential and versatile technique in developing microflu-
idic devices for environmental monitoring, offering both precision and cost effectiveness in
fabricating intricate microchannels on materials such as PMMA and PDMS, as presented
in Figure 7. These microfluidic platforms enable portable, sensitive, and high-throughput
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detection of environmental contaminants in air, water, and soil [57]. The researcher devel-
oped a micro-milled microfluidic system that uses magnetic microdiscs to tag Escherichia
coli in large-volume water samples, achieving rapid and efficient bacterial capture critical
for real-time water quality assessment [17]. These studies illustrate the growing impact
of micro-milling in creating adaptable, low-cost, and portable microfluidic devices that
enhance environmental monitoring by providing rapid, accurate detection and analysis
of various contaminants. Furthermore, a fabricated low-cost CNC-milled PMMA chips
capable of integrating biosensors to detect multiple bacterial contaminants simultaneously
with high specificity and sensitivity, advancing multiplexed environmental monitoring
capabilities [56]. Additionally, researcher showcased a micro-milled device designed for
partial separation of red blood cells from plasma, a technique translating to cells in en-
vironmental bioanalysis, as shown in Figure 7 [58]. Moreover, scientists developed 3D
high-quality PDMS microfluidic chips by micro-milling, enabling precise manipulation and
detection of microparticles and pollutants in environmental samples [59].
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Figure 7. Illustration depicting the integration of micro-milled microfluidic technology for environ-
mental monitoring. Airborne pollutants, including microbial contaminants (Staphylococcus aureus,
Saccharomyces cerevisiae, and Escherichia coli).

3.5. Food Safety and Quality Control

Micro-milling has emerged as a pivotal fabrication technique in the development of
microfluidic devices aimed at enhancing food safety and quality control. Its advantages,
including rapid prototyping, high precision, and cost effectiveness, make it particularly
well suited for producing customized microfluidic platforms capable of sensitive and
on-site detection of food contaminants, pathogens, and spoilage indicators. One notable
application is the detection of foodborne pathogens. Researcher reported the fabrication
of a micro-milled polymethyl methacrylate (PMMA) microfluidic chip integrated with
magnetic bead-based immunoassays for rapid and sensitive detection of Salmonella in
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food samples [60]. Their device achieved detection limits as low as 10 colony-forming
units per milliliter (CFU/mL) within an hour, significantly shortening the analysis time
compared to conventional laboratory techniques. In addition to microbial contamination,
micro-milled microfluidic systems have been applied to chemical contaminant detection.
Scientist developed a micro-milled device coupled with electrochemical sensors to detect
organophosphorus pesticides in fruits [61]. The platform exhibited high sensitivity and
selectivity for pesticide residues, enabling rapid, on-site screening that can help prevent
contaminated produce from reaching consumers [62]. Such real-time detection is essen-
tial for minimizing public health risks associated with pesticide exposure. Furthermore,
monitoring spoilage markers is vital for ensuring food freshness. Researchers designed
a micro-milled microfluidic platform to detect biogenic amines, such as histamine, in
seafood sample [63]. This system facilitates real-time assessment of spoilage levels, thereby
supporting quality control and reducing food waste.

Beyond these examples, micro-milling has been utilized to fabricate microfluidic
devices for detecting mycotoxins in grains through fluorescence-based assays [64] and
for immunosensor-based allergen detection in diverse food matrices. These applications
demonstrate the versatility of micro-milling in accommodating various detection modal-
ities, including optical, electrochemical, and immunological methods [25]. As demand
for on-site, real-time food quality monitoring grows, micro-milled microfluidic devices
are poised to play a central role in safeguarding public health and ensuring food integrity
across the supply chain [65]. Various approaches have been used to fabricate microfluidic
devices, including soft lithography, injection molding, hot embossing, and 3D printing, each
offering distinct advantages depending on the required resolutions, material properties,
and the device’s function. Among these, high-precision CNC micro-milling has emerged
as a robust and versatile technique, especially for rapid prototyping and the fabrication
of complex three-dimensional microchannel architectures. The work demonstrated by
the researcher presents an integrated digital-to-physical manufacturing pipeline [2]. The
process begins with the construction of the microfluidic design in Fusion 360 CAD, where
channel geometries, curvatures, and functional features are defined with micron-level con-
trol. This digital model is then transferred to Fusion 360 CAM, which generates optimized
toolpaths that maintain accurate channel depths and smooth surfaces essential for laminar
flow, predictable hydraulic resistance, and consistent mass transport within microfluidic
systems. The CAM output is exported as a G-code, where every motion of the milling
tool, including the spindle speed, feed rate, and axis positioning, is precisely encoded
to ensure dimensional fidelity during fabrication. The G-code is subsequently executed
through Mach3 CNC control software, which drives a five-axis micro-milling machine
capable of producing intricate 3D geometries that are difficult or impossible to achieve
with conventional 2D soft lithography [2]. Various approaches have been employed to
fabricate modular and customizable microfluidic devices, ranging from soft lithography
to micro-milling and multistep molding strategies. The construction of a PDMS-based
microfluidic system for phenol sensing is depicted, beginning with the assembly of a
PDMS channel layer bonded onto a glass substrate containing a screen-printed electrode.
This configuration enables controlled fluid flow over the electrochemical sensing region.
The modular dual-flow configuration enhances separation efficiency and improves sensor
performance by allowing buffer and analyte streams to merge precisely at the catalytic
detection interface. The process starts with a 3D-print master mold defining microchannels
and structural studs. This master is used to create a tin-based silicone negative, which is
subsequently replicated into a urethane mold. The final casting step yields a 2D-defined
PDMS microfluidic block whose channels and geometric features match the original CAD
design. This layered molding approach enables reproducible fabrication of microstruc-
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tured components that can be integrated into larger modular systems [66]. The researcher
expands this concept further by demonstrating the fabrication of fully 3D-defined PDMS
building blocks that incorporate Lego-like interlocking features. A PDMS master mold is
capped with a PDMS Lego® plate cap, and degassed PDMS is injected through a designated
inlet to form the internal structure. Once cured, the mold is opened to expose the cast
block. Minor defects or excess material are removed, yielding a clean 3D-defined block
capable of physical interconnection with other units through its molded studs and sockets.
These modular blocks enable rapid assembly of microfluidic networks without the need for
permanent bonding, allowing channels, sensors, and functional modules to be rearranged
or replaced as needed [67]. Together, these fabrication techniques highlight how multistep
molding methods, PDMS casting, and Lego-like modularity provide a versatile platform
for constructing customizable microfluidic systems. Such approaches support rapid proto-
typing, easy reconfiguration, and integration of sensing elements, making them valuable
for phenol detection, biochemical assays, and a wide range of lab-on-chip applications
(Figure 8) [68].
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Figure 8. Conceptual schematic of microfluidic device-based food safety monitoring, illustrating the
detection of biological contaminants (viruses and bacteria) and chemical contaminants (pesticides and
heavy metals) using integrated electrochemical, immunoassay, molecular, enzymatic, and chemical
reaction-based sensing strategies within a single microfluidic platform [68].
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4. Microfluidic Devices and Healthcare

The integration of artificial intelligence (AI) with microfluidic wearable devices rep-
resents a transformative step in the evolution of personalized healthcare and real-time
healthcare/real-time diagnostics. Microfluidic wearables manipulate small volumes of
biofluids such as sweat, interstitial fluid, or tears, providing continuous and minimally
invasive access to biochemical markers. When combined with Al, particularly machine
learning (ML) and deep learning algorithms, these systems can detect complex patterns,
correct for noise, and offer predictive insights that traditional sensors cannot. Researcher
developed a wearable microfluidic pressure sensor that enables real-time health mon-
itoring [56]. Similarly, another team created a sweat glucose sensor integrated into a
microfluidic colorimetric patch for diabetes management [69]. Scientists also demonstrated
a soft smart contact lens for wireless ocular diagnostics, showcasing the integration of
microfluidics with flexible electronics [70]. Al plays a crucial role by processing dynamic
bio signals to detect physiological changes, anomalies, or disease onset. Scientist introduced
its potential in point-of-care applications [36]. However, the adoption of these technolo-
gies faces several challenges: data security, device calibration process across populations,
power constraints, and regulatory barriers. Studies like these are emphasize the need for
standardized biomarker validations to ensure reliability [18]. Future directions include
multi-modal sensing platforms, edge Al for local decision making, and closed-loop systems
for drug delivery, such as smart insulin pumps. The synergy between Al and microfluidics
is poised to shift healthcare from episodic to continuous and preventive models, but ethical
deployment and robust clinical validation are essential. As these technologies evolve,
Al-enhanced microfluidic wearables could redefine chronic disease management, athletic
training, and even mental health monitoring on a global scale (Figure 9) [71].
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Figure 9. A schematic for what an idealized rapid and on-site microfluidic device can offer the field
of diagnostics and the devices’ basic components [71].
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Comparison and Analysis of Micro-Milling in Fields of Application

While micro-milling has been applied across diverse domains including point-of-
care diagnostics, pharmaceutical screening, environmental monitoring, and food safety,
its suitability as a fabrication strategy is governed by a common set of performance
constraints and trade-offs that transcend individual applications. A critical comparison
across these domains reveals that micro-milling’s primary strength lies in its ability to
balance design flexibility, material compatibility, and cost efficiency at the prototyping to
small-batch production scale rather than in ultra-high-resolution or mass-manufacturing
scenarios [72].

From a fabrication capability perspective, micro-milling consistently enables rapid
iteration of microfluidic layouts with dimensional tolerances typically in the £5-20 um
range for thermoplastic polymers. This level of precision is sufficient for most electro-
chemical and biochemical biosensing platforms, including immunosensors, enzymatic
assays, and nucleic acid amplification systems. In point-of-care testing and pharma-
ceutical screening, where channel dimensions primarily govern residence time, mixing
efficiency, and electrode placement rather than optical diffraction limits, these toler-
ances are generally acceptable. In contrast, applications requiring sub-micron optical
alignment or nanostructured surface features, such as advanced photonic biosensors,
remain outside the practical resolution envelope of micro-milling and continue to favor
lithographic approaches [73].

Surface roughness and burr formation emerge as cross-cutting limitations across all
application areas. In POCT cartridges and environmental sensors, where capillary flow
and reproducibility of fluid transport are critical, excessive roughness or edge burrs can in-
troduce flow heterogeneity and signal variability. Pharmaceutical and cell-based platforms
are particularly sensitive to these effects, as rough surfaces can alter cell adhesion, protein
adsorption, and local concentration gradients. Although post-processing strategies such as
secondary finishing passes, tool coatings, optimized feed-to-diameter ratios, and hybrid
machining approaches have been shown to reduce roughness to sub-micron levels, these
steps increase fabrication time and partially offset cost advantages. Thus, micro-milling
represents a trade-off between achievable surface quality and fabrication throughput rather
than a universally optimal solution [74].

Bonding and functionalization compatibility further differentiate micro-milling’s
performance across domains. Thermoplastic substrates commonly used in micro-milling,
such as PMMA and COC, offer broad compatibility with thermal, solvent, and adhesive
bonding, enabling robust device sealing for POCT and environmental monitoring. Their
surfaces can also be readily modified through plasma treatment, silanization, or elec-
trode deposition, supporting immunoassays, nucleic acid detection, and electrochemical
sensing. However, these same polymers may exhibit hydrophobic analyte adsorption or
solvent sensitivity in long-term environmental or food monitoring applications, necessi-
tating additional surface coatings or passivation layers. In comparison, PDMS-based soft
lithography offers superior surface tunability but suffers from mechanical instability and
poor scalability, highlighting micro-milling’s intermediate position between flexibility
and robustness [75].

When examined from a repeatability and scalability standpoint, micro-milling
demonstrates high device-to-device consistency at laboratory and pilot scales, making
it well suited for research translation and early-stage commercialization. Nevertheless,
extended production runs introduce variability due to tool wear, thermal drift, and burr
accumulation, particularly when using ultra-small diameter tools [46]; These effects are
largely absent in injection molding or hot embossing once molds are optimized, explain-
ing why micro-milling is most effectively deployed as a master fabrication or bridge
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technology rather than a final high-volume manufacturing method. This hybrid role is
consistently observed across biomedical, pharmaceutical, environmental, and food safety
applications [76].

Importantly, a comparative view across application areas reveals that micro-milling’s
value proposition is application dependent rather than universal. In POCT and decen-
tralized diagnostics, its rapid prototyping capability and low infrastructure requirements
directly support accessibility and customization. In pharmaceutical screening and cell-
based assays, micro-milling enables complex three-dimensional channel architectures and
modular designs that are difficult to achieve with planar lithography [77]. In environmen-
tal and food monitoring, its robustness and material versatility support field-deployable
devices, albeit with additional surface engineering requirements. These distinctions un-
derscore the need for decision-oriented fabrication selection rather than technique-driven
adoption [66]. Various microfluidic biosensing platforms across application domains are
summarized under Table 1.

Overall, this comparative analysis demonstrates that micro-milling should not be
viewed as a replacement for established microfabrication methods but rather as a strategi-
cally positioned technology that bridges the gap between rapid prototyping and scalable
manufacturing. Its true promise lies in enabling economical, polymer-based biosensor
chips where integration constraints, material compatibility, and process standardization are
as critical as raw resolution, a perspective that is often underemphasized in prior narrative
reviews [67].
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Table 1. This table summarizes representative examples of microfluidic biosensing platforms across application domains. For review articles, reported limits of

detection correspond to the primary studies cited within the referenced reviews; where applicable, values are reported exactly as defined in the original experimental

work to maintain unit consistency and contextual accuracy.

Application Area Detection Modality Target Analyte Limit of Detection (LOD) Sample Matrix Reference
Magnetic bead capture + optical detection Escherichia coli ~10 CFU/mL Surface and drinking water [13]
Environmental Chemiluminescence-based sensing Copper ions (Cu®*) 8 x 1073 pg L' (=8 pgL1) Water samples [78]
Monitoring Electrochemical biosensor Heavy metals (Pb%* and Hg2+) uM-nM range Groundwater [79]
Fluorescence-based assay Pesticides 0.03 ng-mL~! Agricultural runoff [60]
Magnetic bead immunoassay + fluorescence Salmonella 10 CFU/mL Food samples [80]
Food Safety and . . i} .
~0. . 1
Quality Control Electrochemical sensor Organophosphorus pesticides 0.019 ng-mL Fruits and vegetables [61]
Fluorescence assay Mycotoxins ppb level Grains [81]
Microfluidic fluorescence monitoring Synthetic gene circuits Not explicitly reported Cell culture media [82]
Synth.etlc Biology Electrochemical biosensin: Enzymatic metabolites ~30 nM Cell culture media [10]
g Y
and Biotechnology
PMUT-based ultrasonic sensing Media density changes Qualitative sensitivity Bioreactor media [83]
Electrochemical immunosensor Protein biomarkers 23 pg-mL*1—0.023 ng-mL*1 Blood/serum [84]
Fluorescence and colorimetric assays Infectious agents ~0.015 ng~mL*1 Clinical samples [85]
Lateral flow assay-integrated microfluidics Hormones 0.01 ng-mL~! Serum [86]
TI:s)tlinI:;(fI-’(C)aCr"el') Paper-based microfluidics Glucose and lactate ~0.77 uM Biological fluids [87]
Surface plasmon resonance (SPR) Cardiac biomarkers ~3.2 pg-mL*1 Serum [39]
Aptamer-based electrochemical sensor Cancer biomarkers ~41 fg~mL*1 Serum [88]
Microfluidic PCR Viral RNA Few hundred copies per reaction Clinical samples [47]

https:/ /doi.org/10.3390/micro6010016


https://doi.org/10.3390/micro6010016

Micro 2026, 6, 16

22 of 26

5. Future Prospects and Biomedical Applications

Micro-milling has, over time, become a key component in microfluidic device fab-
rication because it is efficient and cost effective to produce rapid and precise prototypes.
At present, this technology is experiencing its growth through its combination with the
emerging field that includes, but is not limited to, those in healthcare and the personal
well-being ecosystem. A notable step forward has been the intrusion of a variety of sensors,
primarily electrochemical, optical, and biosensors, into the channel milled on a microscale.
The smart lab-on-chip systems are primarily used in instances where devices are used for
continuous glucose monitoring (CGM) and continuous electrolyte monitoring. The devices
are often wireless and are therefore used by healthcare professionals for diagnostics in
remote areas. In the meantime, combining micro-milling with 3D printing or laser ablation
has resulted in the development of new hybrid fabrication methods capable of generating
multi-material devices. As an example of this, the teaming up of our rigid PMMA with
malleable PDMS has enabled the creation of a microfluidic platform for cardiovascular
drug testing and the study of multiple organs that interact, thus stimulating in vivo condi-
tions. With the commonly used PMMA material for developing POC devices, micro-milling
should be carried out using sharp ultra-fine grain carbide end mills with polished, uncoated
or DLC-coated flutes, which are preferred to minimize adhesion and burr formation. High
cutting speeds of 150-300 m/min and spindle speeds between 20,000 and 60,000 rpm are
recommended, combined with very low feed per tooth (0.3—4 pm) to maintain minimum
chip thickness. Axial depth of cut should be limited to 5-10% of tool diameter, with radial
engagement of 10-30%. Climb milling, air blast cooling, and effective chip evacuation are
essential to prevent melting, cracking, and surface degradation.

In the field of personalized medicine, micro-milled chips are also a big help in patient-
specific testing via the use of oncogenes or circulating tumor cells (CTC) for the reason
that they assist in finding the treatment that will be the most productive and, in parallel,
avoid unnecessary drug exposure. In other areas of biomedicine that constantly innovate,
micro-milled chips are being designed both for infectious disease diagnosis, where parental
screening can also come in, and, on the other hand, they provide a solution for controlled
drug release, the question of implantable biosensors, and even the biodegradable devices
made by utilizing materials that dissolve after use and do not require retrieval surgeries.
Furthermore, the design of the chips and equipment and Al are taking place in such a way
with the help of the software and Al that the design process is constantly changing, and this
occurs in a faster way since the technology is so advanced that the software itself has the
ability to find the appropriate channel and optimize fluidic dynamics, thus cutting down
on the chances of error. Overall, the joining of micro-milling and electronic technology,
material science, biomedicine, and Al will create the next generation of microfluidics, which
is intelligent, responsive systems. Biodegradable micro-milled microfluidics designed for
in vivo diagnostic or drug delivery then safely degrade inside the body (example via
hydrolysis). This will lead to an eco-friendly breakthrough, which is ideal for temporary
implants or remote diagnostics in resource-limited settings.

Furthermore, this review provides readers with a practical, decision-oriented frame-
work that links micro-milling parameters and material choices to achievable dimensional
tolerances, surface roughness, failure modes, and integration strategies across applica-
tion domains such as point-of-care diagnostics, pharmaceutical screening, environmental
monitoring, and food safety. This framework is intended to support rational fabrication
strategy selection and process standardization, bridging the gap between laboratory-scale
prototyping and translational biosensor deployment.
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