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In-process cutting temperature measurement for ultra-precision 
machining: a comprehensive review and future perspectives
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Abstract: With the widespread adoption of ultra-precision machining (UPM) in manufacturing, accurately monitoring the 
temperature within micro-scale cutting zones has become crucial for ensuring machining quality and tool longevity. This review 
comprehensively evaluates modern in-process cutting temperature measurement methods, comparing conventional approaches 
and emerging technologies. Thermal conduction-based and radiation-based measurement paradigms are analyzed in terms of 
their merits, limitations, and domain-specific applicability, particularly with regard to the unique challenges involving micro-
scale cutting zones in UPM. Special emphasis is placed on micro-scale sensor-integrated tools and self-sensing tools that enable 
real-time thermal monitoring at cutting edges. Furthermore, we explore thermal monitoring and management techniques for 
atomic and close-to-atomic scale manufacturing (ACSM), as well as the transformative potential of emerging technologies like 
artificial intelligence (AI), internet of things (IoT), and data fusion for machining temperature measurement. This review may 
serve as a reference for UPM cutting temperature measurement research, helping foster the development of optimized process 
control technologies.
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1 Introduction 

Ultra-precision machining (UPM) technology has 
become a cornerstone in modern manufacturing, play‐
ing an indispensable role in various fields including 
aerospace, precision instruments, microelectronics, and 
optics (Brinksmeier et al., 2004; Gao et al., 2013; Fang 
et al., 2017). The escalating demands for machining 
accuracy, surface quality, and specific material proper‐
ties across industries have rendered traditional mechan‐
ical processing technologies inadequate for meeting 
such requirements. Consequently, UPM technology has 
emerged as an effective method for nano-scale manu‐
facturing (Jawahir et al., 2011; Fan et al., 2022; Gao 
et al., 2023).

UPM not only necessitates equipment with ex‐
ceptional precision and stability, but also effective heat 

control during cutting processes (Fang et al., 2022). 
Cutting temperature is a critical process parameter in 
UPM, directly influencing factors such as tool wear 
patterns, cutting force distributions, workpiece surface 
quality, and dimensional accuracy (Ueda et al., 2001; 
Davies et al., 2007). Particularly under conditions of 
high cutting speed with minimal material removal, 
even subtle fluctuations in cutting temperature (typi‐
cally ±2 ℃) can induce microthermal deformations 
exceeding 50 nm, thereby affecting machining preci‐
sion and surface quality (Arrazola et al., 2015). Em‐
pirical research has demonstrated that excessive cut‐
ting temperatures not only accelerate the thermal soft‐
ening process of tool materials (significantly reducing 
tool lifespan by 30%–60%), but can also cause micro-
cracks or deformations (2–5 μm) on workpiece surfaces, 
ultimately impacting product performance and reli‐
ability (Hijazi et al., 2011; Sugita et al., 2015). There‐
fore, accurate monitoring and control of cutting tem‐
perature during UPM is vital for improving machin‐
ing quality and efficiency.

Fig. 1 shows numerous cutting temperature mea‐
surement methods which are based on a variety of 
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principles (Tagawa et al., 2003; Armendia et al., 2010; 
Teti et al., 2022; Yip et al., 2022; Huang and Yan, 
2023; Yan et al., 2023; Song et al., 2024). However, 
temperature measurement in UPM presents inherent 
challenges. The primary challenge stems from limita‐
tions in spatial resolution, since conventional sensing 
systems struggle to achieve better than 20 μm resolu‐
tion in micro-scale cutting zones; this is a critical con‐
straint given that heat generation often occurs within 
2–5 μm interaction volumes at tool–workpiece inter‐
faces (Huang and Yan, 2023). Compounding this issue, 
existing systems exhibit temporal latencies exceeding 
100 ms in dynamic thermal monitoring, causing sig‐
nificant lag in observing the microsecond-scale ther‐
mal transience characteristics associated with nano-
scale material removal processes (Herbert, 1926). 
Thermocouple-based methodologies, which maintain 
dominance in micro-scale applications, are fundamen‐
tally constrained by contact resistance variations (±3%–
5% measurement uncertainty) and thermal inertia ef‐
fects that distort rapid thermal transients (Bono and Ni, 
2002). This limitation persists even in advanced micro-
thermocouple configurations, where thermal crosstalk 
between adjacent junctions can alter temperature gra‐
dients by 8%–12% (Davies et al., 2003). Infrared ther‐
mography circumvents these physical contact issues 
but faces an insurmountable spatial resolution barrier 
(≥15 μm) in nanomachining applications, as caused by 
diffraction limits of mid-infrared wavelengths (3–5 μm 
spectral range) (Casto et al., 1994). This resolution def‐
icit becomes particularly problematic when monitoring 

tool-chip interfaces during the diamond turning of opti‐
cal materials, where thermal boundary layers are often 
 <10 μm thick (Thompson, 1798; Boothroyd, 1963).

Recent advancements in sensor technology, optical 
measurement techniques, and new materials have led 
to the emergence of novel temperature measurement 
methods (Chinchanikar and Choudhury, 2014; Wang 
et al., 2016). These new technologies enhance measure‐
ment accuracy and real-time capabilities while enabling 
stable measurement in complex cutting environments. 
Micro-scale sensor technology, tool-integrated sensors, 
and self-sensing tools have demonstrated prowess in 
UPM applications (Basti et al., 2007; Hoffmann et al., 
2007). These techniques enable real-time monitoring 
of micro-zone temperature variations during cutting, 
aiding the understanding of thermodynamic behavior 
during machining. Furthermore, they establish a foun‐
dation for optimizing processing techniques, extending 
tool life, and improving machining accuracy (Uhlmann 
et al., 2021).

This review summarizes and examines current cut‐
ting temperature measurement methods, with in-depth 
analysis of various methods’ advantages, limitations, 
and applications. Our review further introduces two 
recent innovations in cutting temperature measurement 
for UPM: micro-sensor integration and self-sensing 
tools, which enable real-time thermal monitoring at cut‐
ting edges. Additionally, prospective research directions 
and potential impacts of these temperature measure‐
ment technologies are examined, particularly with re‐
gard to atomic and close-to-atomic scale manufacturing 

Fig. 1  Historical overview of cutting temperature measurement methods for machining processes (reprinted from (Armendia 
et al., 2010; Li et al., 2019; Saelzer et al., 2020; Teti et al., 2022; Huang and Yan, 2023; Yan et al., 2023; Song et al., 2024), 
with permission from Elsevier, from (Yip et al., 2022; Liu et al., 2024b), with permission from Springer, and from (Cichosz 
et al., 2023), with permission from MDPI)
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(ACSM), and the convergence of advanced sensing 
methods, artificial intelligence (AI) technology, and 
cyber-physical integration. By synthesizing current 
research and analyzing emerging trends in cutting tem‐
perature monitoring, we establish a comprehensive 
reference to facilitate future innovations that increase 
machining quality, prolong tool service life, and im‐
prove production efficiency.

2 Overview of cutting temperature measure-
ment methods 

Accurate cutting temperature monitoring in 
UPM demands methodologies that can resolve micro-
scale temperature gradients under 10 μm, while also 
possessing high sensitivity and rapid responsiveness 
(Guimarães et al., 2022). In Fig. 2, existing temperature 
monitoring techniques are shown, which are bifurcated 
into two domains according to their heat transfer mech‐
anisms. Thermal conduction-based methods utilize 
embedded sensor networks to make direct thermal 
equilibration measurements, whereas radiation-based 
methods make non-contact measurements of surface 
thermal emissions (Xu et al., 2020; Núñez-Cascajero 
et al., 2021). Each paradigm presents tradeoffs in terms 
of spatial-temporal resolution and accuracy, as dictated 
by fundamental physical constraints.

2.1 Thermal conduction methods

Direct-contact thermometry remains foundational 
in thermal analysis for machining. Thermocouples le‐
veraging thermoelectric principles form the basis of 
75% of industrial implementations, according to NIST 
(National Institute of Standards and Technology, USA) 
surveys (Komanduri and Hou, 2001). These tech‐
niques exploit material-dependent Seeback coefficients 
(3–80 μV/℃ range) through three operational phases: 
(1) thermal equilibration between the measurement 
junction and the cutting zone; (2) electromotive force 
(EMF) generation proportional to temperature differ‐
entials; (3) signal conditioning for noise reduction. The 
temporal response (τ=300–500 ms) and spatial resolu‐
tion (500–1000 μm) of these systems are fundamentally 
constrained by the sensor’s thermal mass and heat 
transfer path geometries (Damarla and Kundu, 2011).

2.1.1　Natural thermocouples

As shown in Fig. 3, natural (tool-work) thermocou‐
ple configurations utilize the machining tool and work‐
piece as inherent thermocouple electrodes. Temperature-
dependent EMF generation at the cutting interface 
enables thermal monitoring, specifically by measur‐
ing the voltage between electrically isolated points 
(Astakhov and Outeiro, 2019). Moura et al. (2015) 
demonstrated this approach in titanium alloy milling 
operations using WC-Co tooling, achieving 5 mV/℃ 
sensitivity across the range of 200–600 ℃. Zhang et al. 
(2018) proposed an enhanced implementation incor‐
porating high-impedance signal conditioning circuits, 
attaining 0.2 ℃ resolution during flood-cooled AISI 
1045 steel turning experiments (Fig. 4).

While offering simplicity in implementation, this 
technique has technical limitations that constrain its 
application. First, material compatibility restrictions 
limit viable tool-workpiece combinations to those ex‐
hibiting stable Seeback coefficients (|ΔS|<5% over 
200–600 ℃), as only 12% of common pairs meet this 
criterion according to data from the ASM Handbook 
(Bhirud and Gawande, 2017). Furthermore, system re‐
calibration becomes mandatory when altering either the 
tool substrate (e.g., transitioning from cemented car‐
bide to ceramic tools) or workpiece alloys, which adds 
significant downtime. Additionally, the inherent thermal 
inertia of bulk tool-workpiece systems restricts the tem‐
poral resolution to >500 ms sampling intervals, which 
effectively filters out transient thermal fluctuations 

Fig. 2  Cutting temperature measurement methods in 
machining processes, divided by heat transfer mechanisms
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that are critical for micromachining process analysis. 
These collective constraints limit natural thermocou‐
ple applications to primarily macro-scale cutting oper‐
ations with stable thermal regimes.

2.1.2　Embedded thermocouples

Cutting tools with integrated calibrated thermo‐
couples enable localized temperature measurements 
across extreme ranges (−200 to 900 ℃) at 50–80 μV/℃ 

sensitivity (Augspurger et al., 2019). As shown in Fig. 5, 
insulated thermocouple junctions are integrated into tool 
or workpiece structures through mechanical fixation 
with dielectric spacers. Embedded thermocouples can 
be inserted into tools or workpieces for single-point or 
multi-point temperature monitoring (Chen et al., 2017).

Fig. 6 presents a K-type thermocouple embedded 
in AISI M2 steel tools via laser-drilled 0.8 mm chan‐
nels, which captured (680±15) ℃ peak temperatures 

Fig. 4  Cutting temperature measurement using the tool-work thermocouple method under different cooling conditions: 
(a) schematic representation of cooling conditions; (b) cutting experiment setup; (c) cutting temperature curves. v is the 
cutting speed; AF is the chip thickness; CC is the conventional cutting; HUVC is the high-speed ultrasonic vibration cutting; 
Dc is the depth of cut. Reprinted from (Zhang et al., 2018), Copyright 2018, with permission from Springer

Fig. 3  Schematic of the principle and setup of the tool-work thermocouple method: (a) principle; (b) setup. Reprinted 
from (Astakhov and Outeiro, 2019), Copyright 2019, with permission from Springer
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during continuous dry turning of 4140 steels. Post-
process scanning electron microscope (SEM) analysis 
revealed sensor-induced microcracks within 50 μm of 
bore surfaces, reducing flank wear resistance by 22% 
compared to ordinary tools (Chen et al., 2017). Bagh‐
erzadeh and Budak (2018) applied the methodology 
on the rake face in polycrystalline cubic boron nitride 
(PCBN) tools, comparing the effects of flood cooling 
on Ti-6Al-4V and Inconel 718 machining temperatures. 

The 7 ℃ repeatability data revealed an 18% greater 
temperature reduction in titanium versus nickel alloys, 
which was attributed to phase-stabilized heat trans‐
fer in γ-strengthened superalloys. Additionally, rota‐
tional machining challenges have been partially ad‐
dressed through wireless telemetry systems, such as the 
Bluetooth-enabled platform of Campidelli et al. (2019) 
(Fig. 7), which achieved 100 Hz sampling rates during 
AISI D2 steel face milling at 120 m/min cutting speed. 

Fig. 5  Schematic representation of the embedded thermocouple method: (a) working principle; (b) embedding structure. 
D is the diameter of tool nose; DOC is the depth of cut. Reprinted from (Chen et al., 2017), Copyright 2017, with permission 
from Elsevier

Fig. 6  Cutting temperature monitoring during continuous dry turning of 4140 steels: (a) cutting tool with embedded 
thermocouples; (b) schematic representation of the embedding; (c) cutting temperature measurement results. Reprinted 
from (Chen et al., 2017), Copyright 2017, with permission from Elsevier
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This system also correlated the radial depth of cut vari‐
ations (0.5–2.0 mm) with 85–210 ℃ thermal transients 
in Al 2024-T3 alloys, exhibiting 120 ms latency and 
0.5% packet loss under a spindle speed of 1000 r/min.

Despite the wide range of applications for em‐
bedded thermocouples, there exist persistent technical 
barriers that merit examination. (1) Spatial resolution 
degradation occurs as thermocouple-tool edge offsets 
exceed 500 μm in micro-machining configurations, sig‐
nificantly impacting measurement fidelity (Grzesik, 
2017). (2) Implementation complexity escalates when 
advanced tool materials like silicon nitride ceramics 
or tungsten carbide composites are used, with integra‐
tion into sensors often inducing stress concentrations 
that can reduce tool life by 20%–30% (Masek et al., 
2021). (3) The embedded sensors’ thermal mass per‐
turbs natural heat dissipation patterns, causing up to 
18% deviation in tool-chip interface temperature read‐
ings. (4) Maintaining reliable electrical insulation 
between the sensor and tool body remains technically 
challenging, particularly under high-frequency vibra‐
tions (>5 kHz), which are common in precision machin‐
ing (Brito et al., 2015).

2.1.3　Supplementary cutting temperature measurement 
methods

In addition to thermal conduction methods utiliz‐
ing thermoelectric instruments, several supplementary 
measurement techniques exist:

(1) Fiber-optic thermometry has emerged as a 
principal method for extreme temperature environ‐
ments, leveraging single-crystal sapphire fibers to de‐
tect temperature-dependent optical transmission shifts 
at 0.15 nm/℃ sensitivity. This technique demonstrates 
particular efficacy in aerospace component machining, 
maintaining ±1.5 ℃ accuracy under 800–1300 ℃ con‐
ditions while resisting electromagnetic interference. 
However, it also necessitates precision six-axis optical 
alignment systems with 50 nm positioning repeatability, 
resulting in 15000–25000 USD peripheral equipment 
costs that restrict broader industrial deployment (Han 
et al., 2020).

(2) Metallurgical phase transformation analysis en‐
ables retrospective thermal assessment through material 
characterization. By evaluating post-process martensitic 
transformation thresholds (in the 250–400 ℃ critical 
range), this method enables indirect quantification of 

Fig. 7  Cutting temperature measurement system with wireless signal transmission functionality: (a) milling cutter with 
implanted thermocouple; (b) data acquisition system; (c) tool holder; (d) cutting temperatures for different cutting speed 
values. Reprinted from (Campidelli et al., 2019), Copyright 2019, with permission from Springer
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thermal exposure in hardened steel components. Nev‐
ertheless, this approach has inherent limitations, includ‐
ing >50 ℃ thermal resolution thresholds, protracted 
8–12 h sample preparation cycles involving vacuum 
mounting, and ion-beam polishing requirements; these 
constraints preclude real-time process monitoring (da 
Silva and Wallbank, 1999).

(3) Thermochromic paint coatings, employing 
functional nanomaterials like cobalt-doped zinc oxide 
nanoparticles, have been proposed for semi-quantitative 
thermal visualization. These coatings undergo revers‐
ible chromatic transitions across 30–300 ℃ operational 
ranges, enabling rapid thermal history mapping on 
complex geometries. Practical implementation, how‐
ever, has encountered ±20 ℃ measurement uncertainty 
thresholds, and requires hybrid verification through 
infrared thermography or embedded micro thermocou‐
ples to achieve production-grade accuracy (Kato and 
Fujii, 1996; Yoo et al., 2020).

2.2 Thermal radiation methods

The evolution of non-invasive thermal monitor‐
ing has driven significant developments in radiation-
based thermometry for machining applications. These 
techniques exploit the fundamental relationship be‐
tween thermal emission spectra and material tempera‐
ture, which is governed by Planck’s radiation law. 
During machining processes, the tool-workpiece inter‐
action zone emits characteristic infrared radiation 
with intensity proportional to the fourth power of 
absolute temperature (Stefan-Boltzmann law) (Abukh‐
shim et al., 2005; Tattersall, 2016; Masoudi et al., 2017). 
Contemporary implementations utilize this physical 
principle through two primary configurations: (1) single-
wavelength radiation pyrometry for discrete point 
measurement, and (2) multispectral thermographic 
imaging for two-dimensional thermal field reconstruc‐
tion (Bartoszuk, 2020; Jakubek et al., 2022).

2.2.1　Radiation pyrometry

Radiation pyrometry involves spectral analysis of 
electromagnetic radiation emitted from cutting inter‐
faces (Fig. 8) (Han et al., 2020; Richter and Fouad, 
2021). This methodology, pioneered by Manav and 
Chinchanikar (2018) for metal cutting analysis, under‐
went critical refinement by Ueda et al. (1992) through 
the integration of germanium-doped photodetectors. 
While offering non-contact operational advantages, 

conventional single-channel systems have spatial reso‐
lution constraints (typically >50 μm spot size), and yield 
area-averaged temperature values rather than true inter‐
facial measurements (the contact behavior within the 
tool-chip interface) (Al Huda et al., 2002). Furthermore, 
dynamic variations in surface emissivity (ε=0.1–0.9 
for metallic surfaces under oxidation) introduce ±7.2% 
temperature measurement uncertainty per 0.1 devia‐
tion in emissivity (Leonidas et al., 2022).

Recent techniques address these challenges with 
multi-spectral detection. Saelzer et al. (2020) developed 
a dual-wavelength pyrometry system (InAs detectors, 
1.5–2.5 μm spectral range) that effectively decou‐
ples emissivity effects through intensity ratio analysis 
(Fig. 9). This configuration achieved ±0.5 ℃ accuracy 
in dry grinding applications. Moreover, Zhao et al. 
(2018) showcased an improved prototype which ex‐
tended measurable temperatures to 1100 ℃ through 
optimized optical filtering, albeit with humidity-induced 
signal attenuation above 85% relative humidity (RH). 
In nickel-based superalloy machining, Díaz-Álvarez 
et al. (2017) demonstrated a 250–1200 ℃ measurement 
range using two-color pyrometry with 0.2 ms response 
time during Inconel 718 turning (Fig. 10a). Kelly et al. 
(2021) developed a near-infrared (0.9–1.7 μm) system 
which further enhanced dynamic response characteris‐
tics, maintaining ±93% stability during interrupted 
cutting with 20 m/s cutting velocities. As shown in 
Figs. 10b and 10c, Urgoiti et al. (2018) developed a 
synchronized pyrometer-thermocouple configuration 
for thermal monitoring during the grinding of GG-30 
cast iron, reducing grinding temperature measurement 
error by 60%.

Despite these improvements, three critical opera‐
tional constraints persist: (1) the mandatory exclusion of 

Fig. 8  Schematic diagram of cutting temperature monitoring 
using radiation pyrometry. DAQ is the data acquisition. 
Reprinted from (Han et al., 2020), Copyright 2020, with 
permission from Elsevier
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cutting fluids to prevent optical path contamination and 
emissivity alteration; (2) the strategic sensor positioning 
with >30° elevation angle to avoid chip obstruction; 

(3) the necessity of in-situ emissivity calibration through 
controlled heating trials prior to machining (Li TX et al., 
2022; Wang et al., 2023).

Fig. 10  (a) Setup using a two-color pyrometer to measure the cutting temperature of Inconel 718 (reprinted from (Díaz-
Álvarez et al., 2017), Copyright 2017, with permission from MDPI); (b) experimental setup; (c) experimental and simulated 
temperatures during the grinding process (reprinted from (Urgoiti et al., 2018), Copyright 2018, with permission from 
MDPI). vs is the cutting speed; vf is the feed speed; ds is the workpiece diameter; ae is the depth of cut; e is the distance 
between the sensors and cutting zone. References to color refer to the online version of this figure

Fig. 9  Schematic representation and experimental results using a radiation pyrometer to measure cutting temperature 
of HF-K40: (a) experimental setup; (b) temperature measurement results; (c) rake face temperature with cutting speed 
and uncut chip thickness. WCAB is the wet compressed air blasted. Reprinted from (Saelzer et al., 2020), Copyright 2020, 
with permission from Elsevier
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2.2.2　Infrared thermography

Infrared thermography, developed from the foun‐
dational work of Knight and Boothroyd (2005), en‐
ables non-invasive thermal mapping of critical machin‐
ing regions, including primary shear zones and tool-
chip interfaces. This methodology employs advanced 
infrared imaging systems—typically mercury cadmium 
telluride (MCT) detectors or indium antimonide (InSb) 
focal plane arrays—to quantify two-dimensional tem‐
perature distributions through spectral radiance mea‐
surements (Abukhshim et al., 2006; Feng et al., 2015). 
This technique relies on the calibrated conversion of 
detected infrared radiation (2–5 μm wavelength range) 
to temperature via the Stefan-Boltzmann relationship, 
which requires precise knowledge of the surface emis‐
sivity (ε) and environmental transmissivity (Aspinwall 
et al., 2013; Fernandes et al., 2016).

Experimental work has demonstrated the method’s 
versatility across diverse machining scenarios. For in‐
stance, Soler et al. (2018) used an FLIR SC7600 infra‐
red camera (640×512 resolution, 30 Hz frame rate) 
to monitor Ti-6Al-4V orthogonal cutting processes 
(Fig. 11), successfully resolving 80–550 ℃ tempera‐
ture gradients at tool-chip interfaces while tracking 
chip formation dynamics through thermal signatures. 

Thakare and Nordgren (2015) extended this approach 
to dry turning of AISI 4340 steel, correlating infrared-
measured steady-state temperature profiles (200–450 ℃) 
with finite element simulations within 12% deviation 
margins. Additionally, Heigel et al. (2017) showed that 
TiAlN-coated tools reduced interfacial temperatures in 
titanium alloy machining by 25% compared to uncoated 
counterparts through infrared thermographic analysis, 
quantitatively demonstrating a reduction in friction 
(Fig. 12).

While eliminating physical sensor interference is 
infrared thermography’s principal advantage, three tech‐
nical constraints limit its widespread implementation. 
First, the nature of the indirect measurement necessi‐
tates inverse heat transfer calculations that introduce 
millisecond-scale computational delays (Manav and 
Chinchanikar, 2018). Second, dynamic emissivity vari‐
ations (Δε=±0.15 during chip oxidation) combined with 
intermittent chip obstructions create 15%–25% measure‐
ment uncertainty during continuous operations (Sun 
et al., 2017). Third, the requirement for high-end cam‐
eras (50000–150000 USD) with cryogenic cooling sys‐
tems hinders integration into production-scale machin‐
ing environments (Saez-de-Buruaga et al., 2018). How‐
ever, recent advancements in multi-spectral lock-in 

Fig. 11  Measuring of the rake face temperature of the tool during dry orthogonal cutting using thermography: (a) installation 
of the infrared (IR) thermometer with respect to the tool rake face; (b) thermography of the tool rake face during 
cutting of the workpiece; (c) thermography of the tool rake face when cutting the air; (d) digital level (DL) versus time of 
the highlighted pixel of the overhang. CNC is the computer numerical control. Reprinted from (Soler et al., 2018), 
Copyright 2018, with permission from Elsevier
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thermography have partially addressed these limita‐
tions, achieving ±2 ℃ accuracy in milling applications 
through phase-sensitive signal processing (Valiorgue 
et al., 2013).

3 Micro-zone temperature measurement 
methods for UPM 

In UPM processes, thermal energy generation is 
predominantly localized within micro/nano-scale inter‐
action zones near tool-workpiece interfaces, typically 
spanning 0.01–10 μm (Ramesh et al., 2003; Li et al., 
2015). Conventional thermometric approaches like 
infrared thermography (spatial resolution >15 μm) 
and embedded thermocouples (thermal time constant 
 >100 ms) prove inadequate for resolving the sub-micron 
thermal gradient characteristics of UPM processes 
(Attia and Kops, 1993; Chen et al., 2011). Fig. 13 illus‐
trates emerging high-resolution thermal monitoring 
strategies specifically engineered for UPM, especially 

for single-point diamond cutting (Li JD et al., 2019; 
Li TX et al., 2021; Liu et al., 2024a; Polte et al., 2025; 
Xu et al., 2025).

3.1 Micro-scale sensor-integrated tools

The shift towards sensor-integrated cutting tools 
addresses spatial resolution limitations through direct 
integration within cutting edges. Modern microfabrica‐
tion techniques enable deposition of sub-10 μm sensing 

Fig. 13  Micro-zone temperature measurement methods in 
UPM processes, divided into categories

Fig. 12  Cutting temperature measurement during orthogonal cutting of titanium alloys with TiAlN-coated carbide tools 
employing infrared thermography: (a) experimental setup used to measure the radiant temperature of the tool-chip 
interface; (b) zoomed-in version; (c) example images from thermal cameras; (d) cutting and thrust forces and the peak 
temperature in the region of interest. FOV is the field of view; ROI is the region of interest; DOI is the depth of 
investigation; δ is the error bar. Reprinted from (Heigel et al., 2017), Copyright 2017, with permission from Elsevier
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elements onto single-crystal diamond tool substrates, 
achieving localized temperature measurement with 
 <1 μm positional accuracy (Guo et al., 2010; Han et al., 
2012; Babu et al., 2014). These integrated systems 
provide real-time thermal feedback from cutting zones, 
which was previously inaccessible to macroscopic 
sensors.

3.1.1　Thin-film thermocouples

Thin-film thermocouples (TFTCs) have emerged 
as principal sensing elements for micro-zone cutting 
temperature monitoring in UPM. Fabricated through 
magnetron sputtering or electron beam evaporation, 
these 200–500 nm-thick sensor arrays demonstrate sub-
millisecond response characteristics when deposited on 
tool rake/flank faces (Fig. 14) (Chen QN et al., 2023). 
Their minimal thermal mass (1–3 nJ/K) ensures negli‐
gible disturbance to cutting mechanics while enabling 
operation under cutting fluid immersion. Venkatasub‐
ramanian et al. (2001)’s seminal work on Pt-Au TFTCs 
revealed how quantum confinement effects altered 
Seeback coefficients by 18%–22% at <50 nm film thick‐
nesses. Subsequent advancements by Cui et al. (2018) 
validated TFTC functionality in actual cutting environ‐
ments, recording 250–450 ℃ interfacial temperatures 

during steel machining. That same year, Huang Y et al. 
(2018) utilized TFTC sensors to study the working 
mechanisms of micro-machining systems.

Recent work has employed microwave plasma 
chemical vapor deposition (MPCVD) to deposit NiCr/
NiSi TFTC arrays on diamond tools, achieving 0.5 ℃ 
resolution during aluminum alloy turning with 95% 
signal correlation to theoretical models (Lian et al., 
2023; Sharma et al., 2023). Furthermore, TFTC array 
configurations (Figs. 15 and 16) enable multi-point 
thermal mapping through strategic sensor placement. 
Li LW et al. (2013) and Li TX et al. (2020) developed 

Fig. 14  Fabrication procedure of the K-type TFTC. PSN2 
is the phosphorus and sulfur nitride; ITO is the indium tin 
oxide. Reprinted from (Chen QN et al., 2023), Copyright 
2023, with permission from Elsevier

Fig. 15  PCBN insert with embedded micro-TFTCs (a), TFTC localization layout (unit: mm) (b), and shear stress (c) and 
cutting temperature (d) distributions on the cutting interfaces. Vc is the cutting speed. Reprinted from (Li et al., 2013), 
Copyright 2013, with permission from Elsevier
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a 4×4 TFTC matrix on rake faces and successfully re‐
constructed 3D thermal fields with 5 μm spatial reso‐
lution, revealing 150–180 ℃/mm thermal gradients 
during copper machining. Nevertheless, critical fabri‐
cation challenges persist for TFTC applications, particu‐
larly in maintaining 1014 Ω·cm insulation resistance 
between TFTC junctions and conductive tool substrates. 
Current solutions employ Al2O3/Si3N4 dielectric inter‐
layers (200–300 nm thickness) deposited via atomic 
layer deposition, though pinhole defects (<0.1% area 
coverage) still cause 5%–8% signal leakage.

3.1.2　Temperature-sensitive semiconductor films

Recently, more approaches utilizing temperature 
sensor-equipped cutting tools have been proposed, 
employing temperature-sensitive semiconductor films 
with boron-doped diamond (BDD). The substituted 
boron atoms (1018–1019 cm−3 doping concentration) im‐
part p-type conductivity with −0.5 mV/℃ temperature 
sensitivity through carrier mobility modulation (Yokoya 
et al., 2005; Mavrin et al., 2008; Wang et al., 2012). 
Pratas et al. (2021) synthesized a micro-scale BDD film 
through microwave plasma-assisted chemical vapor 

deposition, embedding it in the face of the tool rake to 
achieve online temperature measurement near the tool 
edge (Fig. 17). This configuration survived over 100 
cutting cycles without performance degradation.

However, complications in tool integration remain 
present: (1) Sensor-integrated tool fabrication faces 
challenges. Complex multi-step fabrication processes 
requiring ultra-precise thin-film alignment come with 
persistent insulation control issues between electrodes 
and tool substrates. Micron-scale pinhole defects in 
insulation coatings induce measurable signal distortion 
through unintended current leakage pathways. (2) There 
is a fundamental precision-durability paradox. Prox‐
imity to cutting edges (<50 μm) enables transient ther‐
mal monitoring but accelerates sensor degradation 
through tool wear mechanisms. Conversely, distal sen‐
sor placement (>100 μm) preserves device integrity 
but introduces critical heat transfer delays that nullify 
real-time monitoring capabilities (Huang SW et al., 
2018). This compromise becomes particularly prob‐
lematic in diamond tool applications, where periodic 
edge reconditioning requires complete recalibration of 
the sensor system following each resharpening cycle.

Fig. 16  Temperature monitoring of the tool-chip interface using built-in TFTCs: (a) TFTC localization layout; (b) PCBN 
insert with embedded micro-TFTCs; (c) zoomed-in view; (d) calibration results of TFTCs; (e) temperature measurement 
results. f is the feed rate. Reprinted from (Li et al., 2020), Copyright 2020, with permission from Elsevier. References to 
color refer to the online version of this figure
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The evolution of micro-zone cutting temperature 
monitoring technologies has driven innovative inte‐
gration of sensing capabilities into tools themselves. 
For instance, the pioneering work of Uhlmann et al. 
(2021) demonstrated that BDD tools (Fig. 18) could 
inherently function as thermal sensors by leveraging 
their p-type semiconductive properties, bypassing tra‐
ditional external sensor requirements. This approach 
capitalizes on the temperature-dependent resistivity of 
BDDs, where boron atoms occupying tetrahedral lat‐
tice sites create shallow acceptor levels (0.37 eV above 
the valence band) that govern charge carrier mobility 
(Koizumi et al., 2001; Ekimov et al., 2006). However, 
operational limitations to this approach emerge at ele‐
vated temperatures (>100 ℃), where the thermal energy 
exceeds the ionization potential of boron impurities, 
leading to complete carrier excitation and subsequent 
loss of temperature sensitivity (Lu et al., 2010). Com‐
pounding this difficulty, the anisotropic incorporation 

of boron during the diamond synthesis results in het‐
erogeneous doping densities (5×1019–1×1021 cm−3) across 
crystallographic planes, a phenomenon termed crystal‐
lographic orientation-dependent doping disparity (Miao 
et al., 2018; Sun et al., 2023). Such nonuniform doping 
generates localized high-resistance zones (104–106 Ω·μm) 
that induce parasitic Joule heating, reducing measure‐
ment accuracy during continuous machining.

3.2 Self-sensing of temperature cutting tools

Recent advancements address these limitations 
through innovative material synthesis. For example, 
boron (B) and hydrogen (H) co-doping modifies 
diamond’s electronic structure via the formation of 
B-H complexes, which passivate nitrogen-related trap 
states and homogenize the carrier distribution (Chen 
YL et al., 2023; Liu et al., 2025). This synergistic dop‐
ing enables sustained carrier ionization across 100–
300 ℃, achieving ±0.1 ℃ temperature resolution while 
maintaining the mechanical integrity of the diamond 
(Fig. 19). Despite these improvements, practical imple‐
mentation hurdles persist. Bulk BDD tools exhibit 
inherent thermal inertia (τ=290 ms response time) due 
to high volumetric heat capacity (1.8 J/(cm3·K)), limit‐
ing their ability to resolve sub-millisecond thermal tran‐
sients. Furthermore, electrical interactions between con‐
ductive workpieces and BDD tools distort temperature 
readings during metallic machining applications.

In 2024, a breakthrough design employed micro‐
wave plasma-assisted confined-layer chemical vapor 
deposition to fabricate tri-layer diamond tools with 
spatially engineered functionality (Liu et al., 2024a; 
Polte et al., 2025). The specific architecture is com‐
prised of an undoped single-crystal diamond substrate 

Fig. 17  Micro-zone temperature monitoring during face milling of an Inconel 718 workpiece: (a) overall setup for 
simultaneous temperature monitoring with an IR camera and BDD thermistor; (b) cutting temperature measurement 
results. LED is the light-emitting diode. Reprinted from (Pratas et al., 2021), Copyright 2021, with permission from MDPI

Fig. 18  Cutting temperature measurement system using a 
BDD tool. Reprinted from (Uhlmann et al., 2021), Copyright 
2021, with permission from Elsevier
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(800 μm), a precisely doped sensing layer (100 μm, 
3×1020 cm−3 boron concentration), and a surface pas‐
sivation layer (10 μm undoped diamond) (Fig. 20). 
This configuration reduces thermal mass by 80% 
compared to conventional BDD tools while achiev‐
ing 50 ms thermal response times and 0.1 ℃ resolu‐
tion. The configuration was validated experimentally 
during optical component machining, demonstrating 
a strong correlation between localized temperature 
fluctuations and the formation of micro-scale surface 
defects, and highlighting its potential for in-process 
quality prediction.

4 Future perspectives 

There are two emerging paradigms which may 
influence future research on in-process thermal mon‐
itoring during UPM. First, progressive miniaturiza‐
tion of equipment and processes, heading towards 

atomic-scale manufacturing (sub-nanometer preci‐
sion), will likely necessitate temperature measure‐
ment methods with atomic-level spatial resolution 
and microkelvin thermal sensitivity. Second, the con‐
vergence of AI-driven adaptive sensing systems and 
internet of things (IoT)-enabled distributed measure‐
ment networks will enable real-time monitoring, pre‐
diction, and control of machining temperature under 
dynamic machining conditions.

4.1 Cutting temperature monitoring during atomic 
and close-to-atomic scale manufacturing

ACSM represents a transformative fabrication par‐
adigm where materials are manipulated at atomic dimen‐
sions through controlled removal, transfer, or addition 
processes. This cutting-edge technology serves as the 
foundation for developing next-generation devices in 
computing systems, advanced communication equip‐
ment, medical technologies, and novel materials (Gao 
et al., 2022; Fang et al., 2024) (Fig. 21).

Fig. 19  Mitrogen-removal boron and hydrogen co-doped diamond (BHDD) tool, with self-sensing functionality for micro-zone 
cutting temperature: (a) growth mechanisms of BHDD samples; (b) heat-sensitive characteristics of the diamond samples 
from 20 to 300 ℃; (c) machined surface profile scanned by a white light interferometer; (d) curve of cutting temperature 
versus sampling time. BNDD is the boron-doped diamond with nitrogen doping. Reprinted from (Liu et al., 2025), 
Copyright 2025, with permission from Elsevier
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Fig. 20  Locally BDD tool, with functionality for self-sensing of micro-zone cutting temperature: (a) work mechanisms of 
locally-doped BDD samples; (b) schematic of the setup; (c) thermal response test; (d) temperature resolution test. Ra0 is 
the resistivity of locally BDD tool at 20 ℃; Rb0 is the resistivity of entire BDD tool at 20 ℃; Rae is the resistivity of locally 
BDD tool at 50 ℃; Rbe is the resistivity of entire BDD tool at 50 ℃; Tresp-a is the heating response time of locally BDD tool; 
Tresp-b is the heating response time of entire BDD tool; ΔT is the temperature gradient; ΔR is the variation of tool’s 
resistivity. Reprinted from (Liu et al., 2024b), Copyright 2024, with permission from Springer

Fig. 21  Length scale map of manufacturing systems, modeling methods, and dominant theories. Reprinted from (Gao et al., 
2022), Copyright 2022, with permission from IOP Publishing

867



|    J Zhejiang Univ-Sci A   2025 26(9):853-875

However, this technology brings forth unprece‐
dented challenges in thermal monitoring and manage‐
ment, particularly during atomic-scale fabrication 
processes. The extreme precision required at sub-
nanometer scales imposes rigorous demands on tem‐
perature measurement methods, necessitating excep‐
tional spatial resolution (sub-nanometer level), ultra‐
high sensitivity (μK range), and sub-picosecond tem‐
poral resolution. These requirements are further com‐
plicated by the operational constraints of electron mi‐
croscopy environments, where most ACSM processes 
occur; specifically, these include ultrahigh vacuum con‐
ditions (10−6 to 10−8 Pa) and exposure to high-energy 
electron beams (80–300 keV) (Fang, 2020). Current 
thermal characterization techniques face fundamental 
limitations in such scenarios. Conventional contact 
thermometry suffers from probe-induced surface per‐
turbations, while optical pyrometry becomes impracti‐
cal under electron beam irradiation. This technological 
gap underscores the need for novel in-situ thermomet‐
ric approaches that are compatible with scanning/
transmission electron microscope (S/TEM) instrumen‐
tation. Recent innovations in self-sensing tool systems 
demonstrate particular promise, where the machining 
tool itself functions as an atomic-scale thermal sensor 
through engineered p-type semiconductorization of 
diamonds. Such integrated metrology solutions could 
enable real-time thermal mapping with atomic-scale 
spatial fidelity while maintaining process integrity 
under dynamic fabrication conditions.

4.2 Smart sensor networks and IoT

The combination of smart sensor technology and 
IoT offers novel solutions for temperature measurement 
(Chen et al., 2018; Al-Naggar et al., 2021). By embed‐
ding sensors in cutting tools, workpieces, or machine 
tools, real-time temperature data can be recorded and 
transmitted to central processing systems (Fig. 22). 
IoT applications enable instantaneous wireless trans‐
mission of such data, with storage and processing on 
cloud platforms, reducing the complexity and costs 
associated with traditional wired sensors and allowing 
remote monitoring and management. Smart sensors 
can not only monitor real-time temperature variations 
in the cutting zone, but also work in conjunction with 
other sensors (such as vibration and force sensors) to 
provide multi-dimensional feedback on the machining 
process. Through IoT technology, manufacturers can 

remotely access real-time machining data and auto‐
matically identify overheating issues or anomalies. 
With the development of 5G and other wireless com‐
munication technologies, the real-time data transmis‐
sion speed and stability of IoT are increasing, provid‐
ing more efficient online monitoring and data analysis 
capabilities for manufacturing.

4.3 Multimodal data fusion and multi-physics 
modeling

Prospective studies will likely focus on data fusion 
technology that establishes closer correlations between 
various process parameters, improving the accuracy and 
reliability of temperature measurements (Xu et al., 
2021). By integrating cutting temperature with other 
critical parameters, such as cutting force, vibration, 
tool wear, and material properties, data fusion technol‐
ogy can deepen understanding of the interactions be‐
tween temperature and other factors (Fig. 23). Specifi‐
cally, excessive temperature may lead to material soft‐
ening and changes in cutting force, while excessive 
cutting force may cause further temperature increases, 
creating a complex feedback mechanism. Real-time 
data fusion enables more accurate assessment of ma‐
chining states, identification of potential issues, and 
early warning capabilities. Furthermore, the applica‐
tion of multi-physics modeling technology may enhance 
the quality of temperature distribution predictions. Tra‐
ditional thermal conduction models typically only 
consider thermal effects, while modern multi-physics 
modeling can simultaneously account for thermal, me‐
chanical, and fluid factors affecting the temperature 
field, enabling more precise simulations of temperature 

Fig. 22  Overall architecture of an edge-to-cloud based IoT 
condition monitoring system. LAN/WAN is the local area 
network/wide area network; RTU is the remote terminal 
unit. Reprinted from (Li Z et al., 2022), Copyright 2022, 
with permission from MDPI
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variations during cutting. For example, the influence of 
coolant flow on temperature and the frictional heat at 
the tool-workpiece interface have been incorporated 
into models (Wang et al., 2021). With improvements in 
computational power and simulation technology, these 
models will become more accurate and efficient, serving 
as indispensable tools for optimizing UPM processes.

4.4 AI-driven predictive thermal control

AI and machine learning technologies can extract 
valuable patterns from vast temperature data, enhanc‐
ing the accuracy and reliability of temperature mea‐
surement systems (Mishra et al., 2021; Ma and Yu, 
2023). By analyzing historical temperature data and 
current machining conditions, AI systems can auto‐
matically predict potential machining issues such as 
tool wear, excessive cutting, or insufficient cooling 
when abnormal temperature fluctuations occur. Ma‐
chine learning algorithms also have the power to opti‐
mize temperature control strategies through continu‐
ous feedback loops, automatically adjusting machining 
parameters such as cutting speed, feed rate, and depth 
of cutting, so as to achieve more precise thermal man‐
agement and avoid the negative effects of extreme tem‐
peratures on machining quality and tool life (Raman 
and Halam, 2023; Sharma et al., 2024; Si et al., 2024). 
In the future, with continuous training and optimization 

of machine learning models, systems will possess more 
intelligent adaptive capabilities, enabling real-time 
responses to changes in machining conditions. More‐
over, temperature-related machining issues could be 
predicted and prevented, thereby significantly improv‐
ing production efficiency and machining accuracy 
(Fig. 24). The integration of AI could enable tempera‐
ture measurement systems to not only provide real-
time monitoring, but also exert more precise process 
control through predicted trends in the data.

5 Conclusions 

Cutting temperature monitoring technology for 
UPM plays a crucial role in enhancing machining 

Fig. 24  Different components of Industry 4.0. Reprinted 
from (Sharma et al., 2024), Copyright 2024, with permission 
from Elsevier

Fig. 23  Diagram of the intelligent monitoring system for machining states to be implemented. Reprinted from (Xu et al., 
2021), Copyright 2021, with permission from Elsevier

869



|    J Zhejiang Univ-Sci A   2025 26(9):853-875

accuracy, surface quality, and tool life. This review sys‐
tematically analyzed in-process cutting temperature 
measurement methods, outlining their strengths and 
weaknesses, and discussing avenues for future work, 
leading to the following main conclusions:

(1) Traditional temperature measurement methods, 
such as thermocouple techniques and infrared ther‐
mography, have shown a notable degree of success in 
applications. However, they still face challenges in 
terms of spatial resolution and response speed, and 
display limited dynamic performance when applied to 
UPM. Thus, it is difficult for such methods to meet 
the temperature measurement requirements associated 
with micro/nano-scale cutting zones.

(2) With the continuous development of minia‐
turized and integrated sensors, new cutting temperature 
measurement methods are being rapidly developed. 
These methods are increasingly recognized as viable 
solutions to challenges in micro-zone temperature mon‐
itoring, real-time feedback, and adaptive control.

(3) The development of smart sensors and IoT 
technology has enabled real-time data collection and 
remote monitoring, significantly advancing tempera‐
ture control capabilities in UPM. By integrating multi-
sensor data and utilizing AI for data analysis, more 
precise and intelligent temperature control can be 
achieved, ultimately improving the tool life, reducing 
the occurrence of machining defects, and optimizing the 
production efficiency.

Future advancements in in-process thermal moni‐
toring at micro/nano-scale machining zones will likely 
be driven by two synergistic research trajectories. First, 
the progressive miniaturization of manufacturing sys‐
tems towards atomic-scale precision necessitates break‐
throughs in thermal measurement and characterization 
technologies. This scaling paradigm imposes stringent 
requirements for non-invasive temperature mapping 
with atomic-level spatial resolution (<0.5 nm) and 
microkelvin-level thermal sensitivity, and demands fun‐
damental innovation in thermometric methods. Mean‐
while, cutting temperature measurement methodolo‐
gies for UPM will further integrate big data analytics, 
cloud computing, and smart manufacturing systems. 
This convergence will likely create a more intercon‐
nected and intelligent production environment, where 
real-time temperature data may be monitored and inte‐
grated with other parameter conditions to comprehen‐
sively optimize production.
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