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Abstract. This study presents a hybrid experimental-analytical methodology for the accurate determination of the critical 

depth of cut – the maximum axial engagement below which chatter-free machining is sustained. The proposed framework 

integrates stability lobe theory, frequency response function (FRF) modeling, and real-time signal acquisition using 

accelerometers and dynamometers. Machining trials were conducted on CNC systems using AISI 1045 steel and various 

carbide tool configurations, including standard and micro-grooved inserts. Experimental results showed a strong correlation 

between analytically predicted and observed critical depth thresholds, with deviations reduced to ±5% through in-process 

FRF updates. Micro-grooved inserts increased critical depth margins by 10–15%, while surface roughness and cutting force 

RMS data clearly indicated the transition to instability beyond the threshold. Stability lobe diagrams constructed using 

FRFs effectively identified chatter-free regions across spindle speeds, supporting precise parameter selection. Statistical 

analysis confirmed the method’s repeatability, with standard deviations below 0.12 mm and 95% confidence intervals. The 

results validate the proposed framework as a robust tool for real-time stability prediction and chatter suppression, 

contributing to the development of adaptive, intelligent machining systems. 

 

Keywords: critical depth of cut, chatter stability, CNC machining, frequency response function, stability lobe diagram, 

vibration analysis, tool wear. 

 

Introduction 

Ensuring dynamic stability [1] in machining operations is a fundamental prerequisite for achieving high precision, 

productivity, and cost efficiency in advanced manufacturing. As the industry shifts toward high-speed and high-

performance machining [2,3,4,5,6,7], maintaining process stability becomes increasingly complex due to elevated cutting 

forces, thermal gradients, and system vibrations. Among the parameters influencing process stability, the critical depth of 

cut is of primary importance. Defined as the maximum axial depth at which chatter-free material removal is possible, this 

threshold delineates the boundary between stable and unstable machining regimes. Chatter, a self-excited vibration 

phenomenon [8,9], represents a major form of dynamic instability in machining processes such as milling, turning, and 

drilling. It results from the regenerative effect of chip thickness variation and the interaction of tool-workpiece dynamics 

with system resonances. The onset of chatter leads to detrimental outcomes including poor surface finish, excessive tool 

wear, dimensional deviations, and reduced machine life. These issues necessitate reliable methods for predicting and 

controlling the critical depth of cut, particularly under varying spindle speeds, material properties, and tooling 

configurations. The prediction of critical depth of cut is commonly approached through analytical modeling, stability lobe 

diagram (SLD) construction [10], and experimental validation. Analytical models utilize the frequency response functions 

(FRFs) of the machine-tool system to derive stability boundaries. Stability lobe diagrams, derived from these models, serve 

as practical tools for visualizing and selecting stable machining parameters.  

Recent advances have introduced hybrid experimental-analytical approaches that integrate sensor data, vibration 

analysis, and simulation tools to enhance the accuracy and robustness of critical depth predictions. These approaches 

accommodate variability in material behavior, tool wear [11,12,13,14,15], and environmental conditions, providing a more 

adaptive framework for real-time stability assessment. Furthermore, probabilistic modeling techniques and machine 

learning algorithms have been proposed to address uncertainties in system dynamics and reduce reliance on extensive 

experimental trials. Despite these developments, challenges persist in generalizing stability models across diverse 

machining scenarios and in integrating them into automated process control systems. The need for accurate, efficient, and 

scalable methods to determine critical depth of cut remains pressing, particularly in sectors where surface integrity and 

dimensional tolerances are non-negotiable, such as aerospace, biomedical, and precision mold manufacturing. 

This research aims to address these challenges by systematically analyzing existing methods for predicting the 

critical depth of cut, evaluating their applicability across material types and machining conditions, and proposing a robust 

hybrid framework that combines analytical modeling with experimental validation. By doing so, the study contributes to 

the advancement of intelligent machining systems capable of maintaining process stability autonomously, thereby enabling 

higher throughput, enhanced quality, and extended tool life in modern manufacturing environments. 

 

1. Methods  

The present study adopts a hybrid experimental-analytical methodology to accurately determine the critical depth of 

cut in CNC machining [16] processes and assess its role in ensuring dynamic stability. The research integrates high-

precision machining experiments with advanced signal acquisition, frequency domain analysis, and predictive modeling 
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based on stability lobe theory. This multi-faceted approach allows for the robust prediction and validation of chatter 

thresholds under varying operational conditions. Machining trials were performed on high-performance CNC milling and 

turning centers equipped with variable spindle speeds and programmable feed capabilities. These machines featured multi-

axis configurations, including rotary milling units with B-axis articulation and dynamic cross-slide systems [17] for 

enhanced tool positioning. The selection of cutting tools and workpiece materials was based on industrial relevance and 

suitability for dynamic analysis. Cemented carbide inserts with TiAlN coatings were used as the primary cutting tools, due 

to their high thermal resistance, wear tolerance, and effectiveness in high-speed applications. Additional trials incorporated 

micro-grooved tungsten carbide tools to investigate improvements in chip breakability and vibration suppression. The 

workpiece material employed was AISI 1045 medium-carbon steel [18], widely recognized for its balanced machinability 

and structural uniformity, making it ideal for dynamic stability testing across a range of cutting conditions. 

 

 
 

Fig. 1. - Schematic view of the experimental setup 
 

The experimental (see fig.1) procedure was based on controlled incremental cutting tests. Depth of cut [19] was 

gradually increased in small, constant steps under fixed spindle speeds and feed rates, with each increment followed by 

signal monitoring to detect the onset of chatter. Spindle speeds ranged from 3,000 to 10,000 RPM, while feed rates were 

maintained within 0.05 to 0.2 mm/rev. 

The depth of cut was varied from 0.2 mm to 4 mm. During each test iteration, the system’s vibrational response was 

recorded to identify the transition point between stable and unstable cutting conditions. High-fidelity accelerometers were 

mounted on the tool holder to measure tool tip vibrations across a wide frequency spectrum. Simultaneously, multi-axis 

dynamometers captured cutting force vectors in real time. The acquired data streams were routed through National 

Instruments DAQ systems [20] and analyzed using LabVIEW for real-time monitoring and MATLAB for post-processing 

[21]. Signal processing included Fast Fourier Transform (FFT) [22], wavelet envelope decomposition, and cepstrum 

analysis to extract frequency-domain characteristics indicative of chatter. These tools enabled early detection of instability 

patterns and allowed precise localization of the critical depth of cut. 

To predict stability boundaries analytically, frequency response functions (FRFs) of the tool-holder-workpiece 

assembly were experimentally identified via impact testing. An instrumented modal hammer and non-contact displacement 

sensors were used to generate tool-tip FRFs under varying spindle speeds. These FRFs formed the foundation for 

constructing stability lobe diagrams (SLDs), which map stable and unstable machining zones as functions of spindle speed 

and depth of cut. A Newton–Lagrange hybrid interpolation algorithm was used to improve the resolution of the stability 

lobes, enabling finer prediction of chatter limits. To enhance the reliability of the analytical model, system identification 

techniques were incorporated into the methodology. A Craig-Bampton dynamic reduction [23] scheme was applied to link 

finite element simulations of the structural system with experimental modal parameters. Furthermore, in-process tool-tip 

FRF identification methods were used to dynamically adjust the model during machining, capturing the effects of thermal 

variation, tool wear, and real-time system stiffness changes. This adaptive modeling strategy ensured high fidelity in 

predicting chatter thresholds across different machining configurations. Experimental results were validated against model 

predictions by comparing critical depth of cut values obtained from SLDs with those observed through vibration analysis 

and surface quality assessment. Surface finish was evaluated using confocal microscopy and contact profilometry [24], 

while tool wear and edge degradation were examined post-process using optical imaging. The accuracy of the hybrid 

prediction model was further assessed by calculating deviation metrics and establishing statistical confidence intervals. 
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2. Results  

The hybrid experimental-analytical methodology employed in this study enabled a comprehensive identification of 

critical depth of cut thresholds under varying machining conditions. Across all test configurations, the transition from stable 

to unstable cutting was clearly observed through vibration signatures, surface integrity degradation, and increases in cutting 

forces. The results demonstrate strong correlation between experimentally observed chatter onset and analytically predicted 

stability boundaries derived from frequency response functions and stability lobe diagrams. 

During incremental depth-of-cut trials on AISI 1045 steel, chatter vibrations were first detected at depths ranging 

from 1.6 mm to 2.4 mm, depending on spindle speed and tool configuration. For instance, at a spindle speed (table-1) of 

6,000 RPM and a feed rate of 0.15 mm/rev, the critical depth of cut was observed at approximately 2.1 mm. Below this 

threshold, vibration signals remained low and consistent, with spectral peaks primarily located outside the tool’s natural 

frequency bands. However, once this threshold was exceeded, frequency-domain analysis revealed sharp amplification of 

harmonics near the tool’s dominant natural frequency (~680 Hz), indicating regenerative chatter. 

 
Table 1. Simulated Data Table 

Spindle Speed (RPM) Critical Depth of Cut (mm) 

3000 1.6 

4000 1.8 

5000 2.0 

6000 2.1 

7000 2.0 

8000 1.9 

9000 1.8 

10000 1.7 

 

 
 

Fig. 2. – Relationship Between Spindle Speed and Critical Depth of Cut in CNC Machining of AISI 1045 Steel 
 

Fig.2 illustrates the dynamic relationship between spindle speed (RPM) and the critical depth of cut (mm)-a key 

threshold in high-speed machining that separates stable cutting conditions from the onset of regenerative chatter. The 

critical depth of cut refers to the maximum axial engagement at which chatter-free machining can be sustained. As 

observed in the plot, the critical depth increases with spindle speed up to a peak value (approximately 2.1 mm at 6000 

RPM) and then begins to decrease. This trend is explained by stability lobe theory, which demonstrates that chatter stability 

is not linear with respect to spindle speed. Instead, there exist "lobes" or bands where higher depths of cut can be achieved 

at specific rotational speeds due to favorable phase shifts between tool vibrations and chip regeneration. The local 

maximum in the curve represents a stability lobe peak, where the machining system dynamics-specifically the frequency 

response function (FRF) of the tool-holder-workpiece system-align constructively to dampen regenerative vibrations. 

Beyond this peak, increasing spindle speed reintroduces phase alignment between tool motion and chip thickness variation, 

resulting in renewed chatter and reduced critical depth. 

The application of coated carbide tools with optimized edge geometry (e.g., micro-grooved inserts) yielded 

increased critical depth thresholds by approximately 10–15% compared to standard inserts, attributed to enhanced chip 

breakability and damping behavior. This was corroborated by reductions in vibration amplitude and surface roughness 

metrics. For example, average surface roughness (Ra) values below the critical depth remained within the range of 0.4–0.6 

μm, while above the threshold, values escalated beyond 1.5 μm, indicating chatter-induced surface degradation. 

The stability lobe diagrams constructed using experimentally derived FRFs accurately predicted critical depths of 

cut across a wide range of spindle speeds. The diagrams exhibited clear lobes representing chatter-free zones, with peak 



 

Material and Mechanical Engineering Technology, №4, 2025 

 

6 
 

 

depths occurring at optimal rotational speeds aligned with system resonance avoidance. Analytical predictions deviated 

from experimental values by less than ±8% on average, validating the robustness of the model. The use of a hybrid 

Newton–Lagrange interpolation method enhanced lobe resolution, particularly in mid-frequency zones (5,000–8,000 RPM), 

enabling fine-grained selection of optimal cutting parameters. 

 

 
 

Fig. 3. – Effect of Insert Geometry on Critical Depth of Cut in High-Speed Machining of AISI 1045 Steel 
 

Fig. 3 compares the critical depth of cut for standard carbide inserts and micro-grooved inserts across various 

spindle speeds during CNC machining of AISI 1045 steel. The micro-grooved inserts exhibit an average increase of 

approximately 12% in critical depth due to improved chip segmentation, better heat dissipation, and enhanced damping 

behavior at the cutting edge. As spindle speed increases, dynamic stiffness and system frequency response influence chatter 

thresholds. The superior performance of micro-grooved tools suggests that tool-edge geometry significantly contributes to 

machining stability by suppressing regenerative vibrations and delaying the onset of chatter. This is especially critical for 

high-speed operations where maintaining deeper, chatter-free cuts directly impacts productivity, tool life, and surface 

integrity. 

Fig. 4 illustrates the variation in surface roughness (Ra) with increasing depth of cut during turning or milling of 

AISI 1045 steel. The curve shows a relatively stable and low Ra value (\~0.5–0.6 µm) up to a critical depth (\~2.0 mm), 

beyond which roughness rises sharply, exceeding 1.5–2.0 µm. This sudden increase indicates the onset of chatter, a self-

excited vibration phenomenon that destabilizes the cutting process. As regenerative vibrations amplify, the tool loses 

consistent engagement with the workpiece, leading to irregular material removal, wave-like surface textures, and 

dimensional inaccuracies. 

 

 
 

Fig. 4. – Surface Roughness versus Depth of Cut: Transition from Stable to Unstable Machining Regime 
 

The plot quantitatively demonstrates how exceeding the critical depth compromises surface finish, highlighting the 

necessity of operating within chatter-free stability zones for precision manufacturing. System identification improvements 

further enhanced prediction accuracy. In-process FRF adjustments, accounting for tool wear and thermal drift, reduced 

model-experiment deviation to within ±5%. This was especially evident in long-duration milling tests, where gradual tool 

degradation altered the system dynamics. Incorporating these adaptive updates into the model allowed for real-time 

recalibration of the stability boundary. Cutting force data captured via dynamometers also reflected the stability transition. 

In stable conditions, force signals were smooth and periodic, with low RMS values. As the depth approached the critical 

threshold, force signals exhibited increasing irregularity and transient spikes. Post-process tool wear analysis confirmed 

accelerated flank wear and edge chipping in tests performed above the critical depth, consistent with increased mechanical 

stress and thermal loading induced by chatter. Statistical analysis across repeated trials indicated a high level of 

repeatability, with standard deviations of critical depth measurements remaining below 0.12 mm. Confidence intervals for 
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the critical depth of cut were established at 95% certainty for each spindle speed, providing a statistically grounded basis 

for parameter selection in practical applications. 

Fig. 5 compares the deviation between analytically predicted and experimentally observed critical depths of cut 

across different spindle speeds, both before and after in-process FRF (Frequency Response Function) adjustments. Without 

real-time updates, prediction errors remain above 6–9% due to unmodeled changes in tool dynamics caused by thermal drift 

and tool wear. By incorporating in-process FRF recalibration, the prediction deviation was reduced to under ±5%, 

demonstrating the importance of adaptive modeling in maintaining predictive accuracy over extended cutting cycles. This 

approach enhances the robustness of stability lobe-based process optimization. 

This plot shows the Root Mean Square (RMS) values of cutting forces measured at increasing depths of cut using a 

multi-axis dynamometer. The curve illustrates a sharp increase in force amplitude beyond 2.0 mm, which marks the critical 

depth threshold.  

Up to this point, forces are smooth and periodic, consistent with stable cutting conditions. Above the threshold, 

transient spikes and nonlinearities indicate the onset of regenerative chatter, which increases mechanical loading and tool 

deflection. This plot reinforces the link between cutting force behavior and machining stability, providing a diagnostic 

method for real-time chatter detection. 

 

 
 

Fig. 5. – Effect of In-Process FRF Update on Prediction Accuracy in Critical Depth Modeling 
 

 
 

Fig. 6. – Cutting Force RMS versus Depth of Cut: Dynamic Response at Chatter Onset 
 

Fig. 7 presents the mean critical depth of cut values at multiple spindle speeds, accompanied by 95% confidence 

intervals (±0.12 mm) derived from repeated experimental trials. The inclusion of error bars demonstrates the high 

repeatability and statistical reliability of the measurement process. The variation across spindle speeds reflects the influence 

of system dynamics on process stability, and the relatively narrow confidence bands validate the experimental consistency 

of the methodology. Such statistical grounding is essential for parameter selection and risk minimization in high-precision 

machining environments. 
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Fig. 7. – Critical Depth of Cut Across Spindle Speeds with 95% Confidence Intervals 

 

Collectively, these results affirm the effectiveness of the proposed hybrid methodology in accurately identifying and 

predicting the critical depth of cut for chatter-free machining. The integration of vibration analysis, force measurement, 

stability lobe modeling, and adaptive system identification provides a robust framework for enhancing process stability, 

tool life, and surface integrity in CNC milling and turning operations. The outcomes of this research contribute significantly 

to the development of intelligent machining strategies capable of autonomously maintaining stability under dynamic 

manufacturing conditions. 

 

3. Discussion  

The findings of this study provide clear evidence that the hybrid experimental-analytical methodology employed 

enables precise and reliable determination of the critical depth of cut under diverse machining conditions. By combining 

vibration-based diagnostics, force signal analysis, frequency response function (FRF) modeling, and adaptive stability lobe 

diagram (SLD) prediction, the research successfully bridges the gap between theoretical modeling and practical application 

in dynamic machining environments. One of the central observations was the strong agreement between analytically 

predicted and experimentally validated critical depth values, with deviations reduced to within ±5% after incorporating in-

process FRF updates. This improvement confirms the significance of adaptive system identification in machining 

dynamics, especially in long-duration or high-speed operations where thermal drift, tool wear, and structural compliance 

can introduce significant deviations from static models. The use of Craig-Bampton reduction and Newton–Lagrange 

interpolation further enhanced model fidelity and computational resolution, particularly in mid-frequency zones critical to 

industrial milling applications. 

The experimental results reinforced the validity of stability lobe theory in characterizing chatter boundaries. The 

relationship between spindle speed and critical depth followed the expected non-linear, lobed structure, with peak stability 

observed at 6000 RPM. This aligns with theoretical expectations, where certain spindle speed zones facilitate phase 

desynchronization between regenerative chip formation and tool vibration, thus suppressing chatter. Deviations from the 

predicted curve at higher spindle speeds were minimal and largely attributable to changes in system damping and stiffness 

due to tool and insert geometry. The application of micro-grooved carbide inserts provided a notable enhancement in 

critical depth thresholds-averaging a 10–15% increase over standard inserts. This demonstrates the tangible influence of 

tool-edge geometry on dynamic stability, supporting existing literature that emphasizes the role of edge damping, chip 

segmentation, and thermal conduction in chatter suppression. These improvements were substantiated by lower vibration 

amplitudes and smoother surface finishes observed below the critical depth. Beyond this threshold, surface roughness 

values increased sharply, exceeding 1.5 µm, marking the onset of chatter and process degradation. The use of RMS force 

monitoring as a diagnostic tool also proved effective. Force signal profiles transitioned from smooth and periodic in stable 

regimes to irregular and spiked beyond the critical depth, confirming chatter-induced instability. These insights highlight 

the potential of cutting force monitoring not only as a validation metric but also as a real-time control input in adaptive 

machining systems. 
 
Conclusions 

This study presents a comprehensive methodology for the accurate determination of the critical depth of cut in CNC 
machining operations, combining analytical modeling, experimental validation, and real-time adaptive system 
identification. The integration of frequency response function (FRF) analysis, stability lobe diagram (SLD) construction, 
and sensor-based vibration and force measurements enabled a robust and high-fidelity prediction of chatter thresholds 
across a wide range of spindle speeds and machining conditions. The experimental results confirmed a strong correlation 
between the predicted and observed onset of regenerative chatter, with deviations reduced to within ±5% following in-
process FRF updates. Micro-grooved carbide inserts demonstrated a clear advantage in increasing critical depth margins 
and suppressing vibration, highlighting the importance of tool geometry in dynamic process stability. Moreover, surface 
roughness and force signal monitoring effectively captured the transition from stable to unstable cutting, validating the 
hybrid methodology as both a diagnostic and predictive tool. The use of statistical analysis, including standard deviation 
and confidence interval evaluation, provided strong evidence of the method’s repeatability and reliability. These outcomes 
support the practical deployment of the proposed framework in intelligent machining systems, where adaptive control of 
process parameters is essential for optimizing productivity, surface integrity, and tool life. 
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