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Abstract 

Instrumented indentation (nanoindentation) remains a leading technique for micro‑ and nanoscale mechanical characterization. Unlike other indenter geometries, spherical probes enable separation of elastic and plastic regimes and extraction of stress–strain curves which are essential in modelling and design tasks. Exploiting these advantages requires precise calibration and dedicated analysis tools, which are currently fragmented or unavailable. Here, we present SpherIndent, an open‑source Python package with graphical user interface that provides an end‑to‑end workflow solution for multimodal analysis of quasi‑static spherical nanoindentation. The software capabilities span from experiment calibration, through analysis, to data interpretation and visualization. The characteristics of SpherIndent are expected to empower indentation users in both academic and industrial settings. 
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1. Motivation and significance

Instrumented (nano)indentation is a versatile technique for probing mechanical properties at the micro‑ and nanoscale [1]. It is routinely employed in high‑performance industries (e.g., semiconductors [2], energy [3,4]) as well as in academic and government research. Although the method is mature, expanding experimental capabilities and the growing demand for small‑scale metrology  [2,5] keep nanoindentation relevant for fundamental and applied metrology [6]. A key strength of the technique lies in the ability to elicit specific material responses with different indenter geometries [7]. Flat punches are favored for creep  [8] and fretting fatigue  [9], while pyramidal tips dominate fracture‑toughness and general mechanical characterization [11,12]. Spherical probes, on the other hand, generate non‑self‑similar stress fields, causing indentation strain to increase with depth which enables observation of the elastic‑to‑elastoplastic transition and the derivation of indentation stress-strain curves [10]. Consequently, spherical nanoindentation has attracted considerable interest, yet the associated pre‑/post‑processing workflows remain less standardised than those for pyramidal tips. Throughout this work, the term spherical probe is synonymously used to denote true spherical and sphero‑conical tip geometries.
Regardless of the probe shape, indentation data are processed in three stages:
1) Calibration using reference samples of known elastic properties [1] to determine the tip geometry (tip curvature radius, , and cone angle ) and machine compliance (). Most indentation instruments offer calibration wizards, but these are typically black-box and pyramidal-centric. 
2) Processing of raw experimental curves from unknown samples to correct for thermal drift, machine compliance, and initial point of contact [7], using the parameters from the calibration phase. 
3) Extraction of material parameters of interest via established formalisms [11–13]. 
The above steps usually performed with throwaway, fragmented codes that are seldom publicly available [14,15]. While some public routines are available in Python, MATLAB, and C/Fortran these are either not specific to spherical indentation [16,17] or they encompass a single aspect (e.g., pop-in detection [17,18], stress-strain curves [19]). To fill this gap, we introduce SpherIndent, an open‑source Python package that guides users through calibration, processing, analysis, and visualization of quasi‑static spherical indentation experiments. Built with an intuitive, user-friendly graphical user interface (GUI), SpherIndent supports comprehensive analyses of varying complexity. For the remainder of this work, it is assumed that the reader is familiar with nanoindentation-based testing and its terminology. A glossary of terms is provided in Appendix A of the Supplementary Information (SI), and a broader theoretical overview can be found in [7].
2. [bookmark: h.4mwx3spkx9aa]Software description

SpherIndent is a modular, open-source package for analysis of quasi-static spherical indentation experiments conducted in single-step or multi-step loading sequences (Fig. 1a). All components are developed in Python with a Tkinter GUI. The software is essentially constructed using libraries including NumPy [20], Pandas [21], SciPy [22], Sklearn [23], Matplotlib [24], and OpenCV [25]. Data storage, from raw to processed and analysed data (including figures) is handled via Pickle with traceability, efficient retrieval, and sharing in mind. SpherIndent only uses tabular data from indentation experiments (time-depth-force), image files from peripheral equipment (e.g., scanning electron microscopes – SEM-), or self-generated files (Fig. 1b). 



2.1. Software architecture

SpherIndent is organised into five main modules (Fig. 1c) with submodules that are accessible through dropdown menus, which can be run independently or sequentially. The modules and their interrelationships are summarized in Fig. 1d:
1) Postprocess Experiments: The user supplies (i) an Excel workbook containing raw time‑depth‑force data (each sheet named “Test…”), (ii) a calibration Pickle file or manual entries for tip radius and machine compliance, and (iii) the Poisson’s ratio of the specimen. When the workbook follows the recommended naming convention (SI: Appendix B), the software suggests a Poisson’s ratio from a stored material library. The routine outputs a single ExpResults_<SampleName>.pkl file containing a dictionary with two keys: “Dataframes” (raw and processed data, and experimental and processing metadata) and “Figures”. 
2) Calibrate Spherical Tip / Machine Compliance: Depending on the chosen submodule, the user either enters radius and compliance directly (Direct Input) or provides two or more Excel files with tests on reference materials. SpherIndent automatically forms test pairings and computes calibrated tip radii and compliance functions. The Calibration Aggregator submodule averages across all examined material combinations and outputs a CalibrationMaster.pkl file containing statistically representative calibration values.  
3) Analyse Indenter Tip Image: The user provides (i) a 2‑D image of the tip and (ii) the image metadata, and SpherIndent computes tip geometric parameters. 
4) Analyse Results: The user supplies an ExpResults_<SampleName>.pkl file generated with the Postprocess Experiments module. SpherIndent produces a suite of customizable visualization outputs (scatter plots, bar charts, histograms, etc.) appropriate to the experiment type and saves them in AnalysedResults_<SampleName>.pkl.  
5) Retrieve and Inspect Pickle File: Any Pickle file generated by SpherIndent can be opened and inspected directly from the GUI.  
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[bookmark: _Ref215586378][bookmark: _Ref233895514]Fig. 1. Overview of SpherIndent. (a) Schematic of single- and multi-step spherical indentation experiments suited for SpherIndent; (b) Core input types: indentation data, tip images and analysis files; (c) Main window of the GUI; (d) Key modules and submodules with expected inputs/outputs, operations and relationships.
2.2. Software functionalities 

The five main functionalities of SpherIndent are discussed in detail in the subsections below.

2.2.1. Postprocess Experiments – Basic and Advanced Single-Step Indentation

The basic and advanced single-step indentation submodules process the indentation data similarly. First, SpherIndent automatically identifies the loading, hold, and unloading segments of the test (Fig. 2a-i, note that we consider experiments with the thermal drift segment at the end of the indentation sequence). Next, the software computes the thermal drift rate by using the data after  (user-modifiable time parameter) elapsed from the end of the unloading segment. With the drift rate (), the uncorrected depth data () is first corrected as:
	
	(1)


The depth data () is then corrected for machine compliance. Depending on whether the user provides a calibration file with the compliance as a function of load () or a single compliance value (), the data is corrected as:
	
	(2)


Lastly, the data is corrected for zero-point offset by fitting the load-depth data of the elastic portion of the loading segment to the Hertz model [26]. For purely elastic indentations (Fig. 2a-ii), the elastic portion spans the loading segment. For elastoplastic indentations, the identification of the elastic portion of the loading segment relies on the presence of slope changes or discontinuities associated with the transition from purely elastic to elastoplastic deformation (i.e., pop-ins, Fig. 2a-iii). To aid with the latter, SpherIndent offers a semi-automated identification method (see SI: Appendix D for details). 

[bookmark: _Ref215586212]Table 1. Relationships between experimentally measured quantities (load, depth) and material and geometric parameters.
	
	Hertz Model 
(Elastic Portion of Loading Segment)
	Oliver-Pharr (OP) Method
(Unloading Segment)

	P-h
Relation
(Fit)
	
	

	Material &
Geometric Relations
	
	


	
	-
	





With the corrected experimental curves, SpherIndent extracts submodule-specific material parameters and metrics. Of particular importance is the analysis of the loading and unloading segments using the established formalisms of Hertzian contact mechanics [26] and the Oliver-Pharr (OP) method [11,27], respectively. Table 1 summarizes the main relationships of the two approaches as implemented in SpherIndent, with Fig. 2a illustrating them on experimental data (SI: Appendix A). Beyond the Hertz and OP characterizations for elastic modulus, single-step indentation curves can contain a plethora of additional information, depending on the complexity of features displayed in the indentation curves. Accordingly, SpherIndent provides tailored analysis tools to handle these complexities, as summarized in Table 2 (SI: Appendix A). Specifically, the Advanced submodule performs a more sophisticated analysis, calculating a suite of metrics related to the onset of plasticity (i.e., incipient plasticity): the maximum shear stress at the first pop-in (), the cumulative excursion length (), the number of pop-ins (), and the load-depth pairs of all pop-ins (). 

[bookmark: _Ref215586232]Table 2. Material parameters and metrics extracted with the Single-Step Basic and Single-Step Advanced Submodules (Postprocess Experiments Module).
	Quantity of Interest
	Single-Step Basic
	Single-Step Advanced

	Hertz-Fit
	
	✓
	✓

	O-P Fit
	
	✓
	✓

	Total Work
(Area under loading curve)
	
	✓
	✓

	Elastic Work
(Area under unloading curve)

	
	✓
	✓

	Dissipation Work
	
	✓
	✓

	Dissipative Index

	
	✓
	✓

	Incipient Yield Shear Stress

	
	
	✓

	Cumulative Excursion Length

	
	
	✓

	Number of Pop-Ins
	()
	
	✓

	Pop-Ins Coordinates
	() 
	
	✓
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[bookmark: _Ref233194982]Fig. 2. Overview of SpherIndent’s main functionalities. (a) Basic and Advanced single-step postprocessing with typical load profiles, and force-depth curves; (b) Multi-step postprocessing with typical load profiles, force-depth and indentation stress-strain curves; (c) Main image postprocessing and analyses workflow of the Tip Image Analyzer module.
2.2.2. Postprocess Experiments – Multi-Step Indentation

In multi-step indentation, several loading-unloading steps are performed. For each indentation step the loading, hold, and unloading segments are first identified (Fig. 2b-i), and the whole curves are subsequently corrected for thermal drift, machine compliance and zero-point offset. These initial processing steps are done in a similar fashion as described in Section 2.2.1. The main advantage of multi-step spherical indentation is that force-depth curves (Fig. 2b-ii) can be converted into indentation stress () and strain () values (Fig. 2b-iii). SpherIndent implements the formalism by Pathak and Kalidindi [13], which uses information from each unloading segment  to compute indentation stress-strain as:
	 
	(3)

	 
	(4)


Where , , , are the maximum load, depth, and contact radius at maximum load in cycle . The contact radius is calculated by fitting the unloading segment to the Hertz model [28]. Once the stress-strain pairs have been obtained for each cycle, the software uses linear regression to compute the 0.2 % indentation yield stress ().

2.2.3. Spherical Tip Radius and Machine Compliance Calibration

SpherIndent implements three protocols for calibration of the tip curvature and machine compliance:
i) Direct Input
ii) Chudoba Calibration Method (2007)
iii) Li (2013) | Avadanii (2025) Calibration Methods

Protocol (iii) developed by Avadanii, D. et al. [29] is an extension of the one developed by Li, W. et al. [30], which is similar to a method proposed by Chudoba, T. et al. [31] (protocol ii). All protocols require elastic indentation data on reference materials. Essentially, the user can perform the calibration using 2 or more appropriately selected reference materials () of known elastic properties such as fused silica, aluminum, tungsten, or sapphire. For each material (), the following relationship can be written:
	
	[bookmark: _Ref210209408](5)


Where ,  are the reported (measured) depth, load, default machine compliance (if a pre-set machine stiffness was applied), actual machine compliance, effective tip radius, and effective elastic modulus, respectively. To determine the unknown  and , the following relationship is constructed for each material pair ( with ):
	
	(6)


While protocol (ii) considers only the load-displacement data at maximum load and uses multiple sets from indentations conducted at different maximum loads for Eqs. 5-6, protocol (iii) uses a single set of tests. In protocol (iii) if the relationship between the left-hand side and  of Eq. (6) follows a straight line, a constant tip radius ( can be assumed and determined from the slope of the curve. Otherwise, a variable radius as a function of load (), obtainable by numerical differentiation, constitutes a more realistic assumption. Finally, with , expression (5) is recapped for each material and the machine compliance as a function of the load can be determined as:
	
	(7)


Regardless of the protocol, for each material pair one function for  and  is obtained. For statistical purposes, SpherIndent will form -tuples (user-modifiable parameter) by randomly selecting one indentation test from each reference material. For each tuple, SpherIndent will output a Pickle file, containing the effective radius fits and the machine compliance functions, which can later be averaged using the Aggregator submodule.

2.2.4. Spherical Indenter Tip Image Analyzer

Characterization of the indenter tip geometry is critical, especially because manufacturing tolerances and wear can cause deviations from the nominal shape [32]. As such, frequent imaging of the tip is recommended, provided the imaging itself does not damage the tip [33]. To facilitate this practice, SpherIndent includes an Indenter Tip Image Analyzer module that automatically extracts the geometric parameters of spherical indentation tips.
The workflow (Fig. 2c-i) begins with a micrograph of the tip (white‑light or SEM) and its associated metadata. Modern instruments automatically save metadata (e.g., accelerating voltage, image size and scale), but the only mandatory entry for the module is the image scale, which converts pixel units to physical dimensions. Leveraging OpenCV [34], the image is converted to grayscale, thresholded, and morphologically closed with an elliptical structuring element to produce a continuous edge. The edge is then extracted by scanning vertically and recording the pixel‑intensity transition (0 → 1), yielding a 2‑D array of (X,Y) coordinates. The apex is identified as the minimum Y‑value, and a set of vertical offsets (dj)  from the apex defines regions for circle fitting. Users can choose among geometric (orthogonal regression), algebraic (Pratt), or statistical (Kukush‑Markovsky‑van Huffel) fit methods. Python implementations of the methods were adapted from the MATLAB ones developed by Chernov, N. [35], with the main equations and variables summarized in Appendix E of the SI and Fig. 2c-ii. Additionally, the cone angle of the conical portion of the tip is calculated at discrete points on the tip contour (), by smoothed local differentiation starting from the sphere-to-cone transition distance (). For optimal results the image should capture a side view orthogonal to the probe axis. Whenever a tilt is present, a built‑in correction rotates the image to align the left and right conical slopes.

2.2.5. Pickle File Retriever and Visualizer

Serialized data storage with Pickle files are central to SpherIndent’s modularity. The Retrieve and Inspect Pickle File module lets users browse, copy, visualize dataframes and figures, and conveniently export the data to Excel.

3. Illustrative examples

The following sections demonstrate SpherIndent’s functionalities on actual nanoindentation datasets. A walkthrough video is provided as a Supplementary Movie (SM: SpherIndent_Demo).

3.1. Experimental Data 

The indentation data leveraged in this section was collected from nanoindentation experiments conducted at NIST, using an XP Nanoindenter (KLA, Milpitas, CA), with sphero-conical sapphire probes with nominal tip curvature radii of  and  (Micro Star Technologies Inc., Huntsville, TX). The calibration tests were conducted on three reference materials: amorphous fused silica, single crystal c-plane sapphire, and single crystal silicon, Si(100). Using the calibrated probes, additional indentations were conducted on polycrystalline, electroplated copper (Cu) samples. The raw data was sourced directly from the instrument and no processing was performed prior to the use of SpherIndent. In all tests, the thermal drift rate was calculated from data after  from the end of the unloading segment.  
The images of the indenter probe were collected using a JEOL7800-SEM (Jeol USA Inc, Peabody, MA).
The complete set of raw and analysed experimental data with comprehensive details are found in the associated data publications [36].

3.2. Indentation Workflow: From Calibration to Analysis

3.2.1. Calibration for Spherical Indentation Experiments

We begin with the calibration step for the tip radius and machine compliance. Approximately twenty tests were conducted for each reference material (fused silica, sapphire, and silicon) with the  tip up to nominal maximum loads of and . The maximum loads were adopted to ensure purely elastic deformation during the tests. 
Following the software sequence of Fig. 3a, we present the results of using the Li|Avadanii approach (for results with Chudoba method, protocol (ii), see SI: Appendix F) to obtain the tip radius and compliance functions using data from experiments with 3 reference materials up to  maximum load. As illustrated in Fig. 3b, the reported displacement differences for each material pair exhibit a linear trend with , indicating that a constant tip radius is a reasonable assumption. Numerical differentiation of the functions of Fig. 3b yield the local tip radius (Fig. 3c). Despite the noise and abrupt spikes, expected from numerical differentation of experimental data, it is evident that a constant radius is justified. Noteworthy, the notion introduced by Avadanii that these relationships conform to a power law of the type  does not seem to be universal [29]. Having obtained the constant radius for the material triplet, individual compliance functions can be obtained (Fig. 3d). Finally, the Calibration Aggregator module combines the  to output a calibration master file with an average tip radius and compliance functions (Fig. 3e-g).
[image: ]
[bookmark: _Ref215647856]Fig. 3. Illustrative example of radius and machine compliance calibration with the Li|Avadanii Method. (a) GUI workflow; (b) Characteristic (hi-hj) vs P2/3 plots; (c) Tip radius as a function of load by differentiation of (b); (d) Load dependent compliance functions for each reference material; (e) GUI workflow for Calibration Aggregator submodule; Average (f) indenter tip radius and (g) compliance function.
3.2.2. Postprocessing of Single-Step Indentations on Fused Silica
Using the calibration master file with the information from Fig. 3e-f, experiments on “new” materials can be analysed with SpherIndent. Fig. 4a-c presents the experimental analysis on fused silica with the Basic postprocessing submodule. Even though fused silica was used as a reference material, we validate the calibration by showing that the reference modulus values are recovered. The Basic postprocessing and analysis submodules were selected due to the elastic behavior observed throughout the experiments. Fig. 4b depicts the load-indentation depth curves after each major correction together with the test segments identified. Fig. 4c shows the results of Hertz and Oliver-Pharr fits on the loading and unloading curves, respectively. Good agreement between both approaches is observed, as expected. Finally, using the Analyze Results module (Fig. 4d), the average force-indentation depth curve (Fig. 4e), from all experiments can be obtained, together with statistics on a number of experimental results of interest (i.e., Hertz and O-P sample modulus, dissipation work and dissipative index, Fig. 4f-g, Table 2). The uncertainties reported on the moduli bar charts (Fig. 4f) are expressed as one standard deviation of the mean. The continuous distributions overlaying the histograms are obtained in SpherIndent using gaussian kernel density estimation (KDE). The low value of dissipative indexes () is consistent with elastic indentations and the dissipative work () is ascribed to mechanical hysteresis.
[image: ]
[bookmark: _Ref215648163]Fig. 4. Illustrative example of Postprocess Experiments and Analyse Results modules for single-step, basic experiments. (a) GUI workflow; (b) Output for one test on fused silica with automated segment identification, and curve corrections; (c) Output for one test with Hertz and Oliver-Pharr fits on the loading and unloading curves, respectively; (d) GUI workflow; (e) Average load-depth curves with one standard deviation; (f) Bar chart with elastic moduli from Hertz and Oliver-Pharr fits with one standard deviation uncertainty; (g) Distributions of selected metrics.
3.2.3. Postprocessing of Single-Step Indentations on polycrystalline Copper

Now, we demonstrate SpherIndent in a more involved application involving polycrystalline electroplated Cu, as used in hybrid-bonding processes for semiconductor packaging. For these tests, the sphero-conical sapphire probe with a nominal tip curvature of  was employed, and a maximum load of  was applied. Prior to processing the experiments, the calibration procedure for tip curvature and machine compliance for this probe was conducted with the same three reference materials as before at indentation loads of  to avoid plastic deformation.
The Single-Step Advanced submodule (Fig. 5a) was employed to evaluate incipient plasticity events. As can be seen in Fig. 5b, the indented samples exhibited plasticity-related depth bursts (pop-ins). The software suggests the user several pop-ins but, inevitably, misses some. To aid the detection, the user can interact with SpherIndent to remove all of them, add new ones or remove selected ones (Fig. 5c and Appendix D). Once the user has finished the pop-in selection, Fig. 5d is presented with the Hertzian fit upto the first pop-in. The user is then prompted to assess the Hertzian fit and judge if the chosen first pop-in marks the onset of plasticity. This procedure is repeated through the entire experimental set. Following the postprocessing, the Analyze Results module with the Incipient Plasticity submodule is invoked (Fig. 5e). First, the mean force-depth curve with standard deviation is presented (Fig. 5f), but also several metrics related to the plastic behavior of the material. Fig. 5g presents the empirical cumulative distribution function (ecdf) of the yield strength given by the maximum shear stress at the first pop-in (SI: Appendix G). The histograms with overlaid KDEs of Fig. 5h reveal the relatively high plasticity index of the indented Cu sample (compare to the dissipation index of fused silica) and its proneness to depth bursts. 

[image: ]
[bookmark: _Ref215668267]Fig. 5. Illustrative example of Postprocess Experiments and Analyse Results modules for single-step, advanced experiments. (a) GUI workflow; (b) Output for one test on hybrid bonding Cu with automated segment identification, and curve corrections; (c) Output from automatic identification of pop-ins and interactive GUI controls; (d) Final output with Hertz and O-P fits on loading and unloading curves, respectively; (e) GUI workflow; (f) Average load-depth curves with one standard deviation, (g) Empirical cumulative distribution of incipient yield stress; (h) Distributions of plasticity metrics.
3.2.4. Postprocessing of Multi-Step Indentation Experiments on polycrystalline Copper

Next, we demonstrate SpherIndent’s capabilities to examine multi-step indentation experiments. To this end, we use 10-step multi-step experiments performed on the same polycrystalline electroplated Cu (as before, but different Cu pad), with the same indenter probe. For these analyses, the Multi-Step_Indentation Experiment Postprocessor (Fig. 6a) was employed. For one selected test, Fig. 6b depicts the multi-step load-indentation depth curves after each correction (i.e., thermal drift, zero-point offset and machine compliance), together with the test segments identified. Having identified the segments, SpherIndent proceeds to fit the unloading segments (Fig. 6c) and outputs indentation stress-strain pairs (Fig. 6d).

	
3.2.5. Probe Tip Radius Determination from SEM images

Finally, we revisit the tip‑radius determination with the Indenter Tip Analyzer module on a spherical probe with nominal tip radius of   (Fig. 6e-i). Once the image and metadata are uploaded (Fig. 6e), several image processing steps are conducted (Fig. 6f) to obtain the edge of the tip. Finally, using discrete locations on the spherical and conical portions of the probe tip, the local radii and cone full angle are computed as a function of the vertical distance from the tip apex (Fig. 6g-i).



[image: Diagram
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[bookmark: _Ref215671411]Fig. 6. Illustrative examples of Postprocess Experiments for multi-step experiments and Indenter Tip Image Analyzer modules. (a) GUI workflow; (b) Output for one test on hybrid-bonding Cu with automated segment identification, and curve corrections; (c) Analysis of force-depth curve with Hertzian fits on the unloading segments; (d) Indentation stress-strain pairs from (c). (d) GUI workflow; (e) Image‑processing chain to circle‑fit results; (f) Radius profile and (g) selected circle fits; (h) Conical angle profile.

4. Impact

SpherIndent integrates all essential elements for reliable extraction of material properties from spherical instrumented indentation, providing a full post‑experimental pipeline that is independent of instrument‑specific software. Leveraging Python’s flexibility, it delivers an open, reproducible environment with built‑in data management for traceability and accessibility. 
Prior to this publication, SpherIndent has been used to investigate the multiscale onset of plasticity of polycrystalline copper in hybrid-bonding patterns as used in semiconductor advanced packaging. At the microscale, this was done using data from spherical instrumented indentation with probes with nominal radii of  and  [37]. At the nanoscale, data from AFM-indentation experiments (tip radii ) was analysed with AFM-adapted snippets of the single- and multi-step modules of SpherIndent [38]. Beyond the material systems showcased here, SpherIndent is applicable to rubbers, ceramics, and other materials, provided the underlying assumptions hold. 
SpherIndent’s intuitive GUI also makes it an ideal partner for academic courses on experiments at the micro- and nanoscale [39,40].

5. [bookmark: _Hlk233896877]Conclusions

In this paper we have demonstrated SpherIndent, a Python-based, open-source, modular software for processing, analysing, visualizing and data-managing various spherical indentation experiments. Future work will focus on i) extending SpherIndent for AFM-based spherical indentation experiments, ii) including features for specialized experiments (e.g., multilayer systems), and iii) extending visualization and output capabilities. Given the interest in spherical indentation and the ever-increasing need for characterization of materials at small scales, SpherIndent is expected to become a valuable resource for indentation practitioners, educators, and researchers. 
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