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Abstract

An atomic force microscope (AFM) fundamentally measures the interaction between a nanoscale 

AFM probe tip and the sample surface. If the force applied by the probe tip and its contact 

area with the sample can be quantified, it is possible to determine the nanoscale mechanical 

properties (e.g., elastic or Young’s modulus) of the surface being probed. A detailed procedure 

for performing quantitative AFM cantilever-based nanoindentation experiments is provided here, 

with representative examples of how the technique can be applied to determine the elastic moduli 

of a wide variety of sample types, ranging from kPa to GPa. These include live mesenchymal 

stem cells (MSCs) and nuclei in physiological buffer, resin-embedded dehydrated loblolly pine 

cross-sections, and Bakken shales of varying composition.

Additionally, AFM cantilever-based nanoindentation is used to probe the rupture strength (i.e., 

breakthrough force) of phospholipid bilayers. Important practical considerations such as method 

choice and development, probe selection and calibration, region of interest identification, sample 

heterogeneity, feature size and aspect ratio, tip wear, surface roughness, and data analysis and 

measurement statistics are discussed to aid proper implementation of the technique. Finally, 

Corresponding Author: Paul H. Davis, pauldavis2@boisestate.edu. 

A complete version of this article that includes the video component is available at http://dx.doi.org/10.3791/64497.

Disclosures
The authors have no conflicts of interest to disclose.

HHS Public Access
Author manuscript
J Vis Exp. Author manuscript; available in PMC 2023 December 02.A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript

http://dx.doi.org/10.3791/64497


co-localization of AFM-derived nanomechanical maps with electron microscopy techniques that 

provide additional information regarding elemental composition is demonstrated.

Introduction

Understanding the mechanical properties of materials is one of the most fundamental 

and essential tasks in engineering. For the analysis of bulk material properties, there are 

numerous methods available to characterize the mechanical properties of material systems, 

including tensile tests1, compression tests2, and three- or four-point bending (flexural) tests3. 

While these microscale tests can provide invaluable information regarding bulk material 

properties, they are generally conducted to failure, and are hence destructive. Additionally, 

they lack the spatial resolution necessary to accurately investigate the micro- and nanoscale 

properties of many material systems that are of interest today, such as thin films, biological 

materials, and nanocomposites. To begin addressing some of the problems with large-scale 

mechanical testing, mainly its destructive nature, microhardness tests were adopted from 

mineralogy. Hardness is a measure of the resistance of a material to plastic deformation 

under specific conditions. In general, microhardness tests use a stiff probe, usually made 

from hardened steel or diamond, to indent into a material. The resulting indentation depth 

and/or area can then be used to determine the hardness. Several methods have been 

developed, including Vickers4, Knoop5, and Brinell6 hardness; each provides a measure 

of microscale material hardness, but under different conditions and definitions, and as such 

only produces data that can be compared to tests performed under the same conditions.

Instrumented nanoindentation was developed to improve upon the relative values obtained 

via the various microhardness testing methods, improve the spatial resolution possible for 

the analysis of mechanical properties, and enable the analysis of thin films. Importantly, by 

utilizing the method first developed by Oliver and Pharr7, the elastic or Young’s modulus, E, 

of a sample material can be determined via instrumented nanoindentation. Furthermore, 

by employing a Berkovich three-sided pyramidal nanoindenter probe (whose ideal tip 

area function matches that of the Vickers four-sided pyramidal probe)8, direct comparison 

between nanoscale and more traditional microscale hardness measurements can be made. 

With the growth in popularity of the AFM, AFM cantilever-based nanoindentation began 

receiving attention as well, particularly for measuring the mechanical properties of softer 

materials. As a result, as depicted schematically in Figure 1, the two most commonly 

employed techniques today to interrogate and quantify nanoscale mechanical properties 

are instrumented nanoindentation (Figure 1A) and AFM cantilever-based nanoindentation 

(Figure 1B)9, the latter of which is the focus of this work.

Both instrumented and AFM cantilever-based nanoindentation employ a stiff probe to 

deform a sample surface of interest and monitor the resultant force and displacement as 

a function of time. Typically, either the desired load (i.e., force) or (Z-piezo) displacement 

profile is specified by the user via the software interface and directly controlled by the 

instrument, while the other parameter is measured. The mechanical property most often 

obtained from nanoindentation experiments is the elastic modulus E , also referred to 

as the Young’s modulus, which has units of pressure. The elastic modulus of a material 
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is a fundamental property relating to the bond stiffness and is defined as the ratio of 

tensile or compressive stress (ε, the applied force per unit area) to axial strain (σ, the 

proportional deformation along the indentation axis) during elastic (i.e., reversible or 

temporary) deformation prior to the onset of plastic deformation (equation [1]):

E = σ
ε . (1)

It should be noted that, because many materials (especially biological tissues) are in fact 

viscoelastic, in reality, the (dynamic or complex) modulus consists of both elastic (storage, 

in phase) and viscous (loss, out of phase) components. In actual practice, what is measured 

in a nanoindentation experiment is the reduced modulus, E*, which is related to the true 

sample modulus of interest, E, as shown in equation (2):

1
E* = 1 − v2

E + 1 − vtip 2
Etip

(2)

Where Etip and vtip are the elastic modulus and Poisson’s ratio, respectively, of the 

nanoindenter tip, and v is the estimated Poisson’s ratio of the sample. The Poisson’s 

ratio is the negative ratio of the transverse to axial strain, and hence indicates the degree 

of transverse elongation of a sample upon being subjected to axial strain (e.g., during 

nanoindentation loading), as shown in equation (3):

v = − dεtrans

dεaxial
(3)

The conversion from reduced to actual modulus is necessary because a) some of the 

axial strain imparted by the indenter tip may be converted to transverse strain (i.e., 

the sample may deform via expansion or contraction perpendicular to the direction of 

loading), and b) the indenter tip is not infinitely hard, and thus the act of indenting 

the sample results in some (small) amount of deformation of the tip. Note that in the 

case where Etip ≫ E (i.e., the indenter tip is much harder than the sample, which is 

often true when using a diamond probe), the relationship between the reduced and actual 

sample modulus simplifies greatly to E ≈ E⋆ 1 − v2 . While instrumented nanoindentation 

is superior in terms of accurate force characterization and dynamic range, AFM cantilever-

based nanoindentation is faster, provides orders of magnitude greater force and displacement 

sensitivity, enables higher resolution imaging and improved indentation locating, and can 

simultaneously probe nanoscale magnetic and electrical properties9. In particular, AFM 

cantilever-based nanoindentation is superior for the quantification of mechanical properties 

at the nanoscale of soft materials (e.g., polymers, gels, lipid bilayers, and cells or other 

biological materials), extremely thin (sub-μm) films (where substrate effects can come 

into play depending upon indentation depth)10,11, and suspended two-dimensional (2D) 

materials12,13,14 such as graphene15,16, mica17, hexagonal boron nitride (h-BN)18, or 

transition metal dichalcogenides (TMDCs; e.g., MoS2)19. This is due to its exquisite 
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force (sub-nN) and displacement (sub-nm) sensitivity, which is important for accurately 

determining the initial point of contact and remaining within the elastic deformation region.

In AFM cantilever-based nanoindentation, displacement of an AFM probe toward the 

sample surface is actuated by a calibrated piezoelectric element (Figure 1B), with the 

flexible cantilever eventually bending due to the resistive force experienced upon contact 

with the sample surface. This bending or deflection of the cantilever is typically monitored 

by reflecting a laser off the back of the cantilever and into a photodetector (position sensitive 

detector [PSD]). Coupled with the knowledge of the cantilever stiffness (in nN/nm) and 

deflection sensitivity (in nm/V), it is possible to convert this measured cantilever deflection 

(in V) into the force (in nN) applied to the sample. Following contact, the difference 

between the Z-piezo movement and the cantilever deflection yields the sample indentation 

depth. Combined with the knowledge of the tip area function, this enables calculation 

of the tip-sample contact area. The slope of the in-contact portions of the resulting 

force-distance or force-displacement (F-D) curves can then be fit using an appropriate 

contact mechanics model (see the Data Analysis section of the discussion) to determine 

the nanomechanical properties of the sample. While AFM cantilever-based nanoindentation 

possesses some distinct advantages over instrumented nanoindentation as described above, 

it also presents several practical implementation challenges, such as calibration, tip wear, 

and data analysis, which will be discussed here. Another potential downside of AFM 

cantilever-based nanoindentation is the assumption of linear elasticity, as the contact radius 

and indentation depths need to be much smaller than the indenter radius, which can be 

difficult to achieve when working with nanoscale AFM probes and/or samples exhibiting 

significant surface roughness.

Traditionally, nanoindentation has been limited to individual locations or small grid 

indentation experiments, wherein a desired location (i.e., region of interest [ROI]) is 

selected and a single controlled indent, multiple indents in a single location separated 

by some waiting time, and/or a coarse grid of indents are performed at a rate on the 

order of Hz. However, recent advances in AFM allow for the simultaneous acquisition 

of mechanical properties and topography through the utilization of high-speed force 

curve-based imaging modes (referred to by various tradenames depending on the system 

manufacturer), wherein force curves are conducted at a kHz rate under load control, with the 

maximum tip-sample force utilized as the imaging setpoint. Point-and-shoot methods have 

also been developed, allowing for the acquisition of an AFM topography image followed 

by subsequent selective nanoindentation at points of interest within the image, affording 

nanoscale spatial control over nanoindentation location. While not the primary focus of 

this work, specific selected application examples of both force curve-based imaging and 

point-and-shoot cantilever-based nanoindentation are presented in the representative results, 

and can be used in conjunction with the protocol outlined below if available on the particular 

AFM platform employed. Specifically, this work outlines a generalized protocol for the 

practical implementation of AFM cantilever-based nanoindentation on any capable AFM 

system and provides four use case examples (two in air, two in fluid) of the technique, 

including representative results and an in-depth discussion of the nuances, challenges, and 

important considerations to successfully employ the technique.
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Protocol

NOTE: Due to the wide variety of commercially available AFMs and diversity of sample 

types and applications that exist for cantilever-based nanoindentation, the protocol that 

follows is intentionally designed to be relatively general in nature, focusing on the 

shared steps necessary for all cantilever-based nanoindentation experiments regardless of 

instrument or manufacturer. Because of this, the authors assume the reader possesses at least 

basic familiarity with operating the specific instrument chosen for performing cantilever-

based nanoindentation. However, in addition to the general protocol outlined below, a 

detailed step-by-step standard operating procedure (SOP) specific to the AFM and software 

used here (see Table of Materials), focused on cantilever-based nanoindentation of samples 

in fluid, is included as a Supplementary Material.

1. Sample preparation and instrument setup

1. Prepare the sample in a manner that minimizes both surface roughness 

(ideally nanometer-scale, ~10x less than the intended indentation depth) and 

contamination without altering the mechanical properties of the area(s) of 

interest.

2. Select an appropriate AFM probe for nanoindentation of the intended sample 

based on the medium (i.e., air or fluid), expected modulus, sample topography, 

and relevant feature sizes (see the probe selection considerations in the 

discussion). Load the probe onto the probe holder (see Table of Materials) and 

attach the probe holder to the AFM scan head.

3. Select an appropriate nanoindentation mode in the AFM software that affords 

user control of individual ramps (i.e., force-displacement curves).

NOTE: The specific mode will differ across different AFM manufacturers and 

individual instruments (see SOP provided in the Supplementary Material for 

more details and a specific example).

4. Align the laser onto the back of the probe cantilever, opposite the location of the 

probe tip and into the PSD.

NOTE: See the mesenchymal stem cell application example for more details 

regarding important considerations when aligning the laser and conducting 

nanoindentation in fluid, in particular, avoiding floating debris and/or air 

bubbles, which can scatter or refract the beam. The AFM optics may also need 

to be adjusted to compensate for the index of refraction of the fluid and to avoid 

crashing the probe when engaging the surface.

1. Center the laser beam spot on the back of the cantilever by maximizing 

the sum voltage (Figure 2A).

2. Center the reflected laser beam spot on the PSD by adjusting the X and 

Y (i.e., horizontal and vertical) deflection signals to be as close to zero 

as possible (Figure 2A), thereby providing the maximum detectable 
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deflection range for producing an output voltage proportional to the 

cantilever deflection.

5. If unsure of the sample topography, surface roughness, and/or surface density (in 

the case of flakes or particles), perform an AFM topography survey scan prior 

to any nanoindentation experiments to confirm sample suitability, as described in 

step 1.1 and the sample preparation portion of the discussion.

2. Probe calibration

NOTE: Three values are necessary to quantify the mechanical properties of a sample 

using the F-D curve data collected during cantilever-based nanoindentation: the deflection 
sensitivity (DS) of the cantilever/PSD system (nm/V or V/nm), the cantilever spring 
constant (nN/nm), and the probe contact area, often expressed in terms of the effective 

probe tip radius (nm) at a given indentation depth less than the probe radius in the case of a 

spherical probe tip.

1. Calibrate the DS of the probe/AFM system by ramping on an extremely hard 

material (e.g., sapphire, E = 345 GPa) so that deformation of the sample is 

minimized and thus the measured Z movement of the piezo following the 

initiation of tip-sample contact is converted solely into cantilever deflection.

NOTE: The DS calibration must be performed under the same conditions as 

the planned nanoindentation experiments (i.e., temperature, medium, etc.) to 

accurately reflect the DS of the system during the experiments. A long (30 min) 

laser warmup period may be necessary for maximum accuracy to allow time for 

thermal equilibrium to be reached and stable laser output power and pointing 

stability to be established. The DS must be remeasured every time the laser 

is realigned, even if the same probe is used, as the DS depends on the laser 

intensity and position on the cantilever, as well as the quality of the reflection 

from the probe (i.e., degradation of the probe’s backside coating will affect the 

DS) and sensitivity of the PSD20.

1. Set up and perform the DS calibration indents on the sapphire to 

achieve approximately the same probe deflection (in V or nm) as the 

planned sample indents, since the measured displacement is a function 

of the tip deflection angle and becomes nonlinear for large deflections.

2. Determine the DS (in nm/V), or alternatively, the inverse optical lever 

sensitivity (in V/nm), from the slope of the linear portion of the in-

contact regime after the initial contact point in the resulting F-D curve, 

as shown in Figure 3A.

3. Repeat the ramp at least 5x, recording each DS value. Use the average 

of the values for maximum accuracy. If the relative standard deviation 

(RSD) of the measurements exceeds ~1%, remeasure the DS, as 

sometimes the first few F-D curves are nonideal due to the initial 

introduction of adhesive forces.
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4. If the probe cantilever’s spring constant, k, is not factory-calibrated 

(e.g., via laser Doppler vibrometry [LDV]), calibrate the spring 

constant.

NOTE: The thermal tune method is optimal for relatively soft 

cantilevers with k < 10 N/m (see the spring constant section of the 

discussion for a list and description of alternative methods, particularly 

for stiff cantilevers with k > 10 N/m). As shown in Figure 3B, C, 

thermal tuning is typically integrated into the AFM control software.

2. If the probe does not come with a factory-calibrated tip radius measurement 

(e.g., via scanning electron microscope [SEM] imaging), measure the effective 

tip radius, R.

NOTE: There are two common methods for measuring the tip radius (see 

corresponding discussion section), but the most common for nanometer-scale 

probe tips is the blind tip reconstruction (BTR) method, which utilizes a 

roughness standard (see Table of Materials) containing numerous extremely 

sharp (sub-nm) features that serve to effectively image the tip, rather than the 

tip imaging the sample.

1. If employing the BTR method, image the roughness (tip 

characterization) sample using a slow scan rate (<0.5 Hz) and high 

feedback gains to help optimize tracking of the very sharp features. 

Choose an image size and pixel density (resolution) based on the 

expected tip radius (e.g., a 1024 × 1024 pixel image of a 3 μm × 3 

μm area will have ~3 nm lateral resolution).

2. Use AFM image analysis software (see Table of Materials) to model the 

probe tip and estimate its end radius and effective tip diameter at the 

expected sample indentation depth, as shown in Figure 3D–F.

3. Upon completing the probe calibration, enter the DS, k, and R values in the 

instrument software, as shown in Figure 4A.

1. Enter an estimate of the sample’s Poisson’s ratio, v, to enable 

converting the measured reduced modulus to the actual sample 

modulus9. If employing a conical or conispherical contact mechanics 

model based on the tip shape and indentation depth, it is also necessary 

to enter the tip half angle (Figure 4C).

NOTE: The modulus is relatively insensitive to small errors or 

uncertainties in the estimated Poisson’s ratio. An estimate of 

v = 0.2 − 0.3 is a good starting point for many materials21.

3. Collect force-displacement (F-D) data

NOTE: The parameter values presented here (see Figure 4B) may vary depending upon the 

force and indentation range for a given sample.
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1. Navigate the sample under the AFM head and engage on the desired region of 

interest.

1. Monitor the vertical deflection signal (Figure 2B) or perform a small 

(~50–200 nm) initial ramp (Figure 4B) to verify that the tip and sample 

are in contact (see Figure 5A).

2. Adjust the AFM head position slightly upward (in steps corresponding 

to ~50% of the full ramp size) and ramp again. Repeat until the tip 

and sample are just out of contact, as evidenced by a nearly flat ramp 

(Figure 5B) and minimal vertical deflection of the cantilever (Figure 

2A).

3. Once no obvious tip-sample interaction is present (compare Figure 2A 

and Figure 2B), lower the AFM head by an amount corresponding to 

~50%–100% of the ramp size to ensure the probe tip will not crash 

into the sample while manually moving the AFM head. Ramp again, 

repeating until either a good curve (Figure 5D) or a curve similar to 

Figure 5C is observed. In the latter case, perform one additional small 

AFM head-lowering adjustment equal to ~20%–50% of the ramp size to 

achieve good contact and a force curve similar to that shown in Figure 

5D.

2. Adjust ramp parameters (as described below and shown in Figure 4B) to 

optimize for the instrument, probe, and sample, and obtain ramps similar to 

that shown in Figure 5D.

1. Select an appropriate ramp size (i.e., total Z-piezo movement through 

one ramp cycle) depending on the sample (e.g., thickness, expected 

modulus, surface roughness) and desired indentation depth.

NOTE: For stiffer samples, less sample deformation (and hence more 

probe deflection for a given Z-piezo movement) is likely to occur, so 

the ramp size can generally be smaller than for softer samples. Typical 

ramp sizes for stiff samples and cantilevers may be tens of nm, while 

for soft samples and cantilevers ramps may be hundreds of nm to a 

few μm in size; specific selected application examples are presented 

in the representative results section. Note that minimum and maximum 

possible ramp sizes are instrument-dependent.

2. Select an appropriate ramp rate (1 Hz is a good starting point for most 

samples).

NOTE: The ramp rate may be limited by control and/or detection 

electronic speeds/bandwidths. In combination with the ramp size, the 

ramp rate determines the tip velocity. The tip velocity is particularly 

important to consider when indenting soft materials where viscoelastic 

effects may cause hysteresis artifacts9,22.
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3. Choose whether to employ a triggered (load-controlled) or untriggered 

(displacement-controlled) ramp.

NOTE: In a triggered ramp, the system will approach the sample in 

user-defined steps (based on the ramp size and resolution or number 

of data points) until the desired trigger threshold (i.e., setpoint force or 

cantilever deflection) is detected, at which point the system will retract 

to its original position and display the F-D curve. In an untriggered 

ramp, the system simply extends the Z-piezo the distance specified 

by the user defined ramp size and displays the measured F-D curve. 

Triggered ramps are preferred for most use cases, but untriggered ramps 

can be useful when investigating soft materials that do not exhibit a 

sharp, easily identifiable contact point.

1. If a triggered ramp is chosen, set the trigger threshold (user-

defined maximum allowed force or deflection of the ramp) to 

result in the desired indentation into the sample.

NOTE: Use of a trigger threshold means that a ramp may 

terminate (i.e., the probe may begin to retract) before reaching 

the full ramp size (Z-piezo extension) specified. Values may 

range from a few nN to a few μN, depending on the tip-sample 

system.

2. Set the ramp position to determine the portion of the Z-

piezo’s maximum range that will be used to execute the ramp. 

Ensure that the total range of the ramp size does not start or 

end outside of the maximum Z-piezo range (see representative 

examples in Figure 6), otherwise a portion of the F-D curve 

will not represent any physical measurement (i.e., the Z-piezo 

will be fully extended or retracted, not moving).

4. Set the number of samples/ramp (e.g., 512 samples/ramp) to achieve 

the desired resolution of the measurement (i.e., point density of the F-D 

curve).

NOTE: The maximum samples/ramp may be limited by software (file 

size) or hardware constraints (e.g., analog to digital [A/D] conversion 

speed, depending upon the ramp rate). It is also possible to limit the 

allowable Z-piezo or deflection range (see limits parameters in Figure 

4B) to increase the effective resolution of the system’s A/D converter.

5. Set the X-rotate to reduce the shear forces on the sample and tip by 

simultaneously moving the probe slightly in the X-direction (parallel 

to the cantilever) while indenting in the Z-direction (perpendicular to 

cantilever). Use a value for the X-rotate equal to the offset angle of the 

probe holder relative to the surface normal (12° is typical)
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NOTE: The X-rotate is necessary because the cantilever is mounted in 

the probe holder at a small angle relative to the surface to allow the 

incident laser beam to reflect into the PSD. Additionally, the front and 

back angles of the probe tip may differ from each other (i.e., the probe 

tip may be asymmetrical). More specific information can be obtained 

from individual probe and AFM manufacturers.

4. F-D curve analysis

1. Choose an appropriate data analysis software package. Select and load the data 

to be analyzed.

NOTE: Many AFM manufacturers and AFM image processing software 

programs have built-in support for F-D curve analysis. Alternatively, the 

increased flexibility and features of a dedicated F-D curve analysis package, such 

as the open source AtomicJ software package, may be beneficial23, particularly 

for batch processing and statistical analysis of large datasets or implementing 

complex contact mechanics models.

2. Input calibrated values for the spring constant, DS, and probe tip radius, along 

with estimates of the Young’s modulus and Poisson’s ratio for the probe tip 
(based on its material composition) and the Poisson’s ratio of the sample.

NOTE: If using a diamond tip indenter, the values Etip = 1140 GPa and vtip = 0.07
can be used21,24,25,26. For a standard silicon probe, Etip = 170 GPa and vtip = 0.27
can typically be used, although the Young’s modulus of silicon varies depending 

upon the crystallographic orientation27.

3. Choose a nanoindentation contact mechanics model appropriate for the tip and 

sample.

NOTE: For the many common spherical tip models (e.g., Hertz, Maugis, DMT, 

JKR), it is imperative that the indentation depth into the sample is less than 

the tip radius; otherwise the spherical geometry of the probe tip gives way to 

a conical or pyramidal shape (Figure 4C). For conical (e.g., Sneddon28) and 

pyramidal models, the tip half angle (i.e., the angle between the side wall of the 

tip and a bisecting line perpendicular to the tip end; Figure 4C) must be known 

and is usually available from the probe manufacturer. For more information 

regarding contact mechanics models, please see the Data Analysis section of 

thedDiscussion.

4. Run the fitting algorithm. Check for proper fitting of the F-D curves; a low 

residual error corresponding to an average R2 near unity (e.g., R2 > 0.9) is 

typically indicative of a good fit to the chosen model29,30. Spot check individual 

curves to visually inspect the curve, model fit, and calculated contact points if 

desired (e.g., see Figure 7 and the Data Analysis section of the discussion).
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Representative Results

Force-displacement curves

Figure 7 shows representative, near-ideal F-D curves obtained from nanoindentation 

experiments performed in air on resin-embedded loblolly pine samples (Figure 7A) and 

in fluid (phosphate-buffered saline [PBS]) on mesenchymal stem cell (MSC) nuclei 

(Figure 7B). The use of any contact mechanics model relies on the accurate and reliable 

determination of the initial tip-sample contact point. Thus, the relatively flat, low-noise 

baseline preceding the initial contact point and the smooth slope of the contact portion 

of the F-D curves shown in Figure 7 makes them ideal for analysis to extract mechanical 

properties, as evidenced by the excellent agreement between the approach curves (blue 

traces) and corresponding fits (green traces) in the insets.

Conversely, there are several common issues that a user may encounter while performing 

cantilever-based nanoindentation that will lead to nonideal F-D curves. One of the most 

common issues, particularly immediately after engaging, is the probe tip already being 

in contact with the sample prior to initiation of a ramp (Figure 5A), which prevents the 

acquisition of the necessary out-of-contact baseline for determining the initial contact point. 

This can also lead to excessively large forces in the case of untriggered (i.e., controlled 

displacement) ramps. This is of particular concern when performing a large ramp with a stiff 

cantilever, as the resulting forces may break the cantilever and/or damage the sample or tip. 

To avoid this, monitor the vertical deflection voltage during and after the initial engage. If 

the measured vertical deflection voltage is positive (assuming proper initial alignment) as 

shown in Figure 2B, then the cantilever is being deflected and the tip is in contact with the 

sample. Larger positive voltages correspond to larger cantilever deflections, but regardless 

of the magnitude of the deflection, the user should manually raise the AFM head (e.g., by 

employing a stepper motor) away from the sample. The vertical deflection voltage should 

slowly decrease and may even temporarily dip below zero in the case of strong tip-sample 

adhesive forces, but will eventually reach 0 V (or close to 0 V) once the tip is no longer in 

contact with the sample (Figure 2A). From this point, the user can resume optimizing the 

ramp parameters and performing indents.

Another common problem (particularly for untriggered ramps) is for the entire F-D curve 

to appear nearly flat, with no obvious sign of tip-sample interaction, as shown previously 

in Figure 5B. If available on the instrument, the solution to this is to manually lower the 

SPM head by ~10% less than the ramp size (to avoid crashing the probe tip) and ramp again, 

repeating until an obvious increase in force is observed due to tip-sample interaction (Figure 

5C,D) before proceeding to optimize other ramp parameters.

Tip wear

Figure 8 presents an example of tip wear in an experimental setting. A single, stiff, silicon 

tapping mode AFM probe (see Table of Materials) was used to image several large areas 

of a Bakken shale sample (see corresponding application example for more details) using a 

rapid (kHz rate) force curve-based imaging method, and the BTR method was used to model 

the tip geometry and estimate the tip end radius before and after each of three consecutive 
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images. The shale samples under investigation consisted of a matrix of clay and organic 

material E ∼ 5 GPa  with much harder inorganic mineral inclusions dispersed throughout 

E > 30 GPa . Because the sample contained significant variations in surface topography 

± 2 μm  across the large scan areas 85 μm × 85 μm  imaged, the scan rate was set to the 

minimum allowable on the instrument used, 0.1 Hz. With a force curve acquisition rate of 

2 kHz and a scan rate of 0.1 Hz, over the course of a single 1024 × 1024 pixel image 

there were over 20 million tip-sample interactions. As a result, the probe tip experienced 

significant wear relative to its pristine state (Figure 8A) over the course of imaging the 

sample, increasing by over an order of magnitude from an effective end radius of ~11 nm 

as received to ~129 nm at the conclusion of the three images (Figure 8D). During the first 

image the tip appears to have been broken, resulting in the large morphological change seen 

in Figure 8B. In each subsequent image, the tip becomes progressively more rounded, an 

excellent example of the more common phenomenon of gradual wear (see discussion). The 

estimated tip radii from the BTR models are included in Figure 8.

In contrast, Figure 8E,F presents BTR models of a diamond tip probe (see Table of 

Materials) acquired 6 months apart, with thousands of nanoindents and hundreds of millions 

of force curve imaging based tip-sample interactions occurring in between. As can be seen 

from the estimated tip radii of 29 nm (Figure 8E) and 28 nm (Figure 8F), the probe tip 

radius did not change within the limits of the BTR method, highlighting the extreme wear 

resistance of diamond. It should be noted, however, that diamond tip probes (like all AFM 

probes) are susceptible to contamination from loosely adhered debris that can impact the tip 

area function and effective hardness. Accordingly, sample cleanliness remains vital for tip 

preservation and accurate nanomechanical measurements.

Application examples

Through the judicious choice of probe material composition, cantilever spring constant, 

and tip geometry and radius, cantilever-based nanoindentation can be used to quantify 

the nanoscale mechanical properties of materials with elastic moduli ranging from kPa to 

GPa, both in fluid and under ambient conditions. Selected application examples follow to 

highlight a few of the wide range of use cases possible for cantilever-based nanoindentation.

Investigation of loblolly pine mechanical properties for biofuel applications

Loblolly pine trees (Pinus taeda) are a fast-growing softwood species that are highly 

abundant in the southern United States, occupying over 13 million hectares31. Because 

of their abundance, loblolly pine trees are a critical commercial crop in the southern 

US, commonly used for both timber and pulp wood. Additionally, they are an important 

resource for second-generation cellulosic biofuels production32. Importantly, demand has 

been growing for cellulosic biofuel feedstock due to the Energy Independence and Security 

Act (EISA) of 2007, which mandates that by 2022, total renewable fuel usage in the US 

transportation industry should be 36 billion gallons, with 16 billion gallons being derived 

from cellulosic biomass. Accordingly, due to loblolly pine’s fast growth rate and amenability 

to agroforestry projects, it has become a biofuel feedstock of great interest in recent 

years33. Knowledge of the mechanical properties of loblolly pine, including variability 

across individual trees, anatomical fractions (e.g., whitewood, bark, needles), and cell areas 
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(e.g., cell wall versus interior), may allow for the targeted separation of biomass streams to 

optimize mechanical processing and thermochemical conversion34.

Figure 9 presents a representative AFM topography (height sensor) image (Figure 9A) and 

corresponding elastic modulus map (Figure 9B) of a cross-section sample of whitewood 

obtained from a branch on a 23-year-old loblolly pine with a ~30 nm radius of curvature 

diamond tip probe mounted on a stainless steel cantilever k = 256 N/m . The topography 

and modulus maps were generated simultaneously using rapid kHz rate force curve-based 

AFM imaging, with the modulus map presenting semi-quantitative results based on nominal 

values for the probe calibration constants (i.e., spring constant, deflection sensitivity, and 

tip radius) and fitting the force curves in real time to the DMT (Derjaguin, Muller, and 

Toporov) contact mechanics model35. Cross-sectioned samples trimmed to be <3 mm in all 

three dimensions (length × width × height) were prepared for imaging by serial dehydration 

using increasing concentrations of ethanol (33%, 55%, 70%, 90%, and 100%)36, before 

infiltrating with resin (see Table of Materials) and polymerizing at 60 °C overnight. Fully 

cured resin-embedded samples were first ground, then ultramicrotomed with a diamond 

blade operating at a cutting speed of ~1 mm/s with a feed thickness decreasing from 1 μm
down to 50–70 nm per slice to produce a flat surface amenable to AFM imaging. However, 

as can be seen by the color scale bar in Figure 9A, the resultant surface in this case is still 

relatively rough, perhaps due to the presence of residual debris on the sample surface and/or 

ultramicrotome blade, leading to blade “chatter” during sectioning, whereas other samples 

exhibited much smoother surface topography.

Figure 9C reproduces the AFM topography image from Figure 9A, but with white crosshairs 

indicating the locations for eight arrays of 50 nanoindents apiece to be performed along 

selected cell walls within the ROI, as the goal of the project in question was to understand 

how the nanomechanical properties of loblolly pine differ across various tissue types and 

tree age. A trigger threshold of 1 μN was typically employed for the ramps (60 nm nominal 

ramp size conducted at a 1 Hz ramp rate), leading to an indentation depth of ~10 nm along 

the cell walls (8 ± 2 nm across all samples studied) or slightly deeper (14 ± 4 nm) in 

the cell interiors, which are somewhat softer than the cell walls. Indents within each line 

were spaced ≥100 nm apart to ensure they were well separated, and 1,024 data points were 

collected per ramp to produce well characterized approach and retract curves. By combining 

rapid force curve-based imaging with point-and-shoot cantilever-based nanoindentation, it 

was possible to generate statistics and determine differences in moduli across cell structures. 

For example, as shown in Table 1, it was found that the average elastic modulus of the cell 

interior was about half that of the cell wall across whitewood samples derived from multiple 

branches of trees of varying ages.

Correlated nanomechanics and electron microspectroscopy on Bakken shales

Bakken shale deposits are found within the Williston Basin in Montana and North Dakota 

in the United States and parts of Saskatchewan in Canada. They are the second largest 

hydrocarbon reservoir in the United States, but study of the deposits is still in its infancy37. 

An investigation of the nanomechanical properties of Bakken shale as a function of 

composition and thermal maturity was conducted by co-localizing AFM cantilever-based 
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nanoindentation with scanning electron microscope (SEM) imaging and energy dispersive 

spectroscopy (EDS) elemental composition characterization, as shown in Figure 10. 

Specifically, SEM-EDS mapping was used to characterize the elemental distribution (Figure 

10C), thereby determining the presence and location of various mineral inclusions within 

the shale matrix. Rapid (kHz rate) force curve-based AFM imaging (Figure 10B) was 

co-localized with the SEM-EDS maps by defining an optically identifiable origin in the 

secondary electron (SE) SEM image (Figure 10A) and tracking the stage movement of both 

the AFM and SEM38. By again utilizing a diamond tip probe mounted on a stiff stainless 

steel cantilever, mapping of variations in the elastic modulus was possible for large regions 

(85 μm × 85 μm) containing inclusions of interest (Figure 10D). Note that the modulus 

map presented in Figure 10D is qualitative rather than quantitative in nature, as the proper 

probe calibration constants were not entered into the software prior to imaging and data 

acquisition.

The AFM images in Figure 10B and Figure 10D also highlight one of the drawbacks of 

the diamond tip probe employed, namely its inability to accurately track high aspect ratio 

features (see the black oval region in Figure 10B) due to its cube corner tip geometry. The 

reduced resolution and inability to accurately track steep features can be more clearly seen 

in Figure 11, where the same general area of a Bakken shale sample has been imaged by 

the cube corner diamond tip (Figure 11A) and a significantly sharper, higher aspect ratio 

stiff tapping mode silicon AFM probe (Figure 11B). More specifically, the image shown in 

Figure 11B was acquired with the probe characterized in Figure 8A–D, between the BTR 

models in Figure 8A R = 11 nm  and Figure 8B R = 43 nm . For direct comparison, image 

pairs Figure 11C,D, along with Figure 11E,F, present zoomed-in images of the same sample 

surface features obtained with the diamond tip and silicon probe, respectively, showing the 

effect of tip geometry and radius on image resolution and fidelity. Figure 11G presents a 

composite 3D image combining the surface topography acquired with the sharp, high aspect 

silicon probe (Figure 8A,B) and the modulus values acquired with the diamond tip probe 

(Figure 8E,F) encoded as the overlaid colored skin.

In addition to the large images shown in Figure 10 and Figure 11, smaller (10 μm × 10 

μm) rapid force curve-based images were acquired using the fully calibrated diamond tip 

probe. These images focused on areas with no optically visible inorganic mineral inclusions 

to investigate the properties of the surrounding organic matrix in more detail. By employing 

a pixel resolution of 512 × 512 (i.e., ~20 nm × 20 nm sampling pixels), >262,000 individual 

F-D curves were captured and saved with each 10 μm × 10 μm image, enabling excellent 

statistics. The F-D data was batch processed and analyzed using the AtomicJ software 

package23 to implement the Derjaguin-Muller-Toporov (DMT)35 contact mechanics model. 

Following fitting, the data were cleaned to remove curves that resulted in a calculated elastic 

modulus <0 (non-physical) or >30 GPa (since the study was focused on the non-mineral 

portion of the shale, E ≪ 30 GPa) similar to other studies39,40, as well as data with a model 

fit R2 < 0.7. While the R2 cutoff is somewhat arbitrary, it was chosen to only remove data 

the model obviously could not accurately fit. With the exception of one outlier that included 

a large mineral inclusion in the imaging area, the curves removed accounted for less than 

0.5% of the total data for each image. A summary of the statistical results can be found in 
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Table 2. The calculated elastic moduli vary from 3.5 to 6.1 GPa, within the range of what 

similar studies have also found39,40.

Mesenchymal stem cell nuclear stiffness changes due to external stimuli

Mesenchymal stem cells (MSCs) are progenitor cells that can become chondrocytes, 

adipocytes, osteoblasts, and myocytes41. MSC differentiation into these various tissue types 

is affected by external mechanical stimuli on the cell via the Linker of the Cytoskeleton 

and Nucleoskeleton (LINC) complex, which physically links the outer cell membrane 

to the nuclear membrane41. The LINC complex is composed of SUN and Nesprin 

proteins that interact with the cell cytoskeleton to detect physical forces on the cell and 

facilitate nuclear import of the mechanosensitive factors β-catenin and YAP to initiate 

the differentiation process42,43,44. Along with the nuclear import of β-catenin and YAP 

after the mechanostimulation of cells, the cytoskeleton also undergoes rearrangement, 

including the formation of F-actin filaments around the nucleus as well as the nuclear 

translocation of actin44,45,46. Because mechanostimulation initiates changes to the cell 

cytoskeleton and nuclear entry of actin, the overall stiffness (modulus) of cells and nuclei 

is affected and can be measured by AFM cantilever-based nanoindentation. Previous studies 

have confirmed this by detecting a decrease in cell and nuclear modulus after disruption 

of the LINC complex, and inversely an increase in cell and nuclear modulus after the 

mechanostimulation of MSCs47. Current research is still investigating the mechanisms for 

actin import to the nucleus and how actin polymerization affects cell and nuclear modulus 

after mechanostimulation.

To investigate the mechanical properties of live cells, the experiments must be conducted 

in a buffer solution, typically PBS. Conducting cantilever-based nanoindentation in fluid 

poses unique problems, specifically for the measurement of very soft samples such as MSCs 

E ≈ 2 kPa . In particular, the low elastic moduli of living cells necessitates the use of a large 

probe radius to reduce the stress imparted on the cell structure and avoid puncture of the 

membrane. Additionally, very low spring constant cantilevers k = 0.04 N/m  are necessary 

to measure such low elastic moduli, but this increases the probability of false engaging 

due to the viscous drag of the fluid, leading to deflection of the soft cantilever during the 

initial fast lowering step of the AFM engage process. To counteract the higher propensity for 

false engages, it may be necessary to utilize a larger engage setpoint (i.e., deflection voltage 

trigger threshold to end the engage process). Since softer cantilevers can generally be 

elastically deformed to a greater extent than stiff cantilevers, the greater bending experienced 

with a higher engage setpoint in fluid is generally not detrimental to such soft probes. In 

addition, it is imperative that the solutions used in a fluid environment are free of debris 

and bubbles, as floating debris or bubbles can transiently interfere with transmission of the 

laser through the fluid to the PSD or adhere to the cantilever and block the laser. Interference 

with the laser beam will negatively impact the resultant F-D curves and often results in false 

crash detection or false engaging. Finally, nanoindentation on live cells also requires more 

user input than on harder, inanimate materials. In particular, because the cells and their fluid 

environment are much more dynamic, it may be necessary to actively adjust the height of the 

probe for each ramp to ensure a good F-D curve is obtained.
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In live cell nanoindentation, much larger sample deformation is often needed to result in the 

same cantilever deflection relative to stiffer samples. This larger deformation can result in 

experimental results deviating from the Hertz model’s assumption of linear elasticity, and 

hence a correction factor may need to be applied to account for the hyperelastic behavior 

for accurate F-D analysis48. It has been found that the geometric size ratio β = R2
R1

, where 

R2 is the radius of the indenter and R1 is the radius of the cell (see Figure 12A), can be 

used to predict the resulting data’s adherence to Hertzian mechanics. The ideal geometric 

size ratio has been found to be β = 0.3, with β values <0.3 leading to underestimating the 

elastic modulus and β values > 0.3 leading to overestimating the elastic modulus when 

analyzed with Hertz contact theory48. One common way to avoid nonlinear effects is to keep 

deformations small. In this study, the indentation depth was limited to 500 nm-1 μm.

A representative data set showing results of a single set of nanoindentation experiments on 

MSCs and isolated nuclei is shown in Figure 12B. In the data presented in Figure 12B, 

precalibrated (spring constant via LDV and tip radius via SEM), 5 μm radius hemispherical 

probes with a nominal spring constant of k = 0.04 N/m were used to investigate differences 

in modulus between intact live MSCs and isolated MSC nuclei, which served as controls 

to test the effects of static and dynamic strains on cell and nuclear mechanical properties46. 

Due to differences between and challenges in engaging on the cells and nuclei, the extracted 

modulus data tends to exhibit a large variation (i.e., distribution of values). Accordingly, 

the dataset in Figure 12B presents a 75th percentile of the data collected. Due to this 

innate variability among live cells and resultant measurement spread, it is recommended 

to conduct replicate nanoindentation experiments on large numbers of samples with at 

least three biological replicates in order to generate robust statistics for data analysis and 

interpretation30.

Mechanical properties of cholesterol-containing lipid bilayers

Supported lipid membranes with very high (>50 mol%) cholesterol (Chol) content, typical 

of the composition found in eye lens membranes, were prepared and incubated on freshly 

cleaved muscovite mica49. A representative AFM topography image of such a supported 

lipid membrane (SLM) prepared at a Chol/POPC (POPC = 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine) mixing ratio of 1 is shown in Figure 13A, with the height profile along 

the purple line in the image shown below the figure. The SLM in Figure 13A completely 

covered the exposed mica surface with sufficient incubation time (~25 min) and a sufficient 

lipid concentration (0.3 mg/mL), as evidenced by the lack of distinguishable features in the 

topography image. Likewise, the height profile across the image provides structural details 

regarding the roughness of the membrane surface, with the SLM smooth as expected.

Figure 13B presents a collection of approach sections of force curves captured on the 

SLM shown in Figure 13A. To achieve better statistics regarding the mechanical properties 

of the SLM, force curves were collected at equidistant points spaced at least 100 nm 

apart, covering almost the entire width of the SLM. The spacing between points (≥10x 

the indentation depth) was chosen to prevent indenting from occurring too close together. 

The force curves show a clear breakthrough event, as evidenced by the discontinuity or 

sudden jump between the ~0 and ~5 nm separation distances in the approach section of 
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the force curves where the force drops precipitously from ~10 nN to ~5 nN. The average 

breakthrough force for the membrane shown in Figure 13A (Chol/POPC mixing ratio of 1) 

based on the approach curves in Figure 13B is calculated to be 9.25 ± 0.27 nN.

In contrast, Figure 13C shows an AFM topography image of the partial membrane or 

membrane patches formed by again incubating membranes at a Chol/POPC mixing ratio of 

1, but at a much lower concentration of lipids (~15 μg/mL) and with a shorter incubation 

time (~5–6 min)49. The height profile along the red line across the membrane patch in the 

center of the image is shown below the figure. The measurement across the partial bilayer 

provides the thickness of the SLM, shown by the black dashed lines in Figure 13C to be ~7 

nm. However, this measured thickness also incorporates a 1–2 nm water layer between the 

membrane and the mica disk50. It should be noted that the partial membrane is often only 

weakly attached to the mica surface, which can cause lipid particles to be removed from the 

edge of the partial membrane patches during scanning, but a slightly longer incubation time 

or lowering the imaging force can eliminate this difficulty.

Calibration of the AFM probe is crucial to accurately quantify SLM mechanical properties. 

In particular, although the tip spring constant remains consistent in air or fluid medium, 

the deflection sensitivity must be calibrated in the same medium where experiments are 

performed. It is critical to calibrate the deflection sensitivity immediately before each set 

of force curve acquisitions to ensure reproducible results, as the laser alignment and/or 

reflectivity of the backside coating can change over time, particularly in fluid. Very sharp 

probes are discouraged for capturing membrane force curves, as they easily puncture 

the SLM and might lead to measuring an erroneously low breakthrough force or no 

breakthrough at all. However, repeated use of the same tip without proper cleaning increases 

the chance of debris accumulating on the tip and thereby dulling the tip or affecting the 

tip-sample adhesive forces. A lack of breakthrough events evident in the approach force 

curves may also correspond to pushing only on mica rather than the actual membrane; thus, 

visual confirmation of membrane formation before capturing force curves is necessary.

Discussion

Sample preparation

For nanoindentation in air, common preparation methods include cryosectioning (e.g., 

tissue samples), grinding and/or polishing followed by ultramicrotoming (e.g., resin-

embedded biological samples), ion milling or focused ion beam preparation (e.g., 

semiconductor, porous, or mixed hardness samples not amenable to polishing), mechanical 

or electrochemical polishing (e.g., metal alloys), or thin film deposition (e.g., atomic layer 

or chemical vapor deposition, molecular beam epitaxy). The goal is to create a sample with 

minimal surface roughness (ideally nm-scale, ≤0.1x the intended indentation depth). With 

many of the preceding methods, the sample may need to subsequently be rinsed with and/or 

sonicated in high purity filtered (e.g., HPLC grade) solvent and dried with ultrahigh purity 

(99.999%) nitrogen (N2) gas to remove particulate debris. Alternatively, flakes (e.g., 2D 

materials) or particles (e.g., nanoparticles or microcapsules) can be spin coated or drop cast 

out of solutions prepared using high purity filtered solvents. In this case, the goal is to 

achieve a surface density that yields multiple non-overlapping flakes or particles within the 
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field of view in any randomly chosen area on the sample. For nanoindentation in fluid (often 

employed for biological samples requiring buffer solution to remain viable), deposition or 

preparation of samples on a smooth (nanometer-scale surface roughness) substrate (e.g., 

microscope slide, Petri dish, or freshly cleaved muscovite mica) is necessary46,47,49.

Probe selection considerations

The selection of an appropriate probe is of the utmost importance for quantitative analysis 

of F-D curves, as the tip-sample interaction is the fundamental property being measured 

in cantilever-based nanoindentation. The following questions are of particular importance 

when choosing a probe for a given experiment. What is the sample’s expected (or measured) 

surface roughness and elastic modulus range? High roughness samples can cause accelerated 

wear compared to smoother samples due to the increased lateral forces present on the 

tip when tracking steep features, as well as increase the likelihood of tip break events53. 

Likewise, the harder the sample is, the faster it will wear the probe tip. In addition, how 

many images and/or nanoindents are necessary? With less imaging and indenting, less tip 

wear can be expected. As described in greater detail below, tip wear can be decreased by 

utilizing diamond-like carbon (DLC) coatings or virtually eliminated by using diamond 

tip probes (with the high cost of acquisition offset over time by the nearly infinite probe 

lifetime).

Another consideration in choosing an appropriate probe is the size of the features of interest. 

For nanoindentation, it is often best to use the largest tip size possible while maintaining 

the spatial resolution needed for the sample(s) in question and desired information content, 

because larger tips are less likely to experience sudden tip geometry changes due to fracture 

and will also exhibit lower wear rates54. It is also important to consider whether there are 

other AFM methods to be co-localized with nanoindentation, such as conductive AFM55, 

Kelvin probe force microscopy (KPFM)56, or magnetic force microscopy (MFM)57. If 

additional metrologies such as these are to be utilized, the probe tip may need to be 

electrically conductive or magnetic, which will impact material composition and hence 

a host of properties, including hardness, wear resistance, and tip radius. Likewise, if 

indentation will be performed in fluid, the composition of the probe’s reflective backside 

coating (if present) is another important consideration, as it must be corrosion-resistant (e.g., 

an Au backside coating is common for fluid probes). Finally, and perhaps most importantly, 

the probe cantilever’s spring constant must be matched to the expected range of elastic 

moduli to be measured. If the spring constant does not match well with the sample modulus, 

one of two cases may occur. If the cantilever is too stiff, little or no deflection will be 

measured and characterization becomes impossible; conversely, if the cantilever is too soft, 

it will not be able to deform the sample enough to measure its mechanical properties.

Tip wear

Wear can be defined in numerous ways; for the discussion of AFM probe tip wear here, 

it will be defined as any change in surface topography of the probe tip due to plastic 

deformation without any loss of material, as well as any removal of material from the 

surface due to physical interactions58. In a broader sense, wear may also involve chemical 

reactions such as oxidation and hydration. In normal AFM applications, the lateral spatial 
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resolution is usually limited by the tip radius59, and the tip-sample interaction is the 

primary measured property. Since the tip radius is a key parameter in modeling the 

contact mechanics of the tip-sample system and subsequently determining the mechanical 

properties, tip wear is of particular concern when performing nanoindentation experiments 

and is a key limitation for the accurate interpretation of nanoindentation results53. Due 

to the normally gradual nature of tip wear (aside from tip breakage events), it is not 

possible to quantify tip wear due to a single nanoindentation cycle (i.e., ramp). In addition, 

the perpendicular movement of the probe tip relative to the sample in nanoindentation 

(discounting rapid force curve-based imaging) lends itself to reducing the rate of wear, as 

the primary mode of tip wear is typically shear forces developing during scanning modes60. 

As such, the primary source of tip wear in nanoindentation experiments is any imaging 

performed after the initial probe calibration (in particular, deflection sensitivity and tip 

radius measurements) but before nanoindentation. It is therefore recommended that if silicon 

or silicon nitride probes are used, the tip radius should be checked both before and after 

each experiment to monitor and account for any tip wear using one of the methods described 

above (e.g., SEM analysis or BTR).

Probe materials

Diamond-like carbon (DLC)—Through the use of DLC-coated probe tips or diamond 

tips, tip wear can be vastly reduced or negated altogether53. The enhanced wear resistance of 

these alternative tip materials is very enticing for the measurement of mechanical properties, 

particularly of very stiff materials. It has been shown that DLC probe tips can show a 1,600-

fold increase in wear resistance compared to normal silicon probe tips54. This dramatic 

increase in wear resistance can be attributed to several factors. First, the bonds present in 

DLC (C-C and C=C) and its interface with silicon (Si-O, Si-C) are some of the strongest 

bonds of any elemental pairs, and much stronger than the Si-Si bonds present in silicon tips. 

DLC also has the effect of decreasing friction, which in turn lowers the shear stresses within 

the tip, thereby reducing wear. Additionally, the DLC surface chemistry is different from 

that of a silicon tip, as silicon tips can experience tribochemical etching in ambient humidity 

conditions, while DLC tips do not (or at least not in any meaningful way compared to the 

primary wear mode)54. The primary downside of DLC-coated tips (beyond increased price 

relative to standard uncoated silicon tips) is the increased tip radius due to the coating itself. 

Most DLC probe tip radii are ≥30 nm, whereas non DLC-coated tips can reliably reach 

1–2 nm in radius61. However, a larger tip radius can often be desirable for nanoindentation 

experiments to reduce error in property measurements, as nanoscale discrepancies between 

the ideal area-depth function and the actual area-depth function, due to probe defects or 

asperities, will disproportionately affect measurements made with smaller radius probes due 

to the larger relative error. In addition, despite its superior wear resistance, the DLC coating 

may eventually wear through in spots, leading to differential wear between the exposed 

silicon core and the remaining DLC coating. Unfortunately, the wear resistance of the DLC 

coating may also be limited by the adhesion of the coating to the silicon tip rather than the 

actual hardness of the coating alone.

Diamond—Diamond is well known as one of the hardest and most wear resistant materials 

on Earth. Nevertheless, it has been demonstrated that significant wear can still occur in 
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diamond tips when using large (60 μN) forces in a deliberate attempt to explore tip wear62. 

Conversely, in normal nanoindentation and imaging scenarios where the forces exerted on 

the tip are much less, there have been no rigorous studies of diamond tip wear. However, 

as seen in Figure 8E,F, BTR modeling of the same diamond probe tip under identical 

conditions on the same tip characterization sample 6 months apart generated virtually 

indistinguishable tip shape models (i.e., no discernible evidence of wear). Between the 

first and second BTR images, the probe was used to perform thousands of nanoindents 

and underwent hundreds of millions of tip-sample interactions while imaging a variety of 

stiff materials E > 15 GPa , including wood (loblolly pine), shale, highly ordered pyrolytic 

graphite (HOPG), and various graphene thin films. Significantly, the estimated tip radius 

changed by ~1 nm between the two images in Figure 8E,F, which is well within the 

BTR method’s error63. While not a full study, this comparison demonstrates the excellent 

durability of a diamond probe under normal experimental nanoindentation (and even 

imaging) conditions. The major drawbacks associated with the use of diamond tips (beyond 

expensive up-front cost) are the increased tip radius and, in some ways of more concern, 

the low aspect ratio of the cube corner geometry of most commercially available diamond 

tips. Figure 11A,B presents side-by-side, comparative AFM images of the same area of a 

Bakken shale sample acquired with a sharp silicon probe with a nominal tip radius of 8 nm 

and average half angle of ~19° versus a diamond tip probe with a nominal tip radius of 40 

nm and average side angle of 47°. When the enlarged areas are compared (Figure 11C,D 

and Figure 11E,F), it is readily evident that the diamond tip probe is unable to resolve and 

accurately track the steeper (higher aspect ratio) features within the image. Instead, where 

steep features are present, the tip sidewall makes contact with the upper edge and the AFM 

system essentially tracks the sidewall of the probe until the tip end makes contact with the 

surface again and normal tracking resumes.

Spring constant/modulus matching—As mentioned above, the probe cantilever’s 

spring constant must be matched to the expected range of elastic moduli to be measured. 

To aid in choosing an appropriate probe, Table 3 presents suggested approximate nominal 

cantilever spring constants suitable for selected wide ranges of expected sample elastic 

moduli ranging from few MPa to 100 GPa in the case of ~30–40 nm radius probe tips often 

employed for nanoindentation52. Lower spring constant probes k < 0.1 N/m  are available 

for even softer materials (kPa range) such as cells.

In addition to the spring constant, in the special case of biological materials, the tip radius 

and forces applied during imaging and nanoindentation must be carefully considered to 

avoid damage. In the application example involving measurement of the mechanical 

properties of cholesterol-containing lipid bilayers, presented in the representative results 

section, a relatively sharp (10 nm) tip was specifically used for the analysis of the 

breakthrough force in lipid bilayers. In contrast, if the material ROI is large enough (e.g., as 

is the case for cells and cell nuclei) and there is concern regarding the potential for puncture, 

larger micron-scale hemispherical tips, like those used in the stiffness measurements on 

MSC nuclei described in one of the application examples in the representative results section 

are ideal and provide excellent results for soft, fragile samples such as live cells and isolated 

nuclei. Kain et al. present an in-depth discussion of how to choose the optimal combination 
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of probe radius and spring constant to achieve the highest possible measurement sensitivity 

for such samples64.

Probe calibration

Deflection sensitivity—The deflection sensitivity relates movement of the Z-piezo (and 

thus deflection of the cantilever when indenting on an infinitely stiff substrate, assuming 

operation in the limit of small deflections) to a measured change in voltage on the PSD65. 

The deflection sensitivity (also sometimes referred to as the inverse optical lever sensitivity 

[InvOLS]) may be reported in nm/V or V/nm. An overview of the most common deflection 

sensitivity calibration methods is provided below.

Hard surface contact—The easiest and most popular method for determining the 

deflection sensitivity of the beam bounce laser/AFM probe/PSD system is the aptly named 

the “hard surface contact” method65. Its simplicity, ease of integration into AFM control 

software workflows, and in situ nature all add to the hard surface contact method’s appeal 

and widespread use. To implement this method, the AFM probe tip is ramped against a 

material much stiffer than the cantilever. The slope of the in-contact portion of the force-

displacement curve (displayed as Volts of vertical deflection error signal on the PSD as a 

function of Z-piezo movement in nm or applied voltage) then gives the deflection sensitivity 

(Figure 3A). The use of a stiff substrate ensures that all of the measured deflection 

arises from the cantilever bending rather than a convolution of sample deformation and 

the cantilever’s displacement. In the case of soft cantilevers (e.g., k < 10 N/m), silicon 

E ≈ 170 GPa 27 or mica17 are easily accessible and readily used materials (or alternatively 

glass, E ≈ 70 GPa, or suitably hard plastic in the case of cells immobilized on a microscope 

slide or Petri dish), while for stiffer cantilevers, such as those used for some nanoindentation 

experiments (e.g., k > 200 N/m; Table 3), sapphire E ≈ 345 GPa 26,66 may need to be used 

to ensure no sample deformation occurs. Because this method is dependent on the force-

displacement measurement, the AFM scanner’s Z-piezo must either employ a closed loop 

height sensor or be well calibrated (if operating in open loop mode) using a variety of height 

standards. The largest contributor to error in the hard surface contact method is movement 

of the laser spot on the cantilever due to thermal fluctuations. Changes in the temperature 

of the cantilever are most commonly caused by the detection laser, although Joule heating 

in the surrounding electronics may also contribute. Overall temperature differences of 6 °C 

between the cantilever and ambient air have been reported, which can lead to laser spot 

shifts of several microns67. To account for any heating, it is advisable to wait ≥30 min 

after the initial laser spot alignment to allow the cantilever to come into thermal equilibrium 

with its surroundings for the best and most accurate results. Averaging the slopes of the 

approach and withdraw curves for each sensitivity measurement will account for any tip 

friction or sliding effects and should be enacted if possible68. Additionally, averaging across 

multiple sensitivity measurements will help gauge the reliability and reproducibility of the 

measurement. Good sensitivity measurements should result in deviations of ≤1% and be 

performed at approximately the same deflection as the expected experimental nanoindents 

to maximize the effectiveness of the calibration69. The major drawback of the hard surface 

contact method is that the physical contact necessary for the calibration can potentially cause 

damage to fragile silicon tips (e.g., dulling or creation of tip artifacts such as a double tip).

Enrriques et al. Page 21

J Vis Exp. Author manuscript; available in PMC 2023 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thermal noise method—The thermal noise method of determining the deflection 

sensitivity requires prior calibration of the cantilever spring constant and the ability to 

measure the thermal noise spectrum of the cantilever67. The thermal noise method is 

often integrated into modern AFM control software and can be used in tandem with the 

Sader method (see below) for quick analysis and calculation of both the spring constant 

and deflection sensitivity. However, it may be difficult or impossible to use the thermal 

noise method on stiffer k > 10 N/m  cantilevers due to decreased vibration amplitude. 

Additionally, the reported relative uncertainty of the thermal noise method is significantly 

larger, ~20% compared to the hard surface contact method described above70. This 

technique cannot be used if the thermal tune method for determining the spring constant 

described below is being employed67.

Spring constant—The gold standard for measuring cantilever spring constants is laser 

Doppler vibrometry (LDV), and there are now many commercially available probes 

that come with LDV-derived spring constant calibration information provided by the 

manufacturer for each individual probe (see Table of Materials). However, while accurate 

measurement of the cantilever spring constant is an absolute necessity for quantitative 

nanomechanical measurements, the practical methods for doing so in the typical laboratory 

for non-calibrated probes are widely varied and can be somewhat complex. As such, only 

a brief overview of the two most common on-site spring constant calibration methods is 

provided here, with a listing of additional methods and appropriate literature citations to 

consult for more information.

Thermal tune method—Likely the most common method available in today’s 

commercial AFMs, the thermal tune method for determining cantilever spring constants 

is built into the control software for many systems. While not ideal for stiffer cantilevers 

k > 10 N/m  due to reduced cantilever deflection detection and limited electronics 

bandwidth, the thermal tune method is relatively easy to implement and is valid for a wide 

range of tip geometries71. The thermal tune method utilizes measurement and fitting of the 

cantilever’s thermal noise spectrum, followed by application of the equipartition theorem 

to calculate the cantilever’s potential energy, with the cantilever generally modeled as a 

simple harmonic oscillator72. The thermal tune method has an error of ~5%–10% for soft 

probes and is applicable for any cantilever shape73,74. For more detailed information, see the 

references cited in this section.

Sader method—The Sader method is another method often integrated into the control 

software of many modern AFMs75,76,77. The Sader method uses the hydrodynamic load 

experienced by a cantilever as it vibrates in a fluid medium (usually air or water) along 

with the cantilever’s plan view dimensions and quality factor to calculate the cantilever 

spring constant. The Sader method leads to an error of ~10%–15% for the cantilever 

spring constant74. Corresponding papers on the “original method”76,78, “general method”79, 

an extension of the general method77, and instrument specific documentation can provide 

further details.
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Other methods—There are several other methods that have been developed and 

implemented to determine the spring constant of AFM cantilevers that are beyond 

the scope of this paper. Though none of these methods are as easy to implement or 

as widespread as the Sader or thermal tune calibration methods, they each possess 

unique advantages and disadvantages; the cited literature provides details regarding their 

application and implementation. In particular, Sikora provides an excellent review of 

many spring constant calibration methods and is an excellent resource on the topic72. A 

non-exhaustive list of other methods to determine spring constants includes laser Doppler 

vibrometry (LDV)73,74,80, micro-electrical-mechanical systems (MEMS) based devices81, 

reference cantilever82,83, added mass (both dynamic75 and static84), precision balance85,86, 

electromagnetic actuation87, and finite element analysis (FEA)88,89.

Tip radius—Common methods for determining the tip radius include both secondary 

electron SEM imaging and the blind tip reconstruction method (BTR).

SEM analysis—Secondary electron SEM imaging can provide resolution down to 1 nm, 

enabling progressive images of wear to be directly and easily compared. A downside to 

SEM imaging is that because only highly experimental combined AFM-SEM tools exist90, 

the AFM probe must typically be unmounted and transported to the SEM for analysis, which 

can be both time-consuming and potentially subject the probe to contamination. Another 

downside to SEM is that the resulting image is inherently a 2D projection of the tip, with 

no quantitative 3D information available. Care must be taken to align the probe in the exact 

same orientation each time for comparative results to be meaningful, as even small changes 

in the incident angle of the electron beam can alter the apparent size and shape of the probe 

tip. Finally, SEM imaging can be plagued by charging effects and carbon contamination, 

which may blur the image or cause physical changes to the probe tip, respectively.

Blind tip reconstruction—In contrast to SEM, the BTR method is an in situ technique 

in which the 3D tip geometry is modeled based on imaging of a sample with numerous 

sharp (high aspect ratio) features much smaller than the radius of the probe. This method 

works because in AFM, the observed image is always a convolution of the probe tip shape 

and the sample feature shape, so by modeling extremely sharp features as infinitely sharp, 

the tip shape can be estimated. Unfortunately, in addition to the assumption of infinitely 

sharp spikes (i.e., surface features much smaller than the tip radius), the BTR technique can 

be influenced by imaging noise and scanning parameters, so comparative images should be 

obtained using very similar imaging parameters. Additionally, because multiple “images” of 

the tip are used to reconstruct its geometry, a direct one-to-one inverse calculation of the tip 

shape is impossible. Because of its nature, the BTR method is only practically able to inform 

the user of the upper bound of the tip shape63, and the act of imaging the probe to implement 

the BTR method may lead to tip wear (e.g., dulling or chipping of the probe tip).

Relative calibration—Sometimes, a particular probe property cannot be readily and 

accurately measured. For example, the spring constant of stiffer cantilevers is difficult or 

impossible to measure with the thermal tune method because of bandwidth and deflection 

limitations91. As discussed above, other methods for determining the spring constant do 
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exist, but because the thermal tune method is integrated into many modern AFMs, it is 

often implemented for simple daily use. Likewise, the deflection sensitivity must always 

be calibrated prior to experimentation for the conversion of laser movement on the PSD to 

the physical deflection of the probe cantilever. Practically speaking, however, measurement 

of the tip radius is the most time-consuming calibration step, and the one most likely to 

damage the probe tip. If it is not possible to directly measure the tip radius via SEM or BTR, 

then a relative calibration procedure may be utilized as an alternative for determining the 

effective tip radius, provided a standard reference sample with minimal surface roughness 

(ideally atomically flat) and a well-known modulus close to the expected experimental 

modulus is available. Examples of such ideal reference standards for relative calibration 

include muscovite mica17,92,93,94,95 and HOPG96, but also serve to highlight the difficulty 

in identifying suitable reference standards for softer samples with moduli in the kPa to MPa 

range. To perform a relative calibration, first the deflection sensitivity should be calibrated 

as described in the main protocol. Second, the nominal spring constant for the probe should 

be inputed (usually supplied with the probe) or measured via one of the methods described 

above. The third step is indentation on the modulus reference standard sample surface using 

appropriate parameters. Finally, the collected F-D curve data should be analyzed and the 

tip radius parameter adjusted until the experimentally measured reduced modulus matches 

the expected reduced modulus. Note should be taken of the average deformation depth 

achieved on the reference sample, as this depth must be maintained when indenting on the 

experimental sample of interest for the calibration to be relevant. Now, indentation on the 

sample of interest can occur, adjusting the ramp parameters to match the deformation depth 

achieved on the modulus standard reference material.

One advantage of the relative calibration method is that it avoids potential accumulated 

errors caused by inaccurate calibration of the deflection sensitivity, spring constant, and tip 

radius52. Additionally, it is perhaps slightly quicker and less likely to damage the probe 

than the BTR method. The biggest drawbacks to the relative calibration method are: 1) the 

need for a high quality reference sample with nm- to Angstrom-scale surface roughness 

and well-known mechanical properties similar to those of the sample of interest that can be 

analyzed with the same probe as the experimental sample, and 2) the requirement to achieve 

the same or very similar deformation depth on both the reference and experimental samples 

for the calibration to be valid. Accordingly, it is preferable to directly measure the tip radius 

if at all possible.

Data analysis—The analysis method used to determine the mechanical properties 

of the sample from the measured F-D curves is just as important as the quality of 

the nanoindentation data itself. There are several common contact mechanic theories 

that model force-displacement relationships based on varying underlying assumptions 

(and hence, applicable in different scenarios). These contact mechanics models include 

Hertz97, Sneddon28, JKR (Johnson, Kendall, and Roberts)98, DMT (Derjaguin, Muller, 

and Toporov)35,99, MD (Maugis-Dugdale)100, and MYD (Muller, Yushchenko, and 

Derjaguin)101,102. An in-depth analysis and comparison of various contact mechanics 

models and their application for analysis has been presented elsewhere29,30,103,104. 

While it is beyond the scope of this paper, Table 4 provides a brief overview 
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of some of the most common contact mechanics models. Of particular note, more 

complex models such as JKR, DMT, and others incorporate the effects of tip-sample 

adhesion30,35,98,99,100,101,102,103,104, which can be significant and is often easily 

identifiable by the appearance of negative deflection in the force curve (see Figure 3). In 

practice, the chosen analysis model is used to fit the collected F-D data and determine the 

mechanical properties, such as the elastic modulus. To properly fit the data, a flat baseline 

is necessary to determine the initial contact point or an effective contact point that fits the 

portion of the experimental data with the largest correlation to the model.

The practical application of the models mentioned above for analyzing F-D curves requires 

the use of computer software to enable the large-scale batch processing of thousands 

or millions of curves in a short amount of time and perform statistical analysis on the 

results. In-house written code is often used in the analysis of F-D data, and various AFM 

manufacturers also provide software packages. However, due to its open-source nature, 

ease of use, and detailed supplementary information, the authors recommend the use of 

AtomicJ23. The program allows for simple and accurate analysis of F-D data using any of 

the theories described above as well as several others. Because the code is open source, it is 

easy to manipulate and customize for specific use-cases without the need to build complex 

code from scratch. Refer to Hermanowicz et al.23 for-in depth information on the AtomicJ 

software package.

In conclusion, through careful calibration of the probe, the contact area and force applied 

by an AFM probe tip to a sample surface can be quantified to enable determination 

of nanoscale mechanical properties, in particular the elastic modulus. A generalized 

protocol highlighting best practices to successfully implement AFM cantilever-based 

nanoindentation in air or fluid on both soft and hard samples, with elastic moduli ranging 

from kPa to GPa, has been presented with representative examples provided. Important 

considerations such as probe selection (including sample surface roughness, feature sizes, 

probe aspect ratio, and tip wear), probe calibration, and data analysis (including contact 

mechanics models and measurement statistics) have been discussed. Finally, co-localization 

of AFM-derived nanomechanical maps with other characterization techniques providing 

compositional information such as SEM/EDS has been demonstrated, as well as an example 

of measurement of a nanomechanical property other than elastic modulus (i.e., lipid bilayer 

rupture force) via AFM cantilever-based nanoindentation to provide examples of additional 

synergistic applications of the technique. Taken together, the examples and discussion 

provided here should provide an entry point for researchers seeking to employ AFM 

cantilever-based nanoindentation to measure the mechanical properties of virtually any 

sample type.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Comparison of instrumented and AFM cantilever-based nanoindentation systems.
Schematic diagrams depicting typical systems for conducting (A) instrumented 

nanoindentation and (B) AFM cantilever-based nanoindentation. This figure was modified 

from Qian et al.51. Abbreviation: AFM = atomic force microscopy.
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Figure 2: Position-sensitive detector monitor.
(A) PSD display indicating a properly aligned laser reflecting off the back of the probe 

cantilever and onto the center of the PSD (as evidenced by the large sum voltage and lack 

of vertical or horizontal deflection) prior to engaging on the sample surface (i.e., probe out 

of contact with the sample). (B) The vertical deflection voltage increases when the cantilever 

is deflected (e.g., when the probe makes contact with the sample). Abbreviations: PSD = 

position-sensitive detector; VERT = vertical; HORIZ = horizontal; AMPL = amplitude; n/a 

= not applicable.
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Figure 3: Probe calibration.
(A) Deflection sensitivity determination. Result of a representative deflection sensitivity 

measurement carried out on a sapphire substrate E = 345 GPa  for a standard tapping mode 

probe (nominal = 42 N/m; see Table of Materials) with a reflective backside aluminum 

coating. Shown are the measured approach (blue trace) and retract or withdraw (red trace) 

curves. The measured deflection sensitivity of 59.16 nm/V was determined by fitting the 

approach curve between the snap-to-contact and turn-around points, as indicated by the 

region between the vertical dotted red lines. The region of negative-going deflection evident 

in the retract/withdraw curve prior to pulling off the surface is indicative of tip-sample 

adhesion. (B,C) Thermal tuning. Representative cantilever thermal noise spectra (blue 

traces) with corresponding fits (red traces) for two different probes. (B) Thermal tune 

setup and fit parameters for a standard force curve-based AFM imaging probe (see Table 

of Materials) with its nominal spring constant k = 0.4 N/m used as an initial guess. The 

fit of the cantilever thermal noise spectrum yields a fundamental resonance frequency of 

f0 = 79.8 kHz, which is in reasonably good agreement with the nominal value of f0 = 70 kHz. 

The measured Q factor is 58.1. Goodness of fit R2 = 0.99  is based on agreement of the fit 

with the data between the two vertical dashed red lines. Note that it is important to know 

and enter both the ambient temperature and deflection sensitivity for accurate results. (C) 

Cantilever thermal noise spectrum and corresponding fit (i.e., thermal tune) with resultant 

calculated spring constant k = 0.105 N/m for an extremely soft cantilever used for performing 

nanomechanical measurements on live cells and isolated nuclei. Note the significantly lower 

natural resonance frequency of ~2–3 kHz. (D-F) Blind tip reconstruction. Representative 

blind tip reconstruction workflow for a diamond tip probe (nominal R = 40 nm; see Table 
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of Materials). (D) A 5 μm × 5 μm image of a tip characterization sample consisting of a 

series of extremely sharp (sub-nm) titanium spikes that serve to image the AFM probe tip. 

(E) Resultant reconstructed model (inverted height image) of the probe tip. (F) Blind tip 

reconstruction fitting results, including an estimated end radius of R = 29 nm and effective 

tip diameter of 40 nm at a user selected height of 8 nm (i.e., indentation depth ≪ R) from the 

tip apex, calculated by converting the tip-sample contact area at that height into an effective 

diameter assuming a circular profile (i.e., A = πr2 = π(d/2)2) for use with spherical contact 

mechanics models. Abbreviations: AFM = atomic force microscopy; ETD = effective tip 

diameter.
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Figure 4: Software interface inputs.
(A) Probe calibration constants. Software user interface (see Table of Materials) to enter 

measured deflection sensitivity, spring constant, and tip radius to enable quantitative 

nanomechanical measurements. The Poisson’s ratio of both the probe and sample are 

necessary for calculating the elastic or Young’s modulus of the sample from the cantilever-

based nanoindentation force curves. (B) Ramp control window. Software user interface (see 

Table of Materials) for setting up cantilever-based nanoindentation experiments, organized 

into the parameters describing the ramp itself (i.e., indentation profile), instrument triggering 

(e.g., force vs. displacement control), subsequent force analysis, and movement limits (to 

improve measurement sensitivity by narrowing the range over which the A/D converter has 

to operate in controlling the Z-piezo and reading the PSD deflection). (C) The tip half angle 

(based on the probe geometry or direct measurement) is important if a conical, pyramidal, or 

conispherical contact mechanics model (e.g., Sneddon) is employed.
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Figure 5: Optimizing tip-sample separation after engaging to obtain good force curves.
Sequential examples of representative force-displacement curves obtained while indenting 

in fluid (phosphate-buffered saline) on a live mesenchymal stem cell nucleus with a 

calibrated soft silicon nitride cantilever (nominal k = 0.04 N/m) terminating in a 5 μm radius 

hemispherical tip (see Table of Materials). Curves were obtained in the process of engaging 

the cell surface and optimizing the indentation parameters, with probe approach shown in 

blue and retract/withdraw in red. (A) The tip is already engaged and in contact with the 

sample prior to beginning the ramp, leading to large cantilever deflection and forces, with 

no flat precontact baseline. (B) After manually moving the tip sufficiently far away from the 

sample, an untriggered 2 μm ramp results in an F-D curve that is nearly flat (i.e., virtually 

no change in force). In ambient conditions, the curve would be flatter, but in fluid, the 

viscosity of the medium can cause slight deflections of the probe cantilever during a ramp 

as seen here, even with no surface contact. (C) After approaching slightly closer to the 

surface prior to beginning the ramp, the approach and retract curves show a slight increase in 

force (increased slope) near the turnaround point of the ramp (i.e., transition from approach 

to withdraw). The telltale sign to look for is that the approach (blue) and withdraw (red) 

curves begin to overlap (region indicated by the black circle), which is indicative of a 

physical interaction with the surface. (D) An ideal F-D curve acquired after optimization 

of the ramp parameters and approaching slightly (~1 μm) closer to the cell surface than in 

C so that the probe spends approximately half the ramp in contact with the cell, enabling 

sufficient deformation to fit the contact portion of the approach curve and determine the 

elastic modulus. The relatively long, flat, low-noise baseline makes it easier for the fitting 

algorithm to determining the contact point. Abbreviation: F-D = force-displacement.
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Figure 6: Ramp size and position.
Z-piezo monitor showing the extent of the ramp (blue bar) relative to the total available 

Z-piezo movement range (green bar). (A) The Z-piezo position is near the middle of its 

range of movement, as indicated both by the blue bar being located roughly in the middle 

of the green bar and the current Z-piezo voltage (−78.0 V) being roughly between its fully 

retracted (−212.2 V) and extended (+102.2 V) values. (B) Z-piezo is extended relative to A, 

with no bias voltage applied. (C) Z-piezo is retracted relative to A and B. (D) The Z-piezo 

position is the same as in C at −156.0 V, but the ramp size has been increased relative to 

A-C to take advantage of more of the Z-piezo’s full range of motion. € The ramp size is 

too large for the current ramp position, resulting in the Z-piezo being extended to the end of 

its range. This will cause the F-D curve to flatline as the system cannot extend the Z-piezo 

further. Abbreviation: F-D = force-displacement.
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Figure 7: Representative force-displacement (F-D) curves in air and fluid.
Representative force curves obtained on (A) a loblolly pine in air with accompanying DMT 

model fit, and (B) a live MSC nucleus in PBS with an accompanying Hertz model fit. Insets 

in panels A and B show a zoom of the contact region of the corresponding approach curves 

(blue traces) with accompanying fit (green traces). In each panel, the initial tip-sample 

contact point (as determined by the fitting algorithm) is indicated by a green diamond, while 

the turn-around point (i.e., transition from approach to retract or withdraw) is indicated by a 

cyan circle.
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Figure 8: Comparison of silicon versus diamond probe tip wear.
(A-D) Silicon probe tip. Series of models created by the blind tip reconstruction method 

following imaging of a tip characterization sample, demonstrating the evolution in radius 

of a stiff cantilever silicon tip probe (see Table of Materials) due to progressive tip wear 

experienced over the course of three sequential 85 μm × 85 μm (1024 × 1024 pixels) force 

curve-based images of a Bakken shale sample, conducted at a line scan rate of 0.1 Hz and 

force curve sampling rate of 2 kHz (i.e., ~20 million tip-sample interactions/image). (A) Tip 

as received (out of the box), prior to use. R = 11 nm. (B) Tip after one image R = 43 nm . 

(C) Tip after two images R = 94 nm . (D) Tip after three images R = 129 nm . (E,F) 

Diamond probe tip. BTR models of the same diamond tip probe (see Table of Materials) 

obtained ~6 months apart. Between acquisition of the tip images used to generate the models 

shown in E and F, thousands of nanoindents were performed with the probe and hundreds of 

millions of tip-sample interactions during force curve-based imaging occurred. Nevertheless, 

due to the hardness of diamond, the estimated tip end radius of ~30 nm did not change 

within the uncertainty limits of the BTR technique between acquisition of the initial (E) and 
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follow-up (F) images of the tip. The asperity observed in the earlier model (indicated by 

the black circle in panel E is most likely either an artifact of the BTR method or due to the 

presence of a nanoscale contaminant (e.g., dust particle) on the side of the tip.

Enrriques et al. Page 40

J Vis Exp. Author manuscript; available in PMC 2023 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9: AFM topography and modulus maps of a loblolly pine sample.
Representative AFM data acquired in air on a cross-sectioned loblolly pine sample 

embedded in resin to enable cantilever-based nanoindentation measurements on cell walls. 

(A) AFM topography image covering multiple cells acquired via a rapid force curve-based 

imaging mode, presented as a pseudo-3D depiction. (B) Elastic or Young’s modulus map 

generated in real time by the AFM software by analyzing the force curve acquired at each 

pixel and fitting the data to the DMT model, showing that the cell walls are stiffer than 

the cell interiors. Note that the nominal, rather than measured, probe calibration parameters 

were used, so the modulus values should be treated as qualitative or only semiquantitative. 

(C) Overview of the ROI indicating the locations (eight lines consisting of 50 white 

crosshairs apiece spaced ≥100 nm apart) where 400 nanoindents (60 nm nominal ramp 

size, with a 1 μN trigger threshold corresponding to an average indentation depth of ~10 nm) 

were performed along selected cell walls following acquisition of the AFM image to enable 

the locating of indents with nanoscale precision. Scale bars = 20 μm (A,B). Abbreviations: 

AFM = atomic force microscopy; DMT = Derjaguin-Muller-Toporov.
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Figure 10: Co-localized AFM and SEM/EDS of a Bakken shale sample.
(A) Secondary electron SEM image of a portion of a Bakken shale sample. (B) AFM 

topography image of the region indicated by the black box in A. Black oval indicates a 

region where the low aspect ratio of the probe leads to imaging of the probe sidewall rather 

than the steep, high aspect ratio surface topography feature. (C) EDS elemental composition 

map obtained for the SEM image shown in A. (D) AFM-derived elastic or Young’s modulus 

map generated in the course of obtaining the AFM topography image in B, showing the 

mineral inclusion in the center of images A-D is significantly harder than the surrounding 

organic matrix. Scale bars = 50 μm. Abbreviations: AFM = atomic force microscopy; SEM 

= scanning electron microscopy; EDS = energy dispersive spectroscopy.

Enrriques et al. Page 42

J Vis Exp. Author manuscript; available in PMC 2023 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11: Effect of probe tip radius and shape on the appearance of high aspect ratio features.
Comparison of feature resolution obtained using either (A) an R ≈ 30 nm low aspect ratio 

(tip half angle = 47°) diamond tip probe (see Table of Materials) or (B) an R ≈ 10 nm high 

aspect ratio (tip half angle ≈ 19°) stiff silicon probe (nominal k = 200 N/m; see Table of 

Materials) to image the same location on a Bakken shale sample. (C-F) Zoomed-in images 

of the blue (C,D) and orange (E,F) boxed regions in A and B obtained with either the larger 

radius of curvature low aspect ratio diamond tip probe (C,E) or the sharper, higher aspect 

ratio stiff silicon tapping mode probe (D,F), highlighting the decreased feature resolution 

and introduction of tip sidewall artifacts in the AFM topography image obtained with the 

diamond tip probe due to its larger tip radius and half angle. The areas highlighted in C-F 
contain steep, deep well-like features that demonstrate the trade-offs in terms of lateral 

resolution, accurate tracking, and image fidelity between a more easily dulled, initially 

sharp silicon probe or a blunter, wear-resistant diamond tip probe. (G) Composite 3D image 

generated by combining AFM topography acquired with the sharp, higher aspect ratio stiff 

silicon probe with modulus data (overlaid colored skin) derived from rapid force curve 
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imaging of the same area of the sample with the diamond tip probe. The features highlighted 

by the blue and white boxes in A and B are indicated in G as well.
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Figure 12: Cantilever-based nanoindentation on cells or nuclei.
(A) A cell with radius R1 located on a flat, rigid substrate is indented to a depth d
by a spherical indenter with radius R2. This figure was reproduced from Ding et al.48. 

(B) Individual value plots of representative modulus measurements obtained from AFM 

cantilever-based nanoindentation experiments on mouse MSCs and isolated nuclei extracted 

from mouse MSCs. A total of 10 cells and 10 nuclei were measured five times each at an 

indentation depth of 500–600 nm (chosen to permit usage of the Hertz contact mechanics 

model). The resultant raw F-D curve data was processed using Atomic J23 to calculate the 

elastic moduli. Due to the large innate variability of the cells, a 75th percentile of the data 

is plotted. Cell and isolated nuclei exhibited no statistical difference in elastic modulus, with 

a measured average moduli of 0.75 ± 0.22 kPa and 0.73 ± 0.22 kPa, respectively. Similar 

data have been collected and analyzed to determine differences in nuclear stiffness due to 

mechanical stimulation, protein knockouts, and chemical treatments. Abbreviations: MSC = 

mesenchymal stem cell; AFM = atomic force microscopy; F-D = force-displacement.
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Figure 13: Morphology and nanomechanical properties of lipid bilayers.
(A) AFM topography image showing the minimal height variation of a complete supported 

lipid membrane (SLM) composed of Chol/POPC at a mixing ratio of 1 that formed across 

the entire exposed mica surface with a long incubation time (~25 min) and high lipid 

concentration (0.3 mg/mL). The height profile along the purple line across the middle of the 

image is shown below the figure, providing structural details of the membrane surface. As 

expected, the SLM is extremely smooth. (B) Collection of approach sections of force curves 

captured on the SLM shown in A. Force curves were collected at equidistant points ≥100 nm 

apart covering almost the entire SLM. The force curves show a clear breakthrough event, as 

evidenced by the discontinuity or sudden jump in the approach section of the force curves. 

The average breakthrough force is 9.25 ± 0.27 nN. (C) Partial membrane or membrane 

patches formed by incubating membranes at a Chol/POPC mixing ratio of 1 with a shorter 

incubation time (~5–6 min) and lower lipid concentration (~15 μg/mL) relative to A49. The 

height profile along the red line on the patch is shown below the image. The partial bilayer 

enables measurement of the thickness of the SLM, shown by the black dashed lines in the 

height profile. Note that the measured thickness also incorporates a 1–2 nm water layer 

between the membrane and the mica disk50. This figure was adapted from Khadka et al.49 

with permission from Elsevier.
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Materials

Name Company Catalog Number Comments

Atomic force 
microscope

Bruker Dimension Icon Uses Nanoscope control software, including PeakForce Quantitative 
Nanomechanical Mapping (PF-QNM), FastForce Volume (FFV), and 
Point-and-Shoot Ramping experimental workspaces

AtomicJ American 
Institute of 
Physics

https://doi.org/
10.1063/1.4881683

Flexible, powerful, free open source Java-based force curve analysis 
software package. Supports numerous contact mechanic models, such as 
Hertz, Sneddon DMT, JKR, Maugis, and cone or pyramid (including 
blunt and truncated). lso includes a variety of initial contact point 
estimation methods to choose from. Supports batch processing of data 
and subsequent statistical analysis (e.g., averages, standard deviations, 
histograms, goodness of fit, etc.). Literature citation is: P. Hermanowicz, 
M. Sarna, K. Burda, and H. Gabryś, “AtomicJ: An open source software 
for analysis of force curves” Rev. Sci. Instrum.85: 063703 (2014), https://
doi.org/10.1063/1.4881683

Buffer solution 
(PBS)

Fisher 
Chemical 
(NaCl), Sigma 
Aldrich (KCl), 
Fisher 
BioReagents 
(Na2HPO4 and 
KH2PO4)

S271 (>99% purity 
NaCl), P9541 
(>99% purity KCl), 
BP332(>99% purity 
Na2HPO4), BP362 
(>99% purity 
KH2PO4)

Phosphate buffered saline (PBS) was prepared in the laboratory as an 
aqueous solution consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, and 1.8 mM KH2PO4 dissolved in ultrapure water. Reagents 
were measured out using an analytical balance, and glassware was 
cleaned with soap and water followed by autoclaving immediately prior 
to use.

Chloroform

Diamond tip AFM 
probe

Bruker PDNISP Pre-mounted factory-calibrated cube corner diamond 
(
E = 1140 GPa
) tip AFM probe (nominal 
R = 40 nm
) with a stainless steel cantilever (nominal 
k = 225 N/m
, 
f0 = 50 kHz
). Spring constant is measured at the factory 
(
k = 256 N/m
for the probe, Serial #13435414, used here) and calibration data 
(including AFM images of indents showing probe geometry) is provided 
with the probe.

Diamond 
ultramicrotome 
blade

Diatome Ultra 35° 2.1 mm width. Also used a standard glass blade for intial rough cut of 
sample surface before transitioning to diamond blade for final surface 
preparation

Epoxy Gorilla Glue 26853-31-6 Epoxy resin and hardner were mixed in a 1:1 ratio, a small drop was 
placed on a stainless steel sample puck (Ted Pella), and V1 grade 
muscovite mica (Ted Pella) was attached to create an atomically flat 
surface for preparation of phospholipid membranes.

Ethanol

LR white resin, 
medium grade 
(catalyzed)

Electron 
Microscopy 
Sciences

14381 500 mL bottle, Lot #150629

Mesenchymal stem 
cells (MSCs)

N/A N/A MSCs for nanomechanical studies were primary cells harvested from 
8–10 week old male C57BL/6 mice as described in Goelzer, M. et al. 
“Lamin A/C Is Dispensable to Mechanical Repression of Adipogenesis” 
Int J Mol Sci22: 6580 (2021) doi:10.3390/ ijms22126580 and Peister, A. 
et al. “Adult stem cells from bone marrow (MSCs) isolated from different 
strains of inbred mice vary in surface epitopes, rates of proliferation, 
and differentiation potential” Blood103: 1662–1668 (2004), doi:10.1182/ 
blood-2003-09-3070.

Modulus standards Bruker PFQNM-
SMPKIT-12M

Used HOPG 
(
E = 18 GPa
) and PS 
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Name Company Catalog Number Comments

(
E = 2.7 GPa
). Also contains 2x PDMS (Tack 0, 
E = 2.5 MPa
; Tack 4, 
E = 3.5 MPa
), PS-LDPE 
(
E = 2.0/0.2 GPa
), fused silica 
(
E = 72.9 GPa
), sapphire (E - 345 GPa), and tip characterization (titanium roughness) 
sample. All samples come pre-mounted on a 12 mm diameter steel disc 
(sample puck).

Muscovite mica Ted Pella 50–12 12 mm diameter, V1 grade muscovite mica

Nanscope Analysis Bruker Version 2.0 Free AFM image processing and analysis software package, but designed 
for, and proprietary/limited to Bruker AFMs; similar functionality is 
available from free, platform-independent AFM image processing

KH2PO4 dissolved in ultrapure water. Reagents were measured out using 
an analytical balance, and glassware was cleaned with soap and water 
followed by autoclaving immediately prior to use.

Chloroform

Diamond tip AFM 
probe

Bruker PDNISP Pre-mounted factory-calibrated cube corner diamond 
(
E = 1140 GPa
) tip AFM probe (nominal 
R = 40 nm
) with a stainless steel cantilever (nominal 
k = 225 N/m
, 
f0 = 50 kHz
). Spring constant is measured at the factory 
(
k = 256 N/m
for the probe, Serial #13435414, used here) and calibration data 
(including AFM images of indents showing probe geometry) is provided 
with the probe.

Diamond 
ultramicrotome 
blade

Diatome Ultra 35° 2.1 mm width. Also used a standard glass blade for intial rough cut of 
sample surface before transitioning to diamond blade for final surface 
preparation

Epoxy Gorilla Glue 26853-31-6 Epoxy resin and hardner were mixed in a 1:1 ratio, a small drop was 
placed on a stainless steel sample puck (Ted Pella), and V1 grade 
muscovite mica (Ted Pella) was attached to create an atomically flat 
surface for preparation of phospholipid membranes.

Ethanol

LR white resin, 
medium grade 
(catalyzed)

Electron 
Microscopy 
Sciences

14381 500 mL bottle, Lot #150629

Mesenchymal stem 
cells (MSCs)

N/A N/A MSCs for nanomechanical studies were primary cells harvested from 
8–10 week old male C57BL/6 mice as described in Goelzer, M. et al. 
“Lamin A/C Is Dispensable to Mechanical Repression of Adipogenesis” 
Int J Mol Sci22: 6580 (2021) doi:10.3390/ ijms22126580 and Peister, A. 
et al. “Adult stem cells from bone marrow (MSCs) isolated from different 
strains of inbred mice vary in surface epitopes, rates of proliferation, 
and differentiation potential” Blood103: 1662–1668 (2004), doi:10.1182/ 
blood-2003-09-3070.

Modulus standards Bruker PFQNM-
SMPKIT-12M

Used HOPG 
(
E = 18 GPa
) and PS 
(
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Name Company Catalog Number Comments

E = 2.7 GPa
). Also contains 2x PDMS (Tack 0, 
E = 2.5 MPa
; Tack 4, 
E = 3.5 MPa
), PS-LDPE 
(
E = 2.0/0.2 GPa
), fused silica 
(
E = 72.9 GPa
), sapphire (E - 345 GPa), and tip characterization (titanium roughness) 
sample. All samples come pre-mounted on a 12 mm diameter steel disc 
(sample puck).

Muscovite mica Ted Pella 50–12 12 mm diameter, V1 grade muscovite mica

Nanscope Analysis Bruker Version 2.0 Free AFM image processing and analysis software package, but designed 
for, and proprietary/limited to Bruker AFMs; similar functionality is 
available from free, platform-independent AFM image processing

and analysis software packages such as Gwyddion, WSxM, and others. 
Has built-in capabilities for force curve analysis, but AtomicJ is more 
flexible/full featured (e.g., more built-in contact mechanics models to 
choose from, statistical analysis of force curve fitting results, etc.) for 
force curve analysis and handles batch processing of force curves.

Phospholipids: 
POPC, Cholesterol 
(ovine)

Avanti Polar 
Lipids

POPC: CAS 
# 26853-31-6, 
Cholesterol: CAS # 
57-88-5

POPC lipid dissolved in chloroform (25 mg/mL) was obtained from 
vendor and used without further purification. Cholesterol powder from 
the same vendor was dissolved in chloroform (20 mg/mL).

Probe holder (fluid, 
lipid bilayers)

Bruker MTFML-V2 Specific to the particular AFM used; MTFML-V2 is a glass probe holder 
for scanning in fluid on a MultiMode AFM.

Probe holder (fluid, 
MSCs)

Bruker FastScan Bio Z-
scanner

Used with Dimension FastScan head (XY flexure scanners). Serial 
number MXYPOM5-1B154.

Probe holder 
(standard, ambient)

Bruker DAFMCH Specific to the particular AFM used; DAFMCH is the standard contact 
and tapping mode probe holder for the Dimension Icon AFM, suitable for 
nanoindentation (PF-QNM, FFV, and point-and-shoot ramping)

Sample Puck Ted Pella 16218 Product number is for 15 mm diameter stainless steel sample puck. Also 
available in 6 mm, 10 mm, 12 mm, and 20 mm diameters at https://
www.tedpella.com/AFM_html/AFM.aspx#anchor842459

Sapphire substrate Bruker PFQNM-
SMPKIT-12M

Extremely hard surface 
(
E = 345 GPa
) for measuring deflection sensitivity of probes (want all of the deflection 
to come from the probe, not the substrate). Part of the PF-QNM/modulus 
standards kit.

Scanning electron 
microscope

Hitachi S-3400N-II Located at Boise State. Used to perform co-localized SEM/EDS on all 
samples except additively manufactured (AM) Ti-6Al-4V.

Silicon AFM probes 
(standard)

NuNano Scout 350 Standard tapping mode silicon probe with reflective aluminum backside 
coating; 
k = 42 N/m
(nominal), 
f0 = 350 kHz
. Nominal 
R = 5 nm
. Also available uncoated or with reflective gold backside coating. Probes 
with similar specifications are available from other manufacturers (e.g., 
Bruker TESPA-V2).

Silicon AFM probes 
(stiff)

Bruker RTESPA-525, 
RTESPA-525-30

Rotated tip etched silicon probes with reflective aluminum backside 
coating; 
k = 200 N/m
(nominal), 
f0 = 525 kHz
. Nominal 
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R = 8 nm
for RTESPA-525, 
R = 30 nm
for RTESPA-525-30. Spring constant of each RTESPA-525-30 is 
measured individually at the factory via laser Doppler vibrometry and 
supplied with the probe.

Silicon carbide grit 
paper (abrasive 
discs)

Allied 50-10005 120 grit

Silicon nitride AFM 
probes (soft, large 
radius hemispherical 
tip)

Bruker MLCT-SPH-5UM, 
MLCT-SPH-5UM-DC

Also MLCT-SPH-1UM-DC. New product line of factory-calibrated 
(probe radius and spring constants of all cantilevers) large radius 
(
R = 1 or 5 mm
) hemispherical tip (at the end of a 23 mm long cylindrical shaft) probes. 
DC = drift compensation coating. 6 cantilevers/probe (A-F). Nominal 
spring constants: A, 
k = 0.07 N/m
; B, 
k = 0.02 N/m
; C, 
k = 0.01 N/m
; D, 
k = 0.03 N/m
; E, 
k = 0.1 N/m
; F, 
k = 0.6 N/m
.

Silicon nitride 
AFM probes (soft, 
medium sharp tip)

Bruker DNP 4 cantilevers/probe (A-d). Nominal spring constants: A, 
k = 0.35 N/m
; B, 
k = 0.12 N/m
; C, 
k = 0.24 N/m
; D, 
k = 0.06 N/m
. Nominal radii of curvature, 
R = 10 nm
.

Silicon nitride AFM 
probes (soft, sharp 
tip)

Bruker ScanAsyst-Air Nominal values: resonance frequency, 
f0 = 70 kHz
; spring constant, 
k = 0.4 N/m
; radius of curvature, 
R = 2 nm
. Designed for force curve based AFM imaging.

Superglue Henkel Loctite 495 Cyanoacrylate based instant adhesive. Lots of roughly equivalent 
products are readily available.

Syringe pump New Era Pump 
Systems

NE1000US One channel syringe pump system with infusion and withdrawal capacity

Tip characterization 
standard

Bruker PFQNM-
SMPKIT-12M

Titanium (Ti) roughness standard. Part of the PF-QNM/modulus 
standards kit.

Ultrahigh purity 
nitrogen (UHP N2), 
99.999%

Norco SPG TUHPNI - T T size compressed gas cylinder of ultrahigh purity (99.999%) nitrogen for 
drying samples

Ultramicrotome Leica EM UC6 Equipped with a glass blade (standard, for intial sample preparation) and 
a diamond blade (for final preparation)

Ultrapure water Thermo Fisher Barnstead Nanopure 
Model 7146

Model has been discontinued, but equivalent products are available. 
Produces ≥18.2 MΩ*cm ultrapure water with 1–5 ppb TOC (total organic 
content), per inline UV monitoring. Includes 0.2 μm particulate filter, ion 
exchange columns, and UV oxidation chamber.
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Variable Speed 
Grinder

Buehler EcoMet 3000 Used with silicon carbide grit papers during hand polishing.

Vibration isolation 
table (active)

Herzan TS-140 Used with Bruker MultiMode AFM. Sits on a TMC 65–531 vibration 
isolation table. Bruker Dimension Icon AFM utilizes strictly passive 
vibration isolation (comes from manufacturer with custom acoustic hood, 
air table, and granite slab).

Vibration isolation 
table (passive)

TMC 65–531 35" × 30" vibration isolation table with optional air damping (disabled). 
Used with Bruker MultiMode AFM. Herzan TS-140 “Table Stable” 
active vibration control table is located on top.
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