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Abstract 1 

Bone consists of organic (mostly collagen) and inorganic (mostly bioapatite mineral) 2 

components that are organized into hierarchical structures from nano- to macro-scales that provide 3 

load-bearing functions. The structures and properties of bone are affected by bone remodeling 4 

activities, which are affected by mechanotransduction, a process through which mechanical signals 5 

are converted to biochemical signals in cellular signaling. Atomic Force Microscopy (AFM) 6 

technique can be used to characterize the surface morphology and mechanical properties of the 7 

specimens and can achieve atomic resolution in the resulting images. Therefore, the AFM 8 

technique has been applied in bone research and has provided new understandings of the structures 9 

and properties of hierarchical structures in bone across multiple length scales. This review begins 10 

by introducing the tip-surface interactions and the operation modes of AFM, including the recently 11 

developed sub-resonance modes, including PeakForce Tapping mode. Then the contact adhesion 12 

theories that have been used in analyzing AFM data are reviewed. It is followed by a systematic 13 

review of the applications of the AFM technique to bone and bone-related tissues and cells, 14 

including surface morphology imaging, contact indentation testing, and other mechanical tests. 15 

The applications of sub-resonance tapping mode to bone and other biological molecules, cells, and 16 

tissues are also reviewed. 17 

 18 

Keywords: Atomic force microscopy (AFM), bone, surface morphology, mechanical properties, 19 

sub-resonance tapping. 20 
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1. Introduction 1 

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM). It interacts 2 

with testing samples using a probe that consists of a cantilever with a tip at its end. When the probe 3 

is brought into the proximity of the specimen, the interaction forces between the probe and the 4 

surface of the specimen cause deflection of the cantilever. Hence, AFM can be used to measure 5 

the surface morphology and properties of the specimens. The radius of the tip of the AFM probe 6 

can be in the order of nanometers. When the probe scans through the surface of the specimens, the 7 

resulting images can achieve atomic resolution  (Giessibl, 1995). 8 

Since its debut in 1986 (Binnig et al., 1986), there has been growing interest in using AFM as 9 

a material characterization method. It has contributed to extending our understanding of a wide 10 

range of hard and soft tissues. Specifically, there has been a growing interest in using AFM to 11 

study bone (Fig. 1). Because AFM can provide images and perform testing with high spatial 12 

resolution, it has been used to visualize the morphology and measure the mechanical properties of 13 

various structures in bone across multiple length scales.  14 

Bone is a mineralized biological tissue that exhibits superior mechanical properties for its 15 

load-bearing functions (Fratzl et al., 2004). It is strong, tough, yet lightweight, which can be 16 

attributed to its hierarchical structures (Huang et al., 2019). A schematic in Fig. 2 presents the 17 

structures of bone across multiple length scales. Cortical bone is the dense outer surface of bone, 18 

that mainly consists of osteons. Trabecular bone is the porous bone that is composed of trabeculae, 19 

including plates and rods. On the micro-scale, lamellar structures exist in both osteons and 20 

trabeculae, with the boundaries marked by cement lines. At the nano-scale, the ultrastructure of 21 

bone consists of interwinding collagen fibrils and bioapatite mineral crystals. AFM has been used 22 

to investigate the morphology and properties of cortical bone, trabecular bone, bone lamellae, 23 

https://en.wikipedia.org/wiki/Cantilever
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cement lines, and mineralized collagen fibrils. The knowledge of the multiscale composition-1 

structure-properties relationship of bone can lay the foundation for the development of bio-inspired 2 

materials with superior properties (Huang et al., 2019; Meza et al., 2015; Wegst et al., 2015). 3 

Bone is a living tissue that continually renews itself through remodeling activities. The 4 

structure and properties of bone are affected by aging, diseases, and therapeutic treatments. AFM-5 

related techniques have been used to study the changes in the structure and properties of bone due 6 

to these factors. Bone adaptation to mechanical loads (Currey, 2003) is a long-standing consensus 7 

since Wolff's law (Wolff, 1986) and Frost's mechanostat theory (Frost, 1994). Bone remodeling 8 

takes place in basic multicellular units (BMU) that include osteoclasts, osteoblasts, and osteocytes. 9 

It is a net result of continuous cycles of bone resorption by osteoclasts and formation by osteoblasts. 10 

Osteocytes are generally believed to be the regulator of osteoblasts and osteoclasts to 11 

accommodate mechanical loading and repair fatigue damage. They reside in lacunae, small 12 

cavities between the lamellae (Fig. 2). The lacunae are connected by canalicular, a network of sub-13 

micron scale tunnels. Using AFM techniques, the structure and properties of lacunar-canalicular 14 

network in bone has also been investigated (Knapp et al., 2002)(Reilly et al., 2001)(Lin and Xu, 15 

2011)(Zhang et al., 2015). These are useful for the understanding of mechanotransduction, a 16 

process through which mechanical signals are converted to biochemical signals in cellular 17 

signaling.  18 

In this review, the commonly used operation modes of AFM for bone research are introduced, 19 

followed by the introduction of interactions between the tip of the AFM cantilever probe and the 20 

surfaces of the specimens. Next, several mechanical theories that have been used to analyze the 21 

force-separation curves obtained during AFM scanning to obtain mechanical properties of the 22 

substrates are reviewed, including the elastic contact models, the elastic-plastic indentation models, 23 
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and the adhesion models. Last, various applications of the AFM technique to bone and bone-1 

related tissues and cells are reviewed, including the imaging of surface morphology and the 2 

measurement of mechanical properties of several structures in bone across multiple length scales. 3 

The applications of a recently developed AFM mode, the sub-resonance tapping mode, to bone 4 

and other biological molecules, cells, and tissues are also reviewed. 5 

2. Operation of AFM  6 

2.1 AFM Modes for Imaging 7 

AFM can be operated in several different modes for various applications. The operating modes 8 

that are most commonly used in imaging the surface morphology of bone and other bone-related 9 

materials are contact mode and tapping mode.   10 

Contact mode is the first AFM imaging mode, which was developed by Binnig, Quate, and 11 

Gerber in 1986 (Binnig et al., 1986). In contact mode, the AFM probe is lowered, usually by a 12 

piezoelectric actuator (Z-piezo), so that the tip is in continuous contact with the specimen while it 13 

scans through the surface of the specimen (XY-plane) pixel-by-pixel. Changes in the surface 14 

morphology of specimens result in cantilever deflection of the probe and deformation of the 15 

specimen. The contact mode can be operated in constant force mode in which the cantilever 16 

deflection (i.e. the force applied on the tip) is kept constant or in constant height mode in which 17 

the probe maintains at a fixed height above the specimen. An obvious drawback of contact mode 18 

is that sometimes the lateral force can be large. This may cause tip contamination by soft specimens, 19 

tip wearing by hard specimens, or specimen damage.  20 

The tapping mode was later developed in 1993 (Zhong et al., 1993) and is currently the most 21 

popular AFM imaging mode. In tapping mode, the cantilever of the probe oscillates in the vertical 22 
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direction (Z-direction) at or near its resonance frequency so that the AFM tip taps the specimen 1 

lightly.  Usually, the height of the probe is adjusted to keep the oscillation amplitude constant. In 2 

tapping mode, the friction and shear force on AFM tips are reduced to a negligible level, hence 3 

tapping mode is suitable for fragile samples. However, the resonant behavior of the probe makes 4 

it difficult to obtain the mechanical properties of the specimens from the data. 5 

2.2 AFM Modes for Force Measurement and Mechanical Mapping 6 

AFM can also be used to measure the mechanical proprieties of the specimens through the 7 

analysis of the interactions between the AFM tip and the surface of the specimen. The commonly 8 

used AFM modes for force measurement and mechanical mapping in bone-related research include 9 

the above-mentioned contact mode and force-volume mapping. In contact mode, the AFM tip can 10 

interact with the specimens at single points on specimens. In force-volume mapping, the AFM tip 11 

interacts with the specimens on a defined array of points on the specimen, and the tip-surface 12 

interaction within the defined volume is obtained. In these tests, AFM cantilever probes with 13 

different tips can be used, such as spherical (colloidal), conical, and Berkovich (pyramidal) tips. 14 

The tip-surface interactions can be analyzed to obtain materials properties, such as elastic modulus 15 

and adhesion energy, using contact, adhesion, or indentation theories, depending on the 16 

assumptions of elastic deformation, adhesion, or elastic-plastic deformation.   17 

AFM equipment can also be combined with the nanoindentation apparatus to perform 18 

nanoindentation using stiff vertical metal probes with a diamond tip. The force-displacement data 19 

are recorded in the nanoindentation mode. The topology of the specimen can be obtained in contact 20 

or tapping AFM mode before the indentation to measure the surface roughness of the specimen 21 

and after the indentation to examine the indents left in the specimen and plastic flows in the 22 

substrate materials.  23 
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Sub-resonance AFM mode is a recently developed AFM mode for nanomechanical mapping 1 

(Su et al., 2014). It can have different names for different AFM manufacturers, for example  2 

PeakForce Tapping mode, pulsed force mode, HybriD, QI™ mode, AFM PinPoint™ 3 

nanomechanical mode. In sub-resonance mode, the vertical position of the probe (Z-piezo) is 4 

modulated at ~2 kHz; The cantilever oscillates at a frequency much lower than its resonance 5 

frequency; The tip taps the surface of the specimens. It allows fast scanning of the surface of the 6 

specimen to collect morphological information as well as to perform force measurements. Each 7 

tapping can be approximated as a quasi-static process. Force measurement is performed at every 8 

pixel location. The maximum normal force, i.e. peak force, during each tapping is controlled via a 9 

feedback loop and kept the same. The peak force is kept small so that the deformation of the 10 

specimen can be assumed to be within the elastic range. Another advantage of small peak force is 11 

that it can provide a high spatial resolution that is comparable to the spatial resolution for the 12 

tapping mode images (~5 nm). By using probes with different spring constants, in sub-resonance 13 

mode, the elastic modulus of the specimen in a wide range of 1 kPa to 100 GPa can be measured. 14 

Because the normal and lateral forces are both small during tapping, there is minimal damage to 15 

the probe and the sample.  16 

2.3 Tip-surface Interactions 17 

Using sub-resonance mode as an example, typical interactions between the AFM probe and 18 

the surface of the specimen during force measurement are summarized in Fig. 3. As the probe 19 

approaches the specimen, the tip experiences negligible interactions with the surrounding medium 20 

and the tip deflection remains close to zero (Fig. 3A). However, as the tip is lowered further down, 21 

it is eventually pulled into contact with the surface by adhesive force between the tip of the probe 22 

and the substrate (Fig. 3B). Subsequently, the probe continues to move down with the tip and 23 



8 
 

substrate in continuous contact. This causes the cantilever to bend under elastic deformation (Fig. 1 

3C). Upon retraction, the probe is raised and its elastic deformation is reversed. However, residual 2 

adhesive interactions prevent the tip from detaching from the substrate at zero loads (Fig. 3D). 3 

Hence, the reversed loading of the tip must be continually increased until the adhesive forces are 4 

eventually overcome and the tip is pulled off from the substrate (Fig. 3E).  5 

The vertical position of the probe is recorded. The deflection of the cantilever is measured, 6 

usually by measuring the laser beam reflection from the upper surface of the cantilever. The 7 

separation, i.e., the distance between the tip and the substrate is obtained by adding the vertical 8 

position to the cantilever deflection. When the separation is negative, it represents the deformation 9 

of the substrate, i.e., the indentation depth of the tip.   10 

The force applied on the tip, 𝐹, can then be related to the deflection of the cantilever via 11 

Hooke’s law. It is given by  12 

𝐹 = 𝑘∆      (Eq. 1) 13 

where 𝑘 is the spring constant and ∆ is the deflection of the cantilever, respectively. The spring 14 

constant of the compliant probes can be obtained through thermal tune (Hutter and Bechhoefer, 15 

1998; Sarid et al., 1991). A typical force-separation relationship is presented in Fig. 3d.  16 

3. AFM-related Mechanics Theories and Models 17 

The force-separation curves obtained during AFM force measurements can be analyzed to 18 

obtain the mechanical properties of the substrate. Several related models and theories are reviewed 19 

in this section. 20 
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3.1 Contact Models 1 

Assuming there are no adhesive surface forces, the elastic contact of two spheres under 2 

compressive load can be described by the classical Hertzian contact theory (Hertz, 1882). 3 

Assuming the materials of both spheres are homogeneous, isotropic, and linear elastic, and the 4 

radius of the contact area is much smaller than the radius of the two spheres, the contact radius, 𝑎,  5 

and the deformation of the two spheres (i.e. indentation depth), 𝛿, are given by 6 

𝑎 = (
3𝐹𝑅

4𝐸
)

1/3

                                                           (Eq. 2) 7 

𝛿 =
𝑎2

𝑅
                                                                   (Eq. 3) 8 

where 𝐹 is the load; 𝐸 is the combined Young’s modulus given by 1/𝐸 = (1 − 𝜈1
2)/𝐸1 + (1 −9 

𝜈2
2)/𝐸2, where 𝐸1 and 𝐸2 are the elastic modulus, and 𝜈1 and 𝜈2 are the Poisson’s ratio of the two 10 

spheres, respectively; 𝑅 is the combined radius given by 1/𝑅 = 1/𝑅1 + 1/𝑅2, where 𝑅1 and 𝑅2 11 

are the radius of the two spheres, respectively. A special case for Hertzian contact is the contact 12 

between a sphere and a half-space, of which the radius can be considered infinite. 13 

In 1965, Sneddon (Sneddon, 1965) came up with a theoretical model that applies to the elastic 14 

half-space indented by a rigid axisymmetric punch. One of the special cases is a punch with a 15 

conical shape. This model relates the load, 𝐹, the contact radius, 𝑎, and the indentation, 𝛿,  by 16 

𝐹 =
𝜋𝐸𝑠𝑎2

2(1−𝜈𝑠
2)

tan 𝛼                                                           (Eq. 4) 17 

𝛿 =
1

2
𝜋𝑎 tan 𝛼                                                             (Eq. 5) 18 

where 𝐸𝑠 and 𝜈𝑠 denotes the elastic modulus and the Poisson ratio of the half-space, respectively; 19 

𝛼 is the semi-vertical angle of the cone.  20 
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The above-mentioned models are often used to analyze the force-separation curves obtained 1 

in AFM force measurements to obtain the elastic modulus of the specimen. While Hertzian contact 2 

theory is valid for spherical tips, the Sneddon model further extend it to other axisymmetric tip 3 

geometries. Both theories are valid under the condition that indentation depth is much smaller than 4 

tip radius. The deformation/indentation can be extracted from the force-separation curves. The 5 

substrate is often assumed to be flat. The geometry of the probe can be obtained through calibration 6 

on standard specimens with known Young’s modulus, scanning through a substrate with sharp-7 

edged structures, or direct measurement using scanning electron microscopy (SEM).  8 

3.2 Contact Adhesion Theories  9 

The adhesion force between the AFM tip and the substrate can be extracted from the force-10 

separation curves obtained from AFM force measurements. Several prior theories have been 11 

proposed for the characterization of the contact adhesive interactions between two elastic spheres. 12 

The adhesion energy between the AFM tip and the substrate can be calculated by using these 13 

theories. 14 

For realistic interactions, the integral of the force-distance attractive well, for example, 15 

Lennard-Jones potential, corresponds to the work of adhesion, i.e. adhesion energy, γ. The negative 16 

critical load at which the surfaces of two spheres separate, when being pulled apart, was defined 17 

as pull-off force or adhesion force. 18 

In the cases when the adhesion forces are short-range compared to the elastic deformation that 19 

they produce (i.e. compliant material, strong adhesion, large radii), the Johnson-Kendall-Roberts 20 

(JKR) model applies  (Johnson et al., 1971). The interaction force can be described by a delta 21 

function with adhesion strength, γ, and a short-range contact zone. This model relates the 22 

load, 𝐹, the contact radius, 𝑎, the indentation, 𝛿,  and the adhesion force, 𝐹𝑎𝑑, by 23 
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𝑎 = (
3𝑅

4𝐸
(𝐹 + 3𝜋𝛾𝑅 + (6𝜋𝛾𝑅𝐹 + (3𝜋𝛾𝑅)2)1/2))

1/3

                              (Eq. 6) 1 

𝛿 =
𝑎2

𝑅
− (

2𝜋𝛾𝑎

𝐸
)1/2                                                       (Eq. 7) 2 

𝐹𝑎𝑑 =
3

2
𝜋𝛾𝑅                                                            (Eq. 8) 3 

where 𝐸 and 𝑅 are the combined Young’s modulus and combined radius, respectively. 4 

In contrast, the Derjaguin-Muller-Toporov (DMT) model (Derjaguin, 1975) describes a long-5 

range surface force. It results in a Hertzian contact profile, with an additional external load as 6 

attractive forces (i.e. stiff materials, weak adhesion, small radii). The indentation, 𝛿,  is given by 7 

the same equation in the Hertzian model (Equation 3). The contact radius, 𝑎, and the adhesion 8 

force, 𝐹𝑎𝑑, are given by 9 

𝑎 = (
3𝑅

4𝐸
(𝐹 + 2𝜋𝛾𝑅))

1/3

                                                (Eq. 9) 10 

𝐹𝑎𝑑 = 2𝜋𝛾𝑅                                                            (Eq. 10) 11 

Intermediate between the JKR and DMT models, the Maugis-Dugdale (MD) model (Maugis, 12 

1992) proposes an analytical solution. To select the appropriate model, Maugis (Maugis, 1992) 13 

defined a transition parameter, λ. The JKR model applies when λ > 5. The DMT model applies 14 

when λ < 0.1. The MD model applies for the intermediate values of λ. Maugis (Maugis, 1992) used 15 

a Dugdale square well potential to approximate the interaction potential in reality. In this 16 

interaction, a constant adhesive stress 𝜎0 acts between the surfaces over a range of 𝛿𝑡. Thus, the 17 

work of adhesion, i.e. adhesion energy, can be calculated as 𝛾 = 𝜎0𝛿𝑡. In the MD model, two 18 

equations are needed to relate the contact radius, 𝑎 , and the applied load, 𝐹 . However, the 19 

equations are difficult to use, since there is not a single expression relating only 𝑎 and 𝐹. The 20 

equations need to be solved simultaneously. Furthermore, in the usual case with experimental 21 
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measurements, such as AFM force measurement, the value of λ is unknown. The adhesion force 1 

must be determined through an iterative technique (Lantz et al., 1997). 2 

Carpick et al. proposed another transition parameter, 𝛼, and proposed a conversion equation 3 

from 𝛼 to λ by curve fitting (Carpick et al., 1999). The equation for conversion was later modified 4 

by Pietrement and Troyon (Piétrement and Troyon, 2000). They also determined empirical 5 

equations supplying direct conversion equations between parameter 𝛼 , adhesion force, and 6 

adhesion energy (Piétrement and Troyon, 2000).  7 

3.3 Elastic-Plastic Indentation 8 

Oliver and Pharr contributed to understanding the mechanics governing elastic-plastic 9 

indentation, in which the unloading curve does not follow the loading curve because of the 10 

occurrence of plasticity. They provided a method to estimate material properties using the 11 

unloading curve in the indentation experiments, upon which the elastic deformation is recovered 12 

(Oliver and Pharr, 1992). The contact stiffness, 𝑆, of the upper portion of the unloading curve is 13 

given by  14 

𝑆 =
2

√𝜋
𝐸𝑟√𝐴                                                       (Eq. 11) 15 

where 𝐴 is the contact area, and 𝐸𝑟 is the reduced modulus. The reduced modulus, 𝐸𝑟, is defined 16 

by 1/𝐸𝑟 = (1 − 𝜈𝑖
2)/𝐸𝑖 + (1 − 𝜈𝑠

2)/𝐸𝑠, where 𝐸𝑖 and 𝐸𝑠 are the elastic modulus, and 𝜈𝑖 and 𝜈𝑠 17 

are the Poisson’s ratio of the indenter and the substrate, respectively. The contact area, 𝐴, depends 18 

on the geometry of the indenter.  19 

This model is often used to analyze the data collected in elastic-plastic indentation 20 

experiments. The contact stiffness can be experimentally determined through the analysis of the 21 

unloading part of the load-displacement curve. The contact area as a function of contact depth can 22 
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be determined through calibration on standard specimens with known Young’s modulus. With the 1 

material properties of the tip being known, the material properties of the substrate can be 2 

determined.  3 

4. Application of AFM to bone-related research 4 

Various applications of AFM techniques to bone-related research are reviewed in this section. 5 

Based on the different modes of AFM and its different applications, this section is divided into 6 

several subsections, staring from the first developed imaging modes, expanding to the later 7 

developed force measurement modes, and ending with the recent advances in sub-resonance 8 

tapping mode. In each subsection, generally, the literatures are organized in chronological order. 9 

Usually, the applications of AFM on native bone and components of bone (osteons, lamellae, 10 

collagens, minerals, lacunae, canaliculi) are reviewed; Then the effects of aging, disease, specimen 11 

preparation, and testing environment are discussed; Last, selected applications of AFM on bone-12 

related tissues (tendon and cartilage) are also briefly introduced. Thus, the development of the 13 

AFM techniques and the improvement of the understanding of bone are presented. In particular, 14 

the elastic modulus of bone and some components in bone that were measured using various AFM 15 

methods are summarized in Table 1.  16 

4.1 Surface Morphology 17 

      In 1992, Tao et al. used contact mode AFM with constant force to image the surface of a section 18 

of hydrated cow tibia. The results showed the concentric structure of micro-scale osteonal lamellae 19 

(Tao et al., 1992). Later, using tapping mode AFM  (Xu et al., 2003), Xu et al. also showed the 20 

lamellar structures in the osteons in human cortical bone, including the thick and thin sub-lamellae 21 

(Fig. 4a).  22 
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The minerals isolated from bovine bone have been scanned by tapping mode AFM since 2001 1 

(Eppell et al., 2001; Tong et al., 2003). The results show that isolated minerals were small platelets 2 

with an average size of ~10 nm and an average thickness of 0.61 or 2 nm. Since 2002, without 3 

isolation, the morphology of the minerals in bone has been characterized using AFM under either 4 

tapping or contact mode (Fig. 4b). The size of these minerals ranged from 20 nm to 200 nm, with 5 

a thickness of 5 nm (Hassenkam et al., 2004; Knapp et al., 2002; Sasaki et al., 2002) (Fig. 4b). A 6 

2011 study showed that the size of the minerals in the trabeculae, measured by tapping mode AFM, 7 

for elderly women (73– 94 years) was greater than that for the younger women (20–40 years) 8 

(Milovanovic et al., 2011).  9 

The morphology of the Type I collagen fibrils or fibril bundles in bone was also measured 10 

using AFM under either tapping or contact mode. In 2001, Thalhammer et al. showed that the 11 

diameter of collagen fibril bundles in the human femoral bone was about 400 nm (Thalhammer et 12 

al., 2001). AFM has also been used to measure the diameter and D-spacing (period) of single 13 

collagen fibrils in sheep tibiae (Fig. 4c) (Knapp et al., 2002), in bovine femora (Sasaki et al., 2002), 14 

in the trabecular bone in bovine vertebrae (Hassenkam et al., 2004), and in the resorption pits in 15 

bovine cortical bone (Bozec et al., 2005). The diameter of the collagen fibrils was measured to be 16 

110 nm (Sasaki et al., 2002) and 62 nm (Bozec et al., 2005), and the D-spacing was measured to 17 

be 67 nm (Bozec et al., 2005; Hassenkam et al., 2004; Sasaki et al., 2002). Further studies showed 18 

that the morphology of the mineralized collagen fibrils in bone could be affected by elevated 19 

temperature in boiling or baking (Fantner et al., 2004), chemical treatment (Ge et al., 2007; Kindt 20 

et al., 2007), estrogen depletion (Wallace et al., 2010), or osteogenesis imperfecta (Wallace et al., 21 

2011). These changes can affect mechanical behaviors, especially the fracture behaviors of bone 22 

(Fantner et al., 2004; Wallace et al., 2011, 2010).  23 
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AFM was also used to investigate the surface morphology and dimensions of the lacunar-1 

canalicular network. The results indicated that the walls of canaliculi were lined with collagen 2 

fibrils arranged in parallel (Knapp et al., 2002)(Reilly et al., 2001). The width and height of the 3 

cross-sections of canaliculi (Reilly et al., 2001) (Lin and Xu, 2011), the spacing between canaliculi 4 

(Lin and Xu, 2011), and the dimensions of lacunae (Lin and Xu, 2011) were measured by AFM 5 

imaging (Fig. 4d). The morphology of living osteoblasts has been characterized by AFM as well 6 

to test the biocompatibility of implant materials (Domke et al., 2000). The surface morphology of 7 

the resorption pits on trabecular bone samples (Hassenkam et al., 2006) and dentin slices (Sasaki 8 

et al., 1993) as a result of osteoclasts culturing has also been characterized by AFM.  9 

The morphology of other tissues connecting to the bone has also been characterized by AFM, 10 

including the morphology of collagen in rat tail tendons (Raspanti et al., 2001) and bovine Achilles 11 

tendons (Yang et al., 2008) and the height of the aggrecan molecule layer in cartilages (Dean et 12 

al., 2005). 13 

4.2 Mechanical Testing: Nanoindentation 14 

Since 1997, Pharr and Rho et al. have published a series of articles on using the 15 

nanoindentation technique and Oliver-Pharr model (Oliver and Pharr, 1992) to measure the elastic 16 

properties of bone. Though the nanoindentation device used was not coupled with AFM, these 17 

works pioneered the application of the nanoindentation technique in bone research. They measured 18 

the elastic modulus and hardness of osteon and interstitial bone in cortical bone, respectively, as 19 

well as trabecular bone, in dried human vertebrae and tibiae from different directions. The 20 

measured elastic modulus ranged from 13.5 to 25.8 GPa (Fan et al., 2002; J.-Y. Rho et al., 1999; 21 

J. Y. Rho et al., 1999; Rho et al., 1997; Roy et al., 1999). For each bone type, the elastic modulus 22 

and hardness of bone in the load-bearing direction were greater than those in the other directions 23 
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(Roy et al., 1999). For the completed secondary osteons, elastic modulus and hardness generally 1 

decreased from the center of the osteon outward (Rho et al., 1999). They developed theoretical 2 

models to derive the elastic constants for anisotropic materials from the nanoindentation data (Fan 3 

et al., 2002). Besides human bone, they have also studied bovine bone (Rho and Pharr, 1999), 4 

intramuscular herring bone (Clupea harengus) (Rho et al., 2001), and equine radius (Rho et al., 5 

2001). They also found that the elastic modulus and hardness of dried cortical bone in bovine 6 

femurs were (9.7%–17.6%) higher than the bone stored in deionized water (Rho and Pharr, 1999).  7 

When the nanoindentation apparatus, including the vertical stiff metal probe with a diamond 8 

tip, was combined with AFM equipment, the indentation modulus can be determined by the Oliver-9 

Pharr method (Oliver and Pharr, 1992); the topology of the specimen before/after indentation can 10 

be obtained and the indent locations can be determined, which is useful for the characterization of 11 

heterogeneous materials, including bone. Using this technique, in 2002, Hengsberger et al. 12 

differentiated the indentation on thick and thin sub-lamellae (Fig. 5a) and showed that the 13 

indentation modulus of thick lamellae was higher than that of thin sub-lamellae under low 14 

indentation force (0.4 mN and 1 mN), which results in small indent size (Hengsberger et al., 2002). 15 

They attributed the difference to the compositional and/or ultrastructural differences between thick 16 

and thin sub-lamellae. Xu et al. showed that the topology and the elastic modulus of thick and thin 17 

sub-lamellae determined by this combined AFM and nanoindentation technique was affected by 18 

sample preparation techniques, microtome sectioning followed by diamond knife cutting, 19 

compared with diamond saw cutting followed by mechanical polishing (Xu et al., 2003). For the 20 

thick and thin sub-lamellae, the variation in height for microtomed specimens was smaller than 21 

that for the cut and polished specimens. However, the variation in the elastic modulus for 22 

microtomed specimens was greater than that for the cut and polished specimens. Donnelly et al. 23 
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applied this technique to the trabecular bone in rabbits (Fig. 5b). The indentation modulus 1 

measured on smooth specimens with shallow indents (500 µN indentation force) was 26.6 ± 2.27 2 

GPa and 20.3 ± 2.09 GPa, respectively, for the thick and thin sub-lamellae (Donnelly et al., 2006). 3 

Using this technique, Carnelli et al. showed that the spatial distribution of indentation modulus in 4 

osteons in the bovine cortical bone along axial and transverse directions had a clear sinusoidal 5 

pattern, especially with shallow indents (50 nm indentation depth) (Fig. 5c and 5d) (Carnelli et al., 6 

2013). Incorporated with analytical models, they attributed the anisotropic behaviors and 7 

variations in the modulus to the arrangement of underlying mineralized collagen fibrils.  8 

This combined AFM and nanoindentation technique has also been used to study the effects of 9 

gene mutation on the mechanical properties of skeletal bone for Zebrafish (Danio rerio) (Zhang et 10 

al., 2002). In another study, bovine tibial cortical bone was partly and completely demineralized 11 

by ethylenediaminetetraacetic acid (EDTA). And, the combined AFM and nanoindentation 12 

technique was applied to compare the effects of mineral content on the mechanical properties and 13 

deformation mechanisms of bone (Tai et al., 2005).  14 

Besides the above-mentioned static testing, the testing can also be performed in dynamic 15 

loading mode. Asif et al. developed nanoscale Dynamic Mechanical Analysis (DMA) using the 16 

direct force modulation mode of a nanoindenter mounted on an AFM (Syed Asif et al., 2001, 1999). 17 

This technique has been used to map the elastic modulus in mice cortical mid-tibia (Balooch et al., 18 

2005). The results showed heterogeneity in the elastic modulus map for D4 mice, a phenotype to 19 

study TGF-β signaling, but not for the wild-type mice  (Balooch et al., 2005). 20 

4.3 Mechanical Testing: Contact Indentation 21 

Contact indentation can also be performed using AFM cantilever probes, which are more 22 

flexible than vertical metal nanoindentation probes. Compared with stiff nanoindentation probes, 23 
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the flexible AFM cantilever probe applies lower indentation force, results in shallower indentation 1 

depth and smaller indent size, and can be used to conduct indentations with smaller spacing. 2 

Depending on the elastic or elastic-plastic assumptions, Hertz/Sneddon model or Oliver-Pharr 3 

theories can be used to analyze the force-separation data and to derive the elastic modulus.  4 

In an attempt to measure the rigidity modulus of the lamellae in the osteons and the interstitial 5 

bone, In 1992, Tao et al. analyzed the force-separation data that were obtained during AFM contact 6 

mode measurements on bovine tibia using  Sneddon’s model (Tao et al., 1992). In 2000, Domke 7 

et al. used force mapping mode AFM and the Sneddon model to obtain the elastic property map 8 

of living osteoblasts and contact mode AFM to examine their morphology (Fig.6). The results 9 

showed linearly patterned structures in the cytoskeleton, presumably stress fibers, i.e. bundles of 10 

actin filaments. They were with intermediate values of Young’s modulus and laid all over the cell. 11 

They compared the osteoclasts on metallic substrates and on glass and tissue culture polystyrene 12 

to test the biocompatibility of implant materials (Domke et al., 2000). 13 

In 2007, Tai et al. conducted indentation on bone using AFM probes and analyzed the results 14 

using the Oliver-Pharr method (Tai et al., 2007). The work was later extended by Yao et al. to be 15 

compared with the results obtained using conventional nanoindentation with stiff vertical metal 16 

probes (Yao et al., 2011). Their results show that using AFM probe indentation, with a spatial 17 

resolution below 200 nm, the elastic modulus of bone is not uniform (Fig. 7). In contrast, the 18 

heterogeneity in the elastic modulus was not very profound when using conventional 19 

nanoindentation, with a spatial resolution above 200 nm. They suggested that the size-dependent 20 

heterogeneity promotes energy dissipation at the nanoscale, but suppresses stress concentration 21 

and strain localization at larger length scales, hence it is beneficial for the mechanical behaviors 22 

of bone (Yao et al., 2011).  23 
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The morphology and mechanical properties of collagen fibrils have also been investigated 1 

using AFM. Wenger et al. used force mapping AFM and Oliver-Pharr method and obtained an 2 

elastic modulus of 5 to 11.5 GPa for Type I collagen fibrils dissected from rat tail tendons in air at 3 

room temperature (Wenger et al., 2007). Balooch et al. used the Sneddon model to analyze the 4 

force-displacement curves obtained through the indentation test performed by AFM cantilever 5 

probes. The elastic modulus was measured to decrease from 1.5 GPa to 50 MPa during 6 

demineralization for mineralized collagen fibrils in human dentin (Balooch et al., 2008). Gaidash 7 

et al. used contact mode AFM to characterize the adhesion forces on collagen fibrils in rat bone 8 

(Gaidash et al., 2011).  9 

Besides bone, the contact indentation type AFM has also been applied to other bone-related 10 

tissues. In 2004, Stolz et al. applied this technique to porcine articular cartilage and used the Oliver-11 

Pharr method to obtain its elastic modulus (Stolz et al., 2004). In the same year, Allen and Mao 12 

applied a similar technique to rat synchondrosis and used the Hertz model to obtain its elastic 13 

modulus (Allen and Mao, 2004). The contact indentation type AFM combined with the Hertz 14 

model has then been applied by many other researchers to characterize the elastic modulus of 15 

various cartilages (Chandrasekaran et al., 2017; Darling et al., 2010; Kwok et al., 2014; Li et al., 16 

2015; Roddy et al., 2011; Wilusz et al., 2012). The measured elastic modulus ranged from several 17 

kPa to several MPa. The contact indentation type AFM has also been used to measure the 18 

viscoelastic properties of cartilage by holding the AFM cantilever probe at a constant displacement 19 

for the stress-relaxation test and modifying the Hertz model with viscoelastic equations (Darling 20 

et al., 2006). The elastic modulus and morphology of tendons have also been characterized using 21 

contact indentation type AFM and the Hertz model (Marturano et al., 2013)(Lozano et al., 2019). 22 

The above-mentioned AFM contact indentation testing was performed under the static loading 23 
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condition. Campbell et al. demonstrated that a dynamic AFM method, contact resonance force 1 

microscopy, can be used to quantitatively map the viscoelastic properties in the cartilages in a 2 

femoral head of a New Zealand white rabbit (Campbell et al., 2012).  3 

4.4 Mechanical Testing: Tension and Bending 4 

In 2001, Hansma and collaborators performed AFM force measurements on collagen samples 5 

prepared from acid-insoluble collagens from bovine Achilles tendons, as well as on the cut and 6 

polished rat femur specimens (Thompson et al., 2001). They suggested that some molecules were 7 

attached to the AFM tip when the probe was brought into the proximity of the specimens. They 8 

were then pulled when the probe was retracted. The traction-separation curves recorded during 9 

retraction were analyzed as load-displacement curves for the tension of these molecules. They 10 

exhibited multiple discontinuities, for both tests on collagen and bone specimens. Graham et al. 11 

observed similar discontinuity patterns in the traction-separation curves in the AFM tension test 12 

of collagens and attributed them to the reorganization within the fibrils (Graham et al., 2004). Later 13 

in 2005, Hansma and collaborators performed AFM force measurements on bone with another 14 

piece of bone glued to the AFM probe. It resulted in traction-separation curves with similar 15 

discontinuity patterns during retraction (Fig. 8b) (Fantner et al., 2005). Supported by the SEM 16 

images and AFM images (Fig. 8a), they attributed the discontinuities to the effects of the non-17 

fibrillar organic matrix in bone, which acts as an adhesive material that holds the mineralized 18 

collagen fibrils together.  19 

In 2006, van der Rijt et al. performed tensile tests of single collagen fibrils from the bovine 20 

Achilles tendon, with the collagen fibrils glued to the AFM tip and the substrate, confirmed by 21 

optical and electron microscopes (Fig. 8c). The stress-strain curves did not exhibit obvious 22 

discontinuities (Fig. 8d) and Young’s modulus was measured to be 2–7 GPa in ambient conditions 23 
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and 0.2–0.5 GPa in phosphate-buffered saline (PBS) solution (van der Rijt et al., 2006). Similar 1 

results were obtained from similar tests that were performed by other groups on single collagen 2 

fibrils from human patellar tendon fascicles (Svensson et al., 2010) and the antler of a deer (Hang 3 

and Barber, 2011) with the fibrils glued with the assistance of an optical or electronic microscope. 4 

The results also showed rate-dependent tensile behaviors of the collagen fibrils (Svensson et al., 5 

2010).  6 

In 2008, Yang et al. performed bending tests of collagen fibrils from the bovine Achilles 7 

tendon  (Yang et al., 2008). Collagen fibrils were spanned across microscale channels in the glass 8 

substrates and scanned using tipless AFM probes. The measured bending moduli ranged from 1.0–9 

3.9 GPa at ambient conditions and 0.07–0.17 GPa in PBS solution. In 2012, Jimenez-Palomar et 10 

al. performed bending tests of microscale beams of rat femur fabricated by focused ion beam (FIB) 11 

milling using in situ AFM coupled with SEM (Jimenez-Palomar et al., 2012). Guided by SEM, 12 

AFM probes were used to apply bending force on the microscale beam-shaped bone specimens. 13 

Using similar techniques, tension tests have also been performed on the microscale beam-shape 14 

specimens fabricated from tendon-to-bone attachment sites in mice humeral heads (Deymier et al., 15 

2017).  16 

4.5 Recent Advances with Sub-Resonance Tapping AFM  17 

Since 2011, sub-resonance tapping AFM mode has been used to characterize the topography 18 

and the mechanical properties of soft and hard biological molecules, cells, and tissues with elastic 19 

modulus ranging from several kPa to a few dozen GPa. Most work have been applications on soft 20 

tissues, cells and molecules.  21 

PeakForce AFM has been used to study biological molecules, including the topology and 22 

stiffness of bacteriorhodopsin, a transmembrane protein (Rico et al., 2011). The resulting images 23 
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were of sub-molecular resolution. The stiffness of the sample was determined by the slope of the 1 

force-separation curve where the tip and substrate were in contact. PeakForce AFM has also been 2 

used to investigate single human immunoglobulin G and M antibodies in liquid (Voss et al., 2015). 3 

The results showed ultrastructural details of these molecules with sub 10 nm resolution and an 4 

elastic modulus of 34 MPa. Adhesion force maps were also obtained at the same time. Additionally, 5 

this technique has been used to investigate the morphology and mechanical properties of amyloid 6 

fibrils (Adamcik et al., 2011). The results showed that the fibrils had an average height of 2.5 nm 7 

and an elastic modulus of 3.7 GPa.  8 

PeakForce AFM has been used to map the topography and elastic modulus inside individual 9 

cells, including human epidermal cells (Heu et al., 2012), and living breast cancer cells (Calzado-10 

Martín et al., 2016), and murine and rat fibroblast cells (Efremov et al., 2019), with elastic modulus 11 

ranging from 0.2 to 300 kPa. Efremov et al. compared the elastic and viscoelastic properties of 12 

fibroblast cells measured using fast force volume mode and PeakForce Tapping mode. Using 13 

Ting’s model for indentation on viscoelastic materials and the power-law rheology model for the 14 

viscoelastic behaviors, both AFM modes have provided self-consistent results (Efremov et al., 15 

2019). Besides elastic and viscoelastic properties, the hydrophobicity of live cells and the adhesion 16 

of single proteins on living yeast cells have been studied by using PeakForce AFM with chemically 17 

functionalized tips (Alsteens et al., 2012). 18 

The challenges of applying sub-resonance tapping AFM on hard tissues and materials come 19 

from several aspects. The AFM probe has to be carefully selected to have a spring constant that is 20 

high enough for hard materials. Since thermal tuning method may not work well for stiff 21 

cantilevers, other methods need to be explored for the calibration of the cantilever stiffness. 22 

Controlling the testing environment is also important. Water will affect the microstructure and 23 
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mechanical properties of hard tissues, especially the organic components. Water will also bring 1 

some challenges for the vibration of stiff probes.  2 

To the best of our knowledge, currently, there are limited journal articles on the application 3 

of sub-resonance mode AFM to bone research. In the earliest one, Zhang et al. used PeakForce 4 

quantitative nanomechanical mapping (QNM) to investigate the mechanical properties of the 5 

lacunar-canalicular network surrounding osteocytes in the cortical bone in rat femur (Zhang et al., 6 

2015). Their results show that the elastic modulus determined by PeakForce AFM was of the same 7 

magnitude as that obtained using the nanoindentation technique. However, PeakForce AFM 8 

provided higher spatial resolution than nanoindentation and allowed the study of micro- and nano-9 

structures in bone. They suggested that the reduced elastic modulus of the perilacunar matrix (10.0 10 

± 2.8 GPa) was much lower than that of the bone matrix (28.8 ± 10.1 GPa) (Figs. 9abc), and the 11 

reduced elastic modulus of the pericanalicular matrix (20.0 ± 7.5 GPa) was also significantly lower 12 

than that of the bone matrix (31.6 ± 5.2 GPa) (Figs. 9def). They also measured the reduced elastic 13 

modulus of collagen fibers embedded in the perilacunar matrix to be 12.6 ± 3.5 GPa (Figs. 9ghi).  14 

In a later work, Zhang et al. evaluated the nanostructure and nanomechanics of newly-formed 15 

bone in the defect center treated with biomimetic intrafibrillarly-mineralized collagen (IMC) and 16 

hydroxyapatite (HA) scaffolds, respectively, using PeakForce QNM mode (Zhang et al., 2017). 17 

The surface morphology map and the Young’s modulus map were presented. The average and 18 

standard deviation of the Young’s modulus were reported. Moreover, Asgari et al. conducted a 19 

thorough study on the material anisotropy and elasticity of cortical and trabecular bone in the adult 20 

mouse femur using an AFM-based indentation with an indentation frequency between 1 and 500 21 

Hz (Asgari et al., 2019). The method is comparable to the PeakForce tapping mode AFM. The 22 
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elastic modulus was measured in cortical and trabecular bone, from longitudinal and transverse 1 

directions, at different locations and different indentation frequencies, respectively.  2 

Our group has used PeakForce QNM mode to map the morphology and elastic modulus map 3 

of several structures across multiple length scales in the cortical bone in bovine femurs (Zhou et 4 

al., 2020). The specimens were fully submerged in DI water during testing to create a near-5 

physiological testing environment. In the sub-millimeter scale, the elastic modulus of osteons 6 

(20.51 ± 6.85 GPa) was measured to be slightly lower than the interstitial bone (21.87 ± 5.48 GPa). 7 

In the microscale, the elastic modulus in the lamellar structures in an osteon varied periodically 8 

from higher values in thick sub-lamellae (21.49 ± 6.58 GPa) to lower values in thin sub-lamellae 9 

(9.67 ± 2.69 GPa) (Fig. 10a). The elastic modulus of thin sub-lamellae was lower than that 10 

measured using the nanoindentation technique (section 4.3), which can be attributed to the higher 11 

spatial resolution offered by PeakForce AFM than that for nanoindentation. The histogram of 12 

elastic modulus contained three dominating peaks for the thick and thin sub-lamellae, respectively, 13 

indicating the underlying fiber orientations (Fig. 10bc). The elastic modulus of another structure 14 

on the microscale, the cement lines, was also measured (7.49 ± 4.23 GPa). Cement lines play an 15 

important role in the fracture and fatigue behaviors of bone and this was the first time that its 16 

elastic modulus was experimentally determined. The results also showed relatively softer 17 

mineralized collagen fibril bundle arrays (12.94 ± 2.71GPa) embedded in harder extrafibrillar 18 

matrix materials (28.39 ± 5.75 GPa), which shed light on the ultrastructure of bone (Fig. 10de). 19 

The histogram of the elastic modulus of the collagen fibril bundles was mostly dominated by one 20 

general normal distribution, which suggested one dominating angle between the fibrils and the 21 

AFM tapping direction, i.e. the long axis of the bone (Fig. 10f). It was consistent with the 22 

ultrastructure model, in which the collagen fibrils and mineral particles weaved together like a 23 
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twisting rope (Reznikov et al., 2014a). In contrast, there were multiple peaks in the histogram of 1 

the elastic modulus of the extrafibrillar matrix (Fig. 10g). It was attributed to the random 2 

orientations of fibrils, the substantial ground substance, and the sub-micron voids in the disordered 3 

extrafibrillar matrix (Reznikov et al., 2014b). 4 

Using sub-resonance mode AFM, the surface topography of wear particles and human knee 5 

cartilage were characterized and the elastic modulus was measured to be from ~5 to 25 MPa for 6 

wear particles found in healthy and osteoarthritic knee joints (Wang and Peng, 2015). By applying 7 

sub-resonance mode AFM, the elastic modulus of corneal stroma has been measured to be reduced 8 

from 7.10 GPa to 1.84 MPa with the increasing hydration level (Xia et al., 2014). Moreover, the 9 

elastic modulus of human cementum was measured by this technique to be 9.84 ± 5.13 GPa and 10 

7.42 ± 2.39 GPa, respectively, for healthy and cathepsin K gene mutated dentin (Xue et al., 2015). 11 

5. Summary 12 

This review presents the operation modes, the theoretical background, and the applications of 13 

the atomic force microscope in bone and bone-related research. The emergence of AFM in 1986 14 

and its expansion in operating modes have greatly improved our understanding of the structure 15 

and the mechanical properties of bone. AFM-related techniques have been used to image the 16 

surface morphology and to measure the mechanical properties of different types of bone, various 17 

structures in bone across multiple length scales, bone with and without diseases, and treatments. 18 

Recent advancement in the AFM technique, the sub-resonance mode AFM, allows fast mapping 19 

of the morphology and mechanical properties of bone. In the future, the applications of the AFM 20 

technique will further expand our understanding of bone and other natural materials.  21 
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Tables 1 

Table 1. Elastic modulus of bone and components in bone measured using various AFM methods 2 

Specimen Testing 
Condition 

Experime
ntal 
Method 

Probe  Loading Profile Mechanics 
Theories 
and Models 

Elastic Modulus (GPa) Reference 

Bovine 
tibia 

Under 
water or 
saline 

AFM 
contact 
indentatio
n mode 

Pyramidal corner; 
Silicon nitride 

Penetration depth 
3 – 50 nm; 
Maximum load of 
2.5 and 205 nN  

Sneddon; 
Cones with 
semivertica
l angle of 
72° 

Osteonal lamella, 0.7–0.9 (shear modulus); 
Interstitial lamella, 0.06–0.13 (shear modulus). 

(Tao et 
al., 1992) 

Osteoblast 
cell 
culture 

In cell 
culture 
medium, 
37°C and 
5% 
CO2 

AFM 
force 
mapping 
(contact 
indentatio
n) 

Cantilever spring 
constant 8 mN/m 

7.1 curves per 
second for 32 
force curves per 
line; 12 force 
curves per second 
for 64 force curves 
per line; Trigger 
threshold of 110 
nm. 

Sneddon Osteoclast, 8.8 kPa on Ti substrate; 
Osteoclast, 2.1 kPa on TiV substrate. 

(Domke et 
al., 2000) 

Human 
femur 

Dry/Immer
sed in 
Ringer 
solution 

Nanoinde
nter + 
AFM 
controller 

Berkovich Maximum load of 
0.2 - 5 mN 

Oliver-
Pharr 

Osteonal thick sub-lamella, dry 23.8–17.1, wet, 
19.8–9.5; Osteonal thin sub-lamella, dry 20.5–
16.8, wet 17.1–11.6; 
Trabecular thick sub-lamella, dry 27.2–20.2, 
wet 18.3–10.8; Trabecular thin sub-lamella, 
dry 24.8–21.9, wet 20.5–8.1. 

(Hengsber
ger et al., 
2002) 

Human 
femur 

Dry Nanoinde
nter + 
AFM 
controller  

Berkovich Loading/ 
unloading rate of 
300 μN/s; 
Maximum load of 
1.5 mN 

Oliver-
Pharr 

Osteonal thick sub-lamella, polished 23.28 ± 
2.20, microtomed 24.36 ± 2.86; 
Osteonal thin sub-lamella, polished 21.94 ± 
2.66, microtomed 20.34 ± 1.88. 

(Xu et al., 
2003) 

Bovine 
tibia 

Dry Nanoinde
nter + 
AFM 
controller 

Berkovich Loading/unloading 
rate of 9 μN/s; 
Maximum load 
100-1000 μN; 
Holding 10-20 s 

Oliver-
Pharr and 
FEA 

EDTA-demineralized cortical bone:  
Mineral content 58 wt%, 12.9 ± 2.9; 
Mineral content, 37 wt%, 7.9 ± 2.7; 
Mineral content, 26 wt%, 3.0 ± 0.5; 
Mineral content, 4 wt%, 3.8 ± 0.7; 
Mineral content, 0 wt%, 1.9 ± 0.1. 

(Tai et al., 
2005) 
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Mouse 
mid-tibial 
cortical 
bone 

Dry Nanoinde
nter + 
AFM 
controller 

N/A Nanoindentation 
with maximum 
load of 300 – 600 
µN   

Oliver-
Pharr 

Wild type, ~ 20.4; 
DNTβRII mice with reduced TGF-β signaling, 
increased by 33%; 
Smad3 mice with impaired TGF-β signaling, 
increased by 42%. 

(Balooch 
et al., 
2005) 

Sinusoidal 
modulated force of 
3 µN 

(Syed Asif 
et al., 2001, 
1999) 

Elastic map:  
Homogeneous in wild type, ~32; 
Heterogeneity in D4 phenotypes, 15 – 40.  

Rabbit 
femoral 
condyle 

Dry Nanoinde
nter + 
AFM 
controller 

Berkovich Loading/unloading 
rate of 50 μN/s; 
Maximum load 
from 250 to 3000 
µN; Holding for 
10 s 

Oliver-
Pharr 

For shallow indentations, 
Trabecular thick lamella, 26.6 ± 2.27; 
Trabecular thin lamella, 20.3 ± 2.09. 
For large indentations, 
Trabecular thick and thin lamella, ∼20. 

(Donnelly 
et al., 
2006) 

Bovine 
cortical 
bone 

Dry AFM 
contact 
indentatio
n mode 

Tetrahedral 
silicon 
cantilever; Spring 
constant 56.2 
N/m; Tip radius ∼ 
15 nm. 

Maximum load of 
5 µN; 100 nm 
spacing 

Oliver-
Pharr and 
FEA 

Osteon longitudinal, 12.9 ± 4.8; 
Osteon transverse, 8.55 ± 3.7. 

(Tai et al., 
2007) 

Bovine 
cortical 
bone 

Dry AFM 
contact 
indentatio
n mode 

Same as (Tai et 
al., 2007) 

Same as (Tai et 
al., 2007) 

Oliver-
Pharr 

Results from AFM contact indentation mode: 
Osteon longitudinal, 6 – 30; 
Osteon transverse, 4 – 15. 
Combining with results from nanoindentation: 
Heterogeneity below length scale 200 nm. 

(Yao et 
al., 2011) 

Nanoinde
ntation 

Berkovich Displacement 
control; Maximum 
depths 50, 100, 
200, 300 nm. 

Rat femur Rehydrated 
in HBSS 
vapor. 
High/low 
vacuum; 
wet in air. 

AFM 
bending, 
in situ 
SEM 

AFM cantilever 
spring constant 
28 N/m; FIB 
flattened tip. 

Loading rate 0.2 
µm/s 

Beam 
bending 
theory 

High vacuum 4.98 ± 0.25; Low vacuum 

 5.24 ± 0.11; Wet in air 5.22 ± 0.15. 

(Jimene
z-
Palomar 
et al., 
2012). 

Bovine 
tibia 

Fresh, 
ambient 

Nanoinde
ntation + 
AFM 
scans 

Berkovich Loading rate 20 
nm/s; Unloading 
rate 100 nm/s; 
Maximum depths 
50, 100, 200, 300 

Oliver-
Pharr 

Osteon longitudinal, oscillation from 26.24 ± 
1.68 to 19.73 ± 0.73; 
Osteon transverse, oscillation from 23.59 ± 
3.55 to 15.39 ± 1.04. 

(Carnelli 
et al., 
2013) 
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nm; Spacing 0.5, 
1, 2, 3 μm 

Rat mid-
femur 
cortical 

Dry Nanoinde
ntation 

Berkovich  10 s loading, 60 s 
holding, 10 s 
unloading; 
Maximum load 
500 µN; 1 µm 
spacing 

Oliver-
Pharr 

Heterogeneity in the elastic map near a lacuna, 
~4 – ~50;  

(Zhang et 
al., 2015) 

  AFM 
PeakForc
e QNM 

Etched silicon 
probe; Tip radius 
8 nm; 
Spring constant 
200 N/m 

Maximum force 
250 – 350 nN 

N/A Perilacunar matrix, 10.0 ± 2.8; bone matrix, 
28.8 ± 10.1.  
Pericanalicular matrix, 20.0 ± 7.5; bone matrix, 
31.6 ± 5.2. 
Collagen fiber in perilacunar matrix, 12.6 ± 
3.5. 

Minipig 
cranial 
bone 

Ambient AFM 
PeakForc
e QNM 

N/A N/A N/A Natural bone, 7.5 ± 0.6;  
Newly-formed bone in defect treated with IMC 
scaffolds, 5.1 ± 0.7;  
Newly-formed bone in defect treated with HA 
scaffolds, 3.6 ± 0.8.  

(Zhang et 
al., 2017) 

Mouse 
femur 

Dry AFM 
contact 
indentatio
n 

Non-contact high 
resonance 
cantilevers; 
Spring constant 
40 N/m; 
Spherical tips 
radii 50, 100, 300 
nm; Resonance 
frequency 330 
kHz; Length 125 
µm 

Indentation 
frequency between 
1 and 500 Hz; 
Scan size 30 µm;  
64 × 64, 128 × 
128, or 256 × 256 
pixels 

Hertzian Cortical metaphysis, longitudinal 1.64± 0.31, 
transverse 1.33± 0.37; 
Cortical mid-diaphysis, longitudinal 1.90± 
0.31, transverse 1.54± 0.21; 
Trabecula femoral head, longitudinal 0.93± 
0.20, transverse 0.54± 0.29; 
Trabecula distal epiphysis, longitudinal 0.83± 
0.31, transverse 0.47± 0.18; 
Trabecula metaphysis, longitudinal 0.84± 0.29, 
transverse 0.43± 0.15. 

(Asgari et 
al., 2019) 

Bovine 
cortical 
femur 

Immersed 
in DI water 

AFM 
PeakForc
e QNM 

Etched silicon 
probe; Tip radius 
8 nm; 
Spring constant 
200 N/m 

Maximum force 
400 nN; 1 kHz 
force frequency; 
0.5 Hz scan rate; 
Scan size 100, 11, 
6.6 µm; 256 × 256 
pixels  

DMT Osteons, 20.51 ± 6.85;  
Interstitial bone, 21.87 ± 5.48;  
Thick sub-lamella, 21.49 ± 6.58; 
Thin sub-lamella, 9.67 ± 2.69; 
Cement line, 7.49 ± 4.23; 
Mineralized collagen fibril bundle, 12.94 ± 
2.71GPa; 
Extrafibrillar matrix, 28.39 ± 5.75. 

(Zhou et 
al., 2020) 
 

  1 
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List of Figures 1 

Figure 1. Number of publications using AFM to study bone-related problems, according to 2 

PubMed database, using the search term, “atomic force microscopy, bone”. 3 

Figure 2. Hierarchical structures of bone from millimeter- to nanometer-scale. 4 

Figure 3.  Schematics of AFM tip-surface interactions in sub-resonance mode AFM. (a) The 5 

modulated vertical position of the probe; (b) The measured deflection of cantilever probe; (c)Tip-6 

surface interactions; (d) Force-separation curve. (blue - approach; red - retract) 7 

Figure 4. (a) AFM image (scan size 50 × 50 µm) of part of an osteon showing lamellar structures. 8 

The bright and dark bands correspond to the thick and thin sub-lamellae, respectively (Xu et al., 9 

2003). (b) AFM image (scan size 2 × 2 µm) of the cleaved surface of a trabecula is dominated by 10 

mineral plates (Hassenkam et al., 2004). (c) AFM image (scan size 2.2 × 2.2 µm) of fractured bone 11 

after ethylenediaminetetraacetic acid (EDTA) treatment showing parallel collagen fibrils with 12 

periodic banding structures (Knapp et al., 2002). (d) AFM image (scale bar 3 µm) showing a lacuna 13 

with radiating canaliculi, some of which turn sharply towards or away from the Haversian canal 14 

(arrows) (Lin and Xu, 2011).  15 

Figure 5. (a) AFM topography scan (50 µm × 50 µm) after nanoindentation tests showing the 16 

indents remained in the cortical osteons in a human femoral specimen. Closed and open triangles 17 

indicate ~500 nm indents in thick (bright) and thin (dark) sub-lamellae, respectively (Hengsberger 18 

et al., 2002). (b) Topology image showing the indentations in thick (bright) and thin (dark) sub-19 

lamellae in trabecular bone in rabbits (Donnelly et al., 2006). Spatial distribution of indentation 20 

modulus in osteons in bovine cortical bone obtained from nanoindentation along (c) axial direction 21 

(parallel to the osteonal axis) and (d) transverse direction (normal to the osteonal axis). Radial 22 
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distance, r, begins at the edge of the Haversian canal. Dashed lines show the results of fitting 1 

experimental data to an oscillatory function. Adapted from (Carnelli et al., 2013). 2 

Figure 6. (a) Height image of a living osteoblast recorded in contact mode. The white box indicates 3 

the area shown in (b). (b) Elastic modulus map of the boxed section in the osteoblast in (a). 4 

(adapted from (Domke et al., 2000)) 5 

Figure 7. Typical elastic modulus maps of bovine compact bone in ambient conditions obtained 6 

from indentations using AFM probes and Oliver-Pharr method with the indentation direction (a) 7 

parallel to the long bone axis (axial loading) and (b) perpendicular to the long bone axis 8 

(transverse loading), respectively. (Adapted from (Yao et al., 2011)) 9 

Figure 8. (a) AFM image of a fractured surface of human trabecular bone showing filaments 10 

(arrows) between neighboring fibrils (scale bar: 200 nm) (Fantner et al., 2005); (b) A representative 11 

tension curve obtained during the AFM force measurement on a piece of bone with another piece 12 

of bone glued to the AFM cantilever probe (adapted from (Fantner et al., 2005)); (c) Electron 13 

micrograph of a collagen fibril attached with one glue droplet to the substrate (down right) and a 14 

second droplet to the AFM cantilever (top left) (van der Rijt et al., 2006); (d) Two representative 15 

loading-unloading stress-strain curves obtained from the tension test of single collagen fibrils 16 

using AFM at ambient conditions (van der Rijt et al., 2006). 17 

Figure 9. Surface morphology and reduced elastic modulus map for the lacunar-canalicular 18 

network surrounding osteocytes measured using PeakForce AFM. (a) Surface morphology and 19 

(b) reduced elastic modulus map of the bone surrounding an osteocyte lacuna (noted by L in the 20 

figures); (c) Histograms of the reduced modulus for perilacunar matrix and bone matrix (boxed 21 

areas in (a) and (b)). (d) Surface morphology and (e) reduced elastic modulus map of the bone 22 
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surrounding a canaliculus (noted by C in the figures); (f) Histograms of the reduced modulus for 1 

pericanalicular matrix and bone matrix. (g) Surface morphology and (h) reduced modulus map of 2 

collagen fibrils in the perilacunar matrix near an osteocyte lacuna; (j) Histograms of the reduced 3 

elastic modulus for the collagen fibrils and bone matrix. (adapted from (Zhang et al., 2015)) 4 

Figure 10. (a) Elastic modulus map of alternating thick and thin sub-lamellae in an osteon; 5 

Histograms of elastic modulus for (b) thick sub-lamellae and (c) thin sub-lamellae, respectively. 6 

Elastic modulus map of (d) mineralized collagen fibril bundles (dashed ellipse) and extrafibrillar 7 

matrix and (e) bundle-matrix patterns in the interstitial bone, which was not shown in the cement 8 

line; Histograms of elastic modulus for (f) mineralized collagen fibril bundles and (g) 9 

extrafibrillar matrix. (adapted from (Zhou et al., 2020)) 10 
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