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Abstract
High-speed atomic force microscopy (HS-AFM) is a unique approach that allows direct real-time visualization of biological macromolecules 
in action under near-physiological conditions, without any chemical labeling. Typically, the temporal resolution is sub-100 ms, and the spatial 
resolution is 2–3 nm in the lateral direction and ∼0.1 nm in the vertical direction. A wide range of biomolecular systems and their dynamic 
processes have been studied by HS-AFM, providing deep mechanistic insights into how biomolecules function. However, the level of mechanistic 
detail gleaned from an HS-AFM experiment critically depends on the spatiotemporal resolution of the system. In this review article, we explain 
the principle of HS-AFM and describe how the resolution is determined. We also discuss recent attempts to improve the resolution of HS-AFM 
to further extend the observable range of biological phenomena.
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Introduction
Atomic force microscopy (AFM) is a palpation-type
microscopy that creates three-dimensional maps of sample 
surfaces at a high spatial resolution by scanning a tiny probe 
tip attached to the end of a cantilever over a surface [1]. Since 
AFM measures the forces acting between the probe tip and 
the sample surface, AFM can observe a wide range of samples 
in various environments. Thus, AFM is now routinely used to 
characterize the topographies and mechanical properties of 
samples and continually pushes the frontiers of nanoscience 
and nanotechnology in physics, chemistry and biology [2–4].

AFM holds a unique significance in biological sciences 
because it is the only microscopy that can directly cap-
ture submolecular-resolution images of biological samples 
under near-physiological conditions without sample staining 

or chemical labeling [5–7]. In addition, AFM has been used 
for force measurements to estimate the strength of intra- 
and inter-molecular bonds at the single-molecule level [8–10] 
and the mechanical properties of living cells [11,12]. These 
applications have led AFM to become recognized as a mul-
tifunctional toolbox for biology [2]. However, the effective 
temporal resolution of conventional AFM is insufficient to 
capture dynamic behaviors of biological samples, requiring 
at least 30 s to obtain a single image. As a result, molecules 
moving on the substrate surface appear to be blurred or 
are not visible at all. This drawback had previously limited 
the application of AFM in functional studies of biological 
molecules.

To overcome this limitation, high-speed AFM (HS-AFM) 
for biological applications has been developed. After initial 
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prototyping [13,14] and extensive improvements [15–19], 
HS-AFM was first put into practical use around 2008 [20]. 
While the temporal resolution depends on the sample to be 
imaged and the imaging conditions, current HS-AFM systems 
can take successive images of biological samples ≤100 ms, 
allowing clear imaging of sub-100 ms molecular movements 
and dynamic processes. Importantly, despite the rapid pace of 
interactions between the probe tip and the sample, invasive-
ness is sufficiently low that the sample remains structurally 
and dynamically intact even after prolonged imaging.

Owing to the high speed and low invasiveness of HS-AFM, 
dynamic structural changes and functional processes in vari-
ous biomolecular systems have been successfully imaged using 
HS-AFM, as reviewed previously [21–24]. In the past 3 years 
alone, numerous representative results have been reported on 
the following biomolecular systems: transmembrane proteins 
[25–30], peripheral membrane proteins [31–33], cytoskele-
tons and their binding proteins [34–38], nucleic acids and 
their binding proteins [39–52], intrinsically disordered pro-
teins [53–57], molecular motors [58–61], amyloidogenic 
proteins [55,62–64], protein assemblies [65–68], membrane 
vesicles [69–71], disruption of cellular membrane [72–75], 
membraneless organelles [76,77] and artificial molecules 
[78–82]. The remarkable breadth of these achievements show-
cases the power of HS-AFM to open new avenues of investi-
gation into diverse biomolecular systems and to obtain unique 
dynamic and mechanistic insights about these systems.

Although beyond the scope of this review, AFM operated 
in frequency modulation mode (FM-AFM) [83] has achieved 
atomic-scale imaging [84,85], atom manipulation [86,87] and 
chemical identification [88] for solid samples in ultra-high 
vacuum. Remarkably, true atomic-resolution imaging was 
demonstrated in liquid by FM-AFM [89,90], although appli-
cations toward biological molecules are still limited and the 
temporal resolution is not as high as that of HS-AFM [91–93]. 
The spatiotemporal resolution of FM-AFM is discussed in 
detail in previous studies [94–96].

In this review, we focus on HS-AFM for imaging biologi-
cal macromolecules in action. First, we describe the principles 
underlying HS-AFM measurement and performance. Then, 
we explain the concept of the spatiotemporal resolution of 
HS-AFM. Finally, we discuss the recent attempts to improve 
the resolution of HS-AFM to extend its application range in 
the biological sciences.

Principle of HS-AFM
In brief, all AFM systems capture the topographies and 
physico-chemical properties of sample surfaces by scanning 
a probe tip attached to the free end of a microcantilever over 
a sample. While AFM can be performed in a number of oper-
ational modes [2], HS-AFM specifically employs the tapping 
mode, also called amplitude modulation mode or intermittent 
contact mode [97], which is usually used to observe fragile 
biological samples.

The system configuration of HS-AFM is basically the same 
as that of conventional tapping-mode AFM, but all com-
ponents in the system are optimized for high-speed imag-
ing (Fig. 1). In the tapping mode, the cantilever oscillates 
in the Z direction at around its first resonance frequency. 
When the cantilever approaches a sample surface, the oscil-
lating probe tip intermittently taps the sample surface at 
the bottom of its swing. Hence, the oscillation amplitude 

Fig. 1. Diagram of HS-AFM system.

HS-AFM, high-speed atomic force microscopy.

of the cantilever varies with the degree of contact. Using 
an optical beam deflection (OBD) system [98,99], the can-
tilever deflection is monitored by a laser beam reflected from 
the cantilever and guided to a position-sensitive photodiode. 
The output signals from the photodiode are conditioned to 
provide a differential signal corresponding to the cantilever 
deflection. The cantilever deflection signal is then converted 
to an amplitude signal by the amplitude detector. After that, 
the measured amplitude signal is compared with the pre-
set amplitude values (i.e. the feedback set point amplitude), 
and their difference signal (i.e. the error signal) is fed into 
a proportional–integral–derivative (PID) feedback controller. 
The output signal from the feedback controller is fed into a 
Z piezo driver which displaces the Z-scanner, onto which the 
sample stage is affixed, in the Z direction so that the error 
signal approaches zero.

This series of operations is continuously repeated at differ-
ent points on the sample surface during lateral scanning of the 
sample stage in the XY directions. The force acting between 
the probe tip and the sample surface is kept constant, mini-
mizing the disruptive effect of the probe on the sample. The 
XY scanning signals are generated from a digital-to-analog 
(D/A) converter, and the output signal from the feedback con-
troller at each XY position is recorded by an analog-to-digital 
(A/D) converter. This allows reconstruction of the topographic 
image of the sample surface. The temporal resolution of 
AFM is improved by decreasing the time required for each
loop.

Feedback performance of HS-AFM
As mentioned earlier, two requirements must be met simul-
taneously to successfully apply HS-AFM to biological sam-
ples. One is temporal resolution high enough to capture the 
dynamic behavior of the sample, and the other is to minimize 
invasiveness in order to avoid disruption and deterioration of 
the sample. To this end, the following mechanical and elec-
tronic devices have been developed: small cantilevers with 
a small spring constant kc and a high resonance frequency 
f c [14,15], an OBD detection system using an objective lens 
specialized for small cantilevers [14], a high-speed ampli-
tude detector [14], high-speed scanners [14,16,100], an active 
damper for the scanners [18], a dynamic PID feedback con-
troller that outputs a large signal only when the probe tip is 
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detached from the sample surface [19] and a fast data acqui-
sition system [17]. Details of these technical developments are 
described in previous studies [20,101].

The feedback system includes the cantilever, amplitude 
detector, PID feedback controller and Z-scanner (Fig. 1). The 
speed of the feedback control can be quantified by measur-
ing the feedback bandwidth (f B) in the closed loop system. 
Usually, f B is defined by the feedback frequency at which a 
phase delay of 𝜋/4 occurs between the sample surface fea-
tures to be observed (i.e. disturbance signal) and the Z-scanner 
displacement (i.e. feedback signal).

In reality, f B is affected by various factors, including the 
ratio of the free oscillation amplitude of the cantilever A0 and 
the sample height Hs, the ratio of A0 and the feedback set 
point amplitude As and the physico-chemical properties of the 
sample and the tip–sample convolution [19,102,103] (Fig. 2). 
However, when Hs/A0 and As/A0 are small enough, f B is well 
approximated by an open loop system using the sum of the 
time delays of the above devices as 

𝑓B = 1
8

/(𝜏c + 𝜏amp + 𝜏z + 𝜏d) , (1)

where 𝜏c, 𝜏amp and 𝜏z are the response time for the cantilever, 
amplitude detector and Z-scanner, respectively, and 𝜏d is the 
sum of the other small time delays in the feedback system. 𝜏c, 
𝜏amp, and 𝜏z are further expressed by 

𝜏c = 𝑄c

𝜋𝑓c
, (2)

𝜏amp = Δ𝜑
2𝜋𝑓c

(3)

and 

𝜏z = 𝑄z

𝜋𝑓z
, (4)

where f c (f z) and Qc (Qz) are the resonance frequency and the 
quality factor of the cantilever (Z-scanner), respectively, and 

Fig. 2. Feedback bandwidth f B is affected by various factors. f B was 
measured by changing As/A0 and A0/Hs ratios using a mock AFM system 
[19]. Blue and red plots were obtained by conventional and dynamic PID 
controllers, respectively. Circle, square and triangle marks correspond to 
the A0/Hs ratios of 5, 2 and 1, respectively [19].

AFM, atomic force microscopy; PID, proportional–integral–derivative.

Fig. 3. Imaging parameters that determine the temporal resolution of 
AFM.

AFM, atomic force microscopy.

Δ𝜑 is the phase delay in the amplitude detection with respect 
to the cantilever’s oscillation cycle.

The current HS-AFM system achieves f B ∼ 70 kHz for low 
height samples [19], where 𝜏c is ∼0.4 μs using a cantilever 
with f c ∼ 1.2 MHz and Qc ∼ 1.5 in liquid, 𝜏amp is ∼0.4 μs 
using an amplitude detector with Δ𝜑 ∼ 𝜋 [14] and a cantilever 
with f c ∼ 1.2 MHz, 𝜏z is ∼0.8 μs using a Z-scanner with 
f z ∼ 200 kHz and Qz ∼ 0.5, and 𝜏d is ∼0.1 μs. The scanning 
area of HS-AFM for the observation of biological molecules 
in the XY and Z directions is ∼2 × 2 μm and ∼0.5 μm, respec-
tively. In contrast, although the scanning area of conventional 
AFMs is much larger than HS-AFM, they typically have 
f B < 1 kHz.

Temporal resolution of HS-AFM imaging
To consider the temporal resolution of HS-AFM, which we 
define as the minimum time to obtain an image Tmin, we 
assume the XY-raster scanning method commonly used in 
biological applications (Fig. 3), notwithstanding non-raster 
scanning methods that have also been proposed [104,105]. 
When we suppose that an image is to be taken, given the small-
est apparent width of features on the sample surface (𝜎), the 
scan range in the X direction (W) and the number of scanning 
lines in the Y direction (N), Tmin is expressed by 

𝑇min = 𝜋𝑁𝑊
2𝜎𝜃max𝑓B

, (5)

where 𝜃max (in radians) is the maximum possible phase delay 
in scanning the sample surface at which the resulting excess 
force exerted by the probe tip does not disturb the biological 
structure or function of the sample [106]. 𝜎 is approximated 
by the convolution of the probe tip radius Rt and the smallest 
sample feature radius to be observed Rs (i.e. 𝜎 = √𝑅t𝑅s).

In practice, the maximum scanning velocity of the probe tip 
Vmax derived from Tmin is a useful parameter for performing 
imaging experiments with optimized instrument performance. 
Vmax is given by 

𝑉max = 2𝑁𝑊
𝑇min

. (6)

The line rate, which represents the X-scanning frequency, 
is another parameter that is often used to describe the imag-
ing conditions of experiments. However, since the length 
of each X scan line varies depending on the size of the 
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scan area, it would be more useful to report the scanning 
velocity of the probe tip Vs, where Vs should be smaller 
than Vmax. Since the efficiency of the feedback response is 
directly related to Vs, this allows the feedback response to be 
directly compared between studies regardless of the size of the
scan area.

Although 𝜃max depends on the fragility of each target 
molecule, 𝜃max is estimated to be ∼𝜋/9 (i.e. ∼20∘) for proteins, 
according to previous imaging studies [107]. Under a typi-
cal condition for imaging structural proteins (e.g. W = 80 nm, 
N = 80, 𝜎 = 5 nm, f B = 70 kHz and 𝜃max = 𝜋/9), Vmax and 
Tmin are estimated to be ∼150 μm/s and ∼82 ms which cor-
responds to an imaging rate of ∼12.2 frames per second (fps), 
respectively. Notably, some intrinsically disordered proteins 
with 𝜎 ∼ 2 nm can be imaged without deterioration of their 
morphological and dynamic features for >2000 frames, even 
with an image acquisition time T of 20 ms (50 fps), with 
W = 60 nm, N = 36 and f B = 70 kHz. This suggests that HS-
AFM imaging can be performed even under conditions where 
𝜃max probably exceeds 𝜋/9. This may be due to the substan-
tially low height of intrinsically disordered regions, equivalent 
to the diameter of a single polypeptide chain (i.e. ∼0.5 nm). 
Thus, higher temporal resolution imaging would be applicable 
to biological molecules with low height [108,109].

Importantly, Eq. (5) shows that the number of pixels in the 
X direction does not affect Tmin: that is, putting a large num-
ber of pixels in the X direction does not result in a decrease in 
temporal resolution. Indeed, some imaging studies skillfully 
used this idea to collect more information from the sample 
surface by using a rectangular pixel, with a smaller pixel size 
and a higher pixel count in the X direction [72,110,111]. 
Furthermore, Eq. (5) implies that the temporal resolution of 
AFM can be increased by decreasing N, as demonstrated pre-
viously [35,112,113]. More specifically, line scanning mode 
(N = 1) provides a temporal resolution as short as a few tenths 
of the time needed to capture a full image [13,114]. This 
approach has been demonstrated in the successful quantifi-
cation of the fast kinetics of membrane proteins [115–117]. 
At the extreme, it is also possible to follow the height change 
at a certain fixed position on a sample [118,119]. Indeed, 
oligomeric states and concentrations of a membrane bind-
ing molecule on a biological model membrane have been 
studied by HS-AFM in this way at a temporal resolution
of ∼10 μs [115].

Spatial resolution of HS-AFM imaging
Since AFM topographic images depict the height variation in 
the Z direction as a function of the spatial coordinates in 
the XY plane, the spatial resolution must be separated into 
vertical (Z) and lateral (XY) resolution. These are affected 
by various factors: mechanical and electrical noise from the 
instrument, the size and shape of the probe tip, the forces act-
ing between the probe tip and sample, the physico-chemical 
properties of the sample and so on [120]. Biological sam-
ples in particular need additional considerations because they 
have viscoelastic properties and are highly dynamic in nature, 
exhibiting thermal fluctuation and functional movements; 
these will be discussed later. However, for simplicity, we will 
first consider the case where the deformations and movements 
of the sample can be ignored.

The vertical resolution 𝛿Z is determined by the thermal 
noise of the cantilever 𝛿Zth, the noise of the OBD sensor 𝛿Zdet

and the noise of the Z-scanner 𝛿Zs, when the cantilever is 
oscillated at or near its first resonance frequency. As these 
noise sources are independent, 𝛿Z is given as 

𝛿𝑍 = √𝛿𝑍th
2 + 𝛿𝑍det

2 + 𝛿𝑍s
2. (7)

Since 𝛿Zdet and 𝛿Zs are negligible compared to 𝛿Zth in the 
HS-AFM system, Eq. (7) can be approximated as 

𝛿𝑍 ≅ √4𝑘B𝑇exp𝑄c𝑓B

𝜋𝑓c𝑘c
(8)

where kB and Texp are the Boltzmann constant and the temper-
ature in Kelvin during the experiment, respectively [121]. 𝛿Zth
is estimated to be ∼0.05 nm in our HS-AFM system under 
typical parameters (i.e. f c = 1.2 MHz, kc = 0.2 N/m, Qc = 1.5, 
f B = 70 kHz and Texp = 298 K). This is a sufficient vertical 
resolution to observe the 0.34-nm layer-to-layer step height 
of highly oriented pyrolytic graphite, corresponding to the 
average size of amino acids [54].

The lateral resolution is considered using the Rayleigh cri-
terion and is predominantly determined by the shape of the 
probe tip [122]. As shown in Fig. 4a, a pair of sharp spikes, 
with a height difference Δh, separated by distance l is scanned 
by a probe with a tip radius Rt. As the samples are consid-
erably sharper than the tip, the resulting topographic image 
shows a pair of inverted probe tips intersecting the top of the 
spikes. The intersection of the shapes of the inverted probe 
tips forms a small dimple with depth ΔZ. The lateral resolu-
tion 𝛿l can be determined by the minimum lateral separation 
l for which ΔZ is larger than the vertical resolution of the 
system, 𝛿Z. Therefore, 𝛿l can be approximated as 

𝛿𝑙 ≅ √2𝑅t (
√

𝛿𝑍 +
√

𝛿𝑍 + Δℎ), (11)

for 𝛿𝑙 > √2𝑅tΔℎ, where ΔZ and Δh are finite quantities, and 
thus their multiplications can be ignored. Figure 4b shows the 
lateral resolution as a function of Rt using 𝛿Z of 0.05 nm as 
estimated earlier. When samples have no height difference, 𝛿l
of ∼1.5 nm can be achieved with a probe of Rt ∼ 5 nm. By 
contrast, in a realistically observable case where samples have 
a height difference of only ∼1 nm, 𝛿l increases to 3–4 nm using 
the same probe tip of Rt ∼ 5 nm. These probe tips can be fabri-
cated at the end of a cantilever using electron beam deposition 
followed by argon plasma etching [22]. In good cases, 𝛿l as 
low as ∼1 nm can be achieved for samples with low height dif-
ferences [29,109], implying that probe tips can be fabricated 
using this procedure with Rt as low as 1–2 nm.

Since AFM images are digital data, the spatial resolution 
is also affected by the data acquisition process. According to 
the sampling theorem, the size of a single image pixel should 
be less than half of the desired resolution. The A/D and D/A 
converters used in our current HS-AFM system are 12 bits 
for ±1 V (PCI-3525 and PCI-3305, Interface, Japan) corre-
sponding to minimum digital resolutions of ∼0.10 nm and 
∼0.03 nm in the XY and Z directions, respectively. While the 
minimum digital resolutions depend on the maximum dis-
placements of the scanner, they are smaller than the lateral 
and vertical resolutions of the instrument.

In principle, AFM generates accurate and reliable height 
information relative to a reference plane. However, as 
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Fig. 4. Estimation of lateral spatial resolution of AFM based on a simple geometric configuration. (a) Left, AFM image reconstruction based on the 
Rayleigh criterion. Two sample spikes are scanned by a parabolic probe tip with radius Rt. Modified based on ref [122]. Right, pseudo AFM images for 
the two spikes (top and center) and their cross-sections (bottom). The two spikes, separated by 4 nm (top) and 2 nm (center), are scanned by a probe tip 
with Rt of 5 nm. The height difference Δh of the spikes is 1 nm. Cross-sections are along the axis denoted by the arrowheads, which passes through the 
peaks. (b) Lateral resolution of HS-AFM 𝛿l  as a function of Rt for two adjacent features, assuming 𝛿Z  of 0.05 nm. Modified based on ref [120].

AFM, atomic force microscopy; HS-AFM, high-speed atomic force microscopy.

mentioned earlier, the width and volume of an imaged 
object should be carefully quantified because AFM images are 
acquired with a convolution effect caused by the tip scan-
ning [123]; this effect is especially pronounced for biological 
molecules whose size is comparable to Rt. In addition, when 
observing objects with sizes similar to Rt, a multi-tip effect 
often appears in images [124]. Both effects must be taken into 
account when analyzing and interpreting width and volume 
data obtained by AFM.

Remarkably, to overcome the limit on AFM spatial resolu-
tion imposed by the tip convolution effect, a method called 
the localization image reconstruction algorithm [125] was 
developed based on the localization microscopy technique 
that has revolutionized the spatial resolution of fluorescence 
microscopy [126,127]. This method has since been applied 
to demonstrate that single amino acid residues on membrane 
proteins in native and dynamic conditions can be resolved by 
AFM [29,117,125].

Apparent spatial resolution and data asynchronicity
Next, we consider the case where the sample deforms and 
moves during AFM imaging. It is important to consider that 
the data for all pixels in an image are not acquired at the 
same time, but at different times during the lateral scanning 
of the sample stage; this is called data asynchronicity. Accord-
ingly, one can easily imagine that a slow scan of a fast-moving 
object would result in a blurred image of the object, result-
ing in low spatial resolution [128,129]. Biological molecules 
exhibit translational diffusion, rotational diffusion and con-
formational changes related to their functions, all of which 
affect the appearance of observed objects (Fig. 5) and there-
fore the apparent spatial resolution of the AFM image. Thus, 
improving the temporal resolution of AFM is key to observ-
ing dynamic and mobile biological molecules and clearly 
resolving their detailed features.

This concept is demonstrated by a study that includes HS-
AFM imaging of an intrinsically disordered protein. It was 

demonstrated that the disordered regions are not visible at 
1 fps, only slightly visible at 2 fps, visible with their end 
regions appearing blurry at 5 fps and clearly visible for the 
entire length at 10 fps [130]. Indeed, using a high tempo-
ral resolution to obtain a high apparent spatial resolution, 
HS-AFM has been used to determine the stoichiometry of 
protein complexes that have not been determined by other 
methods [35,131–134]. Thus, improving the temporal reso-
lution of AFM concomitantly improves the apparent spatial 
resolution of images.

Further improvements of HS-AFM
The power of HS-AFM has been progressively demonstrated 
by imaging studies on various targets as mentioned earlier. 
However, there are still a large number of biological pro-
cesses that cannot be visualized with current HS-AFM sys-
tems. This is largely due to the insufficient temporal resolution 
of HS-AFM. For example, typical enzymatic reactions take 
place on a time scale shorter than ∼10 ms. However, with a 
Tmin of ∼80 ms estimated by Eq. (5) under typical imaging 
conditions (W = 50 nm, N = 50, 𝜎 = 2 nm, f B = 70 kHz and 
𝜃max = 𝜋/9), HS-AFM only captures ∼0.1% of the enzymatic 
reactions taking place; the remaining ∼99.9% will have com-
pleted in the time it takes to acquire a single image (Fig. 6a). 
In addition, while there are numerous membrane proteins 
that diffuse on the surface of eukaryotic cells, they have not 
been observed by AFM at all. This is due to the relation-
ship between the diffusion constant of membrane proteins 
on the cellular membrane (D2D ∼ 0.1 μm2/s) [135] and the 
low temporal resolution Tmin ∼ 2.6 s under typical imaging 
conditions for living cells (W = 1000 nm, N = 200, 𝜎 = 5 nm, 
f B = 70 kHz and 𝜃max = 𝜋/9). About half of the molecules of 
interest diffuse out of the observation area while taking an 
image (Fig. 6b), making it impossible to identify and track the 
same molecule in subsequent images.

Therefore, further improvement of the temporal resolution 
of HS-AFM is a key stepping stone toward visualizing a wider 
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Fig. 5. Effect of data asynchronicity on AFM imaging for a mobile sample. (a) Translational motion, (b) rotational motion and (c) conformational change of 
a molecule of SMC5/6 complex over time (t = 1, 2, 3). The thick dashed lines represent the progress of the scan whereas the thin dashed lines represent 
the protein movements. The upper and lower panels show the shape of the molecule at each time and the single AFM images taken over t from 0 to 3, 
respectively. The AFM images are pseudo AFM images based on the Protein Data Bank structure (PDB 7QCD), generated using an AFM simulator.

AFM, atomic force microscopy.

range of biological phenomena. As mentioned previously, the 
speed performance of AFM is determined by f B, which is 
correlated to the sum of the response times of the devices con-
tained in the feedback loop for maintaining the tip–sample 
interaction force (Fig. 6c). To substantially increase f B, all 
devices need to be improved. Here, we summarize recent 
efforts to that end.

First, we developed a new Z-scanner named ‘Z-scanner 
speed-booster’ (Z-SB) with f z >1.1 MHz, corresponding to 𝜏z
of ∼0.14 μs (Fig. 6d and e) [136]. In the mechanical design, a 
small piezo actuator is supported at its bottom four vertices on 
a cone-like hollow (Fig. 6d), allowing f z to remain as high as 
that of the piezo actuator in free vibration. As Z-SB is light and 
compact, it can be integrated to improve the performance of a 
sample-scanning AFM system without modifying the original 
Z-scanner (Fig. 6e right). By combining Z-SB with the dual 
Z-scanner system [137,138], short timescale dynamic molec-
ular events occurring on the surfaces of organelles and cells 
can be imaged with higher temporal resolution.

Regarding the amplitude detector, the sample-and-hold-
based method with Δ𝜑 of 𝜋 (i.e. 180∘) used to be the fastest 
type [14]. To reduce Δ𝜑, Miyagi and Scheuring introduced a 
novel analog amplitude detector based on trigonometric cal-
culation [139], in which a phase shifter was used to obtain a 
signal with a phase delay of 90∘ from the input signal: this is 
known as the phase-shift based (PSB) method. Theoretically, a 
PSB detector is expected to reach Δ𝜑 of 30∘. However, due to 
the circuit latency, the actual Δ𝜑 was ∼138∘ at f c of 0.5 MHz 
which corresponds to 𝜏amp of ∼0.77 μs.

To further reduce Δ𝜑, we developed a new ampli-
tude detector using a differential-based (DB) detection algo-
rithm (Fig. 6f) [140], which theoretically has no intrinsic 
latency, by modifying the PSB algorithm. As this detector 
generates squared amplitude (A2), we call this detector DB-
A2. Although true zero latency performance could not be 
observed experimentally due to the analog circuit latency, we 
found that at f c < 1 MHz, the detector bandwidth surpassed f c

(corresponding to the 45∘ line) and even the theoretical PSB 
bandwidth of the 30∘ line (Fig. 6g). At f c of 0.5 MHz, Δ𝜑
is calculated to be ∼20∘, corresponding to 𝜏amp of ∼0.11 μs. 
The square root operation needed in conventional ampli-
tude detectors was determined to be a significant bottle-
neck (Fig. 6g). In addition to the speed advantage incurred by 
eliminating the square root operation, the use of the A2 sig-
nal makes the amplitude distance dependence steeper, which 
contributes to reducing the invasiveness of AFM imaging (see 
the supplemental material in ref [140]). Finally, by employing 
faster operational amplifiers, the detector bandwidth could be 
further improved to at least 2 MHz corresponding to 𝜏amp of 
∼0.06 μs independent of f c.

The remaining challenge is to speed up the cantilever. To 
achieve higher f c while keeping kc as small as the current 
model (∼0.2 N/m), further miniaturization of the cantilever is 
required. Our preliminary experiment suggests that the deflec-
tion signal of a cantilever with a length of 2 μm and a width 
of 0.75 μm can be measured using the current OBD detection 
system with a slight modification. If the thickness could be 
reduced to 50 nm, it would be possible to realize an ultra-small 
cantilever with f c of ∼4.5 MHz in liquid and kc of ∼0.2 N/m 
whose 𝜏c corresponds to ∼0.11 μs assuming Qc of 1.5.

Successfully combining these improvements could yield an 
HS-AFM system with a 4-fold improved f B of ∼300 kHz for 
low height samples (Fig. 6c), assuming the following parame-
ters: 𝜏c of ∼0.11 μs using a cantilever with f c ∼ 4.5 MHz and 
Qc ∼ 1.5 in liquid, 𝜏amp of ∼0.06 μs using an advanced DB-A2, 
𝜏z of ∼0.14 μs using Z-SB with f z ∼ 1.1 MHz and Qz ∼ 0.5, 
and 𝜏d of ∼0.1 μs.

Another opportunity for optimization was found in the rel-
ative movement of the tip during scanning. Retrace imaging 
during backward X-scanning as the tip returns to the start 
of each scan line produces larger feedback error than trace 
imaging (i.e. forward X-scanning) because of the different 
torques exerted on the probe tip by the sample. In light of 
this, the only-trace-imaging (OTI) mode, which eliminates the 
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Fig. 6. Current efforts to improve the temporal resolution of HS-AFM. (a) Relationship between an enzymatic reaction and the temporal resolution of 
current and future HS-AFM. The enzymatic reaction was assumed to be a first-order reaction with a time constant of 10 ms. (b) Relationship between 
the 2D diffusion of a membrane protein on living cells and the temporal resolution of current and future HS-AFM. The probability C (r, T ) represents 
whether a molecule diffusing on a 2D plane remains in a given observation area of radius r  after a given time T. (c) Summary of response time and 
feedback bandwidth of various HS-AFM systems. (d) Picture (top) and schematic (bottom) of Z-SB [136]. (e) Left, comparison between the frequency 
responses of the standard Z-scanner (blue) and Z-SB (red). Right, schematic showing how to install the Z-SB into an HS-AFM system. The Z-SB is 
attached onto the top of a standard Z-scanner [136]. (f) Circuit diagram of DB and PSB amplitude detector [140]. (g) Detector bandwidth of various 
amplitude detectors [140]. (h) Comparison between the conventional imaging (trace–retrace imaging) mode and the OTI mode [141].

2D, two-dimensional; DB, differential-based; USC, ultra-small cantilever; HS-AFM, high-speed atomic force microscopy; OTI, only-trace-imaging; PSB, 
phase-shift-based; Z-SB, Z-scanner speed-booster; FAB, Fourier analysis–based detector.

retrace scan by lifting the tip away from the surface during 
the retrace, was introduced (Fig. 6h) [141]. Surprisingly, the 
OTI mode was found to improve Tmin by up to ∼2.5-fold com-
pared to the conventional trace–retrace imaging mode because 
the elimination of the retrace scan allows the tip to return 
to the start of the line at higher speeds, while simultaneously 
reducing the tip–sample contact time and thereby reducing the 
invasiveness of AFM imaging. The effective feedback band-
width of an optimized HS-AFM system with a f B of ∼300 kHz 
could therefore be increased as high as ∼750 kHz through 
the use of OTI mode imaging, an improvement of >10-fold 
over the current HS-AFM systems (Fig. 6c). This improved 
temporal resolution of HS-AFM would greatly expand the 
range of observable biological phenomena (Fig. 6a and b). 
Implementing the OTI mode requires minor modifications 

to the software for operating AFM and an extra D/A board 
that generates a false amplitude signal during the retrace scan 
[141].

Continuous efforts to improve the spatiotemporal resolu-
tion of HS-AFM are necessary. However, the issue of data 
asynchronicity is inherent in AFM imaging and cannot be 
eliminated in principle. Other inherent limitations to AFM 
imaging include the tip convolution effect and the fact that the 
inside of the sample cannot be observed at all. Remarkably, 
different groups are beginning to use the methods of com-
putational science and data science to address these issues. 
By simulating a pseudo AFM image using the atomically 
resolved structural information of a biological molecule, the 
correlation between the experimental AFM image and the the-
oretical model can be analyzed, providing insight into the 
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molecule’s internal structure [16,142–146]. In addition, a 
sequential Bayesian data assimilation approach was adopted 
to address the issue of data asynchronicity in AFM [147–150]. 
This approach reduced image distortion and noise caused by 
data asynchronicity [147] and demonstrated that the detailed 
behaviors of biological molecules including their interiors 
can be analyzed far beyond the limits defined by the spa-
tiotemporal resolution of HS-AFM [148–150]. Moreover, a 
method based on a modern machine learning approach was 
recently developed to remove the tip convolution effect as well 
as the multi-tip effect [151]. These computational methods 
could play an important role in extracting additional useful 
information from HS-AFM data.

Concluding remarks
Recent advances in structural biology have yielded numer-
ous beautiful albeit static structures at atomic resolution 
[152]. In addition, time-resolved X-ray crystallography and 
cryo-electron microscopy have been applied to resolve struc-
tures over a time course [153–155]. However, the data are 
not gathered in real time and consist of ensemble averaged 
structures encompassing many classes of conformations. In 
contrast, HS-AFM can visualize the structural changes that 
occur in a single molecule in real time and real space, allow-
ing a deeper and more direct understanding of the functional 
mechanism of biological molecules. Therefore, HS-AFM con-
tinues to play an important and unique role as a technique 
in structural biology even given the current limits to its spa-
tiotemporal resolution. HS-AFM remains an advantageous 
technique for studying heterogeneous, highly fluctuating bio-
logical samples; moreover, ongoing development of the micro-
scope components and improvements in spatiotemporal reso-
lution promise to expand the range of observable phenomena. 
Further innovations, including real-time temperature control 
[156,157], force modulation [158,159], uneven substrates 
[33,160] and tip-scanning HS-AFM combined with fluores-
cence microscopy [161,162], promise to open even more 
frontiers in single-molecule biology.

Here, we describe how the spatiotemporal resolution of 
HS-AFM is determined. As with any experimental technique, 
it is important to be familiar with the principle and meth-
ods for assessing performance in order to obtain and inter-
pret high-quality data. We hope that this review will serve 
to further stimulate the study of biological molecules by
HS-AFM.
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