
Japanese Journal of
Applied Physics      

PROGRESS REVIEW • OPEN ACCESS

From bits to biometrics: sustainable hacking of
optical storage technologies for atomic force
microscopy and medical applications
To cite this article: Hsien-Shun Liao et al 2025 Jpn. J. Appl. Phys. 64 040804

 

View the article online for updates and enhancements.

You may also like
Functionalization of nanotextured
substrates for enhanced identification of
metastatic breast cancer cells
Nuzhat Mansur, Mohammad Raziul
Hasan, Young-tae Kim et al.

-

One-step fabrication of flexible
nanotextured PDMS as a substrate for
selective cell capture
Mohammad R Hasan, Sai Santosh Sasank
Peri, Viraj P Sabane et al.

-

Optical characterization of double-side-
textured silicon wafer based on photonic
nanostructures for thin-wafer crystalline
silicon solar cells
Takeshi Tayagaki, Daichi Furuta, Osamu
Aonuma et al.

-

This content was downloaded from IP address 91.175.247.248 on 24/04/2025 at 09:09

https://doi.org/10.35848/1347-4065/adc746
/article/10.1088/1361-6528/aa7f84
/article/10.1088/1361-6528/aa7f84
/article/10.1088/1361-6528/aa7f84
/article/10.1088/2057-1976/aa89a6
/article/10.1088/2057-1976/aa89a6
/article/10.1088/2057-1976/aa89a6
/article/10.7567/JJAP.56.04CS01
/article/10.7567/JJAP.56.04CS01
/article/10.7567/JJAP.56.04CS01
/article/10.7567/JJAP.56.04CS01
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjss65Q-OK_M3D5KTjeQLutlTS6l9EYeLt8fFj_6NtysOSssS3ebeFLFQKGRp94eTNHqdsZswrElg4fybZJaMnP89wmv3gr38ohdPFoNywoP8FDUjZxt78iERANN_QLmOf6dQom9sHTV5Lw4i2Kf9h1rgIcPuo26o7n6g9R0Nc4U6_W97h8wVduAY4PkOwtRrqUF2kSKrUnLe2XfkJkRvRURw_QyaEsJpb53_zOGc78O0AxELQCxsEvbsn_V3Mty0hZ4jAFRHy953COrnH-fy4UpgxDSGDZC5-5Nwv6lYOnaMtnYIo0Ofky_sg3vqMUd8PY8pEEdn5oXAh7BsuKrV3IPDmwIOOGustHlGNy1VX3VOrA&sig=Cg0ArKJSzIBCv937rj2t&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/247/registration%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_247_regular_registration%26utm_id%3DIOP%2B247%2Bregular%2Bregistration


From bits to biometrics: sustainable hacking of optical storage technologies for
atomic force microscopy and medical applications

Hsien-Shun Liao1* , Jen-Hung Wang2 , Ing-Shouh Hwang3, Hans Ulrich Danzebrink4, Takayuki Uchihashi5 ,
Kuang-Yuh Huang1, and Edwin En-Te Hwu2*

1Department of Mechanical Engineering, National Taiwan University 106319 Taipei, Taiwan
2MIDAS Research Group, Department of Health Technology, Technical University of Denmark, 2800 Lyngby, Denmark
3Institute of Physics, Academia Sinica, Nangang 115201, Taiwan
4Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany
5Department of Physics, Graduate School of Science, Nagoya University 464-8602, Aichi, Japan
*E-mail: liaohs@ntu.edu.tw; etehw@dtu.dk

Received February 25, 2025; revised March 24, 2025; accepted March 31, 2025; published online April 23, 2025

This article showcases how optical pickup units, a type of optical data storage technology, can be sustainably hacked for advanced applications in
atomic force microscopy (AFM) and medical diagnostics. The evolution of these technologies from compact discs to Blu-ray is discussed, and their
creative applications in high-precision, cost-effective scientific tools are detailed. The transition from data storage to nanoscale imaging has
implications for skin nanotexture biometrics, as demonstrated by the example of high-speed dermal AFM for dermatological analysis. Although
several technical challenges arise, this approach can have considerable economic and educational benefits and future possibilities, including
integration with internet of things and artificial intelligence for stronger functionality. Innovation grounded in hacking can democratize scientific
exploration, promote sustainable research, and advance precision medicine, thereby creating a new paradigm for the development of scientific
instrumentation. © 2025 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

1. Introduction

The evolution of optical storage technology1,2) has been
driven by considerable infrastructural investment and con-
tinual innovation. Initially designed for data storage, optical
storage technology has achieved remarkable precision and
durability through billions of USD in development invest-
ment. From the simple yet revolutionary compact disks
(CDs) that emerged in the 1980s3) to the more recent creation
of high-capacity, high-resolution Blu-ray disks,4) technolo-
gical innovation has not only transformed data archiving but
also laid a foundation for unexpected scientific applications.
Scientific fields, particularly health care, require tools that

offer high precision without high cost or operational com-
plexity. Challenges persist in ensuring that such tools are
accessible to a broad audience, including researchers in
developing countries or smaller educational institutions,
where budget constraints are major barriers.
Traditional atomic force microscopy (AFM) systems,5,6)

known for their nanoscale imaging capabilities, are often
prohibitively expensive and operating and maintaining them
requires specialized knowledge. These characteristics restrict
the use of AFM systems to well-funded labs, leaving a gap in
the market for more accessible, yet equally effective, imaging
solutions.
In this review, we explore how optical storage technolo-

gies, specifically optical pickup units (OPUs), can be
sustainably upcycled (hacked) for innovative uses in various
fields. We evaluate how the gap between cost, accessibility,
and performance in nanoscale imaging can be bridged by
hacking these mass-produced, precision-engineered compo-
nents. Our research illustrates how this sustainable approach
can democratize access to advanced microscopy, further
medical diagnostics, and foster innovation in an environmen-
tally and economically responsible manner.

2. Evolution of optical storage technology

The development of optical storage began with the introduction
of CDs in the 1980s, which revolutionized data storage methods
through their storage capacity of approximately 700MB.7) This
capacity was doubled with the leap to digital video disks (DVDs)
in the late 1990s, which are read using red lasers (a shorter
wavelength than used for reading a CD) for enhanced precision.8)

Blu-ray technology, developed in the 2000s and using blue-violet
lasers (for a further wavelength reduction), had storage density of
up to 25GB per layer.9) These advancements not only increased
data capacity but also improved reading precision and media
durability, with Blu-ray disks designed to last up to 100 years.10)

The shift to higher-precision lasers also facilitated better error
correction, improving overall data integrity and system reliability.
The optical storage industry has received billions of USD in

investment, resulting in robust manufacturing and research
infrastructure, including sophisticated production lines, exten-
sive research and development in the fields of materials science
and laser technology, and global distribution networks. This
infrastructure has facilitated the mass production of high-quality
components and created a vast reservoir of technology that can
be upcycled. For instance, the OPUs from optical storage
systems, designed for precise data reading, have been innova-
tively adapted for use in scientific instruments,11) specifically
AFM,12–22) providing a cost-effective alternative to custom
components. The longevity and maintenance networks of
optical storage technologies further enable the use of these
technologies in such applications, making this a model for
sustainable technology use in science.

3. Theoretical foundation: hacking optical pickup
units (OPUs)

In this paper, “hacking” is defined as the innovative
upcycling of existing technologies for novel applications
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not included in their original design intent. This approach
involves taking advantage of the precision, reliability, and
cost-effectiveness of mass-produced components such as
OPUs, originally developed for reading CD, DVD, and
Blu-ray data. A schematic of a CD/DVD/Blu-ray OPU
is illustrated in Fig. 1. Researchers can adapt these units to
create high-precision tools at a fraction of the usual cost
(5–10 USD per OPU), thereby increasing the accessibility of
AFM and other sophisticated technologies and fostering
innovation through sustainability and resourcefulness.
OPUs focus a laser beam onto a disc to read the data

encoded on its surface. The core of this technology is the
astigmatic detection method,23) which is pivotal for AFM
applications. OPU technologies can be upcycled as follows
(Fig. 2):
• Laser emission: A laser diode within the OPU emits a
coherent beam of light, which can then be collimated to
ensure the beam remains parallel before it is focused
through an objective lens onto the cantilever of an AFM
probe.

• Astigmatism: The light reflected off the cantilever passes
through a beam splitter and an astigmatic lens. This lens
introduces astigmatism to the beam, changing the shape
of the laser spot on the basis of the position of the
cantilever relative to the focal point of the lens. This
interaction is crucial for detecting minute deflections of
the cantilever.

• Detection: The altered laser beam falls onto a quadrant
photodetector. The distribution of light across the quad-
rants changes with the movement of the cantilever,
providing a signal proportional to the displacement.

• Signal processing: Signals from the photodetector quad-
rants are processed to generate a focus error signal (FES),

which is defined as (SA+ SC)− (SB+ SD), where SA – SD
are the preamplifier output voltages of photo elements
A–D, respectively. This signal is used to measure the
deflection of the cantilever with subnanometer precision,
which is essential for nanoscale imaging in AFM. The
difference in the signals from the quadrants provides an
FES,24) which indicates the position of the cantilever
with subnanometer sensitivity.

The hacking of OPUs began with pioneering work on the
use of CD/DVD pickup heads in AFM cantilever displace-
ment measurement,23,24,26,27) optical profilometry,28–30) and
ultra-wide-range force sensing31) and has since expanded to
biomedical applications, such as nanomechanical biomarker
recognition32–38) and molecular scale analysis.39,40)

Leveraging the high precision of OPUs enables researchers
to obtain a cost-effective, accessible alternative to traditional
AFM systems, demonstrating the potential applications of
hacking in scientific instrumentation.

4. High-resolution on budget: comparing traditional
and OPU based AFM systems

In 2006, researchers first demonstrated that CD/DVD OPUs
could be used in AFM to measure cantilever displacement
with sub-nanoscale precision.41) This pioneering research
included the first proof-of-concept demonstrating that CD/
DVD pickups could resolve single atomic steps on graphite
surfaces with a rms noise level of 0.064 nm. Subsequent
studies replicated similar noise levels ranging (0.04–0.06 nm)
in topographic images using varied setups and control
electronics,12,27) showcasing the potential of these OPUs
for nanoscale imaging. However, OPU-based AFMs face
challenges analogous to those encountered in commercial
AFM systems, particularly thermal drift arising from ambient

Fig. 1. Detailed schematic of CD/DVD/Blu-ray OPU. A triple-wavelength laser diode emits light at 780, 650, and 405 nm, providing versatility for different
optical storage technologies. The laser beam first passes through a gating mechanism for modulation and then through a collimator lens to ensure the beam is
parallel. The beam then reaches the voice coil motor (VCM) for precise X, Z, and tilt adjustments. An objective lens, supported by a coil and magnet system,
focuses this beam onto an optical data storage disc. A polarized beam splitter and a dichroic filter manage the beam’s polarization and wavelength selection.
The astigmatic lens introduces a deliberate distortion to detect cantilever displacement with high sensitivity. Suspension wires provide mechanical support and
electrical signal for the coils, and a miniature stepper motor aids positioning. The reflected light is detected by an array of photodiodes (labeled A–H), the
signals of which are processed for analysis by a photodiode integrated circuit. An external optical access point allows for additional integration to ensure
adaptability.11)
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temperature fluctuations and internal heat generation within
the OPU. The FES, which measures the displacement of the
AFM cantilever tip, exhibits pronounced sensitivity to
thermal variations. To address this issue, an anti-drift
mechanism was implemented by utilizing the VCM of the
OPU to actively compensate for signal drift.21) This approach
can effectively stabilize the FES and eliminate the need for a
prolonged warm-up period. These proof-of-concept studies
opened new avenues for affordable AFM solutions that
leverage the widespread availability and low cost of CD/
DVD OPUs.
Hacking OPUs for AFM applications enables the creative

upcycling of mass-produced technology for unintended but
highly beneficial uses in research and education. To illustrate
this concept, we present a comparative analysis of two AFM
systems (Fig. 3): the Bruker Icon AFM19) and the Strømlinet
Nano DIY AFM, which uses a DVD OPU.42)

The Bruker Icon AFM is a standard, high-end system
designed for advanced research needs. This AFM features a
large, enclosed structure to minimize environmental inter-
ference and is equipped with vibration isolation systems,
dedicated control units, and monitors. This setup reflects
those used in traditional AFM systems, which are typically
stationary, requiring a stable laboratory environment.
Specialized training is necessary to operate the Bruker Icon
AFM due to its complex, comprehensive software suite
offering multiple scanning modes and high levels of auto-
mation. The precision and resolution of this system are
optimized for cutting-edge research in materials science,
biology, and physics. Maintenance is typically performed
through professional service contracts.
The Strømlinet Nano DIY AFM represents an innovative

application of DVD OPU technology to create an AFM
system. The compact setup with a minimalist design pri-
marily consists of an AFM core and printed circuit board
based structure/wiring, which ensures that the system is
portable and adaptable to various environments. The cost of

this system is considerably lower than that of traditional
AFM systems, making it an attractive option for educational
institutions, small laboratories, and citizen science projects.
The OPU-based AFM demonstrates significant potential

for high-speed imaging due to its inherent advantages of
small laser spot size and high bandwidth. Previous studies
have shown that the DVD OPU-based AFM can utilize small
cantilevers with resonant frequencies up to 5.5 MHz,15,44)

enabling dynamic imaging of nanobubble formation using a
cantilever with a resonant frequency of 1.05 MHz in water.45)

Recent developments in Blu-ray technology have brought
considerable improvements in optical data storage. Wave-
length lasers are shorter in Blu-ray OPUs (405 nm) than in
DVD OPUs (655 nm), resulting in a smaller spot size, which
corresponds to higher resolution (Fig. 4). The advance from
DVD to Blu-ray has facilitated high-speed AFM (HS-AFM)
scanning that retains or even improves image quality.
These improvements have expanded applications of OPU-
based systems even further11) including to micro/nanoscale
3D printing,46,47) solar cell characterization,48,49) microelec-
tromechanical system monitoring,50) and high-throughput
biosensing.51–54) The adaptation of Blu-ray OPUs for HS-
AFM represents a major leap in the field of nanoscale imaging.
The architecture of the HS-AFM system incorporating a

Blu-ray OPU [Fig. 5(a)] includes a high-speed scanner, Blu-
ray OPU(SF-BC620L, SANYO), and optical microscope
used for alignment. This design ensures that the system can
achieve a high resonance frequency of 500 kHz and a low
spring constant of 0.1–0.2 N m−1 with small cantilever
dimensions (7–10 μm in length, 2 μm in width), enabling
ideal biomolecule imaging. Figure 5(b) displays the precise
focus of the Blu-ray laser through the objective lens onto the
AFM probe, highlighting the submicrometer precision
achievable with this technology. The alignment of the laser
spot with the AFM probe, illustrated in Fig. 5(c), is critical
for system operation because it enables the high-bandwidth
detection necessary for capturing rapid dynamic processes.

Fig. 2. Schematic of and experimental data on the optical setup and detection system used in DVD-OPU-based AFM. The left side illustrates the optical path,
in which the laser diode emits light that passes through a beam splitter, collimator, and objective lens before being focused on the cantilever. The light reflected
by the cantilever passes through an astigmatic lens and is then directed toward a quadrant photodetector. The right side presents the S-curve for the relationship
of the FES versus the cantilever displacementΔz. Three key regions are marked: (I), where the laser spot is misaligned; (II), the optimal linear region for AFM
operation; and (III), another misaligned region. The corresponding positions of the laser spot in the quadrants (A, B, C, D) are shown for each region to
demonstrate how the system detects cantilever displacement with high precision.25) Previous studies have quantified the noise performance of DVD-based
OPUs,26,27) demonstrating root-mean-square (rms) noise levels in the FES spanning 0.047 nm (with a 10 kHz low-pass filter) to 0.53 nm (unfiltered). Notably,
the noise floor of OPU systems is inherently modulated by the low-pass filter of the OPU amplifier, reflecting a fundamental tradeoff between measurement
bandwidth and noise suppression.
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Figure 5(d) demonstrates the system’s high-speed imaging
capability. An image of the molecular chaperon GroEL protein
adsorbed on a mica substrate in buffer solution was captured at
resolution of 500× 500 nm2 with 250× 250 pixels and a speed
of 2 frames s−1. The ability to capture images at high speed and
resolution indicates the potential of Blu-ray OPU technology for
advancing HS-AFM applications, particularly for imaging in

environments that traditional AFM systems might find challen-
ging due to larger laser spots. The integration of Blu-ray
technology into HS-AFM systems not only reduces costs but
also increases accessibility for various applications.
In addition to HS-AFM applications, the following de-

tailed cases illustrate the effective implementation of OPU-
based AFM technology:

Fig. 3. Comparison of a standard AFM setup and one incorporating an OPU. The table outlines key differences. The Bruker Icon AFM19) is a traditional,
high-end AFM system with a large, enclosed structure, equipping environmental isolation and dedicated control units. By contrast, the Strømlinet Nano DIY
AFM43) is a compact, cost-effective solution with a minimalist setup. This comparison highlights how optical storage technology can be upcycled for scientific
applications to achieve a tradeoff between performance, accessibility, and sustainability.

(a) (b)

(c)

Fig. 4. Laser spot sizes for different AFM systems. (a) Diagram of relative laser spot sizes in DVD (∼0.53 μm), Blu-ray (∼0.25 μm), and commercial AFM
(30–50 μm) lasers, all compared with an AFM probe cantilever width of 50 μm. (b) Top view of micro-and nanoscale cantilevers cut by focus ion beam. (c)
Series of optical images displaying the precise focusing of OPU lasers on cantilevers, demonstrating the practical applications of these technologies for high-
speed imaging in AFM.55) Technical specifications indicate that DVD/Blu-ray OPUs theoretically achieve bandwidths exceeding 100 MHz.11) However, it is
important to clarify that the practical, usable bandwidth is primarily constrained by the low-pass filter in the OPU amplifier circuit. This limitation represents a
deliberate design choice that balances bandwidth against noise level.
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• Educational applications: Schools and universities have
implemented OPU-based AFM for educational purposes,
enabling students to explore nanotechnology concepts at
a considerably reduced cost.57)

• DIY science: Crowdsourced air pollution monitoring and
other citizen science projects using DIY AFM setups
with OPUs have demonstrated how this technology can
be scaled for environmental science.20)

• Skin nanotexture biometrics analysis: High-speed dermal
AFM (HS-DAFM) for noninvasive skin analysis is a
cost-effective solution for large-scale medical nanoscopy
and has notable implications for personalized medicine.
This system has detailed topographical mapping cap-
abilities and substantially lower operational costs com-
pared with other systems.

5. Skin nanotexture biometrics

Regarding skin health diagnostics, HS-DAFM (Fig. 6)
enables detailed nanotexture analysis of the stratum corneum
(SC).58,59) An OPU-based system can rapidly produce images
of skin surface nanoscale morphology to assess dermatolo-
gical conditions. Through analysis of nanoscale SC textures,
HS-DAFM provides insights into the skin’s barrier function
and hydration level and indicators of disease progression or
treatment efficacy. This approach can enable practitioners to
better understand and manage skin conditions such as atopic
dermatitis.
The technology underlying HS-DAFM enables noninva-

sive sample collection that can be performed by patients at
home by using simple tape strips.58) This approach eliminates
the necessity of clinical visits for routine monitoring,
allowing longitudinal studies on skin health to be conducted
remotely. Patients can post mail their samples for analysis,
which represents a scalable method for monitoring chronic
conditions or assessing the effects of environmental factors
on skin health over time. This feature increases convenience
for patients, reduces health-care costs, and alleviates the
burden on medical facilities.
The precision of HS-DAFM in analyzing skin at the

nanoscale level paves the way for advancements in

personalized medicine, as illustrated in Fig. 7. Greater
understanding of specific nanotexture patterns and surface
characteristics in SC samples can enable the tailoring of
treatments to individual biological profiles.61) For instance,
unique nanotexture patterns can provide insights into a
patient’s response to certain topical treatments or indicate
the necessity for a personalized skincare formulation. This
understanding can enable clinicians to design therapies
aligned with a patient’s unique skin characteristics, thereby
improving treatment efficacy and minimizing potential side
effects.

6. Sustainable research and development

Sustainable technology used in scientific research involves
leveraging existing infrastructure to minimize resource ex-
penditure while maximizing scientific output. Hacking OPUs
or other components from optical storage devices for AFM
applications can considerably reduce resource use (encom-
passing energy, materials, effort, and time) for high-precision
instruments. This approach increases both the financial
viability and environmental sustainability of scientific re-
search by reducing the necessity for newly manufactured
items, thus also lowering the carbon footprint associated with
the production of specialized equipment. Educational institu-
tions can use readily available, mass-produced components to
engage in teaching and cutting-edge research without prohi-
bitive natural resource requirements.
Hacking approaches that incorporate the hacking of commer-

cial technology for scientific applications democratize science by
broadening access to high-tech instruments.47,63–67) Globally,
such initiative enables researchers in less affluent regions or in
academic settings with limited resources to engage in high-
quality nanoscale research. Traditional AFM systems, given their
high price and complexity, are typically only available to well-
funded laboratories. OPUs give a wider array of researchers
access to these capabilities, fostering inclusivity (more diverse
groups can contribute to scientific discovery) and innovation
(creative problem-solving and new technological adaptations).
The proliferation of sustainable, democratized practices

can increase participation in citizen science and community-

Fig. 5. Overview of HS-AFM system integrating a Blu-ray OPU. (a) Schematic of an HS-AFM setup, illustrating the integration of a high-speed scanner,
Blu-ray OPU, and optical microscope for precise alignment and operation. (b) Close-up view of the objective lens focusing the Blu-ray laser onto the AFM
probe to achieve high-resolution imaging. (c) Alignment of the Blu-ray laser spot and AFM probe (BL-AC10), ensuring accurate displacement detection.
(d) HS-AFM image of proteins on a mica substrate, acquired at an imaging rate of 2 frames s−1, demonstrating the capability of the system for rapid and
detailed nanoscale imaging in a liquid environment. (e) QR code that can be scanned to view a video demonstration of the HS-AFM based on Blu-ray OPU in
operation, showing real-time imaging capabilities and the dynamic interaction between the AFM probe and sample surface.56)
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based research, where individuals outside traditional aca-
demic circles engage in scientific inquiry, enriching the
global scientific community with diverse perspectives and
solutions.

7. Challenges and limitations

Maintaining the high level of precision required for scientific
applications represents a major challenge in the upcycling of
OPUs for use in AFM. Given that OPUs were originally
engineered to read data with nanometer accuracy, adapting
them for AFM may involve overcoming the following
barriers:
• Precision in diverse environments: Some scientific or
medical diagnostic applications may require additional
functionalities or specific environmental controls not
easily achievable using hacked components, such as
operation under extreme conditions or integrated chemical
sensing capabilities. Moreover, because OPUs were
not originally designed to accommodate variability in

scientific applications, ensuring consistent performance
across various temperatures and humidity levels remains
challenging. For instance, the objective lens in the OPU is
mounted on a VCM with low stiffness, rendering it
sensitive to ambient vibrations. The VCM can also be
used to compensate for thermal drift when integrated with
an anti-drift auto-alignment mechanism.21)

• Component quality and calibration: OPU quality can
substantially affect performance. Researchers must balance
selection of the highest-quality units, such as OPUs for car
entertainment systems, with keeping costs low. Even Blu-
ray technology may not achieve the resolution of specia-
lized, high-end AFM systems. This limitation is particularly
relevant in fields requiring the highest precision, such as
certain types of materials science and quantum research.
Furthermore, AFM accuracy depends strongly on calibra-
tion. OPUs may require additional calibration measures to
account for manufacturing variability or wear, which could
introduce complexities relating to the maintenance of

Fig. 6. Overview of HS-DAFM setup for skin corneocyte nanotexture imaging: (1) Open-source controller (myRIO-1900, NI), which generates XY scan
waveforms and manages analog input–output for high-speed scanning. (2) Open-source buffer circuit, which amplifies scanning signals to ensure the delivery
of sufficient power to the AFM scanner. (3) Simplified AFM controller, which interfaces with the AFM head to provide the FES for precise tip–sample
interaction monitoring. (4) Simplified AFM device, including the head and supporting structure, which monitors cantilever deflection through an OPU,
enabling detailed nanotexture analysis of human skin corneocytes with high speed and resolution.60)

(a) (b) (c) (d)

Fig. 7. Application of deep learning and spatial analysis as a noninvasive tool for detection of SC nanotexture features in the skin barrier. (a) Raw SC image
captured using HS-DAFM. (b) Enhanced SC image with greater visibility of nanoscale features. (c) Detection of nanoscale features through an object detection
framework based on deep learning. (d) Calculation of the effective corneocyte topographical index by using a spatial analysis algorithm.62)
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accuracy. Conversely, OPUs can be used to calibrate other
precision systems, such as AFM scanners, through integra-
tion with a closed-loop nanopositioner.68)

• System integration: OPUs must be integrated carefully
into AFM systems to avoid compromising the overall
systems’ performance. Optical path stability, feedback
control systems, and mechanical robustness must be
accounted for. Additionally, OPU optics have very short
working distance. In particular, Blu-ray OPU objective
lens has a working distance of only a few hundred
micrometers. Therefore, mechanical structures, such as
AFM probe holders, must be carefully designed to
maintain stiffness and avoid mechanical interference.
Moreover, for applications demanding operation in
extreme environments (e.g. vacuum, cryogenic, or ele-
vated temperatures), the short working distance necessi-
tates placing the OPU within the controlled environment.
This constraint introduces practical challenges compared
to alternative cantilever measurement methods such as
optical fiber or parallel laser beam approaches.

• Phototoxicity: Blue-violet wavelength lasers pose sig-
nificant phototoxic risks to live-cell specimens during
imaging, with effects contingent upon dosage and
exposure duration.11) For researchers utilizing Blu-ray
OPU-based systems with biological specimens, rigorous
safety protocols are essential. First, laser power should
be carefully calibrated and maintained at the minimum
level required for adequate signal detection. Second,
exposure duration should be optimized to minimize
cumulative photodamage while still achieving necessary
imaging resolution. Third, researchers should conduct
preliminary viability assessments with their specific
biological specimens to determine appropriate exposure
thresholds. It is worth noting that in certain applications,
such as imaging skin nanotexture for biometrics extrac-
tion, these concerns are mitigated since the SC consists
of dead cells that are not susceptible to the phototoxic
effects of the 405 nm Blu-ray laser. However, for live-
cell imaging or other sensitive biological applications,
safety considerations become paramount.

These challenges necessitate ongoing research and devel-
opment for technological refinement while ensuring afford-
ability and accessibility. As data storage technology con-
tinues to advance, older OPU models may become obsolete,
reducing the availability of replacement parts. Conversely,
the global demand for cold data storage is rapidly increasing,
resulting in various methods of innovative technical devel-
opment and creating future opportunities for sustainable
hacking.69–73)

8. Conclusion

In this review, we explore how optical storage technology,
such as OPUs from CDs, DVDs, and Blu-ray systems, can be
sustainably hacked for nanoscale imaging and medical
diagnostics, exemplifying eco-friendly scientific practices.
By adapting these widely available consumer technologies
for AFM, researchers can tackle new scientific challenges
without significant financial investment, simultaneously alle-
viating economic pressures and minimizing environmental
impact. This hacking initiative highlights the potential of
precision-engineered consumer products to serve as high-

precision scientific instruments, enhancing the sustainability
of research efforts.
Through such innovative approaches, advanced technolo-

gies become more accessible at a reduced cost, enabling
scientific exploration in resource-limited settings and en-
couraging creative problem-solving within the research
community. This increased accessibility democratizes tools
such as AFM, leveling the playing field so that a broader
range of scientists can participate in cutting-edge studies. As
a result, a more inclusive scientific discourse emerges,
fostering unexpected collaborations across disciplines and
geographic regions.
Beyond research, making nanotechnology tools more

affordable and approachable opens significant opportunities
for science education. Students gain hands-on experience
with theoretical concepts, which could ignite interest in
science, technology, engineering, and mathematics (STEM)
among diverse groups. In the medical field, these hacked
technologies pave the way for personalized diagnostics and
treatments by providing nanoscale insights, particularly in
dermatology areas that rely on molecular-level tissue ana-
lysis. Additionally, they support the expansion of telemedi-
cine by offering remote health monitoring solutions, poten-
tially transforming health-care delivery in underserved areas.
This emerging field of technology hacking not only

broadens the scientific applications of commercial tools but
also aligns with global sustainability goals. By promoting
inclusivity in education and equitable access to health-care
innovations, the sustainable hacking initiative establishes a
forward-thinking model for future scientific advancements.

Acknowledgments

We are grateful to the LEO Foundation for financial support
through open competition grant agreements (No. LF-OC-20-
000370 and LF-OC-24-001760), the Novo Nordisk Foundation
for funding this research under a Pioneer Innovator grant
agreement (No. NNF22OC0076607), the National Science
and Technology Council of Taiwan (NSTC 112-2314-B-002-
074-MY3 and NSTC 113-2221-E-002-110), and the Intelligent
Drug Delivery and Sensing using Microcontainers and
Nanomechanics initiative.

ORCID iDs

Hsien-Shun Liao https://orcid.org/0000-0003-1338-0332
Jen-Hung Wang https://orcid.org/0000-0001-9214-5837
Takayuki Uchihashi https://orcid.org/0000-0002-0263-
5312

1) M. Gu and X. Li, Opt. Photonics News 21, 28 (2010).
2) H. Peek, J. Bergmans, J. van Haaren, F. Toolenaar, and S. Stan, Origins and

Successors of the Compact Disc (Springer, Berlin, 2009) p. 5.
3) J. Korst and V. Pronk, Multimed. Syst. 2, 157 (1994).
4) D. Chen, D. Chen, and B. Wang, Int. Symp. Opt. Storage, Proc. SPIE 5966,

2005, 59661R.
5) G. Binnig, C. F. Quate, and C. Gerber, Phys. Rev. Lett. 56, 930 (1986).
6) K. Bian, C. Gerber, A. J. Heinrich, D. J. Müller, S. Scheuring, and Y. Jiang,

Nat. Rev. Methods Primers 1, 1 (2021).
7) I. N. G. Wardana, S. N. Willy, P. Purnami, and W. Winarto, AIP Conf. Proc.

2860, 030003 (2024).
8) S. K. Nayak, P. K. Panigrahi, R. Satpathy, and G. Palai, J. Opt. 53, 4901

(2024).
9) K. Luo et al., 2024 21st Int. Conf. Electr. Eng./Electron. Compu.

Telecommun. Inf. Technol, ECTI-CON, 2024, p. 1.

040804-7
© 2025 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd

Jpn. J. Appl. Phys. 64, 040804 (2025) PROGRESS REVIEW

https://orcid.org/0000-0003-1338-0332
https://orcid.org/0000-0003-1338-0332
https://orcid.org/0000-0003-1338-0332
https://orcid.org/0000-0001-9214-5837
https://orcid.org/0000-0001-9214-5837
https://orcid.org/0000-0001-9214-5837
https://orcid.org/0000-0002-0263-5312
https://orcid.org/0000-0002-0263-5312
https://orcid.org/0000-0002-0263-5312
https://orcid.org/0000-0002-0263-5312
https://doi.org/10.1364/OPN.21.7.000028
https://doi.org/10.1007/978-1-4020-9553-5
https://doi.org/10.1007/978-1-4020-9553-5
https://doi.org/10.1007/BF01210447
https://doi.org/10.1103/PhysRevLett.56.930
https://doi.org/10.1038/s43586-021-00033-2
https://doi.org/10.1063/5.0221871
https://doi.org/10.1063/5.0221871
https://doi.org/10.1007/s12596-024-01662-y
https://doi.org/10.1007/s12596-024-01662-y


10) A. Anžel, D. Heider, and G. Hattab, Comput. Struct. Biotechnol. J. 19, 4904
(2021).

11) E. E. T. Hwu and A. Boisen, ACS Sens. 3, 1222 (2018).
12) W.-M. Wang, K.-Y. Huang, H.-F. Huang, I.-S. Hwang, and E.-T. Hwu,

Nanotechnology 24, 455503 (2013).
13) I.-S. Hwang, C.-W. Yang, P.-H. Su, E.-T. Hwu, and H.-S. Liao,

Ultramicroscopy 135, 121 (2013).
14) H. S. Liao, K. Y. Huang, I. S. Hwang, T. J. Chang, W. W. Hsiao, H. H. Lin,

E. T. Hwu, and C. S. Chang, Rev. Sci. Instrum. 84, 103709 (2013).
15) H.-S. Liao, Y.-H. Chen, R.-F. Ding, H.-F. Huang, W.-M. Wang, E.-T. Hwu,

K.-Y. Huang, C.-S. Chang, and I.-S. Hwang, Rev. Sci. Instrum. 85, 103710
(2014).

16) R. Dabirian, W. M. Wang, D. L. Matovelle, and E. T. Hwu, Rev. Mex. Fis.
61, 238 (2015).

17) W.-M. Wang, C.-H. Cheng, G. Molnar, I.-S. Hwang, K.-Y. Huang,
H.-U. Danzebrink, and E.-T. Hwu, Rev. Sci. Instrum. 87, 053706 (2016).

18) H.-S. Liao, C. Werner, R. Slipets, P. Emil Larsen, I.-S. Hwang, T.-J. Chang,
H. Ulrich Danzebrink, K.-Y. Huang, and E.-T. Hwu, HardwareX 11, e00317
(2022).

19) S. Unger, S. Ito, D. Kohl, and G. Schitter, IFAC-PapersOnLine 49, 629
(2016).

20) D. Lopez Martinez, D. Lombraña, F. Grey, and E. Hwu, Hum. Comput. 3,
235 (2016).

21) E. T. Hwu, H. Illers, W. M. Wang, I. S. Hwang, L. Jusko, and
H. U. Danzebrink, Rev. Sci. Instrum. 83, 013703 (2012).

22) I. Akhtar, H.-S. Liao, and E. E.-T. Hwu, “A low-cost and high-speed controller
for AFM imaging,” 7th Nano Today Conference, November 15-18, 2021,
https://orbit.dtu.dk/en/publications/a-low-cost-and-high-speed-controller-
for-afm-imaging.

23) H.-S. Liao, B.-J. Juang, K.-Y. Huang, E.-T. Hwu, and C.-S. Chang, Jpn. J.
Appl. Phys. 51, 08KB13 (2012).

24) E.-T. Hwu, H.-S. Liao, F. G. Bosco, C.-H. Chen, S. S. Keller, A. Boisen, and
K.-Y. Huang, J. Sens.1 (2012).

25) E. T. Hwu, H. Illers, L. Jusko, and H. U. Danzebrink, Meas. Sci. Technol.
20, 084005 (2009).

26) E.-T. Hwu, S.-K. Hung, C.-W. Yang, I.-S. Hwang, and K.-Y. Huang, Appl.
Phys. Lett. 91, 22 (2007).

27) E.-T. Hwu, S.-K. Hung, C.-W. Yang, K.-Y. Huang, and I.-S. Hwang,
Nanotechnology 19, 115501 (2008).

28) H. S. Liao, G. T. Huang, H. D. Tu, T. H. Lin, and E. T. Hwu, Meas. Sci.
Technol. 29, 107002 (2018).

29) H.-S. Liao, Y.-K. Huang, J.-Y. Syu-Gu, and E.-T. Hwu, Sensors 22, 6242
(2022).

30) Y. C. Lee and S. Chao, IEEE Trans. Magn. 50, 3501304 (2014).
31) T. J. Chang, L. H. Nielsen, A. Boisen, and E. T. Hwu, HardwareX 11,

e00308 (2022).
32) F. G. Bosco, E.-T. Hwu, and A. Boisen, Proc. SPIE—Int. S. Opt. Eng. 7679,

767925 (2010).
33) F. G. Bosco, E.-T. Hwu, C.-H. Chen, S. Keller, M. Bache, M. H. Jakobsen,

I.-S. Hwang, and A. Boisen, Lab Chip 11, 2411 (2011).
34) F. G. Bosco, E.-T. Hwu, S. Keller, A. Greve, and A. Boisen, Microelectron.

Eng. 87, 708 (2010).
35) F. G. Bosco, M. Bache, E.-T. Hwu, C. H. Chen, S. S. Andersen,

K. A. Nielsen, S. S. Keller, J. O. Jeppesen, I.-S. Hwang, and A. Boisen,
Sens. Actuators B 171–172, 1054 (2012).

36) F. G. Bosco, M. Bache, J. Yang, C. H. Chen, E.-T. Hwu, Q. Lin, and
A. Boisen, Sens. Actuators A 195, 154 (2013).

37) E.-T. Hwu, C.-H. Chen, F. G. Bosco, W.-M. Wang, H.-C. Ko, I.-S. Hwang,
A. Boisen, and K.-Y. Huang, J. Micromech. Microeng. 23, 2 (2013).

38) M. Bache, F. G. Bosco, A. L. Brøgger, K. B. Frøhling, T. S. Alstrøm,
E.-T. Hwu, C.-H. Chen, J. Eugen-Olsen, I.-S. Hwang, and A. Boisen,
Nanotechnology 24, 444011 (2013).

39) W. W. Hsiao, H.-S. Liao, H.-H. Lin, Y.-L. Lee, C.-K. Fan, C.-W. Liao,
P. Y. Lin, E. T. Hwu, and C.-S. Chang, Anal. Sci. 29, 885 (2013).

40) J. Bannow, M. Karl, P. E. Larsen, E. T. Hwu, and T. Rades, Mol. Pharm. 17,
1715 (2020).

41) E. T. Hwu, K. Y. Huang, S. K. Hung, and I. S. Hwang, Jpn. J. Appl. Phys.
45, 2368 (2006).

42) (Accessed: April 1, 2025), “A Low-Cost Atomic Force Microscope,”
Instructables, [Online]. Available: https://instructables.com/A-Low-Cost-
Atomic-Force-Microscope-%E4%BD%8E%E6%88%90%E6%9C%AC%
E5%8E%9F%E5%AD%90%E5%8A%9B%E9%A1%AF%E5%BE%AE%
E9%8F%A1/.

43) (Accessed: April 1, 2025), “Stromlinet Nano—Nanoscience Made Easy,”
[Online].Available: https://stromlinet-nano.org/.

44) H.-S. Liao, K. K. Lei, and Y. F. Tseng, Meas. Sci. Technol. 30, 027002
(2019).

45) H.-S. Liao, C.-W. Yang, H.-C. Co, E. T. Hwu, and I.-S. Hwang, Appl. Surf.
Sci. 434, 913 (2018).

46) T.-J. Chang, L. Vaut, M. Voss, O. H. Ilchenko, A. Boisen, and E.-T. Hwu,
Commun. Phys. 4, 1 (2021).

47) T. J. Chang, R. B. Kjeldsen, J. F. Christfort, E. M. Vila, T. S. Alstrøm,
K. Zór, E. T. Hwu, L. H. Nielsen, and A. Boisen, Adv. Healthc. Mater. 12,
2201897 (2023).

48) M. Yu et al., Phys. Status Solidi—RRL 15, 2100129 (2021).
49) Y. Shi, M. Yu, M. Goodarzi, M. Voss, E.-T. Hwu, and R. S. Bonilla, AIP

Conf. 2487, 030009 (2022).
50) A. C. Ceccacci, C.-H. Chen, E.-T. Hwu, L. Morelli, S. Bose, F. G. Bosco,

S. Schmid, and A. Boisen, Sens. Actuators B 241, 1303 (2017).
51) M. Donolato et al., Biosens. Bioelectron. 67, 649 (2015).
52) J. Yang et al., Biosens. Bioelectron. 75, 396 (2016).
53) R. Uddin, N. Nur-E-Habiba, G. Rena, E.-T. Hwu, and A. Boisen, ACS Sens.

2, 1329 (2017).
54) R. Uddin, M. Donolato, E.-T. Hwu, M. F. Hansen, and A. Boisen, Sens.

Actuators B 272, 634 (2018).
55) C.-H. Chen, P. E. Larsen, S. Schmid, H.-S. Liao, K.-Y. Huang, I.-S. Hwang,

A. Boisen, and E.-T. Hwu, Tech. Proc. 2013 NSTI Nanotechnol. Conf.
Expo, NSTI-Nanotech. 2, 485 (2013).

56) H.-S. Liao, J. Pereda, T. Uchihashi, I.-S. Hwang, and E. Hwu, “Blu-ray
optical pickup unit based high-speed atomic force microscope,” 8th Nano
Today Conference, April 22-25, 2023, https://orbit.dtu.dk/en/publications/
blu-ray-optical-pickup-unit-based-high-speed-atomic-force-microsc.

57) F. Grey, Nat. Nanotechnol. 10, 480 (2015).
58) J. Pereda et al., J. Invest. Dermatol. 144, 2136 (2024).
59) F. L. de Boer, H. F. van der Molen, J. H. Wang, E. Raun, J. Pereda, E. E. Te

Hwu, I. Jakasa, S. Dubrac, T. Rustemeyer, and S. Kezic, JID. Innov. 4,
100280 (2024).

60) H.-S. Liao, J.-H. Wang, E. Raun, L. O. Nørgaard, F. E. Dons, and
E. E.-T. Hwu, “Atopic Dermatitis Severity Assessment using High-Speed
Dermal Atomic Force Microscope,” AFM BioMed Conference 2022,
Aug. 29-Sep. 2, https://orbit.dtu.dk/en/publications/atopic-dermatitis-se-
verity-assessment-using-high-speed-dermal-ato.

61) H.-S. Liao, I. Akhtar, C. Werner, R. Slipets, J. Pereda, J.-H. Wang, E. Raun,
L. O. Nørgaard, E. Dons, and E. E. T. Hwu, HardwareX 12, e00341 (2022).

62) J.-H. Wang, J. Pereda, C.-W. Du, C.-Y. Chu, M. O. Christensen, S. Kezic,
I. Jakasa, J. P. Thyssen, S. Satheesh, and E. E.-T. Hwu, Gigascience. 13,
giae095 (2024).

63) N. K. Mandsberg, J. Højgaard, S. S. Joshi, L. H. Nielsen, A. Boisen, and
E. Te Hwu, ACS. Omega 6, 7786 (2021).

64) L. Serioli, A. Ishimoto, A. Yamaguchi, K. Zór, A. Boisen, and E. T. Hwu,
HardwareX 15, e00449 (2023).

65) L. Serioli, L. Gruzinskyte, G. Zappalà, E. Te Hwu, T. Z. Laksafoss,
P. L. Jensen, D. Demarchi, A. Müllertz, A. Boisen, and K. Zór, Lab Chip 23,
1603 (2023).

66) S. T. Rajendran et al., Anal. Chem. 91, 11620 (2019).
67) H. S. Liao, S. H. Cheng, and E. T. Hwu, IEEE/ASME Trans. Mechatron. 26,

1172 (2021).
68) H. S. Liao, Z. R. Guo, H. S. Tan, K. Y. Huang, I. S. Hwang, and E. T. Hwu,

IEEE Trans. Instrum. Meas. 72, 1007907 (2023).
69) R. Monge, T. Delord, and C. A. Meriles, Nat. Nanotechnol. 19, 202 (2023).
70) Y. P. Zhu, X. Y. Xie, J. C. Gao, Z. Yan, Q. Cao, and J. Y. Zhang, Phys. Scr.

99, 076007 (2024).
71) S. Lamon, Q. Zhang, H. Yu, and M. Gu, ACS Photonics 11, 874 (2024).
72) L. Zhang, W. Li, and Z. Wang, Nanomaterials 14, 364 (2024).
73) D. Dai, Y. Zhang, S. Yang, W. Kong, J. Yang, and J. Zhang, Molecules 29,

254 (2024).

040804-8
© 2025 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd

Jpn. J. Appl. Phys. 64, 040804 (2025) PROGRESS REVIEW

https://doi.org/10.1016/j.csbj.2021.08.031
https://doi.org/10.1016/j.csbj.2021.08.031
https://doi.org/10.1021/acssensors.8b00340
https://doi.org/10.1088/0957-4484/24/45/455503
https://doi.org/10.1016/j.ultramic.2012.07.001
https://doi.org/10.1063/1.4826494
https://doi.org/10.1063/1.4898019
https://doi.org/10.1063/1.4898019
https://doi.org/10.1063/1.4952438
https://doi.org/10.1016/j.ohx.2022.e00317
https://doi.org/10.1016/j.ohx.2022.e00317
https://doi.org/10.1016/j.ifacol.2016.10.671
https://doi.org/10.1016/j.ifacol.2016.10.671
https://doi.org/10.15346/hc.v3i1.14
https://doi.org/10.15346/hc.v3i1.14
https://doi.org/10.1063/1.3673001
https://orbit.dtu.dk/en/publications/a-low-cost-and-high-speed-controller-for-afm-imaging
https://orbit.dtu.dk/en/publications/a-low-cost-and-high-speed-controller-for-afm-imaging
https://doi.org/10.1143/JJAP.51.08KB13
https://doi.org/10.1143/JJAP.51.08KB13
https://doi.org/10.1155/2012/580939
https://doi.org/10.1088/0957-0233/20/8/084005
https://doi.org/10.1088/0957-0233/20/8/084005
https://doi.org/10.1063/1.2817750
https://doi.org/10.1063/1.2817750
https://doi.org/10.1088/0957-4484/19/11/115501
https://doi.org/10.1088/1361-6501/aadc49
https://doi.org/10.1088/1361-6501/aadc49
https://doi.org/10.3390/s22166242
https://doi.org/10.3390/s22166242
https://doi.org/10.1109/TMAG.2014.2299895
https://doi.org/10.1016/j.ohx.2022.e00308
https://doi.org/10.1016/j.ohx.2022.e00308
https://doi.org/10.1117/12.850008
https://doi.org/10.1117/12.850008
https://doi.org/10.1039/c1lc20116f
https://doi.org/10.1016/j.mee.2009.12.064
https://doi.org/10.1016/j.mee.2009.12.064
https://doi.org/10.1016/j.snb.2012.06.033
https://doi.org/10.1016/j.sna.2012.06.030
https://doi.org/10.1088/0960-1317/23/4/045016
https://doi.org/10.1088/0957-4484/24/44/444011
https://doi.org/10.2116/analsci.29.885
https://doi.org/10.1021/acs.molpharmaceut.0c00176
https://doi.org/10.1021/acs.molpharmaceut.0c00176
https://doi.org/10.1143/JJAP.45.2368
https://doi.org/10.1143/JJAP.45.2368
https://instructables.com/A-Low-Cost-Atomic-Force-Microscope-%�E4%�BD%�8E%�E6%�88%�90%�E6%�9C%�AC%�E5%�8E%�9F%�E5%�AD%�90%�E5%�8A%�9B%�E9%�A1%�AF%�E5%�BE%�AE%�E9%�8F%�A1
https://instructables.com/A-Low-Cost-Atomic-Force-Microscope-%�E4%�BD%�8E%�E6%�88%�90%�E6%�9C%�AC%�E5%�8E%�9F%�E5%�AD%�90%�E5%�8A%�9B%�E9%�A1%�AF%�E5%�BE%�AE%�E9%�8F%�A1
https://instructables.com/A-Low-Cost-Atomic-Force-Microscope-%�E4%�BD%�8E%�E6%�88%�90%�E6%�9C%�AC%�E5%�8E%�9F%�E5%�AD%�90%�E5%�8A%�9B%�E9%�A1%�AF%�E5%�BE%�AE%�E9%�8F%�A1
https://instructables.com/A-Low-Cost-Atomic-Force-Microscope-%�E4%�BD%�8E%�E6%�88%�90%�E6%�9C%�AC%�E5%�8E%�9F%�E5%�AD%�90%�E5%�8A%�9B%�E9%�A1%�AF%�E5%�BE%�AE%�E9%�8F%�A1
https://stromlinet-nano.org/
https://doi.org/10.1088/1361-6501/aafa62
https://doi.org/10.1088/1361-6501/aafa62
https://doi.org/10.1016/j.apsusc.2017.11.044
https://doi.org/10.1016/j.apsusc.2017.11.044
https://doi.org/10.1038/s42005-021-00532-4
https://doi.org/10.1002/adhm.202201897
https://doi.org/10.1002/adhm.202201897
https://doi.org/10.1002/pssr.202100129
https://doi.org/10.1063/5.0089328
https://doi.org/10.1063/5.0089328
https://doi.org/10.1016/j.snb.2016.09.190
https://doi.org/10.1016/j.bios.2014.09.097
https://doi.org/10.1016/j.bios.2015.08.062
https://doi.org/10.1021/acssensors.7b00384
https://doi.org/10.1021/acssensors.7b00384
https://doi.org/10.1016/j.snb.2018.07.015
https://doi.org/10.1016/j.snb.2018.07.015
https://orbit.dtu.dk/en/publications/blu-ray-optical-pickup-unit-based-high-speed-atomic-force-microsc
https://orbit.dtu.dk/en/publications/blu-ray-optical-pickup-unit-based-high-speed-atomic-force-microsc
https://doi.org/10.1038/nnano.2015.95
https://doi.org/10.1016/j.jid.2024.04.005
https://doi.org/10.1016/j.xjidi.2024.100280
https://doi.org/10.1016/j.xjidi.2024.100280
https://orbit.dtu.dk/en/publications/atopic-dermatitis-severity-assessment-using-high-speed-dermal-ato
https://orbit.dtu.dk/en/publications/atopic-dermatitis-severity-assessment-using-high-speed-dermal-ato
https://doi.org/10.1016/j.ohx.2022.e00341
https://doi.org/10.1093/gigascience/giae095
https://doi.org/10.1093/gigascience/giae095
https://doi.org/10.1021/acsomega.1c00282
https://doi.org/10.1016/j.ohx.2023.e00449
https://doi.org/10.1039/D2LC00984F
https://doi.org/10.1039/D2LC00984F
https://doi.org/10.1021/acs.analchem.9b02026
https://doi.org/10.1109/TMECH.2020.3011465
https://doi.org/10.1109/TMECH.2020.3011465
https://doi.org/10.1109/TIM.2023.3300412
https://doi.org/10.1038/s41565-023-01542-9
https://doi.org/10.1088/1402-4896/ad5422
https://doi.org/10.1088/1402-4896/ad5422
https://doi.org/10.1021/acsphotonics.3c01253
https://doi.org/10.3390/nano14040364
https://doi.org/10.3390/molecules29010254
https://doi.org/10.3390/molecules29010254

	1. Introduction
	2. Evolution of optical storage technology
	3. Theoretical foundation: hacking optical pickup units (OPUs)
	4. High-resolution on budget: comparing traditional and OPU based AFM systems
	5. Skin nanotexture biometrics
	6. Sustainable research and development
	7. Challenges and limitations
	8. Conclusion
	Acknowledgments
	A10



