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Abstract
While non-destructive in-line monitoring at manufacturing sites is essential for safe distribution cycles of
pharmaceuticals, efforts are still insufficient to develop analytical systems for detailed dynamic visualisation of foreign
substances and material composition in target pills. Although spectroscopies, expected towards pharma testing, have
faced technical challenges in in-line setups for bulky equipment housing, this work demonstrates compact dynamic
photo-monitoring systems by selectively extracting informative irradiation-wavelengths from comprehensive optical
references of target pills. This work develops a non-destructive in-line dynamic inspection system for pharma agent
pills with carbon nanotube (CNT) photo-thermoelectric imagers and the associated ultrabroadband sub-terahertz
(THz)–infrared (IR) multi-wavelength monitoring. The CNT imager in the proposed system functions in ultrabroadband
regions over existing sensors, facilitating multi-wavelength photo-monitoring against external sub-THz–IR-irradiation.
Under recent advances in the investigation of functional optical materials (e.g., gallium arsenide, vanadium oxide,
graphene, polymers, transition metal dichalcogenides), CNTs play advantageous leading roles in collectively satisfying
informative efficient photo-absorption and solution-processable configurations for printable device fabrication into
freely attachable thin-film imagers in pharma monitoring sites. The above non-destructive dynamic monitoring system
maintains in-line experimental setups by integrating the functional thin-film imager sheets and compact multiple
photo-sources. Furthermore, permeable sub-THz–IR-irradiation, which provides different transmittance values specific
to non-metallic materials per wavelength or composition, identifies constituent materials for pharma agents
themselves and concealed foreign substances in a non-contact manner. This work finally inspects invisible detailed
features of pharma pills with the non-destructive in-line dynamic photo-monitoring system by incorporating
performances of CNT imagers and compact optical setups.

Introduction
Non-destructive testing techniques for pharmaceuticals

play an essential role in the current social systems1,2.

Recent automation trends also contain the manufacturing
and distribution of pharmaceuticals3,4. Therefore, hazar-
dous defects concealed in a small part of pharmaceuticals
potentially spread rapidly worldwide. From these view-
points, reliable non-destructive pharma testing tools are
essential. In connection with these, existing typical
pharma testing methods are as follows: eyesight screening
for irregular shapes5,6, partial spot-sampling for compo-
sitional agents7,8, and visible light (Vis) machine-learning
for surface monitoring9,10. For safety cycles, non-
destructive pharma testing specifically requires non-
contact inner visualisation to target pills by analytical
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play an essential role. This work employs CNT films as
pixel channel materials of the ultrabroadband PTE photo-
imager. Figure 2a explains an equivalent circuit diagram
of the CNT film PTE imager. Ohmic current-voltage
characteristics of the device indicate it functions at zero-
voltage-bias conditions (Fig. S1), and Fig. S2 introduces
the fundamental PTE effect model. The CNT film PTE
imager comprises parallel wiring integrations with each of
the above pixels as one-dimensional (1D) array structures.
Figure 2b provides the fundamental optical properties of

the CNT film channel. The CNT film exhibits highly
efficient photo-absorptance values over 90% throughout
ultrabroad MMW–Vis bands (see Spectroscopy in the
Materials and methods section). In these measurements,

this work subtracts reflectance values from primary
obtained results via transmissive spectroscopy to evaluate
photo-absorbing characteristics with CNT films. The
device is suitable for operations in the presented non-
destructive in-line dynamic pharma inspection system via
ultrabroadband sub-THz–IR monitoring under these
advantageous optical properties. For ultrabroadband effi-
cient photo-absorption characteristics, the CNTs’ unique
morphology and electronic nature dominantly play an
essential role34. Under external MMW–Vis-irradiation,
CNTs provide different photo-absorption mechanisms. In
general, CNTs contain a wide range of diameters and
lengths as their fundamental dimensions for handling
forms of aqueous dispersions and network films. In mid-
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Fig. 1 Conceptual diagram of this work. a Schematic diagram of the presented non-destructive in-line dynamic ultrabroadband sub-THz–IR
pharma monitoring system with the CNT film PTE imager. LW/SW: longer-/shorter-wavelength. b Photograph of the experimental setup. Wavelength:
909 µm for sub-THz, 6.13 µm for LWIR, and 4.33 µm for SWIR. c Examples of defective pharma agent pills to be inspected by the presented device and
system. For the top-half, this case study prepares two sedative pills. One on the right-hand side conceals a glass impurity in its centre position. For the
bottom-half, this case study compares visibly indistinguishable sedative (left) and antipyretic (right) pills. d Impurity monitoring. e Material
composition identification. f CNT film PTE imager. g PTE effect. h Higher-speed operations
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devices and systems. Furthermore, non-destructive
material composition identification is essential for devel-
oping reliable pharma testing methods. This situation is
mainly because most pharmaceuticals comprise multiple
materials and layers (e.g., ingredients themselves and
protection coating)11,12 as other daily necessities and
industrial products13,14. In the above situation, non-
destructive composition identification extracts detailed
inspection cues, such as which constituent materials
contain defects (e.g., cracks, breakages, and corrosion) or
what kind of impurities target pills conceal. Therefore,
non-destructive material composition identification spe-
cifies sources of abnormalities and minimises social dis-
tribution incidents of defective products.
To this end, longer-wavelength optical monitoring

techniques15–17 have garnered another attention compared
to the aforementioned conventional approaches. Specifi-
cally, longer-wavelength photo-irradiation corresponds to
ultrabroadband ranges from sub-terahertz (sub-THz) to
infrared (IR). Sub-THz–IR-irradiation first exhibits
permeable views to various non-metallic materials18,19.
Furthermore, transmission trends of these materials to sub-
THz–IR-irradiation are variable per composition and
wavelength20,21. Thus, ultrabroadband multi-wavelength
optical measurements in sub-THz–IR bands identify non-
metallic materials (e.g., polymer, glass, semiconductor,
ceramic, and liquids) in a non-destructive manner22,23.
Here, typical sub-THz–IR measurements contain spectro-
scopies at each band (THz time-domain spectroscopy:
THz-TDS24, Fourier transform IR spectroscopy: FTIR25,
and so on). Indeed, these spectroscopy techniques treat raw
materials composing daily necessities and industrial pro-
ducts as fundamental evaluations at an early stage26,27.
However, these spectroscopies are still insufficient for the

use of in-line pharma testing at manufacturing sites despite
the above advantageous features. In such situations, bulky
housing and sensitive configurations to external environ-
mental conditions of existing spectroscopy equipment28,29

dominantly hinder their in-line setups. Here, the external
environment includes humidity, indoor lighting, and so on.
Furthermore, typical spectroscopies generally function as
static and passive measurements by setting target samples
within their bulky complicated equipment30,31. Inherently,
industrial non-destructive testing techniques eagerly require
treatments of products and infrastructure equipment in on-
site situations. This concept pursues reliable non-destructive
testing through comprehensive full evaluations of products at
manufacturing sites and long-term consecutive monitoring of
outdoor infrastructures during their operations throughout
multiple weather and seasonal conditions.
Based on the above situation, non-destructive testing

techniques should be completed without interfering with
pristine environmental configurations (e.g., scale or speed) of
targets in an on-site manner. Such ideas correspond to in-line

testing of assembling flows at the pharmaceutical manu-
facturing sites. For addressing these fatal bottlenecks, the
development of non-destructive in-line dynamic pharma
inspection systems via ultrabroadband multi-wavelength sub-
THz–IR monitoring is essential. Specifically, the above
requirements contain unclosed, portable, and flexibly desig-
nable components for configurations of testing systems. In
connection with these, several previous research treats por-
table spectroscopy techniques32,33. However, those narrow-
band functions still hinder opportunities for wide-range non-
destructive material composition identification. Therefore,
efforts are crucially insufficient for developing non-destructive
in-line dynamic pharma inspection systems via ultrabroad-
band multi-wavelength sub-THz–IR monitoring.
To this end, this work demonstrates a non-destructive

in-line dynamic inspection system for pharma agent pills
with freely attachable functional imager sheets and the
associated ultrabroad sub-THz–IR band multi-
wavelength photo-monitoring (Fig. 1a). The above sys-
tem develops in-line experimental setups by incorporating
the thin-film sub-THz–IR imagers and compact multiple
photo-sources at a single wavelength extracted in advance
(Fig. 1b, extracted from reference spectroscopy-based
databases as pharmaceutical-specific bands). This work
inspects invisible detailed features (Fig. 1c) of concealed
foreign substances (Fig. 1d) and pharma agents them-
selves (Fig. 1e) continuously in a non-contact and non-
destructive manner with the in-line dynamic ultrabroad-
band sub-THz–IR monitoring system. Carbon nanotube
(CNT) thin-film photo-thermoelectric (PTE) imager
sheets, which play an essential role in the presented sys-
tem, function in ultrabroadband regions over existing
sensors in the comparable sensitivity with conventional
narrowband detectors at each range, and facilitate multi-
wavelength operations under external sub-THz–IR-irra-
diation (Fig. 1f,g). In these device setups, this work
demonstrates higher-speed photo-monitoring operations
of non-destructive in-line dynamic ultrabroadband
pharma inspection by controlling material composition of
CNT film PTE pixels (Fig. 1h). Finally, the presented
device and system in this work handle pharma agent pills
at the highest scan speed of 3 mm/s. Such approaches
potentially detect concealed abnormalities of pharma-
ceuticals in an active live manner at manufacturing sites
through comprehensive full evaluations before social
distribution steps, over the existing inspection passively
treating defective samples after being returned by users.

Results
Fundamental operation of the ultrabroadband imaging
scanner
In the presented non-destructive in-line dynamic

pharma inspection system via ultrabroadband sub-
THz–IR monitoring, functional photo-imager devices
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play an essential role. This work employs CNT films as
pixel channel materials of the ultrabroadband PTE photo-
imager. Figure 2a explains an equivalent circuit diagram
of the CNT film PTE imager. Ohmic current-voltage
characteristics of the device indicate it functions at zero-
voltage-bias conditions (Fig. S1), and Fig. S2 introduces
the fundamental PTE effect model. The CNT film PTE
imager comprises parallel wiring integrations with each of
the above pixels as one-dimensional (1D) array structures.
Figure 2b provides the fundamental optical properties of

the CNT film channel. The CNT film exhibits highly
efficient photo-absorptance values over 90% throughout
ultrabroad MMW–Vis bands (see Spectroscopy in the
Materials and methods section). In these measurements,

this work subtracts reflectance values from primary
obtained results via transmissive spectroscopy to evaluate
photo-absorbing characteristics with CNT films. The
device is suitable for operations in the presented non-
destructive in-line dynamic pharma inspection system via
ultrabroadband sub-THz–IR monitoring under these
advantageous optical properties. For ultrabroadband effi-
cient photo-absorption characteristics, the CNTs’ unique
morphology and electronic nature dominantly play an
essential role34. Under external MMW–Vis-irradiation,
CNTs provide different photo-absorption mechanisms. In
general, CNTs contain a wide range of diameters and
lengths as their fundamental dimensions for handling
forms of aqueous dispersions and network films. In mid-
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devices and systems. Furthermore, non-destructive
material composition identification is essential for devel-
oping reliable pharma testing methods. This situation is
mainly because most pharmaceuticals comprise multiple
materials and layers (e.g., ingredients themselves and
protection coating)11,12 as other daily necessities and
industrial products13,14. In the above situation, non-
destructive composition identification extracts detailed
inspection cues, such as which constituent materials
contain defects (e.g., cracks, breakages, and corrosion) or
what kind of impurities target pills conceal. Therefore,
non-destructive material composition identification spe-
cifies sources of abnormalities and minimises social dis-
tribution incidents of defective products.
To this end, longer-wavelength optical monitoring

techniques15–17 have garnered another attention compared
to the aforementioned conventional approaches. Specifi-
cally, longer-wavelength photo-irradiation corresponds to
ultrabroadband ranges from sub-terahertz (sub-THz) to
infrared (IR). Sub-THz–IR-irradiation first exhibits
permeable views to various non-metallic materials18,19.
Furthermore, transmission trends of these materials to sub-
THz–IR-irradiation are variable per composition and
wavelength20,21. Thus, ultrabroadband multi-wavelength
optical measurements in sub-THz–IR bands identify non-
metallic materials (e.g., polymer, glass, semiconductor,
ceramic, and liquids) in a non-destructive manner22,23.
Here, typical sub-THz–IR measurements contain spectro-
scopies at each band (THz time-domain spectroscopy:
THz-TDS24, Fourier transform IR spectroscopy: FTIR25,
and so on). Indeed, these spectroscopy techniques treat raw
materials composing daily necessities and industrial pro-
ducts as fundamental evaluations at an early stage26,27.
However, these spectroscopies are still insufficient for the

use of in-line pharma testing at manufacturing sites despite
the above advantageous features. In such situations, bulky
housing and sensitive configurations to external environ-
mental conditions of existing spectroscopy equipment28,29

dominantly hinder their in-line setups. Here, the external
environment includes humidity, indoor lighting, and so on.
Furthermore, typical spectroscopies generally function as
static and passive measurements by setting target samples
within their bulky complicated equipment30,31. Inherently,
industrial non-destructive testing techniques eagerly require
treatments of products and infrastructure equipment in on-
site situations. This concept pursues reliable non-destructive
testing through comprehensive full evaluations of products at
manufacturing sites and long-term consecutive monitoring of
outdoor infrastructures during their operations throughout
multiple weather and seasonal conditions.
Based on the above situation, non-destructive testing

techniques should be completed without interfering with
pristine environmental configurations (e.g., scale or speed) of
targets in an on-site manner. Such ideas correspond to in-line

testing of assembling flows at the pharmaceutical manu-
facturing sites. For addressing these fatal bottlenecks, the
development of non-destructive in-line dynamic pharma
inspection systems via ultrabroadband multi-wavelength sub-
THz–IR monitoring is essential. Specifically, the above
requirements contain unclosed, portable, and flexibly desig-
nable components for configurations of testing systems. In
connection with these, several previous research treats por-
table spectroscopy techniques32,33. However, those narrow-
band functions still hinder opportunities for wide-range non-
destructive material composition identification. Therefore,
efforts are crucially insufficient for developing non-destructive
in-line dynamic pharma inspection systems via ultrabroad-
band multi-wavelength sub-THz–IR monitoring.
To this end, this work demonstrates a non-destructive

in-line dynamic inspection system for pharma agent pills
with freely attachable functional imager sheets and the
associated ultrabroad sub-THz–IR band multi-
wavelength photo-monitoring (Fig. 1a). The above sys-
tem develops in-line experimental setups by incorporating
the thin-film sub-THz–IR imagers and compact multiple
photo-sources at a single wavelength extracted in advance
(Fig. 1b, extracted from reference spectroscopy-based
databases as pharmaceutical-specific bands). This work
inspects invisible detailed features (Fig. 1c) of concealed
foreign substances (Fig. 1d) and pharma agents them-
selves (Fig. 1e) continuously in a non-contact and non-
destructive manner with the in-line dynamic ultrabroad-
band sub-THz–IR monitoring system. Carbon nanotube
(CNT) thin-film photo-thermoelectric (PTE) imager
sheets, which play an essential role in the presented sys-
tem, function in ultrabroadband regions over existing
sensors in the comparable sensitivity with conventional
narrowband detectors at each range, and facilitate multi-
wavelength operations under external sub-THz–IR-irra-
diation (Fig. 1f,g). In these device setups, this work
demonstrates higher-speed photo-monitoring operations
of non-destructive in-line dynamic ultrabroadband
pharma inspection by controlling material composition of
CNT film PTE pixels (Fig. 1h). Finally, the presented
device and system in this work handle pharma agent pills
at the highest scan speed of 3 mm/s. Such approaches
potentially detect concealed abnormalities of pharma-
ceuticals in an active live manner at manufacturing sites
through comprehensive full evaluations before social
distribution steps, over the existing inspection passively
treating defective samples after being returned by users.

Results
Fundamental operation of the ultrabroadband imaging
scanner
In the presented non-destructive in-line dynamic

pharma inspection system via ultrabroadband sub-
THz–IR monitoring, functional photo-imager devices
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axial plasmon resonances in CNTs (typically nm-
diameters and µm-lengths) for the Drude absorption
with delocalised free carriers within them (i.e., Intraband
energy transition). Based on this theoretical background,
CNT films exhibit respective 1D axial plasmon resonances
and the associated specific energy transition peak wave-
lengths, aggregating them into broadband photo-
absorption characteristics in MMW–far-IR regions with
their wide length distributions. As this work employs
unseparated aqueous CNT dispersions, where formed
network films contain random distributions of diameters
and lengths of each constituent tube, the presented PTE
imager exhibits advantageous ultrabroadband efficient
photo-absorption characteristics.
This work employs mechanical liquid printing techni-

ques35 to fabricate the CNT film PTE imager. Figure 2c
introduces the printing equipment (air-jet dispenser) and
device materials in the form of liquid solution inks (e.g.,
aqueous CNT dispersions). The first process of the device
fabrication flows is dispense-printing of CNT inks on water-
absorbent membrane filter substrates (Fig. 2d). In addition to
these photo-absorption channels, the CNT film PTE imager
comprises electrodes for signal readout treatments under
external photo-irradiation. As shown in Fig. S2, this channel-
electrode junction functions as a photo-detection interface
and is essential for device operations. In forming electrodes
on the device, this work employs conductive pastes for
dispense-printing. As respective constituent materials
(photo-absorption channels and electrodes) are collectively
solution-processable, the proposed fabrication process
integrates each pixel of the CNT film PTE imager at high-
yield (Fig. 2e) with the single dispense-printer via its
mechanical spatial alignment. Carbon nanotubes and Device
fabrication in the section “Materials and Methods” describe
these detailed conditions.
Figure 2f provides line-profiling of PTE response signals

along channel length directions for a pixel of the CNT
film imager in scanning external photo-irradiation. The
obtained result means that the device exhibits intensity
peaks of photo-detection response signals at the
heterogeneous-material interfaces in line with the PTE
effect36. The respective CNT film channel-electrodes
(GND and readout) interfaces offer reverse-polarity PTE
response signals based on the above device operating
mechanism37. The absolute values of PTE response signal
intensities at these two photo-detection interfaces of the
presented device are approximately the same. This
situation means that the aforementioned air-jet mechan-
ical dispense-printer sets channels and electrodes pre-
cisely in fabricating respective pixels of the CNT film PTE
imager. This work utilises channel-GND junctions, pro-
viding positive-polarity PTE response signals under
external irradiation in the above device structure, as a
photo-detection interface of the imager.

Figure 2g compares PTE response signal intensities atmulti-
pixel photo-detection interfaces integrated as a 1D array
imager device under external irradiation. Fig. S3 introduces
detailed sensing systems for thesemeasurements (Fig. 2f, g). In
12 pixels as an example, the presented device suppresses error
ratios of PTE response signal intensitieswithin 2.43% at photo-
detection interfaces under external photo-irradiation. These
results represent the significance of high-yield device fabrica-
tion techniques viamechanically alignable dispense-printing in
this work. Photo-source and Signal readout in the section
“Materials and methods” describe these detailed conditions.
In these photo-detection operations, PTE response

signals of the CNT film imager are variable with changes
in intensities of external irradiation (Fig. 2h, also see Fig.
S4 for ultrabroadband operations). In these modulations,
this work maintains external photo-irradiation to the
CNT film PTE imager throughout the measurement and
controls the intensity per constant time interval (e.g., 25 s
each for Fig. 2h) during the single experiment. This
situation is the reason why Fig. 2h and Fig. S4 employ
time scales to their horizontal axes of respective graphs.
This work converts the above change in PTE response
signal intensities under external photo-irradiation to
monochrome colour scales for applying the presented
device as an image sensor. Fig. S5 further demonstrates
that the CNT film PTE imager appropriately functions as
a photo-sensor under external Vis-irradiation, in line with
efficient absorptance values of the channel material
reaching even the above bands.
Figure 2i presents an example of transmissive one-axis-

scan photo-imaging of a metal clip (target) with the device
under IR-irradiation. In the obtained PTE image, vertical
and horizontal axes correspond to the respective scanning
and pixel-alignment directions for the device. In a
monochrome colour scale, the darker and blighter range
refers to the higher and lower response signal intensities
of each CNT film PTE pixel against transmissive photo-
irradiation. The obtained PTE image clearly visualises the
clip by detecting local reductions in transmissive response
signal intensities of respective CNT pixels along a target
shape due to reflection characteristics of the metal surface
against external photo-irradiation. This is the reason the
clip part looks blighter, and the rest appears darker by this
IR scanning with the CNT film PTE imager. In general,
denser pixel integrations of photo-imagers enable higher-
spatial-resolution measurements38. This work designs the
CNT film PTE imager in a 0.4 mm-pitch with the afore-
mentioned device fabrication techniques via mechanically
alignable air-jet dispense-printing (Fig. 2c–e). Figure 2j
suppresses the image blurriness by 28% with the highest-
density pixel array structure at present compared to a
CNT film PTE device with conventional 1 mm-pitch
sensor integrations via previous manual patterning
methods39 under external IR-irradiation. Respective full-
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IR–Vis bands, respective CNTs with different diameters
and the associated band gap energy levels exhibit specific
peak wavelengths of external photo-irradiation. This
situation is mainly because CNTs typically provide dis-
cretely quantised density of state as van Hove singula-
rities, defining each band gap energy level, as directly

linking from their diameters. Based on this theoretical
background, CNT films comprising wide diameter dis-
tributions aggregate respective energy transition peak
wavelengths (i.e., Interband shifting) into broadband
photo-absorption characteristics in mid-IR–Vis regions.
In MMW–far-IR bands, photo-irradiation triggers 1D
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Fig. 2 Fundamental operation of the ultrabroadband photo-imager. a Equivalent circuit of the imager. b Optical properties of the CNT film
channel. c Air-jet dispenser for device printing. d Dispense-printed arrays of CNT film channels. e Photograph of the device. f Line-profiling of PTE
response signals by scanning external photo-irradiation along a channel-length direction with the device pixel. g Distribution of PTE response signals
with the device by scanning external photo-irradiation along a pixel-array direction. h Change in the PTE response signal of the device pixel with
different intensities for external sub-THz-irradiation. i Quality change in transmissive 1D-scan IR PTE imaging of a metallic clip with the device per
pixel array integration-density via dispense-printing (λ: 976 nm). j Full-width at half-maximum values in (i). k Transmissive 1D-scan IR PTE imaging of a
metallic miniature screw by the device with a pixel array integration-density of 0.4 mm-pitch (λ: 976 nm)
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axial plasmon resonances in CNTs (typically nm-
diameters and µm-lengths) for the Drude absorption
with delocalised free carriers within them (i.e., Intraband
energy transition). Based on this theoretical background,
CNT films exhibit respective 1D axial plasmon resonances
and the associated specific energy transition peak wave-
lengths, aggregating them into broadband photo-
absorption characteristics in MMW–far-IR regions with
their wide length distributions. As this work employs
unseparated aqueous CNT dispersions, where formed
network films contain random distributions of diameters
and lengths of each constituent tube, the presented PTE
imager exhibits advantageous ultrabroadband efficient
photo-absorption characteristics.
This work employs mechanical liquid printing techni-

ques35 to fabricate the CNT film PTE imager. Figure 2c
introduces the printing equipment (air-jet dispenser) and
device materials in the form of liquid solution inks (e.g.,
aqueous CNT dispersions). The first process of the device
fabrication flows is dispense-printing of CNT inks on water-
absorbent membrane filter substrates (Fig. 2d). In addition to
these photo-absorption channels, the CNT film PTE imager
comprises electrodes for signal readout treatments under
external photo-irradiation. As shown in Fig. S2, this channel-
electrode junction functions as a photo-detection interface
and is essential for device operations. In forming electrodes
on the device, this work employs conductive pastes for
dispense-printing. As respective constituent materials
(photo-absorption channels and electrodes) are collectively
solution-processable, the proposed fabrication process
integrates each pixel of the CNT film PTE imager at high-
yield (Fig. 2e) with the single dispense-printer via its
mechanical spatial alignment. Carbon nanotubes and Device
fabrication in the section “Materials and Methods” describe
these detailed conditions.
Figure 2f provides line-profiling of PTE response signals

along channel length directions for a pixel of the CNT
film imager in scanning external photo-irradiation. The
obtained result means that the device exhibits intensity
peaks of photo-detection response signals at the
heterogeneous-material interfaces in line with the PTE
effect36. The respective CNT film channel-electrodes
(GND and readout) interfaces offer reverse-polarity PTE
response signals based on the above device operating
mechanism37. The absolute values of PTE response signal
intensities at these two photo-detection interfaces of the
presented device are approximately the same. This
situation means that the aforementioned air-jet mechan-
ical dispense-printer sets channels and electrodes pre-
cisely in fabricating respective pixels of the CNT film PTE
imager. This work utilises channel-GND junctions, pro-
viding positive-polarity PTE response signals under
external irradiation in the above device structure, as a
photo-detection interface of the imager.

Figure 2g compares PTE response signal intensities atmulti-
pixel photo-detection interfaces integrated as a 1D array
imager device under external irradiation. Fig. S3 introduces
detailed sensing systems for thesemeasurements (Fig. 2f, g). In
12 pixels as an example, the presented device suppresses error
ratios of PTE response signal intensitieswithin 2.43% at photo-
detection interfaces under external photo-irradiation. These
results represent the significance of high-yield device fabrica-
tion techniques viamechanically alignable dispense-printing in
this work. Photo-source and Signal readout in the section
“Materials and methods” describe these detailed conditions.
In these photo-detection operations, PTE response

signals of the CNT film imager are variable with changes
in intensities of external irradiation (Fig. 2h, also see Fig.
S4 for ultrabroadband operations). In these modulations,
this work maintains external photo-irradiation to the
CNT film PTE imager throughout the measurement and
controls the intensity per constant time interval (e.g., 25 s
each for Fig. 2h) during the single experiment. This
situation is the reason why Fig. 2h and Fig. S4 employ
time scales to their horizontal axes of respective graphs.
This work converts the above change in PTE response
signal intensities under external photo-irradiation to
monochrome colour scales for applying the presented
device as an image sensor. Fig. S5 further demonstrates
that the CNT film PTE imager appropriately functions as
a photo-sensor under external Vis-irradiation, in line with
efficient absorptance values of the channel material
reaching even the above bands.
Figure 2i presents an example of transmissive one-axis-

scan photo-imaging of a metal clip (target) with the device
under IR-irradiation. In the obtained PTE image, vertical
and horizontal axes correspond to the respective scanning
and pixel-alignment directions for the device. In a
monochrome colour scale, the darker and blighter range
refers to the higher and lower response signal intensities
of each CNT film PTE pixel against transmissive photo-
irradiation. The obtained PTE image clearly visualises the
clip by detecting local reductions in transmissive response
signal intensities of respective CNT pixels along a target
shape due to reflection characteristics of the metal surface
against external photo-irradiation. This is the reason the
clip part looks blighter, and the rest appears darker by this
IR scanning with the CNT film PTE imager. In general,
denser pixel integrations of photo-imagers enable higher-
spatial-resolution measurements38. This work designs the
CNT film PTE imager in a 0.4 mm-pitch with the afore-
mentioned device fabrication techniques via mechanically
alignable air-jet dispense-printing (Fig. 2c–e). Figure 2j
suppresses the image blurriness by 28% with the highest-
density pixel array structure at present compared to a
CNT film PTE device with conventional 1 mm-pitch
sensor integrations via previous manual patterning
methods39 under external IR-irradiation. Respective full-
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IR–Vis bands, respective CNTs with different diameters
and the associated band gap energy levels exhibit specific
peak wavelengths of external photo-irradiation. This
situation is mainly because CNTs typically provide dis-
cretely quantised density of state as van Hove singula-
rities, defining each band gap energy level, as directly

linking from their diameters. Based on this theoretical
background, CNT films comprising wide diameter dis-
tributions aggregate respective energy transition peak
wavelengths (i.e., Interband shifting) into broadband
photo-absorption characteristics in mid-IR–Vis regions.
In MMW–far-IR bands, photo-irradiation triggers 1D
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Fig. 2 Fundamental operation of the ultrabroadband photo-imager. a Equivalent circuit of the imager. b Optical properties of the CNT film
channel. c Air-jet dispenser for device printing. d Dispense-printed arrays of CNT film channels. e Photograph of the device. f Line-profiling of PTE
response signals by scanning external photo-irradiation along a channel-length direction with the device pixel. g Distribution of PTE response signals
with the device by scanning external photo-irradiation along a pixel-array direction. h Change in the PTE response signal of the device pixel with
different intensities for external sub-THz-irradiation. i Quality change in transmissive 1D-scan IR PTE imaging of a metallic clip with the device per
pixel array integration-density via dispense-printing (λ: 976 nm). j Full-width at half-maximum values in (i). k Transmissive 1D-scan IR PTE imaging of a
metallic miniature screw by the device with a pixel array integration-density of 0.4 mm-pitch (λ: 976 nm)
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indicates that sub-THz–IR monitoring is effective for
non-destructive pharma inspection. As the CNT film PTE
imager is freely available for ultrabroadband monitoring
on sub-THz–IR ranges as the above47, the presented non-
destructive in-line dynamic pharma inspection system
widely customises irradiation wavelength ranges of photo-
sources beyond that of existing spectrometers, per optical
property of targeted samples. Such configurations are
essential for realising multi-wavelength photo-sensing as
non-destructive material composition identification. The
usability of the CNT film PTE imager (e.g., thin soft
structures and freely attachable configurations) poten-
tially installs the presented system into line manufacturing
environments of pharma agent pills in an on-site manner
without being bulky.
Figure 3f–h performs multi-wavelength photo-imaging

of the standard sample by sub-THz (f), LWIR (g, LWIR:
longer-wavelength IR), and SWIR (h, SWIR: shorter-
wavelength IR) irradiation with the presented device-
based in-line dynamic scanning under the above system.
This work also provides results of two-dimensional (2D)-
scan imaging with the sample as shown in the figure by
employing the single pixel of the CNT film PTE device
under the same three-wavelength external photo-
irradiation. The obtained results emphasise the accuracy
of the presented device and system, being comparable to
that of 2D-scanning (higher-spatial-resolution, but longer
measurement time48) for acquiring transmissive PTE
images. Fig. S8 defines available size and concentration
ranges of target pharma agent pills for the non-destructive
in-line dynamic ultrabroadband monitoring system with
CNT film PTE imagers. This work also confirms that the
use of the CNT film PTE imager is principally applicable
to handling real-scale pills as targets of photo-monitoring-
based non-destructive inspection towards practical phar-
maceutical applications (Fig. S9).

Pharma monitoring demonstration
Based on the above functional device and ultrabroad-

band system setting, the following demonstrations
represent major advantages of sub-THz–IR-irradiation
for non-destructive inspection of pharma agent pills.
Figure 4a performs non-destructive material composition
identification for different agent samples via broadband
two-wavelength photo-monitoring with the CNT film
PTE imager. Based on the conditions in Fig. 3, agents of
the samples employed in Fig. 4 are as follows: sedative,
antipyretic, and antiplatelet. The obtained results identify
the material composition of the targeted pharma pills
based on one-axis-scan transmissive LWIR and SWIR
images by the device, which are visually indistinguishable.
The sedative agent collectively indicates higher trans-
mittance values to external photo-irradiation of two dif-
ferent wavelengths among the assessed samples. The

antipyretic agent offers a selective transmission behaviour
to SWIR-irradiation. The remaining antiplatelet agent
provides a selective transmission trend to LWIR-
irradiation.
These imaging results show a good agreement with the

pre-obtained reference spectrum (Fig. 4b), which is the
fundamental optical information of each inspected sam-
ple. This work handles various agents by grasping such
spectrums of target samples as reference conditions in
advance for non-destructive ultrabroadband pharma
monitoring with CNT film PTE imagers. The reference
spectrum extracts wavelengths with characteristic trans-
mittance distributions from respective pharma agents,
while CNT film PTE imagers sensitively perform photo-
detection in ultrabroadband regions. The presented non-
destructive ultrabroadband monitoring system completes
its operations with experimental setups of compact
photo-sources in the above wavelengths specific to tar-
geted pharma agents, and detects abnormalities by clas-
sifying obtained response signal intensities for each
sample with the device based on spectroscopy-driven
characteristic transmittance values. This system freely
switches photo-source setups per fundamental optical
property of targeted agents, assisted by ultrabroadband
photo-detection with CNT film PTE imagers.
Figure 4c provides line-profiling of transmissive

response signal intensities of a device pixel from the
obtained respective PTE images (Fig. 4a). The obtained
results indicate that the device behaviours and bright-
nesses in respective images show a good agreement with
the pre-obtained reference transmittances per each
wavelength and sample. The superposition of the above
two-wavelength transmissive images assures that targeted
pills are non-metallic materials. For example, the centre
sample is unconfirmable in LWIR imaging by the device.
The use of only the LWIR image is insufficient to identify
whether the centre sample is a metal object (reflective) or
a photo-absorbent composition. A combination with the
SWIR image reveals that the inspected target is a non-
metallic material by visualising transmission features to
the centre sample with the CNT film PTE imager.
The non-destructive ultrabroadband inspection system

with CNT film PTE imagers in this work is also adaptable
for monitoring hazardous foreign substances (i.e.,
impurity) concealed in pharma agents in addition to
material composition identification of pills themselves.
This work demonstrates non-destructive material com-
position identification of impurities themselves by adding
higher-permeable sub-THz-irradiation within the pre-
sented device and system. Figure 4d performs transmis-
sive ultrabroadband three-wavelength sub-THz–IR
monitoring of pharma pills concealing different impurities
with the CNT film PTE imager. Based on the conditions
in Fig. 3, this experiment prepares three sedative agent
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width at half-maximum values are 698 μm (0.4 mm pitch)
and 1,017 μm (1 mm pitch) regarding a 572 μm width
metal bar of the clip in the above demonstration. Fur-
thermore, the presented device demonstrates higher-
spatial-resolution measurements: visualising minute
screw grooves (Fig. 2k) via one-axis-scan photo-imaging
under external IR-irradiation. By incorporating these
characteristics (operating regions, spatial pixel resolution,
and sensitivity (Fig. S6)), the CNT film PTE imager plays
an advantageous role against conventional photo-
detectors40–46, and facilitates the presented non-
destructive in-line dynamic pharma inspection in this
work via ultrabroadband multi-wavelength sub-THz–IR
monitoring (Table S1).

Fundamental experimental setup for pharma monitoring
Following the above material and device configurations,

a deeper understanding on preparations of pharma agent
pills emphasises the advantageous usability of the pre-
sented non-destructive in-line dynamic ultrabroadband
sub-THz–IR monitoring system in this work. This work
again emphasises that the enriched material nature of the

CNT film PTE imager and the associated high-yield
device fabrication techniques (Fig. 2, Figs. S1, S2, S4–S6,
Table S1, and Carbon nanotubes in the Materials and
methods section) dominantly govern the fundamental
performance of the following monitoring applications.
Figure 3a–c introduces pill formation processes. This
work configures standard conditions in forming pills as
follows: 7-mm-diameter, 1-mm-thickness, and 5% con-
centration of pharmaceutical agents. Pharma agent pills in
the section “Materials and Methods” describe detailed
procedures. The presented non-destructive in-line mon-
itoring system with CNT film PTE ultrabroadband sub-
THz–IR imagers in this work carries pharma agent pills
into the optical setup in a continuous and dynamic
manner with a jig shown in Fig. 1b. Figure 3d and Fig. S7
introduce details of the setup for pharma agent pills (also
see 3D printing in the Materials and methods section for
tool preparations). Figure 3e exemplifies a mapping of
optical transmittance values with a sedative pill in sub-
THz–IR bands. The obtained result means that the pill
sample exhibits transmittance values over 50% under
external sub-THz–IR-irradiation. The above situation
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Fig. 3 Preparation of pharma agent pills and their fundamental optical properties. a–c Pill formation process: powdering (a), compression (b),
and a completed sample (c). d Experimental setup of pharma agent pills for imaging measurements. e Transmittance distribution of the normal
sample (sedative) in sub-THz–IR bands. f–h Multi-wavelength imaging of the standard sample in sub-THz (f, λ - 909 μm), LWIR (g, λ - 6.13 μm), and
SWIR (h, λ - 4.33 μm) bands with the device (Fig. 2e)
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indicates that sub-THz–IR monitoring is effective for
non-destructive pharma inspection. As the CNT film PTE
imager is freely available for ultrabroadband monitoring
on sub-THz–IR ranges as the above47, the presented non-
destructive in-line dynamic pharma inspection system
widely customises irradiation wavelength ranges of photo-
sources beyond that of existing spectrometers, per optical
property of targeted samples. Such configurations are
essential for realising multi-wavelength photo-sensing as
non-destructive material composition identification. The
usability of the CNT film PTE imager (e.g., thin soft
structures and freely attachable configurations) poten-
tially installs the presented system into line manufacturing
environments of pharma agent pills in an on-site manner
without being bulky.
Figure 3f–h performs multi-wavelength photo-imaging

of the standard sample by sub-THz (f), LWIR (g, LWIR:
longer-wavelength IR), and SWIR (h, SWIR: shorter-
wavelength IR) irradiation with the presented device-
based in-line dynamic scanning under the above system.
This work also provides results of two-dimensional (2D)-
scan imaging with the sample as shown in the figure by
employing the single pixel of the CNT film PTE device
under the same three-wavelength external photo-
irradiation. The obtained results emphasise the accuracy
of the presented device and system, being comparable to
that of 2D-scanning (higher-spatial-resolution, but longer
measurement time48) for acquiring transmissive PTE
images. Fig. S8 defines available size and concentration
ranges of target pharma agent pills for the non-destructive
in-line dynamic ultrabroadband monitoring system with
CNT film PTE imagers. This work also confirms that the
use of the CNT film PTE imager is principally applicable
to handling real-scale pills as targets of photo-monitoring-
based non-destructive inspection towards practical phar-
maceutical applications (Fig. S9).

Pharma monitoring demonstration
Based on the above functional device and ultrabroad-

band system setting, the following demonstrations
represent major advantages of sub-THz–IR-irradiation
for non-destructive inspection of pharma agent pills.
Figure 4a performs non-destructive material composition
identification for different agent samples via broadband
two-wavelength photo-monitoring with the CNT film
PTE imager. Based on the conditions in Fig. 3, agents of
the samples employed in Fig. 4 are as follows: sedative,
antipyretic, and antiplatelet. The obtained results identify
the material composition of the targeted pharma pills
based on one-axis-scan transmissive LWIR and SWIR
images by the device, which are visually indistinguishable.
The sedative agent collectively indicates higher trans-
mittance values to external photo-irradiation of two dif-
ferent wavelengths among the assessed samples. The

antipyretic agent offers a selective transmission behaviour
to SWIR-irradiation. The remaining antiplatelet agent
provides a selective transmission trend to LWIR-
irradiation.
These imaging results show a good agreement with the

pre-obtained reference spectrum (Fig. 4b), which is the
fundamental optical information of each inspected sam-
ple. This work handles various agents by grasping such
spectrums of target samples as reference conditions in
advance for non-destructive ultrabroadband pharma
monitoring with CNT film PTE imagers. The reference
spectrum extracts wavelengths with characteristic trans-
mittance distributions from respective pharma agents,
while CNT film PTE imagers sensitively perform photo-
detection in ultrabroadband regions. The presented non-
destructive ultrabroadband monitoring system completes
its operations with experimental setups of compact
photo-sources in the above wavelengths specific to tar-
geted pharma agents, and detects abnormalities by clas-
sifying obtained response signal intensities for each
sample with the device based on spectroscopy-driven
characteristic transmittance values. This system freely
switches photo-source setups per fundamental optical
property of targeted agents, assisted by ultrabroadband
photo-detection with CNT film PTE imagers.
Figure 4c provides line-profiling of transmissive

response signal intensities of a device pixel from the
obtained respective PTE images (Fig. 4a). The obtained
results indicate that the device behaviours and bright-
nesses in respective images show a good agreement with
the pre-obtained reference transmittances per each
wavelength and sample. The superposition of the above
two-wavelength transmissive images assures that targeted
pills are non-metallic materials. For example, the centre
sample is unconfirmable in LWIR imaging by the device.
The use of only the LWIR image is insufficient to identify
whether the centre sample is a metal object (reflective) or
a photo-absorbent composition. A combination with the
SWIR image reveals that the inspected target is a non-
metallic material by visualising transmission features to
the centre sample with the CNT film PTE imager.
The non-destructive ultrabroadband inspection system

with CNT film PTE imagers in this work is also adaptable
for monitoring hazardous foreign substances (i.e.,
impurity) concealed in pharma agents in addition to
material composition identification of pills themselves.
This work demonstrates non-destructive material com-
position identification of impurities themselves by adding
higher-permeable sub-THz-irradiation within the pre-
sented device and system. Figure 4d performs transmis-
sive ultrabroadband three-wavelength sub-THz–IR
monitoring of pharma pills concealing different impurities
with the CNT film PTE imager. Based on the conditions
in Fig. 3, this experiment prepares three sedative agent
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width at half-maximum values are 698 μm (0.4 mm pitch)
and 1,017 μm (1 mm pitch) regarding a 572 μm width
metal bar of the clip in the above demonstration. Fur-
thermore, the presented device demonstrates higher-
spatial-resolution measurements: visualising minute
screw grooves (Fig. 2k) via one-axis-scan photo-imaging
under external IR-irradiation. By incorporating these
characteristics (operating regions, spatial pixel resolution,
and sensitivity (Fig. S6)), the CNT film PTE imager plays
an advantageous role against conventional photo-
detectors40–46, and facilitates the presented non-
destructive in-line dynamic pharma inspection in this
work via ultrabroadband multi-wavelength sub-THz–IR
monitoring (Table S1).

Fundamental experimental setup for pharma monitoring
Following the above material and device configurations,

a deeper understanding on preparations of pharma agent
pills emphasises the advantageous usability of the pre-
sented non-destructive in-line dynamic ultrabroadband
sub-THz–IR monitoring system in this work. This work
again emphasises that the enriched material nature of the

CNT film PTE imager and the associated high-yield
device fabrication techniques (Fig. 2, Figs. S1, S2, S4–S6,
Table S1, and Carbon nanotubes in the Materials and
methods section) dominantly govern the fundamental
performance of the following monitoring applications.
Figure 3a–c introduces pill formation processes. This
work configures standard conditions in forming pills as
follows: 7-mm-diameter, 1-mm-thickness, and 5% con-
centration of pharmaceutical agents. Pharma agent pills in
the section “Materials and Methods” describe detailed
procedures. The presented non-destructive in-line mon-
itoring system with CNT film PTE ultrabroadband sub-
THz–IR imagers in this work carries pharma agent pills
into the optical setup in a continuous and dynamic
manner with a jig shown in Fig. 1b. Figure 3d and Fig. S7
introduce details of the setup for pharma agent pills (also
see 3D printing in the Materials and methods section for
tool preparations). Figure 3e exemplifies a mapping of
optical transmittance values with a sedative pill in sub-
THz–IR bands. The obtained result means that the pill
sample exhibits transmittance values over 50% under
external sub-THz–IR-irradiation. The above situation
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Fig. 3 Preparation of pharma agent pills and their fundamental optical properties. a–c Pill formation process: powdering (a), compression (b),
and a completed sample (c). d Experimental setup of pharma agent pills for imaging measurements. e Transmittance distribution of the normal
sample (sedative) in sub-THz–IR bands. f–h Multi-wavelength imaging of the standard sample in sub-THz (f, λ - 909 μm), LWIR (g, λ - 6.13 μm), and
SWIR (h, λ - 4.33 μm) bands with the device (Fig. 2e)
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Owing to huge expectations on sub-THz–IR measure-
ments for the investigation field of material science, the
fundamental optical databases of diverse compositions in
the above bands are now available49,50, including Fig. 4e,
via spectroscopy preparations in a static manner. Fur-
thermore, the presented non-destructive ultrabroadband
multi-wavelength sub-THz–IR monitoring system with
CNT film PTE imagers potentially and conceptually
brings such advantages in on-site dynamic configurations
of pharmaceutical inspection applications.

In-line real-time pharma monitoring
By incorporating the above findings and techniques, this

work demonstrates non-destructive in-line dynamic
material composition identification for defective pharma
agent pills via ultrabroadband multi-wavelength sub-
THz–IR monitoring with CNT film PTE imagers. Figure 5a
first handles the same samples as Fig. 4a. Supplementary
Movie 1 (10x speed) introduces results of the above
experiment. The obtained results indicate that the pre-
sented device and system in this work properly function in
an in-line dynamic setup as non-destructive pharma
inspection. The above setup aligns each optical system
(compact photo-sources and freely attachable CNT thin-
film PTE imager sheets) to the same single line. Pharma
pills move continuously among photo-sources and devices
along the system alignment line (perpendicular to optical
paths), while the presented device and system provide non-
destructive ultrabroadband multi-wavelength transmissive
images in real-time.
Figure 5b then introduces automatic classification of

pharma agent types by applying the presented device and
system with a transmittance database-driven manner.
This system links the above real-time non-destructive in-
line dynamic broadband multi-wavelength views from
CNT film imagers to the pre-obtained fundamental
transmittance values of each pharma agent pill. The above
application sets the fundamental transmittance values of
respective samples as threshold conditions linked to the
agent name, and real-time PTE response signal intensities
of the device automatically identify materials of targeted
in-line pills. Supplementary Movie 2 (10x speed) presents
the live video of Fig. 5b. Such automatic classification
functionality potentially enriches the universality of non-
destructive in-line dynamic pharma monitoring by
developing a broadband database of the fundamental
optical characteristics for possible impurity materials (Fig.
S11) along with wide-range photo-detection with the
CNT film PTE imager.
While the above demonstration develops an early-stage

database across far-IR–Vis regions, similar efforts on
broad THz bands play a key role in the next scope of this
work to perform further efficient non-destructive pharma
monitoring owing to the inherent fingerprint spectrum of

diverse constituent polymer compositions of pills. As
THz-based static spectroscopy has gradually emphasised
its presence as an analysis tool of pharma agents at drug
discovery stages with thinly sliced samples51 prior to
manufacturing phases, the experimentally demonstrated
concept in this work provides a potential to integrate such
detailed classification of constituent chemical foundations
themselves into in-line dynamic setups. Fig. S12 demon-
strates non-destructive in-line dynamic exception com-
position identification of pharma agent pills (also see
Supplementary Movie 3 (10x speed)) with the same
mechanism as Fig. 5b via broadband multi-wavelength
photo-monitoring by CNT film PTE imagers. These PoCs
emphasise the potential for adapting the presented device
and system in this work at practical pharmaceutical
manufacturing sites.
Figure 5c performs non-destructive in-line dynamic

impurity identification concealed in pharma agent pills
(same defects as Fig. 4d) under transmissive ultrabroad-
band multi-wavelength sub-THz–IR monitoring with
CNT film PTE imagers. Supplementary Movie 4 (10x
speed) introduces results of the above experiment. The
obtained results indicate that the presented device and
system in this work also properly function as non-
destructive in-line dynamic inspection techniques in
ultrabroadband photo-monitoring containing even sub-
THz-irradiation.
Following the above fundamental performances, this

work demonstrates higher-speed non-destructive system
operations of in-line dynamic broadband multi-
wavelength pharma monitoring with controlling material
composition of CNT film PTE imagers. Figure 5d presents
a transient waveform of photo-induced response signal
intensities with the CNT film PTE pixel. These electrical
signal readouts require shorter integration time for
higher-speed device operations. Device operations with
shorter integration time typically induce more significant
noise signals52. This work inhibits noise signals in higher-
speed signal readout operations for photo-detection by
adopting a lower electrical resistance CNT film channel
for the PTE pixel material. Figure 5e introduces transient
waveforms of photo-induced response signal intensities
for different compositions of CNT film PTE pixels. This
work evaluates two types of CNT film channels with three
different integration time; respective electrical resistance
values are 10.8 kΩ (channel 1, surfactant ratio: 3 wt%) and
660 Ω (channel 2, surfactant ratio: 0.4 wt%). The obtained
result exhibits crucial increases in noise signals of the
CNT film PTE sensor (channel 1) during photo-detection
under higher-speed signal readout operations faster than
4 milliseconds (ms). The CNT film PTE sensor (channel
2) provides clear transient waveforms to external photo-
irradiation under the above signal readout speed. This
measurement sets theoretical signal readout speed to
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pills as the main bodies of inspection targets for the above
demonstration. The employed materials of impurities in
Fig. 4d are as follows: plastic, glass, and metal. The
obtained results identify respective impurities concealed
in the pills based on one-axis-scan transmissive sub-THz,
LWIR, and SWIR images by the device, which are visually
indistinguishable. Despite the situation that the pills
conceal the above three kinds of impurities, the combi-
nations are unknown.
This work labels the pill samples as i, ii, and iii from

the left-hand side to the right-hand side in Fig. 4d. Pill-i
exhibits a vertical slit in the transmissive PTE image
with external two-wavelength photo-irradiation of
LWIR and SWIR bands. This vertical slit matches local
reductions of transmissive photo-irradiation intensities
in the pill from the correspondence between response
signals of CNT film PTE pixels and the monochrome
colour scale of the obtained image. The darker vertical
slits in Fig. 4d correspond to impurities in the respective
pills. The above situation indicates that two-wavelength
photo-irradiation of LWIR and SWIR bands visualises
the impurity in pill-i. The obtained result also visualises
the impurity in pill-ii by transmissive LWIR imaging
with the device. Finally, all three-wavelength photo-
irradiation with the CNT film PTE imager in Fig. 4d
collectively visualises the impurity in pill-iii. From

another viewpoint, SWIR-irradiation is insufficient to
distinguish the impurities among pill-i and pill-iii.
Transmissive LWIR imaging with the device confuses
the respective impurities in each pill. These tendencies,
that the above visibilities of the employed impurities
differ with photo-irradiation bands, properly reflect
broad changes in transmittance values of various mate-
rials per composition and wavelength in sub-THz–IR
regions. The above situation leads to non-destructive
composition identification of concealed impurities in
pharma agent pills by combining the pre-obtained
reference optical database of materials and transmit-
tance characteristics in sub-THz–IR bands (Fig. 4e).
“Plastic”, one of the materials for impurities inside pills
in Fig. 4d, provides lower transmittance values under
external LWIR and SWIR irradiation than those in the
employed sub-THz wavelength. “Glass” selectively offers
a lower transmittance value to LWIR-irradiation. The
remaining “Metal” does not exhibit transmission trends
to the respective three-wavelength photo-irradiation via
inherent reflective characteristics. Finally, the presented
device and system in this work non-destructively iden-
tify the corresponding materials of impurities concealed
in pharma agent pills as follows: i as plastic, ii as glass,
and iii as metal (Fig. 4f, also see Fig. S10 for sample
preparations).
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Fig. 4 Non-destructive ultrabroadband and multi-wavelength optical inspection of defective pharma agent pills with the CNT film PTE
imager. a Material composition identification of different agent samples. b Fundamental optical properties of inspection samples (in (a)).
c Transmissive line-profiling from the obtained PTE image (in (a)). d Material composition identification of samples with different concealed foreign
substances. e Fundamental optical properties of each foreign substance (in (d)). f Transmissive line-profiling from the obtained PTE image for
identifying foreign substances (in (d))
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Owing to huge expectations on sub-THz–IR measure-
ments for the investigation field of material science, the
fundamental optical databases of diverse compositions in
the above bands are now available49,50, including Fig. 4e,
via spectroscopy preparations in a static manner. Fur-
thermore, the presented non-destructive ultrabroadband
multi-wavelength sub-THz–IR monitoring system with
CNT film PTE imagers potentially and conceptually
brings such advantages in on-site dynamic configurations
of pharmaceutical inspection applications.

In-line real-time pharma monitoring
By incorporating the above findings and techniques, this

work demonstrates non-destructive in-line dynamic
material composition identification for defective pharma
agent pills via ultrabroadband multi-wavelength sub-
THz–IR monitoring with CNT film PTE imagers. Figure 5a
first handles the same samples as Fig. 4a. Supplementary
Movie 1 (10x speed) introduces results of the above
experiment. The obtained results indicate that the pre-
sented device and system in this work properly function in
an in-line dynamic setup as non-destructive pharma
inspection. The above setup aligns each optical system
(compact photo-sources and freely attachable CNT thin-
film PTE imager sheets) to the same single line. Pharma
pills move continuously among photo-sources and devices
along the system alignment line (perpendicular to optical
paths), while the presented device and system provide non-
destructive ultrabroadband multi-wavelength transmissive
images in real-time.
Figure 5b then introduces automatic classification of

pharma agent types by applying the presented device and
system with a transmittance database-driven manner.
This system links the above real-time non-destructive in-
line dynamic broadband multi-wavelength views from
CNT film imagers to the pre-obtained fundamental
transmittance values of each pharma agent pill. The above
application sets the fundamental transmittance values of
respective samples as threshold conditions linked to the
agent name, and real-time PTE response signal intensities
of the device automatically identify materials of targeted
in-line pills. Supplementary Movie 2 (10x speed) presents
the live video of Fig. 5b. Such automatic classification
functionality potentially enriches the universality of non-
destructive in-line dynamic pharma monitoring by
developing a broadband database of the fundamental
optical characteristics for possible impurity materials (Fig.
S11) along with wide-range photo-detection with the
CNT film PTE imager.
While the above demonstration develops an early-stage

database across far-IR–Vis regions, similar efforts on
broad THz bands play a key role in the next scope of this
work to perform further efficient non-destructive pharma
monitoring owing to the inherent fingerprint spectrum of

diverse constituent polymer compositions of pills. As
THz-based static spectroscopy has gradually emphasised
its presence as an analysis tool of pharma agents at drug
discovery stages with thinly sliced samples51 prior to
manufacturing phases, the experimentally demonstrated
concept in this work provides a potential to integrate such
detailed classification of constituent chemical foundations
themselves into in-line dynamic setups. Fig. S12 demon-
strates non-destructive in-line dynamic exception com-
position identification of pharma agent pills (also see
Supplementary Movie 3 (10x speed)) with the same
mechanism as Fig. 5b via broadband multi-wavelength
photo-monitoring by CNT film PTE imagers. These PoCs
emphasise the potential for adapting the presented device
and system in this work at practical pharmaceutical
manufacturing sites.
Figure 5c performs non-destructive in-line dynamic

impurity identification concealed in pharma agent pills
(same defects as Fig. 4d) under transmissive ultrabroad-
band multi-wavelength sub-THz–IR monitoring with
CNT film PTE imagers. Supplementary Movie 4 (10x
speed) introduces results of the above experiment. The
obtained results indicate that the presented device and
system in this work also properly function as non-
destructive in-line dynamic inspection techniques in
ultrabroadband photo-monitoring containing even sub-
THz-irradiation.
Following the above fundamental performances, this

work demonstrates higher-speed non-destructive system
operations of in-line dynamic broadband multi-
wavelength pharma monitoring with controlling material
composition of CNT film PTE imagers. Figure 5d presents
a transient waveform of photo-induced response signal
intensities with the CNT film PTE pixel. These electrical
signal readouts require shorter integration time for
higher-speed device operations. Device operations with
shorter integration time typically induce more significant
noise signals52. This work inhibits noise signals in higher-
speed signal readout operations for photo-detection by
adopting a lower electrical resistance CNT film channel
for the PTE pixel material. Figure 5e introduces transient
waveforms of photo-induced response signal intensities
for different compositions of CNT film PTE pixels. This
work evaluates two types of CNT film channels with three
different integration time; respective electrical resistance
values are 10.8 kΩ (channel 1, surfactant ratio: 3 wt%) and
660 Ω (channel 2, surfactant ratio: 0.4 wt%). The obtained
result exhibits crucial increases in noise signals of the
CNT film PTE sensor (channel 1) during photo-detection
under higher-speed signal readout operations faster than
4 milliseconds (ms). The CNT film PTE sensor (channel
2) provides clear transient waveforms to external photo-
irradiation under the above signal readout speed. This
measurement sets theoretical signal readout speed to
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pills as the main bodies of inspection targets for the above
demonstration. The employed materials of impurities in
Fig. 4d are as follows: plastic, glass, and metal. The
obtained results identify respective impurities concealed
in the pills based on one-axis-scan transmissive sub-THz,
LWIR, and SWIR images by the device, which are visually
indistinguishable. Despite the situation that the pills
conceal the above three kinds of impurities, the combi-
nations are unknown.
This work labels the pill samples as i, ii, and iii from

the left-hand side to the right-hand side in Fig. 4d. Pill-i
exhibits a vertical slit in the transmissive PTE image
with external two-wavelength photo-irradiation of
LWIR and SWIR bands. This vertical slit matches local
reductions of transmissive photo-irradiation intensities
in the pill from the correspondence between response
signals of CNT film PTE pixels and the monochrome
colour scale of the obtained image. The darker vertical
slits in Fig. 4d correspond to impurities in the respective
pills. The above situation indicates that two-wavelength
photo-irradiation of LWIR and SWIR bands visualises
the impurity in pill-i. The obtained result also visualises
the impurity in pill-ii by transmissive LWIR imaging
with the device. Finally, all three-wavelength photo-
irradiation with the CNT film PTE imager in Fig. 4d
collectively visualises the impurity in pill-iii. From

another viewpoint, SWIR-irradiation is insufficient to
distinguish the impurities among pill-i and pill-iii.
Transmissive LWIR imaging with the device confuses
the respective impurities in each pill. These tendencies,
that the above visibilities of the employed impurities
differ with photo-irradiation bands, properly reflect
broad changes in transmittance values of various mate-
rials per composition and wavelength in sub-THz–IR
regions. The above situation leads to non-destructive
composition identification of concealed impurities in
pharma agent pills by combining the pre-obtained
reference optical database of materials and transmit-
tance characteristics in sub-THz–IR bands (Fig. 4e).
“Plastic”, one of the materials for impurities inside pills
in Fig. 4d, provides lower transmittance values under
external LWIR and SWIR irradiation than those in the
employed sub-THz wavelength. “Glass” selectively offers
a lower transmittance value to LWIR-irradiation. The
remaining “Metal” does not exhibit transmission trends
to the respective three-wavelength photo-irradiation via
inherent reflective characteristics. Finally, the presented
device and system in this work non-destructively iden-
tify the corresponding materials of impurities concealed
in pharma agent pills as follows: i as plastic, ii as glass,
and iii as metal (Fig. 4f, also see Fig. S10 for sample
preparations).
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Fig. 4 Non-destructive ultrabroadband and multi-wavelength optical inspection of defective pharma agent pills with the CNT film PTE
imager. a Material composition identification of different agent samples. b Fundamental optical properties of inspection samples (in (a)).
c Transmissive line-profiling from the obtained PTE image (in (a)). d Material composition identification of samples with different concealed foreign
substances. e Fundamental optical properties of each foreign substance (in (d)). f Transmissive line-profiling from the obtained PTE image for
identifying foreign substances (in (d))
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S13–S20 summarisethese material composition strategies
for the CNT film PTE imager towards faster operations of
the non-destructive photo-monitoring system.
Figure 5f–h evaluates dynamical operation speed of the

non-destructive in-line pharma inspection system via
ultrabroadband multi-wavelength photo-monitoring with
the CNT film PTE imager (channel 2) adapting to faster
signal readout conditions. This work performs impurity
identification (same setup as Fig. 5c) concealed in pharma
agent pills. Specific experimental conditions are as fol-
lows: 0.70 s/scan-step (f: theoretical single pixel readout
speed of 20 ms), 0.50 s/scan-step (g: theoretical single
pixel readout speed of 4 ms), and 0.45 s/scan-step (h:
theoretical single pixel readout speed of 0.4 ms) at a fixed
spatial scanning resolution of 100 μm with the presented
device and system. The obtained results experimentally
emphasise that the use of lower electrical resistance CNT
film PTE imagers enables operations of the entire non-
destructive in-line dynamic ultrabroadband pharma
monitoring system at the fastest speed of 0.50 s/scan-step.
The higher-intensity IR irradiation (SWIR in the figure)
compared to the employed sub-THz band further allows
the system operation at 0.45 s/scan-step. Supplementary
Movie 5–7 (5: 0.70 s/scan-step, 6: 0.50 s/scan-step, and 7:
0.45 s/scan-step (10x speed)) provides live videos of
Fig. 5f–h.
In addition to the above controls of readout speed for

CNT film ultrabroadband PTE imagers, this work also
evaluates spatial scanning resolutions of the non-
destructive in-line dynamic pharma monitoring system.
The resolution conditions of performed experiments in
this work are in a range of 0.1–0.4 mm/scan-step so far.
The total operation speed (mm/s) of the non-destructive
in-line dynamic pharma monitoring system with CNT
film ultrabroadband PTE imagers divides spatial scanning
resolutions (mm/scan-step) by the above signal readout
speed. Figure 5i–k demonstrates material composition
identification of pharma agent pills (same setup as Fig. 5a)
as controls of spatial scanning resolutions and the asso-
ciated total system operation speed. Specific experimental
conditions are as follows: 0.4 mm/scan-step (Fig. 5i, con-
verted into 0.8 mm/s), 1 mm/scan-step (Fig. 5j, converted
into 2 mm/s), and 1.5 mm/scan-step (Fig. 5k, converted
into 3 mm/s) at a fixed readout speed of 0.50 s/scan-step
with the presented device and system. The obtained
results experimentally emphasise that the non-destructive
in-line dynamic broadband pharma monitoring system in
this work correctly visualises shapes and optical proper-
ties of respective targeted pills at the highest speed of
2 mm/s (still providing the appropriate imaging infor-
mation at 3 mm/s). Supplementary Movie 8–10 (8:
0.8 mm/s, 9: 2 mm/s, and 10: 3 mm/s (10x speed)) pro-
vides live videos of Fig. 5i–k. By incorporating these
findings and techniques, this work demonstrates non-

destructive dynamic broadband multi-wavelength photo-
monitoring of pharma agent pills in consecutive in-line
sample-delivery processes mimicking their manufacturing
sites, while clarifying that material designs of CNT film
PTE imagers and equipment configurations dominantly
govern system operation speed towards practical social
implementation.

Outlook for system automation
As this work performs non-destructive in-line dynamic

pharma monitoring with CNT film PTE imagers under
external broadband sub-THz–IR-irradiation in transmis-
sive optical systems so far, hybrid system setups with
reflective scanning further provide detailed surface status
of metal impurities concealed in pills (Fig. S21). At this
moment, the presented device and system automate their
operations within a scanning length range of the optical
stepping motor stage (500 mm) via synchronising it with
the datalogger (readout: response signals from CNT film
PTE imagers) by LabVIEW programmes. Under the pill
setting condition of 7-mm-diameter and 10-mm-interval
(along with experimental setups for the presented mea-
surements in this work), the current configurations the-
oretically handle up to 30 pills per single in-line scanning.
As an optical stepping motor stage with a scanning length
range of 800mm is also commercially available as lab-
scale equipment, the above maximum number of pills in
in-line monitoring potentially reaches 47. By assuming the
use of customised optical stepping motor stages with
longer scanning ranges, the CNT film PTE imager-based
in-line broadband sub-THz–IR monitoring system theo-
retically handles 635 pills per hour with the presented
fastest imaging speed of 3 mm/s. Based on these discus-
sions, one of the essential next scopes from this work is
expanding the experimental setup of the presented device
and system beyond the lab-scale to assess the applicability
of the demonstrated non-destructive automatic classifi-
cation (Supplementary Movie 2) towards practical in-line
pharma monitoring at dynamic manufacturing sites.

Discussion
The above experimental demonstration emphasises the

advantageous usability of the presented device and system
in this work among typical and fundamental pharma-
ceutical testing methods9,10,26,27,32,33,54, as summarised in
Table 1 for their features. Representative pharma testing
methods are as follows: spectroscopy, pulsed laser ima-
ging, probing, and Vis cameras. Spectroscopies visualise
constituent functional groups (IR) or ingredients (THz) by
bringing pill samples into the equipment and overlaying
fingerprint spectrum cues in detail. From the viewpoint of
simple operations, the probe unit directly observes
designated target areas and enables compact evaluations
at a single spot with narrow IR band measurements. The
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20ms, 4 ms, and 0.4 ms by the equipment configuration.
The number of power line cycle (NPLC) parameters
define the above three signal readout speed conditions
(NPLC 1: 20 ms, NPLC 0.2: 4 ms, and NPLC 0.02: 0.4 ms).
This work conducts optical measurements under the
single-pixel signal readout speed: theoretically 20 ms
so far.
The right-hand side graph of Fig. 5e extracts waveforms

of the CNT film PTE sensor (channel 2) from the left-
hand-side one. In the signal readout at 20 ms speed, the
Seebeck coefficient of each CNT film controls photo-

response intensities of the PTE sensor (channels 1 and 2).
The Seebeck coefficients are as follows: 55 μV/K (channel
1)48 and 30 μV/K (channel 2). In general, Johnson-Nyquist
signals (proportional to square root values of the electrical
resistance) dominantly account for noise behaviours in
operations of PTE devices53. The employed two kinds of
CNT film channels in this work are collectively
semiconducting-metallic-unseparated types. This work
considers that surfactant ratios in respective aqueous
CNT dispersions potentially degrade electrical resistances
of subsequent films as insulating residues. Figures
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Fig. 5 Non-destructive in-line and dynamic ultrabroadband inspection of defective pharma agent pills with the CNT film PTE imager. a In-
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irradiation. e Change in behaviours of the device with CNT compositions in higher-speed operations. f–h Changes in in-line image quality with
readout speed of response signals from the device at a fixed spatial scanning resolution (100 μm/scan-step): 0.70 s/scan-step (f), 0.50 s/scan-step (g),
and 0.45 s/scan-step (h). i–k Changes in in-line image quality with spatial scanning resolutions at a fixed readout speed (0.5 s/scan-step): 0.4 mm/
scan-step (i), 1 mm/scan-step (j), and 1.5 mm/scan-step (k)
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S13–S20 summarisethese material composition strategies
for the CNT film PTE imager towards faster operations of
the non-destructive photo-monitoring system.
Figure 5f–h evaluates dynamical operation speed of the

non-destructive in-line pharma inspection system via
ultrabroadband multi-wavelength photo-monitoring with
the CNT film PTE imager (channel 2) adapting to faster
signal readout conditions. This work performs impurity
identification (same setup as Fig. 5c) concealed in pharma
agent pills. Specific experimental conditions are as fol-
lows: 0.70 s/scan-step (f: theoretical single pixel readout
speed of 20 ms), 0.50 s/scan-step (g: theoretical single
pixel readout speed of 4 ms), and 0.45 s/scan-step (h:
theoretical single pixel readout speed of 0.4 ms) at a fixed
spatial scanning resolution of 100 μm with the presented
device and system. The obtained results experimentally
emphasise that the use of lower electrical resistance CNT
film PTE imagers enables operations of the entire non-
destructive in-line dynamic ultrabroadband pharma
monitoring system at the fastest speed of 0.50 s/scan-step.
The higher-intensity IR irradiation (SWIR in the figure)
compared to the employed sub-THz band further allows
the system operation at 0.45 s/scan-step. Supplementary
Movie 5–7 (5: 0.70 s/scan-step, 6: 0.50 s/scan-step, and 7:
0.45 s/scan-step (10x speed)) provides live videos of
Fig. 5f–h.
In addition to the above controls of readout speed for

CNT film ultrabroadband PTE imagers, this work also
evaluates spatial scanning resolutions of the non-
destructive in-line dynamic pharma monitoring system.
The resolution conditions of performed experiments in
this work are in a range of 0.1–0.4 mm/scan-step so far.
The total operation speed (mm/s) of the non-destructive
in-line dynamic pharma monitoring system with CNT
film ultrabroadband PTE imagers divides spatial scanning
resolutions (mm/scan-step) by the above signal readout
speed. Figure 5i–k demonstrates material composition
identification of pharma agent pills (same setup as Fig. 5a)
as controls of spatial scanning resolutions and the asso-
ciated total system operation speed. Specific experimental
conditions are as follows: 0.4 mm/scan-step (Fig. 5i, con-
verted into 0.8 mm/s), 1 mm/scan-step (Fig. 5j, converted
into 2 mm/s), and 1.5 mm/scan-step (Fig. 5k, converted
into 3 mm/s) at a fixed readout speed of 0.50 s/scan-step
with the presented device and system. The obtained
results experimentally emphasise that the non-destructive
in-line dynamic broadband pharma monitoring system in
this work correctly visualises shapes and optical proper-
ties of respective targeted pills at the highest speed of
2 mm/s (still providing the appropriate imaging infor-
mation at 3 mm/s). Supplementary Movie 8–10 (8:
0.8 mm/s, 9: 2 mm/s, and 10: 3 mm/s (10x speed)) pro-
vides live videos of Fig. 5i–k. By incorporating these
findings and techniques, this work demonstrates non-

destructive dynamic broadband multi-wavelength photo-
monitoring of pharma agent pills in consecutive in-line
sample-delivery processes mimicking their manufacturing
sites, while clarifying that material designs of CNT film
PTE imagers and equipment configurations dominantly
govern system operation speed towards practical social
implementation.

Outlook for system automation
As this work performs non-destructive in-line dynamic

pharma monitoring with CNT film PTE imagers under
external broadband sub-THz–IR-irradiation in transmis-
sive optical systems so far, hybrid system setups with
reflective scanning further provide detailed surface status
of metal impurities concealed in pills (Fig. S21). At this
moment, the presented device and system automate their
operations within a scanning length range of the optical
stepping motor stage (500 mm) via synchronising it with
the datalogger (readout: response signals from CNT film
PTE imagers) by LabVIEW programmes. Under the pill
setting condition of 7-mm-diameter and 10-mm-interval
(along with experimental setups for the presented mea-
surements in this work), the current configurations the-
oretically handle up to 30 pills per single in-line scanning.
As an optical stepping motor stage with a scanning length
range of 800mm is also commercially available as lab-
scale equipment, the above maximum number of pills in
in-line monitoring potentially reaches 47. By assuming the
use of customised optical stepping motor stages with
longer scanning ranges, the CNT film PTE imager-based
in-line broadband sub-THz–IR monitoring system theo-
retically handles 635 pills per hour with the presented
fastest imaging speed of 3 mm/s. Based on these discus-
sions, one of the essential next scopes from this work is
expanding the experimental setup of the presented device
and system beyond the lab-scale to assess the applicability
of the demonstrated non-destructive automatic classifi-
cation (Supplementary Movie 2) towards practical in-line
pharma monitoring at dynamic manufacturing sites.

Discussion
The above experimental demonstration emphasises the

advantageous usability of the presented device and system
in this work among typical and fundamental pharma-
ceutical testing methods9,10,26,27,32,33,54, as summarised in
Table 1 for their features. Representative pharma testing
methods are as follows: spectroscopy, pulsed laser ima-
ging, probing, and Vis cameras. Spectroscopies visualise
constituent functional groups (IR) or ingredients (THz) by
bringing pill samples into the equipment and overlaying
fingerprint spectrum cues in detail. From the viewpoint of
simple operations, the probe unit directly observes
designated target areas and enables compact evaluations
at a single spot with narrow IR band measurements. The
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20ms, 4 ms, and 0.4 ms by the equipment configuration.
The number of power line cycle (NPLC) parameters
define the above three signal readout speed conditions
(NPLC 1: 20 ms, NPLC 0.2: 4 ms, and NPLC 0.02: 0.4 ms).
This work conducts optical measurements under the
single-pixel signal readout speed: theoretically 20 ms
so far.
The right-hand side graph of Fig. 5e extracts waveforms

of the CNT film PTE sensor (channel 2) from the left-
hand-side one. In the signal readout at 20 ms speed, the
Seebeck coefficient of each CNT film controls photo-

response intensities of the PTE sensor (channels 1 and 2).
The Seebeck coefficients are as follows: 55 μV/K (channel
1)48 and 30 μV/K (channel 2). In general, Johnson-Nyquist
signals (proportional to square root values of the electrical
resistance) dominantly account for noise behaviours in
operations of PTE devices53. The employed two kinds of
CNT film channels in this work are collectively
semiconducting-metallic-unseparated types. This work
considers that surfactant ratios in respective aqueous
CNT dispersions potentially degrade electrical resistances
of subsequent films as insulating residues. Figures
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Fig. 5 Non-destructive in-line and dynamic ultrabroadband inspection of defective pharma agent pills with the CNT film PTE imager. a In-
line material composition identification (same samples as Fig. 4a). b Automatic classification of pharma agent types with a transmittance database-
driven manner. c In-line foreign substance identification (same defects as Fig. 4d). d Transient response of the CNT film PTE pixel to external photo-
irradiation. e Change in behaviours of the device with CNT compositions in higher-speed operations. f–h Changes in in-line image quality with
readout speed of response signals from the device at a fixed spatial scanning resolution (100 μm/scan-step): 0.70 s/scan-step (f), 0.50 s/scan-step (g),
and 0.45 s/scan-step (h). i–k Changes in in-line image quality with spatial scanning resolutions at a fixed readout speed (0.5 s/scan-step): 0.4 mm/
scan-step (i), 1 mm/scan-step (j), and 1.5 mm/scan-step (k)
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Vis camera effectively facilitates detailed status sensing
and edge-detection type crack monitoring of pill surfaces
by machine learning-driven data processing.
Among them, the presented system functions while

maintaining fundamental monitoring performances
comparable with existing methods under a compact in-
line dynamic experimental environment. Simultaneously,
material composition identification of concealed impu-
rities by ultrabroadband photo-monitoring containing
even sub-THz-irradiation in the system, assisted by enri-
ched properties of CNT film PTE imagers, brings the
additional potential to non-destructive pharma testing
techniques. While the presented device and system play a
complementary role with static spectroscopy techniques
(e.g., THz-TDS), the former properly exhibits a compar-
able sensitivity with the latter by handling pharma agent
pills at thicknesses of hundreds of µm–a few mm in a
non-destructive in-line dynamic monitoring manner. This
work calculates the specific operation sensitivity of the in-
line monitoring system with CNT film imagers by pro-
viding error ratios of transmittance values in handling
pharma pills within 5% (Fig. 4b, c: “antipyretic (42.43% by
spectroscopy/37.86% by PTE)” and “antiplatelet (25.75%
by spectroscopy / 28.07% by PTE)” calibrated by “seda-
tive”). In this accurate pharma monitoring with the pre-
sented system, the CNT film PTE imager dominantly
governs such performances by offering ultrabroad
operation bands over those of typical optical devices
under the comparable photo-detection sensitivity with
that of respective narrow wavelength-range sensors (e.g.,
THz or IR types) in each region (Fig. S6).
Following these, further related efforts potentially

enrich the functions of the presented device and system in
this work. One specific example is implementing reflective
units into the current transmissive optical system for non-
destructive in-line dynamic ultrabroadband photo-
monitoring with CNT film PTE imagers, which treats
higher concentrations of pharma agent pills inspired by
the typical attenuated total reflection (ATR) methods25,55.
From another viewpoint, optimising readout circuits
anticipates faster pharma inspection at several hundreds
Hz scanning corresponding to the fundamental perfor-
mance of imagers (e.g., one potential targeted value is
200mm/s56, and a potential operation speed of the pre-
sented system anticipates 270mm/s by assuming the
equipment functions along the time constant value of
CNT film PTE pixels57–59). Following these outlooks,
device fabrication techniques also play an essential role in
further performance enhancement of the presented non-
destructive in-line dynamic broadband sub-THz–IR
pharma monitoring system. Fig. S22 indeed demonstrates
that the mechanical transition from the current air-jet
dispensing to electric field-driven inkjet-printing poten-
tially brings high spatial resolutions to the CNT film PTE

imager at a range of pixel integration pitches within
10 µm.
In conclusion, the CNT film PTE imager-based ultra-

broadband in-line dynamic system non-destructively
identifies ingredient materials and impurity composi-
tions of pharma agent pills under the following condi-
tions: in the mobile desktop setup, throughout
4.33–909 μm wavelengths, and at the fastest scanning
speed of 3 mm/s. Specifically, this system treats con-
secutively flowing pills at the largest thickness of 7 mm
and the highest agent concentration of 20% (Fig. S8).
Towards the targeted performance of 200mm/s for
practical social implementation, the theoretically esti-
mated operation speed of the presented system reaches
270mm/s (3 mm/s at this moment) by optimising readout
circuits for CNT film PTE imagers (fastest time constant:
5 ms), where the employed datalogger in this work still
requires 0.45 s per scan-step.
In demonstrating these non-destructive pharma mon-

itoring techniques, two properties based on CNT film
channels dominantly govern the fundamental device and
system operations from the viewpoint of material science.
One is ultrabroadband photo-absorption characteristics by
CNT films, and the remaining is their solution-processable
configurations. Based on the former characteristics,
operators complete the system development for pharma
monitoring by employing CNT film PTE imagers against
ultrabroadband multi-wavelength photo-irradiation with-
out customising respective detector devices of different
mechanisms, advantageously simplifying experimental
preparation processes. The latter situation further facil-
itates cost-effective uncooled air-exposed liquid printing
device fabrication of photo-imagers over thermal eva-
poration or sputtering and so on (larger amount of material
consumption for covering entire areas with masks) by
selectively patterning CNT inks via mechanically con-
trolled spatial alignment. The liquid-printing-based device
fabrication especially handles diverse thin-film supporting
materials by completing respective processes without
intensive vacuuming or high-temperature heating, which
potentially induces crucial mechanical deformations of
such sheet substrates. This configuration is also essential in
designing freely attachable thin-film CNT PTE imager
sheets regardless of implementation environments, such as
narrow and intricate belt conveyor-based assembling lines
of pharmaceutical products.While several materials exhibit
promising potentials for functional optical devices (e.g.,
gallium arsenide, graphene, conductive polymers, vana-
dium oxide, transition metal dichalcogenides, and so
on)43–45,60,61, the use of CNTs plays a leading role in col-
lectively satisfying informative ultrabroadband efficient
photo-absorption characteristics and easy-to-handle
solution-processable configurations for developing in-line
pharma monitoring photo-imagers.
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Vis camera effectively facilitates detailed status sensing
and edge-detection type crack monitoring of pill surfaces
by machine learning-driven data processing.
Among them, the presented system functions while

maintaining fundamental monitoring performances
comparable with existing methods under a compact in-
line dynamic experimental environment. Simultaneously,
material composition identification of concealed impu-
rities by ultrabroadband photo-monitoring containing
even sub-THz-irradiation in the system, assisted by enri-
ched properties of CNT film PTE imagers, brings the
additional potential to non-destructive pharma testing
techniques. While the presented device and system play a
complementary role with static spectroscopy techniques
(e.g., THz-TDS), the former properly exhibits a compar-
able sensitivity with the latter by handling pharma agent
pills at thicknesses of hundreds of µm–a few mm in a
non-destructive in-line dynamic monitoring manner. This
work calculates the specific operation sensitivity of the in-
line monitoring system with CNT film imagers by pro-
viding error ratios of transmittance values in handling
pharma pills within 5% (Fig. 4b, c: “antipyretic (42.43% by
spectroscopy/37.86% by PTE)” and “antiplatelet (25.75%
by spectroscopy / 28.07% by PTE)” calibrated by “seda-
tive”). In this accurate pharma monitoring with the pre-
sented system, the CNT film PTE imager dominantly
governs such performances by offering ultrabroad
operation bands over those of typical optical devices
under the comparable photo-detection sensitivity with
that of respective narrow wavelength-range sensors (e.g.,
THz or IR types) in each region (Fig. S6).
Following these, further related efforts potentially

enrich the functions of the presented device and system in
this work. One specific example is implementing reflective
units into the current transmissive optical system for non-
destructive in-line dynamic ultrabroadband photo-
monitoring with CNT film PTE imagers, which treats
higher concentrations of pharma agent pills inspired by
the typical attenuated total reflection (ATR) methods25,55.
From another viewpoint, optimising readout circuits
anticipates faster pharma inspection at several hundreds
Hz scanning corresponding to the fundamental perfor-
mance of imagers (e.g., one potential targeted value is
200mm/s56, and a potential operation speed of the pre-
sented system anticipates 270mm/s by assuming the
equipment functions along the time constant value of
CNT film PTE pixels57–59). Following these outlooks,
device fabrication techniques also play an essential role in
further performance enhancement of the presented non-
destructive in-line dynamic broadband sub-THz–IR
pharma monitoring system. Fig. S22 indeed demonstrates
that the mechanical transition from the current air-jet
dispensing to electric field-driven inkjet-printing poten-
tially brings high spatial resolutions to the CNT film PTE

imager at a range of pixel integration pitches within
10 µm.
In conclusion, the CNT film PTE imager-based ultra-

broadband in-line dynamic system non-destructively
identifies ingredient materials and impurity composi-
tions of pharma agent pills under the following condi-
tions: in the mobile desktop setup, throughout
4.33–909 μm wavelengths, and at the fastest scanning
speed of 3 mm/s. Specifically, this system treats con-
secutively flowing pills at the largest thickness of 7 mm
and the highest agent concentration of 20% (Fig. S8).
Towards the targeted performance of 200mm/s for
practical social implementation, the theoretically esti-
mated operation speed of the presented system reaches
270mm/s (3 mm/s at this moment) by optimising readout
circuits for CNT film PTE imagers (fastest time constant:
5 ms), where the employed datalogger in this work still
requires 0.45 s per scan-step.
In demonstrating these non-destructive pharma mon-

itoring techniques, two properties based on CNT film
channels dominantly govern the fundamental device and
system operations from the viewpoint of material science.
One is ultrabroadband photo-absorption characteristics by
CNT films, and the remaining is their solution-processable
configurations. Based on the former characteristics,
operators complete the system development for pharma
monitoring by employing CNT film PTE imagers against
ultrabroadband multi-wavelength photo-irradiation with-
out customising respective detector devices of different
mechanisms, advantageously simplifying experimental
preparation processes. The latter situation further facil-
itates cost-effective uncooled air-exposed liquid printing
device fabrication of photo-imagers over thermal eva-
poration or sputtering and so on (larger amount of material
consumption for covering entire areas with masks) by
selectively patterning CNT inks via mechanically con-
trolled spatial alignment. The liquid-printing-based device
fabrication especially handles diverse thin-film supporting
materials by completing respective processes without
intensive vacuuming or high-temperature heating, which
potentially induces crucial mechanical deformations of
such sheet substrates. This configuration is also essential in
designing freely attachable thin-film CNT PTE imager
sheets regardless of implementation environments, such as
narrow and intricate belt conveyor-based assembling lines
of pharmaceutical products.While several materials exhibit
promising potentials for functional optical devices (e.g.,
gallium arsenide, graphene, conductive polymers, vana-
dium oxide, transition metal dichalcogenides, and so
on)43–45,60,61, the use of CNTs plays a leading role in col-
lectively satisfying informative ultrabroadband efficient
photo-absorption characteristics and easy-to-handle
solution-processable configurations for developing in-line
pharma monitoring photo-imagers.
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GBE05-B, BL976-PAG900, Thorlabs, Inc.), a semi-
conducting fibre diode (λ= 1.55 μm, FPL1009S, Thorlabs,
Inc.), and a CO2 gas laser (λ= 10.3 μm, L4, Access Laser
Co.). Respective photo-sources employed in this work cost
a price range of 2 k$–14 k$, while that of static spectro-
meters or X-ray modules sometimes reaches beyond 100 k
$. As the presented CNT film PTE imager-based in-line
pharma monitoring system requires widely commercialised
stages or datalogger circuits except for photo-sources, the
demonstrated concept in this work provides a potential for
large-scale non-destructive applications.

Signal readout
This work employed a multiplexer datalogger (34933A,

KEYSIGHT TECHNOLOGIES Inc.) to read out PTE
response signals of the device. This datalogger linked ends
of multiple pixels (readout electrode and ground). This
work also utilised a motorised digital stepping stage
(Motorized Stage, Sigma Koki Co.) and its controller
(SHOT-304GS, Sigma Koki Co.) for spatial scanning
measurements. This stage moved a step each time the
datalogger read out one count of response signals from
the CNT film PTE imager.

Pharma agent pills
To demonstrate pharmaceutical identifications, this

work employed Antipyretic (Ethenzamide ”Yoshida”,
Yoshida Pharmaceutical K.K.), Antiplatelet (Ticlopidine
Hydrochloride Tablets 100mg “Sawai”, Sawai Pharma-
ceutical K.K.), and potassium bromide (KBr Chunks 100 g,
S. T. Japan Inc) agents. KBr played sedative and diluent
roles. This work also used a tablet pressure moulding
machine (Pixie mini hydraulic press, 181–1400, S. T.
Japan Inc) with a 7 mm diameter die set (161–1010, S. T.
Japan Inc). These instruments apply mechanical pressur-
ise up to 2.5 tonnes.

3D printing
For fabricating the pharma agent pill folder, this work

conducted 3D resin printing (Value 3D Magix MF-2500
EP II, MUTOH INDUSTRIES Ltd.) with a CAD software
(AUTODESK TINKERCAD). The type of resin was
polylactic acid. The minimum processing resolution was
50 µm in xy and 100 µm in z directions.
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From the viewpoint of typical industrial inspection, the
use of X-ray scanning significantly facilitates non-
destructive inner visualisation of invisible opaque parts
with ultrahigh spatial resolution (e.g., tens of µm). While
X-ray techniques inevitably require professional care of the
damage on targets, not only themselves but also whole
experimental sites (e.g., shielding room) to avoid con-
secutively reported lab-scale accidents involving human
operators of testing systems over decades62, such config-
urations regulate their use to well-trained experts. For
extracting information, X-ray techniques selectively spe-
cialise in the non-destructive visualisation of metallic parts
from invisible opaque containers, even from deep spots.
Based on these situations, the presented sub-THz–IR

monitoring in this work plays a complementary role in
non-destructive pharmaceutical quality testing applica-
tions. Sub-THz–IR-irradiation first exhibits similar non-
destructive optical permeability to diverse opaque mate-
rials with X-ray techniques, and advantageously provides
opportunities for non-invasive inner inspection to broader
operators owing to the lower photon energy of the former
than the latter (e.g., a few meV via THz, while thermal-
radiation at room temperature reaches 26meV). Such
perfectly non-destructive inner inspection under sub-
THz–IR-irradiation further enriches conventional testing
methods by composition identification among diverse
non-metallic materials, being typically and collectively
passed over in X-ray techniques due to their intensive
permeability, unique to longer-wavelength photo-mon-
itoring. This selective nature is mainly because that sub-
THz–IR-irradiation inherently provides different trans-
mittance values per wavelength and scanned composition,
and the associated aggregation of their changes via
broadband photo-monitoring leads to advantageous
identification of non-metallic materials (e.g., ceramic?
wood? semiconductor? plastic? and so on). While indus-
trial products mostly comprise non-metallic materials
(e.g., pharmaceutical pills: polymer agent and plastic
coating), composition identification of them via sub-
THz–IR-irradiation essentially contributes to non-
destructive inspection together with ultra-high resolu-
tion inner visualisation of metallic parts by X-ray tech-
niques. Under such discussions, the complementary use
of sub-THz–IR-irradiation and X-ray techniques poten-
tially induces synergetic effects in non-destructive pharma
inspection from the initial in-line dynamic screening at
manufacturing sites with the former to static detailed
visualisation to pre-extracted pills from assembling lines
by the latter.

Materials and methods
Spectroscopy
This work conducted UV-Vis-NIR spectroscopy mea-

surements (UV-2600i, ISR-2600Plus, Shimazu Co.) to

evaluate the fundamental optical properties of CNT films,
which were the channel material of employed PTE ima-
gers. The scan range and resolution were 220–1400 nm
and 1 nm. For analysing the fundamental features of
pharma agent pills, this work also performed Fourier
Transform Infrared spectroscopy measurements (FTIR:
IRTracer-100, Shimadzu Co.) The scan range and reso-
lution were 7800–350 cm−1 and 0.5 cm−1. In Fig. 2b, this
work further included THz time-domain spectroscopy
measurements (THz-TDS: TAS7x00TS, Advantest Co.),
in addition to the above UV-Vis-NIR and FTIR
evaluations.

Carbon nanotubes
This work employed aqueous single-walled CNT dis-

persions of semiconducting-metallic-unseparated (ZEO-
NANO SG101 (Zeon Co., 0.5 wt%) and EC-DH (Meijo
Nano Carbon Co., 0.2 wt%)) types. The CNT films have
non-oriented structures.

Device fabrication
This work conducted printing of the CNT film PTE

imager with a non-contact air-jet mechanical auto dis-
penser. The experimental setups are as follows: a desk-top
robot (SHOTMASTER®300ΩX SM300OMEGAX-3A-
SS, Musashi Engineering, Inc.), a control unit (Hyper
Jet®2 MJET-H-2-CTR3, Musashi Engineering, Inc.), a
temperature controller (TCU-02-MU, Musashi Engi-
neering, Inc.), a software for robot controlling (350PC-
SMART, Musashi Engineering, Inc.), and an application
for pattern editing (MuCADV, Musashi Engineering,
Inc.). The printable device fabrication includes the fol-
lowing processes: patterning arrays of CNT inks on
70 µm-thick membrane filters (supporting substrate
material: 200 nm pore, C020A025A, Advantec Ltd.) and
wiring electrodes at both ends of film channels by dis-
pensing a silver particle-binder resin-mixed conductive
paste (ELEPASTE NP1, TAIYO INK MFG Co. Ltd.). This
work then placed the dispense-printed sheet on a circuit
board (SOP IC conversion board, SSP-41, Sunhayato
Corp.) and manually made electrical bonding with the
above conducting paste. The curing temperature condi-
tion was set at 120 °C for 10 min.

Photo-source
This work employed three types of photo-sources for

optical measurements: quantum cascade lasers
(λ= 4.33 µm QCL L12004-2310 H-E, λ= 6.13 µm QCL
L12006-1631H-E, Hamamatsu Photonics K.K.) in the
SWIR and LWIR bands, and a frequency multiplier
(λ= 909 µm 320–340 GHz, Virginia Diodes, Inc.) in the
sub-THz region. This work also utilised three wavelength
photo-irradiation for the fundamental device evaluations: a
beam-expanded semiconducting fibre diode (λ= 976 nm,
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GBE05-B, BL976-PAG900, Thorlabs, Inc.), a semi-
conducting fibre diode (λ= 1.55 μm, FPL1009S, Thorlabs,
Inc.), and a CO2 gas laser (λ= 10.3 μm, L4, Access Laser
Co.). Respective photo-sources employed in this work cost
a price range of 2 k$–14 k$, while that of static spectro-
meters or X-ray modules sometimes reaches beyond 100 k
$. As the presented CNT film PTE imager-based in-line
pharma monitoring system requires widely commercialised
stages or datalogger circuits except for photo-sources, the
demonstrated concept in this work provides a potential for
large-scale non-destructive applications.

Signal readout
This work employed a multiplexer datalogger (34933A,

KEYSIGHT TECHNOLOGIES Inc.) to read out PTE
response signals of the device. This datalogger linked ends
of multiple pixels (readout electrode and ground). This
work also utilised a motorised digital stepping stage
(Motorized Stage, Sigma Koki Co.) and its controller
(SHOT-304GS, Sigma Koki Co.) for spatial scanning
measurements. This stage moved a step each time the
datalogger read out one count of response signals from
the CNT film PTE imager.

Pharma agent pills
To demonstrate pharmaceutical identifications, this

work employed Antipyretic (Ethenzamide ”Yoshida”,
Yoshida Pharmaceutical K.K.), Antiplatelet (Ticlopidine
Hydrochloride Tablets 100mg “Sawai”, Sawai Pharma-
ceutical K.K.), and potassium bromide (KBr Chunks 100 g,
S. T. Japan Inc) agents. KBr played sedative and diluent
roles. This work also used a tablet pressure moulding
machine (Pixie mini hydraulic press, 181–1400, S. T.
Japan Inc) with a 7 mm diameter die set (161–1010, S. T.
Japan Inc). These instruments apply mechanical pressur-
ise up to 2.5 tonnes.

3D printing
For fabricating the pharma agent pill folder, this work

conducted 3D resin printing (Value 3D Magix MF-2500
EP II, MUTOH INDUSTRIES Ltd.) with a CAD software
(AUTODESK TINKERCAD). The type of resin was
polylactic acid. The minimum processing resolution was
50 µm in xy and 100 µm in z directions.
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From the viewpoint of typical industrial inspection, the
use of X-ray scanning significantly facilitates non-
destructive inner visualisation of invisible opaque parts
with ultrahigh spatial resolution (e.g., tens of µm). While
X-ray techniques inevitably require professional care of the
damage on targets, not only themselves but also whole
experimental sites (e.g., shielding room) to avoid con-
secutively reported lab-scale accidents involving human
operators of testing systems over decades62, such config-
urations regulate their use to well-trained experts. For
extracting information, X-ray techniques selectively spe-
cialise in the non-destructive visualisation of metallic parts
from invisible opaque containers, even from deep spots.
Based on these situations, the presented sub-THz–IR

monitoring in this work plays a complementary role in
non-destructive pharmaceutical quality testing applica-
tions. Sub-THz–IR-irradiation first exhibits similar non-
destructive optical permeability to diverse opaque mate-
rials with X-ray techniques, and advantageously provides
opportunities for non-invasive inner inspection to broader
operators owing to the lower photon energy of the former
than the latter (e.g., a few meV via THz, while thermal-
radiation at room temperature reaches 26meV). Such
perfectly non-destructive inner inspection under sub-
THz–IR-irradiation further enriches conventional testing
methods by composition identification among diverse
non-metallic materials, being typically and collectively
passed over in X-ray techniques due to their intensive
permeability, unique to longer-wavelength photo-mon-
itoring. This selective nature is mainly because that sub-
THz–IR-irradiation inherently provides different trans-
mittance values per wavelength and scanned composition,
and the associated aggregation of their changes via
broadband photo-monitoring leads to advantageous
identification of non-metallic materials (e.g., ceramic?
wood? semiconductor? plastic? and so on). While indus-
trial products mostly comprise non-metallic materials
(e.g., pharmaceutical pills: polymer agent and plastic
coating), composition identification of them via sub-
THz–IR-irradiation essentially contributes to non-
destructive inspection together with ultra-high resolu-
tion inner visualisation of metallic parts by X-ray tech-
niques. Under such discussions, the complementary use
of sub-THz–IR-irradiation and X-ray techniques poten-
tially induces synergetic effects in non-destructive pharma
inspection from the initial in-line dynamic screening at
manufacturing sites with the former to static detailed
visualisation to pre-extracted pills from assembling lines
by the latter.

Materials and methods
Spectroscopy
This work conducted UV-Vis-NIR spectroscopy mea-

surements (UV-2600i, ISR-2600Plus, Shimazu Co.) to

evaluate the fundamental optical properties of CNT films,
which were the channel material of employed PTE ima-
gers. The scan range and resolution were 220–1400 nm
and 1 nm. For analysing the fundamental features of
pharma agent pills, this work also performed Fourier
Transform Infrared spectroscopy measurements (FTIR:
IRTracer-100, Shimadzu Co.) The scan range and reso-
lution were 7800–350 cm−1 and 0.5 cm−1. In Fig. 2b, this
work further included THz time-domain spectroscopy
measurements (THz-TDS: TAS7x00TS, Advantest Co.),
in addition to the above UV-Vis-NIR and FTIR
evaluations.

Carbon nanotubes
This work employed aqueous single-walled CNT dis-

persions of semiconducting-metallic-unseparated (ZEO-
NANO SG101 (Zeon Co., 0.5 wt%) and EC-DH (Meijo
Nano Carbon Co., 0.2 wt%)) types. The CNT films have
non-oriented structures.

Device fabrication
This work conducted printing of the CNT film PTE

imager with a non-contact air-jet mechanical auto dis-
penser. The experimental setups are as follows: a desk-top
robot (SHOTMASTER®300ΩX SM300OMEGAX-3A-
SS, Musashi Engineering, Inc.), a control unit (Hyper
Jet®2 MJET-H-2-CTR3, Musashi Engineering, Inc.), a
temperature controller (TCU-02-MU, Musashi Engi-
neering, Inc.), a software for robot controlling (350PC-
SMART, Musashi Engineering, Inc.), and an application
for pattern editing (MuCADV, Musashi Engineering,
Inc.). The printable device fabrication includes the fol-
lowing processes: patterning arrays of CNT inks on
70 µm-thick membrane filters (supporting substrate
material: 200 nm pore, C020A025A, Advantec Ltd.) and
wiring electrodes at both ends of film channels by dis-
pensing a silver particle-binder resin-mixed conductive
paste (ELEPASTE NP1, TAIYO INK MFG Co. Ltd.). This
work then placed the dispense-printed sheet on a circuit
board (SOP IC conversion board, SSP-41, Sunhayato
Corp.) and manually made electrical bonding with the
above conducting paste. The curing temperature condi-
tion was set at 120 °C for 10 min.

Photo-source
This work employed three types of photo-sources for

optical measurements: quantum cascade lasers
(λ= 4.33 µm QCL L12004-2310 H-E, λ= 6.13 µm QCL
L12006-1631H-E, Hamamatsu Photonics K.K.) in the
SWIR and LWIR bands, and a frequency multiplier
(λ= 909 µm 320–340 GHz, Virginia Diodes, Inc.) in the
sub-THz region. This work also utilised three wavelength
photo-irradiation for the fundamental device evaluations: a
beam-expanded semiconducting fibre diode (λ= 976 nm,
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