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Advances in the application of process analytical technology in the
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Abstract: Dry granulation is a highly mechanized method for the preparation of drug granules. Roller
compaction is a commonly used dry granulation method. The preparation of roller-compacted ribbons is a key step
in dry granulation, and the properties of ribbons, such as density, solid fraction, and porosity, is related to the
formation rate of drug granules, and directly determine their quality. The conventional method for measuring
ribbons properties, which is off-line and time-consuming, can no longer meet the needs of continuous production.
The emerging process analysis technology is capable of online real-time detection of ribbons properties. Combined
with data analysis technology, it can provide feedback, control, and improve the ribbons preparation process to
obtain high-quality ribbons, which is beneficial for continuous production of roller compaction. The method of
detecting ribbon properties based on process analysis technology has made significant progress, and has become a
hot topic in the analysis and control of roller compaction processes. This article systematically summarizes the

latest progress in conventional determination methods and process analysis methods of ribbon properties, in order
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to provide theoretical guidance for the monitoring of ribbon properties and the continuous production of roller

compaction dry granulation.

Key words: dry granulation; roller-compacted ribbon; drug granule; process analysis technology; near-

infrared spectroscopy; near-infrared chemical imaging; infrared thermal imaging
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Instruments, advantages, and disadvantages of conventional methods of roller compacted ribbons

Advantage Disadvantage

Conventional ~ Ribbon
Instrument
method property
Powder Envelope  Envelope density analyzer; in
volume density, conjunction with a densitometry,

displacement

porosity

the solid fraction and porosity of

method the sample can be calculated
Caliper Bulk Caliper

method density p, .

Mercury Porosity Mercury intrusion porosimeter
intrusion

porosimetry

Oil Porosity Vacuum drying oven, liquid
absorption paraffin oil, petri dish, true
method density meter

Rapid and accurate determination of the
volume and density of irregular samples,
which is the most authoritative and
accurate envelope density determination
instrument at present

Simple and fast measurement

It is a more popular measurement method
at present, and the measurement results
are accurate and reliable

The determination method is relatively

The price of the instrument is relatively
expensive, and it is rarely used in ribbon
determination experiments in China

It is only suitable for the ribbon with
regular shapes, and is not suitable for
measuring irregular and curved samples,
and the measurement error is large

The test time is long, liquid metal
mercury is toxic, and there may be safety
risks

The measurement time is long, and the

simple and convenient, the cost is low, and operation process is cumbersome

the results are more accurate and reliable
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Figure 1

o

1. Air vent; 2. Vacuum gauge; 3. Temperature controller; 4. Vacuum valve
knob; 5. Power switch; 6. Power indicator; 7. Sample tray; 8. Petri dish; 9.
Liquid paraffin oil; 10. Sample

Schematic diagram of the determination of the properties of the ribbon. A: Demonstration of powder volume displacement

method; B: Schematic diagram of gas specific gravity method; C: Mercury porosiometer dilatometer; D: Schematic diagram of the sample

measured by the oil absorption method
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Table 2 Principles, characterization methods, application advantages, and limitations of process analytical technologies. NIRS: Near-infra-

red spectroscopy; PLS: Partial least squares; PCA: Principal component analysis; NIR-CI: Near-infrared chemical imaging; IRT: Infrared

thermography; THz: Terahertz spectroscopy; XuCT: X-ray computed microtomography; LT: Laser triangulation; GASMAS: Gas in scatter-

ing media absorption spectroscopy

Process . Lo
. Ribbon L Characterization L L
analytical . Principle Application benefit Limitation
. characteristic method
technique
NIRS Envelope Vibrational absorption of ~ Chemometric Rapid and non-destructive The signal-to-noise ratio is low,
density chemical bonds modeling, such as  characterization of sample envelope the spectral peaks overlap, and the
PLS and PCA, etc  density presence of multiple components
in the near-infrared spectroscopy
sample will interfere with the
spectral signal
NIR-CI  Porosity Hyperspectral imaging Second derivative  The near-infrared chemical Limited to surface analysis, and
obtains spectral preprocessing PLS  spectrogram has high spatial principal component analysis is
information and spatial modeling resolution and can be used to required for dimensionality
information of samples characterize the physical properties reduction
of multi-component samples
IRT Envelope Thermal radiation Modeling based on  Millisecond-level response, strong It is significantly affected by
density, detection on the surface of Newton's law of process relevance environmental temperature
solid fraction the ribbon cooling
THz Density, The refractive index of the Refractive index Sample characterization is fast and  The cost of equipment is relatively
porosity ribbon is associated with  and density model  lossless, with high resolution high
the density of the sample
XuCT Density, X-ray penetration causes  Density calibration Three-dimensional visualization, Scans are time-consuming and
porosity attenuation in the sample  of sample grayscale high spatial resolution, multi- cannot be characterized quickly
I, =1,") values property synchronous detection
LT Solid 3D point cloud Volume integration Non-contact measurement, full The surface of the ribbon needs to
fraction reconstruction of sample  determines the coverage calculation of ribbon have a certain refractive index, and

GASMAS Porosity

irregular volume

Gas absorption
spectroscopy,
determination of the path
length of photons in the
solid phase and gas phase

sample envelope
volume

Correlation analysis
between optical
porosity and
physical porosity

volume, high accuracy, short
measurement time

The single measurement speed is
fast and the detection accuracy is
high

the volume measurement error of
the low-density ribbon is large
The presence of measurable gas
molecules in the sample is
required, and the rough surface
will increase the scattering noise
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Figure 2 Spectroscopy-based offline detection. A: Flow chart of near-infrared spectroscopy model establishment; B: Schematic diagram of

the cube matrix for near-infrared chemical imaging; C: Schematic diagram of near-infrared chemical imaging instruments
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Figure 3 Thermodynamic and imaging-based offline detection. A: Schematic diagram of the thermal imager setup; B: Schematic diagram

of the XuCT scan sample; C: Cooling curve plot of the ribbons; D: Cooling rate of ribbons against AT**. Adapted from Ref. 48 with permis-

sion. Copyright © 2018 Powder Technology
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Figure 4 Detection based on laser triangulation. A: Laser triangulation principle optical path diagram; B: Schematic diagram of the LT

device (VS100) scan; C: Diagram of a device based on laser triangulation

BRARACRE, L, U R 7 (i i FLRR A B B 42
K. AR C AR T 2 L RN 5% 1L g 21
SRR

Johansson 5“1 Ff GASMAS Wl & i i L 11 % 1%
RE, AT IS [E] ' 1 00 B e e i A o )~ 2 RAT I T
RAT I E] B DA I A A R (LR AL R R ) B
N L, RIFEAL(12) tHE DAL . K& s
H)6 ALIR R 5 W B AL B R HEAT A G 20 B, P AT
70 R U 1 —S0hE, D H s A0 B8 10 £ 1+ M o

GASMAS %5 N A LR R "X — &, =2 T
— P R R AT LB R I, EHEARERE
e, BA R AF 08 R 5, (HIZAES H AT AL 55 42
W€ T TR B, 38 75 i3k — P 0 5 HAE ik iR AR 77
LRAELE R, $2 s R FHYE
3 SRESHEARBFELETHRNE

TR I3 M BRI B R BIAE 2 I RE I L AR, 77 S
SLES B GRS HE LAY, R DA A 2 M U I 2 iy ot B U B,
2 RRT AR HYIE ZEA G B, X G N T O i R
I3 BT R RE (R R, P A 2% i 2 42 R 5 B Pk AR
3.1 IELTHMTE T L HE T KT M R

NIRS 5 A T 4F SR £E 5 7 1 o £ 26 i DU & s Y 75
RWAEREFE . McAuliffe "R H £ s L5055 606
FEvl, SEBL T Ak % B AE A A I (B 5A). did
UG AR 5 5 M RARFRAL R 15 I G Rt 7, R I3 41 4b

it 55 4y 5 P [R) A7 A5 32 35 A G 1 (pearson A 9% R 2L
r=0.880), Jy £ 3L S % FE IR AT R G BE T B
Heth, XA 5 I AR A BT B B T 2% A % R 1Y) e R
P ER AL T BT A AE L I T B

Acevedo ZEUT i B T MCC 4545 B 3T 2140 ) i 41
RE B RS ELREMC (r=0.981 2), [FB A5 T 5
F1120~1 310 nm Al 1 305~2 205 nm XU K [X 5 1)
9 P PR AT R B i K X (1 305~2 205 nm) FE
RUTRINRE B B TR K X, X — R I A% SR 2%
K B2t 7 HZAKHE . Samanta Z57SR AT 41406
T SN0 46 5, SR PLS [B] M BOR # S 25  & BE I
2 R RIS, Bk o B A RS B8 A1 1) 23 20 F0
BT, 8 SR A TR o % P JR ) 0 25 2 B
HH A S5 P TR0 i, AR RSB T IR R AE
2 SR, GX 6 Ak I L 2 i B R
3.2 BA=RIEELTUNE RS

Lick ST kK —FELBOC =M ERE, Dk
ARARFRNL R L Ry %5 [ A o B 1) 228 U vk, i ar 1 2k
T 5 B I R Midoux A5 5 10 2% 7 (3] 44 43 5T AR 2
o B i R RO 77 T, SR O = A R e B E R
% L (K 5B), B RS T B8R (X,,) 715
R (X ippon) TRV BE B8 22 7 P 3 )R S Ax. [R)2D IS
RTFRGHNFEERE (m), G E5HBRRE ) iHH
Z oy B R AN 2% [ A4 3 3. Midoux B Johan-



W55 S TR T W B AR AE 0 R 25 17 8 i 0 o g g 3k - 461 -

{ Peed hopper Near-infrared
scanning
Ribbon @
preparation
B
Roller {_fiser ot
riangulation
device Lflser .
triangulation
device

Figure 5 Application of online process analysis tools. A: Near-infrared light scanning ribbons online; B: Schematic diagram of on-line

monitoring of laser triangulation device

son A5 7 [ f] 4k 1T K, 122 AR Y 45 H 7E F S 18] BR AL 11 f oK
IR (P,) N

2SCF 2K
m="p 7D (13

Horp, SCFREESE /1, DRI FAR, K2 L4518
H, SRMEMEEE. @il P, 1tHH H Midoux 15 7Y
Hh Skl B RE, T A R 2R [ 44 40 B

SO g R OR, BT R U A T AR A R T
Midoux A5 5 fr) FiIN AL HL, 15 b 77 2 56 [ 44k 43 B0 B A
B H TN B /3, I B Midoux A5 B A 75 BLAT A 1 5 &
W5E, X6t 22 20 53 Be 5 1 2R RE DL K 8 v AL, 2 F e 4R
LR RS
4 RES5RE

R 45 1 SR TV DR 3o R 1 S B i o A
SR T )P iy, FLPE B RGE TS SRR IR R L RLRE 43

VERSIMSE . PAT 5EMIUTIEMSE &, s U

{E IO FRAE 5717 2 L [ AR 73 O FLBR 3 S 5T, 2
T IR 4 b R0 R 2 L AKCF

PAT £ A 5 77 THATS A7 75 1 2 A 2, AT i i3k —
WO IR . B e, PAT K2 KR BT — M T I 2%
HE ) B AR 22 & MCC X R A] s P 5T R S5
o IR, U 5 22 T AR AN 2454 4 T 1) S
JRAIEFE, Boidi AR 2 0 RE SRR AE B (41, AT 4K
77 15 38 FH T L FL VR, PAT Bt A B R 3% B Bk = 141
W72, PR £ 5% F PCAPLS %5 J7 3 57, S8k
JOFG TN e S AN i, R O SRR 1) v R AL IS B 42
B OR BRARF AR 0 N 21 JR000 A28 e 2 7 T R R o 2 A
SR I 2% 1 O T ALY, 4 T PAT A 1) % S8 1k 3¢
J&i, S IR R 22 R PRTE 6 2 81 4k 23 2 LR 55 /0

P

Bdabs, M M R AL TE ], K 5 4000 R R A S
SR R B % 1 MR R 35 90N B PAT #8300 b, 4 i 2
151 PAT K600 7K F o

1B TIRk: M WO 0 5T LR 8 5 B R ] AR ) 7
FR B R CREERE D BN Z 5 SR AA G AR S E R
B RO AT A

FERSE: ASTA A& AR BRI RK R

References

[11  Zhang QL, Luo YH, Xu GH, et al. Application of dry granula-
tion technology in preparation of oral solid preparation of tradi-
tional Chinese medicine [J]. Mod Chin Med (' [E i AR # 2),
2020, 22: 827-834.

[2] Wang Y, Wang YJ, Qi DL, et al. Prediction of formability of
flavonoid extract granules by dry granulation based on design
space and RBFNN [J]. China J Chin Mater Med (' [& H 24 24
%), 2022, 47: 2955-2963.

[3] Huang ZY, Wang YJ, Qi DL, et al. Establishment of feedforward
control model for dry granulation of polysaccharide components
based on quality by design [J]. Chin J Exp Tradit Med Formulae
(PSB85 )2 28 38D, 2022, 28: 130-137.

[4] Wiedey R, Kleinebudde P. The density distribution in ribbons
from roll compaction [J]. Chem Ing Tech, 2017, 89: 1017-1024.

[5] Zhong WJ, Huang YS. Optimization of dry granulation process
of Jiawei Weiyanxiao tablets by response surface methodology
[7]. J Guangdong Pharm Univ (]~ 7% 24§ R K 2% 24, 2021, 37:
95-99.

[6] Vadaga AK, Gudla SS, Nareboina GSK, et al. Comprehensive
review on modern techniques of granulation in pharmaceutical
solid dosage forms [J]. Intell Pharm, 2024, 2: 609-629.

[7] Sandler N, Lammens RF. Pneumatic dry granulation: potential to

improve roller compaction technology in drug manufacture [J].



\

462 - Zj%¢ %4k Acta Pharmaceutica Sinica 2026, 61(2): 453-464

(8]

(]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Expert Opin Drug Deliv, 2011, 8: 225-236.

Cao HH, Du RF, Feng Y, et al. Application progress in dry granu-
lation technology of Chinese materia medica [J]. Chin Tradit
Herb Drugs ({1 #.24), 2013, 44: 2772-2776.

Crowley ME, Hegarty A, McAuliffe MAP, et al. Near-infrared
monitoring of roller compacted ribbon density: investigating
sources of variation contributing to noisy spectral data [J]. Eur J
Pharm Sci, 2017, 102: 103-114.

Marinko N, Sedlafova I, Romerova S, et al. Method to determine
envelope density for roller compacted ribbons by solid displace-
ment of glass microspheres [J]. Powder Technol, 2024, 444:
120014.

Wiedey R, Sibanc R, Kleinebudde P. Laser based thermo-conduc-
tometry as an approach to determine ribbon solid fraction off-
line and in-line [J]. Int J Pharm, 2018, 547: 330-337.

Khorasani M, Amigo JM, Sonnergaard J, et al. Visualization and
prediction of porosity in roller compacted ribbons with near-
infrared chemical imaging (NIR-CI) [J]. J Pharm Biomed Anal,
2015, 109: 11-17.

Khorasani M, Amigo JM, Sun CC, et al. Near-infrared chemical
imaging (NIR-CI) as a process monitoring solution for a produc-
tion line of roll compaction and tableting [J]. Eur J Pharm
Biopharm, 2015, 93: 293-302.

Kashinath KP, Sanjay LR, Ashokbhai MK, et al. Continuous
manufacturing based paradigm shift in pharmaceuticals produc-
tion and current regulatory framework [J]. Chem Eng Res Des,
2025, 215: 1-22.

Zhu WF, Shen Y, Deng P, et al. Application of process analysis
technology in traditional Chinese medicine manufacturing
industry [J]. China J Chin Mater Med ( # [® 1 24 2% &%), 2024,
49:2299-2307.

Zhou GR, Yang J, Zhang XR, et al. Research progress of process
analysis technology in granulation [J]. J Jiangxi Univ Chin Med
(LLPE P BR 2R 24, 2022, 34: 106-111.

Xiong HS, Zhang Q, Zhang SN, et al. Methodology and appli-
cation of process analytical technology (PAT) for traditional
Chinese medicine manufacturing: a review [J]. China J Chin
Mater Med (H [ 12424 &), 2023, 48: 22-29.

McAuliffe MAP, Mahony GEO, Blackshields CA, et al. The use
of PAT and off-line methods for monitoring of roller compacted
ribbon and granule properties with a view to continuous pro-
cessing [J]. Org Process Res Dev, 2015, 19: 158-166.

Lim H, Dave VS, Kidder L, et al. Assessment of the critical
factors affecting the porosity of roller compacted ribbons and
the feasibility of using NIR chemical imaging to evaluate the
porosity distribution [J]. Int J Pharm, 2011, 410: 1-8.

Guo YW, Martinez L, Palanisamy A, et al. An evaluation of six
techniques for measuring porosity of ribbons produced by roller
compaction [J]. Int J Pharm, 2024, 667: 124855.

Lillotte TD, Bebernik P, Keck J, et al. Laser triangulation as a

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

fast and reliable method for determining ribbon solid fraction;
focus on accuracy, precision, and measurement time [J]. Int J
Pharm, 2021, 610: 121241.

Yu LX, Amidon G, Khan MA, et al. Understanding pharmaceu-
tical quality by design [J]. AAPS J, 2014, 16: 771-783.

Michrafy A, Diarra H, Dodds JA, et al. Experimental and numerical
analyses of homogeneity over strip width in roll compaction [J].
Powder Technol, 2011, 206: 154-160.

Zhang JY, Pei CL, Schiano S, et al. The application of terahertz
pulsed imaging in characterising density distribution of roll-com-
pacted ribbons [J]. Eur J Pharm Biopharm, 2016, 106: 20-25.
Ding Y, Dai HL, Jiang DL, et al. Research on rapid discrimina-
tion of different processing degrees of Angelicae sinensis Radix
with yellow rice wine based on intelligent sense and near-infrared
technology combined with chemometrics [J]. Chin Tradit Herb
Drugs (1 524), 2025, 56: 68-78.

Chen LP, Xu FF, Zhang X, et al. Near infrared prediction model
for hardness of Rhodiola grandiflora tablets based on partial
least square method [J]. Chin Tradit Herb Drugs (H ¥ 24), 2023,
54:2446-2452.

Fan LH, Fan WX, Wei ZQ, et al. Application status of near
infrared spectroscopy combined with chemometrics in analysis
of traditional Chinese medicine [J]. Chin J Exp Tradit Med
Formulae ("' [H S256 75 7% 7% %), 2019, 25: 205-210.

Chadha R, Haneef J. Near-infrared spectroscopy: effective tool
for screening of polymorphs in pharmaceuticals [J]. Appl Spec-
trosc Rev, 2015, 50: 565-583.

Tang M, Li XL, Li JQ, et al. Rapid discriminate analysis and
quantitative analysis methods for carbonized Typhae Pollen
using near infrared spectroscopy coupled with chemometrics [J].
Mod Tradit Chin Med Mater Med World Sci Technol (fH 7%l 2«
FR-HEZ L), 2024, 26: 2385-2398.

Zhang DW, Tian G, Xiong HS, et al. Granulation of Yangxue
Qingnao granules in fluidized bed based on near-infrared spec-
troscopy [J]. China J Chin Mater Med (' & 71 24 J% &), 2022,
47:3806-3815.

Liu QA, Xu FF, Zhang X, et al. Based on near-infrared spectros-
copy technology and classification and regression trees algorithm
to establish a prediction model of Tianshu tablets disintegration
[J]. Chin Tradit Herb Drugs ({1 % 24), 2021, 52: 4837-4843.
Zhou LW, Wu ZS, Shi XY, et al. Research on NIR-CI parameters
optimization of chlorpheniramine maleate tablets based on
binary image and statistical measurement [J]. Spectrosc Spectral
Anal 6% 50615 53 4T), 2014, 34: 2821-2826.

Zhang N, Xu XY, Wang SH, et al. Application of chemical imaging
based on vibration spectroscopy in pharmaceutical analysis [J].
Chin J Pharm Anal (Z#)53 #17& i), 2023, 43: 1653-1663.

Zhou LW, Wu ZS, Shi XY, et al. Rapid assessment of critical
quality attributes of Chinese materia medica: visualization tech-

nology of near infrared chemical imaging [J]. Mod Tradit Chin



W55 S TR T W B AR AE 0 R 25 17 8 i 0 o g g 3k

463

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Med Mater Med World Sci Technol (1H: 5} 2 5 AR —Fp 2 25 B
1R4k), 2014, 16: 2568-2574.

Wang YF, Zhang YW, Wang JY, et al. Study on the evaluation
method of commercial cataplasms spatial distribution homo-
geneity based on near-infrared chemical imaging (NIR-CI)
technology [J]. China J Tradit Chin Med Pharm (" £& 1 [%£ 2 /%
), 2017, 32: 1830-1832.

Amigo JM, Ravn C. Direct quantification and distribution
assessment of major and minor components in pharmaceutical
tablets by NIR-chemical imaging [J]. Eur J Pharm Sci, 2009, 37:
76-82.

Yekpe K, Abatzoglou N, Bataille B, et al. Predicting the dissolu-
tion behavior of pharmaceutical tablets with NIR chemical
imaging [J]. Int J Pharm, 2015, 486: 242-251.

Khorasani M, Amigo JM, Bertelsen P, et al. Process optimization
of dry granulation based tableting line: extracting physical mate-
rial characteristics from granules, ribbons and tablets using near-
IR (NIR) spectroscopic measurement [J]. Powder Technol, 2016,
300: 120-125.

Wan YH, Dong XY, Wu YH, et al. Research progress of terahertz
time-domain spectroscopy technology in coating detection [J].
Meas Control Technol (W45 A), 2023, 42: 22-35.

Zeitler JA, Taday PF, Newnham DA, et al. Terahertz pulsed
spectroscopy and imaging in the pharmaceutical setting- a
review [J]. J Pharm Pharmacol, 2007, 59: 209-223.

Haddad JE, Bousquet B, Canioni L, et al. Review in terahertz spec-
tral analysis [J]. TrAC Trends Analyt Chem, 2013, 44: 98-105.

Yang R, Chen G, Jiang L, et al. Progress in the application of
terahertz spectroscopy in the field of fiber materials [J]. Applied
Laser (B JH#06), 2018, 38: 864-872.

Jin YH, Zhu FX, Feng JX. Review of nondestructive testing
of composites based on THz technology [J]. J Terahertz Sci
Electron Inf Technol (K # 2% £l 5 5 B F 15 B 52 4Rk), 2023, 21:
1295-1305.

Dong RQ, Goodwin DJ, Nassar J, et al. Roller compaction:
measuring ribbon porosity by terahertz spectroscopy and machine
learning [J]. Int J Pharm, 2024, 667: 124852.

Usamentiaga R, Venegas P, Guerediaga J, et al. Infrared thermog-
raphy for temperature measurement and non-destructive testing
[J]. Sensors (Basel), 2014, 14: 12305-12348.

Meola C, Carlomagno GM. Application of infrared thermography
to adhesion science [J]. J Adhes Sci Technol, 2006, 20: 589-632.
Omar CS, Hounslow MJ, Salman AD. Implementation of an
online thermal imaging to study the effect of process parameters
of roller compactor [J]. Drug Deliv Transl Res, 2018, 8: 1604-
1614.

Wiedey R, Kleinebudde P. Infrared thermography - a new approach
for in-line density measurement of ribbons produced from roll
compaction [J]. Powder Technol, 2018, 337: 17-24.

Wiedey R, Kleinebudde P. Potentials and limitations of thermog-

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

raphy as an in-line tool for determining ribbon solid fraction [J].
Powder Technol, 2019, 341: 2-10.

Kubala-Kukus A, Banas D, Braziewicz J, et al. X-ray spec-
trometry and X-ray microtomography techniques for soil and
geological samples analysis [J]. Nucl Instrum Methods Phys Res
Sect B, 2015, 364: 85-92.

Fernandes JS, Appoloni CR, Fernandes CP. Accuracy evaluation
of an X-ray microtomography system [J]. Micron, 2016, 85:
34-38.

Ye LL, Xue YL, Wang YD, et al. Identification of ginseng root
using quantitative X-ray microtomography [J]. J Ginseng Res,
2017, 41: 290-297.

Vijayakumar J, Goudarzi NM, Eeckhaut G, et al. Characteriza-
tion of pharmaceutical tablets by X-ray tomography [J]. Pharma-
ceuticals (Basel), 2023, 16: 733.

Szulc-Musiol B, Duda P, Meisner M, et al. Hyperspectral and
microtomographic analyses to evaluate the stability of quercetin
and calcium effervescent tablets exposed to heat and ultraviolet
radiation [J]. Processes, 2024, 12: 531.

Markl D, Strobel A, Schlossnikl R, et al. Characterisation of pore
structures of pharmaceutical tablets: a review [J]. Int J Pharm,
2018, 538: 188-214.

Schomberg AK, Diener A, Wuensch I, et al. The use of X-ray
microtomography to investigate the microstructure of pharma-
ceutical tablets: potentials and comparison to common physical
methods [J]. Int J Pharm X, 2021, 3: 100090.

Landis EN, Keane DT. X-ray microtomography [J]. Mater
Charact, 2010, 61: 1305-1316.

Carmignato S, Dreossi D, Mancini L, et al. Testing of X-ray
microtomography systems using a traceable geometrical standard
[J]. Meas Sci Technol, 2009, 20: 084021.

Akseli I, Iyer S, Lee HP, et al. A quantitative correlation of the
effect of density distributions in roller-compacted ribbons on the
mechanical properties of tablets using ultrasonics and X-ray
tomography [J]. AAPS PharmSciTech, 2011, 12: 834-853.
Miguélez-Moran AM, Wu CY, Dong HS, et al. Characterisation
of density distributions in roller-compacted ribbons using micro-
indentation and X-ray micro-computed tomography [J]. Eur J
Pharm Biopharm, 2009, 72: 173-182.

Liang JY, You LR, Wen XQ, et al. Application of Kalman filtering
algorithm in laser triangulation measurement [J]. Instrum Tech
Sens (BCEFA £, 2017, (11): 93-96.

Liu SX, Zhu Y, Song YJ, et al. Development of 3D profile
measurement system based on laser triangulation method [J].
Exp Technol Manag (S50 R 5% #), 2017, 34: 85-88.

Xing JC, Luo XH. Measurement of truck carriage volume with
laser triangulation [J]. Infrared Laser Eng (4L 4h 5 ¥4 T. %),
2012, 41: 3083-3087.

Sun YC, Pang YJ, Bai ZX, et al. Application technology of laser
triangulation [J]. Laser J (B0t 2% &), 2021, 42: 1-8.



464 - Zj%¢ %4k Acta Pharmaceutica Sinica 2026, 61(2): 453-464

[65]

[66]

[67]

[68]

[69]

[70]

Liu Y, Shen XY, Chen AJ, et al. Measurement of round hole size
based on line laser triangulation [J]. Applied Laser (5 F #6),
2020, 40: 308-314.

Sun C, Jia MN, Yu QF, et al. Calibration and epipolar rectifica-
tion methods for stereo scheimpflug cameras [J]. Acta Optica
Sinica (J&2%5R), 2022, 42: 110-116.

Cai ZY, Chen M, Yang TX, et al. Grain volume measurement
based on laser triangulation [J]. J Nanjing Agric Univ (7 &L &k
KEHAR), 2021, 44: 797-804.

Libois Q, Lévesque-Desrosiers F, Lambert-Girard S, et al.
Optical porosimetry of weakly absorbing porous materials [J].
Opt Express, 2019, 27: 22983-22993.

Johansson J, Sparén A, Wikstrom H, et al. Optical porosimetry
by gas in scattering media absorption spectroscopy (GASMAS)
applied to roller compaction ribbons [J]. Int J Pharm, 2021, 592:
120056.

Acevedo D, Muliadi A, Giridhar A, et al. Evaluation of three

[71]

[72]

[73]

[74]

approaches for real-time monitoring of roller compaction with
near-infrared spectroscopy [J]. AAPS PharmSciTech, 2012, 13:
1005-1012.

Samanta AK, Karande AD, Ng KY, et al. Application of near-
infrared spectroscopy in real-time monitoring of product attri-
butes of ribbed roller compacted flakes [J]. AAPS PharmSci-
Tech, 2013, 14: 86-100.

Lick M, Klinken S, Kleinebudde P. Laser triangulation based
in-line elastic recovery measurement for the determination of
ribbon solid fraction in roll compaction [J]. J Pharm Sci, 2024,
113: 1020-1028.

Sousa R, Valente PC, Nakach M, et al. Roller compaction
scale-up made simple: an approximate analytical solution to
Johanson's rolling theory [J]. J Pharm Sci, 2020, 109: 2536-2543.
Liick M, De Saeger M, Kleinebudde P. Influence of roll speed
during roll compaction and its effect on the prediction of ribbon

solid fraction [J]. Pharmaceutics, 2022, 14: 2399.



