Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2679. eISSN 2687-1653

MECHANICS
MEXAHUKA

W) Check for updates
BY

UDC 620.3:616.314 Original Empirical Research
https://doi.org/10.23947/2687-1653-2026-26-2-2679

Electric-Field-Assisted Formation of a Biomimetic Organomineral
Coating on Natural Human Tooth Enamel: Morphology and Surface
Mechanical Properties

[E:2¢ ]

Pavel V. Seredin'"“'5<, Dmitry L. Goloshchapov'"*’, Tatyana A. Litvinova?'"/,

Olga V. Dekhnich?', Yury A. Ippolitov3

! Voronezh State University, Voronezh, Russian Federation

2 Belgorod National Research University, Belgorod, Russian Federation

3N.N. Burdenko Voronezh State Medical University, Voronezh, Russian Federation
> paul@phys.vsu.ru

EDN: BVNNLU

Abstract

Introduction. The development of coatings capable of reproducing the structural and functional properties of dental
enamel is of considerable interest for dental materials science and biomimetic surface engineering. Despite the progress
achieved in biomimetic calcium-phosphate systems, the most common approaches still rely on multistep protocols that
are highly sensitive to interfacial-layer formation conditions and do not always ensure simultaneous reduction of
deposition time, control of coating morphology, and reproducible surface mechanical response. The objective of this
study was to experimentally evaluate the feasibility of one-step formation of a biomimetic hybrid nHAp/PDA coating in
an electric field using isolated electrodes, and to determine the effect of the deposition mode on surface morphology and
the surface microhardness of the “coating—substrate” system.

Materials and Methods. Segments of native human permanent tooth enamel were used as a model of a natural apatite-
containing substrate. Four surface conditions were compared: native enamel, an nHAp/AA layer formed after acid
conditioning, a PDA/nHAp coating obtained by sequential deposition, and a hybrid coating formed via simultaneous
electric-field-assisted mineralization and accelerated dopamine polymerization. Deposition was performed in a
potentiostatic cell with isolated copper electrodes. Surface morphology was evaluated using scanning electron microscopy
and atomic force microscopy (AFM). Surface mechanical response was assessed by Vickers microhardness testing at a
50 g load, AFM mapping of indentation imprints, and local nanoindentation.

Results. The one-step electric-field-assisted mode was found to produce the densest and most uniform surface layer,
approximately 1 pm thick, with a minimum roughness of about 20 nm. Sample D demonstrated the highest surface
microhardness values, reaching approximately 310 VHN, whereas native enamel showed values of approximately
280 VHN, sample B — about 120 VHN, and sample C — about 190 VHN. One-way ANOVA confirmed a statistically
significant effect of sample type on microhardness (p < 0.001). AFM mapping of the indentation imprints confirmed the
accuracy of optical diagonal measurements on the textured surface.

Discussion. The increased surface microhardness of the electric-field-assisted sample appears to be associated with more
organized interfacial interactions involving polydopamine and a denser packing of the mineral component of the coating.
At the same time, Vickers microhardness testing and AFM nanoindentation characterize different scale levels of the
mechanical response and should therefore be interpreted as complementary methods.

Conclusion. 1t is shown that one-step formation of a hybrid nHAp/PDA coating in an electric field using isolated
electrodes makes it possible to obtain a morphologically organized layer with a surface mechanical response comparable
to that of intact enamel. The proposed approach appears promising for the accelerated formation of functional
organomineral coatings on apatite-containing substrates.
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AHHOTaLMA

Bgeoenue. PazpaboTKka MOKPHITHI, CIIOCOOHBIX BOCHPOM3BOANTH CTPYKTYPHO-(YHKIMOHAIBHBIE CBOWCTBA 3yOHOW 3MalH,
MPENCTABIISICT 3HAYMTEIIBHBIN UHTEPEC I CTOMATOJIOTMYECKOr0 MAaTePHAJIOBEICHUS U OMOMUMETHYCCKON MHKCHEPUH TIO-
BepxHOCTel. HecMoTpst Ha pa3BuTHE OHOMHMETHIECKUX KaTbIA-PocdaTHBIX crcTeM, Hanbosee pacpoCTpaHEHHbIC TI0I-
XOJIBI TIO-TIPEKHEMY OCHOBAHBI HA MHOTOCTAJUHHBIX TIPOTOKOJIAX, 9yBCTBUTEIIFHBIX K YCIOBHSIM (DOPMUPOBAHMS MeXK(azHOTO
CIIOsI, ¥ He 0OCCTICUUBAIOT B ITOJTHOW Mepe OTHOBPEMCHHOTO COKPAIICHHS BPEMEHHU OCaXKICHHS, KOHTPOJIST MOP(OIIOTHH TI0-
KPBITHS ¥ BOCIIPOM3BOJMMOTO MEXaHIIECKOTO OTKJIMKA MOBepXHOCTH. L{enb maHHO# paboTHI COCTOSIIA B SKCIIEPUMEHTAIBHON
OIIEHKE BO3MOYXHOCTH OTHOCTATUIHOTO (hOPMHUPOBaHUS OHOMUMeTHYeCKOTo THOpraHOr0 nHApP/PDA-TIOKPBITHS B SJICKTPH-
YECKOM I0JIe ¢ MCIIONB30BaHUEM H30JIMPOBAHHBIX 3JICKTPOJIOB, 4 TAKXKE B YCTAHOBJICHUH BITUSIHHUS PEKUMa OCAXKICHUS Ha
MOP(}OTIOTHIO TOBEPXHOCTH U MHUKPOTBEPIOCTH CHCTEMBI «ITOKPBITHE—ITOIOKKAY.

Mamepuanvt u memoosl. B xauecTBe MOJIeTU PUPOJAHON aNlaTUTOBOM IMOJUIOKKH HCIIOIB30BAIM CETMEHThl HATUBHOM
SMaJIH MOCTOSHHBIX 3y00B UenoBeka. CpaBHUBAIN Y€THIPE COCTOSHUS IIOBEPXHOCTH: HATUBHYIO 3Mallb; ciioii nHAp/AA,
c(hOpMUPOBAHHBIN MOCIIE KUCIOTHOTO KOHIUIIMOHUPOBaHUs; TOKpeiTHE PDA/nHAp, morydeHHOE B OCIICA0BATEIFHOM
peXuMe; THOPUAHOE TIOKPHITHE, CPOPMHUPOBAHHOE MIPH OTHOBPEMEHHOH 3JIEKTPOIOJICBON MUHEpAIN3allii U YCKOPEH-
HOW monmuMepu3aiu nfodavuHa. OcaxIeHne BBHIIOIHAIN B MOTCHIIMOCTaTHUECKONW S4YeiiKe C M30JIMPOBAHHBIMU MEJ-
HBIMH JIEKTpoaMu. Mop(hOJIOTHIO TOBEPXHOCTH OIICHUBAIA METOJJAMH CKAHUPYIOUICH 3JICKTPOHHOW M aTOMHO-CHIIO-
BO#1 MuKpockonuu. [I0BepXHOCTHBIN MEXaHHYCCKHI OTKIIMK HCCIIEOBAIH 0 MUKPOTBEPAOCTH BHKKepca mpu Harpy3ke
50 r, AFM-kapTupOBaHHIO OTIIEYATKOB M JIOKAJILHOW HAHOWMHICHTAITUH.

Pezynoemamul uccnedosanusn. YCTaHOBIICHO, UYTO OJHOCTAIUIHBINA JICKTPOIIONEBON PexXHM obecrieunBaeT GOopMUPOBAHNE
HanOoJIee IUIOTHOTO W PABHOMEPHOTO OBEPXHOCTHOTO CJIOS TOJNIIMHOM Topsiaka 1 MKM ¢ MUHUMAIBHOM MIEPOXOBATOCTHIO
okoio 20 aM. Jlims oOpasma D 3apermcTpupoBaHbl HaUOOJBININE 3HAYCHUS MMOBEPXHOCTHOW MHUKPOTBEPIOCTH — OKOJIO
310 VHN; ans HatuBHOM dMaimm oHM coctaBuiu okosio 280 VHN, mis o6pasma B — oxomo 120 VHN, anst obpasma
C — oxkoio 190 VHN. OnHogakTOpHBIH TUCTICPCHOHHBIN aHAIN3 MTOTBEPANIT CTATUCTUYCCKH 3HAYMMOC BIIMSHUC TUIIA 00-
pastia Ha MUKpOTBEPAOCTH (p < 0,001). AFM-KkapTHpoBaHHE OTIIEYaTKOB MOATBEPIMIO KOPPEKTHOCTH ONTHYECKOM OIEHKH
JMaroHaje Ha TeKCTYPUPOBAHHOW TTOBEPXHOCTH.

Odbcyscoenue. T1oBbIIeHUE TOBEPXHOCTHON MUKPOTBEPIOCTH 00pa3ia, CHOPMHPOBAHHOTO B DJIEKTPOIIOIEBOM PEKUME,
CBSI3aHO, MMO-BUIMMOMY, C 0OJIee OPraHU30BaHHBIM MEXK(Da3HBIM B3aUMOJICHCTBUEM TP YIacTUU nonuaodhaMuHa u 60-
Jlee TUIOTHOM YIMAaKOBKOW MUHEpaJbHOM cocTaBistomed mokpeiTus. Ilpu 3toM MukpoTBEépAocth Bukkepca u
AFM-HaHOWHACHTAINS XapaKTePU3YIOT pa3IMdHbIe MacIITaOHBIE YPOBHH MEXaHWYECKOTO OTKJIMKA M JOJDKHBI HHTEP-

MPETUPOBATHCA KaK B3aUMOJOIOJHAOINC METOAbI.
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3aknrouenue. TlokazaHo, 4To omHOCTaAMIHOE popMupoBanue ruOpuaHOro NHAP/PDA-TIOKPHITHS B 3JIEKTPHYIECKOM TIOJIE C
HCTIOJIb30BAHUEM H30JIMPOBAHHBIX AJIEKTPOJIOB MO3BOJISIET MOIYYUTH MOP(OIOTHIECKH OPraHU30BaHHBIN CIIOH C TOBEPXHOCT-
HBIM MEXaHHYECKHM OTKJIMKOM, COTIOCTABUMBIM C HHTAKTHON 3Mabi0. [Ipe/ioxeHHbIi MOAXO0/ MPE/ICTABISET HHTEPEC /IS

YCKOPEHHOTO (hOPMHUPOBAHUS (PYHKINOHATHEHBIX OPraHOMUHEPATBHBIX MTOKPBITHIA HA allaTHTCOICP)KAIINX MOIIOKKAX.

KaioueBble cioBa: QJICKTPUYCCKOC II0JIC, OPraHOMUHEPAJIBbHOC MOKPBLITUC, NPUPOJAHASA 3SMaJlb, MPIKpOTBépL[OCTL,
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BaaronapuocTn. ABTOpBI BBIp@XalOT OnarojapHocTh «bpa3wiibCKOM J1a00paTOpuu CHHXPOTPOHHOTO H3ITyUYCHUS
(LNLS)» Bpasunbckoro neHtpa uccienoBanuil B oonacti sHepretuku u marepuaioB (CNPEM) 3a npenocrasienHoe
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YeJI0BEe4eCcKoro 3yba: Mop(oIorus 1 MoBEPXHOCTHBIE MEXaHUUeCKUe CBoicTBa. Advanced Engineering Research (Rostov-
on-Don). 2026;26(2):2679. https://doi.org/10.23947/2687-1653-2026-26-2-2679

Introduction. Enamel is a highly mineralized, hierarchically organized tissue, whose mechanical characteristics are
determined by the orientation of apatite crystallites, compositional gradient, and structural anisotropy [1]. The scientific
and applied significance of developing coatings capable of partially reproducing or restoring the specified characteristics
is associated not only with the tasks of local regeneration of hard dental tissues, but also with the creation of controlled
biomimetic systems in which the interphase organization and mechanical response are regulated by the composition and
mode of formation of the coating [2].

Modern approaches to remineralization and the production of enamel-like coatings include systems based on
functional inorganic materials, organic matrices, and polymer carriers [3]. A separate direction is represented by hydrogel
systems that make it possible to simulate a gel-like mineralization environment and control the local delivery of ions [4].
Hydroxyapatite (nHAp) is of significant interest as a functional material with high bioactivity and structural similarity to
the mineral phase of hard tissues [5]. Clinical and materials science reviews confirm the high potential of hydroxyapatite-
containing systems for the prevention of damage and restoration of enamel [6]. However, the use of predominantly
mineral systems does not always provide stable adhesion of the coating to the enamel surface and controlled interphase
organization at the coating — substrate interface, which limits the reproducibility of the morphology and mechanical
properties of the formed layer.

At the same time, polydopamine (PDA) is considered as one of the most universal interfacial components due to its
pronounced adhesive properties and the ability to initiate the binding of the inorganic phase to the substrate [7]. Modern
reviews devoted to the chemistry of polydopamine show that such films not only stabilize the surface, but also form a
functional interphase capable of directing mineral formation [8]. Although accelerated deposition schemes involving the
CuS0O4/H,0> system can significantly reduce the time to obtain a more uniform layer [9], the problem of reproducible
control of the morphology and interphase organization of hybrid coatings remains challenging. For dental applications, it
is important that PDA is able to initiate mineral formation on demineralized enamel [10] and enhance the remineralization
effect in one-step coatings combining polydopamine and fluoride ion [11]. It is also shown that polydopamine coatings
affect the nature of nucleation of the calcium phosphate phase on the surface of mineralized substrates [12].

At the same time, alternative biomimetic matrices, including amelogenin-like systems, are capable of directing the
oriented formation of an enamel-like mineral structure, but, as a rule, require more complex multistage protocols [13].
Electrokinetic approaches, on the contrary, improve the transport of ions into the thickness of the enamel, but by
themselves do not solve the problem of controlled interfacial organization of a hybrid coating [14]. Previous work by the
authors shows the possibility of rapid deposition of hybrid hydroxyapatite-polydopamine layers on natural enamel [15].
However, the question of whether one-step coating formation in an electric field with isolated electrodes can
simultaneously ensure reduced deposition time, controlled morphology, and a reproducible surface mechanical response,
remains insufficiently studied. The possibility of more localized control of deposition processes and interphase interaction
under conditions of spatial separation of electrode processes, which potentially makes it possible to increase the
homogeneity and structural organization of the formed hybrid layer, is of particular interest.
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The objective of this work is to experimentally evaluate the possibility of one-step formation of a hybrid nHAp/PDA
coating in an electric field using isolated electrodes, as well as to establish the effect of the deposition mode on the surface
morphology and surface microhardness of the coating — substrate system.

This study answers the following questions.

1. Does a one-step electric-field-assisted mode provide a more uniform and structurally organized coating compared
to sequential deposition schemes?

2. Are morphological changes in the surface accompanied by an increase in surface microhardness?

3. Are the results of Vickers microhardness and local AFM nanoindentation consistent in assessing the mechanical
response of the formed hybrid layer?

Materials and Methods. The study included the following main phases.

Phase 1: Preparation of dental enamel samples. Enamel segments from permanent human teeth without visible carious
lesions, cracks, or restorations were used as substrates. The enamel samples were prepared, processed, and the test series
were formed according to a protocol previously described in detail for a related deposition system [15]. At the selection
phase, the teeth were subjected to a cursory clinical examination to confirm the absence of carious lesions, defects,
including erosions and wedge-shaped lesions, as well as visually detectable changes in the enamel structure.

Dental enamel segments measuring 5x5 mm? and approximately 2 mm thick were obtained using a low-speed
diamond saw with water cooling. After segmentation, the sections were placed in sealed containers with constant
humidity, where they were stored until the start of experimental studies.

Phase 2: Formation of series A and B. Sample A represented native enamel and served as a control group. To obtain
Sample B, the native enamel surface was conditioned with 37% phosphoric acid for 30 seconds, followed by deposition
of an nHAp/AA layer.

Phase 3: Formation of series C. After surface conditioning with 37% orthophosphoric acid for 30 s and subsequent
alkaline activation, a hybrid layer was sequentially formed: first, dopamine was polymerized for 2 h, then nHAp was
deposited. This resulted in a PDA/nHAp coating, which allowed evaluating the contribution of polydopamine to the
sequential organization of the interfacial layer and mineral phase.

Phase 4: Formation of series D. Sample D was obtained in one step by combined electric field mineralization and
dopamine polymerization. The coating was formed in a potentiostatic cell with insulated copper electrodes that were not
in contact with the working solution. The basic one-step deposition mode included a TRIS buffer with pH = 8.5, dopamine
hydrochloride — 2 mg/ml, 5 mM CuSO4 6H>0, 20 mmol H>O,, suspension with a mean particle size of 20-30 nm and a
final concentration of 1 mg/ml. Aspartic acid was used as the amino acid component at a concentration of 0.1 mg/ml. The
voltage was approximately 45 V, the distance between the electrodes was approximately 4 mm, and the process duration
was 4 h. The use of the Cu?"/H.0: system was consistent with published data on the accelerated deposition of more
homogeneous PDA films [8]. This design allowed for a sequential evaluation of the contributions of pretreatment, mineral
phase, polydopamine, and the electric field. A separate control series without an electric field or without an accelerating
system was not included in this study, which was taken into account when interpreting the results obtained.

Phase 5: Morphological analysis of the samples obtained. The surface morphology was examined using scanning
electron microscopy (SEM) on a JEOL JSM-6700F instrument (JEOL, Japan) and atomic force microscopy using the
IMBUIA-nano ultramicroscopy setup at the Brazilian Synchrotron Radiation Laboratory (LNLS), which combined
scanning near-field optical microscopy (s-SNOM) with infrared radiation from the synchrotron. SEM was used to assess
layer continuity, substrate overlap, and determine coating thickness on transverse cleavages. IMBUIA-nano equipment
was applied to analyze nanorelief, surface profiles, and indentation geometry. Roughness was quantified using parameter
Raon 10 x 10 um scans. The selection of these techniques and their application parameters followed the previously used
protocol for studying hybrid coatings on enamel [15, 16].

Phase 6: Assessment of mechanical properties and statistical processing. Surface mechanical properties were assessed
by Vickers microhardness using an HVS-1000 device (TIME Group Inc., China) at a load of 50 g and a holding time of
15 s; 10 measurements were performed for each sample. Since the thickness of the coating was finite, the measured value
was interpreted as the surface microhardness of the composite coating-enamel system, and not as the intrinsic hardness
of the isolated layer [16]. For sample D, AFM mapping of Vickers fingerprints and local analysis of DvZ/DFL curves
were additionally performed.

This sequence of phases made it possible to compare the effect of pretreatment, the method of forming the hybrid
layer, and the deposition mode on the morphological and mechanical characteristics of the coating-enamel system.
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Statistical processing of the results was performed using one-way ANOVA analysis of variance followed by multiple
pairwise comparison of groups using the Tukey test; differences were considered statistically significant at p < 0.05.

Research Results. In accordance with the objective of the work, the morphology of coatings formed in different
modes was first analyzed, and then their surface mechanical response was assessed. A comparison of the coating
formation modes showed that the type of interphase interaction affects significantly the final surface morphology
(Table 1). For sample B, in which an nHAp/AA layer was deposited after pretreatment, a developed, but thin and poorly
integrated layer with a thickness of about 0.4 um was formed. According to morphometric analysis, the surface roughness
in this series reached 47.8 + 5.6 nm, while for native enamel, it was 22.1+3.4 nm. With the sequential introduction of
polydopamine in sample C, the coating thickness increased to approximately 0.9 um, and parameter Ra decreased to
25.4 £3.2 nm. The most pronounced effect was recorded for sample D: the one-step electric-field-assisted mode provided
a more uniform substrate coverage and the formation of a dense layer 1.0-1.2 um thick with a minimum roughness
of 18.3 = 2.6 nm, which may indicate a higher degree of morphological ordering of the coating.

According to AFM data, sample D is characterized by the presence of ordered nanoaggregates of approximately
50-80 nm in size, forming a distinct relief and denser surface packing. The presence of denser packing and ordered
nanoaggregates is consistent with the assumption of a more organized interfacial structure of the coating [13, 18].

Table 1
Vickers Surface Microhardness at a Load of 50 g

Indicator A, native enamel B, nHAp/AA C, PDA/nHAp D, (electric-field-assisted)

VHN, M£SD 280+20 120£10 190+13 310+22

Microhardness measurements showed that the minimum value was found for sample B — approximately 120 VHN.
For sample C, an increase in hardness to approximately 190 VHN was recorded. The maximum values were obtained for
sample D — approximately 310 VHN, which is slightly higher than the average value for native enamel — approximately
280 VHN. One-way analysis of variance showed a statistically significant effect of sample type on microhardness
(p <0.001). According to post-hoc analysis using Tukey test, significant differences were found between all pairs of
samples, with the exception of pair A-D, which indicated the absence of statistically significant differences between
sample D and intact enamel under the conditions of the experiment.

To verify the mechanical properties of sample D, optical images of the Vickers indenter marks on native enamel and
in the electric field series were first analyzed (Fig. 1 a, b). To more accurately determine the geometry of the marks on
the textured surface, they were then further examined using AFM mapping (Fig. 1 ¢, d). According to this analysis, for
sample D, values of about 320 VHN were obtained at a load of 50 g and about 290 VHN at a load of 10 g. The obtained
values are consistent with the results of the optical microhardness tester and confirm that the high level of surface
microhardness is not an artifact of measuring the diagonals of the indentation on the textured surface (Fig. 1 a—d).
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Fig. 1. Mechanical characterization of native enamel and sample D: a, b — optical images of Vickers indenter prints;
¢, d — AFM topography of prints; e — typical force curve of local AFM nanoindentation;
f— AFM image of the surface area where the force response was recorded

To further evaluate the local mechanical response of the near-surface layer, AFM nanoindentation was performed.

During local AFM nanoindentation at depths less than 50 nm, the response of the near-surface PDA-rich shell with a
Young's modulus of approximately 1 GPa was recorded. A typical force curve is shown in Figure 1 d, and the surface
region where the force response was recorded is shown in Figure 1 f.

Discussion. The results obtained show that the higher surface microhardness of sample D is associated not only with
the presence of the mineral component, but also with the nature of the interfacial organization of the hybrid layer. This is
consistent with existing data indicating that polydopamine can act as an adhesive interphase and simultaneously affect
the early stages of mineral formation [8, 10, 12].

Compared to sample B, which formed a thin and poorly integrated layer after acid conditioning, and sample C, where
the morphology improvement was achieved mainly due to the sequential introduction of PDA, the electric-field-assisted
mode provided a denser coating packing and a more uniform substrate overlap. Probably, a more organized interphase
structure and reduced localized coating heterogeneity contributed to a stable distribution of mechanical load under
indentation. However, the presented data do not allow us to definitively link the increase in hardness solely to the effect
of the electric field, as chemical acceleration of polymerization could also have made a significant contribution.

Crucially, the recorded microhardness characterizes not the isolated coating, but the composite coating — substrate
system. Comparison of the layer thickness of approximately 1.0-1.2 um with the strain scale under a 50 g load shows
that the substrate contribution to the measured mechanical response remains significant. Therefore, the obtained values
are more accurately interpreted as the surface microhardness of the system as a whole. In this sense, Vickers indentation
and AFM nanoindentation data are complementary: the former reflects the integrated response of the hybrid layer and the
substrate, while the latter characterizes the local properties of the near-surface PDA-rich shell [16].

The obtained data confirm that the combination of an organic interphase and a mineral component can play an
important role in the formation of mechanically stable enamel-like coatings. The results are consistent with modern
approaches, according to which the most promising biomimetic materials for hard tissues combine a controlled organic
interphase and a mineral component [2, 17, 18]. In this context, a one-step scheme with isolated electrodes is of interest
not only as a remineralization option, but also as an engineering strategy for the accelerated formation of an organized
surface layer. A limitation of the study remains the lack of a dedicated control series that would allow for a complete
separation of the contributions of the electric field and chemical polymerization accelerator. This makes it impossible to
fully separate the contributions of the electric field and chemical accelerator to the observed changes in the morphology
and mechanical properties of the coating. Further research should include dedicated control modes and an assessment of
the long-term stability of the resulting coatings, including the use of a combination of machine learning methods and
algorithms [19].

Conclusion. A method has been developed for the one-step formation of a hybrid nHAp/PDA coating in an electric
field using insulated electrodes.

It is shown that the electric field mode provides the formation of a denser and morphologically organized layer
compared to sequential deposition schemes and is accompanied by the highest values of surface microhardness — up to
310 VHN at a load of 50 g.
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The results of AFM analysis of the indentations and local nanomechanical testing confirm the consistency of the
mechanical response assessment at different scale levels.

The data obtained allow us to consider the proposed approach as a promising method for accelerating the formation
of functional organomineral coatings on apatite-containing substrates. Further research should be focused on varying the
electric field parameters, controlling the layer thickness, and assessing the long-term stability of the coating under
combined chemical-mechanical effects.
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