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1. Introduction

Permanent magnetic films can find various applications in 
MEMS devices. Many approaches have been reported to 
deposit permanent magnet materials on MEMS devices [1–4]. 
For instance, sputter deposition and electroplating are two 
popular approaches to prepare hard magnet films. However, 
the annealing temperature is a critical concern for the sput-
tered and electroplated magnetic films. A post-annealing 
treatment is required for the crystallization of sputtered or 
electroplated magnetic films in order to improve the coer-
civity [5, 6]. In general, such a high annealing temperature 

may lead to thermal residual stresses or damage to the already  
deposited films.

Preparing magnetic film using magnetic polymer com-
posites (MPC, polymer with magnetic particles) is another 
promising process technique. The process used to implement 
the MPC film is a low temperature approach. The high perfor-
mance magnetic film can be achieved by using powders of a 
strong magnet (such as NdFeB [3, 4, 7–10]). Thermal polym-
erization and photochemical polymerization (especially 
ultraviolet (UV)-light curing) are two common approaches 
to preparing MPC structures [3, 4, 11, 12]. The low tem-
perature batch preparation of MPC is achieved through a 
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Abstract
This study presents two-stage solidification technology for fabricating micromagnetic 
polymer composite (MPC, polymer with magnetic particles) structures. In this process, 
ultra-violet (UV)-light polymer curing is used for the first stage of MPC solidification. The 
surface of the MPC structure is solidified in this step. Moreover, thermal polymer curing is 
employed for the second stage of MPC solidification. The second stage of curing was mainly 
for the body solidification of the MPC. The distribution of magnetic particles in MPC can 
be specified by applying a magnetic field during the second solidification process. Based on 
the presented process technologies, microstructures with liquid MPC (NdFeB particles of 
different wt% in liquid polymer), isotropic solid MPC and anisotropic solid MPC have been 
demonstrated. Microdevices with liquid MPC embedded in solid micro balls and thin layers 
are also demonstrated. Various tests are performed to characterize the magnetic properties 
of the fabricated micro MPC structures. Measurements show that the fabricated solid MPC 
has reasonable coercivity, as compared with bulk materials. However, the remanence and the 
saturation magnetization still need to be improved.
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photochemical approach to polymer mixing with low wt% 
magnetic particles and photocurable carrier matrix [11, 12]. 
Moreover, the polymer mixed with magnetic particles and 
thermal curing agent is solidified by low temperature (even 
room temperature) heating [3, 4]. However, control of the 
magnetization direction remains a challenge for both thermal 
and photochemical polymerization processes [3, 4, 12]. In 
addition, the additives absorb incoming light, which further 
influences the curing depth of polymer composites for the 
photochemical approach [13].

The magnetic properties of MPC is influenced by the 
alignment and distribution of magnetic particles in polymer 
[7, 10]. The magnetic particles spread in fluid and could 
become redistributed to form chain-like structures by an 
externally applied magnetic field. This phenomenon is the 

so-called magnetorheological effect [14, 15]. The shape of 
the chain-like structure in fluid is affected by the dipole 
motion and attraction between magnetic powders. Due to 
the magnetorheological effect, material properties, such as 
optical [16], electro [17], magnetic [18], thermal [19] and 
mechanical [20], could be changed from isotropic to aniso-
tropic by the magnetic field. For instance, this characteristic 
has been employed in [20] to change the stiffness of a struc-
ture with a magnetic fluid. Note that the characteristics of 
the magnetorheological effect could be influenced by the 
carrier fluid viscosity, size, shape, magnetic of particles, 
volume fraction of particles in MPC and magnetic field 
intensity [18].

This study will demonstrate a two-stage low tempera-
ture solidification process [21, 22] used to fabricate micro 

Figure 1. Fabrication process flow of the two-stage polymer solidification technology to fabricate the discrete micro balls with liquid MPC, 
solid isotropic MPC and solid anisotropic MPC.
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MPC structures. Thus the micro MPC structures can be 
implemented and further integrated with MEMS devices on 
substrate. In contrast to existing MEMS-integrated MPC 
processes, this study employs the photochemical (UV-light) 
approach for the first stage of polymer curing to solidify the 
surface of the MPC structures. Thus, the shape of the MPC 
structures has been determined by the solidified surface. The 
MPC inside the solidified surface remains in liquid phase. 
After that, the second stage of polymer solidification is per-
formed with thermal curing. Meanwhile, anisotropic MPC 
could be achieved by applying an external magnetic field 
during the second stage of curing. Based on the presented pro-
cess technologies, micromagnetic structures with (1) liquid 
MPC, (2) isotropic solid MPC, and (3) anisotropic solid MPC, 
can be fabricated. In other words, micro MPC structures with 
different magnetic properties can be achieved by using the 
presented low temperature two-stage solidification process 
technology.

2. Concept and fabrication processes

This study presents the two-stage solidification process 
technology on UV-curable polymer. The process tech-
nology is further employed to implement the anisotropic 
MPC. Figure 1 shows the concept and process flow of the 
two-stage polymer solidification technology. As shown in 
figure  1(a), a liquid phase MPC was prepared using UV 
curable polymer with specified wt% magnetic powders. 
Note that NdFeB magnetic powder is used in this study. 
The wt% of magnetic powder changes the magnetic proper-
ties of the MPC. As shown in figure 1(b), the liquid phase 
MPC was dispensed into liquid by a hydraulic dispensing 
system [23]. The first stage of polymer curing was then per-
formed by using UV light, as shown in figure 1(c). After 
that, the surface of the MPC ball was solidified by UV 
curing, as depicted in figure 1(d). Finally, the second stage 
of thermal curing was performed on the MPC ball with a 

Figure 2. Fabrication process flow to integrate a magnetic anisotropic MPC ball with a suspended MEMS structure.
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solidified surface through the rising temperature, as shown 
in figure 1(e). The second stage of curing was mainly for 
the body solidification of the MPC. The magnetic field 
could be applied to the MPC ball during the second stage 
of curing. Thus, as shown in the left-hand illustration in 
figure  1(f), a solidified MPC ball with anisotropic mag-
netic properties was achieved. However, the MPC ball 
has isotropic magnetic properties when no magnetic field 
is applied during thermal curing, as the middle illustra-
tion shows in figure 1(f). Moreover, to achieve the second 
stage body solidification of MPC, a thermal curing agent 
needs to be added to liquid polymer. This study also imple-
ments a micro ball with liquid MPC encapsulated by the 
solidified surface, as shown in the right-hand illustration 
in figure 1(f). In this case, the thermal curing agent is not 
added to the liquid polymer.

The concept in figure 1 can be further extended to imple-
ment the magnetic anisotropic MPC on suspended MEMS 
devices, as shown in figure  2. Figures  2(a), (b) depicts the 
dispensing of liquid MPC onto a suspended MEMS structure 
[24]. As shown in figures 2(c), (d), the first stage of surface 
solidification of liquid MPC was achieved by using UV 
curing. After that, the second stage of body solidification of 
liquid MPC was realized by using thermal curing, as illus-
trated in figures  2(e), (f). Meanwhile, the anisotropy of the 
MPC was also defined by an external magnetic field in this 
step. Thus, the integration of a suspended MEMS device with 
the magnetic anisotropic MPC structure was implemented. In 
addition, the concept in figure 1 can also be extended to realize 
the magnetic anisotropic MPC on silicon substrate shown in 
figure 3. As illustrated in figure 3(a), the liquid phase MPC 
was patterned by screen printing on silicon or glass substrate. 

Figure 3. Schematic concept and process flow to implement MPC layers on silicon or glass substrates.
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Similarly, the first stage of UV curing was employed for MPC 
surface solidification, as shown in figures  3(b), (c). Note 
that the bottom surface of liquid MPC can only be solidified 
on a transparent glass substrate, as displayed in figure 3(c). 
Moreover, the second stage of thermal curing for body solidi-
fication of MPC was performed as shown in figure 3(d). The 
magnetic anisotropy of the MPC was also defined at this stage 
by applying a magnetic field during the curing process. As 
illustrated in figure 3(e), the magnetic anisotropic MPC thin 
layer was realized on substrate. However, the second stage 
of body solidification of MPC cannot be achieved for the 
polymer with no thermal curing agent. Such a structure will 
consist of liquid MPC encapsulated by the solidified surface, 
as depicted in figure 3(c). Moreover, the thin MPC layers in 
figure 3(e) could be removed from the substrate. Thus, the dis-
crete micro components formed by the magnetic anisotropic 
or isotropic MPC, or even liquid MPC, were achieved, as 
shown in figure 3(f).

3. Fabrication results

To demonstrate the feasibility of the present fabrication process 
technologies, various different magnetic anisotropic MPCs 
have been fabricated and integrated. In these case studies, 
commercially available neodymium (NdFeB) was employed 
as the permanent magnetic powder. The NdFeB powder with 
particle sizes of near 1 μm were prepared by ball mill grinding 
at a rotational rate of 50 rpm for 48 h. The average grain size 
of the NdFeB powder is near 100 nm. Commercially available 
polyurethane (PU) resin was employed to prepare the polymer 
MPC. The liquid magnetic polymer composites were prepared 
by using a homogenizer system (KK-250S, KURABO). While 
preparing the liquid MPC, a specific weight percentage (10, 
30, 50 wt%) of NdFeB powder was mixed with PU (including 
the photo-initiator). The photo-initiator contains a mixture of 
chemicals that can be activated by UV light with wavelength 
near 400 nm. Thus, the first stage of surface solidification of 
liquid MPC by UV curing can be achieved.

The UV transmittance of MPC determines the thickness 
of the first stage of polymer solidification [9]. This study pre-
pared six different solidified MPC samples (15 μm thick) with 
NdFeB weight fractions of 0 to 50 wt% between two trans-
parent microscope slides. The UV transmittance of MPC was 
then characterized using these samples through the test setup 
shown in figure 4(a). The UV transmittance (for wavelength 
of near 400 nm) of MPCs with NdFeB of different weight-
fractions can be identified under a high-resolution optical 
microscope, as depicted in figure  4(b). The measured pro-
files from a spectrometer (Mission Peak Optics MP100-M) 
in terms of different contents of NdFeB powder are plotted in 
figure 4(c). The results indicate that the UV transmittance is 
46% (UV intensity dropped from 3500 count to 1600 count) 
for the MPC with 0 wt% NdFeB (i.e. pure resin). As the wt% 
of NdFeB increased from 0 wt% to 20 wt%, the UV trans-
mittance decreased to 30%. The UV transmittance becomes 
only 4% as the NdFeB weight fraction increased to 50 wt%. 
In this study, the UV curing for the first stage of surface 

solidification of MPC has the same intensity of 60 mW cm−2 
with a fixed curing time of 30 s. Thus, the surface thickness 
of the solidified MPC will vary with the wt% of NdFeB. 
Moreover, the second stage of body solidification of MPC 
was achieved in this study by thermal curing at room tem-
perature for 24 h. A higher thermal curing temperature could 
reduce the curing time, yet residual stresses of the solidified 
MPC would be a concern.

The micrograph in figure 5(a) shows the cross sections of 
typical surface-solidified MPC balls fabricated by the pro-
cesses indicated in figure  1(a)–(d). The liquid polymer of 
10 wt% and 15 wt% NdFeB powder were respectively used to 
fabricate these two balls of 3000 μm diameter. The solidifica-
tion surface thicknesses of these two MPC balls are 694 μm 
and 216 μm, respectively, after UV curing. Figure  5(b) fur-
ther summarizes the solidification surface thicknesses d of 
the MPC ball for liquid polymer of different wt% of NdFeB 

Figure 4. UV transmittance of MPC: (a) schematic diagram of the 
test setup; (b) optical photographs of resin with different weight 
fraction of NdFeB powders; and (c) measurement results of the 
optical spectrometer.
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Figure 5. Typical fabrication results of discrete MPC balls: (a) the cross-section view of a surface-solidified MPC ball with 10 wt% NdFeB 
powder; (b) solidification thickness of the MPC ball varying with the weight fraction NdFeB powder; (c) zoom-in micrograph of the 
interface between the liquid and solid MPC shown in figure 5(a); and (d) optical image showing the attraction of fully solidified MPC balls 
with diameters ranging from 500 μm to 3200 μm.

Figure 6. Measurements of the magnetic shielding effect of the MPC structure after the first stage of curing: (a) measurement setup; and 
(b) measurement results with different NdFeB contents under a 24 mT magnetic field.
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powder. The variation of solidified surface thickness is due to 
the influence of UV transmittance, as discussed in figure 4. 
As the NdFeB powder exceeds 30 wt%, the solidification sur-
face thickness of a MPC ball converges to 50 μm. The zoom-in 
micrograph in figure 5(c) further indicates the surface solidi-
fied MPC ball in figure 5(a). The NdFeB powder randomly 
distributed on the solidified surface is observed. Moreover, 
the liquid polymer inside the solidified surface contains 
NdFeB powder grains that are properly aligned by an external 
magnetic field (as indicated in figure 1(e)). Figure 5(d) dem-
onstrates the attraction of fully solidified magnetic anisotropic 
MPC balls fabricated using the processes in figure  1. The 
diameter of these MPC balls ranges from 500 μm to 3200 μm. 
The magnetic field applied on the MPC balls during the 
second stage of curing was 450 mT.

While applying magnetic fields to implement the magnetic 
anisotropic MPC structure during the second stage of curing, 
the magnetic shielding effect of the already solidified surface 
in the first stage of curing would be a concern. Note that the 
first stage solidified surface was formed by the isotropic MPC. 
Thus, the magnetic shielding effect of the MPC structure after 
the first stage of surface curing was characterized by using a 
Gauss meter (F W Bell Model 6010), as shown in figure 6(a). 
In this test, the sample (10 000μm in diameter and 3000 μm in 
thickness) was prepared on transparent glass substrate using 
the processes shown in figure  3. The Gauss meter and the 
magnet were placed at a fixed distance during the shielding 
effect test. The magnetic field on top of the MPC layer was 
detected by the Gauss meter, and thus the magnetic shielding 
by the MPC layer was determined. A magnetic flux of 24 mT 

Figure 7. Typical fabrication results of the MPC structure implemented on silicon and glass substrates: (a), (b) integration of a solid 
magnetic anisotropic MPC ball on a suspended MEMS position stage; (c), (d) the visualized magnetic distribution (through magnetic 
powders) of fully-solidified magnetic anisotropic and isotropic MPC layers on a glass substrate; (e) a discrete micro structure with liquid 
MPC encapsulated inside the solidified surface, the structure parted from the glass substrate after the first stage curing; and (d) the cross 
section of the discrete component in figure 7(e).
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was measured without any MPC shielding. The measurement 
results summarized in figure 6(b) indicate that no magnetic 
shielding effect has occurred. Thus, the NdFeB particles could 
be aligned by the applied magnetic field to form the aniso-
tropic MPC.

The micrograph in figure  7(a) shows the integration of 
a solid magnetic anisotropic MPC ball with a suspended 
MEMS position stage. The zoom-in micrograph in figure 7(b) 

displays the shape of the MPC ball at the backside of the 
MEMS stage. This device was implemented using the pro-
cesses shown in figure 2. The micrograph in figure 7(c) shows 
a single fully solidified magnetic anisotropic MPC layer 
(3000 μm in diameter and 500 μm in thickness) on a glass 
substrate. This device was implemented using the processes 
shown in figures 3(a)–(d). The distribution of surrounding 
magnetic particles indicates the anisotropic magnetic field. 

Table 1. The measured saturation magnetization, remanence and coercivity for the three types of micro balls (shown in figure 1(f)) with 
NdFeB particles of 10~50 wt%.

wt% Nd-Fe-B  
in MPC 10 30 50

MPC Liquid Isotropic An-isotropic Liquid Isotropic An-isotropic Liquid Isotropic An-isotropic

Saturation mag.  
Ms, (mTesla)

8.5 3.7 12 20 11.2 21.1 22 18.4 34.5

Remanence  
Br, (mTesla)

5.9 1.6 7.2 14 6.2 10 15 11.2 14

Coercivity Hci,  
(kA m−1)

~37 ~280 ~37 ~280 ~37 ~280

Figure 8. Measurements of the hysteresis loop (M–H curve) of magnetic balls: (a) measurement setup of the VSM, and the measurement 
results for discrete magnetic balls with (b) liquid MPC of 10, 30 and 50 wt% NdFeB particles; (c), (d) solid magnetic isotropic and 
anisotropic MPCs of 10 wt% NdFeB particles measured in two orthogonal directions (apply magnetic field: ± 800 kA m−1).

J. Micromech. Microeng. 24 (2014) 095024
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In comparison, the single fully solidified magnetic isotropic 
MPC layer (3000 μm in diameter and 500 μm in thickness) 
is shown in figure 7(d). This device was implemented using 
the processes shown in figures 3(a)–(c). The distribution of 
the surrounding magnetic particles indicates the isotropic 
magnetic field. In addition, figure  7(e) shows a discrete 
component formed by the single surface-solidified mag-
netic anisotropic MPC layer. This discrete MPC component 
was fabricated on a glass substrate through the processes 
outlined in figure 3(a)–(c) and then removed from the sub-
strate. This component has liquid MPC encapsulated by the 
solidified surface, as indicated in figure 3(f). The zoom-in 
micrograph in figure 7(f) shows the cross section of the dis-
crete MPC component. The empty (since the liquid MPC 
was leaked out from the broken sample) solidified surface 
can be observed. Thus, the magnetic as well as the mechan-
ical properties can be modulated by external magnetic fields. 
Moreover, the sample in figure 7(f) broke one month after 
it was fabricated. It indicates the long-term stability of 

encapsulated liquid MPC at room temperature if there is no 
thermal curing agent.

4. Measurements and discussions

This study has performed various tests to characterize the 
magnetic properties of the fabricated micro MPC structures. 
Firstly the magnetic hysteresis loop (M–H curve) of the MPC 
balls were measured by using a VSM (vibrating sample mag-
netometer, Lake Shore 7407), as illustrated in figure 8(a). The 
micro balls (with a diameter of near 3000 μm) with liquid 
MPC, solid isotropic MPC and solid anisotropic MPC, as 
shown in figure  1(f), were characterized to determine their 
saturation magnetization, remanence and coercivity. The 
measurement results in figure  8(b) depict the M–H curves 
of the balls containing liquid MPC (the right-hand illustra-
tion in figure  1(f)) of three different wt% NdFeB particles 
(10 wt%, 30 wt% and 50 wt%). The saturation magnetization 

Figure 9. Measurements of the distribution of flux density for discrete MPC balls: (a) the measurement setup and the measurement 
results for discrete magnetic balls with (b) liquid MPC; (c), (d) solid magnetic isotropic and anisotropic MPCs of 10, 30 and 50 wt% 
NdFeB particles.

J. Micromech. Microeng. 24 (2014) 095024
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is increased with the wt% of NdFeB particles. It is noted that 
the measured magnetization of these balls changes abruptly 
after the applied magnetic field H slightly exceeds the coer-
civity. This characteristic is mainly due to the existence of 
liquid MPC. Thus, the randomly distributed NdFeB parti-
cles in the liquid polymer can be easily redistributed by the 
applied magnetic field and further increase the magnetization. 
Table 1 summarizes the measured saturation magnetization, 
remanence and coercivity of the micro balls with liquid MPC 
of different wt% NdFeB particles.

Measurements shown in figure 8(c) show the typical M–H 
curves for the solidified magnetic isotropy MPC ball (the 
middle MPC ball in figure  1(f)) with 10 wt% NdFeB parti-
cles. In comparison, the measurements along two orthogonal 
axes of MPC balls (as indicated in figure 8(a)) are depicted 
with solid and dashed lines. Due to the magnetic isotropy of 
the MPC balls used in this test, identical M–H curves were 
obtained for these two measurements. By comparing the 
M–H curves in figures 8(b), (c), the coercivity of solidified 
magnetic isotropic MPC is higher than that of liquid MPC. 
Moreover, the magnetization of solidified magnetic isotropic 
MPC does not change drastically when the applied magnetic 

field H exceeds the coercivity. These two differences are 
mainly caused by the constraint of the particle motion (linear 
or angular) in the applied magnetic field after polymer solidi-
fication. Measurements in figure 8(d) show the typical M–H 
curves for the solidified magnetic anisotropy MPC ball (the 
left-hand MPC ball in figure 1(f)) with 10 wt% NdFeB parti-
cles. Similarly, the measurements parallel and orthogonal to 
the magnetization direction of the MPC ball are respectively 
depicted by the solid and dashed lines in figure 8(d). Due to the 
magnetic anisotropy of solidified MPC, the M–H curves were 
different for these two measurement directions. Table 1 also 
summarizes the measured saturation magnetization, rema-
nence and coercivity of the micro balls with isotropic and 
anisotropic solid MPC of different wt% NdFeB particles. The 
results indicate that anisotropic and isotropic solid MPCs of 
different powder concentrations have a constant coercivity. 
The coercivity of solid MPC is nearly one order of magnitude 
larger than that of the liquid MPC. In addition, the present 
process technologies enable the change of magnetic proper-
ties by varying with the wt% of the NdFeB particles and the 
alignment of the particles. However, the remanence and coer-
civity of the MPC implemented by the presented processes are 

Figure 10. Dynamic tests on suspended MEMS structures integrated with different MPC balls: (a) the measurement setup and an inset to 
indicate the direction of magnetic driving force introduced by the coil and magnetic ball; and the dynamic responses of MEMS structure 
with (b) liquid MPC ball; (c), (d) solid magnetic isotropic and anisotropic MPC balls of 50 wt% NdFeB particles.
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small as compared with the bulk materials (1200–1400 mT for 
remanence and 1000–1500 kA m−1 for coercivity).

This study also established the test setup in figure  9(a) 
used to characterize the distribution of flux density for MPC 
balls using a Gauss meter. The magnetic ball was mounted 
on a rotation table and the Gauss meter was fixed on a stage. 
Thus, the flux density of the magnetic ball in different orien-
tations was then recorded. Figures 9(b), (c) shows that the ball 
with liquid MPC has a small flux density of 0.01~0.02 mT, 
and that of the solidified isotropic MPC also has a small flux 
density of −0.03~0.3 mT, as the ball rotates from 0° to 360°. 
Moreover, the flux density of the ball with solidified aniso-
tropic MPC varies from 15.1 mT to  −13.1 mT for 50 wt% 
NdFeB (9 mT to  −8.3 mT for 30 wt% NdFeB, and 2.4 mT 
to  −1.5 mT for 10 wt% NdFeB) as the ball rotates from 0° 
to 180°. As shown in figure 10(a), the dynamic responses of 
the suspended MEMS structures respectively integrated with 
three different MPC balls of 50 wt% NdFeB particles have 
also been characterized by using a laser Doppler vibrometer 
(LDV). In this test, magnetic driving force (harmonic force) 
was applied on the MEMS structure through the MPC ball 
and the coil (with input AC current). Thus, the frequency of 
the driving force was modulated by the input AC current. 
Figures 10(b)–(d) shows the measured frequency responses 
of the three samples depicted in figure  10(a). Figure  10(b) 
indicates that the ball with liquid MPC could not introduce a 
sufficient magnetic force to drive the MEMS structure. It is 
expected that the periodic magnetic field from the coil only 
causes oscillation of the particles in the liquid polymer. As 
shown in figure 10(c), the resonant frequencies of the MEMS 
structure with a solid isotropic MPC ball could be observed. 
The first and second peaks respectively depict the first torsion 
mode and the first piston mode. Finally, the MEMS structure 
with a solid anisotropic MPC ball has the largest resonant 
peaks, as indicated in figure 10(d). This is due to the magneti-
zation direction of the anisotropic MPC ball being coincident 
with the direction of driving force.

5. Conclusions

This study has implemented a two-stage solidification 
technology to realize micro magnetic structures using low 
temperature processes. UV-light polymer curing is used 
as the first stage of solidification to solidify the surface of 
the MPC structure. Thermal polymer curing is employed 
as the second stage of solidification to solidify the body of 
MPC. The distribution of magnetic particles in MPC can 
be specified by applying a magnetic field during the second 
solidification process. In addition, the micro structure with 
liquid MPC encapsulated by a solidified polymer surface can 
also be achieved if the liquid polymer has no thermal curing 
agent. In applications, the discrete MPC balls composed 
of 10~50 wt% of NdFeB particles with diameters ranging 
500~3200 μm are demonstrated. These MPC balls respec-
tively consist of liquid MPC encapsulated by a solid surface, 
solid isotropic MPC and solid anisotropic MPC. Furthermore, 
the integration of MPC structures on silicon substrate and 

suspended MEMS devices has also been demonstrated. The 
magnetic performances of the fabricated MPC structures 
have also been characterized. Measurements indicate that 
a reasonable coercivity of 280 kA m−1 was achieved for the 
solid MPC structure. In addition, the remanence and satura-
tion magnetization of MPC can be improved by increasing 
the wt% of the magnetic particles. However, the remanence 
and saturation magnetization of the MPC implemented by 
the presented processes are still small as compared with the 
bulk materials.
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