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Abstract: We have developed local deposition techniques using a nanopipette 
for photomask repair. The nanopipette is a tapered glass capillary with an 
aperture size of sub-micrometer in diameter. The nanopipette was filled with a 
nanoink containing Au nano-particles with a diameter of around 3 nm. As a 
driving force of the ink deposition, electrostatic ink-jet method was employed. 
By applying a pulse voltage on an electrode inserted into the nanopipette, a 
Taylor cone is formed and discharged at the edge of the pipette. As a result,  
the droplet is deposited on the substrate. By controlling parameters of the 
pipette-surface distance, pulse width and applied voltage, it is possible to 
control the amount of deposition. The smallest size of dot with sub-micrometer 
in diameter is achieved with the optimised parameters. The simple deposition 
processing using the nanopipette can be a strong candidate of photomask 
repairing method for repairing size of micro to sub-micrometer scale. 
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This paper is a revised and expanded version of a paper entitled ‘Electrostatic 
ink-jet deposition using a nanopipette for photomask repair’ presented at 5th 
International Conference of Asian Society for Precision Engineering and 
Nanotechnology (ASPEN 2013), Taipei, Taiwan, 12–15 November 2013. 

 

1 Introduction 

In photolithography process of recent integrated electric circuits, photomask repair 
techniques with nanometer scale accuracy have been required. In general, the defects on 
the masks are repaired using electron beam (EB) (Edinger et al., 2004; Waiblinger et al., 
2012) and focused ion beam (FIB) (Liang et al., 2000; Yamamoto et al., 2004). However, 
the cost of the EB and FIB equipments are very expensive because the fabrications 
require complicate elements and vacuum environment. On the other hand, with respect to 
photomasks of flat panel displays (FDP) and micro-electro mechanical systems (MEMS), 
the range of repairing size is micro to sub-micrometer scale. Therefore, alternative 
fabrication techniques with lower cost equipment are required instead of the EB or FIB 
fabrications. 

An inkjet printing technology is inexpensive, repeatable and easy to use for material 
deposition (Sirringhaus et al., 2000; Fuller et al., 2002; Ago et al., 2003; Bae, 2005). 
However as for conventional inkjet printing systems of piezoelectric type and thermal 
bubble type, they cannot be applied to mask repair purpose due to the larger deposition 
dots around several tens of micrometers in diameter on a substrate (Fujii, 2008). This 
dimension is more than an order of magnitude larger than the repairing size of 
photomasks of FDP and MEMS devices. To be used for repairing the photomasks, the 
deposition size must be reduced. 

 Recently, electrostatic inkjet systems have been developed to realise smaller 
deposition of various materials (Yogi et al., 2001; Kawamoto et al., 2005; Park et al., 
2007; Umezu, 2011). The technique uses a electrostatic force as a driving force of the 
liquid deposition. By applying a pulse voltage on the liquid filled in a nozzle, the droplet 
is discharged from the aperture of the nozzle edge. It is possible to deposit the dot with 
several micrometers in diameter; thus, by developing the system and optimising 
parameters, the technique would be applicable to a method to repair the micro to  
sub-micrometer scale defects of the photomasks. 

We have developed local electrophoresis deposition techniques using a nanopipette 
(Iwata et al., 2007). The nanopipette is a tapered glass capillary with an aperture size of 
sub-micrometer in diameter. By using the nanopipette filled with various liquid materials, 
smaller dots with sub-micrometer scale in diameter was deposited. The cost of the 
equipment is inexpensive because the fabrication can be carried out in air atmosphere. 
Therefore, the deposition process using the nanopipette can be a strong candidate of 
photomask repairing method. However, in our previous studies, the technique based on 
local electrophoresis migration inside the nanopipette had some problems such as 
clogging of the pipette edge and difficulty of volume controlling of the amount of 
deposition. 
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In this paper, we describe an electrostatic ink-jet deposition technique using  
a nanopipette for photomask repair. To achieve the high reproducibility of the 
electrostatic ink-jet deposition, some parameters such as applied voltage, pulse width and 
pipette-substrate distance were investigated. 

2 Experiment procedures 

Figure 1 shows the schematic diagram of droplet formation by electrostatic force. When 
voltage is applied between the electrode inside a nozzle and a substrate, liquid surface at 
the nozzle edge is deformed and transform the shape of a cone, called Taylor cone 
(Taylor, 1964). Micro droplets are formed after the jet stream and then the droplets are 
reached on the substrate (Yogi et al., 2001). Figure 2 shows a schematic diagram of the 
experimental set up. In this study, a nanopipette was used as the nozzle. The nanopipette 
was prepared by thermally pulling of the capillary glass tube using a CO2 laser-type 
pipette puller (SUTTER, P-2000) to obtain a sharpened-edge nanopipette. Insert is a 
scanning electron microscope (SEM) image of a nanopipette aperture. At the edge of the 
nanopipete, there is an aperture of 500 nm in diameter. For precise positioning of the 
substrate and the nanopipette, X, Y and Z axis positioning stages were used, respectively. 
The XY axis positioning stages (KX1040C-L/R, Suruga seiki) were driven using stepping 
motors with an increment of 500 nm for a maximum distance of 40 mm. The Z axis stage 
(LV-437-1, Chuo Precision Industrial) was assembled with a piezoelectric motor 
(Picomotor, Newport) for precise positioning of the nanopipette with a smallest step of  
30 nm and maximum stroke of 8 mm. As for repairing of defects of a photomask, it is 
important to observe and position the nanopipette edge; thus, the nanopipette was held 
with a slope of 40° with respect to the substrate using a rotation stage (NT55-028, 
Edmond optics). The geometry makes it possible to observe the pipette edge from above 
using an objective lens to position it at the defect. Furthermore, even the edge is 
contacted on the substrate, the breakage of the tiny glass edge can be avoided due to 
deflection of the thin nanopipette held with the slope. 

Figure 1 Schematic diagram of electrostatic inkjet patterning (see online version for colours) 

Electrode

Solution

Nozzle

Substrate

Applied 
voltage

Pulse 
voltage Taylor cone

 

Notes: A nozzle is filled with a solution. pulse voltage is applied to the electrode wire 
immersed into the solution in the nozzle. The distance between the nozzle and 
surface is within several ten micrometers. 
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Figure 2 Schematic diagram of an experimental setup of electrostatic inkjet patterning  
(see online version for colours) 
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Notes: Insert is a SEM image of the nanopipette aperture. To position the nanopipette, it 
was held with a slope using a rotation stage. X,Y and Z axis positioning stages 
were used for precise positioning of the nanopipette edge and substrate. 

In this experiment, all experiments were carried out in atmosphere at 25°C and 50% 
relative humidity. The scene of nanopipette approaching to the substrate and sequential 
deposition was observed from lateral direction using an optical microscope with a long 
working distance objective lens (NA 0.55, 50x, Mitsutoyo Mitutoyo). The nanopipette 
was filled with a solution of organic solvent dispersed Au nano particles of 5 nm in 
diameter. (Nanoink, ULVAC). As for the solution, main solvent is toluene (relative 
permittivity: 2.3). An Au wire of 0.1 mm in diameter (AU-171165, Nilaco) was inserted 
into the nanopipette as the pipette electrode of electrostatic inkjet. The Au wire was 
employed as the electrode because of its low ionisation potential tendency and chemical 
stability. A high-voltage amplifier and a function generator were used to apply pulse 
voltage to the electrode inside the nanopipette. As a substrate, a glass slide coated with 
indium tin oxide (ITO) was placed on the XY positioning stage. As for the wettability of 
the ITO surface, the contact angle of water droplet was 30°. 

The deposition procedure and evaluation method of the deposition are as follows. 
Edge of the nanopipette was positioned at several μm above the substrate. Then,  
dot pattern was deposited by applying a pulse voltage to the electrode into the 
nanopipette. The deposition behaviours were investigated by changing parameters such 
as pipette-substrate distance, the applied voltage and pulse width. 

3 Results and discussions 

3.1 Relationship between deposition shape and pipette-substrate distance 

Figure 3 shows the SEM images of the deposited dot array when the  
nanopipette-substrate distance was varied from 2 to 50 μm. The applied voltage and pulse 
width were –0.5 kV and 1 ms, respectively. As shown in the images, at the distance of  
50 μm, the droplet is not formed due to spattering of the deposition. At the distance less 
than 30 μm, the dot spot could be formed. The dot shape becomes smaller and clear as 
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the distance is reduced. As shown in the image of the dot array deposited with the 2 μm 
distance, high reproducibility of the dot formation can be confirmed from the uniformity 
among the five dots. Therefore, by reducing the distance between the nanopipette edge 
and substrate, it is possible to deposit smaller and distinct dot. From the result, the pipette 
edge should be positioned within 20 μm above the substrate for precise fine deposition. 

Figure 3 SEM images of dot array deposited at different pipette-substrate distance 

20 μm

2 μm

50 μm

30 μm

20 μm

2 μm

10 μm  

Note: The pulse width and applied voltage are 1 ms and –500 V, respectively 

3.2 Dot size control by controlling pulse voltage and width 

The amount of deposition was evaluated by changing applied pulse parameters of voltage 
and width. Figure 4(a) shows the SEM image of the deposited dots when the voltage was 
varied from –900 to –270 V. The pipette-substrate distance and pulse width were 5 μm 
and 2 ms, respectively. As shown in the image, at the every voltage, five dots were 
continuously deposited with high reproducibility. The diameter was measured using the 
SEM. Figure 4(b) shows the relationship between the dot diameter and the applied 
voltage. The diameter of the dot decreases with decreasing the applied voltage. Thus it is 
possible to control the dot size of the deposition by controlling the applied pulse voltage. 

Figure 4 Relationship between the dot diameter and the applied voltage, (a) SEM image of the 
deposited dots with varying the voltage from –900 to –270 V (b) dot diameter as a 
function of the applied voltage 
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Note: The pipette-substrate distance and pulse width were 5 μm and 2 ms, respectively 
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Figure 5 Relationship between the dot diameter and the pulse width, (a) SEM image of the 
deposited dots with varying the pulse width from 4.5 to 0.6 ms (b) dot diameter as a 
function of the pulse width 
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Note: The pipette-substrate distance and applied voltage were 5 μm and –400 V, 
respectively 

Figure 5(a) shows the SEM image of the deposited dots when the pulse width was varied 
from 4.5 to 0.6 ms. The pipette-substrate distance and applied voltage were 5 μm and  
–400 V, respectively. As shown in the image, at the every voltage, five dots were 
continuously deposited with high reproducibility. Figure 5(b) shows the relationship 
between the dot diameter and the pulse width. The diameter of the dot decreases with 
decreasing the pulse width. Thus it is also possible to control the dot size of the 
deposition by controlling the pulse width of the applied voltage. 
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3.3 Deposition process observed using a high-speed camera 

To investigate the relationship between the amount of deposition and the pulse width, the 
process was observed using a high speed camera system (MEMRECAM HX-3, NAC 
image technology). Figures 6(a), 6(b) and 6(c) show the inkjet processes of the deposition 
with applied pulse width of 1.0, 0.5 and 0.28 ms, respectively. The pulse voltage was  
400 V. The aperture diameter of the pipette was 5 μm. The distance between the pipette 
edge and the surface was 10 μm. As shown in the captured images of the sequence 
process of 1.0 ms in Figure 6(a), a Taylor cone is formed within 0.25 ms after applying 
the pulse voltage and then the discharge of the ink jet starts as shown in the scene at 0.3 
ms in Figure 6(a). The discharge continues during the pulse width and then the deposition 
completes. In the case of pulse width of 0.5 ms, the discharge finishes after finishing the 
pulse width as well as the case of pulse width of 1.0 ms. Thus, the amount of the 
deposition can be controlled by controlling the pulse width. However, as for too short 
pulse width, it is difficult to deposit the ink. In the case of short pulse width of  
0.28 ms shown in Figure 6(c), a Taylor cone is certainly formed in the scene at 0.28 ms. 
However, before discharging the ink jet, the Taylor cone starts shrinking because of 
finishing the pulse width of the applied voltage. As a result, the deposition is not 
achieved. 

Figure 6 Inkjet processes of the deposition captured using a high-speed camera, (a) deposition 
with pulse width of 1.0 ms (b) deposition with pulse width of 0.5 ms (c) deposition with 
pulse width of 0.28 ms 

0.00 ms 0.25 ms 0.30 ms 1.00 ms 1.10 ms 1.30 ms
( )

10 μm
 

(a) 
0.00 ms 0.10 ms 0.20ms 0.30 ms 0.50 ms 0.55 ms
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(b) 

0 ms 0.15 ms 0.28 ms 0.4 ms 0.7 ms 1 ms

10 μm  
(c) 

Notes: The pulse voltage is 400 V. The aperture diameter of the pipette is 5 μm. 
The distance between the pipette edge and the surface is 10 μm. 
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3.4 Relationship between pulse voltage and width regarding the dot size 

To investigate the relationship between the applied voltage and pulse width regarding the 
size of the deposition, both parameters were varied. Figure 7 shows the SEM image of 
the deposited dots when the pulse width and voltage were varied from 6.8 to 0.6 ms and  
–900 to –270 V, respectively. The pipette-substrate distance was 5 μm. Figures 8(a)  
and 8(b) show the dot diameter as a function of applied voltage and pulse width, 
respectively. By reducing the applied voltage and pulse width, the diameter of the dot can 
be reduced. 

Figure 7 SEM image of the dots deposited with varying the pulse width and voltage from 6.8 to 
0.6 ms and –900 to –270 V, respectively 
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Notes: The pipette-substrate distance is 5 μm. The dashed squares indicate the dots 
deposited with a same product (VT) of applied voltage (V) and pulse width (T). 

Figure 8 Dot diameters as a function of applied voltage and pulse width, (a) relationship between 
the dot diameter and applied voltage (b) relationship between the dot diameter and pulse 
width (see online version for colours) 
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Figure 9 Relationship between dot diameter and the parameter of VT which is a product of the 
applied voltage and the pulse width 
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In Figure 7, the dashed squares indicate the dots deposited with a same product (VT) of 
applied voltage (V) and pulse width (T). The sizes of the dots in the same square look 
almost the same. Figure 9 shows the dot diameter as a function of the parameter of VT 
which is a product of the applied voltage and the pulse width. As shown in the figure, the 
diameters of the dots are almost the same at the same parameter of VT. The diameter 
decreases with decreasing the parameter of VT. It is considered that the pulse voltage 
forms the electric field which determines the flow rate of discharging ink and the pulse 
width determines the period of discharging, which means that the parameter of the 
product of the voltage and pulse width (VT) determines the amount of the deposition. 
Therefore, it is possible to control the dot size by controlling the parameter of VT. 

Figure 10 SEM image of the dot array deposited using the optimised parameters for smaller dots 
(see online version for colours) 
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Notes: The pipette-surface distance and pulse width were 500 nm and 0.5 ms, 
respectively. The dots were deposited one by one with reducing the  
pulse voltage from –200 V with 2 V decrement. 
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With respect to evaluation of the exact volume of the dots, the thickness of the dot should 
be measured. However, in this study, it was difficult to measure the thickness of the dots 
using the SEM. In future work, the thickness would be measured using other techniques 
such as an atomic force microscope and 3D digital microscopes. 

Finally, we tried to deposit the smallest dots using the system. Figure 10 shows  
the SEM image of the dot array deposited using the optimised parameters for  
smaller dots. The pipette-surface distance and pulse width were reduced to 500 nm and 
0.5 ms, respectively. The dots were deposited one by one with reducing the pulse  
voltage sequentially from –200 V with 2 V decrement. As shown in the image, the size of 
the dot decreases step by step with decreasing the pulse voltage. The smallest dot of  
300 nm in diameter, shown in the magnified image, could be deposited at the pulse 
voltage of –140 V. Therefore, the deposition technique using the nanopipette can  
be a strong candidate of photomask repairing method to repair the defects of micro  
to-sub-micrometer scale. 

4 Summary 

We developed the photomask repair technique using a nanopipette filled with solution 
containing Au nanoparticles. As the driving force of the deposition, electrostatic force 
was employed. By reducing the distance between the nanopipette edge and substrate, the 
shape of the deposited dot became smaller and distinct. The amount of deposition was 
evaluated by changing applied pulse parameters of voltage and width. By reducing the 
applied voltage and pulse width, the diameter of the dot could be reduced. As for relation 
between the voltage and pulse width, it was possible to control the dot size by controlling 
the parameter of VT, which is a product of the applied voltage (V) and the pulse width 
(T). By optimising the parameters, smaller dot with sub-micrometer in diameter was 
achieved. Therefore, the technique would be applicable to a repairing method of 
photomasks of FPD and MEMS. 
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Abstract: A novel urchin-like Zn/ZnO/TiO2 hierarchical structure directly 
growing on fluorine-doped tin oxide (FTO) glass is prepared by a simple 
sintering process, and the dye-sensitised solar cells (DSSCs) based on such a 
structure present desirable photoelectrochemical (PEC) properties. The research 
confirms that the DSSCs based on an urchin-like Zn/ZnO structure in which the 
ZnO nanowires are coated with TiO2 shell can enhance the photovoltaic 
performance, attributed to the fact that the core-shell structure can modify the 
energy band levels, suppress charge recombination and prolong the electron 
lifetime. Comparison of TiO2 shell with different thickness, the highest 
conversion efficiency of the cells can reach about 0.82%. The origin of the 
striking difference in performance could be due to the different shell thickness, 
which is analysed and discussed in the paper. The study confirms that such a 
novel photoanode structure can retard the recombination process and increase 
the conversion efficiency. 

Keywords: photoelectrochemical study; urchin-like zinc/zinc oxide/titania 
photoanode; atom layer deposition; ALD; core-shell structure; dye-sensitised 
solar cells; DSSCs. 
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1 Introduction 

Dye-sensitised solar cells (DSSCs) have been deemed to be a promising third generation 
photovoltaic device, due to low production cost, chemical stability, environmental 
advantages and flexibility of the choices of materials (Regan and Grätzel, 1991; 
Lindstrom et al., 2001). Among different constitution components, semiconductor 
photoanode is one of the most important parts in DSSCs. TiO2-based photoanode of 
DSSCs can achieve a conversion efficiency as high as 12.3% (Yella et al., 2011; Grätzel, 
2004; Nazeeruddin et al., 2005; Chiba et al., 2006). Owing to its similar energy band 
levels, ZnO has been extensively explored as an alternative photoanode material to TiO2. 
Compared to TiO2, ZnO has some superior features including: 

1 the diversity of morphology due to its ease of crystallisation and anisotropic growth 
(Zhang et al., 2009) 

2 high electron mobility (more than 1 order of magnitude larger n anatase TiO2) 
(Looka et al., 1998; Forro et al., 1994), suggesting a faster diffusion transport of 
photoinduced electrons in ZnO film. 
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These features allow the rational design of ZnO nanostructures, which could be able to 
simultaneously optimise charge carrier path and dye loading. Recently, DSSCs based on 
varied ZnO nanostructures have been reported, such as nanosheets (Dai et al., 2013), 
nanotetrapods (Bahadur and Kushwaha, 2013), nanotips (Du Pasquier et al., 2006; Chen 
et al., 2008) and dendritic ZnO nanowires (Suh et al., 2007; Baxter and Aydil, 2006). 

However, direct use of ZnO as photoanode material is not advisable because ZnO 
crystals may be destroyed in acidic Ru complex solution. Bedja etc. proposed the fact that 
the dye molecules dissolved Zn2+ on the ZnO surface resulting in hindering the electrons 
injection into the semiconductor and promoting the electron recombination with the holes 
in electrolyte (Bedja et al., 1997). At present, one of the most efficient approaches is the 
formation of a blocking layer on ZnO surface. Shen etc. prepared the urchin-like Zn/ZnO 
hierarchical structure via thermal vaporisation method, exhibiting a superior 
photoelectrical property especially photoelectrochemical (PEC) performance compared to 
bare 1D-ZnO nanowires structure (Shen et al., 2005; Khan et al., 2010; Tang et al., 2009). 
To the best of our knowledge, DSSCs based on the urchin-like Zn/ZnO structure have 
been seldom studied previously. 

In the present work, an urchin-like Zn/ZnO structure in which the ZnO nanowires are 
coated with TiO2 shell has been used as photoanodes in DSSCs for the first time. The 
schematic diagram of the novel nanostructure is presented in Figure 1. The research 
confirms that the core-shell structure can modify the energy band levels, suppress charge 
recombination and prolong the electron lifetime. Furthermore, comparison of TiO2 shell 
with different thickness, the highest conversion efficiency of the cell can reach about 
0.82%. The effect of shell coating thickness on the photovoltaic performance of DSSCs 
and the enhancement mechanism are discussed. 

2 Experiment 

2.1 Preparation of an urchin-like Zn/ZnO 

3D urchin-like Zn/ZnO was synthesised by a direct thermal treatment method. 2 g  
high-purity Zn powder was mixed with adhesive (containing 1 ml acetylacetone, 1 g 
ethyecellulose and 10 ml terpineol) and grinded until forming a slurry. Then the Zn 
powder slurry was coated on the ultrasonic cleaned FTO glass evenly. The thickness of 
the slurry was about 20 um, and the area is 0.49 cm2, as shown in Figure 1(a). After 
drying for 30 min in drying cabinet, the sample was heated to 550°C at the rate of  
3°C min–1 and maintained for 3 h, then cooled to room temperature in furnace. The 
urchin-like Zn/ZnO morphology was obtained after the thermal treatment, as shown in 
Figure 1(b). 
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Figure 1 Schematic diagram of the urchin-like Zn/ZnO/TiO2 composite nanostructure (see online 
version for colours) 

 

2.2 Preparation of TiO2 shell deposited on the ZnO nanowires of the  
urchin-like Zn/ZnO 

The TiO2 shell was performed via atomic layer deposition method (ALD) at 250°C. 
Titanium tetrachloride and deionised water were used as Ti-source and oxidant. In order 
to investigate the effect of TiO2 thickness on the performance of the DSSCs, different 
thicknesses of 5 nm, 10 nm and 20 nm were prepared. The schematic of the complex 
nanostructure is shown in Figure 1(c). 

2.3 Assembly of DSSCs devices 

To assemble the devices, the dye-sensitised photoanodes were sandwiched together with 
the platinised counter electrodes to form simple cells as follows: the ZnO film was 
immersed into a 0.3 mM N719 ethanol solution for 12 h to ensure the dye molecules 
adhesive to the surface of ZnO. Then the sample was rinsed in ethanol and dried in air. 
Sensitised photoanode and counter electrode were pressed to stick together using heat 
sealing machine (DHS-ES2) at 120°C, and the pressure is 0.2 Mpa. Two electrodes were 
separated by a 25 um Surlyn membrane to insulate the space for injecting the electrolyte 
(3 – methoxy acrylic nitrile/ionic liquid/GuSCN). 

2.4 Characterisation and measurements 

The morphology and structure of the ZnO film and energy spectrum analysis were 
examined by field emission scanning electron microscopy (SU8020) and X-ray 
diffractometry (D/MAX2500V). High resolution transmission electron microscopic 
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images (HRTEM) and selected-area electronic diffraction pattern images were recorded 
on JEM-2100F field-emission scanning electron microscope. 

The current density-voltage (J-V) characteristics of DSSCs were recorded by 
4200SCS glove-box. The incident light intensity was calibrated to AM1.5G  
(100 mwcm–2) by XES-301S solar simulator. UV spectrum was obtained by deep 
ultraviolet – visible – near infrared spectrophotometer (DUV-3700). The incident photon-
to-electron conversion efficiency (IPCE) measurement was carried out on a commercial 
QE/IPCE measurement kit (Newport) with no light bias. The cyclic voltammetry (CV) 
measurement and the electrochemical impedance spectroscopy (EIS) measurements were 
performed with a Zahner Zennium electrochemical workstation. 

3 Results and discussion 

As shown in the schematic diagram of Figure 1, we can find that the urchin-like Zn/ZnO 
structures are composed of Zn as the core, ZnO as the outer layer, ZnO nanowires arrays 
protruding out of the ZnO outer layer, and the Zn core contacts directly with the FTO 
substrate. Figure 2 shows the SEM images of the samples synthesised with the  
urchin-like Zn/ZnO nanostructure. In Figure 2(a)–2(c), the urchin-like Zn/ZnO 
nanoparticles were uniformly grown on the FTO, with the diameter ranging from 10 um 
to 20 um. 1D-ZnO nanowires with the length in range of 1~2 um, mean diameter about 
100 nm were grown vertically from the centre of the Zn core. These needle-like ZnO 
nanowires tapered gradually from the bottom to top as shown in Figure 2(d). 

Figure 2 SEM images of the urchin-like Zn/ZnO films: scale bar, (a) 100 um (b) 20 um (c) 2 um 
(d) 1 um 
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Figure 3 SEM images of the urchin-like Zn/ZnO/TiO2, scale bar, (a) 100 um (b) 20 um (c) 2 um 
(d) 1 um 

 

Figure 4 (a) TEM and (c) HRTEM images of a single branched ZnO nanowire (b) Select-area 
electron diffraction (SAED) for ZnO nanowire 
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Figure 5 (a) EDS of a single branched ZnO nanowire coated with10 nm TiO2 layer by ALD  
(b)–(d) Line analysis along the line in part a, (b) oxygen distribution (c) titanium 
distribution (d) zinc distribution (see online version for colours) 

 

Figure 3 shows the SEM images of the urchin-like Zn/ZnO in which ZnO nanowires were 
deposited with TiO2 layer (denoted as the urchin-like Zn/ZnO/TiO2) via atom layer 
deposition (ALD) method. As the diameter of the ZnO/TiO2 nanowires increased, the 
surface became rougher compared to bare 1D-ZnO nanowires, as shown in Figure 3(d). 

Figure 4(a) shows the TEM image of the urchin-like Zn/ZnO with ZnO nanowires 
coated with 10 nm TiO2 shell via ALD method. Owing to the sample separated by 
ultrasonic apparatus, an unbroken urchin-like Zn/ZnO/TiO2 structure cannot be observed. 
As shown in Figure 4(a), the diameters of the ZnO nanowires and the coated TiO2 shell 
are found to be ~100 nm and ~10 nm, respectively. Figure 4(b) and 4(c) show select-area 
electron diffraction (SAED) image and high resolution transmission electron microscopy 
(HRTEM) image of the core-shell structure. From the typical TEM images and SAED 
pattern of ZnO Nanowires scratched from the urchin-like Zn/ZnO framework of  
Figure 4(a), it can be seen that the ZnO nanowires are single crystalline with a hexagonal 
wurtzite structure. The interplanar distance is 0.28 nm, confirming that the ZnO nanowire 
arrays are grown with a preferential (1010) orientation as indicated in Figure 4(b). 

To confirm the formation of the ZnO/TiO2 core-shell structures, TEM-EDS 
measurements were conducted as shown in Figure 5. As depicted in Figure 5(b)–5(d), it 
can be seen that oxygen is distributed all over the nanowire, whose content is larger in the 
middle area than in the edge. However, Zinc is only distributed in the core of the 
nanowire while titanium is almost well-distributed. The data clarify that the 
microstructure is ZnO nanowires coated with TiO2 shell. 

 



   

 

   

   
 

   

   

 

   

    Photoelectrochemical property study of the urchin-like Zn/ZnO/TiO2 129    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 6 The comparison of XRD pattern of (a) urchin-like Zn/ZnO film and (b) the urchin-like 
Zn/ZnO/TiO2 (see online version for colours) 
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Note: The black label Z, red label A and the blue label Zn denote wurtzite ZnO, anatase 
TiO2, and metal Zn, respectively. 

In order to confirm the component of the core-shell structure, the energy spectrum 
analysis was carried out. Figure 6 clearly shows the XRD patterns of the urchin-like 
Zn/ZnO/TiO2. As shown in Figure 6, in addition to the typical diffraction peak of Zn 
(JCPDS card no. 87-0713, a = 2.665 nm, b = 2.665 nm, c = 4.947 nm) and hexagonal 
wurtzite structure ZnO (JCPDS card no. 80-0075, a = 3.2539 nm, b = 3.2539 nm,  
c = 5.2098 nm), some other diffraction peaks are found. The data are in agreement with 
JCPDS card for TiO2 (JCPDS card no. 71-1166, a = 3.7842 nm, b = 3.7842 nm,  
c = 9.5146 nm), proving the existence of the anatase phase TiO2. Therefore, it can be 
conclude that the urchin-like Zn/ZnO/TiO2 structure is constructed from ZnO nanowire 
as core and TiO2 as shell. 

Figure 7 (a) The comparison of current-voltage characteristics (J-V curves) between solar cells 
based on an urchin-like Zn/ZnO electrode (black) and 1D-ZnO nanowire array electrode 
(red) under am1.5 (b) A schematic diagram showing the formation of Schottky barrier 
in an urchin-like Zn/ZnO core-shell structure (see online version for colours) 
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Figure 8 Incident photon to current conversion efficiency action spectra for solar cells based on 
an urchin-like Zn/ZnO (black) and bare ZnO nanowires array (red) (see online version 
for colours) 
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In order to explore whether the DSSCs based on an urchin-like Zn/ZnO structure can 
perform better than 1D-ZnO nanowire array, a ZnO nanowire array sample was prepared 
with the same surface area via hydrothermal method for comparison. Figure 7(a) shows 
the comparison of the J-V curves for the DSSCs based on the two sample under sunlight 
illumination of 100 mwcm–2.The short-circuit current (Jsc) of the urchin-like  
Zn/ZnO-based DSSCs is 1.88 mAcm–2, obviously higher than the sample based on  
1D-ZnO nanowire array. The conversion efficiency of the former cell reaches 0.51%, 
which is 13.3% higher than the latter. The enhanced property can be attributed to the 
effect of Schottky barrier junction between metal Zn and semiconductor ZnO. As shown 
in the schematic diagram in Figure 7(b), a Schottky barrier may form at the Zn/ZnO 
interface due to their different work functions. Upon photon excitation, the metal core Zn 
can act as an electron sink, and the photoinduced electrons which are injected into the 
ZnO nanowires are inclined to transport through the ZnO/Zn interface then to the Zn core 
(Tang et al., 2009). To confirm our assumption, IPCE of the two samples has been 
compared. As shown in Figure 8, two absorption peaks, 370 nm and 510 nm, are 
observed, corresponding to the absorption of ZnO and N719 dye molecules (due to 
illumination from the substrate, the absorption peak of N719 is lower than ZnO). In spite 
of the similar positions of the absorption peak, the absorption density of an urchin-like 
Zn/ZnO is obviously higher than 1D-ZnO nanowire array, indicating that the existence of 
Schottky barrier junction between Zn and ZnO can increase the electron collection 
efficiency of the semiconductor anode. This special structure looks like an ‘electron 
collector’ so that it can enhance the electron collection efficiency of the electrode 
substantially. In one word, the advantages of the urchin-like Zn/ZnO structure lie in: 

1 the single-crystalline ZnO nanowires grown from Zn core can provide direct 
channels for electron transport, drastically increasing the charge diffusion length and 
reducing the rate of recombination (Law et al., 2005) 
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2 the Schottky barrier and the built-in electric field forming at the Zn/ZnO interface 
apply photoelectrons an electric field force and result in an increase of Jsc (Tang  
et al., 2009; Fonash, 1975). 

The overall conversion efficiency of an urchin-like Zn/ZnO-based DSSCs still stays at a 
low level, attributed to the recombination between the injected electrons and the red-ox 
species in electrolyte. Thus, TiO2 layer with different thickness, 0 nm, 5 nm, 10 nm and 
20 nm as blocking material was coated on surface of ZnO nanowires of the urchin-like 
Zn/ZnO structure, marked as ZT0, ZT5, ZT10 and ZT20, respectively. The effect of the 
TiO2 layer and its thickness on ZnO nanowires is explored and analysed. Figure 9 
represents the J-V curves for ZT0, ZT5, ZT10 and ZT20-based DSSCs, and the 
corresponding photovoltaic parameters are summarised in Table 1. As reported in  
Table 1, the open-circuit voltage (Voc) of an urchin-like Zn/ZnO/TiO2 is about 0.67 V, 
higher than that of an urchin-like Zn/ZnO (0.58 V). However, the effect of TiO2 coating 
layer on Jsc is significantly different. ZT10 and ZT20 exhibit the highest Jsc  
(3.28 mAcm–2) and the lowest Jsc (0.73 mAcm–2), respectively. Meanwhile, ZT10 
exhibits the highest overall conversion efficiency 0.82%, higher than ZT0 0.51% and 
ZT5 0.63%. ZT20 shows the lowest overall conversion efficiency of 0.13%, owing to  
the fact that the electrons have been annihilated before arriving in the core of ZnO 
nanowires and the tunnelling effect of electrons has been suppressed. The present  
study shows that the thin TiO2 shell coating can suppress charge recombination, while 
thick TiO2 shell will reduce the cell’s photocurrent by reducing the electron injection 
efficiency. Generally, it can be found that reasonable thickness of the shell layer is 
beneficial to suppress the recombination process and achieve relative high conversion 
efficiency. 

Figure 9 J-V curves of DSSCs consisting of ZT0, ZT5, ZT10, ZT20 photoanodes under AM1.5 
(see online version for colours) 
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Table 1 Photovoltaic parameters of DSSCs consisting of ZT0, ZT5, ZT10, ZT20 photoanodes 

Sample Voc (V) Jsc (mA.cm–2) FF (%) η (%) 

ZT0 0.58 1.88 46.8 0.51 

ZT5 0.67 2.16 43.5 0.63 

ZT10 0.66 3.28 37.9 0.82 

ZT20 0.66 0.73 27.0 0.13 

Figure 10 UV-vis absorption spectra for N719 dye-sensitised and non-sensitised electrodes based 
on urchin-like Zn/ZnO film and urchin-like Zn/ZnO/TiO2 film (see online version  
for colours) 
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Figure 11 Cyclic voltammograms of (a) an urchin-like Zn/ZnO electrode and (b) an urchin-like 
Zn/ZnO/TiO2 electrode using 0.1 mol Na2S/S2– as the supporting electrolyte (see online 
version for colours) 
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Figure 12 (a) Schematic potential position obtained from the cyclic voltammograms (b) Schematic 
band diagram of the photoelectrode based on an urchin-like Zn/ZnO/TiO2 and an 
urchin-like Zn/ZnO/TiO2 (see online version for colours) 

 

In order to explore the effect of TiO2 layer thickness on the light absorption, Figure 10 
shows the ultraviolet-visible absorption spectrum of the electrodes based on ZT0 and 
ZT10. ZT0 mainly absorbs ultraviolet light with the absorption band edge at ~378 nm, 
and the band gap is calculated to be 3.5 eV, according to the following equation:  
Eg = 1,240/λ, where λ is the wave length of absorption band edge location. When the 
electrodes were sensitised, besides absorption peak of ZnO, an intrinsic absorption peak 
of N719 is observed at 510 nm with an increase in absorption intensity. Compared to 
ZT0, the absorption intensity of ZT10 dramatically increases and the location of 
absorption band edge moves towards visible light, at ~356 nm with the corresponding 
band gap decreasing to 3.28 eV, attributed to the positive shift of conduction band (CB) 
due to TiO2 blocking layer. The electron transfer is modulated through the conduction 
band edge, which is demonstrated as cathodic peaks in the cyclic voltammograms (CVs). 
The electrode films were immersed in 0.1 mol Na2S/S2– electrolyte with Ag/AgCl as a 
reference electrode (vs. SHE = 0.197 V, 298 K). According to Hwang (2007) and Wang 
(2008), the conduction band edges can be determined from the cathodic peaks.  
Figure 11(a)–(b) show the CVs recorded for a bare urchin-like Zn/ZnO electrode and an 
urchin-like Zn/ZnO/TiO2 electrode, respectively. The cathodic peaks corresponding to 
conduction band edges of the two kinds of electrodes are at ca. –0.985 V and –0.955 V 
vs. Ag/AgCl, respectively. Correspondingly, the conduction band edges potential (Ecb) 
of ZT0 and ZT10 are calculated to be –0.788 V and –0.758 V, which indicates the 
potential differences of 0.03 V between the two different electrodes. As shown in  
Figure 12(a) of the schematic potential position obtained from the cyclic voltammograms, 
these obtained values of the conduction band edges of ZT0 and ZT10 electrode, are 
wholly higher than the reported positions of conduction band edges vs. vacuum level, 
indicating the conduction band edges of a bare urchin-like Zn/ZnO electrode and an 
urchin-like Zn/ZnO/TiO2 with a total negative shift, which is likely due to the electrolyte 
interface. Moreover, it depicts that the conduction band edge of the bare urchin-like 
Zn/ZnO electrode is 0.03 eV higher than the urchin-like Zn/ZnO/TiO2 electrode.  
Figure 12(b) shows the schematic energy diagram of the two samples. Compared to ZT0, 
the locations of Ecb and Evb of ZT10 are both positively shifted, responsible for the 
increase of the free energy for excitation electron jumping from lowest unoccupied 
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molecular orbit (LOMO) of dye to the CB of ZnO(ΔG1), which can facilitate electron 
injection from the dye molecules to the semiconductor. Meanwhile, the charge 
recombination can be suppressed due to the decrease of free energy for injected electron 
recombination with the oxidised dye molecules (ΔG2) and the liquid electrolyte ions 
(ΔG3). 

Figure 13 EIS spectra of DSSCs of cell ZT0, ZT5, ZT10, (a) Nyquist diagram, the inset presents 
the enlarged view of the first semicircle (b) Bode diagram (see online version  
for colours) 

 

Table 2 Equivalent resistances and electron lifetimes of DSSCs consisting of ZT0, ZT5, ZT10 
photoanode obtained from EIS measurements. 

 R1 (Ωcm2) R2 (Ωcm2) R3 (Ωcm2) τ (ms) 

ZT0 0.45 1.12 239.6 3.4 
ZT5 1.92 4.24 176.7 28.3 
ZT10 2.16 10.14 477.7 41.6 

Electrochemical measurements were performed on ZT0, ZT5 and ZT10 to understand the 
detailed mechanisms on the improved electrocatalytic activity by using the TiO2 blocking 
shell. Figure 13(a) shows the Nyquist plots obtained by EIS measurements, which were 
accomplished on cells with a structure of photoanode/electrolyte/counter electrode at 0.5 
V bias under dark conditions. The alternating current (AC) signal amplitude was 0.5 mV 
with scanning frequency from 0.1 Hz to 10 KHz. It is found that each spectra exhibits 
two semicircles: the high-frequency semicircle is assigned to the charge transfer 
resistance at Pt counter electrode/electrolyte interface (R2); the middle-frequency 
semicircle is assigned to the charge transfer resistance at metal oxide layer/electrolyte 
interface (R3) and the Warburg diffusion resistance of I–/I3–(Zw) (Cheng et al., 2008; Kim 
et al., 2009; Chandiran et al., 2012). An increase of the recombination resistance is 
suggested for ZT10-based DSSC, indicating the suppression of charge recombination due 
to TiO2 shell deposition. As shown in Figure 13(b), electron lifetime τ can be obtained 
from EIS measurements according to τ ≈ 1/ωmax = 1/2πfmax, where fmax corresponding to 
the maximum frequency in middle-frequency area (Hu et al., 2013). The equivalent 
resistances and obtained electron lifetimes, reflecting the effect of the TiO2 shell, are 
summarised in Table 2. The longer electron lifetimes of ZT5 and ZT10 photoanode could 
explain the much higher photovoltages, photocurrents and overall conversion efficiency 
due to TiO2 shell deposition. 
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4 Conclusions 

In summary, a novel urchin-like Zn/ZnO/TiO2 complex nanostructure has been 
successfully obtained for application in DSSCs for the first time. On one hand, the 
Schottky barrier junction between metal Zn and semiconductor ZnO plays a positive role 
in the improvement of electron collection efficiency. On the other hand, the TiO2 shell 
deposited on ZnO nanowires in an urchin-like Zn/ZnO can result in a positively shift of 
the CB and reduce charge recombination at the phptoanode/electrolyte interface, which is 
responsible for the significant improvement of Voc, Jsc, and η. The highest power 
conversion efficiency (0.82%) of the urchin-like Zn/ZnO/ TiO2 is obtained at the 10 nm 
thick TiO2 shell under AM 1.5 simulated illumination (100 mW/cm–2). The remarkable 
suppression of charge recombination brings about a Voc gain and compensates for the 
reduction of Voc caused by the positive shift of the CB of ZnO. These findings shed light 
on the tuning the energy band levels of ZnO by a blocking layer with suitable thickness 
which can retard charge recombination as well as improve the performance of DSSCs. It 
is expected from this discovery that hierarchical ZnO nanostructure-based DSSCs will 
achieve high efficiency by optimising coated layer due to a better energy level matching 
and suppression of charge recombination. 
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Abstract: In the present work we investigate the nanometric cutting of a 
nanotwinned Cu containing 26° inclined twin boundaries using a diamond 
cutting tool by means of molecular dynamics simulations, with a focus on 
examining the influence of rake angle of cutting tools on the cutting processes. 
The underlying deformation mechanisms of the material are elucidated and are 
further correlated with the evolution of machining forces and the formation of 
machined surface and chips. Our simulation results indicate that dislocation 
slip, interaction of dislocation with twin boundaries and twin  
boundaries-associated mechanisms work in parallel in the plastic deformation 
of the nanotwinned Cu. It is found that the rake angle has a significant 
influence on the deformation behaviour of the material, chip formation and 
machined surface quality. A rake angle of 45° results in smaller energy 
dissipation and better machined surface quality than the other two rake angles 
of 0° and –45°. 
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1 Introduction 

Nanostructures with unique properties have been widely used in fields of optoelectronics, 
Nanoelectromechanical systems (NEMS) and biomedical sciences (Bhushan, 2003), 
which draw increasing interests in the fabrication of nanostructures by various 
nanofabrication techniques over the past few decades. The single-point diamond turining-
based nanometric cutting has been demonstrated to be one prominent nanofabrication 
technique in the nanostructure engineering, because of its nanometer scale machining 
accuracy and shape accuracy (Yan et al., 2010; Sun et al., 2012). To facilitate the 
development of nanometric cutting technique, a fundamental understanding of the 
nanometric cutting mechanisms at the nanometer scale is essentially required. 

Recent advances in nanostructured materials containing hierarchic microstructures 
not only provide novel possibilities for the fabrication of advanced functional 
nanostructures, but also bring new challenges in understanding their underlying 
nanometric cutting mechanisms. For instance, the nanocrystalline Cu containing 
embedded twin boundaries (TBs), i.e., nanotwinned (NT) Cu, exhibits a superior 
combination of ultrahigh strength, considerable ductility and high electricity conductivity 
(Lu et al., 2004). Previous experimental investigation and molecular dynamics (MD) 
simulations of uniaxial tension tests indicated that the extraordinary properties of NT Cu 
originate from the unique dislocation-TB interactions (Lu et al., 2004; Li et al., 2010). 
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However, the dislocation-TB interaction in the nanometric cutting of NT Cu, particularly 
its role in determining the material removal and evolution of machining force, is largely 
unknown. Therefore, in the present work we perform MD simulations to investigate the 
nanometric cutting of a NT Cu using a diamond cutting tool. The influence of rake angle 
of cutting tools on the nanometric cutting processes in terms of elastic and plastic 
deformation of the material, variations of machining force, machined surface quality and 
chip formation is further studied. 

2 Simulation method 

The utilised MD model of nanometric cutting of NT Cu is composed of a NT Cu 
substrate and a diamond cutting tool. The NT Cu substrate has a dimension of 30, 18 and 
10 nm in horizontal, longitudinal and normal direction, respectively. Periodic boundary 
condition is only applied in the longitudinal direction, and the bottom of the substrate is 
fixed during the nanometric cutting process. Figure 1 presents the atomic configuration of 
the NT Cu substrate, which contains 26° inclined aligned TBs with respect to the top free 
surface. Previous study, Zhang et al. (2013) demonstrated that the critical inclination 
angle of 26° gives the lowest yield strength and the highest friction coefficient, due to 
that the plasticity is dominated by TB migration and de-twinning. A twin-free single 
crystal Cu substrate that has the same crystal orientation with the NT Cu is also 
considered. The common neighbour analysis (CNA) (Honeycutt and Andersen, 1987) is 
utilised to identify types of lattice defects, and the colouring scheme is: blue stands  
for face-centred cubic (FCC) atoms, red for hexagonal close packed (HCP) atoms  
and grey for other atoms including surface atoms and dislocation cores. A single HCP-
coordinated-layer identifies a coherent TB, and two adjacent HCP-coordinated-layers 
indicate an intrinsic stacking fault (ISF) (Zhang et al., 2012b). 

Figure 1 Atomic configuration of the Nt Cu containing 26° inclined aligned TBs. atoms are 
coloured according to their CNA values, as green for FCC atoms, red for TB atoms, and 
grey for surface atoms (see online version for colours) 

 

The as-created Cu substrates are first relaxed to their equilibrium configurations through 
dynamic NPT relaxation at 30 K and under 0 bar for 50 ps. The low temperature of 30 K 
is chosen to minimise the thermal fluctuation influence. Then the equilibrated substrates 
are subjected to the nanometric cutting, in which a diamond cutting tool moves along 
horizontal direction with a constant cutting speed of 100 m/s. For each Cu substrate, the 
uncut chip thickness and cutting length are the same as 2 nm and 20 nm, respectively. To 
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investigate the influence of rake angle of cutting tools on the cutting process, three rake 
angles as –45° (refereed as to negative), 0° (refereed as to zero), and 45° (refereed as to 
positive) are considered. For each rake angle, the clearance angle is the same as 10°. The 
atomic interactions in the Cu substrate are modelled by an embedded atom method 
(Foiles et al., 1986), and the atomic interactions of C-Cu and C-C are described by Morse 
potential (Yan et al., 2010). All the MD simulations are completed by using the 
LAMMPS code (Plimpton, 1995). AtomEye (Li, 2003) is utilised to visualise MD data 
and generate MD snapshots. 

3 Results and discussion 

3.1 Nanometric cutting mechanisms of NT Cu 

There are three force components acting on the diamond cutting tool, as the cutting force 
along horizontal direction, the normal force along normal direction and the lateral force 
along longitudinal direction, respectively. Figure 2(a) plots variations of the cutting force 
and normal force with cutting length during the cutting of the NT Cu substrate with a 
rake angle of 0°. When the cutting tool starts to contact with the left side of the substrate, 
the material first undergoes elastic deformation, accompanied with a rapid increase of 
both the cutting force and normal force. After increasing to a local maximum value, the 
scratching force decreases dramatically due to the yielding of the material. However, the 
normal force continues to increase at the onset of plasticity due to the positive value of 
the clearance angle. Upon further cutting, both the cutting force and normal force 
increase with strong fluctuations caused by the continuous yielding events. Figure 2(a) 
shows that the normal force is smaller than the cutting force during the cutting process. 

Figures 2(b)–2(e) present instantaneous defect structures in the NT Cu at different 
cutting lengths. Atoms are coloured according to their CNA values, and FCC atoms are 
not shown to present defect evolution clearly. Since the cutting tool first penetrates into 
the left side of the substrate, the plasticity is initiated by the nucleation of partial 
dislocations from the left surface and their subsequent glide on adjacent {111} slip planes 
in the NT Cu (Zhang et al., 2012a). However, the motion of impeding dislocations is 
severely hindered by the first TB located in the left side of the substrate and the 
surrounding left and top free surfaces. Consequently, part of dislocations annihilates at 
the free surfaces. Furthermore, glide of lattice dislocations on the twin plane dominates 
the plastic deformation, accompanied with the nucleation of twinning partials caused by 
TB migration (Zhang et al., 2013; Zhang et al., 2012c). Figure 2(c) shows that in the front 
of the cutting tool there are partial dislocations parallel to TB observed. Simultaneously, 
there is considerable chip containing inclined dislocations to TB formed in the front of 
the cutting tool. Upon further cutting, Figure 2(d) shows that there is a partial dislocation 
inclined to the third TB, which is emitted from the intersection of the second TB with the 
top free surface. The intersection of inclined dislocation with TB leads to significant TB 
migration occurred, which subsequently acts as dislocation nucleation sites. However, the 
motion of inclined dislocation is confined by the fine twin lamellas. Figure 2(e) shows 
that dislocations beneath the top surface are mainly parallel to TBs, and the deformed 
TBs in the wake of the probe undergo pure recovery. 
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Figure 2 Nanometric cutting of the NT Cu under a rake angle of 0°, (a) machining force-cutting 
length curves; MD snapshots of defect structures at different cutting lengths (b) 0.0 nm 
(c) 8.0 nm (d) 15.4 nm and (e) 20 nm (see online version for colours) 

 

Note: Atoms are coloured according to their CNA values, and perfect FCC atoms are not 
shown. 



   

 

   

   
 

   

   

 

   

    Effect of tool geometry in nanometric cutting of nanotwinned Cu 143    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 3 Typical dislocation-TB interactions during nanometric cutting of the NT Cu, (a) TB 
blocking dislocation motions (b) TB migration and (c) nucleation of dislocations from 
TB (see online version for colours) 

 

Note: Atoms are coloured according to their CNA values, and perfect FCC atoms are not 
shown. 

Figure 3 presents typical dislocation-TB interactions observed during the nanometric 
cutting of the NT Cu. Figure 3(a) shows that there are considerable dislocations 
accumulated in the vicinity of the TB, indicating that the TB acts as a barrier to 
dislocation motion. Be similar with conventional strengthening mechanisms by  
high-angle grain boundaries (GBs) (Venkatraman and Bravman, 1992; Greer and De 
Hosson, 2011), the TB blocking dislocation motion also leads to an increase in  
strength of the material. In contrast to conventional GB-associated strengthening  
strategy that is accompanied with a compromise in ductility, the NT Cu does not lose  
its ductility because of the dislocation nucleation sites provided by the migrated TBs,  
as shown in Figures 3(b) and 3(c). The nucleation of dislocations from the migrated  
TBs leads to softening of the material. It is found that during the nanometric cutting  
of the NT Cu, TBs can act as sinks and sources to dislocation motion accompanied  
with TB migration, which are consistent with previous tension studies (Lu et al., 2004;  
Li et al., 2010). 

3.2 Effect of rake angle 

Figures 4(a) and 4(b) plot variations of the cutting force and normal force with  
cutting leng Effect of tool geometry in nanometric cutting of nanotwinned Cu: a 
molecular dynamics study th during cutting processes with different rake angles, 
respectively.  
For each rake angle, the variation of the cutting force has similar characteristics:  
it first increases rapidly in the elastic deformation regime, and then drops dramatically 
when the plasticity in the substrate initiates, finally fluctuates around a constant  
value when the cutting process is stable. However, it is found from Figure 4(a) that the 
cutting force decreases with increasing rake angle. Furthermore, the larger the rake angle, 
the smaller the period of elastic deformation regime. Figure 4(b) shows that the  
normal force also decreases with increasing rake angle. For the rake angles of –45° or 0°, 
the normal force first increases in elastic deformation regime, and finally fluctuates 
around a positive value in lateral plastic deformation. However, the normal force  
for the rake angle of 45° mainly fluctuates around 0, indicating the normal force acting on 
the cutting tool is negligible. 
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Figure 4 Influence of rake angle on the machining force, (a) cutting force and (b) normal force  
(see online version for colours) 

 

Figure 5 presents MD snapshots of instantaneous defect structures after nanometric 
cutting with different rake angles. It is found from Figure 5 that for each rake angle, there 
is chip flowing along tool surface formed in the front of the cutting tool. However, either 
the chip profile or the internal microstructure in the chip is strongly dependent on the 
rake angle. The larger the rake angle, the more compliant the chip profile. For the rake 
angles of –45° and 0°, Figures 5(a) and 5(b) show that dislocations are mainly inclined to 
tool surface. In contrast, dislocations mainly glide parallel to the tool surface for the rake 
angle of 45°, as shown in Figure 5(c). 
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Figure 5 MD snapshots of defect structures after nanometric cutting of the NT Cu with different 
rake angles, (a) –45° (b) 0° and (c) 45° (see online version for colours) 

 

Note: Atoms are coloured according to their CNA values, and perfect FCC atoms are not 
shown. 

Figure 6 presents machined surface morphologies of the NT Cu substrate after 
nanometric cutting with different rake angles, atoms in which are coloured according to 
their atomic heights. Figures 5 and 6 jointly demonstrate that the rake angle has a strong 
influence on the machined surface quality. Figure 5 shows that for each rake angle, there 
is an accumulation of dislocations parallel to TB formed in the front of the probe. 
However, dislocation density within the NT Cu decreases with increasing rake angle. 
Consequently, Figure 5(c) shows that the deformation of the TBs for the rake angle of 
45° is negligible, while TB migration is pronounced for the rake angles of –45° and 0°. 
While the rake angle of 45° or 0° has a larger chip volume than the rake angle of –45°, 
the surface pile up accumulated on both sides of as-fabricated groove is less pronounced. 
Figure 5 shows that a smooth machined surface can be obtained for each rake angle. 
However, the machined surface is smoother for the rake angle of 45° than that for the 
other two rake angles, although there is material accumulation observed in the end of the 
machined surface for the rake angles of 45° or 0°. Furthermore, the depth of subsurface 
damage layer is the lowest for the largest rake angle of 45°. The rake angle dependence 
of nanometric cutting of NT Cu can be mainly attributed to the stress state between the 
tool surface and the substrate, which undergoes a transition from compressive stress to 
shear stress with the increase of rake angle (Pei et al., 2006). 
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Figure 6 MD snapshots of surface morphologies after nanometric cutting of the NT Cu with 
different rake angles, (a) –45° (b) 0° and (c) 45° (see online version for colours) 

 

Note: Atoms are coloured according to their atomic heights in nm. 

3.3 Comparison between single crystal and nanotwinned Cu 

In addition to NT Cu containing embedded TBs, MD simulation of nanometric cutting of 
TB-free single crystal Cu with a rake angle of –45° is also performed. Figures 7(a) and 
7(b) present variations of machining force with cutting length for single crystal and NT 
Cu substrates, respectively. It is found from Figure 7 that in the initial elastic deformation 
regime, both the cutting force and normal force are higher for the NT Cu than the single 
crystal Cu. Furthermore, both the local maximum values of the cutting force and normal 
force associated with the yielding point are higher for the NT Cu than the single crystal 
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Cu, indicating that the introduction of TBs increases the strength of the copper material. 
However, in the later period of plastic deformation regime, both the cutting force and 
normal force are smaller for the NT Cu than the single crystal Cu. 

Figure 7 Variations of machining forces during nanometric cutting of single crystal and 
nanotwinned Cu, (a) cutting force and (b) normal force (see online version for colours) 

  
  (a)  (b) 

Figure 8 MD snapshots of defect structures during nanometric cutting of single crystal  
(upper row) and nanotwinned Cu (bottom row), [(a) and (d)] yielding point  
[(b) and (c)] plastic deformation [(c) and (f)] after cutting (see online version  
for colours) 

 

Note: Atoms are coloured according to their CNA values, and perfect FCC atoms are not 
shown. 

Figure 8 presents representative cross-sectional views of instantaneous defect structures 
during the nanometric cutting of the two Cu substrates, demonstrating that dislocation 
patterns in single crystal Cu is significantly different from the NT Cu. Figure 8(d) shows 
that at the onset of plasticity, the motion of nucleated partial dislocations in the NT Cu is 
blocked by TBs, which leads to strengthening of the material. In contrast, in single crystal 
Cu dislocations glide freely in the material, as indicated by Figure 8(a). Upon further 
cutting, dislocations glide on adjacent {111} slip planes in the single crystal Cu, and their 
reactions leads to the formation of a prismatic dislocation loop shown in Figure 8(b). 
Figure 8(c) indicates that the plastic deformation of single crystal Cu is exclusively 
governed by dislocation activities. However, Figure 8(e) shows that for the NT Cu 
dislocations mainly glide parallel to TBs. Figure 8(f) further indicates that in the NT Cu 
the dislocation activity is highly confined within the twin lamellas, and the deformation 
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of TBs is also important. The easy glide of dislocation along TBs leads to softening of the 
material; consequently the machining force is smaller for the NT Cu than the single 
crystal Cu (Zhang et al., 2012c). 

4 Summary 

In summary, we perform MD simulations to investigate the nanometric cutting of a NT 
Cu containing 26° inclined aligned TBs using a diamond cutting tool. Simulation results 
indicate that in addition to dislocation slip that exclusively dominates the plastic 
deformation of single crystal Cu, dislocation-TB interaction and TBs-associated 
mechanisms are two important deformation modes for the NT Cu. Specifically, TBs act 
as both dislocation barriers and sources. Furthermore, TB migration accompanied with 
nucleation of twinning partials plays important role in the plastic deformation of the NT 
Cu. It is shown that the rake angle of cutting tools has a significant influence on the 
nanometric cutting of the NT Cu, because of the transition in stress state between the 
cutting tool and the material. It is found that both the dislocation density beneath 
machined surface and the machining force decrease with increasing rake angle. It 
suggests that a compliant chip profile and a fine machined surface quality of the NT Cu 
can be achieved with a rake angle of 45°. 
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Abstract: Potassium dihydrogen phosphate (KDP) or deuterated potassium 
dihydrogen phosphate (DKDP) crystals are difficult to machine because they 
are soft and hygroscopic. Based on the deliquescence nature of KDP/DKDP 
crystals, a novel polishing method with micro water mist for KDP/DKDP 
crystals was proposed in this paper. The processing principle was investigated 
and polishing experiments with this method were carried out. The results show 
that the crystals can be machined by this method and the maximum material 
removal rate can reach 2.02 μm/min. A polished surface with root-mean-square 
roughness 47.6 nm was achieved by polishing with micro water mist in 10 min. 
The material removing principle and the planarization mechanism were 
experimentally explained and verified. 
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1 Introduction 

Potassium dihydrogen phosphate/deuterated potassium dihydrogen phosphate 
(KDP/DKDP) crystals are kinds of excellent nonlinear optical crystals, which are widely 
used as frequency conversion devices and electro-optic switches in inertial confinement 
fusion (ICF) research, such as national ignition facility (NIF) (Hurricane et al., 2014), the 
laser megajoule plan (LMJ) (Casner et al., 2014) and ShengGuang project (Zhu et al., 
2013) etc. The application of KDP crystals in ICF requires high surface integrity, finish 
and accuracy. For instance the NIF project required approximately 600 KDP/DKDP 
crystals with size 420 mm × 420 mm, roughness < 1.5 nm rms, and surface flatness < 
3.16 μm (Campbell et al., 2004; Hawley-Fedder et al., 2004), etc. However, KDP/DKDP 
crystals are extremely soft, brittle, hygroscopic, thermally sensitive and deliquescent. The 
crystals are also easily soluble in water with a solubility of 33 g/100g H2O at 25°C. All of 
these make it extremely difficult for KDP/DKDP crystals to obtain a flawless surface. 

In recent years, a lot of manufacturing methods were introduced and studied to 
machine the KDP/DKDP crystals. Among them single point diamond turning (SPDT) 
technology is one of the most effective processing methods so far. Hou et al. (2006) used 
SPDT fabricating KDP crystal with size of 320 mm × 320 mm and the rms roughness 
reached about 5 nm. By the continuous efforts of researchers, the rms roughness of the 
crystals processed by SPDT can reach 1.1nm or so in partial region (Lahaye et al., 1999; 
Xu et al., 2012). However, it easily introduces micron ripples on the machined surface, 
which degrades the output of the optical system (Li et al., 2013). So many scholars did a 
lot of work on the mechanism of SPDT (Fu et al., 2011; Tie et al., 2013a) to improve the 
optical performance after processing by SPDT (Chen et al., 2013; Li et al., 2012). 
Besides, in order to eliminate micron ripples and further improve the surface quality after 
SPDT, many other processing methods are introduced to process KDP crystals, such as 
magnetorheological finishing (MRF) and ion beam figuring, etc. MRF technology was 
used in KDP crystal polishing by scholars. The micron ripples were eliminated by this 
method and a surface with roughness 1.06 nm rms was achieved (Zeng et al., 2012; Tie  
et al., 2013b). However, iron powders from magnetorheological fluid were easily 
embedded into the soft KDP crystal. To improve the surface after MRF, researchers 
employed ion beam figuring technology to polish KDP crystal and acquired a KDP 
surface with roughness 1.9 nm rms (Shu et al., 2011), while the method is still on 
researching. In addition, there are many other scholars trying to make use of the 
deliquescence nature of KDP crystal to machining the crystal surface and eliminate the 
micron ripples, which all adopt water as a main composition of the polishing liquid. For 
instance, Gao et al. (2010) proposed an abrasive free polishing technology which made 
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use of water-in-oil micro-emulsion to adjust the water content and had achieved a 
scratch-free polished KDP surface with roughness lower than 2 nm rms. The processing 
methods based on the deliquescent characteristics of KDP crystal all add some other 
substances in the polishing liquid to adjust the water content, resulting in that a cleaning 
process may be introduced after polishing. 

In this paper, we intend to propose a new approach using merely water to polish 
KDP/DKDP crystals, and try to explain the mechanism of planarization and verify its 
rationality by experiment as well. Because the KDP and DKDP crystals have similar 
properties, KDP crystals are chosen as samples to study in this paper. 

2 Processing principle of KDP crystal polishing with micro water mist 

The processing principle of polishing KDP crystal with micro water mist is similar to the 
other methods basing on the deliquescence property of KDP crystal, which tried to make 
the water content controllable and adequate in the polishing area in order to achieve a 
certain material removal rate in the polishing process. In this paper, ultrasonic 
atomisation method is employed to discrete de-ionised water into micro mist. Then the 
mist is mixed with clean compressed air to obtain the mixed gas with a certain moisture 
content, which is used as polishing medium in the polishing process. 

Figure 1 Basic processing principle of KDP crystal polishing with micro water mist (see online 
version for colours) 

 

According to the above idea, the polishing process principle is shown in Figure 1. The 
mixed gas consisted of spray and compressed gas flows through the central elongated 
hole in the polishing tool onto the polishing area, in which the crystal is dissolved. The 
soft polishing pad is driven rotating by the polishing tool. The combined effects of the 
mechanical friction provided by the polishing pad and the crystal materials dissolution by 
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the mist achieve the removal of material cooperatively. The method is combined with 
computer controlled optical surfacing (CCOS) technology. And in CCOS process, the 
size of the polishing tool is much smaller than the crystal surface. The polishing tool 
moves with a preset path with a certain dwell time, which can be calculated by the 
removal function and the target material removal, to meet the final requirement of 
accuracy. 

3 KDP polishing experiments with micro water mist 

Based on the principle of micro water mist polishing KDP crystal, polishing experiments 
were carried out at 24.5°C, and the relative humidity of the laboratory was 53%. The 
dimension of the KDP crystals used is 40 mm × 40 mm × 10 mm, and the surface to be 
polished is (001) plane. The polishing tool executed a planetary motion, and the 
revolution reversed the rotation. The diameter of the polishing pad is 15 mm. The IC1400 
polyurethane polishing pad was used in the polishing process. The flow of the micro 
water can be adjusted from 0.5 ml/min to 2 ml/min. And the other experimental 
parameters are shown in Table 1. 
Table 1 Other polishing parameters 

Polishing pressure 
(kPa) 

Offset of the planetary 
motion (mm) 

Revolution speed 
(r/min) Rotation speed (r/min) 

195 5 140 140 

Figure 2 The material removal rate versus the flow of micro water mist 

 

The crystals were polished with different flows of micro water mist with the parameters 
above. Figure 2 shows the relationship between the average material removal rate (MRR) 
and the flow of micro water mist. The MRR grows approximately linear with the 
increasing of micro mist flow. The maximum MRR can reach 2.02μm/min. 
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After polishing TEN minutes with micro water mist flow of 0.5 ml/min, the surface 
roughness of the KDP crystal sample decreased quickly from 268.8 nm rms (Figure 3) to 
47.6 nm rms (Figure 4). The quality of the crystal surface was improved significantly 
with the surface roughness reduce by 80% in ten minutes. The results verify that KDP 
crystal can be flattened with micro water mist method, and a better roughness can be 
achieved. 

Figure 3 Initial surface morphology of the KDP crystal work-piece (see online version  
for colours) 

 

Figure 4 Surface morphology of the work-piece polished after ten minutes (see online version  
for colours) 

 

4 Planarization mechanism of KDP crystal polishing with micro water 
mist and its experimental verification 

4.1 Planarization mechanism of KDP crystal polishing with micro water mist 

In the polishing experiments above, the surface roughness was decreased 80%, and the 
surface quality has been improved significantly. The result is so different from that of 
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merely water dissolution process that we intend to do some attempts to explain it. The 
polishing process with micro water mist can be explained as following: 

The mixed gas is introduced to polishing area firstly in KDP crystal polishing with 
micro water mist. A large amount of micro water mist is gathered in the polishing region 
to dissolve the material, and a thin droplet layer is formed on the crystal surface in a short 
time, making the material in the surface of KDP crystal been dissolved. The contact area 
is much smaller than the polishing area. In the microscopic scale, the amount of liquid 
droplets is adequate, which can be considered as a KH2PO4 solution filled in the entire 
space of the gap. The concentration of the solution distributes in gradient, and the solute 
ions diffuse along the gradient direction. And the diffusion of the ions is increasingly 
weaker, when the liquid layer is more and more close to the crystal surface, and at last 
stay in a stable state. An approximately saturated solution layer may be formed in the 
contact area between the droplet layer and the crystal surface. The saturated layer can 
inhibit the dissolution of the material and suppress the further dissolution of the crystal as 
well, working like a passivation layer in the chemical mechanical polishing (Figure 5). 

Figure 5 Planarization mechanism of KDP crystal polishing with micro water mist (see online 
version for colours) 

 

As shown in Figure 5, in the polishing process the pad (elasticity) contacts closely with 
the asperities on the KDP crystal surface under a certain polishing pressure. The original 
dissolution equilibrium is destroyed by the movement of the polishing pad, and a portion 
of the softened dissolved material is removed meanwhile. And a new surface is exposed, 
making the material in asperities dissolved and soften, which is removed by the 
mechanical friction of the polishing pad soon afterward. Then, a new dissolved layer is 
formed. Repeating this process, the materials in the rough peak will be removed 
continuously. While, the material at the bottom is soften all the same, and has been 
retained because that there is no mechanical force and the near-saturated solution layer 
inhibits the further dissolution of the material, achieving the selective removal of the 
crystalline material. With the rough peaks removed, the depth of the gap decreases and 
achieves a planarization of the polishing area. 
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4.2 Experimental verification of the planarization mechanism 

In the mechanism analysis above, the key point of the material selective removal is that 
the material in valley can be sustained and not be dissolved instantly. The KDP crystal 
contacts with the micro water mist and is dissolved quickly, then a near-saturated solution 
layer formed inhibits the dissolution of the material continued. 

In the polishing process, a steady stream of water mist input to the polishing area, 
which can be indicated that the amount of the water is adequate in the process of 
dissolution. The diameter of the mist droplets is micron. Therefore, in the point of 
microscopic, a single droplet can be chosen to illustrate the dissolution process, and it is 
also convenient to using a macroscopic drop instead of the micron droplet to simulate the 
dissolution process in experiment. A water droplet is dripped on the crystal surface, and 
kept for a while in the experiment. Then repeat this procedure that the droplets are 
remained in the crystal at different durations. And Figure6 shows the measured profiles 
of the pits corroded by water droplets. 

Figure 6 Profiles of corrosion pits in different dwell time, (a) 5s (b)10s (c) 20s (d) 30s (e) 40s  
(f) 50s (g)60s (h) 600s (see online version for colours) 

  

(a)     (b) 

  

(c)     (d) 
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Figure 6 Profiles of corrosion pits in different dwell time, (a) 5s (b)10s (c) 20s (d) 30s (e) 40s  
(f) 50s (g)60s (h) 600s (continued) (see online version for colours) 

  
(e)     (f) 

  
(g)     (h) 

Figure 7 Depth of corrosion pits varies with dell time 
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As shown in Figure 6, the radial dimension of the corrosion pits is about 10–13 mm. And 
that the depth varies with time is shown in Figure 7. When the dwell time is less than 50s, 
the depth of the corrosion pits increases rapidly and the material is dissolved quickly. 
While after 50s, the depth of the corrosion pit increases much more slowly and maintains 
a stable state in about 20 μm. And as the dwell time goes by, the depth of the pit has no 
significant increase. Conclusion can be drawn that the dissolved rate of KDP crystal may 
become more and more slowly and the water droplet comes to dissolve no more material 
if with no other interruptions. 

The volume of the droplet using in the experiment is about 0.05 ml per drop, and the 
maximum mass of KDP crystal that can be dissolved is about 0.0165 g at room 
temperature. While the rational diameter of the corrosion pit is 10–13 mm, the theoretical 
maximum average depth is up to 53–90 μm. And the maximum depth in the experiment 
is about 20 μm, which is much smaller than the theoretical depth, i.e., though the solution 
is far from saturation, the KDP crystal may not continue being dissolved. 

The water droplet contacts with the crystal’s surface and the crystal is dissolved. 
However the solution rate slows down by time until reaching stable, which verifies the 
existence of the inhibitory effect in the dissolution of the droplets. The dissolution of 
micron water mist of KDP crystal may be similar. So the results of the experiment are 
correspondent to the analysis of the planarization mechanism in pervious section  
(Figure 5), which verifies the rationality of the mechanism above. 

5 Conclusions 

In this paper, based on the dissolution nature of KDP crystal, a new method polishing 
KDP crystal with micro water mist was proposed. The planarization mechanism was 
preliminary revealed and verified with experiments. The followings are conclusions: 

1 Based on the idea of making the amount of water used in polishing controllable, a 
new approach which makes use of ultrasonic atomising water mist as polishing 
medium was proposed to polish KDP crystals. 

2 The planarization mechanism of polishing with micro water mist was revealed and 
verified by experiments. During the polishing process in the contact area, KDP 
crystal was dissolved by micro water mist, thus forming a nearly saturated solution 
layer, which prevents the further dissolution. The inhibition effects were verified by 
experiments. Combined with the mechanical friction effects, the planarization of the 
polishing area is achieved. 

3 Polishing experiments were carried out by micro water mist method. The maximum 
material removal rate reaches 2.02 μm/min. After polishing ten min, the surface 
roughness was decreased from 268.8 nm rms to 47.6 nm rms rapidly. And further 
studied should be carried out afterwards to explore the optimal polishing parameters 
for a better surface quality. Though the roughness was far from the requirement, the 
method may also be used as a pre-processing procedure prior to other ultra-precision 
method to reduce the processing time. 
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Abstract: At the nanoscale and for particular applications such as dexterous 
micro-manipulation, two degrees of freedom nanotribometers are no longer 
adequate for studying and characterising the contacts. This paper deals with the 
specifications and working principle of a new multi-axis friction sensor 
designed for nanotribological testing applied to this purpose in order to extract 
each contribution independently (i.e., sliding, rolling and spin motion). It is 
composed of a central platform with a fixed ball and surrounded by a compliant 
table. Its sensing ability is based on piezoresistivity: four sets of piezoresistors 
are symmetrically distributed at the root of four central beams. Finite elements 
method simulations are performed to find the optimal dimensions of the sensor. 
As results, this sensor could measure independently normal and friction forces 
in the range of 1 mN and 100 μN, respectively and the three rotation 
components. Estimated crosstalk is lower than 1% with a good sensitivity. 
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1 Introduction 

In assembly of micro-components below 1 mm, two approaches are currently considered 
(Lambert, 2007): 

1 the self-assembly paradigm (Goser et al., 2004; Gnecco and Meyer¸2007; Pradeep, 
2007) in which surface effects are used to organise and assemble structures mainly 
up to a few micrometers 

2 the micro-robotic assembly (Lambert, 2007; Hsu, 2008; Agnus et al., 2013; Hériban 
and Gauthier, 2008) that is well suitable when the main challenging issues concern 
the handling and assembly of small components – as met for instance in some 
specific hybrid MEMS (Bargiel et al., 2010; Rabenorosoa et al., 2009; Achanta and 
Celis, 2007). 

The latter approach is generally based on high resolution micro-manipulators and 
gripping devices with end-effectors controlled in position and more recently in force. 
Hence, the development of micro-grippers that can accurately perform both translation  
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and rotation positioning of the manipulated object appears as a real challenge for the 
industrial field of micro-assembly. Owing to the difficulties of designing micro-grippers 
that perform accurate angular positioning, current industrial solutions generally favour to 
rotate the whole robotic system – including the gripper – instead of the manipulated 
object, as shown in Figure 1. Indeed, transition from the position (1a) to the position (1c) 
involves two rotations of the grippers (transitions a–b and b–c) displaying a poor 
accuracy of positioning. However, another recent approach consists in performing local 
dexterous micro-manipulation of the object (Krishnan and Saggere, 2007; and Saggere  
et al., 2006) in order to improve the positioning ability. As suggested in Figure 2,  
the main advantage of this approach is that each rotation of the object can be locally 
induced by accurate translations (transitions a–b and c–d) of the fingers only.  
As a result, the micro-manipulation performance can be improved because translation 
devices display finer positioning and more compact system with less stages for at least 
the same number of degrees of freedom (DOF). However, as a drawback,  
dexterous manipulation requires an accurate control of the forces that are applied  
to the object, which are themselves intimately connected to the contact that is involved 
between the object and the fingers. Indeed, as shown in Figure 3, translation  
movements of fingers can induce, at the interface between the object and either the 
finger’s edge or finger’s apex, various frictional components: i.e., sliding (3a),  
rolling (3b) or spin motion (3c). Besides, each kind of contact is likely to change,  
in turn, the applied contact forces during the process. It appears that these tribological 
components are essential to move the object by dexterous manipulation.  
Hence, the contact between fingers and object has to be known and controlled in  
real-time, meaning that their frictional and adhesion behaviours have to be mastered for 
each kind of movements inducing sliding, rolling and spin motion components 
simultaneously. 

Figure 1 In classical microgripping: any rotation of the object (e.g., transition a-c) needs a global 
rotation of the manipulator (rotations a–b and b–c) (see online version for colours) 
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Figure 2 In dexterous manipulation, the same movement of the object (e.g., transition a–d) only 
needs fingers translation (translations a–b and c–d) (see online version for colours) 

 

Notes: No further rotation movement is required. The micro-manipulation system can be 
simpler, more compact and accurate. 

Figure 3 Different contacts between finger and manipulated object that are likely to occur during 
dexterous manipulation, (a) sliding of finger’s apex and finger’s edge (b) rolling around 
the finger’s apex and finger’s edge (c) spin motion around the finger’s apex (see online 
version for colours) 

 

Nanotribological approach was recently used for assessing frictional components during 
quasi-static and dynamic micro-gripping process (Stempflé et al., 2013). Indeed, a  
ball-on-disc nanotribometer was used for simulating a micro-gripper that grabs a 
spherical object. This approach was well suitable for studying the sliding component but 
is clearly inadequate for assessing several frictional components simultaneously. Among 
the other existing tribometers (Braun and Naumovets, 2006; Szlufarska et al., 2008; 
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Domatti et al., 2013; Achanta et al., 2007), the tribolever proposed by Zijlstra et al. 
(2000) is well-designed to characterise sliding components. It is composed of a central 
detection pyramid surrounded by four high aspect ratio legs. Lateral or frictional forces 
acting on the scanning tip are measured via the displacement of the pyramid by means of 
four laser interferometers (Zijlstra et al., 2000). This structure is able to measure the three 
translation components with theoretically no crosstalk. But unfortunately, it was designed 
in order to limit torsional movements, so it cannot be suitable for measuring the rolling 
and spin motion component of friction. Hence, a multi-axis device with low crosstalks is 
then needed for this purpose. 

The aim of this paper is to design a new type of nanotribometer enabling to simulate 
the finger/object contact. It has to display a flexible structure which allows torsion moves 
in order to access to all the components of friction simultaneously. The combination of 
this compliant structure with a piezoresistive sensing technology (Jin and Mote, 1998; 
Estevez et al., 2012) allows to obtain a bulk multi-axis nanotribometer characterised by 
high displacement, high sensitivities and acceptable crosstalks. Section 2 presents the 
specifications and working principle of this new sensor. Its design and behaviour are then 
studied by simulation in Sections 3 and 4, respectively. Micro-fabrication process is 
presented in Section 5. Calibration and validation of a real prototype will be developed in 
a further paper. 

2 Specifications and working principle 

2.1 Sensor performance requirements 

As mentioned above, owing to their working principle, current commercial 
nanotribometers can only achieve a 2DOF force measurement leading sometimes to a 
non-negligible crosstalk which is not known and controlled. 

Our new force sensor, that will be designed as a nanotribometer, should be able to 
simultaneously measure three-dimensional forces, torque and moments. The ability of 
torque and moments measurement will enable to access and decouple all friction 
components including rolling and spin motion. Each force measurement should achieve a 
linear and decoupled behaviour: hence, crosstalk has to be known and as low as possible. 
Moreover, the sensor should be able to host classical balls from different diameters met 
in tribological purpose. The normal (resp. tangential) force should have a maximum of  
1 mN (100 μN) with a resolution of 1 μN (0.1 μN) as currently applied in microgripping 
assembly. 

2.2 Working principle 

Keeping these performance requirements in mind, this sensor is composed of a central 
platform surrounded by a compliant table: four central beams and 16 other beams form a 
table which enables to obtain higher displacements. The compliant table presents 
advantages compared with classical cross-beam sensors (Dao et al., 2003): it leads us to 
obtain higher sensitivities reducing the number of gauges by increasing deformation and 
thus displacement ability. The ball that will rub against the studied surface is fixed to the 
central platform. 
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Figure 4 shows the multi-beam structure and the position of the eight strain gauges 
(named in the following G1, …, G8). The four sets of gauges are symmetrically 
distributed at the root of the four central beams. 

To explain the sensing principle, a first focus on an isolated beam is done in Figure 5 
in order to illustrate the piezoresistivity-based operating mechanism. The piezoresistance 
effect is a phenomenon in which the electrical resistivity of a material changes due to an 
applied stress. In this paper, applied solicitations (forces and torque) are denoted Fx, Fy, 
Fz and Cz, moments induced by forces are denoted Mx and My, and measured 
components are denoted Fx  and Fy  (tangential forces corresponding to sliding), Fz  

(normal force), Mx  and My  (moments corresponding to rolling) and Cz  (torque 
corresponding to spin motion). 

Figure 4 Architecture of the multi-axis force sensor (see online version for colours) 

 

Figure 5 Working principle of the piezoresistance-based measurement method, (a) lateral force 
(b) normal force (see online version for colours) 
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As illustrated in Figure 5, I1 and I2 are the current in the gauges 1 and 2, respectively, 
whereas R1 and R2 are the resistance of the strain gauges 1 and 2, respectively. So, the 
variations in the supply current (resp. resistance) of the strain-gauge 1 which is subjected 
to the compressive stress can be given by these equations: 

1 0I I I= + Δ  (1) 

1 0R R R= − Δ  (2) 

where I0 (R0) is the initial current (resistance) value without any strain and ΔI (ΔR) is the 
current (resistance) variation due to stress influence. The sign of ΔI and ΔR depends on 
the piezoresistor dopant type. 

On the other hand, for the strain-gauge 2 under the tensile stress, current (resistance) 
variation is described by these equations: 

2 0I I I= − Δ  (3) 

2 0R R R= + Δ  (4) 

Hence, a tangential force induces different types of stresses on each side of the beam [see 
Figure 5(a)]. Correspondingly, the two gauges have the opposite resistance variation. The 
difference of the resistance variation between the two strain-gauges can be then used to 
optimise the measurement sensitivity, as described by this relationship: 

( )1 2 0 0 2R R R R R R R− = + Δ − −Δ = Δ  (5) 

In a similar way, when a normal force is applied to the cantilever, both gauges are 
influenced by the same compressive or tensile stress [see Figure 5(b)]. Thus, the same 
resistance variation in these two gauges should be found (if each individual gauge has the 
same electrical behaviour). The following relationship is used to magnify the resistance 
variation: 

( )1 2 0 0 02 2R R R R R R R R+ = + Δ + + Δ = Δ +  (6) 

By this way, the sum (resp. difference) of two gauges signals can be used to measure the 
normal (resp. lateral) forces. 

Reasoning as so for the complete sensor, results obtained with each pair of gauges on 
the central beams are just summed, as summarised in Figure 6 and Table 1. For example, 
the tangential forces ,  Fy Fz  and moment Mx  are evaluated using these formulas: 

1 2 5 6 4G G G G FyFy R R R R R∝ Δ −Δ −Δ + Δ = Δ  (7) 

8

0

5Gk Fz
k

Fz R R
=

∝ Δ = Δ∑  (8) 

3 4 7 8 4G G G G MxMx R R R R R∝ Δ −Δ + Δ + Δ = Δ  (9) 
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Figure 6 Sensor under Fx, Fz, Mx and Cz constraint (see online version for colours) 

 

Table 1 Resistance variation in the gauges (smallest symbols represent a lower variation  
than others) for independent solicitations and their various combinations leading  
to possible crosstalks (see online version for colours) 

 
G1 G2 G3 G4 G5 G6 G7 G8 

Combinations of solicitations 

/Fx /Fy /Fz /Mx  /My  /Cz  

Fx  - - - + + + + - 0 0 0 0 ≠0 0 

Fy  + - - - - + + + 0 0 0 ≠0 0 0 

Fz  + + + + + + + + 0 0 0 0 0 0 

Mx  - + - - + - + + 0 ≠0 0 0 0 0 

My  + + - + - - + - ≠0 0 0 0 0 0 

Cz  - + - + - + - + 0 0 0 0 0 0 

Moreover, smaller variations of resistances of gauges (denoted δ instead of Δ) appear in 
some cases. For example, for a force Fy  and a moment ,Mx  these variations are: 

3 4 7 84 G G G G
Fy

δR R R R R= −Δ − Δ + Δ + Δ  (10) 

1 2 5 64 G G G G
Mx

δR R R R R= −Δ + Δ + Δ −Δ  (11) 

As shown in Table 1, which summarise the responses of the gauges submitted to 
independent solicitations and their various combinations leading to possible crosstalks, 
the compliant structure and the position of the eight piezoresistive gauges allow to 
completely decouple some components ( ,  ).Fz Cz  However, a crosstalk between some 

other components for example Fy  respect to Mx  (which is the error on Fy  
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measurement when there is a moment ,Mx  denoted in the following / )Fy Mx  is a  
non-zero value because the same gauges are deformed in the same way for the two 
solicitations (see for example, relationships 7 and 11). Indeed, for example, if the sensor 
is submitted to both tangential force Fy and moment Mx, Fy  is evaluated by: 

4 4 4Fy FyMxFy R δR R∝ Δ − ≠ Δ  (12) 

Nevertheless, simulation that is described in Section 4 will lead to study and find the best 

sensor geometry in order to limit these residual crosstalks (i.e., the ratio Mx

Fy

δR
RΔ

 for 

/ ).Fy Mx  

3 Sensor design 

Knowing the sensor working principle, the optimisation of the design has to be 
performed. The latter includes the choice of: 

1 the best crystallographic orientation of material constituting the compliant structure 

2 the type, size, orientation and position of the piezoresistive gauges. 

Besides, a study of residual crosstalks using simulation will be carried out in order to find 
the best dimensions for the whole sensor to obtain optimal characteristics. 

3.1 Optimisation of the mechanical structure orientation of the compliant 
structure 

The mechanical part is manufactured using silicon micromachining fabrication 
technologies, to obtain a reasonably low stiffness structure. As silicon is a highly 
anisotropic material, mechanical properties of the structure will depend on the 
crystallographic orientation of the chosen material. One criterion for the orientation 
choice is to have a low Young’s modulus to improve the sensitivity of the sensor by 
reducing its stiffness (Jordan and Büttgenbach, 2012), as shown in Figures 7 and 8 from 
Kim et al. (2001). Although the two Young’s modulus stay in the same order of 
magnitude by switching from Si (100) to Si (111), Young’s modulus and Poisson’s ratio 
are clearly independent of device crystallographic orientation for silicon (111). Young’s 
modulus is transversely isotropic at 168.9 GPa, regardless of the crystallographic 
orientation and Poisson’s ratio has a constant value of ν// = 0.262 for planes parallel to 
(111), and a constant value of ν⊥ = 0.182 for planes vertical to (111) (Kim et al., 2001). 
Therefore, a sensor fabricated using silicon (111) will be less sensitive to the compliant 
structure device orientation with respect to crystallographic orientations. Furthermore, 
since less restriction is imposed on mask designs with respect to crystallographic 
orientation, the design task becomes also much easier (Kim et al., 2001). 
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Figure 7 Young’s modulus E and Poisson’s ratio ν for wafer (100) (see online version  
for colours) 

 

Source: Kim et al. (2001) 

Figure 8 Young’s modulus E and Poisson’s ratio ν for wafer (111) (see online version  
for colours) 

 

Source: Kim et al. (2001) 

3.2 Optimisation of the piezoresistive gauges 

3.2.1 Gauges position and size 

The stress distribution along different axis on the surface of the beam has been studied in 
order to determine the best position for the strain gauges. COMSOL Multiphysics 
Software 4.1 has been used to compare the results along the lines A defined on Figure 9 
for different δx and δy offset values. The ‘structural mechanics’ module (linear elastic 
model) is used for this purpose and a tetrahedral meshing is realised (three nodes 
elements). To limit the calculation time, fixed parts are not modelled: the ends of the 
beams of the compliant table are directly fixed with a COMSOL boundary condition as 
shown in Figure 9. Meshing is refined around the gauges to limit error induced by the 
discretisation. A total of 26,240 elements is used (see Figure 9) and a powerful 
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computing cluster is used (Mésocentre of calcul de Franche-Comté). Simulation results 
reveal that: 

δx The gauges have to be as far away from each other as possible (δx = 0 mm) to obtain 
the higher stress differences between the two gauges from the same beam. 

δy Since the highest values of stress is observed at a distance of δy = 20 μm – as shown 
in Figure 10 displaying stress repartition along the line A – the gauges should be 
placed a little far from the fixed support, to increase sensitivities. However, 
considering the difficulties induced by this shift in the current microfabrication 
process (electrical connections and ohmic contact achievements would be harder to 
realise), the gauges should be rather located at the clamped position (δy = 0 mm). The 
loss of sensitivity value is evaluated around 6%. 

Piezoresistors’ size has now to be optimised by choosing the dimensions displayed in 
Figure 11. The gauges must be as small as possible in order to maximise sensitivity and 
not perturb structure deformation. According to the limitations of DRIE etching, the 
following gauges characteristics have been chosen: 

• the length of the gauge Lg =50 μm 

• the height of the gauge Tg = 1.5 μm 

• the width of the gauge Wg = 3 μm 

• the resistivity of the gauge ρ0 = 0.01 Ω.cm. 

Figure 9 FEM model, dimensions of the meshed sensor and stress distribution study: δx and δy 
plot the distance from edge side and embedding, respectively (see online version  
for colours) 
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Figure 10 Stress distribution in the developed sensor 

 

Note: The component in solid line and higher than the others is σ//. 

Figure 11 Notations of the dimensions of the gauges (see online version for colours) 

 

These dimensions induce a resistance of 



   

 

   

   
 

   

   

 

   

    Multi-axis MEMS force sensor for measuring friction components 173    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

0 0
0 1.1 ρ Lg ρ LgR k

S WgTg
= = = Ω  (13) 

when no stress is applied. 

3.2.2 Gauges type and orientation 

The piezoresistors lying on the surface of the sensing beams are very thin in comparison 
with the thickness of the beam. Therefore, the piezoresistance effect of a piezoresistor 
can be expressed as: 

/ / / /
R π σ π σ

R ⊥ ⊥
Δ

= +  (14) 

where R
R
Δ  is the relative change of resistance, σ// and σ⊥ (resp. π// and π⊥) the two stress 

components (piezoresistive coefficients) parallel and orthogonal to the direction of the 
resistor, respectively. The piezoresistance coefficients depend both on the dopant and on 
the crystallographic orientation choice. Besides, for a given orientation, they can change 
significantly from one direction to another. Hence, sensor’s sensitivity is then clearly 
dependent on the crystallographic orientation. It is the main coercive criterion because 
crystallographic orientation is not determinant for DRIE manufacturing, in contrast to 
anisotropic humid etching (Hsu, 2008). 

Besides, stress analysis on the sensing structure surface (Figure 10 in Section 3.2.1) 
shows that the component σ// is much larger than other components of stress. For this 
reason, equation (14) can be simplify as: 

/ / / /
R π σ

R
Δ

≈  (15) 

The longitudinal gauge factor of the piezoresistance (GF//), which is the ratio between the 
relative variation of resistance and the gauge deformation, can then be expressed as: 

/ / / /
/ / / / / / / /

/ /

π σGF GF π E≈ ⇒ ≈
ε

 (16) 

where / /ε  is the relative length change of the gauge and E// is the Young’s modulus in the 
direction parallel to the piezoresistor. Therefore, one criterion to select the 
crystallographic orientation is to make π//E// as large as possible. Figure 12 compares the 
value of π// for different orientations in Si (for the four different Si types: (111) and (100) 
doped n or p) (Kanda, 1982). And using results from Figures 7, 8 and 12, values of  
GF// ≈ π//E// can then be calculated and displayed in Figure 13. Thus, for Si (111) the 
value of GF// is clearly independent of the orientation of the gauge in contrast to Si (100). 
It could be an advantage if the gauges positions were not parallel or perpendicular, or 
even to avoid misalignment errors. Since higher gauge factor is obtained for a Si (100)  
n-doped and because all the gauges are oriented with the same crystallographic 
orientation in our case, a n-doped (100) wafer with gauges that are oriented with the 
<100> direction can be chosen to maximise the sensitivity. A gain of about 10% is 
expected. Note that, as GF// is negative for n-doped Si, ΔI and ΔR from Section 2.2 are 
negative too. 



   

 

   

   
 

   

   

 

   

   174 M. Billot et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 12 Piezoresistive coefficients values for different wafer orientation (see online version  
for colours) 

 

Note: All values are in 10–12Pa–1. 
Source: From Kanda (1982) 

Figure 13 Longitudinal gauge factor values for different wafer orientation (see online version  
for colours) 

 

4 Simulation of the sensor behaviour 

Simulations are now carried out in order to optimise the final design of the sensor. 
Expected performance and behaviour of the MEMS friction sensor are simulated using 
COMSOL multiphysics FEM simulation software. To take into account the anisotropy, 
the elasticity and piezoresistive matrices are used in the proper coordinate system. FEM 
model and meshing are the same as the ones described in Section 3.2.1. For piezoresistive 
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effect, a co-simulation by using both the ‘structural mechanics’ and ‘AC/DC’ COMSOL 
modules is needed. 

After meshing the geometrical structure and solving the differential equations of 
‘structural mechanics’ and ‘AC/DC’ modules, the relative variation in resistance within a 
gauge is given by equation: 

0

0

( )J IR I
R I I

−Δ Δ
= = ∫∫  (17) 

in which J is the current density norm inside the gauges determined in a plan orthogonal 
to the gauge direction (i.e., cross section of the gauge). 

4.1 Study of the crosstalks 

A design of experiments approach is used to determine the various crosstalks. Figure 14 
shows the results for the structure deformation strengths, and the corresponding current 
variations in the gauges are related in Table 2. Values for gauges submitted to the same 
stress are averaged in order to erase small differences of current due to discretisation 
errors. As expected, there is no crosstalk with normal force Fz  or torque Cz  [see 
Figures 14(a) and (b) and the corresponding lines in Table 2]. Note that the ability of 
independently measuring a torque Cz with no error is important for our application 
because it enables to accurately characterise spin motion around the finger’s apex, as 
represented in Figure 3(c). However, a non-zero crosstalk is observed for /Fy Mx  (and 

symmetrically for / )Fx My  and /Mx Fy  (and symmetrically for / )My Fx  [notations 
being defined in the paragraph below equation (11)]. Indeed, as shown in Figure 14(c) 
and 14(d), if an unknown solicitation is applied on the sensor it will be, for example, 
impossible to extract the respective contribution of tangential force Fy  and moment Mx  
from current variations of piezoresistive gauges. Referring to relation 12 and using the 
notations from  
Figures 14(c) and 14(d): 

( )1 1 114 4 4Fy FyMxFy I I I I∝ Δ = Δ −Δ ≠ Δ  (18) 

( )2 22 24 4 4FyMx MxMx I I I I∝ Δ = Δ + Δ ≠ Δ  (19) 

Therefore, an evaluation of the crosstalks levels is given by computing the ratios 1

1

Mx

Fy

I
I

Δ
Δ

 

and 2

2

.Fy

Mx

I
I
Δ

Δ
 Table 2 shows these residual errors: 7% for the evaluation of tangential force 

Fy  and more than 17% for the moment .Mx  Although the latter is more important than 
the former, this difference has no real consequence on friction assessment in dexterous  
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manipulation, as reported in Figure 3. Indeed, in such framework, controlling the 
transition between static and dynamic friction is mandatory using the applied normal 
force knowing an estimation of the tangential force at the contact area. Hence, force 
measurements in sliding mode must be accurate, even in presence of residual crosstalks 
induced by any rolling process generated by a geometric rotation of the central platform 
(i.e., presence of moments). On the contrary, accurately measurement of a moment Mx  
or My  induced by a rolling at the contact area appears less critical because, in dexterous 
framework, the crucial information is just to make sure to keep the contact during the 
movement. Nevertheless, a solution for reducing the crosstalks is to modify the sensor 
design by placing the ball on the upper side of the sensor and reducing the height of the 
central platform. By this way, the distance Ts between the support plane and the flat 
sample strongly decreases, as shown in Figure 15. The rotation components will be less 
important so that the error on the friction forces will be reduced. To perform that, a hole 
is designed in the central platform and the micro-ball is glued in it. The diameter of the 
hole can be adapted to host balls from different sizes without changing the distance 
between the sample and the central platform. With this design modification, the sensor 
will work upside-down with the gauges placed in front of the studied sample (see  
Figure 15). 

Figure 14 Force and torque solicitations inducing a current variation in the gauges for different 
measurements, (a) a normal force Fz  (b) a torque Cz  (c) a tangential force Fy  and 

(d) a moment Mx  (ΔI are positive values) (see online version for colours) 
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Figure 15 Modification of the sensor design in order to decrease crosstalks: the sensor works 
upside-down with the gauges at the bottom (see online version for colours) 

 

Table 2 Current variation (nA) in the gauges for the six force components and corresponding 
non-zero crosstalks (see online version for colours) 

 G1 G2 G3 G4 G5 G6 G7 G8 Non-zero 
crosstalks 

Fx  12.23 12.23 172.17 –172.17 –12.23 –12.23 –172.17 172.17 / : 7.18%My  

Fy  –172.17 172.17 12.23 12.23 172.17 –172.17 –12.23 –12.23 / : 7.18%Mx  

Fz  –782.20 –782.20 –782.20 –782.20 –782.20 –782.20 –782.20 –782.20  

Mx  12.36 –12.36 71.15 71.15 –12.36 12.36 –71.15 –71.15 / : 7.18%Fy  

My  –71.15 –71.15 12.36 –12.36 71.15 71.15 –12.36 12.36 / : 7.18%Fx  

Cz  320.08 –320.08 320.08 –320.08 320.08 –320.08 320.08 –320.08  

Note: Values are given for Fx,y = 100 μN and Fz = 1,000 μN. 

4.2 Optimisation of the sensor design 

In addition to the above crosstalk study, there are many geometrical characteristics 
described in Figure 16 that also influence the sensor properties: 

• the length L of the beams 

• the thickness T of the beams 

• the width W of the beams 
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• the distance Ts between the sample and the central platform 

• the length Lp of the central platform 

• the thickness Tp of the central platform. 

Several criteria are selected to check their influence out: 

1 the performance analysis of decoupling 

2 the resonant frequency 

3 the sensitivities 

4 the response time 

5 the maximum forces that can be applied before the sensor rupture. 

All the simulations results are summarised in Table 3. The upper line of the table 
corresponds to the variation of the different geometrical parameters (augmentation  or 
reduction ) and in the first two columns there are the characteristics and the 
corresponding criteria to be maximised or minimised, that is: 

• sensitivities have to be as high as possible 

• the resonant frequency has to be high enough to avoid environmental perturbations 
due to vibrations during the measurement (higher than 10 kHz) (Boudaoud et al., 
2011a, 2011b) 

• a low stiffness is needed in order to obtain big enough displacements 

• crosstalk between forces and moments measurement needs to be negligible 
(maximum 1% or 2%) to respect the sensor requirements 

• a short response time is needed to efficiently measure the various components during 
friction process 

• and the maximum force before rupture has to be as high as possible, in order to 
maximise the force range. 

Another last criterion which is unmeasurable is the ability to easily fabricate and 
manipulate this small sensor without breaking it. 

Given Table 3, the best dimensions are selected making a trade-off between the good 
and the bad influence of parameters on the different characteristics, knowing that 
crosstalk, sensitivities and response time are the main important choice criteria. 
Consequently, the beam height T and the beam width W are reduced whereas the beam 
length L is increased as much as possible to obtain high sensitivities. But, as these 
variations have simultaneously bad effects on several other characteristics, their values 
are chosen in order to not increase too much the crosstalk /Mx Fy  and the response time. 
Moreover, both the distance between the sample and the central platform Ts and the 
thickness of the central platform Tp are reduced to obtain a higher resonant frequency and 
a shorter response time. The smallest ball size usually used to perform tribological tests 
in the lab is retained for Ts (40 μm). Indeed, as mentioned above, reducing the distance 
from the sample has no bad influence on other important parameters (sensitivities, 
crosstalk, etc.). Hence, the same thickness for central platform and beams is selected to 



   

 

   

   
 

   

   

 

   

    Multi-axis MEMS force sensor for measuring friction components 179    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

simplify the fabrication process. And a small enough value of Lp is then chosen in order 
to both minimise the response time and reduce the sensor size. 

Figure 16 Notations of the geometrical parameters of the sensor (see online version for colours) 

 

Note: With the ball on the upper side of the platform. 

Table 3 Study of the influence of the geometrical parameters (+ (++, –) means that the 
variation of the parameter have a positive (very positive, negative) influence on the 
considered sensor property and 0 (0/–) means that the variation of the parameter have 
no influence (a negligible negative influence, respectively) on the sensor property, 
under bracket expressions are the eventual proportionality relationships between 
geometrical parameters and characteristics (see online version for colours) 

Variation of 
the geometrical 

parameter 
Characteristics and  
selection criteria 

⇝  T ⇜  L ⇝  W ⇝  Ts ⇜  Lp ⇝  Tp 

Resonance 
frequency 

Maximise 0/- - - + 0 + 

Sensitivity ,  Fx Fy  Maximise + ( 1 / )T∝ + ( )L∝  + 0/- + 0 

Sensitivity Fz  Maximise ++ 
2( 1 / )T∝  

+ + 0/- + 0 

Stiffness Kx, Ky Minimise + ( )T∝  ++ 
3( 1 / )L∝  

++ 
3( )W∝  

0/- 0 0 

Stiffness Kz Minimise ++ 3( )T∝ ++ 
3( 1 / )L∝  

+ ( )W∝  0/- + 0 

Crosstalk 
, / ,Fx y My x  

Minimise 0 + + + + + 

Crosstalk 
, / ,Mx y Fy x  

Minimise 0 0/- 0/- - + 0 

Response time Minimise - - - + - + 
Maximal force 
before rupture 

Maximise - - - 0 0 0 
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Finally, the optimal geometrical parameters obtained from simulation results are reported 
in Figure 17. 

Figure 17 Geometrical parameters of the sensor (see online version for colours) 

 

Note: All the dimensions are in μm. 

Table 4 Characteristics of the sensor (simulation results) 

Sensitivities Resonant 
frequency Stiffness 

,Fx yS  
(nA/μN) 

FzS  
(nA/μN) 

,Mx yS  
(nA/μrad) 

CzS  
(nA/μrad) 

Fres (kHz) Kx,y 
(kN/m) 

Kz 
(kN/m) 

17.3 43.2 12.9 229 36.6 4.10 2.31 
Maximal forces/displacement  

before rupture Crosstalks Response time 

Fx,ymax (mN) / 
Dxy,max (μm) 

Fzmax (mN) / 
Dzmax (μm) 

, / ,Fx y My x  
(%) 

, / ,Mx y Fy x  
(%) 

,Fx yτ  
(ms) Fzτ  (ms) 

33.5/8.16 22.9/9.94 0.713 19.1 1.11 1.40 

4.3 Characteristics of the final sensor 

With the optimised dimensions, the sensor displays the expected properties compiled in 
Table 4. Crosstalks values of the sensor are reported in Table 5. Characteristics have been 
improved with respect to the first design (see Table 2 from Section 4.1). Although the 
residual errors on moment Mx  have slightly increased – from 17.2% to 19.1% – without 
any real consequence on our application, as mentioned earlier (see Section 4.1), those 
have significantly decreased – from 7.2% to 0.71% – on tangential force .Fy  It means 
that measurement of a tangential force induced by a torque can be accurately decoupled 
with a great benefit. Of course, these properties could slightly change on the real sensor 
because of the uncertainties due to micro-manufacturing process. However, the best was 
made in order to have low crosstalks, good sensitivities and a resonant frequency high 
enough to avoid perturbations due to environmental noise [acoustic and seismic 
vibrations (Boudaoud et al., 2011, 2011b)] during the measurement. Note that, the actual 
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design of the sensor has been determined by simulations to respond to our experimental 
nanotribological requirements (micro Newton force range measurement with no 
restriction on the structure size). However, this optimisation process can be clearly used 
to design a nanosensor displaying other kinds of requirements. Indeed, as in our FEM 
model, all the dimensions and material properties can be easily parametrised; our 
optimisation process can be applied to identify the optimal dimensions and so for the 
purpose of scalability. The only limit of our FEM model is to stay in the field of the 
classical mechanics. 
Table 5 Current variation (nA) in the gauges for the six measured components and 

corresponding non-zero crosstalks (see online version for colours) 

 G1 G2 G3 G4 G5 G6 G7 G8 Non-zero 
crosstalks 

Fx  8.59 8.59 431.33 –431.33 –8.59 –8.59 –431.33 431.33 / :0.713%My  

Fy  –431.33 431.33 8.59 8.59 431.33 –431.33 –8.59 –8.59 / :0.713%Mx  

Fz  –5,394.11 –5,394.11 –5,394.11 –5,394.11 –5,394.11 –5,394.11 –5,394.11 –5,394.11  

Mx  3.08 –3.08 44.90 44.90 –3.08 3.08 –44.90 –44.90 / :19.13%Fy  

My  –44.90 –44.90 3.08 –3.08 44.90 44.90 –3.08 3.08 / :19.13%Fx  

Cz  810.65 –810.65 810.65 –810.65 810.65 –810.65 810.65 –810.65  

Note: Values are given for Fx,y = 100 μN and Fz = 1,000 μN. 

5 Fabrication process 

Our sensor will be manufactured on a n type silicon SOI wafer. In order to obtain a 
compliant structure as perfect as possible a five layers SOI wafer is used. Tests are at the 
moment being performed to optimise ohmic contacts achievement for gauges realisation 
(Herth et al., 2011). Then once optimal metal thicknesses, time and temperature for the 
annealing proceeding will be determined, sensor micromachining will be launched. 
Fabrication process will typically consist of the four stages illustrated in Figure 18. 

1 Piezo-resistors achievement: 
• The piezoresistive gauges are defined using deep reactive ion etching of silicon. 

2 Ohmic contact achievement: 
• The thermal oxidation treatment of piezoresistive gauge is carried out as an 

electrical insulator layer. 
• To open the contact windows, the reactive ion etching is used to etch silicon 

dioxide. 
• A chrome/platinum layer is deposited and patterned by the evaporation 

deposition and lift-off methods. 
• The annealing proceeding is needed to have the ohmic contact between platinum 

and silicon layers. 
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3 Connection circuit achievements: 
• A platinum layer is deposited by the sputtering method. 
• The platinum layer is patterned by wet etching method to achieve the electrical 

connection. 

4 Sensor structure achievements: 
• To create the beams, the back side of bulk is etched by deep ion reactive 

etching. 
• To realise the sensor structure, the front side of bulk is etched by deep ion 

reactive etching. 

Figure 18 Flow chart, (1a) SOI wafer with 5 layers (1b) lithography and DRIE etching upper  
side of the device layer (2a) thermic oxidation (2b) lithography and RIE etching for 
opening the ohmic contact areas (2c) Cr/Pt deposition, lithography, wet etching and 
diffusion heating to realise the ohmic contacts (3) Cr/Pt deposition, lithography and 
wet etching to obtain electrical connection electrodes (4a) lithography and DRIE 
etching down side of the handle layer (4b) lithography and DRIE etching upper side of 
the handle layer 

 

6 Conclusions 

A new multi-axis force sensor which is intended to measure frictional components 
involved in dexterous microgripping was developed. The design of the sensor based on a 
compliant table and all its geometrical properties were studied in order to optimise 
sensitivity and resolution and to minimise drawbacks. The first simulation results are 
promising: this sensor will be able to measure independently the normal and friction 
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forces (crosstalk inferior to 1%) with a good sensitivity. Tests are at the moment being 
performed in order to optimise ohmic contacts achievement for gauges realisation and 
make a final choice between n and p-type Si. Then, once optimal metal thicknesses, time 
and temperature for the annealing proceeding will be determined, sensor micromachining 
will be launched and then experimental results will be compared with simulation ones. A 
big challenge to overcome will be the development of a process to be able to efficiently 
calibrate the sensor. 
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Abstract: Nanoparticles are recent existence interesting for their remarkable 
optical properties and application in optical devices. Many methods have been 
used for the preparation of nanoparticles. TiO2 nanoparticles have been 
synthesised successfully by simple chemical rout method. The synthesised 
material was characterised by X-ray diffraction (XRD) and ultraviolet-visible 
(UV-Vis) spectroscopy techniques. The UV-Vis and XRD were used to study 
optical and structural properties of the synthesised TiO2 nanoparticles 
respectively. Optical absorption study in the wavelength range between  
200–700 nm reveals that strong absorbance peak was found in UV-Vis region. 
Furthermore, visible energy band was almost transparent for the materials. The 
optimum value of optical conductivity for TiO2 nanoparticles was found to be 
59.5 × 105 S–1. 
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1 Introduction 

Nanomaterials are currently an active research area, because new properties emerge when 
the size of materials is reduced from bulk to the nanometre scale. These new properties, 
including optical, electronic, and structural properties, make nano-sized particles 
(generally 1–100 nm) very promising for a wide range of optical devices, sensors, and 
photocatalysts (Harizanov and Harizanova, 2000; Li et al., 2002). 

Titanium dioxide (TiO2) nanoparticles are well-studied wide-bandgap semiconductor 
material that is useful in optoelectronic devices (Zhao et al., 2007). TiO2 nanoparticles 
are brought to the forefront of optical study in recent years because of their facile 
synthesis and surface modification. This material is also an efficient scattered with a 
refractive index of 2.0, which tends itself for usage as a pigment in some paints and stains 
and also used in commercial sunscreens. The band gap of TiO2 is 3.1 eV, which 
corresponds to an absorption band-edge in the ultraviolet-visible (UV-Vis) region  
(Li et al., 2002). The nanoparticles synthesised by several methods appear more and more 
useful because these nanoparticles have good electrical and optical properties that are 
different from their bulk materials (Xu et al., 2008). 

Tachikawa et al. (2007) reported nanoscopic heterogeneities of perylene dye on TiO2 
nanoparticles for adsorption and electron transfer processes. Due to single-molecule 
fluorescence spectral measurements, it was suggested that the structural conformation of 
single water-soluble perylene diimide dye molecules play important roles in the 
efficiency of the electron injection from water-soluble perylene diimide dye in the singlet 
excited state to TiO2. Hence, influences of the size and shape of the nanocrystals and the 
structure and redox properties of the adsorbents, on the interfacial electron-transfer 
dynamics were study at the single-molecule level. Interfacial electron transfer is a 
fundamental process in surface chemistry, relevant to a broad range of practical 
applications (Rego and Batista, 2003). 

In many cases, light trapping is the effect of increasing optical path of photons inside 
nanomaterials by Liberian scattering, which has a theoretical limit of 4n2 where n denotes 
the refractive index of the material (Han and Chen, 2010). However, there are often 
complicating factors in understanding the nanoparticles optical properties that are close 
enough together that their electromagnetic coupling changes the spectra. Absorption, 
indirect band gap, refractive index, extinction coefficient and optical conductivity are  
still the interested of primary importance optical properties. Other spectroscopic 
techniques are also used to study optical properties on bare nanoparticles, including 
surface-enhanced Raman spectroscopy (Driver et al., 2014). Out of touch the optical 
conductivity is one of the fundamental properties of metal oxides and can be 
experimentally obtained from reflectivity and absorption measurements. 

UV-Vis spectroscopic technique is a sensitive to the electromagnetic fields at or near 
the particle surfaces (whereas extinction coefficient, at least for small particles, is 
sensitive to the entire volume of the nanoparticles), thus providing important challenged 
to study UV-Vis spectroscopic technique. A capital deal of attempt on research has been 
focused on the synthesis and study optical properties of nanoparticles. These methods 
include chemical precipitation, hydrothermal reaction and the sol gel method. Here, we 
discuss chemical precipitation method for the synthesis of TiO2 nanoparticles (Nemade 
and Waghuley, 2013). The synthesis of metal oxides nanoparticles has allowed for a new 
way to alter the optical properties. 
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In the present work, we plan to synthesised and UV-Vis spectroscopic study of TiO2 
nanoparticles using TiCl4 and NaOH as starting chemicals by chemical route method. 
The UV-Vis parameters such as absorption, indirect band gap, refractive index, real 
dielectric constant, imaginary dielectric constant, extinction coefficient, and optical 
conductivity were determined through UV-Vis analysis. The as-synthesised sample was 
characterised through X-ray diffraction (XRD) and UV-Vis spectroscopy. 

2 Experimental 

All chemicals were used of analytical grade (SD fine, India) without further purification. 
The sample was prepared with deionised water of resistivity not less than 18.2 MΩ/cm. 
The titanium tetrachloride (TiCl4) and sodium hydroxides (NaOH) were used for the 
synthesis of TiO2 nanoparticles by simple chemical route method. In a typical synthesis, 
1 M TiCl4 was mixed with 1 M NaOH in 20 ml deionised water under magnetic stirring 
for 45 min at room temperature. Subsequently, obtained product kept for a centrifuge 
operating at 3,000 rpm for 28 min. After this procedure, solution was separated into two 
gradations. At the bottom, a white layer of TiO2 nanoparticles observed and over it more 
transparent and dispersed layer appeared. This centrifuged precipitate was accumulated 
through cellulose nitrate filter paper. The filtrate was dried at room temperature for  
36 hours in vacuum chamber and then sintered at 550 K for 24 h. After sintering the 
synthesised material appears white coloured powder in visible light. XRD patterns were 
recorded using a Rigaku miniflex-II diffractometer with CuK-α radiation in the rang  
10°–70°. The UV-Vis spectrum recorded on Perkin Elmer UV spectrophotometer in the 
range 200–700 nm. 

3 Results and discussion 

XRD is very powerful technique to confirm the formation of materials. XRD spectrum 
for TiO2 nanoparticles is depicted in Figure 1. The XRD spectrum nanoparticles were 
recorded on Rigaku miniflex-II XRD using CuK-α radiation (λ = 1.54 Aº) in the range 
10º–70º. Spectra show the prominent peak comes out in the region between 10º–70º. 
Absence of broad peak and presence of prominent peaks clearly pointed out that the  
as-synthesised material is entirely crystalline in nature. The average crystallite size of 
received sample was calculated using the Scherer’s equation (1) (Rathod et al., 2015). 

D Kλ / ( COSθ)= β  (1) 

where D is the crystallite size, K is the shape factor, which can be assigned a value of 0.9 
if the shape is unknown, θ is the diffraction angle at maximum peak intensity, and β is the 
full width at half maximum of diffraction angle in radian. When applied to some 
prominent peaks, equation (1) leads to the average crystallite size of about 24 nm. 

Figure 2 shows UV-Vis spectrum for TiO2 nanoparticles. UV-Vis parameters such as 
absorption, indirect band gap, refractive index, real dielectric constant, imaginary 
dielectric constant, extinction coefficient, and optical conductivity of as synthesised TiO2 
nanoparticles were study using UV-Vis spectroscopy. UV-Vis spectroscopic analysis was 
carried out through Agilent Technologies, Cary 60 UV-Vis. From Figure 2, observed 
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that, % absorption is higher on the lower wavelength side. Material exhibits absorption 
around the 210–300 nm. In TiO2, the valence band is composed of O 2p states while the 
conduction band is composed of Ti 3d states (Nagao et al., 2010). The absorption peaks 
around 220 nm and 320 nm is due to electronic transition from O 2p to Ti 3d and 
maximum absorption occur when electrons are excited from the valence to the 
conduction band. 

Figure 1 XRD pattern of TiO2 nanoparticles 
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Figure 2 % absorbance verses wavelength of TiO2 nanoparticles 
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The optical band gap of TiO2 nanoparticles was calculated by using the plot between 
(αhν)2 and photon energy hν (eV) as depicted in Figure 3. The material has many 
applications depend upon its optical band gap. The relation between absorption 
coefficient (α) and incident photon energy (hν) can be extracted as in following equation. 
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A(hv Eg) / hvα = −  (2) 

where A is constant and Eg is optical band gap of material. 

Figure 3 Indirect band gap of TiO2 nanoparticles 
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Figure 4 Extinction coefficient (K) versus photon energy hν (eV) 
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The values of the optical band gap of TiO2 have been determined in the energy range 
2.75–5.5 eV. The exact values of indirect band gap of nanoparticles is appraised by 
extrapolation of a linear plot of the straight-line portion of photon energy (eV) versus 
(αhν)2. Figure 3 clearly indicates the indirect band gap of TiO2 nanoparticles is found to 
be at 3.0 eV (Enano). The optical band gap energy values obviously concluded that, this 
material has potential application in optoelectronics devices. This confirms that 
nanophase of materials activated by UV-Vis light. 
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Figure 4 represents the extinction coefficient as a function of photon energy. The 
extinction coefficient delegates the amount of absorption loss when electromagnetic wave 
propagates through material, which is a measure out fraction of light lost outstanding to 
scattering and absorption per unit distance of penetration medium. The extinction 
coefficient is directly concerned with absorption of material and linked to the absorption 
coefficient. Extinction coefficient estimated by the following relation. 

K λ / 4π= α  (3) 

where, K is extinction coefficient, α is % absorption coefficient and λ is wavelength. 
Up to 5 eV, extinction coefficient decays exponentially and remains almost constant. 

Beyond 5.1 eV, extinction coefficient shows a steep rise again and decays exponentially. 
The exponentially diminution in extinction coefficient with enhance in photon energy 
represents that, the fraction of light lost owing to scattering and absorption increases. 
Also, the loss factor drop-offs with raise in photon energy. 

Figure 5 show refractive index as a function of wavelength. The refractive index has 
been ciphered using relation (4). 

( )1/2
s sn 1/ T 1/ T 1= + −  (4) 

where n is refractive index and Ts is % transmission coefficient. 

Figure 5 Refractive index (n) versus photon energy hν (eV) 
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The refractive index of as-synthesised nanoparticles diminishes with raise in photon 
energy, it reflects that, the synthesised TiO2 nanoparticles represent normal dispersion 
behaviour. The variation in refractive with photon energy shows the interaction takes 
place between photon and electrons. Thus, we can attain the desired material for 
inventing the optoelectronics devices by estimating the photon energy as internal energy 
of device depends on the photon energy. The drop-off in extinction coefficient and 
refractive index with increase in photon energy may be correlative with an increase in 
absorption coefficient and decrease in the transmittance. 
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The complex dielectric constant is the primary intrinsic property of materials. The 
real part of the dielectric constant shows the slow down the velocity of light in the 
material. Whereas, the imaginary part of dielectric constant indicate dielectric material 
absorbs energy from an electric field owing to dipole motion. 

Figure 6 shows the real dielectric constant as a function of photon energy, while 
Figure 7 displays the imaginary dielectric constant as a function of photon energy of  
as-synthesised TiO2 nanoparticles. The real and imaginary parts of the dielectric constant 
evaluated through the following relations. 

2 2
rε n – k=  (5) 

iε 2nK=  (6) 

where εr is real part of dielectric constant, n is refractive index, εi is imaginary part of 
dielectric constant and k is extinction coefficient. 

Figures 6 and 7 show that real and imaginary part of dielectric constant decreases 
with increase in photon energy. The data of real and imaginary part of dielectric constant 
provide knowledge concerning the loss factor which is the ratio of imaginary to real 
dielectric constant. These results indicate that in synthesised material loss factor increases 
with decrease in photon energy. 

Figure 6 Real dielectric constant versus photon energy (eV) 
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The real part of the dielectric constant decreases a little-bit rapidly with increase in 
photon energy in higher region but in lower region it decreases gradually. However, the 
imaginary part of the dielectric constant decreases gradually with increase in photon 
energy. 

The optical response of material is generally calculated in terms of optical 
conductivity (σ) can be estimated through relation (7). 

σ nc / 4π= α  (7) 

where α is absorption coefficient, n is refractive index and c is velocity of light. 
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Figure 7 Imaginary dielectric constant versus photon energy (eV) 
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Figure 8 Optical conductivity (σ) versus wavelength 
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Figure 8 represents the graph of optical conductivity versus wavelength. From figure, 
observed that optical conductivity directly depends upon an absorption coefficient and 
refractive index of as-synthesised sample. Optical conductivity increases rapidly over the 
range 260–310 nm. The values of optical conductivity for TiO2 nanoparticles are 
calculated at 59.5 × 105S–1 at 310 nm. The optical conductivity is found to be increases 
gradually after 260 nm, and correlated with gradual increase in absorption coefficient. 
The optimum value of optical conductivity for TiO2 nanoparticles is found to be  
59.5 × 105 S–1. 
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4 Conclusions 

In the summary of present work, we successfully made challenge to discuss the optical 
properties of as synthesised TiO2 nanoparticles by using chemical route method. The 
crystalline nature of as-synthesised material confirmed through XRD. The absorption 
spectrum of TiO2 nanoparticles analysed ranges over 200–700 nm for the determination 
of optical parameters. These as-synthesised TiO2 nanoparticles show absorption in  
UV-Vis region. The optical band gap was found to be 3.0 eV, which correspond to TiO2 
nanoparticles. With the help of UV-Vis techniques, the optical constant, i.e., extinction 
coefficient, refractive index, real dielectric constant, and imaginary dielectric constant 
were determined. The optical conductivity increases with increase in wavelength and this 
can be attributed to increase in absorption. The as-synthesised TiO2 nanoparticles have 
maximum optical conductivity value, which was found to be 59.5 × 105S–1 at 327 nm. 
The estimated optical band gap energy has accepted value for photovoltaic activities and 
has potential for application in solar cells and optical devices. 
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Abstract: Potassium dihydrogen phosphate (KDP) or deuterated potassium 
dihydrogen phosphate (DKDP) crystals are difficult to machine because they 
are soft and hygroscopic. Based on the deliquescence nature of KDP/DKDP 
crystals, a novel polishing method with micro water mist for KDP/DKDP 
crystals was proposed in this paper. The processing principle was investigated 
and polishing experiments with this method were carried out. The results show 
that the crystals can be machined by this method and the maximum material 
removal rate can reach 2.02 μm/min. A polished surface with root-mean-square 
roughness 47.6 nm was achieved by polishing with micro water mist in 10 min. 
The material removing principle and the planarization mechanism were 
experimentally explained and verified. 

Keywords: KDP/DKDP crystals; micro water mist; planarization mechanism; 
polishing; deliquescence. 
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1 Introduction 

Potassium dihydrogen phosphate/deuterated potassium dihydrogen phosphate 
(KDP/DKDP) crystals are kinds of excellent nonlinear optical crystals, which are widely 
used as frequency conversion devices and electro-optic switches in inertial confinement 
fusion (ICF) research, such as national ignition facility (NIF) (Hurricane et al., 2014), the 
laser megajoule plan (LMJ) (Casner et al., 2014) and ShengGuang project (Zhu et al., 
2013) etc. The application of KDP crystals in ICF requires high surface integrity, finish 
and accuracy. For instance the NIF project required approximately 600 KDP/DKDP 
crystals with size 420 mm × 420 mm, roughness < 1.5 nm rms, and surface flatness < 
3.16 μm (Campbell et al., 2004; Hawley-Fedder et al., 2004), etc. However, KDP/DKDP 
crystals are extremely soft, brittle, hygroscopic, thermally sensitive and deliquescent. The 
crystals are also easily soluble in water with a solubility of 33 g/100g H2O at 25°C. All of 
these make it extremely difficult for KDP/DKDP crystals to obtain a flawless surface. 

In recent years, a lot of manufacturing methods were introduced and studied to 
machine the KDP/DKDP crystals. Among them single point diamond turning (SPDT) 
technology is one of the most effective processing methods so far. Hou et al. (2006) used 
SPDT fabricating KDP crystal with size of 320 mm × 320 mm and the rms roughness 
reached about 5 nm. By the continuous efforts of researchers, the rms roughness of the 
crystals processed by SPDT can reach 1.1nm or so in partial region (Lahaye et al., 1999; 
Xu et al., 2012). However, it easily introduces micron ripples on the machined surface, 
which degrades the output of the optical system (Li et al., 2013). So many scholars did a 
lot of work on the mechanism of SPDT (Fu et al., 2011; Tie et al., 2013a) to improve the 
optical performance after processing by SPDT (Chen et al., 2013; Li et al., 2012). 
Besides, in order to eliminate micron ripples and further improve the surface quality after 
SPDT, many other processing methods are introduced to process KDP crystals, such as 
magnetorheological finishing (MRF) and ion beam figuring, etc. MRF technology was 
used in KDP crystal polishing by scholars. The micron ripples were eliminated by this 
method and a surface with roughness 1.06 nm rms was achieved (Zeng et al., 2012; Tie  
et al., 2013b). However, iron powders from magnetorheological fluid were easily 
embedded into the soft KDP crystal. To improve the surface after MRF, researchers 
employed ion beam figuring technology to polish KDP crystal and acquired a KDP 
surface with roughness 1.9 nm rms (Shu et al., 2011), while the method is still on 
researching. In addition, there are many other scholars trying to make use of the 
deliquescence nature of KDP crystal to machining the crystal surface and eliminate the 
micron ripples, which all adopt water as a main composition of the polishing liquid. For 
instance, Gao et al. (2010) proposed an abrasive free polishing technology which made 
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use of water-in-oil micro-emulsion to adjust the water content and had achieved a 
scratch-free polished KDP surface with roughness lower than 2 nm rms. The processing 
methods based on the deliquescent characteristics of KDP crystal all add some other 
substances in the polishing liquid to adjust the water content, resulting in that a cleaning 
process may be introduced after polishing. 

In this paper, we intend to propose a new approach using merely water to polish 
KDP/DKDP crystals, and try to explain the mechanism of planarization and verify its 
rationality by experiment as well. Because the KDP and DKDP crystals have similar 
properties, KDP crystals are chosen as samples to study in this paper. 

2 Processing principle of KDP crystal polishing with micro water mist 

The processing principle of polishing KDP crystal with micro water mist is similar to the 
other methods basing on the deliquescence property of KDP crystal, which tried to make 
the water content controllable and adequate in the polishing area in order to achieve a 
certain material removal rate in the polishing process. In this paper, ultrasonic 
atomisation method is employed to discrete de-ionised water into micro mist. Then the 
mist is mixed with clean compressed air to obtain the mixed gas with a certain moisture 
content, which is used as polishing medium in the polishing process. 

Figure 1 Basic processing principle of KDP crystal polishing with micro water mist (see online 
version for colours) 

 

According to the above idea, the polishing process principle is shown in Figure 1. The 
mixed gas consisted of spray and compressed gas flows through the central elongated 
hole in the polishing tool onto the polishing area, in which the crystal is dissolved. The 
soft polishing pad is driven rotating by the polishing tool. The combined effects of the 
mechanical friction provided by the polishing pad and the crystal materials dissolution by 
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the mist achieve the removal of material cooperatively. The method is combined with 
computer controlled optical surfacing (CCOS) technology. And in CCOS process, the 
size of the polishing tool is much smaller than the crystal surface. The polishing tool 
moves with a preset path with a certain dwell time, which can be calculated by the 
removal function and the target material removal, to meet the final requirement of 
accuracy. 

3 KDP polishing experiments with micro water mist 

Based on the principle of micro water mist polishing KDP crystal, polishing experiments 
were carried out at 24.5°C, and the relative humidity of the laboratory was 53%. The 
dimension of the KDP crystals used is 40 mm × 40 mm × 10 mm, and the surface to be 
polished is (001) plane. The polishing tool executed a planetary motion, and the 
revolution reversed the rotation. The diameter of the polishing pad is 15 mm. The IC1400 
polyurethane polishing pad was used in the polishing process. The flow of the micro 
water can be adjusted from 0.5 ml/min to 2 ml/min. And the other experimental 
parameters are shown in Table 1. 
Table 1 Other polishing parameters 

Polishing pressure 
(kPa) 

Offset of the planetary 
motion (mm) 

Revolution speed 
(r/min) Rotation speed (r/min) 

195 5 140 140 

Figure 2 The material removal rate versus the flow of micro water mist 

 

The crystals were polished with different flows of micro water mist with the parameters 
above. Figure 2 shows the relationship between the average material removal rate (MRR) 
and the flow of micro water mist. The MRR grows approximately linear with the 
increasing of micro mist flow. The maximum MRR can reach 2.02μm/min. 
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After polishing TEN minutes with micro water mist flow of 0.5 ml/min, the surface 
roughness of the KDP crystal sample decreased quickly from 268.8 nm rms (Figure 3) to 
47.6 nm rms (Figure 4). The quality of the crystal surface was improved significantly 
with the surface roughness reduce by 80% in ten minutes. The results verify that KDP 
crystal can be flattened with micro water mist method, and a better roughness can be 
achieved. 

Figure 3 Initial surface morphology of the KDP crystal work-piece (see online version  
for colours) 

 

Figure 4 Surface morphology of the work-piece polished after ten minutes (see online version  
for colours) 

 

4 Planarization mechanism of KDP crystal polishing with micro water 
mist and its experimental verification 

4.1 Planarization mechanism of KDP crystal polishing with micro water mist 

In the polishing experiments above, the surface roughness was decreased 80%, and the 
surface quality has been improved significantly. The result is so different from that of 
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merely water dissolution process that we intend to do some attempts to explain it. The 
polishing process with micro water mist can be explained as following: 

The mixed gas is introduced to polishing area firstly in KDP crystal polishing with 
micro water mist. A large amount of micro water mist is gathered in the polishing region 
to dissolve the material, and a thin droplet layer is formed on the crystal surface in a short 
time, making the material in the surface of KDP crystal been dissolved. The contact area 
is much smaller than the polishing area. In the microscopic scale, the amount of liquid 
droplets is adequate, which can be considered as a KH2PO4 solution filled in the entire 
space of the gap. The concentration of the solution distributes in gradient, and the solute 
ions diffuse along the gradient direction. And the diffusion of the ions is increasingly 
weaker, when the liquid layer is more and more close to the crystal surface, and at last 
stay in a stable state. An approximately saturated solution layer may be formed in the 
contact area between the droplet layer and the crystal surface. The saturated layer can 
inhibit the dissolution of the material and suppress the further dissolution of the crystal as 
well, working like a passivation layer in the chemical mechanical polishing (Figure 5). 

Figure 5 Planarization mechanism of KDP crystal polishing with micro water mist (see online 
version for colours) 

 

As shown in Figure 5, in the polishing process the pad (elasticity) contacts closely with 
the asperities on the KDP crystal surface under a certain polishing pressure. The original 
dissolution equilibrium is destroyed by the movement of the polishing pad, and a portion 
of the softened dissolved material is removed meanwhile. And a new surface is exposed, 
making the material in asperities dissolved and soften, which is removed by the 
mechanical friction of the polishing pad soon afterward. Then, a new dissolved layer is 
formed. Repeating this process, the materials in the rough peak will be removed 
continuously. While, the material at the bottom is soften all the same, and has been 
retained because that there is no mechanical force and the near-saturated solution layer 
inhibits the further dissolution of the material, achieving the selective removal of the 
crystalline material. With the rough peaks removed, the depth of the gap decreases and 
achieves a planarization of the polishing area. 
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4.2 Experimental verification of the planarization mechanism 

In the mechanism analysis above, the key point of the material selective removal is that 
the material in valley can be sustained and not be dissolved instantly. The KDP crystal 
contacts with the micro water mist and is dissolved quickly, then a near-saturated solution 
layer formed inhibits the dissolution of the material continued. 

In the polishing process, a steady stream of water mist input to the polishing area, 
which can be indicated that the amount of the water is adequate in the process of 
dissolution. The diameter of the mist droplets is micron. Therefore, in the point of 
microscopic, a single droplet can be chosen to illustrate the dissolution process, and it is 
also convenient to using a macroscopic drop instead of the micron droplet to simulate the 
dissolution process in experiment. A water droplet is dripped on the crystal surface, and 
kept for a while in the experiment. Then repeat this procedure that the droplets are 
remained in the crystal at different durations. And Figure6 shows the measured profiles 
of the pits corroded by water droplets. 

Figure 6 Profiles of corrosion pits in different dwell time, (a) 5s (b)10s (c) 20s (d) 30s (e) 40s  
(f) 50s (g)60s (h) 600s (see online version for colours) 

  

(a)     (b) 

  

(c)     (d) 
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Figure 6 Profiles of corrosion pits in different dwell time, (a) 5s (b)10s (c) 20s (d) 30s (e) 40s  
(f) 50s (g)60s (h) 600s (continued) (see online version for colours) 

  
(e)     (f) 

  
(g)     (h) 

Figure 7 Depth of corrosion pits varies with dell time 
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As shown in Figure 6, the radial dimension of the corrosion pits is about 10–13 mm. And 
that the depth varies with time is shown in Figure 7. When the dwell time is less than 50s, 
the depth of the corrosion pits increases rapidly and the material is dissolved quickly. 
While after 50s, the depth of the corrosion pit increases much more slowly and maintains 
a stable state in about 20 μm. And as the dwell time goes by, the depth of the pit has no 
significant increase. Conclusion can be drawn that the dissolved rate of KDP crystal may 
become more and more slowly and the water droplet comes to dissolve no more material 
if with no other interruptions. 

The volume of the droplet using in the experiment is about 0.05 ml per drop, and the 
maximum mass of KDP crystal that can be dissolved is about 0.0165 g at room 
temperature. While the rational diameter of the corrosion pit is 10–13 mm, the theoretical 
maximum average depth is up to 53–90 μm. And the maximum depth in the experiment 
is about 20 μm, which is much smaller than the theoretical depth, i.e., though the solution 
is far from saturation, the KDP crystal may not continue being dissolved. 

The water droplet contacts with the crystal’s surface and the crystal is dissolved. 
However the solution rate slows down by time until reaching stable, which verifies the 
existence of the inhibitory effect in the dissolution of the droplets. The dissolution of 
micron water mist of KDP crystal may be similar. So the results of the experiment are 
correspondent to the analysis of the planarization mechanism in pervious section  
(Figure 5), which verifies the rationality of the mechanism above. 

5 Conclusions 

In this paper, based on the dissolution nature of KDP crystal, a new method polishing 
KDP crystal with micro water mist was proposed. The planarization mechanism was 
preliminary revealed and verified with experiments. The followings are conclusions: 

1 Based on the idea of making the amount of water used in polishing controllable, a 
new approach which makes use of ultrasonic atomising water mist as polishing 
medium was proposed to polish KDP crystals. 

2 The planarization mechanism of polishing with micro water mist was revealed and 
verified by experiments. During the polishing process in the contact area, KDP 
crystal was dissolved by micro water mist, thus forming a nearly saturated solution 
layer, which prevents the further dissolution. The inhibition effects were verified by 
experiments. Combined with the mechanical friction effects, the planarization of the 
polishing area is achieved. 

3 Polishing experiments were carried out by micro water mist method. The maximum 
material removal rate reaches 2.02 μm/min. After polishing ten min, the surface 
roughness was decreased from 268.8 nm rms to 47.6 nm rms rapidly. And further 
studied should be carried out afterwards to explore the optimal polishing parameters 
for a better surface quality. Though the roughness was far from the requirement, the 
method may also be used as a pre-processing procedure prior to other ultra-precision 
method to reduce the processing time. 
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Abstract: A novel polishing method using soluble fixed soft abrasive film is 
proposed. During polishing process, the binder material in surface layer of the 
polishing film can be dissolved by polishing liquid, the worn abrasives are 
detached and the fresh abrasives are exposed. This polishing film uses  
alcohol-soluble polyacrylate as binder material. In this paper, the developed 
polishing film sample was made and polishing experiment was carried out to 
study the performance of using novel soluble fixed soft abrasive film to polish 
the end-face of optic fibre connector, which used 20% aqueous ethanol as 
polishing liquid. The experimental result showed that the roughness of the optic 
fibre connector end-face decreased from nearly Ra = 12.95 nm to Ra = 4.72 nm 
in 45 seconds; return loss of the optic fibre connector increased from 31 dB to 
42 dB; insertion loss of the optic fibre connector was under 0.1 dB and the 
lifecycle of the polishing film was extended to 20 times. 
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1 Introduction 

In recent years, a new fixed abrasive polishing method using polishing film was invented. 
Different from the conventional fixed abrasive polishing pad, the polishing film has  
film-like substrate and polishing material layer formed thereon (Lu and Zheng, 2008). 
The polymer film substrate thickness is only several microns (Si et al., 2007), but it has 
high strength and excellent flexibility, which can achieve ultra precision polishing of hard 
brittle material surface. Therefore, it has widespread application in the manufacture of 
optical instruments, electronic components, and other precision machining field (Duan 
and Liu, 2012). All of Japanese MIPOX, NTT and American 3M have research and 
production of polishing films (Xie et al., 2011). But conventional polishing film has 
problems in terms of short service life, insufficient cutting force, easy adhesion of resin 
binder, etc., which can not meet the requirement of high quality of advanced ceramic 
materials components in mass production. For example, optical fibre connector is one of 
the most important fibre optic components in optical fibre system; the performance 
requires lower insertion loss and higher return loss. But the conventional polishing film is 
prone to cause scratches and contamination, which has great influence on insertion loss 
and return loss (Zhu and He, 2006; Kang et al., 2010; Lin et al., 2010). Meanwhile, a 
polishing film can only be used repeatedly for less than ten times, and thus the cost of 
production is high. 

A soluble fixed soft abrasive film is proposed in this paper. By dissolving resin 
binder, polishing abrasive can self-renew on the film surface. The polishing film 
performance then has good durability and the binding agent adhesive pollution will be 
reduced on the polished surface. This paper mainly introduces the principal of the soluble 
fixed soft abrasive film, the preparation of the soluble fixed soft abrasive film sample and 
the experiment of polishing end-face of the optic fibre connector to verify the feasibility 
of the soluble fixed soft abrasive film. 
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2 Soluble fixed soft abrasive film 

2.1 The principal of soluble fixed soft abrasive film 

The soluble fixed soft abrasive film has an abrasive layer fixed on a film-form  
substrate. The abrasive layer consists of different grain size of soft abrasive grains  
and binder material. Soluble polymer is used as binder material, as shown in Figure 1. 
Small size of abrasive grains are not only involved in the polishing process, but also  
acted as filling material to support the large abrasive grains, thus reduces the 
concentration of binder in the films and avoids the risk of surface cracking and film  
break caused by binder shrinkage in the polishing film. A non-toxic aqueous solvent  
is employed as a polishing liquid. Specific solvent can dissolve the binder material  
on the film surface to reduce the bond force, which makes worn abrasive grains fall off 
from the surface and abrasive grains inside the polishing film expose on the surface. Then 
abrasive grains fixed in the film substrate were shed and dispersed into the polishing 
liquid, which could work together to achieve super smooth surface with a high efficiency. 
The self-renewal process of abrasive grains on the polishing film achieve was shown in 
Figure 2. 

Figure 1 The principal of the soluble fixed soft abrasive film (see online version for colours) 

 

Compared to conventional polishing film, soluble fixed soft abrasive film has the 
following advantages. 

1 As small abrasive grains filling in the resin bond, polishing film can avoid the risk of 
surface cracking caused by resin binder shrinkage. Figure 3 shows the cracks on the 
surface of conventional polishing film. 

2 Abrasive grains on the polishing film self-renew, which makes polishing film more 
efficient and durable. 

3 Resin bond is dissolved, and thus it will not adhere onto the polished surface,  
which can facilitate cleaning process, reduce processing cost and pollution of the 
environment. Figure 4 is the resin bond adhesion phenomenon of workpiece surface 
polished by conventional polishing film. 
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Figure 2 The self-renew process of abrasive grains on the polishing film surface, (a) abrasive 
with the soluble filler coated on the surface of the polishing film (b) blunt abrasive 
grains bond on the surface and block new abrasive grains exposed (c) gap around  
the abrasive increased, holding force of abrasives weaken, and abrasive fall off  
(d) the structure strength of binder decreased, new abrasive grains exposed  
(see online version for colours) 

 
(a)    (b) 

 
(c)    (d) 

Figure 3 The surface of conventional polishing film crack appearance, (a) cracking on the 
surface of polishing film (b) crack collapse on the surface of polishing film after 
polishing (see online version for colours) 

 

2.2 Soluble fixed soft abrasive film sample 

The polishing material has a substrate and coat with a layer of polishing material. The 
polishing material layer has abrasive particles and those are fixed by a binder. The binder 
material used for fixing the grains in the abrasive layer is preferably a conductive 
material which is strong enough to almost completely resist wear through contact with 
the workpiece. As alcohol-soluble polyacrylate has good adhesion force, alcohol-soluble 
polyacrylate is chosen as binder material; ethanol solution is chosen as lubricating liquid; 
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and then the ethanol solution dissolves the alcoholsoluble polyacrylate, which achieves 
the self-renewal of the abrasives on the polishing film. In consideration of both material 
removal and surface damage using coarse abrasive for low fracture toughness and high 
fracture toughness materials, silicon carbide and cerium oxide are chosen. As abrasives 
are softer than the material of the workpiece, it reduces the deterioration of surface 
roughness (Chen et al., 2014). 

Figure 4 The resin bond adhesion phenomenon on workpiece surface (see online version  
for colours) 

 

In order to prevent abrasive grains from being strongly coated with bonding resin when 
they are released from the films, fixed abrasive film containing abrasive grains at high 
concentration with small amount of bonding resin (Toshiyuki et al., 2010). The 
concentration of abrasive is set to over 90 wt%. The concentration of the alcohol-soluble 
polyacrylate resin is set to below 10 wt%. 

The manufacturing process was as following. 
Coating liquid for a polishing material layer was made first. 500 g cyclohexane, 900 g 

isopropyl alcohol, 450 g propylene glycol methyl, 13 g dispersion agent and 100 g 
defoaming agent were mixed with 2,400 g water by a dispersing machine. After 
dissolving completed, 4,800 g Silica abrasive particles (nominal particle size: 50 nm) and 
2,000 g Cerium oxide abrasive particles (nominal particle size: 300 nm) were added into 
it quickly under continuously stirring. After stirring for 10 min, 700 g alcohol-soluble 
polyacrylate, 290 g amino resin curing agent, 80 g aqueous polyisocyanate curing agent 
and 65 g substrate wetting agent added and further mixed. Thus, coating liquid for a 
polishing material layer was obtained. 

The mixed liquid which contained two kinds of particle with different average 
diameters mixed together for five minutes by stirring with ultrasonic waves. After this 
coating liquid was filtered through a 6.0 μm filter, it was uniformly applied over a surface 
of a PET film of thickness 50 μm in an atmosphere of about 20°C by a gravure reverse 
coating method. And the pre-process polishing film was dried for the sake of evaporate 
the solvent in the resin binder. It was further subjected to a heat process in an atmosphere 
of 100°C to form a polishing layer of thickness 6 μm. In the above, the PET film was 
obtained by extruding PET and polyester resin together, and then subjected the extrusion 
to a drawing process. The polishing film was cut into 127 mm diameter wafer, as shown 
in Figure 5. 
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Figure 5 The soluble fixed soft abrasive film sample (see online version for colours) 

 

Figure 6 Optical microscope image of the soluble fixed soft abrasive film sample, (a) top surface 
view (b) fracture cross-sectional view (see online version for colours) 

  
(a)     (b) 

Figure 6 showed a three-dimension optical microscope (KEYENCE Ltd., VHX-100) 
image of a polishing film: 

a top surface view of the polishing film 

b fracture cross-sectional view of the polishing film. 

From this image, it could be confirmed that the graph abrasive particles were uniformly 
distributed on the surface of the film; there was a good adhesion between the film and 
abrasive layer; the substrate and the abrasive grains were not embedded in the resin and 
the grains hardly covered with the resin and readily released from the film. 
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3 Finishing experimental procedure 

Experiment was operated in high precision central pressurised fibre optic head polishing 
machine, as shown in Figure 7, which could polish 12 fibre optic heads at a time. The 
samples selected in this investigation were unpolished single mode fibre optic connectors 
commonly used for physical contact communications. The materials for a connector 
consist of partially stabilised zirconia for ferrule and silica glass for fibre. The average 
initial surface roughness Ra value of fibre was assessed to about 125–200 nm. Rubber 
pad with a lower stiffness was used, as it had an even pressure distribution (Yin et al., 
2001) around the connector-abrasives contact area. Thus, the polishing was made more 
evenly resulting in the same radius of curvature (Peterson et al., 1997). 

Figure 7 The high precision central pressurised fibre optic head polishing machine (see online 
version for colours) 

 

Table 1 showed polishing condition on the end-face of the optic fibre connector.  
Three-stage polishing process was used to polish the end-face of the optic fibre 
connector: stage 1 (step A) was to remove glue, stage 2 (step B, C, D) was lapping,  
stage 3 (step E) was polishing. Before the process, conventional lapping films were used 
to lap the end-face of the optic fibre connector, and finally, soluble fixed soft abrasive 
film with 20% aqueous ethanol (E1) was used to polish the end-face of the optic fibre 
connector. To obtain the reference finishing characteristics, conventional polishing by 
commercial polishing film with 20% aqueous ethanol (E2) and soluble fixed  
soft abrasive film with water (E3) were also performed. Those three polishing  
processes (E1, E2, and E3) continuously used the same piece of polishing film polished 
optical-fibre-connector repeatedly to observe the change of surface roughness as using 
times of polishing film increased. Polishing conditions to determine reference finishing 
characteristics were mostly the same as using developed polishing film (Yin et al., 2004). 
Polishing pressure was set to 3 N per fibre and polishing speed was 43 rpm. Before and 
after each stage, the fibre connector end faces were carefully cleaned with alcohol and 
optical tissues for further polishing or analyses (Peterson et al., 1997). 
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Table 1 The principal of the soluble fixed soft abrasive film 

Step Abrasive type Polishing liquid Polishing time(s) 
A WA None 30 
B D9 (9 μm) Water 30 
C D3 (3 μm) Water 30 
D D1 (1 μm) Water 45 
E1 Developed polishing film 20% aqueous ethanol (volume percent) 45 
E2 Conventional polishing film 20% aqueous ethanol (volume percent) 45 
E3 Developed polishing film Water 45 

The surface roughness, the return losses and the insertion losses of the optic fibre 
connector before and after polishing were measured. The surface morphology and surface 
roughness of the end-surface of the optical connector before and after mechanical 
polishing were studied using a Veeco high precision non-contact 3D surface 
measurement instrument; the return loss and the insertion loss were measured by 
(EXFOLTS-3900) optical return loss and insertion loss metre. 

4 Results and discussion 

Fibre optic connector is used for interconnection of various components and devices in an 
optic fibre system, which plays a vital role on system performance. Insertion loss and 
return loss are often used to evaluate the quality of the machined connectors (Huang  
et al., 2004). Figure 8 shows that the quality of the optical-fibre-connector end-surface is 
influenced by processing properties and precision in the final finishing abrasion step. As 
surface roughness decreases, return loss increases and insertion loss decreases. In other 
word, the smoother the connector is, the better the fibre-to-fibre contact is (Yin et al., 
2004). 

From Figure 8, it could also be seen that polishing the optical connector end-surface 
in process (E1), the polishing film was more durable than in other two processes, and the 
surface roughness of the fibre optic connectors end-surface maintained in low level after 
the polishing film used many times. After the soluble fixed soft abrasive film sample 
used 20 times continuously in process (E1), the developed polishing film was still 
effective, and the surface roughness of the fibre optic connector end-surface was about  
5 nm. Meanwhile, the polished connectors had return losses of about 42 dB, which was 
better than the requirement of 40 dB for return loss, because higher than 40 dB was 
required only for super polished physical contact (SPC), and the insertion losses obtained 
for all the polished connectors scaled smaller than 0.1 dB, which was much better than 
the required value of 0.3 dB (Huang et al., 2004). When polishing the optical connector 
end-surface in process (E2), if conventional polishing film used ten times, the surface 
roughness of the fibre optic connectors end-surface was above 6 nm; return loss and 
insertion loss got worse; return loss was below 40 dB and insertion loss was about  
0.15 dB. When polishing the optical connector end-surface in process (E3), surface 
roughness, return loss and insertion loss was as similar as that of in process (E2). On the 
other hand, after using polishing film more than ten to 15 times, polishing performance of 
the polishing film reduced quickly. It could not erase the damage layer and scratches on 
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the fibre optic connector end-surface efficiently and obtain super-smooth non-damage 
surface. 

Figure 8 Repeated use times of developed polishing film with 20% aqueous ethanol, developed 
polishing film with water and conventional polishing film with 20% aqueous ethanol 
influence on surface roughness, return loss and insertion loss of the fibre optic 
connectors end-surface (see online version for colours) 
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Figure 9 Optical microscope image of the soluble fixed soft abrasive film sample after using  
30 times, (a) 20% aqueous ethanol as polishing liquid (b) water as polishing liquid  
(see online version for colours) 

  
(a)     (b) 

In process (E2), after conventional polishing film used many times, abrasives on the 
surface became blunt; worn abrasives could not shed from the polishing film easily and 
new abrasives could not expose on the surface of polishing film, which reduced polishing 
efficiency. In process (E1), aqueous ethanol dissolved alcohol-soluble polyacrylate; 
mechanical strength of the binder material on the abrasive coating surface reduced; worn 
abrasives shed and new abrasives exposed, which made the polishing film more durable. 
But in process (E3), there was no ethanol in polishing liquid, binder material on the 
abrasive coating surface could not be dissolved, just as conventional polishing film in 
process (E2), which worn abrasives fixed on the surface and hinder the generation of the 
new abrasive layer. 

The soluble fixed soft abrasive film sample was showed in Figure 6; the initial 
thickness of the coating layer on the substrate was 6 μm. Optical microscope images of 
the soluble fixed soft abrasive film sample after using 30 times were showed in Figure 9. 
Compared Figure 9(a) with Figure 9(b), there were less abrasives on the polishing film 
using 20% aqueous ethanol than polishing liquid using water as polishing liquid. It 
proved that aqueous ethanol dissolved the binder material and abrasives shed. After using 
the developed polishing film many times in process (E1), there were a large number of 
abrasive shed from the polishing film. If there were not enough abrasives to expose on 
the surface, polishing performance would also became worse, as showed in Figure 8. The 
quality of the optical-fibre-connector end-surface became worse as using times of the 
polishing film increased in process (E1). Therefore, further researches should be carried 
out to make the developed polishing film more durable. In the following research, the 
coating layer thickness can be increased to make more coating layers of abrasives to 
shed, or the volume percent of the aqueous ethanol can be changed in the polishing liquid 
to control dissolution rate and extend the time of the abrasive shed from the coating layer, 
or use other alcohol soluble resin binder, water soluble resin binder, even some resin 
binder which can be dissolved specific solvent. 

Figures 10(a) and 10(b) presented the morphology of the optical connector  
end-surface before and after polishing using developed polishing film with 20% aqueous 
ethanol (E1), which polishing film was used 20 times before. The roughness of the optic 
fibre connector end-face decreased from Ra = 12.95 nm to Ra = 4.72 nm. 
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Figure 10 The morphology of the optical connector end-surface before and after the last polishing 
process by developed polishing film with 20% aqueous ethanol, (a) before polishing 
(Ra: 12.95 nm) (b) after polishing (Ra: 4.72 nm) (see online version for colours) 

 
(a) 

 
(b) 

Optical microscopic image of the end faces polished in the second stage with diamond 
abrasives film with 1 μm grit size showed continues plastic deformed scratches on both 
fibre areas, as shown in Figure 11(a). Optical microscopic image in Figure 11(b) obtained 
in the last process using developed polishing film with 20% aqueous ethanol (E1) showed 
a smooth surface without visible scratches at either fibre or ferrule on the magnification 
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of × 100 under a fibre optical microscope. This developed polishing film was also used 
20 times continuously before. 

Figure 11 The optical image of the optical connector end-surface before and after polishing by 
developed polishing film with 20% aqueous ethanol, (a) before polishing: continues 
plastic deformed scratches on the surface (b) after polishing: smooth surface without 
visible scratches 

  
(a)     (b) 

5 Conclusions 

This paper proposes a new polishing method using soluble fixed soft abrasive film. 
Compared to conventional polishing film, it can avoid the risk of polishing film surface 
cracks caused by resin binder shrinkage. New abrasive grains can be exposed on the 
polishing film by dissolving the resin binder, which makes polishing film efficient and 
durable. Soluble fixed soft abrasive film sample was made using SiO2 and CeO2 as 
polishing abrasive, polyester film as substrate, alcohol-soluble polyacrylate as binder 
material, and aqueous ethanol as solvent. The experimental results showed that after 
polishing by soluble fixed soft abrasive film with 20% aqueous ethanol, the roughness of 
the end-face of the optic fibre connector decreased from nearly Ra = 12.95 nm to  
Ra = 4.72 nm; the optical loss due to reflection in a returning direction was greatly 
improved from the order of 31 dB to 42 dB; the insertion loss was under 0.1 dB and the 
repeated use times of the soluble fixed soft abrasive film reach 20 times, which proved 
the feasibility of the polishing method using soluble fixed soft abrasive film. 

Acknowledgements 

This project is supported by the National Science Foundation of China (Grant  
No. 51275272). 



   

 

   

   
 

   

   

 

   

   206 Z. Zhou et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

References 
Chen, A., Mu, W.B. and Chen, Y. (2014) ‘Compressive elastic moduli and polishing performance 

of non-rigid core/shell structured PS/SiO2 composite abrasives evaluated by AFM’, Applied 
Surface Science, Vol. 290, No. 1, pp.433–439. 

Duan, J. and Liu, D.F. (2012) ‘Influence of kinematic variables on apex offset in polishing process 
of fiber optic connectors’, Precision Engineering, Vol. 36, No. 2, pp.281–287. 

Huang, H., Chen, W.K. and Yin, L. (2004) ‘Micro/meso ultra precision grinding of fibre optic 
connectors’, Precision Engineering, Vol. 28, No. 1, pp.95–105. 

Kang, J., Zuo, D. and Sun, Y. (2010) ‘Flatness forecast model for fixed abrasive polishing’, 
Bulletin of the Chinese Ceramic Society, Vol. 29, No. 4, pp.768–774. 

Lin, K., Zhu, Y. and Li, J. (2010) ‘Experimental study on polishing technology of K9 optical glass 
with fixed abrasive pad’, Laser & Optoelectronics, Vol. 47, No. 6, pp.603–609. 

Lu, Z. and Zheng, C. (2008) ‘Coated superhard abrasive tools’, Superhard Material Engineering, 
Vol. 20, No. 2, pp.33–37. 

Peterson, I.M., Pajares, A. and Lawn, B.R. (1997) ‘Mechanical characterization of dental ceramics 
by Hertzian contacts’, Journal of Dental Research, Vol. 77, No. 4, pp.589–602. 

Si, Q., Xie, X. and Zhang, C. (2007) ‘Properties of a polyimide composite filled with Al2O3 as a 
kind of precision grinding material’, New Chemical Materials, Vol. 35, No. 12, pp.57–59. 

Toshiyuki, E., Urara, S. and Tsutomu, F. (2013) ‘Spiral-structured fixed-abrasive pads for glass 
finishing’, Manufacturing Technology, Vol. 62, No. 1, pp.311–314. 

Xie, Z., Liu, Z. and Wang, J. (2011) ‘Application foreground and research actuality of superhard 
coated abrasive tools’, Superhard Material Engineering, Vol. 23, No. 2, pp.42–46. 

Yin, L., Huang, H. and Chen, W.K. (2004) ‘Polishing of fiber optic connectors’, International 
Journal of Machine Tools & Manufacture, Vol. 44, No. 6, pp.659–668. 

Yin, L., L.K., Ives, S., Jahanmir, E.D. et al. (2001) ‘Abrasive machining of glass-infiltrated 
alumina with diamond burs’, Machining Science & Technology, Vol. 5, No. 1, pp.43–61. 

Zhu, Y. and He, J. (2006) ‘A model of material removal rate with fixed abrasive pad’, Diamond & 
Abrasives Engineering, Vol. 153, No. 3, pp.38–45. 



   

  

   

   
 

   

   

 

   

   Int. J. Nanomanufacturing, Vol. 11, Nos. 3/4, 2015 207    
 

   Copyright © 2015 Inderscience Enterprises Ltd. 
 
 

   

   
 

   

   

 

   

       
 

A visual non-contact focusing probe for the 
measurement of micro cavities 

Ke Zhang and Qing Zhang 
School of Instrument Science and Opto-electronic Engineering, 
Hefei University of Technology, 
193 Tunxi Rd., Hefei 230009, China 
Email: a20070248@126.com 
Email: zhang_qing89@aliyun.com 

Chi-Duen Lin 
Department of Mechanical Engineering, 
National Taiwan University, 
1 Sec. 4, Roosevelt Rd., Taipei 10617, Taiwan 
Email: d96522011@ntu.edu.tw 

Kuang-Chao Fan* 
Department of Mechanical Engineering, 
National Taiwan University, 
1 Sec. 4, Roosevelt Rd., Taipei 10617, Taiwan 
and 
School of Instrument Science and Optoelectronic Engineering, 
Hefei University of Technology, 
193 Tunxi Rd., Hefei 230009, China 
Email: fan@ntu.edu.tw 
*Corresponding author 

Abstract: The dimensional measurement of micro cavity profile to nanometre 
resolution is difficult because the edge is not able to be detected accurately with 
a microscope due to diffraction limit. With a touch-trigger probe on a  
micro-CMM, the probe cannot enter into the cavity if the tip-ball diameter is 
larger than the cavity size. In this paper, a vision-assisted non-contact focusing 
probe is presented to deal with this problem. A blue-ray DVD pickup head is 
adopted as the focusing sensor which is based on the principle of light 
reflection. Assisted by a nanopositioning stage, the focusing signal can detect 
the edge when the spot passes through it. In order to know the measuring point, 
a CCD is used for viewing the relative position between the focused spot and 
the edge. Experimental tests of the probe were carried out in association with a 
micro-coordinate measuring machine. The edge position is obtained up to a 
resolution of 1 nm with standard deviation of about 26 nm. This performance is 
beyond the diffraction limit of optical microscopes. 

Keywords: micro cavity measurement; blue-ray pick-up head; micro-cavity 
profile; visual non-contact focusing probe; micro-coordinate measuring 
machine; micro-CMM. 
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1 Introduction 

Micro-holes with diameter less than 0.5 mm have a wide range of applications, including 
ink-jet printer nozzles, orifices for bio-medical devices, cooling vents for gas turbine 
blade and diesel fuel injector spray holes. Conventional dimensional measurement is 
carried out by the coordinate measuring machine (CMM) or image processing technique. 
As the size of the micro-cavity profile becomes miniaturised by advanced processes, such 
as MEMS, micro machining, etc., those conventional methods are no more capable. 
Micro probes attached to a CMM are thus designed in order to enter into the interior of 
the micro cavity. A vibrating probe with 50 μm probe ball diameter has been designed to 
measure the micro holes down to 100 μm diameter (Kim et al., 1999). A NIST fibre 
probe with ball diameter 113 μm was used to measure the hole diameter of 130 μm 
(Muralkrishnan et al., 2009). With the combination of optical and contact sensors, the 
micro hole around 160 μm diameter was able to be measured (Kao and Shih, 2007). A  
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tactile fibre probe base on detection of the returning light energy centre has been 
proposed to solve the problem of ultraprecision measurement of micro-holes (Cui et al., 
2013). The smallest aperture the probe measured is 200 μm with a standard deviation of 
60 nm. A capacitance probe based on the principle of capacitance was developed to 
measure a hole of 1 mm in diameter with 0.78 μm repeatability (Chen et al., 2009).  
Many micro contact probes (Weckenmann et al., 2006) developed for micro- or  
nano-coordinate measuring machines are also possible to measure micro cavity profile, 
but are limited to the size of the probe diameter. In addition to the contact type of probes, 
a variety of optical probes are also developed to measure micro-cavity profile. The micro 
hole-based cell chip down to 8 μm in cell diameter was measured with microscope (Cho 
and Thielecke, 2007), but the resolution is limited by the optical diffraction limit. 
Jabonski and Orzechowski (2007) present a polar coordinate laser scanning method to 
measure the hole of 80 μm nominal diameter with a systematic error of 5 μm. An optical 
system based on the confocal principle has been employed to measure the laser-drilled 
micro holes of 10 μm diameter with optical resolution to 0.5 μm (Lin et al., 2010). 
Overall speaking, current technologies using contact probe, the hole diameter is limited to 
the probe diameter. If microscopes are used, the lateral resolution is limited to around  
0.5 μm due to optical diffraction. 

In this paper, a vision-assisted non-contact focusing probe is proposed for 
dimensional measurement of micro-cavity profile. The focusing probe is modified from a 
blue ray DVD pickup head based on the principle of total light reflection. Detecting the 
intensity variation of the reflected laser beam when it is scanning across the edge of the 
micro cavity, which is moved by a micro-coordinate measuring machine (micro-CMM), 
the edge position can be gained accurately. In addition, in order to achieve the 
visualisation of measured point, a CCD camera is added at the confocal point. 
Experimental results show that the edge position to 1 nm resolution can be successfully 
obtained with standard deviation of 26 nm. 

2 Measurement principle 

2.1 Theoretical analysis 

The principle of edge detection is simply based on the light reflection theory. When a 
beam spot is focused on the surface, the total light will be reflected back to the receiver. 
While the spot is moved across the edge of the surface, only partial light will be reflected 
back. Figure 1 shows the situation when the spot has passed a distance (x) from the edge 
(CD) of the surface W. The amount of reflected light is proportional to the remaining spot 
area on the surface. Let the radius of the spot be r (x < 2r), the sector area of OAF is r2θ 
and the triangular area of AOF is r(r – x)sinθ. The remaining area of the spot on the 
surface can be expressed by equation (1). 

2 2(x) ( x)sinA πr r θ r r θ= − + −  (1) 
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Figure 1 The spot area moving across the edge, (a) schematic system, (b) geometrical 
relationship (see online version for colours) 

 
(a)     (b) 

The total reflected light intensity received by the photodetector is proportional to the 
reflected area of the spot. Its relationship is plotted in Figure 2. It shows that when the 
spot is on the surface (x = 0) the received light intensity is 100%. This intensity will 
decay gradually and vanish when the spot is entirely out of the surface. The theoretical 
slope of this characteristic curve can be plotted in Figure 3. It can be seen that the ideal 
edge position corresponds to the minimal slope point (x = r). This is the point when the 
spot centre is right on the cavity edge. 

Figure 2 Optical intensity of received light (see online version for colours) 

 

However, in actual experiment, the characteristic curve of intensity response could not be 
so smooth. It could be due to the fact that the spot is not purely circular and its intensity 
has Gaussian distribution. With the occurrence of inevitable noise disturbance, it is 
impossible to obtain the ideal slope curve to find the minimal slope point. However, an 
invariant pattern of the intensity curve can be assured that the edge point must be at the 
midpoint of the curve if the spot shape is symmetrical in the moving direction, either 
purely circular or elliptical. This is the nature that most beam spots from laser diodes 
appear. In the present study, a method is determined to find the edge point corresponding 
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to the average intensity of maximal and minimal intensities of reflected light. In practice, 
the measured intensity is in discrete form with respect to the step size of scanning in the 
X direction. The edge point can be found through least-squares fitting of two adjacent 
points among which the average intensity is within. Theoretical analysis shows that if the 
midpoint is within the region of 0.9 and 1.1 of X/r ratio, the linearity error is within +0.01 
and –0.01, as shown in Figure 4. The estimated error is about 1% of X/r value. The ideal 
diameter of focused spot of a blue-ray DVD pickup head is about 0.6 μm. Theoretical 
estimated error by least square fitting should be less than 6 nm. 

Figure 3 The slope of the intensity curve (see online version for colours) 

 

Figure 4 Linearity error in the region of (0.9, 1.1) of X/r (see online version for colours) 

 

3 Focusing sensor 

The DVD pickup head is used to detect the stored binary signals on the DVD track with 
the focused laser spot based on the astigmatic principle. Figure 5 shows the optical 
system of a commercial DVD pickup head. The laser diode emits a beam through the 
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grating. The beam then splits into three beams that pass through the polarisation beam 
splitter, the quarter wavelength plate, the collimating lens, the objective lens, and finally 
focus onto the disc surface. The reflected beam passes through the same original path 
and, after the second polarisation by the quarter wavelength plate, projects onto the 
quadrant photo detector through the cylindrical lens. The photodiode outputs focus error 
signals (FES) based on the astigmatic principle. The FES signal is often used to detect the 
variation of surface profile of measured object (Fan et al., 2000). In the present study, it 
aims to detect the total light intensity. Equation (2) is therefore used. 

sum A B C DV V V V V= + + +  (2) 

It is noted that the voice coil motor in the DVD pickup head is not used in this study. It is, 
therefore, removed from the assembly becoming a focusing probe. In addition, in order to 
achieve the clear and smaller focused spot, a commercial objective lens with numerical 
aperture 0.85 is selected to replace the original objective lens in the pickup head (made 
by plastic moulding with NA 0.6). 

Figure 5 Optical structure of a DVD pickup head (see online version for colours) 

 

4 The design of the probe 

Figure 6 shows the optical system of the developed visual-assisted non-contact focusing 
probe. The focusing sensor module is composed of by the DVD, collimator lens and the 
objective lens. The infinite system consists of the LED, tube lens and the CCD camera at 
the confocal points. The white light LED emits a beam through the collimator lens. The 
parallel beam will focus on the reflective surface. The reflected beam will finally project 
onto the CCD for viewing the relative position between the focused spot and the cavity 
edge. Since the intensity of blue-ray is very high and produces blurred image on CCD, a 
polariser is inserted before the objective lens for removing the blurred image. A 
mechanical relay is used to switch the polariser for viewing the white light image and the 
blue-ray image automatically. The probe is designed in the form of Figure 7. 
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Figure 6 The optical path diagram of the probe (see online version for colours) 

 

Figure 7 CAD design of the probe (see online version for colours) 

 

5 Experiments 

5.1 Micro-CMM 

The focusing probe was mounted on the developed micro-CMM (Fan et al., 2012), as 
shown in Figure 8. The micro-CMM is manufactured in pagoda shape which has been 
analysed to verify its superior stiffness with force balance and thermal balance structure 
due to its symmetrical geometry. The micro-CMM has a measurement range of  
X: 20 mm, Y: 20 mm and Z: 10 mm. The main structure of micro-CMM consists of a  
Z-ram with co-axial counterweight to balance the weight of the probe and a novel 
symmetrical coplanar XY-stage are specially designed in this system. In general, an X-Y 
stage can be divided into two main classes, namely the stack-up type and the coplanar 
type. The former is stacked up by two linear stages that provide displacements in X and 
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Y directions, but exist inherent Abbé error. The co-planar stage is very flat and conforms 
to the Abbé principle because in each axis the displacement is detected by a miniature 
laser interferometer whose beam is in line with the motion direction, as shown in  
Figure 9. The central moving table is pushed and pulled by the linear slide which is 
actively driven by the ultrasonic motors in X and Y directions, respectively. Each axis of 
this coplanar stage can achieve long stroke and nano-positioning motion (Zhang et al., 
2013). In experiments, this stage is used to create the X-nanopositioning of the measured 
object as illustrated in Figure 1. 

Figure 8 Photo of the measurement system (see online version for colours) 

 

Figure 9 Developed coplanar stage (see online version for colours) 

 

5.2 Edge detection of a mirror 

In the experimental of edge detection, a flat mirror was used as the tested piece and was 
positioned to the focal point of the probe. The mirror was laterally moved by the  
micro-CMM with incremental step of 0.1 μm. The intensity variation when scanned 
across the edge of the mirror shows quite a good repeatability for five times, as shown in 
Figure 10. The average intensity value, corresponding to the theoretical edge point, was 
calculated from the two end points (VA and VD). By comparison, it was found that this 
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average intensity fell in the region of two consecutive steps of E and F. Then, a linear 
interpolation of this region can obtain the exact edge position. Table 1 lists the calculated 
edge positions. The average value is 2,301.8 nm and the standard deviation is 26.1 nm. 
This experiment demonstrates the capability of this non-contact measurement system for 
detecting the position of a line edge to 1 nm resolution with about 52 nm repeatability 
(two standard deviations). The capability of 1 nm lateral resolution is due to the sensor of 
Michelson interferometer in detecting the motion of the coplanar stage, which moves the 
tested piece step by step. The standard deviation of 26.1 nm in edge detection is, 
however, higher than the achievable lateral resolution. It is because that the developed 
focusing probe is a low cost sensor, which is not so sensitive as Michelson 
interferometer. It can only detect the signal change of the sum of reflected light intensity 
in vertical direction. The repeatability of vertical straightness error of the co-planar stage 
will also affect the repeatability of measured light intensity. 

Figure 10 Measured light intensity across the mirror edge (see online version for colours) 

 

Table 1 Calculated edge position of the mirror [unit: nm] 

Five times of measured edge position Average position Standard deviation 

2331, 2327, 2281, 2296, 2274 2301.8 26.1 

5.3 Square hole measurement 

A square hole fabricated by MEMS process was then measured. Without the blue-ray on, 
the hole image could be seen clearly by LED light, as shown in Figure 11(a). With the 
blue-ray on, the polariser had to be switched in so as to be able to see the clear spot 
image, as shown in Figure 11(b). The signal intensity variation of the spot when it was 
moved across the two-side edges in X direction, respectively, is shown in Figure 12. 
Table 2 lists the calculated widths of four times. The average values are 4.0635 μm and 
3.6353 μm with the standard deviations of 31 nm and 12 nm in X direction and  
Y direction, respectively. 
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Figure 11 Images of (a) only the hole and (b) the hole and the spot 

  
(a)     (b) 

Figure 12 Measured light intensity across the square hole in X-direction (see online version  
for colours) 

 

Table 2 Calculated square hole dimensions [unit: μm] 

Scanning directions X direction Y direction 

Four times of measured width 4.061,4.0211, 4.0819, 4.09 3.6502, 3.6311, 3.6209, 3.6392 
Average width 4.0635 3.6353 
Standard deviation 0.0308 0.0124 

5.4 Micro hole measurement 

Lastly, a small pinhole of 50 μm nominal diameter was taken for measurement. As shown 
in Figure 13, the surrounding area of the hole is seriously damaged by the machining 
process so that the surface is dent and very rough. The edge scanning path for four-point 
detection can only reveal the damaged circle. Figure 14 shows the fitting of the measured 
hole. Table 3 shows the measured diameter is 92.549 μm with standard deviation 43 nm. 



   

 

   

   
 

   

   

 

   

    A visual non-contact focusing probe for the measurement of micro cavities 217    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 13 The 50 μm pinhole with damaged edge (see online version for colours) 

 

Figure 14 Measured light intensity across the square (see online version for colours) 

 

Table 3 Calculated diameter [unit: μm] 

Measured diameter Average Standard deviation 

92.533, 92.5222, 92.5278, 92.6128 92.5489 0.043 

6 Summary 

A visual non-contact type of focusing probe has been developed in this study for 
dimensional measurement of micro-cavity profile. It is based on the light reflection 
principle when scanning across the edge. Equipped into a micro-CMM, the measurement 
system has the capability of detecting the edge position to 1 nm resolution with about  
31 nm standard deviation. Compared to the conventional optical microscope, it can break 
through the diffraction limit. Further works will study thin film measurement of step 
height and line width. These are not possible to be measured by micro stylus. 
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