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Abstract 
 

Micro force sensors are of utmost importance for a variety of the latest-of biomedical devices that require micro-
manipulative operations with high precision and accuracy. Unfortunately, the measurement of accuracy of 
miniaturized sensors decreases as they become smaller. Traditional sensing systems, such as piezoelectric 
sensors, are also not adequate for numerous sensing applications because they also show decrease in detection 
output when scaled down. However, a micro force sensor using a hydraulic drive mechanism can obtain a large 
output even when the size is remarkably reduced. By observing the pressure change in the water feeder, the 
external force applied to the end effector can be measured. The system uses the Pascal principle to measure small 
forces acting on the end-effector. Conventional systems use a nitrile rubber bellows for the end-effector, but this 
system measures small forces acting on the end-effector. Since rubber bellows possess low rigidity, it deformed 
significantly.  However, the rubber bellows deformed not only in the axial direction but also in other directions. 
Therefore, the rubber bellows did not deform linearly, and the device could not be controlled accurately. To 
overcome this challenge, we developed a new microdevice in which the metal bellows are made of very thin metal 
using electroforming technique. The preliminary results show that the metal based bellows are low in stiffness and 
linearly expand and contract, which allows the bellows to expand at small forces and provides high sensitivity to 
pressure changes. In this report, we report on the development of a new micro-device made of metal bellows 
structure and the results of the evaluation of its measurement accuracy and durability.  
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1.     Introduction 
 

Accurate and careful procedures generally require 
support from microrobotic systems. For example, 
many microsurgical and minimally invasive operations, 
such as surgical operations, have been made possible 
by the use of robots [1-5]. Manipulators used for such 
careful work are required to have high kinaesthetic 
sensitivity [6], but they do not always have a sensing 
function. Unfortunately, the measurement accuracy of 
miniaturized sensors decreases with decreasing size. 
In addition, the proportional output of common force 
sensors, such as piezoelectric sensors, also tend to 
decrease with miniaturization. To solve this problem, a 
microsensor with a hydraulic drive mechanism was 
developed [7, 8]. In future, a microrobot will be able to 
perform palpation. As shown in Figure 2, mechanical 
properties such as hardness and viscosity change due 
to pathological changes in the organism [9]. The 
developed system uses Pascal's principle to measure 
the small forces acting on the end-effector. The force 
acting on the end-effector is calculated by determining 
the change in the internal pressure of the end-effector 
[10,11]. Conventionally, nitrile rubber bellows are 
commonly used as the end-effector or micro forcep. 
The rubber bellows are generally less rigid and 
therefore they get deformed easily. Deformation in the 
rubber bellows takes place not only in the axial 
direction, but also in other directions. Therefore, the 
rubber bellows do not deform in a straight line and the 
control of the device cannot be assumed as accurate. 
To overcome this challenging issue, we developed a 
new microdevice in which the metal bellows are made 
of very thin metal using electroforming method. The 
metal bellows are less rigid and can expand and 

contract in a linear fashion, which allows the bellows 
to expand with small forces and is highly sensitive to 
pressure changes. 
 

 
Fig. 1. Concept of micro surgery system. 
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Fig. 2. Model of the hydraulic-driven mechanism. 

 



2.     Mechanism of force measurement  
 

Figure 2 is a model of a hydraulic drive 
mechanism located inside a water supply machine, 
featuring a sensor, an end-effector. The end-effector 
is a micro forcep using a bellows tube structure. The 
bellows pump of the water supply machine moves 
when water is supplied to the bellows tube of the end-
effector. When an external force acts on the tip of the 
end-effector, the pressure inside the bellows pump of 
the water feeder changes. This change in pressure 
can be clearly observed and the external force can be 
measured. The external force is amplified by Pascal's 
Theorem, i.e., the ratio of the cross-sectional area of 
the end-effector tip (bellows tube) to the cross-
sectional area of the bellows pump of the water feeder. 
A stepper motor with a built-in ground ball screw is 
used as linear actuator. The linear actuator moves 
precisely by controlling the pulse. 

The manufacturing process of the bellows pump 
structure of the water feeder is shown in Figure 3, 
which is made of steel (SUS316L). Thin metal sheets 
were welded together to form a low-rigidity bellows 
structure. Compared to other processing methods, the 
welding method can be fabricated mechanisms with 
higher material elongation rates. The finished bellows 
possess low stiffness and excellent pressure 
resistance capability. The outer diameter of the 
bellows is 18 mm and the valley diameter is 8 mm. The 
spring constant of the bellows is 16 N/mm. The range 
of motion is ±5 mm. The resolution of the water supply 
is 0.17 μl delivered by a metal bellows pump. 

The control of the hydraulic drive mechanism is 
shown in Figure 4. As can be seen in Figure 4,the 
linear actuator moved the bellows pump structure of 
the water feeder according to the position command 
issued by the computer, and the bellows pump 
supplied water to the bellows pipe of the end-effector. 
 
3.    Improvement of end effector 
 
3.1.   Micro cylinder 
 In order to reduce the size of the micro cylinder, a 
micro cylinder structure was firstly developed as an 
end-effector. A prototype of the micro cylinder is 
shown in Figure 5. A prototype micro cylinder with an 
inner diameter of 1.6 mm was made. The surface 
roughness of the rods of all the cylinders was  

 

 
Fig. 3. Production of the metal bellows. 

manufactured with Ra 1.6. but the inside of the cylinder 
was not machined. The clearance between the 
cylinder and the pistons was small. 
 
3.2.   Nitrile rubber bellows 
 The forceps, which are end-effectors with a 
hydraulic drive mechanism, are made from micro 
bearings and bellows tubes. One side of the forceps 
rotates with the expansion and contraction of the 
bellows tube to hold an object. Conventional forceps 
used a bellows made of nitrile rubber (Figure 6).  Due 
to its low rigidity, the amount of deformation is larger. 
However, the bellows deforms in other directions as 
well as in the axial direction. The bellows did not 
deform in a straight line and the control of the forceps 
was not accurate. 
 
3.3.   Metal bellows structure 
 A new metal bellows structure was used for the 
forceps model. The metal bellows is shown in Figure 
7. The metal bellows is made of nickel using 
electroforming process. The manufacturing process of 
the metal bellows is shown in Figure 8. The mandrel  
(aluminum) is formed by CNC machining. A thin layer 
of metal was built on the mandrel and the mandrel was 
chemically removed after electroforming. Compared to 
 

 
Fig. 4. Control system of the mechanism. 

 

 

Fig. 5.  Prototypes of micro cylinder. 

 

 
Fig. 6.  A nitrile rubber bellows 

 



 
Fig. 7. Metal bellows structure. 

 

 
Fig. 8. Production of the metal bellows 

(Servometer MW Industries, Inc.). 
 
 
 
other processing methods, electroforming is very 
robust but lightweight. Electroforming is particularly 
effective when extreme tolerances and complex 
geometries are required. This process can produce 
thin sheet bellows, and the manufactured bellows 
retain their non-axial stiffness, reducing their axial 
stiffness. The outer diameter of the metal bellows is 
6.35 mm and the inner diameter is 3.81 mm. The 
spring constant of the bellows is 4.14 N/mm and the 
range of motion is 0.81 mm. The improvement 
process of the end-effector is shown in Figure 9. 
 

 

4.  Measurement using metal bellows 
 
4.1    Pressure drop when holding the forceps 

In order to achieve high precision in hydraulic 
drives, the internal pressure drop and hysteresis must 
be controlled. These parameters were confirmed using 
a new experimental setup. A liner actuator was used 

to move the metal and rubber bellows to 125-750 μm 

and stop them for 60 seconds. They then returned to 
their original state. The internal pressure of the bellows 
was measured during this interval. A comparison of the 
changes in internal pressure between the metal and 
rubber bellows is shown in Figure 10 when the liner 
actuator was stopped. It can be seen that the drop in 
internal pressure is smaller for the metal bellows than 
for the rubber bellows. When the liner actuator was 
stopped after 750 μm of elongation of the metal and 
rubber bellows, the internal pressure drop for the metal 
bellows was 3.0% and the internal pressure drop for 
the rubber bellows was 11.0%. These results show 
that the metal bellows are more accurate than the 
rubber bellows. 
 
4.2.   Measurement of attach experiment 
 
 The force sensing device was identified. A metal 
bellows, an end-effector, was attached to the object for 
measuring the reaction force. Figure 11 shows the 
attachment experiment with the PVA gel. Three types 
of experimental objects were used in the experiment: 
a PVA gel mixed with borax, clear starch and water. 
Three types of gels of different hardness were 
prepared by varying the water content. Water at 0.085 
ml / 2.72 μl/s was supplied to the metal bellows from 
the liner actuator. Data sampling for internal pressure 
measurement was 62.5 ms and the tip of the bellows 
was taken at 29.97 FPS to measure the object 
displacement. An LED was also illuminated to indicate 
the start time of the bellows extension. Figure 12 
shows the reaction force of the PVA gel with the metal 
bellows. The device was able to accurately represent 
the target hardness difference. These results 
demonstrate that we were able to achieve high 
accuracy of the device with the metal bellows. 
 

 
Fig. 9. Improved process of end effector. 



 

 

Fig. 10. Comparison between the metal bellows and the 
rubber bellows. 

 

 

Fig. 11. Attach experiment using PVA gel. 

 

 
Fig. 12. Reaction force of PVA gel using the metal bellows. 

 
 
 
 
 

5. Conclusions 
 

A system using metal bellows as an end-effector 
was proposed to measure the reaction force of an 
object with high accuracy. Conventional systems use 
nitrile rubber bellows as end-effectors. The rubber 
bellows are less rigid and therefore they deform 
significantly. Rubber bellows deform not only in the 
axial direction, but also in other directions. Therefore, 
we developed a new micro device using metal bellows. 
The device with metal bellows has a 3.0% lower 
internal pressure and improved accuracy than the 
rubber bellows. The device with metal bellows was 
able to accurately represent the difference in hardness 
of the three types of PAV gels. 
 
Acknowledgements 

This work was supported by JSPS KAKENHI 
Grant Number 19K04308. 
 
References 
[1] M. T. Gettman et al., “Robotic-assisted 

laparoscopic partial nephrectomy: Technique and 
initial clinical experience with DaVinci robotic 
system”, Urology, 2004, 64,5, pp. 914–918. 

[2] Hongo, K. et al., “Microsurgery-assisting Robotics 
(NeuRobot): Current Status and Future 
Perspective”, Japanese Journal of Neurosurgery, 
2011, 20, 4, pp. 270–274. 

[3] Kobatashi, E. et al., “Development of Naviot for 
Minimally Invasive Surgery”, Journal of Robotics 
Society of Japan, 2005, 23, 2, pp. 168–171. 

[4] Fujie M. et al., “Development of a multi-DOF brain 
retract manipulator for minimally invasive surgery : 
Third report –Development of a total model for 
clinical application”, Journal of Japan society of 
computer aided surgery, 2002, 4, 3, pp.255-256. 

[5] Hockstein, NG. et al., Robotic microlaryngeal 
surgery: A technical feasibility study using the 
daVinci surgical robot and an airway mannequin, 
LARYNGOSCOP, 2005, 115, pp.780–785. 

[6] Garg A. et al., “Tumor localization using automated 
palpation with gaussian process adaptive 
sampling”, IEEE international conference on 
automation science and engineering, 2016, 
pp.194-200. 

[7] Sasaki, T. et al., “Hydraulically driven joint for a 
force feedback manipulator”, Precision 
Engineering, 2017, 47, pp. 445–451. 

[8] Ikuta, K. et al., “ Study on Hydraulically Driven 

Active Catheter for Safe Operation”, Trans. of the 
JSME(c), 2010, 76, 766, pp. 1553–1559. 

[9] Kawata, Y. et al., Measurement of blood vessel 
characteristics for disease detection based on 
cone-beam CT images, IEEE Transactions on 
Nuclear Science, 1996, 43, 6, pp. 3348-3354. 

[10] Sasaki, T. et al., “Improving accuracy of 
hydraulic-driven forceps”, Proceedings of the 16th 

international conference of the European society 
for precision engineering and nanotechnology, 
2016, p.2.07. 

[11] Sasaki, T. et al.,  “Force measurement of 
blood vessel gripping by hydraulic-driven forceps”, 
2017, Procedia CIRP (3rd CIRP Conference on 
BioManufacturing),2017, 65, pp.84-87. 

0 10 20 30 40 50 60 70

-0.008

-0.006

-0.004

-0.002

0.000

in
te

rn
al

 p
re

ss
ur

e[
M

P
a]

Time[s]

 Rubber bellows 0.017 ml
 Rubber bellows 0.102 ml
 Metal bellows 0.017 ml
 Metal bellows 0.102 ml

0.00 0.02 0.04 0.06 0.08 0.10
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

F
o
rc

e
[N

]

Quantity of water[ml]

 Soft(Metal)
 Middle(Metal)
 Hard(Metal)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create high quality Adobe PDF documents suitable for a delightful viewing experience and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 7.0 and later.)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


