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Design and Modeling of a New Tactile Sensor Based on M embrane Deflection
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Abstract: The designed sensor can detect 2D surface teixhage, contact-force, and softness of the

sensed object. It consists of a chamber for pndoraatuation and a membrane with a mesa structure.
The sensing mechanism is the contact deformati@etedf a membrane. Determination of the contact

force and softness of sensed object is based cantloeint and variations of the out-of-plane deftacti

at the center of a circular membrane. This veigatfhcilitates the use of the sensor in smart

applications where tactile information is used teate intelligent system. The proposed sensor is
suitable for using in medical applications, espgcia minimally invasive surgery (MIS).
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INTRODUCTION importance in different types of surgeflesMinimally
invasive surgery (MIS) is now being widely usedas
Tactile sensing is the detection and measen¢ of of the most preferred choices for various types of
the spatial distribution of forces perpendicular @0 operationS’*?. In MIS, any inhibitions on the
predetermined sensory area, and the subsequestirgeon's sensory abilities might lead to undekdrab
interpretation of spatial information. It is an aref result$®. MIS has many advantages, including
MEMS research that has the potential to have amdinp reducing trauma, alleviating pain, requiring snralle
on a large number of industries and disciplinesy Ke incisions, faster recovery time and reducing post-
among these is the application to robotics in nirdic operation complicatio®$**. However, MIS decreases
and industrial automati®h Robust, reliable tactile the tactile sensory perception of the surgeon. &ffect
feedback of forces and torques, contact shape arid more pronounced during grasping or manipulatibn
location, and dynamic slip sensing are required fobiological tissues (i.e., veins, arteries, bonés,).eln
dexterous, dynamic gripping and manipulation bythis regard, measuring the magnitude of the applied
robots and by humans through haptic interfdtdsack  forces applied by the surgeon through the endoscopi
of such suitable commercial tactile sensors withiti graspers results in safer handling of biologicasues
development in robotic handling of soft, fragile or ™. Controlled manipulation tasks are among the
irregular objects. Several types of tactile sensmge maneuvers in which the ability to feel the tissaes
already been proposed for handling objects in oot very crucial”. The need to detect various tactile
and automation systems. They can handle soft anproperties (such as stiffness, temperature, arfdcur
fragile materials only with great difficuld. In texture) justifies the key role of tactile sensimigich is
different biomedical engineering and medical rot®ti currently missing in MI8 & %
applications, tactile sensors can be used to semnsde One of the disadvantages of working wittg&al
range of stimuli. This includes detecting the preseor  tools, e.g., commercial endoscopic graspers used in
absence of a grasped tissue/object or even magpingMIS, is that these tools do not convey sufficiegling
complete tactile imad®'. Artificial palpation is to the surgeon's hands. Here, the surgeon dodsanet
another important application of tactile sensors. any tactile feedback so that he/she can maniptifete
Normally, in order to improve the efficignof  biological tissues safely and avoid accidentaliogtor
these types of sensors, an array of sensors izedfil  damaging the healthy parts. To reduce this podsibil
7l Force and position signatures are the two fattaas  tactile sensors can be incorporated into the emgisc
can provide a great deal of information about ttates grasper§® 2.
of gripping or manipulation of a biological tis&te There are operation sites in human body #nat
Additionally, tactile and visual sensing is of grea otherwise difficult to see in order to examine permte
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on. As a result, only relying on the visual toadsniot MATERIALSAND METHODS

sflent o ool Salsectn e, advances EI%.ODISS A e of ot eraure shous

X MR o that the variations of compliance and stiffnesscari¢e
tactile sensors in different types of medical irtdes,  |arge in different biological tissues. For instantee
especially for detecting the softness of biologiisgue  Young's modulus of elasticity is about 0.11 MPatfar
will be presented. pig spleen, while it is about 4.0 MPa for the piget.

Softness is an important parameter in déteng  The sa}sr]'ne conclusion describes the case for human
the physical properties of living tissue. Consitiéea tissue§®. To cover this wide range of values, we
biomedical attention has centered on the mechanic Sglder_the different values of stiffness of sific

. L . : er with variable thickness.

properties of living tissues at the single celldievihe
Young's modulus of zona pellucida of bovine ovum2D Surface Texture Image Detection: This sensor
was calculated using micro-tactile sensor fabritaed can be used to sense a diverse range of stimuigaa
PZT materidf®. The stiffness of the cartilage of the from detecting the presence or absence of a grasped
human femoral condyles was measured via ambject to a complete tactile image. Figure 1 shaws
ultrasonic tactile sensor under arthroscopic cdfitto ~ array of two elements of our tactile sensor. Eaatser
The tactile sensor was useful for determining theconsists of a membrane with a mesa at the centeaan
intraoperative stiffness of healthy and diseasemidnu chamber for pneumatic actuation. A salient feawire
cartilage in all grades. This research work dessribn  OUr tactile sensing is its ability to encode andodie
approach of studying the dynamic, information rich,the shape of objects.

molecular structure of the ultimate smart interfaee, When the tactile sensor array comes in @bntih

human skin, by coupling the advances in biological an object that has a bumpy surface, some of thames
. ’ . : structures on the membrane push inwards and as a

microsystems, and information technology. Theresylt of it, the system can detect the presence or

development of milli-robotic tools for remote, MI,  absence of object above each of elements. So, we ca
reported. It describes the limitations of curremtggcal  save a 2D surface texture image of the object.

practice and the technological and scientific issue

involved in building a telesurgical workstatfoh A

new tactile sensor system has been developed fc . Object

accurate measurement of myocardial stiffness it it g

Piezoresistive sensors, applied to the fingertifs o

nonsensate fingers, were used for the detectioouch

and pressure in four patients with recent medianene

repairs, and in one patient using a myoelectric

prosthesi€”. The design, fabrication, testing, and

mathematical modeling of a semiconductor microstrai

gauge endoscopic tactile sensor have bee

investigate#®. The sensor can measure, with

reasonable accuracy, the magnitude and the posifion

an applied load on the grasper. Fig. 1:  An array of two elements for detecting e force
In this paper, we propose a new type ofileact distribution and surface texture image

sensor that can detect both the contact force had t o

Contact No-Contact

following combination of characteristics: estimating contact-force is shown in Fig. 1. Wiiea
1-Mechanical flexibility and robustness mesa of membrane comes in contact with an objeet, t
2-Relatively low processing temperature (<350° C) ~ hormal fo_rce or uniform pressure from it causesarov
3-Low fabrication complexity deformation of the membrane. Therefore, by
4-Improved strain transfer from membrane to strairdetermining the displacement at the center of the
gauges or other measurement devices membrane and according to the mechanical properties

5-Decrease fabrication cost because of its sinplici of it, we can measure the amount of normal forcther

The shortcomings of most of the current designd!niform pressure actuating on it. .
are mainly related to the complexity of the systemsS0ftness Detection: In this mode, the contacting mesa
used. Themajor advantage of the system proposed inelt_ements are pneumatically driven against the objec
this paper is the simplicity and robustness ofdesign.  (Fig. 2)
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Fig. 2: A schematic of tactile sensor for detecting
softness distribution

The contact regions of the object are deéarm
according to the driving force of the mesa elenzmt
the softness of the object. Therefore, we can tétec
softness of the object by measuring the relatignshi

between the deflection of the membrane and the

actuation force of it.

Sensor Principle and Design
Device Specification: The device has a cylindrical
shape and a result it caused to simplify the protded

reduce the amount of calculation. The radius of

membrane is 2 cm and it is attached on a rigichdgr

which has a port for gas supply and exhaust. The

where km and k, are the elastic constants of the
membrane and object, respecti€ly To obtaink ,

we used a contact model in which the surface @il
the object changes according to the pushing depth o
the mesa structure toward the object. The thealetic
model of a single-layer circular membrane is shamvn

Fig. 4.
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thickness of membrane is 100 um and the radius ofig 4: Theoretical model. (a) Top view and Fynt view
mesa is 0.5 cm with a thickness about 150 um. Two

series of theoretical and numerical tests have been

performed in this study. We designed the sensor,

specification to detect the touch of a human finger

Theoretical Analysis: We modeled the tactile sensor
theoretically as shown in Fig. 3 and assumed ttat
membrane and contacted object are elastic materials

F4  Object =
: <3 W, I = k
s - 0 = o
-
- A_
;:_-':— E]
t )
Gas
(@) (b}

Fig. 3: a) Functional model of the sensing element.
b) Simulation of functionality of thersing element.

The relationship between the deformatign

(displacement at the center of the membrane or)nesi

of the object and applied for€eis given by:
F =(k, +K,)w, 1)

817

The problem of axisymmetric large deformataf
circular membrane is one with practical significanc
For a single-layer circular membranes under the
concentrated force from the large deformation thedr
them, the solution for out-of-plane deflections P
can be expressed®5s

Wova _pq_ (1= 13a 4R’ (2)

(h) = 4 )] (l+V)ITEh4F

wheny =1/3,

(h)3 - ﬂ ) (3
h nEh *

In the above formulasy, is OPD (out-of-plane

deflection) of membrand is radius of membrané,is
thickness of membranel/ is Poisson's ratioE is
elastic modulus, and is applied force at central point.

Numerical Analysis. The second series of tests were
performed to stimulate the mechanical responses of
sensor numerically. The finite element modeling of
sensor shown in Fig. 5 for which a commercialténi
element analysis software package (ANSYS, version
0.0) was employed.
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Fig. 6: Variations of out-of-plane deflections dferent
thicknesses.

4.1
Fig. 5: Finite element modeling of the sensor. 3.7 —e— Theoretica
’E\ 33 A Numerical
Table 1 shows typical specifications of the sensor ¢&
element, modeled in the finite element method. =
S 25
Table 1: Specifications of the modeled sensor 3 21
2 cm (inner radius)  Device (cylindrical) "g 01 02 03 04 05
3 cm (outer radius)
5 cm (height) Force (N
2 cm (radius) Membrane Fig. 7:  Variations of out-of-plane deflections dferent
100 pm (thickness) applied forces.
0.5 cm (radius) Mesa )
150 pm (thickness) Table 2 shows the values of numerical and
0.33 v (Poisson's ratio) theoretical analysis and the good agreement of them
30 MPa E (Elastic modulus) Table 2: Comparison of numerical and theoretioal ysis
10-1000 N/m km lasti
(E astic constant ) N) Theoretical Numerical %
F Wy (mm) (mm) W Error
RESULTSAND DISCUSSION
The theoretical and numerical results have begodau 01 2.335 2.217 2:48
agreement. We investigated the deformation at the 02 2.942 2.910 1.08
center of mesa and found that it changes with tiaria 0.3 3.368 3.363 0.15
of applied force and the thickness of membrane. Big 0.4 3.707 3.732 -0.67
shows the variations of OPD of membrane with the g 3.993 4.051 1.45

constant radius and unique force (0.1N) at differen - - -
Figure 8 shows a typical sample of numerical

thicknesses. : ) ! :
analysis. In this sample, the radius of membrang is

As a result of applied force at the centdér o . .
membrane, we have an out-of-plane deflection on itcm: the thickness of membrane is 1ffh and the

Figure 7 demonstrates the deformation or out-ofi@la applledt fofrcz :‘T 9{;5'\‘- It ShOWSt That the tmaXIfmltJrr]n
deflections of membrane according to the variatiohs amoubn of deflection occurs at the center or the
applied force. membprane.
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AN Therefore, the amount of deflection of membrane is
related to softness of the object and this amount
changes with the variations of softness. As a tesul
this region, the sensor can detect the softnestheof
object according to the membrane deflection, agains
the amount of deflection in the same condition when
membrane does not have any contact with the object.
We conclude that in order to detect a chandke

softness of the touched object, the elastic cohsifin
the membrane should be almost the same as thheof t
touched object. Figure 10 shows how the deformation
of the object changes with elastic constant of abje

o/

Fig. 8: Deflection of the membrane due to the i@pjiorce _
ko<<km ko - km k0 >> km

The contact regions of the object are deformed
according to the driving force of the mesa elenat
the softness of the object (Fig. 9). Therefore,oan
detect the softness distribution of the object by
measuring the relationship between the deflectfdhe
membrane and the actuation force of the elements.

44—
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Elastic Constant of Obje (N/m)

Fig. 10: Membrane deflection vs. elastic constdrubject

CONCLUSION

The demonstrated polymer-based tactile sensor is
a major step towards realizing sensors that cavigeo
Hard Object robots with direct tactile feedback similar to the
biological sense of touch. We proposed a new tyfpe o
> tactile sensor that can detect both the contacefand
Applied forceto membrane softness I(IJf 6;1n object. We ?nﬁlyzed _tlheoretical!gt %n
Fig. 9: Relation.ship between the deflection ofiembrane Sg\rﬂgg%%nybte (?ngggrﬁg?nnrgbutst? f@ﬁ%é Sg{;ﬁ?égrt
and applied force can be used to directly touch objects, and serva as
. . . skin on robotic actuators. Providing such inforroatio
) We |nVest|gated the Chan_geS of the deformatlon'obotics opens new areas to deve|0pment and
with k. and obta]ned tlhe following .re'sults: . _exploration.
a)kO <<k _: In this region, the elasticity of the object is A major advantage of the designed systethasit
much smaller than the elasticity of the membrar@aA can be easily miniaturized and micromachined. As a
result, in this region, the sensor cannot sense thgsult, it could be mass-produced at low cost arehe
softness of the object and the variation of it. . be disposable. Because of its biological compaittbil
b)k, >>k,: In this region, the elasticity of the object the designed sensor has two main applications,irone
is too large compared to the membrane. In this ®ann MIS and one in artificial palpation.
the deflection of the membrane is very small anthwi |n the future, we are planning to:
increasing the softness of object, the amount ofl) Construct the device's sensor element and get
deflection declines to zero. As a result, in trégion, experimental results for comparing with theoretical
the membrane of the sensor cannot deform and thigsults.

sensor cannot detect the softness or changes of it. ~ 2) Use different kinds of transducers for determgni
) . . . . the deflection of membrane and choose the be t
c) k0 = km . In this region, the mechanical properties according to the output results.

of object are similar to those of the membrane3) Make simple digital interface to a controller.
819
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4) Determine the softness of several different naite
(silicon with different softness).

ACKNOWLEDGEMENTS

This work was partially supported by the grant alear
by The Ministry of Health of Iran through Razi Inational

16.

Festival. The authors wish to thank The MinistnHefalth for 1.
their support. We also would like to express owtigude to
the Center of Excellence of Biomedical Engineeraigran
based in Amirkabir University of technology, Fagulof 18

Biomedical Engineering for its contribution.

10.

11.

12.

13.

14.

15.

REFERENCES

Lee, M.H., H.R. Nicholls, 1999. Tactile Sensing for
Mechatronics—a State-of-the-Art Survey. Mechatsni
9:1-31.
Dargahi, J.,
Sensors Design/Manufacturing and its Impact
Robotics Applications—A Review. Industrial Rob82:
268-281.

Najarian, S., J. Dargahi and X.Z. Zheng, 2006. Avéllo
Method in Measuring the Stiffness of Sensed Objects
with Applications for Biomedical Robotic Systemat.|

J. Med. Robotics Comput. Assist. S@r.84-90.

Singh, H., J. Dargahi and R. Sedaghati, 2003.
Experimental and Finite Element Analysis of an 22
Endoscopic Tooth-Like Tactile Sensor. 2nd |EEE
International Conference on Sensors, Toronto, Canad
Dargahi, J., 2002. An Endoscopic and Robotic Tooth-23
Like Compliance and Roughness Tactile Sensor. J-
Mech. Design, 124: 576-582.

Fisch, A., C. Mavroidis, J. Melli-Huber and Y. Bar-
Cohen, 2003. Biologically Inspired Intelligent Rd®o
SPIE Press: Bellingham, Washington.

Dargahi, J., S. Najarian, 2004. Human Tacti
Perception as a Standard for Artificial Tactile
Sensing: A Review. Int. J. Med. Robotics Comput.
Assist. Surg., 1(13): 23-35.

Rininsland, H.H., 1993. Basics of Robotics and,g
Manipulators in Endoscopic Surgery. Endoscop.
Surg. Allied. Techno].1: 154-159.

Howe, R.D., W.J. Peine, D.A. Kontarinis and J.S. ¢
Son, 1994. Remote Palpation Technology. Proc:
IEEE Eng. Med. Biol. Mag14(3): 318-323.

Rao, N.P., J. Dargahi, M. Kahrizi and S. Prasad,
2003. Design ané#abrication of a Microtactile Sensor.
Canadian Conference on Electrical
Engineering Towards a Caring and Human Technology,
Montreal, Canada.

Dargahi, J., S. Najarian, 2004. An Integrated Force
Position Tactile Sensor for Improving Diagnosticdan 28
Therapeutic Endoscopic Surgery. BioMed. Mater., 14
151-166.

Dargahi, J., M. Parameswaran and S. Payandeh, 2000.
Micromachined Piezoelectric Tactile Sensor for an,q
Endoscopic  Grasper: Theory, Fabrication, and
Experiments. J. Microelectromechan. Syst., 9: 329-
Dargahi, J., S. Najarian, 2004. An Endoscopic Force
Position Grasper with Minimum Sensors. Canadian
Journal of Electrical and Computer Engineering, 28:
151-161.

McGinty, J.B., S.S. Burkhart, R.W. Jackson, et2002.
Operative Arthroscopy. Lippincott Williams & Wilk&
Philidelphia.

Dargahi, J., S. Najarian, 2004. Analysis of a Mesmier
Type Polymeric-Based Tactile Sensor for Biomedical

820

on

19.

S. Najarian, 2005. Advances in Tactilezo'

21.

. Dargahi, J.,

|e24.

and Computet27'

: 815-820, 2007

and Medical Robotic Applications. Sensors & Matisria
16: 25-41.

Gray, B., R.S. Fearing, 1996. A Surface MicromaeHin
Microtactile Sensor Array. Proceedings of I|EEE
International Conference on Robotics and Automation
Minneapolis, USA. 1-6.

Brouwer, 1., J. Ustin, L.M. Bentley, et al.,, 2001.
Measuring In Vivo Animal Soft Tissue Properties for
Haptic Modeling in Surgical Simulation. Medicine
Meets VirtualReality, 81: 69-74.

Dario, P., 1991. Tactile Sensing-Technology and
Applications. Sensors and Actuators A-Physical, 26:
251-261.

Dargahi, J., 2001. A Study of the Human Hand as an
Ideal Tactile Sensor Used in Robotic and Endoscopic
Applications. Proceeding of the CSME International
Conference, Montreal, Canada, 21-22.

Dargahi, J., S. Payandeh and M. Parameswaran, 2999.
Micromachined Piesoelectric Tooth-Like Laparoscopic
Tactile Sensor: Theory, Fabrication, and Experiment
Proceedings of IEEE International Conference on
Robotics and Automation, Detroit, USA, 299-340.
Bicchi, A., G. Canepa, D. De Rossi, P. lacconi &n.
Scilingo, 1996. A Sensorized Minimally Invasive
Surgery Tool for Detecting Tissue Elastic Propsrtie
Proceedings of IEEE International Conference on
Robotics and Automation, Minneapolis, USA, 884-888.
2000. A Three Sensing Element
Piezoelectric Tactile Sensor for Robotic and Pretsth
Applications. Sensors Actuators A. Phys., 80: 23-30

. Murayama, Y., C.E. Constantinou and S. Omata, 2004.

Micromechanical Sensing Platform  for  the
Characterization of the Elastic Properties of theu®

via Uniaxial Measurement. Journal of Biomechan®,
67-72.

Uchio, Y., M. Ochi, N. Adachi, K. Kawasaki and J.
Iwasa, 2002. Arthroscopic Assessment of Human
Cartilage Stiffness of the Femoral Condyles and the
Patella with a New Tactile Sensor. Medical Engiimep

& Physics., 24: 431-435.

. Sastry, S.S., M. Cohn and F. Tendick, 1997. Milli-

Robotics for Remote, Minimally Invasive Surgery.
Robotics and Autonomous Systems, 21: 305-316.

. Miyaji, K., S. Sugiura, H. Inaba, S. Takamoto and S

Omata, 2000. Myocardial Tactile Stiffness Duringufe
Reduction of Coronary Blood Flow. The Annals of
Thoracic Surgery, 69: 151-155.

Lundborg, G., B. Rosen, K. Lindstorm and S. Lindper
1998. Artificial Sensibility Based on the Use ofeth
Piezoresistive Sensors, Preliminary Observatiortee T
Journal of Hand Surgery: Journal of the British i8gc
for Surgery of the Hand, 23: 620-626.

. Dargahi, J., S. Najarian, 2005. Measurements and

Modeling of Compliance Using a Novel Multi-Sensor
Endoscopic Grasper Device. Sensors and Mateddls,
7-20.

. JSME Mechanical Engineers' Handbook: Fundamentals,

1984 Strength of Materials,. pp: 55-56.

30. Shan-lin, C., Z. Zhou-lian, 2003. Large Deformatiafin

Circular MembraneUnder the Concentrated Force.
Applied Mathematics and Mechanics, 24(1): 28-31.



