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Abstract. In this work it is reported the use of fiber Bragmating sensors for the validation of a numericabdel
(finite elements method) of a synthetic femur, peed by Sawbon®sThe model is developed after a numerical model
already used at the University of Aveiro. For thgerimental validation a system for setting andlementation of
load steps in the synthetic bone is developed, evtter forces are applied in close similarity togbdn the human
femur in standing position. The results of the FBMmerical simulation are similar to results pubkshin the
literature. The experimental results are satisfagtand validate the numerical model. Another sytithEemur was
fractured in 45° of the medial third, and it waseddor fixing a osteosynthesis plate with the cepmnding screws,
provided by Synth8<Company. The fractured femur has been tested imxpetally, and a numerical model is used to
compare with the previous essay in similar condagioWe observed a strain concentration around thie lof the
ostessyntesis plate, on the exact spot of thereakiof the fracture, and the strains is about tiemes larger than the
strains in the region between the holes, aboutmin® from apart. Thus, the positioning of the osteth®sis plate
during cirurgical intervention is of fundamentalpartance in the fracture healing process.

Keywords: Synthetic femur; osteosynthesis plates; optite@rfsensors; fiber Bragg gratings; finite elememtthod;
fracture fixation

1. INTRODUCTION

Aristotle, in Parts of Animals wrote, “Large animaleed large, strong and rigid basis supports,cesfyethose
who have particularly very wild habits for livingThis sentence shows that since Antiquity, thetigeia between body
dimensions and level of activity are observed. Hmwgthe correlation between mechanical load aadthhitecture of
living tissues was only discussed many centuritss #fat. Wolf, in 1892, suggested that the origmtaof trabeculae in
bone like the rigidity of a femur corresponds te ttajectories of maximum stresses. The geometiéntion in space
would be obtained through a process of adaptatibeerved and studied by Roux. In 1881, he congidérat bone
adaptation is the result of a mechanism of seltda@n, where it is possible to obtain maximumfpenance with
minimum work. That process of mechanical adaptaitoobserved not only in the muscle-skeletal sysbeinalso in
others tissues.

The knowledge of the influence of mechanical stimsuin the process of cell differentiation in livitigsues is
fundamental for different subjects in health scendRegarding the great number of factors evolueitheé process of
mechano-regulation, it is hard to science to rig¢he many questions related. Meanwhile, anothpregeh was made,
beyond the theoretical and experimental ones (K@Dp8). This new approach, called computationairgichanics,
makes use of computational means, by employinditite element analysis (FEM) (Huiskes al, 1983; Prendergast,
1997). This method has a great potential becausm irasy way, is possible to make several analysidifferent
geometries, loads cases and material propertiesietder, computational limitations and the complexéyd the
difficulty to determine the material properties lafing tissues turns necessary the use of simplitemputational
models. For example, to apply an external loadlioree, it is assumed that bone has linear elasijpepties and then is
possible to use commercial software to model bat@bior (Prendergast al. 1996; Wuet al 1998).
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The finite element analysis consists in dividing thverall domain of interest into several sub-domaeach one
called finite element (Carrer, 2006). Then, forhetinite element the local behavior is describeidgisimple functions.
In this method, are used local approximations adt@f global ones, to achieve a solution for thabfam.

Beyond the advantages of computational biomechatiics method gives more control on the problemdisd a
large power of abstraction and it is necessary alidate the numerical results with experimental sonkfter the
validation of the numerical model, it is possildeuse it for others load cases and material prigsert

Experimental techniques have been used largelyoimdchanic applications, measuring loads, streasdsstrains
in bone structures. The most conventional methddanalysis of tensions and displacements at théases are
photoelastic or interferometric holography techeigjustrain gauges, dial gauges and other mechaaricaklectrical
sensing devices. Those experimental techniquesbeawery accurate and sensitive; however they gake lof
information because is only in limited regions loé tstructure. The technology of optical fiber sesasmve progressed
quickly in the last decade. Fiber optic sensorscaggacterized by their high sensitivity when comegato other types
of sensors. They present some interesting advasitageh as their compactness, wide bandwidth, imiyuboi
electromagnetic noise, versatility of its geomeloyy cost and possibility of remote sensory syst@thonos and Kalli,
1999).

The optical fiber sensors had a great developnsamte the half of the past century, with a largenber of studies
in the area of communications. With the discovefrplootosensitivity by Hill and its co-workers in 2® (Hill et al.
1978), stimulated the application of optical fibasssensory systems.

The fiber Bragg gratings (FBG) are based on thegnty of modifying permanently the refractive indefi¢he core,
by the absorption of ultraviolet light (UV). The nilic modulation of the refractive index acts atestive filter of
wavelengths, that satisfy the Bragg condition, ivlig thus the fiber Bragg gratings (Hét al, 1978). Due to their
properties, FBG can be used as sensors in arelassumaterials, civil and biomedical structures.

The fiber Bragg grating sensors are based on tlesmmement of the peak shift of the Bragg wavelengihwhen
subjected to the action of external parameterdy sscmechanical stress and temperature (Kexsay, 1997). For a
FBG under longitudinal mechanical stress the pb#kaf the Bragg wavelengthls, may be calculated as:

on on
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The first term corresponds to the strain effecthef FBG, and the second term corresponds to tipdadament of
the wavelength of Bragg due to thermal expansiadhd@os, 1997).

In the present work are used FBG sensors, to assesstrain pattern at the surface of femurs. Thesaelts,
validated by numerical ones, are important to ghare scientific information about the healing amahé remodeling
process associated to bone fractures. The knowlefiiese mechanisms can be very important in dveldpment of
new and more adequate therapeutical techniquels@soasupply previous results of bone respongbgéamplantation
of fracture fixation device. However, there areesal/characteristics of extreme complexity evolirethis process that
should be taken into account (Zhagteal, 2005).

The processes of bone fracture fixation have bedwauestingly studied in the last years, due to isat socio-
economic impact. The main objective of the inteffipadtion devices, as well as the new techniquefxation of bone
fractures, is to reach, in the fastest way, thaltéunctionality of the member (Ruedi and Murphy02). The
osteossynthesis plates are mechanical devices awntgd with materials of high rigidity. Apparentlg desirable and
necessary that the fixation device allows the lbadsmission, generating a micromobility that siemes the bone
remodeling process necessary to the healing diuira¢Ruedi and Murphy, 2002).

The general objective of this work is to develogyatem, based on optical extensometry, for thelatén of three-
dimensional numerical models of intact and brolemdrs, made in FEA.

2. MATERIALS AND METHODS

For this study it was used three synthetic femwmfSawboné¥(fig. 1) and developed by Pacific Research (abs
These products are being developed for academitiestusince 90's and they are manufacture with radgethat
replicate the properties of a natural integer feomder mechanical load. The results obtained floemtechanical tests
were validated by Chong, 2007 as it is observdiyure 1.

Heiner, 2008, carried out a structural validatidrnfemur of fourth generation (with the new matesjalin their
study they have used six femurs, tested under akeload conditions. The obtained results in thelgtelarify the role
of mechanical properties of the product. Ramos,720feveloped a new model of total hip prostheses:ttie
experimental studies prototypes were implanted/nitetic femurs, in order to simulate the bone raeaal behavior,
after surgical procedure. McNamaed al, 2006, also used synthetic femurs to comparestygfeglue and load
mechanisms transfer, in total hip prostheses. Mah|n2006, carried out studies that compare thevi@haf femur
when is fixed with intra-medullar devices and paté osteossynthesis, using femurs from SAWBORIES
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Figure 1: Comparison between the composite of Bcti4dh generation when subjected to tensile anchoession
tests. (Heiner, 2008) and developed by synthetiet®awbones ® a) 455 mm b) 45 mm c) 31 mm d) 1@8p2Ahmm
f) 74 mm g) 13 mm

The model used within this study, was model #346fSawboné$ This work was sponsored by SYNTHESor
the supply a set of plates with the same geomeilydifferent materials. For the osteossynthesieplevere considered
eight specific screws and for the materials wemsiiered stainless steel (316L) and an aluminuanitim alloy and

niobium (TAN). The properties of the materials As&ed in table 1 (results obtained with mechanieats and present
in section 3.2.1).

Table 1: Comparison of materials properties, usedhfe osteossynthesis plates produced by the SYASFH

Stainless Steel Niobium TAN
Strenght Stress 860 MPa 900 MPa
Yielding Stress 690 MPa 800 MPa
Strain 12% 10%
Density 8 glcn? 4.52 glcn
Young Modulus 200 GPa 110 GPa

The supplied plate was LC-DCP® (Limited Contact Bxyric Compression Plate) (figure 2). It possessamaplex
geometry in the inferior part and for that reasdiminishes the contact surface between the metaldite and bone
surface, where it will be implanted.

Figure 2: LC-DCP produced by SYNTHES

For the mechanical test, it was used a plate withlvie holes. The length of the plates varies adogrdb the
number of holes: 106 mm length has six holes; 2ftlength has twelve holes. The other dimensiortb@plates are
standardized: 5.2 mm of thickness, 17.5 mm of wadtth 18 mm of space between holes.

The surgical procedure of the plate implantatiors warried out at the University Hospital of the @ajaccording
to the protocol, in Curitiba/PR, for the team oé tthird year of residents in Orthopedics. Eighesa of 4.5 mm of
thickness and 30 mm of length had been used isdhgical procedure. The construction of the fraztwas made in
the same day, with the use of a specific wimblehfaspital use, with a drill of 3.2 mm of diamet€he fracture has an
angulation of 45°, A distance of 2.5 mm betweenebftagments was left, in order to analyze the meichhbehavior
of the osteossynthesis, under a physiological load.

The choice of the type of fracture present in gtigly, took in account the type of fixation devaeplied by the
manufacturer. According to Ruedi and Murphy, 20@2,simple oblique fractures with 45° in the medialrt of the
femur, are indicated fixation devices with plat€3-DCP or intra-medullar devices.

The experimental test was performed at the Fed#malersity of Technological - Parana, campus PatanBo, in
the Laboratory of Radiofrequency and Electromagn@timpatibility.

To apply the mechanical loads, it was designedxperémental set up with capacity of 2000 Kgf, fhe teffect. A

load cell from Excel was used as system acquisitigth a sensitivity of 2 mV/V, for the nominal ldaapacity of 200
kaf.
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In the region of the femoral head, a comparator plased to monitor the longitudinal strains of fyathetic femur,
caused from the load mechanism set up. For thabmedt was used a sensor of displacement LVDTypé 0WA/100
mm from HBM® (Hottinger Baldwin Messtechnik GmbH, DarmstadtyiGany).

For the analysis and measurements of the load badlude displacements, was used a universal asplifi
measurements QuantumX, MX840, precision class@if nd sample rate up to 19.2 kHz/channel, of comptBM®.
The load cell and the sensor of displacement LVRV¥ehbeen connected to a system of acquisition ah@unX data,
being this last one connected to a PC Intel (ReGarTM) Duo CPU 2.7GHz and 2GB of RAM where thsults have
been treated and stored with the application optisgram Catman Easy/AP Version 2.2 of company Btiscribed
previously. The sample rate used for the experimeas 50 Hz and was used a filter Butterworth of lidplemented
in Catman Easy/AP software.

The femur was located at 11° in the frontal plaimulating an integral human being in the orthastposition,
according to Bergman, 2001. Figure 3 illustratesekperimental set up used in this work.

i

Figur 3: Test arrangement and instrumentatiohefémur

For the experimental set up of intact femur, it wasdrumented with FBG’s at the surface of the hanerder to
measure the local strains. Twelve multiplexed sexsecorded in the same optical fiber, have béesdgat the surface
of the four main faces of the femur (anterior, past, distal and medial), at the diaphysaric rageach one with three
sensors. They were numbered by their increasinglagths, where sensors 1, 2 and 3 are at thearfase, sensors
4,5 and 6 are at the lateral face, sensors 7d®are at the medial face and sensors 10, 11 2rdelat the posterior
face. For a better understanding, it is possibkewin figure 4 the right location of the twelemsors.

For the experimental set up of fractured femureagied nine sensors; three at the surface of stemssynthesis
plate, four at the bone surface, laterally at ta¢epand others two in each side of the focus efftacture. The last two
sensors have been exactly located at the oppasievihere the plate was located (fig. 4). The gladeere the sensors
have been located were chosen from a preliminanylsition in FEM, where it can be seen the placdsiggest values
of strain are located. These strain patterns, afterfracture, will indicate the distribution ofrains throughout the
femur, as well as a possible development of theellissue, in the healing process.

NS O

150.00

Figure 4: Indication of the position of sensorghia femur and the fratured one.
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The wavelength shift of each FBG was acquired leyatquisition system from Micron Optics, Inc., miosia125,
and then those values were converted into strdiresgp Strain). For each load, were performed finsurements, to
assure the repeatability system.

Geometry was developed and improved in a partrerdseiween the Federal University of Technology raRa
(UTFPR) and the University of Aveiro (UA). The geetny previously used by the University of Aveir@ve been
acquired together to ttftandardized Femur Program

For the numerical study, the geometry was creasitjithe commercial program SolidWotkd he surfaces of the
base have been smoothed at the head of femur, thsasvevere made corrections in the geometry, toichwam
overlapping of volumes bodies corresponding todcakar and cortical bones (fig. 5). An interfacénsen trabecular
and cortical bones was considered, consisting thigtexistence of two distinct bodies, one insidéhefother.

Geometry M@}?% : : MS%%E%

15/11/2008 10i11

Figure 5: CAD model of the femur after the modifioas made and mesh generated by the software ARSYS

After all these considerations, the model was ebgabin the parasolid format into ANSYSoftware, version 11.0.
As the archive is imported, is generated the gegnudtthe numerical model and then, it is generdbedfinite element
mesh. The mesh was refined in specific points ¢érést and to approach the results with the realitighout
overloading the system. The used element was SQBID hexahedral. The mesh generated for the medeh hotal of
38519 elements and 72754 nodes (fig.5).

The plates of osteossynthesis geometry was dewklorectly in the SolidWorks software, from measures
supplied in catalogues of the products from SYNTRES

For the formulation of the numerical model of ttveken femur and fixed, was made an assembly op#nts of
the model, being carried out also in SolidWé&rksftware. The assemble geometry with broken fewsteossynthesis
plate and the supports for load application, haaenbexported in parasolid format and imported lgsse ANSYS.
A mesh of finite elements was generated, havind 63&des and 30989 SOLID 187 elements (fig. 5).

The fixation of the osteossynthesis plate at theebwas made by contact elements, this study dee'tsarews at
the finite element model. The interface betweenebamd osteossynthesis plate simulate “bonded” tiondi

Inferior and superior supports, used in the meatzmixperimental tests, had been modeled in ANS¥@tware.
The model also was placed in the same way (fig.The used inferior support in the first mechaniaasay was
simulated in simple way: a fixed support in the sgosition was created where it was located. Foidhd application
in the superior surface at 11°, the forces weremposed in axis Y and Z. For the second experirhéesh with
integral femur, it was modeled two parts to simeilde support system. In this in case, the supstipport already was
inclined in 11°, not needing to decompose the farce

With all the parts in right position, the loads baween applied at the superior part (fig 6). Theliag loads are the
same ones of the experimental test, in order twlai@ the model. The applied loads considered w&B6N, 400N,
600N, 800N and 1000N for integral femur and 20N\ 460N, 80N and 100N for broken femur.

3. RESULTS AND DISCUSSIONS
The Von Misses stresses give information about evtilee highest values are and where the sensoiecated in

the model. When analyzing the results obtained ®M, it can be seen that the minimum principaliat are located
mainly in the medial face of the superior regiorfevhur (fig. 6). In the lateral face of the infari@gion of femur, next



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

the base, it can be seen a region of significanteotration of strains. The point of maximum conicion of strains
in compression is at the inferior face at the nefcthe femur.

In both figures, it can be seen that in the antexra posterior faces of bone, there are a greabauof small areas
with stress concentration, characterizing areagevbigain exist, but do not influence in the precesfracture healing.

Mastimum Principal Elastic Strain <21 Minimum Principal Flastic Strain
Type: vincipal Elastic Strain Type: M Principal Elsstic Strsin
Unit; mmjmm: Unik: i frar
Time: 5 Time: 5
2411f2008 12145 24]11/2008 12:47

0,00082286 Max 7,273e-10 Max

0,00073134
0,00063952
0,0005453
0,00045673
0,00036527
0,00027375
0,00018223
9,0718-5
-7,9956e-7 Min

-0,00012595
-0,00025189
-0,00037784
-0,00050378
-0,00062973
-0,00075568
-0,00088163
-0,0010076
-0,0011335 Min

Figure 6: Distribution of maximum principal strand distribution of minimum principal strain.

Sensors 1, 2 and 3 were located at the anterierdafemur and had detected small variations @firstior all loads
(around 150 pstrain). The data acquired for thes@mnlocated in the lateral face exhibit a variatmf 400 to
800 pstrain. By the other hand, it's the mediakfadere were registered the great strains of cosafme related to the
positioning of applied load.

Sensor 9, at the beginning of the applied loadsgmts strains around -206 pnd -700 @ at the end. The same
happens with sensor 7, but more intensively. Atlibginning of the applied load the strains wereauadothe same
values of -200 gLof sensors 8 and 9; at the end, the strains hacdrclose to -11004u Sensor 12 presents strains of
compression, at the beginning, next to -18&pd at the end the levels arrived next to -45Qtat it is approximately
half of the strains obtained at the medial facegf@mmple.

The graphs listed in figure 7, present the strenrasured by FBG's as well as the strains obtaigdeEM.
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Figure 7: Comparison between the experimentalrstrain the anterior, lateral, medial and posteaoef
respectively.
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Without considering the specific values obtainedebgh sensor and observing globally the results,gbssible to
say that the two sets of results (numerical anccengental) are in good accordance, not only qualigly but also
guantitatively. The lesser difference is aroundd@nd the biggest difference is about 110 %, foapplied load of
1000 N.

An interesting remark is the fact that numericaldelowas considered linear. However, the experinhantalel is
composed for materials without linear behaviorsemwtsubmitted to high loads (viscoelastic behavitircan be
evidenced with the linear progression of the nuoatrivalues obtained, while the same is not evidgrnicethe
experimental test, when the material is submittekighest loads.

The applied loads considered in this study ares#iree for one integral femur, when considering adwireing in
orthostatic position, or when is walking (Argen2008). This demonstrates that the measured stea@swithout
considering biological variables, very close to ®agisting in a human femur.

Another very important observation made in the expental model, was the creep effect, caused byeriads
properties, during applied loads. In that way, @swestablished that was necessary to wait arodteerfi minutes
between loads, to make sure a new come back ital ioharacteristic. To avoid errors, it was penfied ten load cases
and with the results was calculated the standardatien. The biggest standard deviation observed awund
8 ustrain. According to the results displayed gufe 7, it can be seen that with the increase @faihplied load, the
numerical and experimental values become lessaintiving differences around 20 %.

The comparison between experimental and numetiiGhs, at the lateral face, also exhibit the latiferences for
higher values of load, with exception for sensothét had a strain around 458 while the numerical model presented
a value of 150 g In the lateral and the anterior faces, the vahlgsined, for small loads, are very close. Wité th
increase of loads up to 600 N, the values are cleitke a small difference between the two methods.

Comparing the values obtained for higher levelkafls; in the anterior face the differences cashreaound 15 %
to 20 %. Already in the lateral face this differerfalls for about 5 % to 10 %.

An important factor in the validation of resultstie difficulty of measuring the strains at the sagpoints, in both
methods.

The results obtained in the numerical simulatiamsthe posterior face are in accordance with orsailmed for
similar works related in literature (Talagaal, 2007). However, the strains obtained for the FB@® the present work,
had been of higher levels, arriving around -450 p

The geometry of femur, together with the locatidnsensors at the posterior face, with a little Bispment in
position of some millimeters for the medial faceda that was obtained higher values then in thesnioad model.

In the experimental tests of Talataal, 2007, the strains at the posterior face wereriof to -100 ustrain, as well
as in this work. This demonstrates that the armamege elaborated for the experimental set up haguade behavior;
and, mainly, that the numerical model is satisfgctbeing able to be used for the development of neghopaedic
components or for the analysis of existing compésen

The results obtained in numerical simulation aré the best, with a series of adjustments we cagsecto the
experimental test. Screws can be inserted in thd FiBdel, adjusting the material properties of thumerical model,
modifying boundary conditions, the numerical moddl have a nonlinear behavior and have behavioset to the
experimental test.

To facilitate the visualization of strains at theT® places where the sensors are glued, an imate ofinimum
principal strains at the medial face of femur whtamed. A bar chart was elaborated, to comparestitaéns obtained
for the numerical simulation and for the experina¢tésts, as it is showed in figure 8.

Minimum Principal Elastic Strain - MESYS
I SENSOR 7 Types Birimu Princips|Elsstc Strain kil
] MEF 7 Ui, manjrom
Tinte: 5
-1200 4 Il SENSOR 8 11112008 10,07
[ MEF &
1000 I SENSOR S T2t 10 Ry
-0,00020728
CImers -0,00041452

-200 4

[L0z0%=-002 7

-0,00062178
-0,00082904
-500 4 -0,0010363
-0,0010606
-0,001084%
-0,0011052
-0,0011335 Min

Strain (strain)

1010

Load (N) 0,00 200,00 () o

100,00

Figure 8: Strain in compression, at the medial fafidemur.
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Sensor 8, located at the medial part of the osyatisssis plate, had strains of about 1180already for the same
region, when simulated with FEM, the strain obtdiveas about 45041 The highest differences between the two
methods of are related to the fixation form and bhenof screws used.

Using eight screws, the distribution of the straare concentrated in eight different points. In themerical
modeling, the strains are concentrated at thefatterbetween the osteossynthesis plate and fenhis.i§ the main
factor affecting the strains at the body of theiqla

In both methods of fixation of the plate (numerioalexperimental models), the strains are concetranainly at
the medial part of the plate, due to presence @fsftace between the bone fragments. At the supeaitras in the
inferior part of the plate, the strains are lowesé results are very similar as in the FEM as pegmental models,
with use of the FBG, mainly the behaviors of theves presented in graphs. The results obtaineleiptesent work
are very similar to ones obtained by Talaia, 2Q@7ere there are strains around 4@0afithe medial part of the plate
and very small strains (below of the 106 |at the inferior and superior parts. This demaiss that there are
agreement between this study and others reportigdrature.

The geometry of osteossynthesis plates inducesaheentrations of strains around the holes. To deinate this
behavior of strains, an image (fig. 9) with detadls taken, where the strain values around the laoéelsted as well as
in a horizontal line, between holes.

12004 SENSOR7 . 2 o

MEF 7 L 69 ;?;icm
MEF 8 MEF 9 9
MEF 9 .

8
8
Loupem
oDen

800 -

Strain (uStrain)

600 -

on
[ ]

400

200

7 i ; T T T T T
20 40 60 80 100 20 40 60 80 100
Load (N) Load (N)

Figure 9: Comparison of strains, between the nuwrakand experimental models, at the osteossyntpsis; at the
extreme of the plate; and maximum principle strainthe plate, after load.

When considering the strains around the hole (&mtait the fracture region, therefore without thespnce of
screw), the value arises up t01372gnd in the region, between the holes, and thénsteae between 97¢and 150
pe. It can be seen that a variation in the longitatipositioning of the plate about 1 or 2 mm, cardifyosignificantly
the intensity of strains at the fracture locatiafter fixation. The present model does not take atcount this type of
analysis, therefore is considered an empty spateeba the fragments of the fracture. It would beyeteresting,
therefore, considering, in the model, the existesica substance between the fragments, and theréfer levels of
strains could be assessed at the focus of thaufeaand then would be possible to clearly iderdifyvhat point of the
window of the mecanostatic theory of Frost thetgations are.

4. CONCLUSIONS

With the present work, it was possible to improhe geometry. The objective of the present work wees
validation of a numerical model of a synthetic ferand was achieved. The experimental results wegecordance
with ones obtained in previous works, developethatUniversity of Aveiro by Talaia, 2007, and Ram®806, with
synthetic femur developed by SAWBONESHowever, in this work, it was developed a newpsp system for the
experimental set up, in order to approach a mossiplogical behavior of applied loads and to refthe numerical
model.

The results evidence that the regions of higheirstralues are around holes, at the plate. Arohadble located at
the focus of the fracture, therefore without thesence of screw, were observed the highest valusisain. A little
variation in the position of osteossynthesis platesund 1 or 2 mm, can interfere drastically ia #train level at the
focus of the fracture, conditioning the efficiermfyhealing process.

The use of FBG as sensory systems for strain anay$one surfaces is very promising. They are #&ibbe glued
in irregular surfaces and geometries. The multigliex of several sensors in the same optical fibarvery interesting
issue for the choice of a proper acquisition systaympared with other ones like strain gauges.
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