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ABSTRACT
Design and Developmental Studies on a Six-Degree of

freedom Endoscopic Force/ Torque Sensor

Shengmei Wang
Concordia University, 2003

The project focuses on designing a new type of six-degree freedom force/torque
sensor and developmental study on it.

The proposed sensor can independently detect six components of force and
moment on a test platform. The response characteristics are linear, close to the design
values, and high enough to measure the forces and moments expected to act on the sensor
in a Cartesian coordinate system. The sensor frame consists of four symmetric beams and
a horizontal cross-beam designed to be monolithic. The sensor design is quite simple and
has negligible cross sensitivity in the measurements. These properties, combined with its
hollow cylindrical shape and small size, make this sensor an ideal choice for endoscopic
applications.

This thesis presents the design of a six-degree freedom force/torque sensor with
micro-strain gauges. The design is carried out using strength of material type of approach.
It is validated using the finite element analysis method. Some problems of calibration are
discussed. An experimental set-up is made in order to test the prototype sensor.
Experimental data validate the basic design ideas, and the sensor can be very useful tool

to monitor and control the force applied by the surgeon in endoscopic operations.
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Chapter 1

Introduction

The concept of six axis sensors and minimal invasive surgery will be introduced
in this chapter. Then the development of six axis sensors and their application fields will

be reviewed. At last the project objectives and the thesis organization will be discussed.

1.1 Six Degree of Freedom Force/Torque Sensors

Sensor is a device that produces a proportional output signal (electrical,
mechanical, magnetic, etc.)[1] when exposed to a physical phenomenon (temperature,
displacement, force, etc.). The term transducer is often used synonymously with sensors.
However, ideally, a sensor is a device that responds to a change in the physical
phenomenon. On the other hand, a transducer is a device that converts one form of energy
into another form of energy. Sensors are transducers when they sense one form of energy
input and provide an output in a different form.

Force/torque sensor is based on measuring a deflection caused by the force or
torque. Forceftorque sensor that employs strain gauge elements with built-in
microelectronics is common. Both impulsive forces or torques and any varying forces or
torques can be monitored using these sensors.

A force/torque sensor has the structure as shown in Figure 1.1. Strain gauges

transform strains into changes of the electrical resistance A R, an electronic unit detects
the resistance change and responds with a voltage change AV, and then this A V is read

to find the force/torque applied on the sensor [2].
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Figure 1.1 Strain Transformation

The six-axis force/torque transducers can measure three force-components and
three-moments acting on the transducers. It has been initially developed for applications
such as in wind tunnel testing and in thrust stand testing of rocket engines. In the mid
seventies, increasing demands for real flexibility and the importance of sensing force and
torque with arbitrary directions and magnitudes were becoming crucial, and hence much
attention was given to the development of six degrees of freedom sensors [3]. Now, the
force/torque sensor is highly effective in applications such as robot manipulation,
minimal invasive surgery, tele-operation surgery, aircraft and other vehicle control, and
other interactions between the applications involving human and environment.

In this thesis, a new six-axis force/torque sensor is designed, developed and tested, for

applications in endoscopes.

1.2 Minimal Invasive Surgery

In the traditional method of surgery, the surgeon opens the patient’s body with an
incision, finds the sick organ, conducts the surgery and then sutures the incision. The

operation is quite complicated and time consuming, the patient might lose a lot of blood



and the recovery time is often long.

Minimal Invasive Surgery (MIS) has recently become a very popular technique to
minimize damage to surrounding healthy tissues normally caused by the process of
reaching the more inaccessible internal organs during traditional surgical techniques. MIS
is also well known as Endoscopic surgery or keyhole surgery. However, Laparoscopic
surgery is a type of Endoscopic surgery where the operation is conducted in the
abdominal area. In Laparoscopic surgery, the surgical procedures in the internal organs
are performed by creating only small incisions on the surface of the human body in order
to reduce the damage caused to the tissues [4]. The relatively large incisions in open
surgery can be replaced by small perforation holes, which serve as entry points for optical
and surgical instruments. Special surgical instruments including laparoscopic tools are
introduced through the small holes leading to the internal organs. All manipulations are
carried out using instruments from outside the abdomen. The small spatial extent of the
tissue injury and the careful selection of the entry points result in fast patient recovery
after an operation. The price for this kind of operations is the loss of direct contact for the
surgeon with the organ being operated on and the inability to look at the operation site.
The advantages of MIS are fast patient recovery, little chance of inflammation and other
postoperative problems.

Laparoscopy requires a number of skills that cannot be simply taught by
“apprenticeship” due to a shortage of experienced teachers and because of the nature of
the skills. A two-dimensional image must be translated into a three-dimensional setting in
one’s mind, and consequently, one should be able to appreciate depth perception using

very subtle visual clues. This requires fine motor skills and hand-eye coordination to



manipulate small tools that move on-screen in a direction opposite to that of the
controlling hand. What made one a good technical surgeon in the past may not apply in
these cases.

The best method of teaching the novice surgeon to limit excessive loads and
improve movement efficiency during surgical procedures can potentially reduce injury to
soft tissues and reduce the time during laparoscopic surgery [5]. Direct haptic contact or
any direct visual inspection of organs or tissues is not possible, and operating under these
restricted conditions requires intensive training of surgeons. The Society of American
Gastrointestinal Endoscopic Surgeons (SAGES) describes the use of pre- and post-testing
in the evaluation of training courses and the trainers [5]. Training in a simulated
environment has several advantages over traditional training. It is less expensive, and
results in faster training in complicated procedures [5]. In order to enhance laparoscopic
surgical skills, an instrumented laparoscipic grasper is developed measuring the
force/torque at the surgeon hand/tool interface. Surgeon usually uses two endoscopes in
order to operate and the third endoscope with a camera is inserted through another incision
hole to view the entire operation on a video monitor [6]. One of the more difficult tasks in
surgical education is to teach the optimal application of instrument forces and torques
necessary to conduct an operation. The use of proper force/torque at the human body/tool
interface is essential for the success of the operation. All jobs of MIS must be based on the
measurement of the force/torque between the operation handle and the organs or tissues
[71(8]. The goal of the present study is to create new six degree of freedom micro-
force/torque-sensor to measure the forces and torques applied by surgeons on their

instruments during minimally invasive surgery.
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Figure 1.2 Endoscope and force/torque sensor location

1.3 Literature Review

During the past two decades, the force torque sensors have been widely accepted
in industrial and engineering applications, such as load cells [9], wind-tunnel balances
{10] and robotic engineering [11].

Much research is actively being carried out for applications in robotic
manipulators and more sophisticated tasks such as assembly, polishing, etc. A variety of
six-component force sensors have been designed for robotic systems mounted on base,
table, wrist and finger of robots.

Akihiko Yabuki [12] proposed a wrist force sensor with eight parallel leaf springs
and a mechanical stopper for assembly robot. E. Bayo et al [13] devised a new design
using elastic members that exhibit truss like behavior as opposed to the commonly used
beam behavior.

Lu-Ping Chao et al [14] advocated a systematic shape optimal design

methodology for a decoupled six-axis wrist force sensor. Tsuneo Yoshikawa [15]



described a six-axis sensor with three pairs of elastic elements, aligning along three axes
to get a rather small cross-coupling between elemnts.

Chul-Goo Kang [16] designed a sensor whose internal structure has a cross
shaped form with 8 circular holes, and a circular external structure. They also analyzed
the error propagation in measurement.

Optimal geometric structures and evaluation of six-axis sensors were considered
in [17][18]. These basic ideas have been extended to more general and mathematical
forms by Bicchi [19][20]. He proposed that the condition number of compliance matrix
could be the performance index of sensor design.

Most of the 6-axis force sensors have the form of a frame with cross bar. For
different applications, other forms of 6-axis force transducers were introduced. D.
Stewart described what is known as a Stewart platform-based force transducer first time
in 1965[21]. Chul-Goo Kang [22] presented it. M. Sorli et al [23] described the Stewart
platform-based force transducer again. The advantages of the Stewart platform based
force transducer are that the internal stresses of the transducer material do not appear in
the measuremént, and the transducer provides passive compliance often needed during a
robotic assembly task.

Makoto Kaneko [24]{25] proposed an interesting design of twin head multi-axis
force sensor based on the principle of pressure pick-up device. The new six-axis force
sensor is composed of two three-axis force sensors and a connector. He described the
theoretical basis for the operation of this type of sensor and provided the characteristics
matrix connecting the load and sensor output vectors.

Koichi Nishiwaki et al [26] described a six-axis force sensor with parallel support



mechanism, which allows large torques and forces to be generated when a robot foot hits
the ground.

Dirk Diddens et al [27] developed a ring-shaped multi-axis sensor mounted on the
Smartpen™ as a new advanced computer input device.

E. Bayo et al [28] devised a new design that has the elastic members exhibiting
truss like behavior as opposed to the commonly used beam behavior.

Recently multi-axis sensors were also used in many new fields. Dzung Viet Dao
et al [29] fabricated a six-degree of freedom turbulent flow micro sensor utilizing the
piezoresistive effects in silicon. The sensor was used in Geophysics to measure the forces
and moments expected to act on the particles in turbulent flow.

In the animal bio-dynamics, Y. H. Chang et al [30] used a 6 components force
transducer system to determine the dynamic forces and moments applied by an arm-
swinging animal during locomotion.

The appearance of micro robots resulted in several different types of sensors [31].
The integrated micro force sensor system was developed for measuring the gripping
forces in robotic arms.

In the surgical operation, the surgeon who is using MIS tools loses almost
completely the haptic perception of the manipulated tissue. A. Bicchi [32] presented a
first attempt to realize a prototype of surgical tool with sensor that can measure
force/torque. Nowadays six degree of freedom force/torque sensor technology has made
significant progress and are used widely in laparoscopic tools, surgical simulation and
training [33], and tele-operated surgery [34].

A. Bicchi et al [35] provided reliable models of dynamic multi-axis force/torque



sensors, and tried to define optimality criteria for gauge placements in the design of
dynamic force/torque sensing devices. The dynamic considerations were also presented in

literature [36-39].

1.4 Thesis Objectives and Organization

In this thesis, a new structure for six axis force sensors is proposed that is easy to
analyze, is simple in its structure, minimizes cross-sensitivity, is small in size, has light
weight, and could be integrated with cylindrical tube of endoscopic tool. The motivation
for the study came because of the need for such sensors in endoscopic applications. The
specific objectives are:

1. To design a six axis force/torque sensor

2. To make a prototype in order to carry out experiments

3. To analyze the structure using finite element analysis

4. To compare the analytical and experimental results from the point of linearity, and
cross sensitivity of the outputs

5. To draw specific conclusions on the design and the performance of the sensor

In order to examine the validity of the new sensor structure, traditional beam
model will be used to analyze the distribution of force/ torque in Chapter I, and finite
element method model will be employed to obtain more accurate analysis result in
Chapter III. Chapter IV provides details of the experimental setup and performance of
experiments. Chapter V describes the conclusions and suggestions for future work. The

appendix provides mechanical drawing, experimental data and Matlab codes.



The details about design of the six-degree of freedom sensor will be described in
the following chapter. The beam theory model will be used to analyse the sensor and get

the sensor prototype.



Chapter 2

Sensor Design

In Chapter 1, the six-degree freedom sensor and the concept of minimal invasive
surgery were introduced, along with a review of the relevant literature in the area. In this
chapter, a model of the six-degree of {reedom force/torque sensor will be discussed. A
design of the new six-degree of freedom force/torque sensor will be proposed. The design
will employ the traditional beam theory model in order to get the dimensions of the

sensor in this chapter.

2.1 Force/Torque Sensor Mathematical Model

When an external force acts on a sensor body, the multi-axis force sensor detects
elastic deformation of the internal sensor frame and transforms the deformation to an
analog or digital form of voltage and calculates the six components of the acting force.
The elastic deformation is usually detected by means of either strain gauges, opto-
electronics sensors [40], CCD elements [41], or inductive displacement transducers {42].

In the present study, strain gauges and Wheatston bridges [43] are used to detect
the force and torque by measuring the surface strain on the elastic structure.

If the elastic deformation of the internal structure in the sensor is within elastic limit, the
linear behavior can be hypothesized for the sensor, arriving at the following relation,

Cf = ¢ 2.1
where fis a measured n X' 1 force vector where the elements consist of all or part of the

6 X 1 forces and moments. The strain ¢ is a measured m X 1 vector whose elements are

10



m strain measurements at m points on the internal structure (m = 10 for the present
investigation), and C is a m X n compliance matrix or calibration matrix. It is assumed
that m == n and rank(C) = n, without losing generality. The condition m = n implies
that the number of strain measurement points is equal to or greater than the number of
force components that are sought. Generally n is less than 6.

The vector f includes force and moment components together, and hence the
property of the matrix C depends on the units of force and moment.

The solution of the linear algebraic Equation (2.1) can be considered in two
different cases, where both the cases are supposed to satisfy the condition rank[C] <
rank[ € ] . In one case, there are no errors at C and ¢, hence there exists a unique solution
f. In the other case a unique solution for f does not necessarily exist, and hence Equation
(2.1) should be written as

Cf =~ ¢ (2.2)

With this approximation it is possible to obtain an approximate solution instead of
the exact solution. The approximate solution f minimizes || ¢ -Cf]|® by considering this
problem as a least square problem of full rank. In the following, there is always a vector,
in fact a unique vector f of minimum norm, which minimizes || € -CAl” [43].

e=¢ + € (2.3)
where:
¢ is the projection of € on Z(C)

¢ is vector that is orthogonal to the linear manifold Z%(C)

In other words, ¢ € ./&(CT), since Cf € Z(C) for every f, Z C7) is the range

11



of C', which means that the set of vectors which are afterimages of vector in the
Euclidean space serves as domain of C: #C) = {z:z2=Cx}
/I/(CT) is null space of C7, means the null space of cl.onch) = {x: CTx= 0}
It follows that:
¢ - Cf € RO
and since
e € ®(C)
e/ e - cf
Therefore
Ne-cAP =Ml e+ e-cfIf = [l e-CAIF + el = lelf (2.4)
This lower bound is attainable since ¢ being in the range of C, is the afterimage
of some fy: |
Cfo = ¢ 2.5)
Thus, for this fy, the bound is attained:
| e-Chllf = Nl e™-Chll+ [l &1 (2.6)
Hence the lower bound is attained at f* only if f" is such that
cf = ¢ Q.7

For any such f*, it can be decomposed into two orthogonal vectors:

f=r+f (2.8)

where
e RkC)  and [ € A4C)

Thus

12



so that

and

cf = ¢ (2.9)
| e-CFIf = |l e-¢f1) (2.10)

WEIE = WP+ 1= 1000 | (2.11)
Hence the fp minimizes || Cf - ¢ ||* always exists if and only if Cfp = ¢

In the following, it can be proved for any m-vector f,

C'f=¢ (2.12)
where C* is called Moore-Penrose inverse [44],

Equation (2.12) is vector of minimum norm among those which minimize

Il -l

where:

For any m X n matrix C,

C* = gmé(CTC +81)7'c’

= }Si_r}%CT(C TC+8*)" (2.13)

“P’> represents the identity matrix whose dimensionality is to be understood from

the context.

8% is eigenvalue of c'c.

C" always exists, since

(CTCCT+&ICT) = CHCCT+°T) = (CCT+6°)C" (2.14)
(CCT+6%) and ( CTC+6°I) have inverses when F#>0

Let ¢ be a given n-dimensional vector, and decompose ¢ into its projections on

13



F(C) and AC):

e=¢ +¢ (2.15)
Since

Ce=C" (2.16)
and since & €2%(C) must be the afterimage of some vector g under C, it can be seen that:

(CC"+&° )" CTe = (CC"+8°1)'Ce

= (CCT+8 11 C'¢fy (2.17)

The limit of the last expression always exists and coincides with fo , the
projection of fy on Z(C"C), and since

e =Cfy

= Cfo

the following equation can be concluded:

fo = gg(cTch otN'CTe (2.18)
where £y always exists, is an element of Z(C"), and satisfies the relation

Cfo=¢ (2.19)

For any vector &, CC'e is the projection of ¢ on ZC) and (I-CC")e is the
projection of € on ACY). For any vector f, CC'f is the projection of f on ACT), and (I-
CC*)f is the projection of f on F(C).

So the normal equation can be obtained:

c'cf=C"¢ (2.20)

From the equation (2.20), the following solution or approximate solution is
obtained.

f=C'e (2.21)

14



where C* = (C"C)'C", and C* is called left pseudo-inverse. The left pseudo-inverse is a
special case of Moore-Penrose inverse that can be defined in a matrix with non-full rank.
Moore-Penrose pseudo-inverse matrix C* can be computed via the singular value
decomposition of C, which is a generalization of the diagonal of a symmetric matrix by a
similarity transformation with orthogonal matrices [45]. For any matrix C € R,,x, can be
factorized into

c=Uav (2.22)
with U &€ R, and V & R, x, being orthogonal matrices and 4 & R,, x, with

A=diag(oy, ..., Omintmn)
and o; =0.

This factorization is called singular value decomposition and the o ; are called
singular values.

Some properties of the singular values is noted, which can easily be checked are

noted below:

‘If C = CT, then the singular values are the eigenvalues of C.

-In general, the o,—z are just the eigenvalues of crc.

-If Rank(C) = k < min(m, n) then ;= Ofori> k.

‘A =diag(oy, ..., 0, 0,...,0) thend" =diag (o1,..., 040, ..., 0)

where U is m X m orthogonal matrix composed of orthonormal eigenvectors of cCh, Vis
n X n orthogonal matrix composéd of orthonormal eigenvectors of C'C, and

A is m X n diagonal matrix in which ij elements(i 7 j) equal 0 and i,i elements (i =

1,...,n) equal the singular value &, of C corresponding to the eigenvectors of C"C. Then

15



Moore-Penrose inverse C* is given as:
Cr=((UAVH U AV (U AV
=(VATU U AV (v AUY)

= (VAT AV v AT

= (VAT aytviv au”

=y ATA)yt AUT

= VAU ' (2.23)
where A is # Xm matrix in which i,j elements(i # j) equal 0 and i,i elements(i = 1,...,n)
equal 1/ ;. The Moore-Penrose inverse C" gets equal to the inverse C’ "ifm=nandC

has full rank. Hence the actual force f acting on the sensor can be obtained with the above
formulation. It is possible to get the input of force/torque with the measured strains on the
structure, when the measured strain information is more then the number of force/torque

information.

2.2 Sensor Design

2.2.1 Sensor structure

In general, there are several types of sensors. Most of them are with cross bars.

Some of these sensors are shown in Figure2.1
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Junyich's wrist foree sensar

Shape 4

Shape 6
Figure 2.1 Different Force/Torque Sensor Shapes

In Figure 2.1
Shape 1: Tsuneo Yoshikawa et al introduced in 1989 [15]
Shape 2: Chul-Goo kang described in 2001 [16]
Shape 3: Dzung Viet Dao used in 2002 [28]
Shape 4: Dzung Viet Dao discussed and compared in 2002 [28]
Shape 5: Lu-Ping Chao presented in 1997 [14]
Shape 6: Juyich firstly developed [45]
Forces and moments applied to the sensor are evaluated through the measurement

of strains at given points on the sensor body. The sensor body is a structural system with
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specially designed shape. The sensor will be integrated with the cylindrical tube of the
endoscopic tool near the handle (see Figure 1.2). The sensor used in this report is the
enhanced sensor that is designed by Weiyi Huang et al [46]. The elastic body structure of

the sensor is shown in Figure 2.2.

=

— St X

- " s9lo S10

Y

Figure 2.2 The Force/Torque Sensor Frame

All of the 10 micro-strain gauges used on the structure are indicated in Figure 2.2.
The ninth and tenth strain gauges are stuck on the vertical beams at 45 degree with the
shaft axis. Let the strain gauges outputs obtained from the strain gauge bridges be S, Ss,
Ss, S4, Ss, Se, S7, Sg, Sg, and Syg. Then the force vector F in the coordinate system OXYZ

can be obtained as



[ F, ] K (S, =S,+S5+S,)
F, K,(S,-8,+S,+S;)
Fo- F, _ K (Ss+S8S4+8,+8,+S5,+5,+5,+S5,) 2.24)
M K,(S¢—Ss+S,+S,)
M, K (S5-5,+S +S;5)
hMZ_ L KG(S9"510) |
where Kj, K, ... K¢ are the coefficients of the force/torque sensor that are determined

when it is designed.

There are some assumptions made in modeling the sensor structure elastic model:

(1) The stiffness of the elastic body designed is high enough for forces and
moments to be applied. The deformation of the elastic beam is in the elastic
regime.

(2) The strain gauges are glued to the structure in such way that the glue layer is
thin and the error caused by glue materials is negligible.

(3) The maximum cross-sensitivity is limited to10%.

(4) Every line of the component force passes through the center of the coordinate

as shown in Figure 2.2.

2.2.2 The material of sensor frame

The stiffness and sensitivity characteristics of the force/torque sensor frame are
determined by its material properties. The maximum allowable strain for micro-strain
gauges is typically 1-1000 u strain, which is at least one order of fnagnitude higher than

that of industrial metals. Furthermore, the stiffness depends linearly on Young’s modulus

E of the material. By virtue of Hooke’s law:
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o=E¢ (2.25)

It can be concluded that high sensitivity and stiffness are achievable
simultaneously only by use of a high-strength material. Because a linear response is
desired from the sensor, the chosen sensor frame material must have a linear strain-stress
relationship. Steel is the best available industrial material that has good linearity
properties within a large stress range.

Standard steel was chosen for the material of sensor frame.

Material characteristics are given in Table 1(http://www.metlab.com)

Table 1 Material Characteristic

Model AISI 1018 Steel, cold drawn

Elongation at Break 15%(in SOm}rl)

Reduction of Area 40%

Bulk Modulus 140 Gpa

Shear Modulus 80 Gpa

Young’s Modulus 2.067 X 10° N/mm*

Possion’s Ratio 0.3

Tensile Strength Ultimate 440 Mpa

Tensile Yield Strength 370 Mpa

Notes Medium low-carbon steel, good weldability
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2.2.3 The specifications of strain gauges

The specifications of the micro-strain gauges used are given in Table 2.

Table 2 Micro-Strain Gauge Specifications

Model ESB-020-350

Shape Bar

Resistance (R) 350Q

Gauge Factor +155

Thermal Coefficient of Resistance +22% (20°C to 70 °C)
Thermal Coefficient of Gauge Factor -18% (20°C to 70 °C)

2.3 Force/Torque Analyse

Geometrical structure of the sensor showing the typical vertical and horizontal

components of the sensor as well as the position of the strain gauges are given in Figure

2.3.
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Figure 2.3 The Geometrical Structure of the sensor

The arrangement of strain gauges and force/torque direction are shown in Figure 2.4.

il />] ¥
iy / Fy
S8
ST i} 51
[» \\,__‘__\ []
32 [] fix
0
6 » A-\‘Q 4
Fx

Figure 2.4 The Skeleton drawing of the sensor
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2.3.1 The condition when applying a single force Fy

Suppose that a single force Fy is applied to the force/torque sensor. Then,

If beam OA produces compressive deformation, the output of the strain gauges is
denoted by Ss;

If beam OC produces tensile deformation, the output of the strain gauges is
denoted by Sy;

If beam AE produces bending deformation, the output of the strain gauges is
denoted by S;;

If beam CG produces bending deformation, the output of the strain gauges is
denoted by Ss;

Beams OB, BF, OD and DH are under bending moment in the flank of the beam.
If the strain gauges are glued at the neutral axis of the beam, the output of the strain
gauges is zero [45]. Therefore, the outputs of the strain gauges glued on the beam OB,
BF, OD, and DH are zero:

S;=8S4=Ss=53=0 (2.26)

Next, the relation between Sy, S3, Ss, and S7 are analyzed. Because the elastic
body of the sensor is symmetric, the sizes of the tensile (or compressive) stress of beam
OC and that of beam OA are equal, but the direction of the stress of beam OC and that of
beam OA are opposite. The sizes of the bending stress at the strain gauges of beam AE
and beam CG are equal, but their directions are opposite. Hence the following equations
can be deduced:

S1=-S3 (2.27)

S5 =-S5 (2.28)
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The stresses at the center position of the beam OA and OC are:

Fxl
o, = Force . (2.29)
Cross Sectional Area bh 2bh

The stresses at the center position of the beam AE and CG are:

E"—LxH ><—Il
o, = My _ 2 . 2 _ 3Fxlf‘{ (2.30)
' I bh bh
12

Here F,; is the component force along the x-axis of the single force Fx in the

horizontal crossbeam (Figure 2.4).

F

e
Os, 2bh h
= = 2.31
o, _ 3n,H 6 @b
bh?

The stress and strain relationship is:

o
s = 2 2.32
Z (2.32)
where E is Young’s Modulus.
Thus
Ss _ 8%, _ R (2.33)
S, S, 6H

Combining equation (2.24), (2.26) to (2.33), the force vector F is determined by:

[ F, ] (K, (S, —S,+S,+S,)] [K,S, |
F, 0 0
F 0 0
F =} | = = 2 (2.34)
M, 0 0
M, K (S,-5,) K,S,
M, | 0 ] 0
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Equation (2.34) shows that when a single force F, is applied to the force/torque
sensor, there is an interference output at the My component. The cross-sensitivity can be

expressed as:

M K K.h
LS TR (2.35)
F K,S, 6K,H

X

The size of the cross-sensitivity depends on the parameter of the elastic body. For
the general case, the structure parameters K; and Ks selected in this design are almost
equal and h /H < 1/10. Thus My/F, < 1/60, and hence the cross-sensitivity of the force

sensor can be ignored.

Equation (2.34) becomes:

[ F. (2K S, | (2K .S, |
F, 0 0
F 0 0

F = ‘ = = - (2.36)

M 0 0
M, 0 0

M, | 0 0]

2.3.2 The condition when applying a single force Fy

Suppose that a single force Fy is applied to the force/torque sensor (see Figure
2.4).

If beam OB produces tensile deformation, the output of the strain gauges is
denoted Sg;
If beam OD produces compressive deformation, the output of the strain gauges is

denoted by Sg;
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If beam BF produces bending deformation, the output of the strain gauges is

denoted Sy;
If beam DH produces bending deformation, the output of the strain gauges is
denoted by Sy;
Beams OA, AE, OC and CG are under bending moment in the flank of the beam.
The strain gauges are glued at the neutral axis of the beam, and hence the output of the
strain gauges is zero. Therefore, the outputs of the strain gauges glued on the beam OA,
AE, OC and CG are zero:
S$1=S3=S5s=5,=0 (2.37)
Next, the relation between S,, Ss, S¢, and Sg are analyzed. Because the elastic
body of the sensor is symmetric, the sizes of the tensile (or compressive) stress of beam
OB and that of beam OD are equal, but the direction of the stress of beam OB and that of
beam OD are opposite. The sizes of the bending stress at the strain gauges of beam BF
and beam DH are equal, but their directions are opposite. Hence the following equations
can be deduced:
Sy =-S4 (2.38)
S¢ = -Sg (2.39)

The stresses at the center of the beams OB and OD are:

F,
O = Force = 2 = Fy ! (2 40)
o8 Area bh 2bh

The stresses at the center of the beam BF and DH:
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yi h
X H X—
o, = M _ 2 0 2.41)
4 I bh? bh* '

where Fy; is the component force of the y-axis of the single force Fy in the horizontal

crossbeam.
F,
Os 2bh h
— = = (2.42)
0'2,4 3F ylH 6H
bh®

Similarly, according to equation (2.38), (2.39), (2.42), the following equation is

obtained:

S S h (2.43)

6 = m—— —_—

|

Combining equation (2.24), (2.37) to (2.43), the force vector F is determined by

[ F, | ] 0 | 0
Fy KZ(SA—S2+SB+S6) K254
FZ 0 0

F = = = 2 (2.44)
Mx K4(S8~SG) K4S8
My 0 0
M, i 0 | i 0 |

Equation (2.44) shows that when a single force Fy is applied to the force/torque

sensor, there is an interference output at the My component. The cross-sensitivity can be

expressed as:

M, _ KSy _ K 245)
F, K,S,  6K,H

The size of the cross-sensitivity depends on the parameter of the elastic body. For

the general case, the structural parameters K and Ky selected in this design are almost
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equal and h /H < 1/10. Thus My/Fx < 1/60, and hence the cross-sensitivity of the force

sensor can be ignored. Equation (2.44) becomes:

- - —

F, 0 0
F, 2K, 2K,S,
F, 0 0

F = = = - (2.46)
M, 0 0
M, 0 0
M, | 0 0|

2.3.3 The condition when applying a single force .
Suppose that a single force F, is applied to the force/torque sensor (see Figure
2.4). Beam OA, OB, OC and OD produce bending deformation. Considering the elastic
body of the force sensor frame to be symmetric, the bending stresses at the strain gauges
of the four horizontal beams are equal.
Hence
S5=S6=57=Sg (2.47)

The stresses at the center position of the beams OA, OB, OC and OD are:

_~_§_xL X‘]i
o _ My — 4 : 2 — 6FZL2 (248)
R bh* 4bh* '
12

Beam AE, BF, CG and DH produce compressive deformation and the compressive
stresses at the strain gauges of the four vertical beams are equal.

Therefore

Si=5:=S3=54 (2.49)
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The stresses at the center of the beams AE, BF, CG and DH are:

L
_ Force 4

(o] = = = 2.50
124 Area bh 4bh ( )

Thus

FZ
N 4bh h
= = (2.51)
O se18 6F z L?- 6Lz
4bh*

Similarly, according to equation (2.47), (2.49), (2.51), the following equation is

obtained:
S _ S, _ 8y _ 5. _ h (2.52)
S, Se S, Ss 6L,
Combining the equations (2.24), equation (2.47) to (2.52)
The formula of force vector F is determined by:
T _ 0 -
F, 0
F 4K, (S, +S
F = g = 58550 (2.53)
M. 0
M, 0
_M Z | L O d

Equation (2.53) shows that when a single force F, is applied to the force/torque sensor

frame.

If the structure is designed to satisfy the condition h/L, < 1/10, §4/Ss5 < 1/60, then the

force vector F in equation (2.53) can be expressed as:
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1
2
i
1
(o]
J

A

I

= (2.54)

KRR
=

2.3.4 The condition when applying a single moment M.
Let a single moment My be applied to the force/torque sensor (see Figure 2.4).
Beam OA and beam OC produce twisting deformation. Because the sensor frame is
symmetric, the output of the strain gauges glued on these two beams is so small that it
can be neglected.
Ss=S87=0 (2.55)
Beam AE and beam CG are under bending moment in the flank of the beam. The
condition of stress is:
S1=S3=0 (2.56)
Beam OB and beam OD produce bending deformation. The magnitude of the bending
stress at the strain gauges of these two beams are equal and their directions are opposite.
Hence,
Se =-Sg (2.57)

The stresses at the strain gauges of beam OB and beam OD are:

Mlel Xf"_
My 2R 2 _ SM,L
Ou = = = — 2.58
* I bh’ 2Rbh* (29
12
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Beam BF and beam DH produce tensile (or compressive) deformation, and the magnitude
of the tensile (or compressive) stress at the strain gauges of these two beams are equal and
opposite in direction:

S, =-S4 (2.59)

The stresses at the center of the beam BF and beam DH are:

Mxl
M
o, = Foce _ 2R . M. (2.60)
Area bh 2Rbh

where My is the single moment M applied on beam OB, OD, BF and DH.

From Equation (2.58) and (2.60)

Iu - 1 (2.61)
O 6L,

Hence
SERN PR (2.62)

S¢ 8, 6L
Combining the equation (2.24), equation (2.55) to (2.62), the force vector formula of

force vector F can be obtained when a single moment M, applied, is

0
2K,S,

o

=

&

= (2.63)

y

R R o~

LMz ] L B
Equation (2.63) shows that when a single moment M, is applied to the
force/torque sensor, there is an interference output in the Fy component. The cross-

sensitivity can be expressed as:
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F
y _ 2K,8, _ Kk 264)

M 2K,S,  6K,L

X

The size of the cross-sensitivity depends on the parameters of the elastic body. In
general, the structure parameters K, and K4 selected are almost equal and b/L; < 1/10.
Thus Fy/My < 1/60, and hence the cross-sensitivity of the force sensor can be neglected.

The force vector F becomes:

=

<

™~

= (2.65)

REEXwmoy

2.3.5 The condition when applying a single moment M,:

If a single moment M, is applied to the force/torque sensor (see Figure 2.4), then
beam OB and beam OD produce twisting deformation. Because the sensor is symmetric,
the output of the strain gauges glued on these two beams is so small that it can be
neglected.

S¢=S8g=0 (2.66)
Beam BF and beam DH are under bending moment in the flank of the beam. The

condition of stress is:

S;=S8S4=0 (2.67)
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Beam OA and beam OC produce bending deformation. The sizes of the bending
stress at the strain gauges of these two beams are equal and their directions are opposite.
Accordingly,

S5 =-S5, (2.68)

The stresses at the strain gauges of beam OA and beam OC are:

MylLlXﬁ
o, = M. 2~ _ M (2.69)
7 I bh* 2Rbh*
12

Beam AE and beam CG produce tensile (or compressive) deformation, and the size
of the tensile (or compressive) stress at the strain gauges of these two beams are equal

and opposite in direction:

S1=-S3 (2.70)

The stresses at the strain gauges of beam AE and beam CG are:

M,
o = Force _ 2R _ M, 2.71)
B Area bh 2Rbh

here My, is the single moment My in beam OA, OC, AE and CG.

From Equation (2.69) and (2.71)

Oy _ M ” (2.72)
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S S

h
= —6—[: (2.73)

»3
S S,
Combining the equation (2.24), equation (2.66) to (2.73), the force vector formula of

force vector F when applying a single moment My is obtained:

[ F, ] [2K,S, |
F, 0
F 0
F o= = (2.74)
M 0
M, 2K.S
M | . 0

Equation (2.74) shows that when a single moment My is applied to the force/torque
sensor, there is an interference output at the F, component. The cross-sensitivity can be

expressed as:

2K
F, _ 2KS,_ _ Kh 275)

M 2K, S, 6K,

Y
The size of the cross-sensitivity depends on the parameters of the elastic body. In
general, the structure parameters K; and Ks selected in this design are almost equal and

h/L; < 1/10. Thus F,/My < 1/60, and hence the cross-sensitivity of the force sensor can be

neglected.

The force vector F becomes:

F, 0
F, 0
F 0

oo | | (2.76)
M, 0
M, 2K.S
M | L 0]
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2.3.6 The condition when applying a single moment M,

When a single moment M, is applied to the force/torque sensor, see Figure 2.4,
beam OA, OB, OC and OD are under bending moment in the flank of the beam. Hence
the output of strain gauges glued on beams OA, OB, OC and OD are zero:

Ss=S¢=87=S3=0 2.77)

The stress conditions of beams AE, BF, CG and DH are much more complicated.
These beams are subjected to a twisting moment as well as to a bending moment in the

flank of the beam. According to Weiyi Huang ct al [46], applying a bending moment in
the flank of the beam produces no output of the strain gauges, the flank bending moment
can be neglected.

S1=8,=83=84=0 (2.78)

Only the output of the strain gauges due to the twisting deformation can be
considerable.

In this force/torque sensor, two strain gauges are used to form a torque gauge
applied in a half bridge. One is positioned so as to be sensitive to the principal
compressive strain, and the other observes the principal tensile strain. Note that in the
absence of bending moments and axial forces, the principal stress planes lie
perpendicular to one another at 45°to the plane about which the tensional moment is
applied.

Torque is measured by either sensing the actual shaft deflection caused by a
twisting force, or by detecting the effects of this deflection. The surface of a shaft under

torque will experience compression and tension, as shown in Figure 2.5. To measure
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torque, strain gauge elements usually are mounted in pairs on the shaft, one gauge
measuring the increase in length (in the direction in which the surface is under tension),
the other measuring the decrease in length in the other direction.

A strain gauge can be installed directly on a shaft because the shaft is rotating.
The strain gauges So and Sy are fixed on one of vertical beams. They can measure the
vertical beam tensile (or compressive) deformation, and the size of the tensile (or
compressive) stress at the strain gauges of vertical beams is equal and opposite in

direction.

Resultant strain direction

sion ‘\/5/
,;*‘%Eauge A

X v

l Tei

¢
H
H

f \ _
i K Gauge B a
i Compression’w ]

H

¥ Torsional moment=™ "

Figure2.5 The Location of Torsion Gauge

Se =-Sto 2.79)

According to Alexander Blake [47], the shear stresses at the strain gauges of

vertical beam are:

36



le

3x
F 3M
Oy = T - R a (2.80)

Area 2bh 8RbA

here M, is the single moment M; in beams AE, BF, CG and DH.

The force vector formula when applying a single moment M, is givenby:

F. 0
F 0
F = Fol o 0 (2.81)
oM, | 0 '
M, 0
M, | 2K¢S |
Therefore, from above analysis, equation (2.24) becomes:
[ F, ] K,(S,-S,)
F, K,(8,-5,)
F K, (Ss+S,+S5,+S
F = o= (85 +5a 5, +5y) (2.82)
M, K4(SG-_S8)
My KS(SS —-‘S'J)
;MZ_ L Ke(Sy~384)

Equation (2.82) enforces the basic input/output relation for the force/torque

SENSOr.

2.4 The Dimension of the Sensor
The dimensions of the sensor frame are chosen with the following constraints that

were used in the design,
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2 oo L
L, ~ 10
.o L
L ~ 10

After many trails, taking into consideration the above constraints, material
availability and machining limitation, the following dimensions are chosen,

b =6 mm

h=1mm

H =20 mm

S =35 mm

L1 =10 mm

L2=11 mm

2.5 The coefficients of the sensor

From Equation (2.82)

"' -1

F, Kl(Sl“Sa)
F, K,(S,-S,)
Fo- F, _ K, (S5 +S¢+S,+5;) (2.82)
K4(Sa ’"Ss)
K.(5,-5,)
z L KG(SQ—‘SIO)
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The following equation can be obtained:

(2.83)

f
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The following relations can be deduced:

F, = K(S,-S,) S, = -5,

F, = 2K,S,

S, = -§, = 2’;;1 (2.85)

F, = K,(§,-S8,) S, = =S,

F, = 2K,S,

S, = =S, = Ly (2.86)
’ 2K,

Fo= K,(S)+Si+S1+48)  Si = Sg=8; = 8
where superscript “1” indicates that readouts of the fifth, sixth, seventh, eighth

micro strain gauges when force is applied in Z direction.

F, = 4k,S;

F
s = 8§} = §! = §! = = 2.87
5 6 7 8 4K3 ( )
M, = K, (S¢-5%) S¢ = =8¢

where superscript “2” indicates that readouts of the sixth, eighth micro strain

gauges when torque is applied in along X direction.

M, = 2K,S;

M
S = —-8§; = —= 2.88
6 3 2K, (2.88)
M, = Ki{8;-87) S = -8;
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From Equations

where superscript “2” indicates that readouts of the fifth, seventh,

gauges when torque is applied along Y direction.

M, = 2K.§5
M
S52 — _S72 —_ ¥y
2K
M, = K(S,-Sy) Sy = =8y
M, = 2K/,
M
S, = -S§ £
9 10 2K6
(2.85) to (2.90), the following equations can be obtained
F
S, = =5, = —
2K,
F
S, = =8, = 2
2K,
F M
S, = 8§ + 8} = —4— +
4K, 2K,
F M
SG:S61+S62= i
4K, 2K,
F M
S, = 8; +8; = — -
4K, 2K
F M
S, = Sg + S5 = —=— - —%
4K, 2K,
M
S, = =8, = —~
9 10 2K6
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micro strain

(2.89)

(2.90)

(2.91)

(2.92)

(2.93)

(2.94)

(2.95)

(2.96)

(2.97)



Solving for the coefficient from equations (2.91) to (2.97), the parameter of the

sensor is obtained:

K, = L
28,

F

K, = ~2
25,

F

K = 4]
5

Mx

K, = —=
28,

M

K, = —2
25 .

M

K, = ==
28,

The coefficient of the sensor are obtained as:
K| = 5.1675%10°
K, = 5.1675%10°
K; = 9.3955%10°
K4 = 2.17035%10
Ks =2.17035%10’

Ko = 4.134%107
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(2.98)

(2.99)

(2.100)

(2.101)

(2.102)

(2.103)



2.6 Calibration Matrix

According to equation (2.85)-(2.97), the following equation is obtained:

e=Cf (2.104)
L 0 0 0 0 0
2K,
0 1 0 0 0 0
2K,
S, 1 0 0 0 0 0
¢ 2K,
2
1
0 - 0 0 0 o Ir
S, K, F.
S F
¢ 0 0 L 0 1 0 Y
Ss| 4K 2K, F,
S 0 o L ! 0 o |M.
s, 4K, 2K, M,
1 1
S, 0 0 0 - M,
4K, 2K, S
> 0 o L 1 0 0
S0 AK, 2K,
0 0 0 0 1
2K,
2.105
0 0 0 0 1 (2105)
] 2K, |
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The C matrix is:

0 0 0
0 0 0
0 0 0
0 0 0
0 L 0

2K,
L 0 0
2K,
0 1

2K,

_ 0 0
2K,

0 0 L
2K,
0 0 -

44
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Substituting the values into the equation (2.106), the C matrix is:

0

0

el o SN e BN e BN o S«

Then the Moore-Penrose pseudo-inverse matrix is calculated to be:

[ 48.3793

-48.3793

c* = (C'c)y'c

0
48.3793
0
~48.3793
0

o oo o o

C" is calibration matrix.

(1.04 -1.04 0
0 104 0
0 0 0
0 0 0
0 0 0

| 0 0 0

0

0

0

0
13.3042
13.3042
13.3042
13.3042

0
0

0 0 0
0 0 0
0 0 0
0 0 0
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From the above analysis, the six-degree of freedom force/torque sensor is

designed so as to satisfy the measurement requirements.

In the following chapter, Finite Element Method will be used to analyze the

sensor frame, and the result will be compared with those presented in this chapter.
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Chapter 3

Finite Element Method Model

In Chapter 2, the mathematical model of the six-degree of freedom sensor was
described and the beam theory was employed to analyze the stress of the sensor frame.
Then the calibration matrix was obtained. In the following, the stresses in the sensor
frame will be analyzed with Finite Element Method. The results will be compared with

those obtained in Chapter 2.

3.1 Finite Element Method Model

Applying the beam theory to the sensor structure is acceptable for design
purposes. However, in order to get more accurate results for such a complex structure, the
finite element method will be used. [48,49]

The finite element method provides an excellent tool to analyze a given force
sensor design and to introduce the necessary modifications for a better design. By
creating a detailed and accurate finite element model the analyst can estimate the
response of given design, calculate the strains at the desired points, and get the
corresponding calibration matrix. The process may be repeated for several different

designs, under the given loading conditions, until the desired singular values are
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obtained.

The steps followed in finite element method are presented below:

(1)

2)

3)

4)

Finite element mesh generation: Divide the domain into sub-domains. Each
sub-domain is called an element. The elements are interconnected to each
other at points called nodes.

Element equations: A typical element is isolated and it requires proper
equations to describe its properties. Seek an approximation to the solution
as a linear combination of nodal values and approximation functions. The
equation is called element equation.

In general, an approximate solution u will be sought to be a differential

equation in the form [50]:
u = Zujl//j + ch¢j 3.1
j= j=1

where u; are the values of u at the element nodes, ¥ ; are the interpolation
functions, c; are the nodeless coefficients, and ¢; are the associated

approximation functions. A weighted-integral form of the governing
differential equation provides one such procedure.

Assembly of element equations and solution: The approximate value of the
domain is obtained by putting together the element properties in a
meaningful way. This process is called the assembly of the element
equations.

Convergence and error estimate

Using the finite element analysis the force/torque sensor is modeled as an
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assemblage of discrete elements interconnected at the nodal points on the
element boundaries. The displacement field within each element is assumed
to be a connection of the displacements at the nodes. Therefore the
displacement element field is defined as:

u(x,y,z) = H{x,y,z)u, (3.2)
where H(x,y,z) is the displacement interpolation matrix and u, is a vector
containing the nodal displacements.

The right choice of the interpolation functions depends on the elastic model
selected for each particular case. The application of the compatibility relationships
between strains and displacements yields:

£x,y,z) = B(x,y.,z)u, (3.3)
where the matrix B(x,y,z) is obtained by proper differentiation of the terms of the matrix

H(x,y,z). The constitutive relations of the material render:
o(x,y,2) = D(x,y,2)€(x,5,2) (3.4)
where ¢ is the stress field, and D(x,y,z) is the elastic matrix whose terms depend on the

material properties.
The principle of virtual work can then be applied to set up the equations of

equilibrium in an integral form.

ng(i)T O.(i)dv i) Zu(j)TF(j) (35)
iy i

where summation on i is carried over the number of elements and the summation on j is
carried over the number of nodal forces. The integration on V (Volume) is carried over

each element. Proper integration and final assemblage of these equations will yield the

49



structural stiffness matrix and force vector. The assembled system of equations becomes:
KU = F (3.6)
where K is the total stiffness matrix. U is the nodal displacement vector and F is the force
vector. The solution of the system of equation (3.6) for the specified design loads will
render the nodal displacements. Direct application of equation (3.3) gives the desired
strains and allows the building of the calibration matrix.
A detailed description of the finite element method and the derivation of the

above- mentioned matrices are given by J.N. Reddy [51].

3.2 Element Type

In the present application, Model solid 45 in ANSYS (Finite Element Commercial
Software) is chosen. SOLID 45-3-D Structural Solid is used for the three-dimensional
modeling of solid structures. The element is defined by eight nodes having three degrees
of freedom at each node and the orthotropic material properties [52]. Orthotropic material
directions correspond to the element coordinate directions: translations in the nodal x, y,
and z directions.

The element has plasticity, creep, swelling, stress stiffening, large deflection, and
large strain capabilities. A reduced integration option with hourglass control is available.
The element is defined by eight nodes.

The geometry, node locations, and the coordinate system for this element are

shown in Figure 3.1.
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Elemert Coordinate
System (shown for
KEVOPT{d=1)

Z

3.3 The Adaptive Mesh

The ANSYS program provides approximate techniques for automatically
estimating mesh discretization error for certain types of analyses. Using this measure of
mesh discretization error, the program can then determine if a particular mesh is fine
enough. If it is not, the program will automatically refine the mesh so that the measured
error will decrease. This process of automatically evaluating mesh discretization error and
refining the mesh, called adaptive meshing, continues through a series of solutions until

the measured error drops below some user-defined value (or until a user-defined limit on

Surface coordinate systermn

the number of solutions is reached).

The ANSYS program includes a prewritten macro, ADAPT.MAC, to perform

adaptive meshing. The model must satisfy certain preconditions before it can successfully

J
{Frism option

MEOF
I
EL

J
{Tetrahedrd Option -

not recorrimendeG)

Figure 3.1 SOLID45 3-D Structural

activate the ADAPT. macro. These requirements include the following:
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The standard ADAPT procedure is valid only for single-solution linear static
structural and linear steady-state thermal analyses.

The model should preférably use only one material type, as the error calculations
are based in part on average nodal stresses, and would thus often be invalid at the
material interfaces. Also, an element's error energy is affected by its elastic
modulus. Therefore, even if the stress discontinuity is the same in two adjoining
elements, their error energy will be different if they have different material
properties. Abrupt changes in shell thickness should be avoided since such
discontinuities will cause similar stress-averaging problems.

The model must use element types that support error calculations.

The model must be built using meshable solid model entities characteristics that

will cause meshing failure must not be built into our model.

In the FEM model of the sensor frame, free volume method is applied to mesh.

Figure 3.2 The mesh of sensor structure
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3.4 Loads and Solution

Loadings are defined to be of two types: nodal and element. Nodal loads are
defined at the nodes and are not directly related to the elements. These nodal loads are
associated with the degrees of freedom at the node. Element loads are surface loads, body
loads, and inertia loads. Element loads are always associated with a particular element

(even if the input is at the nodes).

The solution output associated with the element is in two forms:

e Nodal displacements included in the overall nodal solution

« Additional element output

Several items are illustrated in Figure 3.3. The element stress directions are
parallel to the element coordinate system. The surface stress outputs are in the surface
coordinate systems and are available for any face. The coordinate systems for faces INM
and KLPO are shown in Figure 3.1. The other surface coordinate systems follow similar

orientations as indicated by the pressure face node description.
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Siress directions shown
are for KEYOPT()=0

Figure 3.3 SOLID45 Stress Qutput

The output from the solution consists of the nodal solution (or the primary degree
of freedom solution) and the element solution (or the derived solution). Each of these
solutions is described below. Solution output is written to the output file, the database,
and the results file. The output file can be viewed through the GUI (Graphic User
Interface), while the database and results file data (sometimes called the "post-data”) can
be post-processed.

The output file contains the nodal DOF (Degree of Freedom) solution, nodal and
reaction loads, and the element solutions, depending on the settings. The element
solutions are primarily the centroidal solution values for each element. Most elements
have KEYOPTsS to output more information (e.g. integration points)

Boundary condition can be applied with the load in the structure. The tiny portion

of the sensor frame is clamped all around.
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A hard point of this structure is made. It is special nodal. All loads are applied in

the hard point that is located in the center of the two cross horizontal beam.

3.5 Analysis Result

3.5.1 The solution of FEM Model

The following force/moments are applied:

Fy = 0-30N
F, = 0-30N
F,=0-30N

M, = 0-100Nmm
M, = 0-100Nmm

M, = 0-100Nmm

The linear and decoupled results (Calculation result is in Appendix B) can be
obtained. The FEM analysis results can be seen in Figure 3.4 (the result that applied Fy or

M; on the sensor are not listed because of symmetric reason):
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S

£y

A. Sensor Strain (Load F,=15N) B. Sensor Strain (F,=15N)

C. Sensor Strain (Load M,=0.05Nm)  D. Sensor Strain (Load M;=0.05Nm)

Figure 3.4 The FEM Analysis Result
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3.5.2 The Calibration Matrix
From the above analysis the strain/stress at each point in the sensor is obtained.

According to the equation:

e=Cf (3.7)
where
5
S,
S3
S,
S
§ =17 (3.8)
S
S7
SS
S9
bSlO_
Fy
F
F = | ° (3.9)
MX
M)’
__,MZ_

Then the C matrix will be calculated and Moore-Penrose pseudo-inverse matrix

C* will be obtained.
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Using Matlab the calibration matrix of FEM model is calculated to be:

362 29 -22 19 -3.7 2.8 ]
58 363 3.1 3.6 -19 27
-359 12 20 -19 =37 -28
-26 =362 30 3.7 -19 27
06 -1.1 178 100 1180 -—11.2 .
C = x10 (3.8)

-2.1 6.1 180 106.0 2.3 4.6
-1.0 1.3 183 77  ~115.0 123
1.1 60 182 -1020 -23 -4.1
0.4 0.6 0.8 1.6 L5 479
-04 -06 -08 -16 -1.5 -479)

Then the Moore-Penrose pseudo-inverse matrix C* calculated as following:

C =(C'oy!lcT (3.9)

(1395 —0006 —1393 0.173 0.101 0021 0099 0077 -0008 0.008 |
-1.28 1338 0.189 -1403 -0.121 0107 -0125 0105 0001 -0001
0.032 0010 -0053 0476 1372 1324 1399 1366 -0.004 0004 ><106
0020 0014 -0022 0020 -0015 0487 0004 -0471 -0005 0.005

-0.023 0008 -0.004 -0.021 0432 0039 -0424 -0.035 0010 0010

| —0.001 -0.001 0001 0001 -0003 —-0004 -0.001 —0001 1.044 -1.044]

(3.10)

C* is calibration matrix.

From the FEM analysis, it is noted that:
1.  When applying the force Fy, S1 and S3 have the similar value with opposite

sign, the values of S1 and S3 are not exactly equal because the nodal
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location of S1 and S3 are not exactly same. This is similar to other 5
force/torque components

2. There is a small the cross sensitivity. When applying the force Fx, the other
strain gauge values are less than 10% of S1 or S3. The result is similar to the
beam model analysis result. When applying F,, F,, My, My, M, , similar
results can be obtained.

3. The FEM results demonstrate that the beam theory is a simple way to
analyze the sensor structure, and can be used in preliminary analysis of the
sensor frame. The FEM can get more accurate analysis results and closes to
reality.

4. The sensor structure and dimension design satisfy the requirement of

force/torque measurement, and the measurement accuracy is acceptable

5. In view of the need for more time and effort Element Method can be
applied in the final stage of most costly and laborious calibration procedure

for improving the analysis.

In the next chapter, the sensor fabrication and experimental analysis will be
described. In this section, the sensor will be characterized by studying both the hnearity
and sensitivity. This will be performed by investigating the static force/torque that are
applied on the sensor. Finally, by using the obtained data, the final calibration matrix will

be calculated.
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Chapter 4

Sensor Fabrication and Experiment

In the previous chapter, the finite element method was applied to analyze the
sensor. The FEM results agreed closely with those obtained using the simple beam
model. In this chapter, the analytical result will be validated through experimental

investigations on a sensor frame that was designed using the beam theory.

4.1 Sensor Fabrication

The sensor frame was fabricated using the design optimization that was reported
in section2.2. The sensor frame is fabricated in workshop of the Mechanical Engineering
Department of Concordia University. The detail dimension of sensor structure is reported
in Chapter II and Chapter III. . The detail fabrication drawing of sensor frame is
presented in Figure 4.1. In Figure 4.1, the detail drawing of the sensor shows it’s top,
front and side view. Special fixtures (in Figure 4.2) were designed in order to apply
forces and moments along all the axes.

The strain gauges were positioned in the middle of the vertical and horizontal
beams of the frame of the sensor. The micro-strain gauges were glued on the sensor in
Concave Center laboratory. The processing of glue was discussed in section 4.4. The

sensor was calibrated as described in section 4.2.
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Figure 4.1 The detail drawing of the elastic body of the sensor
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4.2 The Experiment Setup

For testing and calibration of the sensor, a series of special equipment are built in
order to fix the sensor and apply the force/moment in different directions on it. A base
with a cylindrical projection that can be used to mount the sensor frame snugly into it as

shown in Figure 4.1 was prepared.

Figure 4.2 Base for Fixing Sensor

Weights are suspended on the cross beam structure to apply loads (forces and
moments) to the sensor. Figure 4.3 shows six different configurations for hanging
weights. These six configurations yield six linear independent force vectors.

(a) Fz is applied on the sensor
(b) Fx is applied on the sensor
(c) Fy is applied on the sensor
(d) Mx is applied on the sensor
(e) My is applied on the sensor

(f) Mz is applied on the sensor
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Figure. 4.3 The Way of Force/Torque Applied

4.3 The Specifications of Gauge

The Micro-strain gauges that are commonly used in industrial applications was

used for the experiments.

Figure 4.4 The Image of Micro-Strain Gauge [53]
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The strain gauge ESB-020-350 of Entran Ltd with the following specifications

were chosen for the experiments:

B2 etve

}
SETE S SR

Bvve i {mﬁ&a}

Figure 4.5 The Dimension of ESB [53]

The Characteristics of strain gauge are given in Table 3:

Table 3 The Characteristics of Strain Gauge

G Factor(GF
auge Factor(GF) AR /R + 59
AL/L
Thermal Coefficient of
AGF % 3%
Resistance(TCR) 100°F
Gauge Type P-Type Silicon
Strain Level 1-1000ustrain recommended, S0milliwatt maximum

0-25milliwatt recommended, 50 milliwatt maximum.
Wattage Rating (Per gauge)
Watts=(Voltage on Gauge)*/(Gauge Resistance)

Temperature Range -100°F to 100°F(-73°C to 315°C)
Gold, 0.0015”" diameterx0.25” length min
Lead Wires
(0.038mm dia x6.35mm)
Young’s Modulus =27x10%psi(1.9x10%°kg/cm’)




4.4 The Adhesives and Installation of Strain Gauge

Selection of the correct application techniques and associated materials are quite
important to ensure the success of any strain gauge test program. The basic process of
applying a gauge to the test surface can be conveniently divided into the following major

steps:

(1) Preparation of Test Surface
The sensor surface must be prepared before mounting the gauges on the sensor
body. The following preparations are made:
1. Lightly sand with 400 grit sandpaper perpendicular to strain dimension, to a 16 RMS
finish, sandblast to at surface.
2. Apply 1,1,1-trichorethane to clean the surface.
3.  Blow dry with canned air or another clean source.
4. Acetone clean

5. Blow dry with canned air or another clean source again.

(2) Selection of installation material
In the test, epoxy adhesives that stick the strain gauges on the structure are
chosen. Epoxy adhesives have been extensively used for the installation of strain gauges

for many years.
In this project, a fine brush (000) is used to pre-coat with thin layer of epoxy, such

as Micro Measurement’s M-bond 610.
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In this processing, five basic operations are usually noted:
(1) General solvent degreasing of the gauging area;
(2) Surface abrading, a minimum requirement is to obtain a bright metal surface;
(3) Application of gauge location layout lines;
(4) Surface conditioning with a mild acid;
(5) Surface neutralizing.
A bright metal surface for protective coating as well as adhesive is prepared.
Circular grinder and lapping to reduce direct tracking paths was employed. The

application of adhesive and coating were done with a fine brush.

(3) Gauge preparation
Holding the free end of one lead wire of the strain gauge with a fine tweezer, the
wire from the tape was removed by gently lifting the wire straight up. The gauge was

placed on the wet epoxy and aligned. The process needs to be done carefully. In general,

a microscope is needed.

(4) Application of adhesive
The adhesive was checked wvisually for inclusions, contaminations or
discoloration. Ensure containers are slightly above room temperature before opening.

Adhesive was applied with adequate pressure at right angles to the glue-line.
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(5) Clamping
In order to ensure correct glue-line thickness and assist in the set-up of the
adhesive, adequate pressure was applied with thumb pressure and the force acting on

clamps for two minutes.

(6) Curing and post curing

After a cure involving heat and pressure the glue-line may have locked in residual
stresses. To achieve maximum long-term stability these stresses must be relieved by the
process of post curing. To ensure that the adhesive reaches the right viscoelastic state to
release the stress the post cure temperature should exceed the cure temperature by 20-30°

C. Post curing was done at 150° C for 3 hours minimum.

(7) Lead wire attachment and soldering
Finally a lead wire was attached to the strain gauges under microscope. The set up

is shown in Figure 4.5.
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Figure 4.6 The Six DOF Force/Torque Sensor

4.5 Measurement Instrument

The model P-3500 Strain Indicator is applied to read strain gauge’s readout. It is a
portable, battery-powered precision instrument for use with resistive strain gauges and
transducers. The P-3500 will accept full, half and quarter bridge inputs, and all required
bridge completion components for 120 ohm and 350 ohm bridges are provided. Strain
gauges are normally connected via the front panel binding connector. The P-3500 will
accept gauge factors of 0.500 to 9.900, and gauge factor is adjustable to an accuracy of
0.001 by a front panel 10-turn potentiometer. Gauge factor is displayed on the LCD
display. But the gauge factor for most semiconductor strain gauges is between 50 and

200, and is beyond the immediate range of the P-3500 gauge factor controls. However,
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when the MULT push button

effectively multiplied by 10.

is set to the X10 position, the gauge factor range

BModel P-3500 Strain Indicator

Figure 4.7 P-3500 Strain Indicator
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4.6 The Principle of Strain Gauge Force/Torque Sensor

TRANSDUCER
CONNECTOR
Remote-sense + O -
P40
S+0
P
Remote-sense —
JUMPER OR
OPTIONAL RESISTOR. S CA
SEE SECTION &.5 :
| et ¥ 3 H
GG 1O EXTERMNAL CALIBRATION
wmann~s  CAL G POINTS OR CALIBRATION
~F SHIELD OR EXTERNAL

i T GROUND F USED

Figure 4.8 Wheatstone Bridge

The quarter bridge strain gauge is connected at the P+ and S+ port. For the half
bridge connection, the strain gauges are connected at (P+, S+) and (P-, S-). For the full
bridge, the gauges are connected according (P+, S+), (S+, P-), (P+, S-), and (P-, S-). H
and G port is used to choose the resistor of strain gauge, H is used for 120 Ohm gauge,
and G is used for 350 Ohm gauge. The instrument also can be used for remote output or

external measurement instruments, the output port is J and K. F is external ground port.
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4.7 Measures to overcome the possible problems in the experiment

In order to overcome possible problems in the experiment, the following
precautions were taken.

(1) Using soldering tin to solder the lead and wire to make the conductive
characteristic stable because the glue characteristics are unstable sometimes.

(2) Using dummy gauge to compensate the temperature because the strain gauge
is sensitive to the temperature change, especially in a quarter bridge. The dummy gauge
is connected as showing in Figure4.9.

(3) Using external resistor to compensate the gauge resistive value to 350 ohms to
solve zero drift problem because the installation. There are differences between the
resistors. The balance of Wheatstone bridge is hard to be obtained. After use extra

resistors, eventually the satisfying result is obtained

¢ .
ACTIVE
R :
DUMMY GAGE

O OR RESISTOR

OOO.

EXTERNAL DUMMY

Figure 4.9 External Dummy gauge
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In the next chapter, the experiments will be carried out and the results will be
obtained. Results from beam model, FEM model and Experiments will be compared. And

the calibration matrix will be calculated.
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Chapter 5

Data Processing and Comparison of the Results

In the preceding chapter, fabrication of the sensor frame, and the experimental
issues were discussed. In this chapter, the experimental results will be presented and

discussed. The data analysis will be made and compared with analytical results.

5.1 Data Processing

Experimentally observed discrete set of data of the form {x;, f; | i=1,...n} should
be represented as a function of the form f{x) over the domain of the independent variable
x[54][55]. From the beam model and FEM model analyzed, the relationship of strain and
the applied force is linear, given m pairs of data:

(xo vi)i=1,..., m (5.1)
The coefficients e and 4 can be found such that
Fx)=ax+ /4 (5.2)

In order to obtain a least squared error fit to the data, the difference between the y

data and the fit function is obtained at each point,
o=y, ~FG) =y, ~(x, +p) (5.3)
where r; is called the residual for the data pair (x;, y;), and it is the vertical distance

between the known data and fit function.
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Figure 5.1 Data and Fit Function

The best fit is obtained in such a way as to:
minimizel’ riz

It means, p=2 r,-z
g = zrz2 = Z[yi—(wci+ﬁ)]2 (54)
i=l

The least squares fit is obtained by choosing the @ and /£ in Equation (5.2)

Denoting:
p = Z r? (5.5
i=1
and
p=pla,pF) (5.6)

the coefficients o and f} are obtained by minimizing p with respectto them as follows:

dp
— =0 5.7
aa =cons tant ( )
and Q’—O— =0 (5.8)
aﬂ a=cons tant
Let
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ax+f =y (5.9)
Writing out the Equation (5.9) for all of the known points ( x;, y; ). i=1,...,m

gives the over-determined system.

Let
Ac=y (5.10)
where
x, 1
a =% (5.11)
-
¢ = {“} (5.12)
g
Yy
y = (5.13)
Y

The equation Ac = y can not be solved with Gaussian elimination unless the
system is consistent. It is impossible to find the ¢ = (@, £ )7 that exactly satisfies all m

equations. The system is consistent only if all the data points lie along a single line.

Compute
p=Ilrll (5.14)
where
r=y-Ac (5.15)
p = llrllz=rr=(y-Ac)(y-Ac)
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=yy - (Ac)ly - Yi(Ac) + "A"Ac
= yly- 2y"(Ac) + "ATAc (5.16)

Minimizing p requires

%3 = —2A"y + 2ATAc = 0 (5.17)
C
or

(ATA)c = A"p (5.18)

Suppose y is the value of the fit function at the known data points

y = cx, + ¢ (5.19)

H

for a line fit, and y  is the average of the y values

— 1
y = -
m

Sy, (5.20)

In order to measure how well the fit function follows the trend in the data,

parameter R* can be defined as:

R® = o,y ) N . - (5.21)
Yy, -y Yy, -¥)
where
0 £ R <1 (5.22)
When R?= 1 the fit function follows the trend of the data.
When R>= 0 the fit function is not significantly better than approximating the data
by its mean.
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5.2 The Experimental Data

5.2.1. Applying Fx on the sensor
The measured strains when Fy is applied on the sensor frame are shown in Figure

5.2. The coefficient R? is calculated in Table 4.

Table 4 The coefficient when applying Fx

R’ a B
S1 0.9980 1.0e-006 *0.3361 1.0e-006 *0.1195
S2 0.9928 1.0e-007 *0.3293 1.0e-007 *0.4097
S3 0.9946 1.0e-006*(-0.3333) | 1.0e-006 *0.1460
S4 0.9901 1.0e-007 *0.3091 1.0e-007 *0.0755
S5 0.9953 1.0e-007 *0.3121 1.0e-007 *0.3352
S6 0.9908 1.0e-007 *0.3025 1.0e-007 *0.3500
S7 0.9819 1.0e-007 *0.3170 1.0e-007 *0.5822
S8 0.9849 1.0e-007 *0.2751 1.0e-007 *0.4739
S9 0.9007 1.0e-008 *0.4721 1.0e-008 *0.8350
S10 0.9007 1.0e-008 *0.4721 1.0e-008 *0.8350
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Least Square Line Fit to Measurement Data
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Figure 5.2 Strain Gauge Line Fit when Applying Fx

From above data analysis, it is found that when Fx is applied on the sensor, the «
of S1 and S3 are 1.0e-006 *0.3361 and 1.0e-006 *0.3333. The « of other gauges’ (S2, S4,

S5, S6, 87, S8, S9, S10) are 1.0e-008 *0.4721 to 1.0e-007 *0.3293, less than 10% value
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of S1 and S3. It shows that the only readouts when Fx is applied are S1 and S3. The R’ of
the gauges values are the 0.9007 to 0.9988, which means that the lines fit the

experimental data well.
5.2.2 Applying Fy on the sensor
The measured strains when Fy is applied on the sensor frame are shown in Figure

5.3. The coefficient R? is calculated in Table 5.

Table 5 The coefficient when applying Fy

R’ a B8
S1 0.9896 1.0e-007 *0.3144 1.0e-007 *0.5475
S2 0.9923 1.0e-006 *0.3326 1.0e-006 *0.0679
S3 0.9983 1.0e-007 *0.3285 1.0e-007 *0.4234
S4 0.9971 1.0e-006 *(-0.3436) | 1.0e-006 *0.1968
S5 0.9951 1.0e-007 *0.3215 1.0e-007 *0.3272
S6 0.9930 1.0e-007 ;‘0.3160 1.0e-007 *0.4184
S7 0.9941 1.0e-007 *0.3081 1.0e-007 *0.2631
S8 0.9930 1.0e-007 *0.3160 1.0e-007 *0.4184
S9 0.9564 1.0e-008 *0.8502 1.0e-007 *0.6328
S10 0.9564 1.0e-008 *0.8502 1.0e-007 *0.6328
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Least Square Line Fit to Measurement Data
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From above data analysis, it is found that when Fy is applied on the sensor, the a
of §2 and S4 are 1.0e-006 *0.3326 and 1.0e-006 *0.3436. The a of other gauges’ (S1, S3,
S5, S6, S7, S8, S9, S10) are 1.0e-008 *0.8501 to 1.0e-007 *0.32835, less than 10% values
of S2 and S4. It shows that there are only readouts of S2 and S4 when Fy is épplied. The
R? of the gauges values are the 0.9564 to 0.9983, which means that the lines fit the

experimental data well.

5.2.3. Applying ¥z on the sensor
The measured strain when F, is applied on the sensor frame are shown in Figure
5.4. The coefficient R is calculated in Table 6.

Table 6 The Coefficient when Applying Fz

R’ o B
S1 0.9833 1.0e-008 *0.2541 1.0e-008 *0.8467
S2 0.9295 1.0e-007 *0.0218 1.0e-007 *0.1693
S3 0.9044 1.0e-007 *0.0223 1.0e-007 *0.1462
S4 0.9774 1.0e-008*0.2318 1.0e-008 *0.9155
S5 0.9961 1.0e-006 *0.1843 1.0e-006 *0.1865
S6 0.9913 1.0e-006%0.1938 1.0e-006 *0.2025
S7 0.9958 1.0e-006%0.2031 1.0e-006 *0.1402
S8 0.9909 1.0e-006 *0.1890 1.0e-006 *0.2377
S9 0.9568 1.0e-008 *0.2489 1.0e-008 *0.6718
S10 0.9568 1.0e-008 *(-0.2489) | 1.0e-007 *(-0.6718)




Least Square Line Fit to Measurement Data
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Figure 5.4 Strain Gauges Line Fit when Applying Fz

From above data, it is seen that when Fz is applied on the sensor, the o of S5, S6,
S7 and S8 are 1.0e-006%0.1843, 1.0e-006*0.1938, 1.0e-006*0.1938 and 1.0e-006%*0,
2031. The o of other gauges’ (S1, S2, S3 S4, S9, S10) are 1.0e-008*0.2180 to 1.0e-

008*0.2489, about 10% values of S5-S8. It shows that there are only readouts of S5 — S8
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when Fz is applied. The R? of the gauges values are the 0.9041 to 0.9961, which means

that the lines fit the experimental data well.
5.2.4 Applying Mx on the sensor
The measured strains when My is applied on the sensor frame are shown in Figure

5.5. The coefficient R? is calculated in Table 7.

Table 7 The coefficient when applying Mx

R’ a B

Si 0.9558 1.0e-007*(-0.0067) 1.0e-007*(-0.1021)
S2 0.9897 1.0e-008*(-0.0623) 1.0e-008*(-0.4427)
S3 0.9680 1.0e-008*(-0.0576) 1.0e-008*(-0.7718)
S4 0.9744 1.0e-008*(-0.0479) 1.0e-008*(-0.6309)
S5 0.9750 1.0e-008*(0.0463) 1.0e-008*(-0.5895)
S6 0.9374 1.0e-008%0.9635 1.0e-008*0.2182

S7 0.9989 1.0e-008*(-0.0375) 1.0e-008*(-0.8209)
S8 0.9928 1.0e-007*(-0.0909) 1.0e-007*(-0.1914)
S9 0.9649 1.0e-008%0.0433 1.0e-008%0.6750

S10 0.9649 1.0e-008*(-0.0433) 1.0e-008*(-0.6750)

83




Least Square Line Fit to Measurement Data
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Figure 5.5 Strain Gauge Line Fit when Applying Mx

From above data analysis, it is found that when Mx is applied on the sensor, the o
of S6 and S8 are 1.0e-008%(0.9635) and 1.0e-008*(-0. 909). The a of other gauges’ (S1,
S2, S3 S4, S5, S7, S9, S10) are 1.0e-009*0.433 to 1.0e-009*0.670, less than 10% values

of S6 and S8. It shows that there are only readouts of S6 and S8 when Mx is applied. The
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R’ of the gauges values are the 0.9371 to 0.9989, which means that the lines fit the

experimental data well.
5.2.5 Applying My on the sensor
The measured strains when My is applied on the sensor frame are shown in Figure

5.6. The coefficient R? is calculated in Table 8.

Table 8 The Ceefficient when applying My

R? a B
S1 0.9354 1.0e-008 *0.0389 1.0e-008*0.6445
S2 0.9082 1.0°-008 *0.0445 1.0e-008%0.8750
S3 0.9923 1.0e-008 *0.0355 1.0e-008%0.8073
S4 0.9395 1.0e-008 *0.0325 1.0e-008%0.6786
S5 0.9983 1.0e-007 *0.0955 1.0e-007*0.1850
S6 0.9988 1.0e-007 *0.0430 1.0e-007*0.5486
S7 0.9753 1.0e-007 *(-0.1029) 1.0e-007*(-0.2009)
S8 0.9270 1.0e-008 *0.0338 1.0e-008%0.8323
S9 0.9838 1.0e-008 *0.0503 1.0e-008*0.5136
S10 0.9838 1.0e-008 *(-0.0503) 1.0e-008*(-0.5136)
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Least Square Line Fit to Measurement Data
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Figure 5.6 Strain Gauge Line Fit when Applying My

From above data analysis, It is seen that when My is applied on the sensor, the o
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of S5 and S7 are 1.0e-008*0.9550 and 1.0e-007*(-1.2029). The o of other gauges’ (S1,
S2, S3 S4, S6, S8, S9, S10) are 1.0e-009%0.3250 to 1.0e-009*0.503, less than 10% values

of S5 and S7. It shows that there are only readouts of S5 and S7 when My 1s applied. The



R’ of the gauges values are the 0.9082 to 0.9988, which means that the lines fit the

experimental data well.
5.2.6 Applying Mz on the sensor
The measured strains when M, is applied on the sensor frame are shown in Figure

5.7. The coefficient R? is calculated in Table 9.

Table 9 The coefficient when applying Mz

R’ a B
]
S1 0.9895 1.0e-007 *0.0375 1.0e-007 *(-0.1751)
S2 0.9794 1.0e-007 *0.0349 1.0e-007 *0.1322
S3 0.9837 1.0e-008 *0.2748 1.0e-008 *(-0.7264)
S4 0.9872 1.0e-008 *0.2717 1.0e-008 *(-0.6082)
S5 0.9765 1.0e-008 *0.3079 1.0e-008 *(-0.8036)
S6 0.9967 1.0e-008 *0.2988 1.0e-008 *(-0.0282)
S7 0.9786 1.0e-008 *0.2507 1.0e-008 *(-0.6227)
S8 0.9885 1.0e-008 *0.2978 1.0e-008 *0.2591
S9 0.9988 1.0e-007 *0.4235 1.0e-007 *(-0.5873)
S10 0.9988 1.0e-007 *((-0.4235) | 1.0e-007 *0.5873
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Least Square Line Fit to Measurement Data
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Figure 5.7 Strain Gauge Line Fit when Applying Mz

From following data analysis, it can be seen that when Mz is applied on the
sensor, the a of S9 and S10 are 1.0e-007%0.4235. The a of other gauges’ (S1, S2, S3 S4,
S35, S6, S7 and S8) are 1.0e-008*0.2507 to 1.0e-008*0.3750, less than 10% values of S9

and S10. It shows that there are only readouts of S9 and S10 when Mz is applied. The R?
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of the gauges values are the 0.9765 to 0.9988, which means that the lines fit the

experimental data well.

5.3 Calibration Matrix

With the analysis data, the C matrix can be obtained as

-

325 2.3 0.3 7.2 43 3.6
2.5 34.6 0.5 6.5 4.8 3.4
-35.0 2.3 0.4 6.4 4.1 2.6
2.9 -324 03 5.3 3.7 2.5
2.5 2.8 214 5.1 96.0 3.2 Py
C = x 10 ®* (5.22)
2.7 2.4 239 972 4.7 3.1
2.2 2.5 21.8 46 —-103.0 2.4
2.2 2.4 240 870 4.0 2.9
0.5 0.6 0.3 4.7 5.3 41.8
| -05 -06 -03 -47 -53 418 |

The pseudo-inverse matrix is given by

(1412 0115 -1527 0115 0012 -0002 0017 -0021 -0002 0002 ]
0110 153 0089 -144 0003 -0002 0028 -002 -0003 0003
C = -0326 0317 0017 0019 253 -0264 232 0078 -0013 0013 10°
0082 0069 0084 0067 —0678 0637 -0572 0486 -0.001 0001
0013 0013 0021 0022 051 -00056 0493 -0002 -0.001 0001

| -0.002 —00023 00015 00017 —0001 -0001 0011 -00056 1.194 —1.194]
(5.23)
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5.4 The Comparison of Results

Now, the experimental results are compared with the FEM and beam theory
analysis results in order to see the advantage and disadvantage of the different analysis
methods.

5.4.1 Applying Fx

Figure 5.8 shows the comparison of results when Fx is applied on the sensor
frame.

From follow figure, it shows the gauge S1 and S3 value of the experimental data,
FEM and beam theory model analysis result of strain when Fx is applied on the sensor.

The figure is the relationship between S1, S3 and force that applied on the x
direction. The ¢ line is beam theory calculation result, the ® one is Finite element method
analysis result and the A one is experiment data. In the first figure, the slope of beam
theory model is 4.23%107 the slope of FEM is 3.375*107 and the slope of experimental
data is 3.361*10”. In the second figure, the slope of beam theory model is -4.23%107, the
slope of FEM is -3.565*10” and the slope of experimental data is -3.333%107.

By referring to Figure 5.8, it can be concluded that the maximum difference
between the results of FEM model and those obtained from the experimental work is
approximately 5%. Furthermore, it is observed that the maximum difference between the
results calculated by the beam theory and the corresponding experimental data is about
26.4%.

It is seen that the experimental data are in close agreement with the FEM results.
However, the calculated beam theory results are somewhat different from the

experimental data. It indicates the Finite Element Method is more accurate than Beam
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theory. The sensor has complicated structure and has larger error using the simplified

beam theory model.
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Figure 5.8 Data Comparison when applying Fx (0 to 30 N)
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5.4.2 Applying Fy

Figure 5.9 shows the comparison of results when Fy is applied on the sensor

frame.
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Figure 5.9 Data Comparison when applying Fy (0 to 30 N)
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Figure 5.9 shows the gauge S2 and S4 value of the experimental data, FEM and

beam theory model analysis result of strain when Fy is applied on the sensor.

The figure is the relationship between S2, S4 and force that is applied in the y
direction. The ¢ line is beam theory calculation result, the m one is Finite element method
analysis result and the A one is experiment data. From the figure, the slope of beam
theory model is 4.23*%107 and —4.23*10'7, the slope of FEM model is 3.6145%107 and -

3.615%107, the slope of experimental data is 3.326* 107 and -3.436*107.

By referring to Figure 5.9, it can be concluded that the maximum difference
between the results of FEM model and those obtained from experimental work is about
6.95%. Furthermore, it is observed that the maximum difference between the results
calculated by the beam theory and the corresponding experimental data is approximately
37.03%. Hence it is seen that the experimental data are in lose agreement with the FEM
results. However, the calculated beam theory results are somewhat different from the
experimental data. FEM is more accurate than Beam theory. Considering the structure is
beam model brings more calculation error because the sensor frame has complicated

structure and is not a simplified beam model.
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5.4.3 Applying Fz

Figure 5.10 shows the comparison results when F, is applied on the sensor frame.
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Figure 5.10 shows the values of strain gauge S5, S6, S7 and S8 value of the
experimental data, FEM and beam theory model analysis result of strain when Fz is

applied on the sensor.

The ¢ line is beam theory calculation result, the m one is Finite element method
analysis result and the A one is experiment data. From the figure, the slope of
experimental data are 1.843*107, 1.938*107, 2.301*107, 1.89%107 respectively, the
slope of FEM are 1.725%107, 1.84*107, 1.805*107, 1.81%107 respectively, and the slope

of beam theory is 1.33%107.

Similarly comparing with experiment data, it can be found that the maximum
difference between the results of FEM model and those obtained from the experimental
work is about 10%. Furthermore, it is observed that maximum difference between the
results calculated by the beam theory and the corresponding experimental data is
approximately 33%. Hence the same result as Figure 5.8 is obtained that the experimental
data are in close agreement with the FEM results. However, the calculated beam theory
results are somewhat different from the experimental data. It can be concluded that FEM

is more accurate than Beam theory.
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5.4.4. Applying Mx

Figure 5.11 shows the comparison results when apply M, is applied on the sensor.
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Figure 5.11 Data Comparison when applying Mx (0 to 100 Nmm)
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Figure 5.11 shows the values of strain gauge S6 and S8 value of the experimental
data, FEM and beam theory analysis result of strain with the moment that is applied in

the x direction.

The ¢ line is beam theory calculation result, the ® one is Finite element method
analysis result and the A one is experiment data. From the figure, the slope of beam
theory model are 1.55%10° and ~1.55%10%, the slope of FEM is 1.2801%¥10® and -

1.29%10%, the slope of experimental data is 9.635%10” and —9.09*10°.

By referring to Figure 5.11, it can be concluded that the maximum difference
between the results of FEM model and those obtained from the experimental work is
approximately 16.6%. Furthermore, it is observed that the maximum difference between
the results calculated by the beam theory and the corresponding experimental data is
about 35.4%. It is seen that the experimental data are in close agreement with the FEM
results. However, the calculated beam theory results are somewhat different from the
experimental data. It indicates the Finite Element Method model is more accurate than

Beam theory model.
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5.4.5 Applying My

Figure 5.12 shows the comparison of results when My is applied on sensor.
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Figure 5.12 Data Comparison when applying My (0 to 100 Nmm)
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Figure 5.12 shows the readouts of strain gauge S5 and S7 with the moment that is

applied in the y direction.

The ¢ line is beam theory calculation result, the w one is Finite element method
analysis result and the A one is experimental data. From the figure, the slopes of beam
theory model are 1.55%10° and —1.55%10°%, the slope of FEM is 1.32%10° and -1.38*10™®

and the slope of experimental data is 9.55%10” and —1.029%10°,

By referring to Figure 5.12, it can be concluded that the maximum difference
between the results of FEM model and those obtained from the experimental work is
approximately 16.1%. Furthermore, it is observed that the maximum difference between
the results calculated by the beam theory and the corresponding experimental data is
about 36.25%. It is seen that the experimental data are in close agreement with the FEM
results. However, the calculated beam theory results are somewhat different from the
experimental data. It indicates the Finite Element Method model is more accurate than

Beam theory model.
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5.4.6 Applying Mz

Figure 5.13 shows the comparison of results when M, is applied on sensor.
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Figure 5.13 Data Comparison when applying Mz (0 to 100 Nmm)
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Figure 5.13 shows the readout of strain gauge S9 and S10 when Mz is applied on

the sensor.

The figure is the relationship between S9, S10 and the moment that is applied in
the z direction. The ¢ line is beam theory calculation result, the m one is Finite element
method analysis result and the A one is experimental data. From the figure, the slopes of
beam theory model are 3.02%10® and -3.02%107%, the slopes of experimental data are

4.235%10” and —4.235%10”, the slopes of FEM model are 4.79%10” and —4.79%10”.

By referring to Figure 5.13, it can be concluded that the maximum difference
between the results of FEM model and those obtained from the experimental work is
approximately 11.59%. Furthermore, it is observed that the maximum difference between
the results calculated by the beam theory and the corresponding experimental data is
about 36.95%. It is seen that the experimental data are in close agreement with the FEM
results. However, the calculated beam theory results are somewhat different from the
experimental data. It indicates the Finite Element Method model is more accurate than
Beam theory model. Hence the conclusion is obtained that making simply beam model to

solve the complicated structure will definitely bring some calculation error.
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From the above analysis, it can be seen that:

1. The sensor can successfully satisfy the expected function of measuring

force/torque.

2. The sensor exhibits good linearity.

3. There is a reasonable correspondence between the experimental results and
the results obtained by FEM.

4. Beam model can provide some useful insight in the preliminary design of the
Sensor.

5. The results of FEM closely match those of experimental data. FEM predicts

the experimental data more closely than the beam theory aproach.

In next chapter, the total conclusion of this thesis will be obtained. Then the

suggestions for future work will be discussed.
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Chapter 6

Conclusions and Suggestions for Future Work

In the preceding chapter, the six-degree freedom force/torque sensor was
fabricated and experiments were carried out. The calibration matrix was calculated and
the experimental results were compared with FEM model and beam theory model. In this
chapter, the summary of the thesis will be presented, conclusions based on the present

study will be drawn and suggestions for future work will be provided.

6.1 Summary

Motivated by the need of MIS force/ torque sensing in surgery tools and
simulation training, a new 6-DOF-force/torque sensor has been designed based on the
Weiyi’s result. Its key features are linearity, very low cross sensitivity along different
axes, light weight, and simplicity of the structure. In addition, sensor structure was
designed such that it could be integrated with the cylindrical tube of an endoscopic tool.
The sensor geometry was analyzed by the beam theory model and FEM model. By
combining the micro strain gauge, the way of arranging and locating appropriately the
strain gauge was considered. Then the sensor was tested extensively to validate the
design and analysis and to ensure their suitability as a force/torque sensor. The calibration
for six components of force versus output voltages was carried out. This sensor exhibits
outstanding linear and decoupling characteristics. The sensitivities and linearity, close to

the design values, and high enough to measure the forces and moments expected to act on
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the endoscopes.

6.2 Conclusions

Based on the results of analysis and experimental investigations, the following
conclusions are drawn:

1. Thorough analysis was performed on the assumptions made on the linearity and low
cross sensitivity of the sensor along different axes. Both experimental and theoretical
approaches were used and consequently, both of the assumptions were validated.

2. The experimental results were in close correspondence with the results obtained by
finite element modeling. It was concluded that there was a difference of
approximately 10% between the finite element modeling results and that
experimental data. This means that FEM is quite adequate in predicting the
experimental results for the designed sensor assembly.

3. The conventional simple beam theory can be adequately utilized in the design of the
sensor. The calculations show that there is an average discrepancy of about 35%
between the two sets of data, i.e., the experiment data and those predicated by the
simple beam theory approach, both methods give rise to similar general trends, and
are considered to be acceptable.

4. It is of great importance to be able to integrate a force/torque sensor with an
endoscopic tool to compensate for the loss of tactile sensing. Considering the
cylindrical structure of the designed sensor. Together with high sensitivity and good
linearity of the system, the designed sensor is suitable to be integrated with the

cylindrical tube of an endoscopic tool.
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6.3 Suggestions for Future Work

In the thesis, a prototype sensor is designed for mounting on endoscopic handle.

The dimensions of the sensor frame were chosen from the prior of views of ease

fabrication. The dynamitic characteristics of the sensor are not considered. The following

suggestions for future work are given:

Optimize the sensor structure to get better mechanical features, including the
linearity, cross sensitivity, weight, and stiffness characteristics, etc.

Fabricate the senso1; in proper dimension to install on endoscopic tools or other
applications where the force and torque is required to be measured.

The dynamic characteristics of the sensor should be considered in the design, the
structure of sensor should have good dynamic feature, and the dynamic
experiments also should be set up to test the sensor.

Develop the interface between the sensor and computer, so the output of strain
gauges can be sent to the computer and displayed directly.

For improving the measurement precision, the number of gauges should be
increased. Then the temperature compensation and ratio of signal to noise

problem can be advanced satisfactorily.

MEMS technique will be applied in the sensor fabrication.
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APPENDIX A

Matlab Code
o Author: Shengmei Wang--
Yo---- Date: 2003/05/12
% Title: The Check Calibration

clear;

%% Yo %o %o Yo %o %o To % Yo %o To Yo Fo %o To To Yo o Yo To To To %o To To Fo Fo Yo Yo %o To o Fo Fo %o Yo To Fo To Fo Yo

h=1; % The thickness of vertical and horizontal is 1 mm

H=17.5; % Acccording to the three basic assumptions h/H<1/10, H= 20 mm
S=35; % The length of the beam is 35 mm

L1=10; % Acccording to the assumptions h/L.1<1/10, 1= 10 mm

L2=11; % Acccording to the assumptions h/L.2<1/10, L2 H= 11 mm

R=L1+L2; % Inside radius R=L1+L2
b=6; % The perimeter 1= 2¥3.14*R,b< /4

E=2.067*10"7,% The Young's modulus of standard steel

Fx=1; % The Maximum Force of X direction
Fy=1; % The Maximum Force of Y direction
Fz=1; % The Maximum Force of Z direction
Mx=100; % The Maximum Moment of X direction

My=100; % The Maximum Moment of Y direction
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Mz=100; % The Maximum Moment of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam

MI1=Fx*H/2; % Only Fx is applied , beam OA,OC occure bending moment
M2=Fy*H/2; % Only Fy is applied , beam OB,OD occure bending moment
M3=Fz*1.2/4; % Only Fz is applied, beam OA,0B,0C,0D occure bending moment

M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,0D occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment

M6=Mz*R/(4*R); % Only Mz is applied, AE,BECGDH occure bending moment

Stress1=M1*(W/2)/I;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(h/2)/I;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I;  %The stress of the beam OA,0B,0C and OD under Fz is applied
Stress4=M4*(h/2)/I;  %The stress of the beam OB and OD under Mx is applied only
Stress5=M5*(h/2)/I,  %The stress of the beam OA and OC under My is applied only

Stress6=3*M6/(2*b*h); %The shear stress of the beam AE.BF,CG.DH under Mz applied

S1=Stress1/E; %The readout of the first and third strain gague under Fx
S2=Stress2/E; %The readout of the second and the forth strain gague under Fy
S3=Stress3/E; %The readout of the fifth, sixth, seventh, eigth strain gague

S4=Stress4/E; %The readout of the sixth and eigth strain gague under Mx

S5=Stress5/E; %The readout of the fifth and seventh strain gague under My
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S6=Stress6/E; %The readout of the first, second, third and the forth gague Mz

K1=Fx/(2*S1), %The coefficient of K1
K2=Fy/(2*82);, %The coefficient of K2
K3=Fz/(4*S3); %The coefficient of K3
K4=Mx/(2*S4); %The coefficient of K4
K5=My/(2*S5); %The coefficient of K5
K6=Mz/(4*S6); %The coefficient of K6

% % Y% Yo% Yo Yo %o Yo % Fo o %o To To o To Fo Yo To Yo %o Fo %o Yo Yo %o Yo To o Fo To Fo %o To To To Yo %o To To To %o

Fx=0;
Fy=0;

Fz=0;

My=0;

Mz=0;

for n=0:1:10;

m=m+1;
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I=b*h*h*h/12;
MI1=Fx*H/2;
M2=Fy*H/2,;
M3=Fz*L2/4;
M4=Mx*L1/(2¥R);
M5=My*L1/(2*R);

M6=Mz*R/(4*R);

Stress1=M1*(W/2)/1;
Stress2=M2*(h/2)/1;
Stress3=M3*(h/2)/1;
Stressd=M4*(h/2)/1;
Stress5S=M5*(h/2);

Stress6=3*MO6/(2*b*h);

S1(m)=Stress1/E;
S2(m)=Stress2/E;
S3(m)=Stress3/E;
S4(m)=Stress4/E;
S5(m)=Stress5/E;

S6(m)=Stress6/E;
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Fx=Fx+1;
Fy=Fy+1;
Fz=Fz+1;
Mx=Mx+10;
My=My+10;

Mz=Mz+10;

end;

Fx=0:1:10;
Fy=0:1:10;
Fz=0:1:10;
Mx=0:10:100;
My=0:10:100;

Mz=0:10:100;
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To be continued

%o Calibration Matrix

% ' 2003/04/18 - -
Yo Author: Shengmei -
clear;

Yo --m-m-- The Beam Model Calibration Mztrix

C=[483793E-080 O 0 0 O
0 483793E-080 O O O
-483793E-08 O 0 0 O O

0 -48.3793E-08 O 0 0 O

e

0 13.3042E-080 115.189E-080

o)

0 13.3042E-08115.189E-080 0
0 0 13.3042E-080 -115.189E-08 O
0 O 13.3042E-08-115.189E-08 0 O
0 0 O 0 O 30.237E-08

0 0 O 0 0 -31.237E-08];

Cplus=inv(C*C)y*C'

7/ The FEM Model Calibration Matrix

C1=[3.62E-07 5.83E-08 -3.59E-07 -2.62E-08 6.02E-09
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-1.03E-08 1.06E-08  3.5338E-09 -3.5340E-09

2.95E-083.63E-07 -1.25E-08 -3.62E-07 -1.06E-08 6.08E-08 1.33E-08
6.02E-08 6.03E-09  -6.04E-09

-2.18E-08 3.09E-08 2.04E-08 299E-08 1.78E-07 1.80E-07
1.83E-07 1.82E-07  7.7394E-09 -7.7414E-09

1.90E-083.62E-08 -1.89E-08 3.66E-08 -9.99E-08 1.06E-06 7.71E-08
-1.02E-06 1.56E-08  -1.55E-08

-3.70E-08  -1.92E-08 -3.69E-08 -1.92E-08 1.18E-06  2.33E-08
-1.15E-06 -2.32E-08 1.50E-08  -1.49E-08

2.78E-08 2.66E-08 -2.82E-08 2.68E-08 -1.12E-07 4.57E-08 1.23E-07

-4.12E-08 4.79E-06 -4.81E-00];

C1=Cl'

Clplus=inv(C1*C1)*CY"

————————— The Experimental Calibration Matrix

C2=[3.25E-07 2.50E-08 -3.50E-07 295E-08 2.50E-08 2.75E-08

2.15E-08  2.25E-08  5.25E-09 -5.26E-09

2.35E-083.46E-07 2.35E-08 -3.24E-07 2.80E-08 2.45E-08 2.50E-08

2.45E-08  5.85E-09 -5.86E-09

3.42E-094.82E-09 4.42E-09 3.42E-09 2.14E-07 239E-07 2.18E-07
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2.40E-07  3.20E-09 -3.21E-09
7.24E-08647E-08  6.37E-08 5.27E-08  5.07E-08
8.70E-07  4.75E-08 -4.75E-08
4.28E-084.80E-08  4.10E-08  3.72E-08  9.60E-07
4.02E-08  5.31E-08 -5.31E-08
3.64E-083.42E-08 2.62E-08 2.54E-08 3.25E-08
2.92E-08  4.18E-06 -4.19E-06];
C2=C2'

C2plus=inv(C2*C2)*C2'
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To be continued

Jo--vmmmmmmmmmm Author: Shengmei

S 2003/05/18

P mmrmmm Data Process -

N=16;

force=0:2:30;

%N=10;

%ftorce=0:10:100;

Yo---=-=-==- Fx is aplied on the sturcute

s1=[0 6.75E-07 1.25E-06 1.75E-06 2.55E-06 3.25E-06 3.75E-06
4.25E-06 5.32E-06 6.09E-06 6.52E-06 7.39E-06 8.15E-06
8.72E-06 9.23E-06 9.85E-06];

s2=[0 4.30E-08 8.27E-08 1.50E-07 1.79E-07 2.50E-07 3.20E-07
4.32E-07 4.87E-07 5.57E-07 6.62E-07 7.15E-07 7.56E-07
8.02E-07 8.90E-07 9.22E-071;

s3=[0 -7.12E-07 -1.05E-06 -1.60E-06 -2.15E-06 -3.50E-06
-3.94E-06 -4.62E-06 5.12E-06 -5.72E-06 -6.25E-06

-7.50E-06 -7.82E-06 -8.92E-06 -9.16E-06 -9.59E-06];
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s4=[0 5.70E-08 1.20E-07 1.70E-07 1.90E-07 2.95E-07
3.60E-07 3.97E-07 5.21E-07 5.91E-07 6.20E-07
7.12E-07 7.60E-07 7.90E-07 8.60E-07 8.55E-071;
s5=[0 4.20E-08 9.30E-08 1.20E-07 2.10E-07 2.50E-07
3.30E-07 3.80E-07 4.90E-07 5.60E-07 5.90E-07
6.50E-07 7.20E-07 7.80E-07 8.20E-07 9.20E-07],
$6=[0 4.12E-08 7.53E-08 9.90E-08 2.41E-07 2.75E-07
3.13E-07 3.48E-07 4.27E-07 5.36E-07 5.49E-07
6.15E-07 7.32E-07 7.68E-07 7.90E-07 8.90E-07};
s7=[0 2.32E-08 5.23E-08 7.20E-08 1.39E-07 2.15E-07
3.53E-07 4.20E-07 4.79E-07 5.26E-07 5.48E-07
6.15E-07 7.80E-07 7.82E-07 8.20E-07 8.52E-07];
s8=[0 5.20E-08 5.73E-08 1.02E-07 1.21E-07 2.25E-07
2.43E-07 2.90E-07 3.90E-07 4.70E-07 4.90E-07
5.60E-07 6.75E-07 6.80E-07 7.20E-07 7.70E-07],
$9=[0 3.50E-08 4.20E-08 4.70E-08 4.90E-08 5.25E-08
6.20E-08 6.70E-08 7.20E-08 7.80E-08 8.70E-08
9.72E-08 1.06E-07 1.29E-07 1.60E-07 1.83E-07];
s10=[0 -3.50E-08 -4.20E-08 -4.70E-08 -4.90E-08
-5.25E-08 -6.20E-08 -6.70E-08 -7.20E-08

-7.80E-08 -8.70E-08 -9.72E-08 -1.06E-07
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-1.29E-07 -1.60E-07 -1.83E-07];

Jo---=------ Fy is applied on the strucutre

s1={0 3.90E-08 8.47E-08 1.35E-07 1.70E-07 2.35E-07 2.90E-07
3.60E-07 4.27E-07 4.70E-07 5.30E-07 6.50E-07 7.26E-07
7.92E-07 8.50E-07 9.12E-07];

s2=[0 6.63E-07 1.18E-06 1.89E-06 2.48E-06 3.46E-06 3.79E-06
4.68E-006 5.32E-06 5.82E-06 6.32E-06 7.39E-06 7.83E-06
8.71E-06 9.38E-06 9.82E-06];

s3=[0 4.30E-08 9.27E-08 1.35E-07 1.69E-07 2.35E-07 3.40E-07
4.42E-07 4.87E-07 5.57E-07 6.12E-07 7.23E-07 7.46E-07
8.32E-07 8.70E-07 9.22E-07];

s4=[0 -6.52E-07 -1.28E-06 -1.75E-06 -2.17E-06 -3.24E-06
-4.07E-06 -4.56E-06 -5.25E-06 -5.75E-06 -6.66E-06
-7.52E-06 -7.85E-06 -8.75E-06 -9.42E-06 -1.04E-05];

s5=[0 5.30E-08 8.70E-08 1.25E-07 1.90E-07 2.80E-07 3.70E-07
4.20E-07 5.10E-07 5.40E-07 5.90E-07 6.85E-07 7.20E-07
7.90E-07 8§.91E-07 9.42E-07];

s6=[0 4.02E-08 9.23E-08 1.22E-07 1.90E-07 2.45E-07 3.53E-07

3.70E-07 4.79E-07 5.26E-07 5.80E-07 6.55E-07 6.80E-07
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7.68E-07 8.62E-07 9.52E-07];

s7=[0 4.20E-08 8.73E-08 1.32E-07 2.10E-07 2.50E-07 3.43E-07
3.90E-07 4.90E-07 5.70E-07 5.90E-07 6.50E-07 7.50E-07
7.80E-07 8.20E-07 8.70E-071;

$8=[0 4.02E-08 9.23E-08 1.22E-07 1.90E-07 2.45E-07 3.53E-07
3.70E-07 4.79E-07 5.26E-07 5.80E-07 6.55E-07 6.80E-07
7.68E-07 8.62E-07 9.52E-07];

s9=[0 3.46E-08 4.20E-08 4.76E-08 5.06E-08 5.85E-08 7.60E-08
9.70E-08 1.21E-07 1.69E-07 1.62E-07 1.72E-07 1.86E-07
1.93E-07 2.57E-07 2.73E-07],

s10=[0 -3.46E-08 -4.20E-08 -4.76E-08 -5.06E-08 -5.85E-08

-7.60E-08 -9.70E-08 -1.21E-07 -1.69E-07 -1.62E-07

-1.72E-07 -1.86E-07 -1.93E-07 -2.57E-07 -2.73E-07];

Yo---------- Fz is applied on the structure

s1=[0 1.30E-08 2.07E-08 2.80E-08 3.20E-08 3.42E-08 3.80E-08
4.20E-08 5.30E-08 5.50E-08 6.10E-08 6.70E-08 6.82E-08

7.30E-08 7.82E-08 8.20E-08];

s2=[0 1.34E-08 2.57E-08 3.80E-08 4.32E-08 4.82E-08 4.98E-08
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5.20E-08 5.43E-08 5.50E-08 5.91E-08 6.27E-08 6.82E-08

7.13E-08 7.52E-08 7.90E-08};

s3=[0 1.43E-08 2.17E-08 3.38E-08 4.20E-08 4.42E-08 4.80E-08
5.02E-08 5.13E-08 5.35E-08 5.61E-08 6.27E-08 6.72E-08

6.97E-08 7.42E-08 8.02E-08];

s4={0 1.15E-08 1.90E-08 2.68E-08 3.12E-08 3.42E-08 3.90E-08
4.60E-08 4.90E-08 5.15E-08 5.61E-08 5.87E-08 6.22E-08

6.73E-08 7.20E-08 7.82E-08];

s5=[0 5.63E-07 8.26E-07 1.47E-06 1.74E-06 2.14E-06 2.37E-06
2.88E-06 3.12E-06 3.42E-06 3.96E-06 4.18E-06 4.62E-06

4.83E-06 5.24E-06 5.86E-06];

s6=[0 3.95E-07 8.15E-07 1.48E-06 1.92E-06 2.39E-06 2.84E-06
2.99E-06 3.29E-06 3.52E-06 4.08E-06 4.64E-06 4.68E-06

5.07E-06 5.72E-06 5.93E-06];

s7=[0 4.63E-07 8.74E-07 1.59E-06 1.92E-06 2.18E-06 2.58E-06

2.93E-06 3.25E-06 3.83E-06 4.20E-06 4.73E-06 5.21E-06
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5.47E-06 5.62E-06 6.15E-06];

$8=[0 4.15E-07 8.28E-07 1.44E-06 1.86E-06 2.40E-06 2.79E-06
3.08E-06 3.37E-06 3.64E-06 3.93E-06 4.45E-06 4.60E-06

4.93E-06 5.60E-06 5.83E-06];

s9=[0 1.80E-08 2.12E-08 2.56E-08 2.90E-08 3.20E-08 3.60E-08
3.90E-08 4.30E-08 4.90E-08 5.20E-08 5.72E-08 6.10E-08

6.79E-08 8.17E-08 9.23E-08];

s10=[0 -1.80E-08 -2.12E-08 -2.56E-08 -2.90E-08 -3.20E-08
-3.60E-08 -3.90E-08 -4.30E-08 -4.90E-08 -5.20E-08

-5.72E-08 -6.10E-08 -6.79E-08 -8.17E-08 -9.23E-08};

s1=[0 1.40E-08 2.94E-08 3.40E-08 4.16E-08 4.87E-08
5.20E-08 5.74E-08 6.24E-08 6.85E-08 7.24E-08];
s2=[0 1.05E-08 1.68E-08 2.63E-08 3.16E-08 3.72E-08
4.22E-08 4.94E-08 5.31E-08 5.95E-08 6.47E-08];

s3=[0 1.20E-08 2.40E-08 2.93E-08 3.46E-08 3.70E-08
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4.20E-08 4.84E-08 5.31E-08 5.75E-08 6.37E-08];
s4=[0 1.16E-08 1.80E-08 2.30E-08 2.86E-08 3.17E-08
3.62E-08 3.93E-08 4.31E-08 4.85E-08 5.27E-08];
s5=[0 1.21E-08 1.84E-08 2.20E-08 2.62E-08 2.92E-08
3.20E-08 3.74E-08 4.28E-08 4.85E-08 5.07E-08];
s6=[0 1.04E-07 2.02E-07 2.91E-07 3.88E-07 4.66E-07
5.87E-07 6.79E-07 7.51E-07 8.83E-07 9.72E-07};
s7=[0 1.58E-08 1.84E-08 2.13E-08 2.56E-08 2.87E-08
3.02E-08 3.24E-08 3.79E-08 4.04E-08 4.57E-08];
s8=[0 9.20E-08 2.01E-07 2.93E-07 4.06E-07 4.70E-07
5.92E-07 6.74E-07 7.78E-07 8.35E-07 8.70E-07};
s9=[0 1.20E-08 1.74E-08 2.16E-08 2.60E-08 3.07E-08
3.42E-08 3.83E-08 4.10E-08 4.35E-08 4.75E-08];
s10=[0 -1.20E-08 -1.74E-08 -2.16E-08 -2.60E-08 -3.07E-08

-3.42E-08 -3.83E-08 -4.10E-08 -4.35E-08 -4.75E-08];

s1=[0 8.20E-09 1.47E-08 2.31E-08 2.64E-08 2.93E-08
3.18E-08 3.32E-08 3.61E-08 3.92E-08 4.23E-08];

s2=[0 1.01E-08 1.81E-08 2.84E-08 3.20E-08 3.52E-08
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3.92E-08 4.13E-08 4.25E-08 4.53E-08 4.80E-08];
s3=[0 1.15E-08 1.72E-08 2.30E-08 2.50E-08 2.93E-08
3.12E-08 3.31E-08 3.48E-08 3.82E-08 4.10E-08];
s4=[{0 1.02E-08 1.64E-08 1.92E-08 2.20E-08 2.50E-08
2.73E-08 2.90E-08 3.20E-08 3.52E-08 3.72E-08];
s5={0 1.15E-07 2.05E-07 3.25E-07 3.95E-07 5.06E-07
6.12E-07 6.84E-07 7.69E-07 8.84E-07 9.60E-07];
s6=[0 1.00E-08 1.62E-08 2.13E-08 2.50E-08 2.80E-08
3.13E-08 3.45E-08 4.00E-08 4.31E-08 4.72E-08];
s7=[0 -1.24E-07 -2.28E-07 -3.36E-07 -4.34E-07 -5.50E-07
-6.35E-07 -7.48E-07 -8.59E-07 -9.37E-07 -1.03E-06];
s8=[0 1.40E-08 1.80E-08 2.13E-08 2.32E-08 2.70E-08
2.98E-08 3.21E-08 3.45E-08 3.72E-08 4.02E-08];
$9=([0 1.12E-08 1.54E-08 2.26E-08 2.76E-08 3.14E-08
3.62E-08 4.10E-08 4.51E-08 4.95E-08 5.31E-08];
s10=[0 -1.12E-08 -1.54E-08 -2.26E-08 -2.76E-08 -3.14E-08

b

-3.62E-08 -4.10E-08 -4.51E-08 -4.95E-08 -5.31E-08];

s1=[0 1.53E-09 3.42E-09 8.30E-09 1.40E-08 1.86E-08
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2.18E-08 2.48E-08 2.70E-08 3.14E-08 3.64E-08];
s2=[0 3.13E-09 7.20E-09 1.23E-08 1.74E-08 2.11E-08
2.48E-08 2.65E-08 2.87E-08 3.14E-08 3.42E-08];
s3=[0 1.30E-09 2.50E-09 7.23E-09 1.24E-08 1.46E-08
1.58E-08 1.80E-08 2.14E-08 2.37E-08 2.62E-08];
s4=[0 1.52E-09 4.72E-09 7.80E-09 1.04E-08 1.26E-038
1.48E-08 1.75E-08 2.37E-08 2.43E-08 2.54E-08];
s5=[0 1.30E-09 5.20E-09 6.83E-09 1.40E-08 1.60E-08
1.78E-08 1.92E-08 2.23E-08 2.54E-08 3.25E-08];
s6=[0 3.13E-09 6.50E-09 7.30E-09 1.43E-08 1.56E-08
1.68E-08 1.78E-08 2.44E-08 2.70E-08 3.12E-08];
s7=[0 1.83E-09 3.50E-09 6.33E-09 9.40E-09 1.26E-08
1.48E-08 1.70E-08 1.97E-08 2.17E-08 2.42E-08];
$8=[0 2.30E-09 4.92E-09 1.03E-08 1.24E-08 1.61E-08
1.98E-08 2.15E-08 2.47E-08 2.54E-08 2.92E-08],
s9=[0 3.43E-07 7.62E-07 1.13E-06 1.64E-06 2.06E-06
2.58E-06 2.93E-06 3.28E-06 3.74E-06 4.18E-06],
s10=[0 -3.43E-07 -7.62E-07 -1.13E-06 -1.64E-06 -2.06E-06

-2.58E-06 -2.93E-06 -3.28E-06 -3.74E-06 -4.18E-06];

sl=sl";
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s2=82"
s3=s3";
sd=s4";
s5=85";
56=s6";
s7=s7";
s8=s8";
§9=s9";

s10=s10";

Yosubplot 1

subplot(2,2,1);

[a,S]=polyfit(force,s1,1);
[simval,delta]=polyval(a,force,S);
average=sum(s1)/N;
R=sum((simval-average)."2)/sum((s1-average)."2);

R2(1)=R;

plot(force,s1,*");
hold on;

plot(force,simval);
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{a,S]=polyfit(force,s3,1);

[simval,delta]=polyval(a,force,S);

average=sum(s3)/16;
=sum((simval-average)."2)/sum((s3-average)."2);

R2(3)=R;

plot(force,s3,'0");
plot(force,simval);

grid on;

title("S1 and S3 fitting line');
xlabel('Fz (N) ");
ylabel('Strain’);

hold off;

Y%subplot 2

subplot(2,2,2);
[a,S]=polyfit(force,s2,1);
[simval,delta]=polyval(a,force,S);
average=sum(s2)/N;

R=sum((simval-average)."2)/sum((s2-average)."2);
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R2(2)=R;
plot(force,s2,*");
hold on;

plot(force,simval);

[a,S]=polyfit(force,s4,1);
[simval,delta]=polyval(a,force,S);
average=sum(s4)/16;

R=sum((simval-average)."2)/sum((s4-average)."2);

R2(4)=R;

plot(force,s4,'0');
plot(force,simval);

grid on;

title('S2 and $4 fitting line’);
xlabel('Fz(N) ");
ylabel('Strain');

hold off;

%subplot 3
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subplot(2,2,3);
[a,S]=polyfit(force,s5,1);
[simval,delta}=polyval(a,force,S);
average=sum(s5)/N;

R=sum((simval-average).”2)/sum((s5-average).”2);

R2(5)=R;
plot(force,s5,™*");
hold on;

plot(force,simval);

[a,S]=polyfit(force,s6,1);
[simval,deltal=polyval(a,force,S);
average=sum(s6)/N;

R=sum((simval-average).”2)/sum((s6-average).”2);

R2(6)=R;
plot(force,s6,'0");

plot(force,simval);

[a,S]=polyfit(force,s7,1);
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[simval,deltaj=polyval(a,force,S);
average=sum(s7)/N;
R=sum((simival-average).*2)/sum((s7-average)."2);

R2(7=R;

plot(force,s7,'+";

plot(force,simval);

[a,S]=polyfit(force,s8,1);
[simval,delta]=polyval(a,force,S);
average=sum(s8)/N;
R=sum((simval-average)."2)/sum((s8-average)."2);

R2(8)=R;

plot(force,s8,'x");
plot(force,simval);
title("S5-S8 fitting line');
xlabel('"Fz(N) 9;
ylabel('Strain’);

grid on;

hold off;
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%subplot 4

subplot(2,2,4);

[a,S]=polyfit(force,s9,1);
[simval,delta]=polyval(a,force,S);
average=sum(s9)/N;
R=sum((simval-average).”2)/sum((s9-average)."2);

R2(9)=R;

plot(force,s9,™*');
hold on;

plot(force,simval);

[a,S]=polyfit(force,s10,1);
[simval,deltal=polyval(a,force,S);
average=sum(s10)/N;

R=sum((simval-average).*2)/sum((s10-average)."2),

R2(10)=R;
plot(force,s 10,'2)‘);

plot(force,simval);
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grid on;

title('S9 and S10 fitting line');
xlabel('Fz(N) ;
ylabel('Strain’);

hold off;

R2
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To be continued

% Author: Shengmei Wang

%o Date: 2002/10/01

Jo------=-- Title: The Structure of Six DOF Endoscopic Force/Torque Sensor------------
clear;

9o %0 %o %o %o %o Yo T Fo %o Yo To To Yo To Yo Yo To T To Yo To To To %o To Fo Yo Yo Fo Yo Yo Fo Yo Fo Fo Yo To Yo Fo Fo Fo Yo

h=4: % The fist time assuming the thickness is 4 mm

H=80; % Acccording to the assumptions h/H<1/20, get the H= 80 mm
L1=80; % Acccording to the assumptions h/L1<1/20, get the L1= 80 mm
L2=82; % Acccording to the assumptions h/L2<1/20, H= 82 mm
R=L1+L2; % Inside radius R=LI1+L2

b=50; % The perimeter I= 2*3.14*%R b< /4, it can estimate about 50 mm

E=2.067*10"7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction
Fy=30; % The Maximum of Y direction
Fz=30; % The Maximum of Z direction
Mx=100; % The Maximum of X direction moment
My=100; % The Maximum of Y direction moment
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Mz=100; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam

M1=Fx*H/2; % Only Fx is applied, beam OA,OC occure bending moment
M2=Fy*H/2, % Only Fy is applied, beam OB,0D occure bending moment
M3=Fz*[.2/4; % Only Fz is applied, beam OA,0B,0C,0D occure bending

M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,OD occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment

M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CG DH occure bending

Stress1=M1*(h/2)/I;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(h/2)/I;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I,  %The stress of the beam OA,0B,0C and OD under Fz is applied
S‘tress4=M4*(h/2)/I; %The stress of the beam OB and OD under Mx is applied only
Stress5=M5*(h/2)/I;  %The stress of the beam OA and OC under My is applied only

Stress6=M6*(h/2)/I;  %The stress of the beam AE,BF,CG and DH under Mz is applied

S1=Stress1/E; %The readout of the first and third strain gauge under Fx
S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
S3=Stress3/E; %The readout of the fifth, sixth, seventh, eighth strain gauge Fz
S4=Stress4/E; %The readout of the sixth and the eighth strain gauge under Mx
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S5=Stress5/E; %The readout of the fifth and the seventh strain gauge under My

S6=Stress6/E; %The readout of the first, second, third and forth strain gauge Mz

o %o %0 To Yo %o Yo Yo o T To Fo To Yo To To To To T Fo Fo To To To Fo Yo T o To Fo Fo To To To Fo Fo To Fo Fo T Fo Fo Yo

h=3; % The sencond time assuming the thickness is 3 mm

H=60; % Acccording to the assumptions h/H<1/20, H= 60 mm

L1=60; % Acccording to the assumptions h/L1<1/20, L1= 60 mm

L.2=62; % Acccording to the assumptions h/.2<1/20, H= 62 mm
R=LI+L2; % Inside radius R=L1+L2

b=50; % The perimeter 1= 2*3.14*R b< I/4, it can estimate about 50 mm

E=2.067*10"7; % The Young's modulus of standard steel

Fx=30; 9% The Maximum of X direction

Fy=30; % The Maximum of Y direction

Fz=30; % The Maximum of Z direction

Mx=100; % The Maximum of X direction moment

My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam

MI1=Fx*H/2; % Only Fx is applied, beam OA,OC occure bending moment
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M2=Fy*H/2; % Only Fy is applied, beam OB,OD occure bending moment
M3=Fz*L2/4; % Only Fz is applied, beam OA,OB,0C,0OD occure bending
M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,OD occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment

M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF.CGDH occure bending

Stress1=M1*(h/2)/I;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2%(h/2)/I;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I;  %The stress of the beam OA,0B,0C and OD under Fz is applied
Stressd=M4*(h/2)/1;  %The stress of the beam OB and OD under Mx is applied only
Stress5=M5*(h/2)/I;  %The stress of the beam OA and OC under My is applied only

Stress6=M6*(h/2)/I;  %The stress of the beam AE,BF,CG and DH under Mz is applied

S1=Stress1/E; %The readout of the first and third strain gauge under Fx
S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
S3=Stress3/E; %The readout of the fifth, sixth, seventh, eighth strain gauge Fz
S4=Stress4/E; %The readout of the sixth and the eighth strain gauge under Mx
S5=Stress5/E; %The readout of the fifth and the seventh strain gauge under My
S6=Stress6/E; %The readout of the first, second, third and forth strain gauge Mz

%% %o %% Yo % Yo %o %o Yo %o %o To %o To To %o To o Yo %o Yo %o Yo To Yo Yo Yo Fo o To Fo Yo To %o To To Yo Fo To To To

142



h=2; % The third time assuming the thickness is 2 mm

H=40; % Acccording to the assumptions h/H<1/20, get the H= 40 mm
L1=40; % Acccording to the assumptions h/1.1<1/20, get the L1= 40 mm
1.2=42; % Acccording to the assumptions h/[.2<1/20, H= 42 mm
R=L1+L2; % Inside radius R=L.1+L2

b=40; % The perimeter 1= 2*3.14*R,b< /4, it can estimate about 40 mm

E=2.067*10~7;% The Young's modulus of standard steel

Fx=10; % The Maximum of X direction

Fy=10; % The Maximum of Y direction

Fz=10; % The Maximum of Z direction

Mx=70; % The Maximum of X direction moment
My=70; % The Maximum of Y direction moment
Mz=70; % The Maximum of Z direction

[=b*h*h*h/12; % The moment of inertia of the section of the beam

MI1=Fx*H/2; % Only Fx is applied, beam OA,0C occure bending moment
M2=Fy*H/2; % Only Fy is applied, beam OB,0D occure bending moment
M3=Fz*1.2/4; % Only Fz is applied, beam OA,0B,0C,0OD occure bending

M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,0D occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment

M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CG,DH occure bending
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Stress1=M1*(h/2)/I;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(h/2)/1;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I;  %The stress of the beam OA,0B,OC and OD under Fz is applied
Stressd=M4*(h/2)/1;  %The stress of the beam OB and OD under Mx is applied only
Stress5=MS*(h/2)/I;  %The stress of the beam OA and OC under My is applied only

Stress6=M6*(h/2)/1;  %The stress of the beam AE,BF,CG and DH under Mz is applied

only

S1=Stress1/E; %The readout of the first and third strain gauge under Fx
S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
S3=Stress3/E; %The readout of the fifth, sixth, seventh, eighth strain gauge Fz
S4=Stress4/E; %The readout of the sixth and eighth strain gauge under Mx
S5=Stress5/E; %The readout of the fifth and the seventh strain gauge under My
S6=Stress6/E; %The readout of the first, second, third and the forth gauge Mz

% % %o %o %o Y% Fo %o %o %o Yo %o To To Yo Yo Jo Yo To To Yo Yo Yo Yo %o Fo Yo Fo To Yo To To Fo Fo To To To o Fo Yo To To To

h=1.5; % The forth time assume the thickness is 1.5 mm
H=30; % Acccording to the assumptions h/H<1/20, get the H= 30 mm
L1=30; % Acccording to the assumptions h/L1<1/20, get the L1= 30 mm
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1.2=32; % Acccording to the assumptions h/I.2<1/20, H= 32 mm
R=L1+L2; % Inside radius R=L1+L2
b=20; % The perimeter I= 2#3.14*R b< 1/4, it can estimate about 20 mm

E=2.067*10"7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction

Fy=30; % The Maximum of Y direction

Fz=30; % The Maximum of Z direction

Mx=100; % The Maximum of X direction moment

My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam
MI1=Fx*H/2; % Only Fx is applied, beam OA,OC occure bending moment
M2=Fy*H/2; % Only Fy is applied, beam OB,0D occure bending moment
M3=Fz*L2/4; % Only Fz is applied, beam OA,0B,0C,0D occure bending

M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,OD occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment
M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CGDH occure bending
Stress1=M1*(h/2)/I;  %The stress of the beam AE and CG under Fx
Stress2=M2*(h/2)/1;  %The stress of the beam BF and DH under Fy

Stress3=M3*(h/2)/I;  %The stress of the beam OA,0B,0C and OD under Fz
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Stressd=M4*(h/2)/I;  %The stress of the beam OB and OD under Mx
Stress5=M5*(h/2)/I;  %The stress of the beam OA and OC under My

Stress6=M6*(h/2)/1;  %The stress of the beam AE,BECG and DH under Mz

S1=Stress1/E; %The readout of the first and strain gauge under Fx
S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
S3=Stress3/E; % The readout of the fifth, sixth, seventh, eighth strain gauge Fz
S4=Stress4/E; %The readout of the sixth and the eighth strain gauge under Mx
S5=StressS/E; %The readout of the fifth and the seventh strain gauge under My
S6=Stress6/E; %The readout of the first, second, third and the forth gauge Mz

Yo% Yo Fo %o %o Yo Yo Fo To To Yo Yo Fo Yo Yo To Yo To To To To To To To To Fo T To Fo Fo To Fo Yo Vo o To Fo To Yo Jo %o %o

h=1; % The fifth time assuming the thickness is 1 mm

H=20; % Acccording to the assumptions h/H<1/20, get the H= 20 mm
L1=20; % Acccording to the assumptions h/L.1<1/20, get the L.1= 20 mm
L2=22; % Acccording to the assumptions h/I.2<1/20, and H= 22 mm

R=L.14+1.2; % Inside radius R=L1+L2

b=10; % The perimeter = 2*3.14*R b< /4, it can estimate about 10 mm
E=2.067%¥10*7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction

Fy=30; % The Maximum of Y direction
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Fz=30; % The Maximum of Z direction

Mx=100; % The Maximum of X direction moment

My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam
MI1=Fx*H/2; % Only Fx is applied , beam OA,OC occure bending moment
M2=Fy*H/2; % Only Fy is applied , beam OB,0OD occure bending moment
M3=Fz*1.2/4; % Only Fz is applied, beam OA,0B,0C,0OD occure bending

M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,0OD occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment
M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CG,DH occure bending
Stress1=M1*(h/2)/I;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(h/2)/[;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I; %The stress of the beam OA,OB,OC and OD under Fz
Stressd=M4*(h/2)/I;  %The stress of the beam OB and OD under Mx
Stress5=M5*(h/2)/I;  %The stress of the beam OA and OC under My

Stress6=M6*(h/2)/I;  %The stress of the beam AE,BF,CG and DH under Mz

S1=Stress1/E; %The readout of the first and third strain gauge under Fx
S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
S3=Stress3/E; %The readout of the fifth, sixth, the seventh, the eighth gauge Fz
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S4=Stress4/E; %The readout of the sixth and the eighth strain gauge under Mx
S5=Stress5/E; %The readout of the fifth and the seventh strain gauge under My

S6=Stress6/E; %The readout of the first, second, third and the forth gauge Mz

%% %o To %0 % Yo %o Yo T o Yo Yo Yo Yo To Fo Yo o To Yo To To Fo %o Yo Fo Fo To To Fo Fo Fo %o o Yo Fo Yo Yo o Fo Yo %o

h=1; % The sixth time assuming the thickness is 1 mm

H=20; % Acccording to the assumptions h/H<1/20, get the H= 20 mm
L1=20; % Acccording to the assumptions h/L.1<1/20, get the L1= 20 mm
1.2=22; % Acccording to the assumptions h/L.2<1/20, H= 22 mm
R=L1+L2; % Inside radius R=L1+L2

b=15; % The perimeter I= 2*3.14*R b< 1/4, it can estimate about 15 mm

E=2.067%10"7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction

Fy=30; % The Maximum of Y direction

Fz=30; % The Maximum of Z direction

Mx=100; % The Maximum of X direction moment

My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam
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MI1=Fx*H/2; % Only Fx is applied, beam OA,OC occure bending moment
M2=Fy*H/2; % Only Fy is applied, beam OB,OD occure bending moment
M3=Fz*1.2/4; % Only Fz is applied ,beam OA,0B,0C,0OD occure bending moment
M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,OD occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment
M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CG,DH occure bending
Stress1=M1*(h/2)/I;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(h/2)/I;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I;  %The stress of the beam OA,0B,OC and OD under Fz is applied
Stress4=M4*(h/2)/I;  %The stress of the beam OB and OD under Mx is applied only
Stress5=M5*(h/2)/I;  %The stress of the beam OA and OC under My is applied only

Stress6=M6*(h/2)/I;  %The stress of the beam AE,BF,CG and DH under Mz is applied

S1=Stressi/E; %The readout of the first and third strain gauge under Fx
S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
S3=Stress3/E; %The readout of the fifth, sixth, seventh, eighth strain gauge Fz
S4=Stress4/E; %The readout of the sixth and the eighth gauge under Mx
S5=StressS/E; %The readout of the fifth and the seventh strain gauge under My
S6=Stress6/E; %The readout of the first, second, third, the forth strain gauge Mz.

%% Yo %o Yo Yo %o To Yo %o Fo Yo %o Yo FoTo To To To Yo Fo Fo To To Fo Fo Yo o %o Yo Fo To Fo Fo Fo Fo To To Jo %o Yo Fo %
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h=1; % The seventh time assuming the thickness is I mm

H=20; % According to the assumptions h/H<1/20, get the H= 20 mm
L1=20; % According to the assumptions h/L1<1/20, get the L1= 20 mm
L2=22; % According to the assumptions h/L.2<1/20, H= 22 mm

R=L1+L2; % Inside radius R=L1+L2
b=20; % The perimeter 1= 2*3.14*R b< 1/4, it can estimate about 10 mm

E=2.067*10"7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction

Fy=30; % The Maximum of Y direction

Fz=30; % The Maximum of Z direction

Mx=100; % The Maximum of X direction moment

My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam
MI1=Fx*H/2; % Only Fx is applied , beam OA,OC occure bending moment
M2=Fy*H/2, % Only Fy is applied , beam OB,0D occure bending moment
M3=Fz*.2/4; % Only Fz is applied, beam OA,0B,0C,0D occure bending

M4=Mx*L1/(2*R); % Only Mx is applied , beam OB,0D occure bending moment

M5=My*L1/(2*¥*R); % Only My is applied, beam OA, OC occure bending moment
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M6=Mz*R/(4*R); = % Only Mz is applied, beam AE,BF,CGDH occure bending
Stress1=M1*(h/2)/I;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(h/2)/1;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(W/2)/I;  %The stress of the beam OA,0B,0C and OD under Fz is applied
Stress4=M4*(W/2)1;  %The stress of the beam OB and OD under Mx is applied only
Stress5=M5*(l/2)1;  %The stress of the beam OA and OC under My is applied only

Stress6=M6*(h/2)/I;  %The stress of the beam AE,BE,CG and DH under Mz is applied

S1=Stress1/E; %The readout of the first and third strain gauge under Fx
S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
S3=Stress3/E; %The readout of the fifth, sixth, seventh, eighth gauge under Fz
S4=Stress4/E; %The readout of the sixth and the eighth strain gauge under Mx
S5=Stress5/E; %The readout of the fifth and the seventh gauge under My
S6=Stress6/E; %The readout of the first, second, third and the forth gauge Mz

Yo% % %o %o Yo %o %o T Yo %o Yo o %o Yo %o To To o %o Fo %o To To T Yo %o Yo %o o To To To Fo To To Yo To To o Fo To To

=0.75; % The eighth time assuming the thickness is 0.75 mm
H=15; % According to the assumptions h/H<1/20, get the H= 15 mm
L1i=15; % According to the assumptions h/L1<1/20, get the L1= 15 mm
L2=16; % According to the assumptions h/L2<1/20, H= 16 mm

R=L1+L2; % Inside radius R=L1+L2
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b=10; % The perimeter I= 2*3.14*R, b< /4, it can estimate about 6 mm

E=2.067*10"7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction

Fy=30; % The Maximum of Y direction

Fz=30; % The Maximum of Z direction

Mx=100; % The Maximum of X direction moment

My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam
MI1=Fx*H/2; % Only Fx is applied, beam OA,OC occure bending moment
M2=Fy*H/2; % Only Fy is applied, beam OB,0D occure bending moment
M3=Fz*L2/4; % Only Fz is applied, beam OA,0B,0C,0D occure bending

M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,0D occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment
M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BE,CGDH occure bending
Stress1=M1*(h/2)/I;,  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(h/2)/I;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I;  %The stress of the beam OA,0OB,0C and OD under Fz is applied
Stressd=M4*(h/2)/I;  %The stress of the beam OB and OD under Mx is applied only

Stress5=M5*(h/2)/I;  %The stress of the beam OA and OC under My is applied only
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Stress6=M6*(h/2)/I;
S1=Stress1/E;
S2=Stress2/E;
S3=Stress3/E;
S4=Stress4/E;
S5=Stress5/E;

S56=Stress6/E;

%The stress of the beam AE,BF,CG and DH under Mz is applied
%Thereadout of the first and third strain gauge under Fx
%The readout of the second and the forth strain gauge under Fy
%The readout of the fifth, sixth, seventh, eighth gauge under Fz
%The readout of the sixth and the eighth strain gauge under Mx
%The readout of the fifth and the seventh strain gauge under My

%The readout of the first, second, third and the forth gauge Mz

%% Jo %o Yo Yo Yo To Yo %o Yo Yo To Vo T Yo o To Yo To Fo T Fo To o Yo To o Fo Fo Yo %o Fo Yo Fo %o To %o To o To Jo %o

h=0.75; % The ninth time assuming the thickness is 0.75 mm

H=15; % According to the assumptions h/H<1/20, get the H= 15 mm
L1=15; % According to the assumptions h/L.1<1/20, get the L1= 15 mm
[.2=16; % According to the assumptions h/I.2<1/20, H= 16 mm
R=L1+L.2; % Inside radius R=L.1+L2

b=5; % The perimeter 1= 2*3.14*R,b< I/4, it can estimate about 20 mm

E=2.067*10~7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction
Fy=30; % The Maximum of Y direction
Fz=30; % The Maximum of Z direction
Mx=100; % The Maximum of X direction moment
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My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction
I=b*h*h*h/12; % The moment of inertia of the section of the beam
M1=Fx*H/2; % Only Fx is applied , beam OA,OC occure bending moment

M2=Fy*H/2; % Only Fy is applied , beam OB,0D occure bending moment
M3=Fz*1L.2/4; % Only Fz is applied, beam OA,0B,0C,0OD occure bending moment
M4=Mx*L1/(2*R); % Only Mx is applied , beam OB,OD occure bending moment
M5=My*L1/(2*R); % Only My is applied , beam OA, OC occure bending moment
M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CGDH occure bending moment
Stress1=M1*(h/2)/I; %The stress of the beam AE and CG under Fx is applied only
Stress2=M2%(h/2)/I;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I;  %The stress of the beam OA,0B,0C and OD under Fz is applied
Stress4=M4*(h/2)/I;  %The stress of the beam OB and OD under Mx is applied only
Stress5=M5*(b/2)/I;  %The stress of the beam OA and OC under My is applied only

Stress6=M6*(h/2)/I;  %The stress of the beam AE,BF,CG and DH under Mz is applied

S1=Stress1/E; %The readout of the first and third gauge under Fx
S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
S3=Stress3/E; %The readout of the fifth, sixth, seventh, eighth gauge under Fz
S4=Stress4/E; %The readout of the sixth and the eighth gauge under Mx
S5=Stress5/E; %The readout of the fifth and the seventh gauge under My
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S6=Stress6/E; %The readout of the first, second, third and forth gauge Mz

Yo% Yo Yo% Yo Yo Fo %o %o Fo To o T %o To Fo Fo %o Fo Fe Fo Fo T To Fo To Fo To To o To Fo Fo Fo Yo Fo Fo Yo To Yo Fo Fo

h=0.5; % The tenth time assuming the thickness is 0.5 mm

H=10; % According to the assumptions h/H<1/20, get the H= 10 mm
L1=10; % According to the assumptions /L.1<1/20, get the L1= 10 mm
L.2=11; % According to the assumptions h/L2<1/20, H= 11 mm
R=L1+1.2; % Inside radius R=L1+L2

b=10; % The perimeter I= 2*%3.14*R,b< V/4, it can estimate about 15 mm

E=2.067*10"7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction

Fy=30; % The Maximum of Y direction

Fz=30; % The Maximum of Z direction

Mx=100; % The Maximum of X direction moment

My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction

[=b*h*h*h/12; % The moment of inertia of the section of the beam
MI1=Fx*H/2; % Only Fx is applied, beam OA,OC occure bending moment
M2=Fy*H/2; % Only Fy is applied, beam OB,0OD occure bending moment
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M3=Fz*1.2/4; % Only Fz is applied, beam OA,0B,0C,0D occuré bending moment
M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,OD occure bending moment
MS=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment
M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CGDH occure bending moment
StressI=M1*(W/2)1;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(h/2)/1;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I;  %The stress of the beam OA,0B,OC and OD under Fz is applied
Stressd=M4*(h/2)/I;  %The stress of the beam OB and OD under Mx is applied only
Stress5=M5*(h/2)/I;  %The stress of the beam OA and OC under My is applied only

Stress6=M6*(h/2)/I;  %The stress of the beam AE,BF,CG and DH under Mz is applied

S1=Stress1/E; %Thereadout of the first and third gauge under Fx
S2=Stress2/E; %The radout of the second and the forth strain gauge under Fy
S3=Stress3/E; %The readout of the fifth, sixth, seventh, eighth gauge under Fz
S4=Stress4/E; %The readout of the sixth and the eighth gauge under Mx
S5=Sitress5/E; %The readout of the fifth and the seventh gauge under My
S6=Stress6/E; %The readout of the first, second, third and forth strain gauge Mz

Yo %0 % Yoo %o Yo %o Yo To Yo Yo %o Yo Yo Yo %o Yo To To Fo To o %o %o To Yo Yo To T Fo Fo To Fo Yo Fo %o o Fo To o To To

h=0.5; % The eleventh time assuming the thickness is 0.5 mm

H=10; % According to the assumptions h/H<1/20, get the H= 10 mm
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L1=10; % According to the assumptions h/L.1<1/20, get the L.1= 10 mm

L2=11; % Acccording to the assumptions h/L.2<1/20, H= 11 mm
R=1.1+L2; % Inside radius R=L1+L2
b=5; % The perimeter 1= 2*3.14*R, b< /4, it can estimate about 25 mm

E=2.067*10"7; % The Young's modulus of standard steel

Fx=30; % The Maximum of X direction

Fy=30; % The Maximum of Y direction

Fz=30; % The Maximum of Z direction

Mx=100; % The Maximum of X direction moment

My=100; % The Maximum of Y direction moment

Mz=100; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam
MI1=Fx*H/2; % Only Fx is applied, beam OA,OC occure bending moment
M2=Fy*H/2; % Only Fy is applied, beam OB,OD occure bending moment

M3=Fz*L.2/4; % Only Fz is applied, beam OA,0B,0C,0D occure bending moment
M4=Mx*L1/(2*R); % Only Mx is applied, beam OB,OD occure bending moment
M5=My*L1/(2*R); % Only My is applied, beam OA, OC occure bending moment
M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CGDH occure bending moment
Stresslel*(WZ)/I; %The stress of the beam AE and CG under Fx is applied only

Stress2=M2*(h/2)/I;  %The stress of the beam BF and DH under Fy is applied only
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Stress3=M3*(h/2)/I;  %The stress of the beam OA,0B,OC and OD under Fz is applied
Stress4=M4*(h/2)/TI;  %The stress of the beam OB and OD under Mx is applied only
StressS=M5*(h/2)/I;  %The stress of the beam OA and OC under My is applied only

Stress6=M6*(h/2)/I;  %The stress of the beam AE,BFCG and DH under Mz is applied

S1=Stress1/E; % Thereadout of the first and third gauge under Fx
S2=Stress2/E; %The readout of the second and the forth gauge under Fy
S53=Stress3/E; %The readout of the fifth, sixth, seventh, the eighth gauge Fz
S4=Stress4/E; %The readout of the sixth and the eighth gauge under Mx
S5=StressS/E; %The readout of the fifth and the seventh gauge under My
S6=Stress6/E; %The readout of the first, second, third and forth gauge Mz

%% %o %o % Yo To %o Yo %o Yo %o Fo Yo Yo %o o Yo To To Yo Yo To o To Yo Fo Yo Fo Fo To To To Fo Fo Fo To To Yo Yo Fo Fo o

h=0.5; % The eleventh time assuming the thickness is 0.5 mm

H=20; % According to the assumptions h/H<1/20, get the H= 10 mm
L1=10; % According to the ¢ assumptions h/L1<1/20, get the L1= 10 mm
L2=11; % According to the assumptions h/L.2<1/20, H= 11 mm

R=L1+L2; % Inside radius R=L1+L.2

b=5; % The perimeter 1= 2¥3.14*R, b< 1/4, it can estimate about 25 mm

E=2.067*10"7; % The Young's modulus of standard steel

Fx=10; % The Maximum of X direction
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Fy=10; % The Maximum of Y direction

Fz=10; % The Maximum of Z direction

Mx=70; % The Maximum of X direction moment

My=70; % The Maximum of Y direction moment

Mz=T70; % The Maximum of Z direction

I=b*h*h*h/12; % The moment of inertia of the section of the beam
MI1=Fx*H/2; % Only Fx is applied , beam OA,OC occure bending moment
M2=Fy*H/2; % Only Fy is applied , beam OB,OD occure bending moment
M3=Fz*1.2/4; % Only Fz is applied, beam OA,0B,0C,0D occure bending

M4=Mx*L1/(2*R); % Only Mx is applied , beam OB,0OD occure bending moment
M5=My*L1/(2*R); % Only My is applied , beam OA, OC occure bending moment
M6=Mz*R/(4*R); % Only Mz is applied, beam AE,BF,CGDH occure bending moment
Stress1=M1*(h/2)/I;  %The stress of the beam AE and CG under Fx is applied only
Stress2=M2*(W/2)/I;  %The stress of the beam BF and DH under Fy is applied only
Stress3=M3*(h/2)/I;  %The stress of the beam OA,OB,OC and OD under Fz is applied
Stress4=M4*(h/2)/1;  %The stress of the beam OB and OD under Mx is applied only
Stress5=M5*(h/2)/I;  %The stress of the beam OA and OC under My is applied only
Stress6=M6*(h/2)/1;  %The stress of the beam AE,BF,CG and DH under Mz is applied
S1=Stress1/E; %The readout of the first and third gauge under Fx

S2=Stress2/E; %The readout of the second and the forth strain gauge under Fy
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S3=Stress3/E; %The readout of the fifth, sixth, seventh, eighth strain gauge Fz

S4=Stress4/E; %The readout of the sixth and the eighth gauge under Mx
S5=Stress5/E; % The readout of the fifth and the seventh gauge under My
S6=Stress6/E; %The readout of the first, second, third and the forth gauge Mz
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