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Figure 18: Front panel of the three point bending test program 

2.3.1 ISO standard Testing 

Test 1 - Old setting  

 The three point bending test was perfomed according to ISO standards on three 

round wires  (0.012 inch, 0.014 inch and 0.016 inch) and three rectangular wires  (0.016 x 

0.022 inch, 0.018 x 0.025 inch, and 0.019 x 0.025 inch) of NiTi superelastic wire type, 

manufactured by Ortho Organizers (see Table 6). Figure 19A explains the wire placement 

location for this setting. 

Table 6: List of NiTi wires tested using old setting 

 

 

 

Wire Brand Type Round Wires(inch) Rectangular Wires (inch)

Ortho Organizers SE 0.012, 0.014,0.016 0.016 x 0.022, 0.018 x 0.025, 0.019 x 0.025
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The following test conditions were applied in a 37⁰ C environment:  

1. The two posterior sections of the three archwires of the same batch were cut and 

tested.  

2. A crosshead rate of striker was specified at 10mm/min, which provided a 

deflection of 3.1 mm (as shown in Table 1) .  

The load/displacement curves were obtained for all the tests and the unloading forces 

were reported at different locations. 

 

Figure 19A: Wire placement location of old setting 

 

 

 

 

 

1. Motor                                4. Right Sensor (7561)          7. Striker 

2. Specimen Wire                 5. XY Stage 

3. Left sensor (7560)            6. Caliper. 
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Test 2 - New setting 

 The new setting used a striker and supports with a 60⁰ angle and is shown in 

Figure 19B. All three point bending tests were performed as before (see Table 7). Also, a 

test was performed to examine the influence of crosshead rate on the load/displacement 

curves with the following test conditions:  

1. Three samples of 0.016 inches and 0.016 x 0.022 wires. 

2. Three different crosshead rates of the striker were used: 5mm/min, 7.5mm/min, 

and 10mm/min. 

 

Figure 19B: New ISO setting 
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Table 7: List of NiTi wires tested using new setting 

 

 

2.3.2 ANSI standard Testing 

 The testing protocol for the ANSI standard was slightly different from the ISO 

standard in regards to the testing setup. The ISO setting was changed to an ANSI setting 

(see Appendix A.1) and the three point bending test was performed for the same set of 

wires tested under the ISO standard. 

 The following test conditions were applied in a 37⁰ C environment: 

1. Six samples with specimen length of 50mm specimen for each size of wires was 

taken.  

2. Similar to ISO (as explained in section 2.3.1), at crosshead rate of the striker was 

maintained at 10mm/min, which provided a deflection of  3.1 mm. 

 

2.4 Jacobian matrix derivation 

 As explained in Section 1.5 the Jacobian matrix was derived using the translation 

and rotation of the coordinate systems.  

 

Figure 20: Preliminary Jacobian setting 

 

Wire Brand Type Round Wires(inch) Rectangular Wires (inch)

Ortho Organizers SE 0.012, 0.014,0.016 0.016 x 0.022, 0.018 x 0.025, 0.019 x 0.025

Ultimate Wireforms SE 0.012 0.016 x 0.022

+Y 

+X 2 
3 

1. Co ordinate system of Sensor S/ N 7560 

2. Sensor S/N 7560                  

3. Sensor S/N 7561 
 

+Z 

1 
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 Figure 20 illustrates the testing setup. A sensor with S/N 7560 was mounted at the 

bottom of the aluminum plate of length 100mm and the sensor with S/N 7561 was 

mounted at the top.  The sensor 7561 was rotated and translated over the plate with 

respect to sensor 7560 to create multiple test conditions. The coordinate system of 7560 

is indicated in Figure 20 and the center of the top surface of the sensor was considered as 

the origin.  

Table 8: Various testing conditions for placing sensor 7561with respect to sensor 7561 

X axis Y axis Z axis

ROTATION( degrees) 0 180 30,60,90

TRANSLATION(mm) 100,50,25 0 0

TEST CONDITIONS

 
 

 As shown in Table 8, a known rotation and translation was chosen for sensor 

7561. From the equations discussed in the Section 1.4, a Jacobian matrix was derived for 

each of the testing conditions. The known weights were placed over sensor 7561 and the 

values obtained from both sensors were noted. Equations (18) and (19) show the 

force/torque values from the sensors. The force/torque values which were measured using  

sensor 7561 is equivalent to the matrix multiplication of [6x6] Jacobian matrix and the 

force/torque values from sensor 7560, as demonstrated in Equation (20) which shows the 

Jacobian transformation.  

 Various  experiments were performed using the conditions given in Table 8 and 

the set up shown in Figure 20 to test Equation (20) for its validity. It was determined that 

this setup was not able to validate Equation (20), so a new method was developed and is 

presented in section 2.4.1. 
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  F7561 = %fx fy fz t& ty tz'ᵀ      (18) 

  F7560 = %fx1 fy1 fz1 tx1 ty1 tz1'ᵀ    (19) 
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fy
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ty

tz ��
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fz1
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��
�

         (20) 

2.4.1 Final Jacobian validation 

Setup 1 – Only translation 

  

   

Figure 21: Final testing setup of Jacobian validation for left tooth 
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 Figure 21 illustrates the final testing setup for the Jacobian matrix and assumed 

that the whole setup was a perfect rigid body. Sensor 7560 was mounted at location A, 

which is the origin (0, 0, 0) coordinate while the sensor  7561 was mounted at the top and 

attached to the motor. Points B and C in Figure 21 were chosen as exact tooth locations 

for a 0.021 x 0.025 inch NiTi and straight beta CNA archwire attached to a  0.025 inch 

bracket. The coordinates of point B with respect to sensor 7560 is (-15, 2, 27.5) and the 

coordinates of point C is (-25, 2, 27.5) with respect to the same sensor. 

 In this testing, the motor moves 2mm in forward direction and generates a known 

force at point C. This applied force/torque values were measured using sensor  7561 and 

the received force/torque values were measured using sensor 7560. In order to measure 

force/torque exactly at the point  B, a 6x6 Jacobian matrix was derived using a the 4x4 

transformation matrix. The transformation matrix, H, due to the translation of the vector 

(-15, 2, 27.5) is given by Equation (21). 

    H= ����1 0 0 -15

0 1 0 2

0 0 1 27.5

0 0 0 0

����     (21) 

    n=1 i+0 j+0 k       (22) 

    o=0 i+1 j+0 k      (23) 

    a=0 i+0 j+1 k      (24) 

    p=-15 i+2 j+27.5 k     (25) 

where, n, o, a and p are column vectors of the transformation matrix and are given by 

Equations (22), (23), (24) and (25) respectively. Substituting these values in Equation (8), 

the Jacobian matrix, J, was obtained from the translation as shown in Equation (26). 
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  J=

����								
												




 1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 -27.5 2 1 0 0

-27.5 0 -15 0 1 0

2 -15 0 0 0 1������������
������������





     (26) 

The force/torque at point B is given by Equation (27). 

  Fb=((((fbx fby fbz tbx tby tbz))))ᵀ=    J ×F7560   (27) 

Since it is a rigid body system, the applied force should be equal to the received force as 

shown in Equation (28). 

     F7560=F7561      (28) 

At point B, the force applied is predominantly in Z direction but the torque along the Y 

axis was observed with the change in displacement. Theoretically, the torque along the Y 

axis can be calculated using the Equation (29). 

        tby=10 ×Fz       (29) 

where F+ is the applied force along Z-axis measured by sensor 7561.  The expected 

torque was then compared with observed torque at point B.  

 

Setup 2 - Rotation & translation  

 Because setup 1 did not consider any rotational movement, a new setup was 

designed to verify the Jacobian matrix involving both rotational and translational 

movements. As illustrated in Figure 22, set up 2 is symmetrical to set up 1 in the right-

hand side but sensor 7560 was rotated 60 degrees along the Z axis. In order to measure 

the force/torque value at point B, the Jacobian matrix had to be derived again. The 
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transformation matrix, due to rotation and translation, is given by H, as shown in 

Equation (30). 

 

 

Figure 22: Testing setup of Jacobian validation with rotation 

 

                         H=rot (z, 60)×trans(15,2,27.5)   (30) 

The Jacobian matrix derived from this transformation matrix is given by Equation (31) 

  J=

����								
												




 cosθ sinθ 0 0 0 0

-sinθ cosθ 0 0 0 0

0 0 1 0 0 0

-27.5sinθ -27.5cosθ 2 cosθ sinθ 0

27.5cosθ -27.5sinθ -15 -sinθ cosθ 0

15sinθ-2cosθ 15cosθ+2sinθ 0 0 0 1������������
������������





  (31) 

  θ=60 degree 

As with the case of previous setup, Equations (27), (28), and (29) still hold the same and 

expected torque value at point B as compared with the observed torque. 

       A 

       B 

       C 
   (25, 2, 27.5) 

   (15, 2, 27.5) 

   (0, 0, 0) 

+Y 

+X
+Z 
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3 Results 

3.1 Preliminary force/torque sensor program verification                  

3.1.1 Individual axis load application 

 For preliminary testing, known weights were applied to the individual axis (see 

Figure 4), of the sensors according to the axis of interest. The voltage values before and 

after the application of load, referred as unloaded and loaded measurements, were noted 

down for all six channels for five trials as shown in Table 9. Channel 1(ch.1) through 

channel 6 (ch.6) are the voltage values of the all the channels of sensor 7560. The force 

values along the X (Fx[N]), Y (Fy[N]) and Z (Fz[N]) axes, in Newtons, and the torque 

values along the X (Tx[Nmm]), Y (Ty[Nmm]) and Z (Tz[Nmm]) axes, in Newton 

millimeters are presented in Table 9. The summation of force values in Newtons (Sum 

F[N])  and grams (Sum F[g]) are also provided in Table 9. The difference between the 

loaded measurement and the unloaded measurement values were multiplied to the 

calibration matrix to get the force and torque values. As indicated in Table 9, a 100g load 

was applied over the Y-axis of sensor 7560. It was observed that Channel 3 had the 

lowest mean unloaded voltage value of 6.717976 volts and Channel 4 had the highest 

value of 6.8400038 volts. The standard deviation ranged from 0.001771 to 0.00536 volts 

and the mean loaded voltage value ranged from 6.703902 to 6.843846 volts. 

 All the loaded and unloaded measurement values were entered in the sample 

calculation sheet provided by the manufacturer and force/torque values were noted down 

manually for all the trials. A variability was observed in the Sum F[g] values with the 

lowest being 92.32g and the highest being 137.6g. Since the load was applied over Y 

axis, the Y-component of force (i.e., Fy[N]) changed from .8933 to 1.1556 N. It was 
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observed that the torque along X axis (Tx[Nmm]) changed for each trial. The variability 

in these measurements were analyzed extensively and the error associated was minimized 

through testing and results of which are presented in the following sections. 

 

Table 9: 100g load applied on Y axis over sensor S/N 7560 

 

 

 

100g

Trial #1 Trial #2 Trial #3 Trial #4 Trial #5 Average St.Dev.

Ch.1 6.78221 6.78801 6.78818 6.78537 6.78850 6.78645 0.00268

Ch.2 6.83051 6.83348 6.83513 6.83209 6.83387 6.83302 0.00177

Ch.3 6.71649 6.71994 6.72056 6.71795 6.71495 6.71798 0.00234

Ch.4 6.83865 6.84399 6.84468 6.84144 6.83144 6.84004 0.00536

Ch.5 6.76282 6.76999 6.77066 6.76610 6.75781 6.76547 0.00533

Ch.6 6.81994 6.82674 6.82772 6.82417 6.82010 6.82373 0.00363

Trial #1 Trial #2 Trial #3 Trial #4 Trial #5 Average St.Dev.

Ch.1 6.78316 6.79076 6.78960 6.78655 6.78710 6.78743 0.00296

Ch.2 6.82064 6.82561 6.82621 6.82330 6.82363 6.82388 0.00220

Ch.3 6.70094 6.70526 6.70896 6.70490 6.69945 6.70390 0.00378

Ch.4 6.84239 6.84822 6.84728 6.84355 6.83779 6.84385 0.00418

Ch.5 6.77773 6.78805 6.78188 6.77931 6.77390 6.78017 0.00527

Ch.6 6.82400 6.82964 6.83029 6.82571 6.82524 6.82698 0.00281

Trial #1 Trial #2 Trial #3 Trial #4 Trial #5 Average St.Dev.

Fx [N] -0.14469 -0.03943 -0.08823 -0.06127 -0.04789 -0.07630 0.04246

Fy [N] 1.15561 0.96172 0.96662 0.89335 1.35029 1.06552 0.18669

Fz [N] 0.06052 0.54289 0.11457 0.14339 -0.03372 0.16553 0.22148

Tx [N-mm] -6.95901 -9.20762 -4.60058 -6.65269 -6.29918 -6.74382 1.65198

Ty [N-mm] -0.03855 -0.56976 -0.50807 -0.41135 0.92882 -0.11978 0.62137

Tz [N-mm] 0.39764 -0.09486 0.97445 1.37491 -0.61747 0.40693 0.80005

Sum F [N] 1.16620 1.10507 0.97738 0.90686 1.35156 1.10142 0.17322

Sum F [g] 118.87895 112.76226 99.73255 92.53672 137.91466 110.73655 19.95892

Sensor I - S/N FT7560

Unloaded [V]

Loaded [V]

Calculated
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3.1.2 Sampling rate optimization 

 A known 50g weight was placed over the Z-axis. The effect of the force values at 

different sampling rates were compared, as shown in Table 10 and 11. Force and torque 

values (Fx, Fy,Fz,Tx,Ty,Tz) were measured in Newtons and Newton millimeters for each 

axis and the force value along the Z axis is given as Sum Fz[g] in grams in Tables 10 and 

11.  For each sampling rate, 10 trials were performed and the mean and standard 

deviation were recorded. It was observed that the mean and standard deviation values for 

50g weight at 10,000Hz was 50.18g  and 0.39339 for sensor 7560. For sensor 7561, the 

mean and standard deviation values were 50.03g and 0.02081g. A t-test with a 95% 

confidence interval for all the mean values revealed that there were no significant 

differences with the changing of the sampling rates. It was also observed that the error in 

the force measurement decreased appreciably. 

 

Table 10: Comparing 50g weight at different sampling rate over Z axis of sensor S/N 7560 

 

 

 

 

50g

Average St.Dev. Average St.Dev. Average St.Dev. Average St.Dev.

Fx [N] 0.00012 0.00203 0.00334 0.00203 0.00545 0.00211 0.00363 0.00192

Fy [N] 0.00457 0.00089 0.00506 0.00008 0.00346 0.00155 0.00463 0.00305

Fz [N] 0.49230 0.00386 0.50194 0.00463 0.49564 0.00849 0.49401 0.00542

Tx [N-mm] 1.60323 0.30121 1.25083 0.32683 1.13524 0.52287 -1.54025 0.21692

Ty [N-mm] 0.20012 0.21146 0.28083 0.27960 0.26607 0.50276 0.21972 0.22669

Tz [N-mm] 0.02170 0.00212 0.03718 0.01790 0.00161 0.03854 0.01163 0.02287

SUM Fz[g] 50.18359 0.39339 51.04529 0.47237 50.52413 0.86490 50.35810 0.55204

Sensor I - S/N FT7560

SAMPLING RATE(Hz)

10000.00000 5000.00000 2500.00000 1500.00000



43 

 

Table 11: Comparing 50g weight at different sampling rate over Z axis of sensor S/N 7561 

 

 

3.1.3 Torque testing 

 As shown in Figure 12, this test examined the torque values along the X-axis of  

both the sensors. In Tables 12 and 13, 50g known weight was hung around the Z-axis at 

various distances along the Y axis of the sensors. Tx, Ty, Tz were the torque values 

which were measured in Newton millimeters along the X, Y and Z axes. The torque 

values were then compared with the theoretical values, which is given by Equation (32). 

    ττττ====Dy × FzDy × FzDy × FzDy × Fz        (32) 

 The mean and standard deviation of torque values were also recorded for the 5 

trials. When the 50g was hung at 0 mm, 25mm, 50mm, 75mm, and 100mm, the product 

of distance times the force was very close to the expected value and had small percentage 

error of  only 0.04%. 

 

 

 

 

 

50g

Average St.Dev. Average St.Dev. Average St.Dev. Average St.Dev.

Fx [N] 0.00754 0.00725 -0.00838 0.00725 -0.00880 0.00211 -0.00635 0.00451

Fy [N] 0.00308 0.00005 0.00312 0.00005 0.00246 0.00065 0.00406 0.00702

Fz [N] 0.49102 0.00204 0.50367 0.00463 0.49978 0.00449 0.49399 0.00577

Tx [N-mm] 1.75382 0.15646 1.84956 0.31048 1.11112 0.58602 -1.40002 0.20002

Ty [N-mm] 0.21237 0.21211 0.28899 0.25645 0.26112 0.52346 -0.21235 0.59875

Tz [N-mm] 0.03718 0.01002 0.03191 0.01112 0.00345 0.03331 0.00237 0.03854

SUM Fz[g] 50.03524 0.20810 51.11129 0.40955 50.94567 0.48473 50.35540 0.58837

Sensor 2 - S/N FT7561

SAMPLING RATE(Hz)

10000.00000 5000.00000 2500.00000 1500.00000
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Table 12: Hanging 50g weight around Z axis at known distances of sensor S/N 7560 

 

 

Table 13: Hanging 50g weight around Z-axis at known distances of sensor S/N 7561 

 

 

3.2 Final Force/Torque sensor program verification 

 Tables 14 and 15 shows that different loads applied over the Z axis of both the 

sensors and Fx, Fy, and Fz were the force values on X, Y and Z axis, measured in grams, 

respectively. For the weights lesser than 50g, the percent error was found to be 5%. The 

average percent error for weights from 50g to 500g was calculated to be 0.5%. The 

percent error was calculated by the Equation (33), where the expected values were the 

known weights and observed results were the actual values. 

   % Error=
Actualvalue-Expected value

Expected value
*100     (33) 

 

distance(mm)

Average St.Dev. Average St.Dev. Average St.Dev.

0.00000 0.18160 0.00120 0.35450 0.00100 -0.02181 0.00200

25.00000 -12.01150 0.01220 0.48015 0.02100 -0.21596 0.07800

50.00000 -24.50240 0.00330 0.97120 0.01400 -0.42818 0.05400

75.00000 -36.46420 0.00100 -0.23940 0.00200 -0.57692 0.00600

100.00000 -49.48570 0.02210 0.37940 0.09100 -0.78781 0.02300

50g

Sensor I - S/N FT7560

Tx[Nmm] Ty[Nmm] Tz[Nmm]

distance(mm)

Average St.Dev. Average St.Dev. Average St.Dev.

0.00000 0.13130 0.00210 0.51230 0.00300 0.03410 0.00100

25.00000 -12.00320 0.03120 0.43221 0.03000 -0.04320 0.00540

50.00000 -24.00040 0.01100 0.87777 0.05600 0.32120 0.02000

75.00000 -36.41140 0.00200 0.34112 0.53000 0.34440 0.01110

100.00000 -48.99860 0.03230 0.12320 0.06700 -0.63420 0.04120

Sensor 2 - S/N FT7561

Tx[Nmm] Ty[Nmm] Tz[Nmm]

50g
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Table 14: Load applied along Z-axis of sensor S/N 7560 

 

Table 15: Load applied along Z-axis of sensor S/N 7561 

 

 

3.3 Displacement & Velocity verification 

Table 16: Velocity verification by comparing average expected time vs. actual time of 5mm distance 

  

 For all the motion profiles, the displacements mentioned in section 2.2.2.1 were 

verified using a finely graduated ruler. As demonstrated in Table 16, different velocities 

were tested at a known distance of 5mm and the time, the number of pulses, and, the 

pulse rate were recorded. All the values matched the theoretical calculations but it was 

Weights(g)

Average St.Dev. Average St.Dev. Average St.Dev.

10.00000 -0.09409 0.20206 -0.21445 0.15771 10.57491 0.49084

20.00000 0.18209 0.18990 -0.55736 0.08601 20.95227 0.37865

50.00000 -0.33655 0.17668 -0.47700 0.13830 50.36455 0.35949

100.00000 -0.77891 0.09044 -0.31973 0.19940 100.51130 0.28857

200.00000 -0.99727 0.18101 -1.15391 0.15228 201.26250 0.47287

500.00000 -2.39427 0.18753 -3.48045 0.14200 502.05000 0.17732

Sensor I - S/N FT7560

Fx[g] Fy[g] Fz[g]

Weights(g)

Average St.Dev. Average St.Dev. Average St.Dev.

10.00000 1.17382 0.17984 0.05709 0.21153 9.83536 0.26655

20.00000 -0.66373 0.18681 0.32427 0.17522 20.27864 0.27092

50.00000 -0.00091 0.12383 0.54155 0.14204 50.82818 0.28397

100.00000 0.80709 0.32721 1.00346 0.17389 100.52250 0.45242

200.00000 1.72864 0.24994 1.91200 0.08700 201.28870 0.50718

500.00000 3.65882 0.16892 4.69000 0.08892 502.30000 0.47659

Fz[g]

Sensor 2 - S/N FT7561

Fx[g] Fy[g]

Velocity(mm/min) Velocity(rpm) Pulse rate (Hz) Number of Pulses Actual Time taken (sec) Expected time(sec)

1) 0.500 0.125 2.083 1250.000 591.000 600.000

2) 1.000 0.250 4.167 1250.000 295.000 300.000

3) 2.000 0.500 8.333 1250.000 148.200 150.000

4) 5.000 1.250 20.833 1250.000 60.200 60.000

5) 7.500 1.825 31.250 1250.000 40.320 40.000

6) 10.000 2.500 41.667 1250.000 30.160 30.000

7) 15.000 3.750 63.500 1250.000 20.400 20.000
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observed that the error increased with decreasing velocity. The predicted time for moving 

5mm at 0.5mm/min was 600 seconds but the actual time it took to reach this distance was 

591seconds. Using Equation (24), the error associated with a velocity of 0.5mm/min was 

calculated to be 1.5%. The average error for the other velocities was less than 0.05%, 

which were considered negligible for this application. 

 

3.4 Three point bending test 

3.4.1 Old setting ISO Results                                      

 

Figure 23: Comparison of Load/Displacement curves of six different sizes of Ni Ti 

 

 Figure 23 demonstrates the load displacement curves of six varying sizes of Ortho 

Organizers Super Elastic NiTi wires. The ISO testing protocol requires loading the wire 

up to 3.1mm and returning back to 0 mm but, due to design flaws, it was decided to push 

only to a limit of 2.5mm and the back to 0 mm. It was clearly observed that, when the 

striker was about to reach 2.4mm, there was an obvious downward slope in the loading 
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curves. All the wires showed similar patterns because of the sliding these wires 

experienced the surface of the support. It was observed that by changing the size of the 

wire, the loading/unloading profile changed drastically as well. As indicated in Table 17, 

the 0.019 x 0.022 rectangular wires had the maximum average peak force of 820.5g with 

a standard deviation of 10.03g. The 0.012 inch round wire had the least average peak 

force of 113.43g with a standard deviation of 1.22g. The super elastic property of the 

wires was not properly shown with this setting. This necessitated the need for  a change 

in the testing set up in order to properly perform the ISO standard testing. 

Table 17: Old setting unloading forces for different wire sizes 

 

 

3.4.2 New ISO setting result 

 The actual ISO testing protocols were followed with this setting. All the wires 

were tested in the temperature range of 36 ± 1 degree celsius and each wire was subjected 

to the symmetrical three point bending test. The striker was placed exactly 1 mm above 

the specimen wire and the wire was deflected to 3.1 mm at a cross head speed of 

10mm/min from the point of contact with the striker. Figures 23 and 24 illustrates the 

load/displacement curves of 3 brands of rectangular wires (0.016 x 0.022, 0.018 x 0.025, 

0.019 x 0.025) and 3 brands round wires (0.012, 0.014, 0.016) from Ortho Organizers. It 

was noted that the force values were nearly zero in the region of 0 to 1 mm displacement. 

Mean Std Mean Std Mean Std Mean Std

019 x 025 820.50000 10.03000 311.80000 8.23000 266.90000 6.21000 28.76000 2.57000

018 x 025 716.20000 9.11000 355.89000 8.99000 332.81000 7.20000 70.90000 4.20000

016 x 022 557.00000 8.20000 256.30000 4.23000 222.60000 3.25000 53.40000 2.90000

16.00000 249.82000 4.22000 126.11000 5.32000 104.46000 3.45000 18.90000 1.78000

14.00000 151.03000 3.45000 79.46000 2.11000 50.37100 1.11000 4.88000 0.45000

12.00000 113.43000 1.22000 74.44000 1.24000 45.94000 1.40000 9.34000 2.10000

Wire size(in)

2.50000 1.50000 1.00000 0.50000

Unloading forces (g) at different locations (mm)
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After 1mm, the force values were observed to linearly until it reached its elastic limit at 

1.6mm.  

 

Figure 24: Comparison of load/ displacement Curves of 3 Rectangular wires 

 

 

Figure 25: Comparison of load/displacement Curves of 3 round wires 
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Table 18: Unloading bending forces at 4 different locations for 6 different sizes of ortho organizers in       

    ISO setting 

 
 

 The bending force during the unloading process was determined from this 

load/displacement curves and is reported in Table 18. The 0.019 x 0.025 had the 

maximum force of 734.666g at 3mm with standard deviation of 32.123g and the 0.012 

inch wire had the minimum peak force of 102.8409g at 3mm.  

 

 

Figure 26: Comparison of load/displacement curves of rectangular 0.016 x 0.022 and 0.012 round    

      ultimate wires 

  

Mean Std Mean Std Mean Std Mean Std

019 x 025 734.66609 32.12300 600.36594 21.80117 504.65213 8.56725 484.64813 4.21190

018 x 025 687.63324 22.03465 615.91788 16.81804 552.63751 15.85544 510.34000 10.03440

016 x 022 438.21591 3.46708 385.99064 3.98465 351.07528 4.64601 295.69201 3.94857

16.00000 225.88000 4.08707 199.20840 3.00564 177.15914 2.11340 144.34407 1.32560

14.00000 141.09467 3.00230 128.59047 2.87460 116.24409 2.11340 68.83454 1.25470

12.00000 102.84085 1.84840 100.13085 0.40432 98.84333 0.41111 61.33450 0.53478
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Figure 26 shows load/displacement curves of 0.012 inch round wire and 0.016 x 0.022 

inches rectangular wire from the Ultimate Wireforms Company. In this case, the 

displacement was observed to be 3.2 mm as the striker was placed 0.1 mm above the 

wire. 

Table 19: Type of NiTi wire and load (g) in unloading process for 0.012 inch round wires at ISO    

    setting 

SE- super elastic 

Table 20: Type of NiTi wire and load (g) in unloading process for 0.016 x 0.022 inch rectangular    

    wires at ISO setting 

 

 As illustrated in Table 19, the unloading loads were compared for 0.012 inches of 

two different companies, namely, Ortho Organizers and Ultimate Wireforms for 

recommended ISO setting. The results of 1 factor ANOVA showed P value 0.119 > 0.05, 

there was no significant difference in the mean values of unloading loads 0.012 inch 

round wire. As seen from Table 20, 0.016 x 0.022 inch rectangular wires did not show 

any significant difference in unloading mean values for both the company wires with P 

value 0.512 which is greater than 0.05. 

3.4.3 ANSI testing 

 Figure 27 and 28 show the load/displacement results of ANSI setting for 3 brands 

of rectangular wires and 3 brands of round wires from Ortho Organizers.  It was observed 

that with changing size of the wires, the load/deflection curve changed drastically. The 

striker was placed 0.1 mm above the wire to hold the rectangular wire firmly. 

Wire Brand Type Mean Std Mean Std Mean Std Mean Std

Ortho organisers SE 102.84085 1.84840 100.13085 0.40432 98.84333 0.41111 61.33450 0.53478

Ultimate Wires SE 79.33852 2.38394 74.60460 1.02330 72.11257 0.82370 37.85595 0.33450

Unloading force (g) at different locations(mm)

3 2 1 0.5

Wire Brand Type Mean Std Mean Std Mean Std Mean Std

Ortho organisers SE 438.21591 3.46708 385.99064 3.98465 351.07528 4.64601 295.69201 3.94857

Ultimate Wires SE 392.86324 3.56720 340.87965 3.56794 324.58122 3.99047 317.51138 2.34650

Unloading force (g) at different locations(mm)

3 2 1 0.5
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Figure 27: ANSI testing comparison of load/displacement curves of 3 rectangular wires 

 

 

Figure 28: ANSI testing comparison of load/displacement curves of 3 round wires 
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Table 21: Unloading bending forces at 4 different locations for 6 different sizes of Ortho Organizers    

    in ANSI setting 

 

 The bending force during the unloading process was determined from 

load/displacement curves and reported in Table 21, where the 0.019 x 0.025 was found to 

have a maximum force of 608.0120g at 3mm with a standard deviation of 14.3575g and 

the 0.012 inch wire had the minimum force of 85.0890g at 3mm. Figure 29 shows the 

load/displacement curves of 0.012 inch round wire and 0.016 x 0.022 inch rectangular 

wire of Ultimate Wireforms Company. 

 

Figure 29: Comparison of load/displacement curves of rectangular 016 x022 and 012 round ultimate    

     wires in ANSI setting 

 

 

Mean Std Mean Std Mean Std Mean Std

019 x 025 608.0120 14.3575 485.9327 12.3468 426.5349 10.9384 345.8563 7.8365

018 x 025 591.3450 22.0347 518.3547 11.2354 483.8460 9.7460 311.2364 8.4750

016 x 022 375.3465 6.3460 315.3465 5.4756 293.4536 4.2304 171.3364 2.3640

16.0000 223.3030 4.0871 165.7243 3.8564 148.5524 2.3451 65.9234 1.3456

14.0000 121.8123 2.1023 108.5430 2.8564 98.5823 2.1250 49.6093 2.3485

12.0000 85.0890 2.3649 81.1235 1.0465 63.4988 1.4111 27.5834 0.6458
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Table 22: Type of NiTi wire and load (g) in unloading process for 0.012 inch round wires at ISO   

     setting 

 

 

Table 23: Type of NiTi wire and load (g) in unloading process for 0.016 x 0.022 inch rectangular   

    wires at ISO setting 

 

 

 In Table 22, the unloading loads from the ANSI testing were compared between 

0.012 inch of two different companies: Ortho Organisers and Ultimate Wireforms. The 

results of one factor ANOVA gave a P value of 0.7384, which is greater than 0.05; 

therefore, there was no significant difference in their mean values. Mean bending forces 

for the 0.016 x 0.022 rectangular wire showed no significant difference in the unloading 

mean values of both the company wires with a P value 0.642 (> 0.05) as shown in Table 

23. 

 

 

 

 

 

 

 

Wire Brand Type Mean Std Mean Std Mean Std Mean Std

Ortho organisers SE 85.08895 2.36485 81.12354 1.04650 63.49875 1.41111 27.58340 0.64583

Ultimate Wires SE 73.55725 2.12346 65.70642 2.11432 60.97274 1.26584 32.51308 0.45783

Unloading force (g) at different locations(mm)

3 2 1 0.5

Wire Brand Type Mean Std Mean Std Mean Std Mean Std

Ortho organisers SE 375.34650 6.34600 315.34650 5.47563 293.45364 4.23040 171.33640 2.36400

Ultimate Wires SE 357.48234 7.84637 308.71060 4.23320 298.46730 3.23650 251.92970 2.27384

Unloading force (g) at different locations(mm)

3 2 1 0.5
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3.3 Final Jacobian matrix validation 

3.3.1 Set up 1 - Translation 

 

Figure 30: Comparison of Applied force vs. Received force along Z-direction 

 

Figure 30 shows that the applied Z-component force,  measured using sensor 

7561 was equal to the received Z-component force measured using sensor 7560. Figures 

31 and 32 demonstrates that the applied force in the X- and Y- components shows a 

similar pattern as that of the received force in the X- and Y-components.  
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Figure 31: Comparison of applied force vs. received force along X-direction 

 

 

Figure 32: Comparison of applied force vs. received force along Y-direction 

 

 Figure 33 shows the torque values at point B (see Figure 21). It was observed that 
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multiplying with Jacobian matrix and demonstrates the validity of Jacobian matrix due to 

translation. 

 

 

Figure 33: Expected torque Y vs. Actual torque at point B 
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3.3.2 Set up 2 - Rotational and Translation 

 Figures 34, 35, and 36 demonstrat that the applied force components show similar 

patterns to that of the received force components. 

 

Figure 34: Comparison of applied vs. received force along Z-axis 

 

 

Figure 35: Comparison of applied force vs. received force in Y-direction 
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Figure 36: Comparison of applied force vs. received force along X-direction 

 

               

Figure 37: Expected torque Y vs. actual torque Y at point B 
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 As established in Figure 37, the expected torque about the Y-axis at point B 

shows similar pattern as that of actual torque values, which are obtained after applying 

the Jacobian matrix transformation.  
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4 Discussion 

4.1 Sensor performance 

 Analyzing the accuracy level of the six degrees of freedom of the force/torque 

sensors was the principle criterion for developing orthodontic wire tester. The results 

obtained from the preliminary and final sensor verifications demonstrated its capabilities. 

The performance of the sensors was enhanced gradually by considering various 

parameters, which are discussed in following sections.  

 

4.1.1 Preliminary individual axis load testing 

 The values obtained in the preliminary tests helped to understand the 

characteristics of these complex sensors. Table 9 demonstrates the variability in the 

measurement of force values where, for an expected 100g value on Y axis, the value 

obtained was 110.54 g with standard deviation of 19.9g. Apart from a 100g of a known 

weight, 2, 5, 10, 50, 200, and 500g were used for the same testing procedure and it was 

noticed that there was high variability in the measurement of the force values. There was 

a 10% error from the expected force value in both of the sensors. The reason for the 

variability was analyzed extensively, in order to determine the cause. During the early 

stages of sensor measurement program, the unloaded and loaded voltage values were 

noted down manually. Each time a value was manually noted, the program was stopped 

and then restarted. Since the measurement was not continuous, the unloaded voltage 

values changed each time the program was restarted. Another possible source of variation 

was originating from the 12V power supply, which was connected to the sensors at a 

much higher voltage level than the manufacturer’s recommendation of 5V. In order to  
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minimize the error in the measurement, various parameters, including the testing 

procedure, filter setting, sampling rate, and voltage regulation, were taken into 

consideration and investigated. 

 

4.1.2 Filter vs. Force measurement 

 The noise was considered to be a major limitation in this device and it was 

managed through different strategies. Understanding the influence of the low pass filters 

in LabVIEW was important, since there were no hardware-based low pass filters or signal 

amplifiers used with ATI force sensors.  

 

Figure 38: Front panel of the filter testing program 
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 For choosing an optimum software filter configuration, numerous tests were 

performed using a filter testing program as shown in Figure 38. The unloaded voltage 

measurement values were analyzed before and after each filter setting. A Finite Impulse 

Response (FIR) filter is a type of signal processing technique whose impulse response 

stays for finite period of time. Initially, FIR filter was applied and the magnitude and 

phase response were analyzed using a Fast Fourier transform (FFT) program in 

LabVIEW as shown in Figure 38. It was noted for every case there was no appreciable 

change in the voltage values before and after the filter setting. The Infinite Impulse 

Response (IIR) filter has an internal feedback and an indefinitely present impulse 

response and was subsequently chosen to analyze the magnitude and phase responses. A 

3
rd

 oder Butterworth low pass IIR filter with a cutoff frequency of 3 Hz yielded the best 

results with minimal noise.  

 

 

 

Figure 39: Initial unloaded measurement graph after passing through IIR filter setting for both the   

      sensors (from front panel of Labview VI) 

 

Even though the noise element was reduced significantly after the application of 

the IIR filter, an initial overshoot was observed at approximately 0.4 seconds, as shown 

in Figure 39. This overshoot was observed to cause the unloaded voltage values to shift 
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from its original value for a brief period of time. Since the force measurements were 

based on the difference of loaded and unloaded measurements, the overshoot influences 

the force reading significantly. After extensively analyzing the IIR filter, this 

phenomenon of overshoot was observed for all the measurements. It was observed that 

after the brief overshoot, the unloaded values settled down to a constant value with very 

little standard deviation. The problem of overshoot was addressed by eliminating the 

initial samples for unloaded measurement using the LabVIEW block diagram as shown in 

Figure 40. 

 

 

Figure 40: Block diagram of section of filter testing program for eliminating overshoot. 

 

 
 

Figure 41: Front panel of the sensor measurement program without IIR filter setting 
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Figure 42: Front panel of sensor measurement program with IIR filter setting 

 

 Figures 41 and 42 shows the front panel of the sensor measurement program for 

examining forces with, and without, the IIR filter and no significant changes in the values 

were observed at a 95% confidence level. As force/torque measurements were obtained 

using the difference in loaded and unloaded values, the noise element associated without 

the IIR filter were cancelled out and does not influence the force/torque measurements. 

 

4.1.3 Sampling rate vs. force measurement  

 Sampling rate is defined as the number of samples per unit time or (Hz) and the 

inverse of sampling rate is defined as number of samples obtained over the span of unit 

time. In earlier tests, the sampling rate was chosen at 10 kHz, which translates to a 

sample taken every 0.0006 seconds. Initially a higher sampling rate was used to 

investigate its influence on signal noise. 

 Experiments were performed to check the effect of sampling rate on the force 

measurements. The analysis were carried out using a LabVIEW program that was 

capable of continuous measurement of loaded and unloaded values. After incorporating 

the calibration matrix program with the basic sensor measurement program, the force/ 
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torque measurements were captured continuously for 5 seconds which changed the 

testing procedure completely from the preliminary testing. Results from Table 4 show 

that there was no effect of sampling rate on force measurements as determined by a t-test 

with a 95% confidence level. At this point, the optimization of the sampling rate was not 

possible with the results obtained in Tables 10 and 11 and since, all the four sampling 

rates showed no difference in force measurement, the 10,000 Hz sampling rate was 

chosen for subsequent tests. Apart from sampling rate, the number of samples read also 

plays a part in the sensor measurement and the LabVIEW programming for sensor 

measurement was designed based on the conceptual working of sensors as explained in 

the Figure 8, where a while loop was essential for measuring the loaded voltage values. 

The force/torque values were measured for each loop in the program and for each loop, a 

certain number of samples had to be specified for reading the loaded measurement was 

optimized to 5000 samples per loop. 

  Ultimately, the filter setting, sampling rate, and number of samples to read were 

the parameters analyzed extensively and adjusted to reduce the noise component of the 

voltage fluctuation.  

 

4.1.3 Final sensor program verification    

 The accuracy level of the sensor was tested using the optimized parameters, 

which were discussed in section 2.2.1.2. With load applied over the Z-axis only, the force 

along X and Y axis should be very close to zero. According to the manufacturers of the 

sensors the resolution range is 1/80 of a Newton, which is equivalent to 1.27g. This 

means that the minimum value that it can sense is 1.27g. From Tables 14 & 15, most of 



66 

 

the force values along X and Y axis were less than 1.27g, except when the higher weights 

were applied. 

 

Figure 43: Calibration set up for sensors (Badawi et al., 2009) 

  

Badawi et al., (2009) used the same ATI force sensor followed different method 

for calibrating. They applied load over the individual axis using a setup shown in Figure 

43. They make no mention of the sampling rate, filter setting, and their sensor 

measurement program. The overall error calculated with our sensor and setup was 0.5%. 

According to Badawi (2009), the overall error observed when loaded over the Z-axis was 

1.75%. Thus, the overall sensor performance was vastly improved using the sensor 

measurement program and proper test conditions of this device. 

 

4.2 Motor Performance 

 Table 16 shows the error percentage of velocity was less than 0.05% proving that 

the accuracy of the stepper motor was extremely high. A ruler was used to verify the 

displacement by visual monitoring, so there could be a significant occurrence of human 

error associated with this verification. The important task of the application was to 

develop a device capable of plotting load and displacement curves. Generally, most of the 

motors working with closed loop mode require a feedback device for precise movement. 
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This stepper motor works well with open loop mode with no feedback and was observed 

to operate accurately, as shown by the results. Since the load capabilities of the stepper 

motor are far higher than the required application, it was assumed that it would move to 

the exact location through the specified number of pulses. By examining the pulse rate, 

number of pulses, and the revolutions per minute (RPM) values (from Table 16), it was 

observed that the motor behaves exactly according to the theoretical calculations. 

 The results discussed in previous sections demonstrate significant evidence for the 

accuracy of the sensors and motors. 

 

4.3 Three point bending test 

 Nickel-titanium (NiTi) alloys have been widely used in orthodontics because of 

their favorable super elastic properties and their ability to provide a light continuous force 

for efficient tooth movement (Theodosia et al., 2007). Nickel-titanium wires of Ortho 

Organizers and Ultimate Wireforms were used to demonstrate the validity of the device. 

The unloading bending forces in Tables 18 and 21 have shown close resemblance with 

respect to the unloading bending force values provided by Ortho Organizers product 

specification brochure. Similarly, the unloading bending values from Ultimate 

Wireform’s wires matched their specifications. Table 19 and 20 demonstrate the 

comparison between the wires of both the companies for two different wire sizes and 

proved that there was no significant difference between the mean unloaded bending 

values.  
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4.3.1 ISO vs. ANSI standards 

 Figures 44 and 45 show the comparison of the load/displacement curves for ANSI 

and ISO setting for the 0.016 x 0.022 and 0.012 sizes of Ultimate Wireform wires. As 

discussed in Section 1.3, the results provided here show the loading portion of the graphs, 

which simulates the activation of the wire, and the unloading segment of the graph, which 

provides information on forces associated with the wire as it undergoes deactivation. The 

unloading forces associated with the wire provide an indication of its potential clinical 

behavior. From Figures 44 and 45, it was observed that the loading curve from the ISO 

setting is higher than that of the ANSI setting. 

 

Figure 44: Comparison of load/displacement curves of ISO vs. ANSI of 016 x 022 ultimate wires 
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Figure 45: Comparison of load/displacement curves of ISO vs. ANSI of 012 ultimate wires 

 

 One factor ANOVA was performed between the loading curves and unloading 

curves for both the wires. Table 24 shows the P values of loading and unloading curves at 

95% confidence level and a significant difference was observed in the loading curves of 

0.016 x 0.022 (P value 0.016), while all other P value show no significant differences. 

Table 24: Comparison of P value of loading and unloading curves of 016 x 022 and 012 wires 

Loading P Value Unloading P Value

016 x 022 0.016 0.21

12 0.108 0.267  

4.3.2 Effect of velocity 

 Other important parameters, such as the influence of velocity on the three point 

bending test, were also analyzed in this study. Figures 46 and 47 illustrate the comparison 

of the 0.016 inch and 0.016 x 0.022 wires, from Ortho Organizers, at three different 

speeds. It was observed that there were no significant differences with the three speed 

values on the three point bending test at P values higher than 0.05 for both the wires. It 
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was observed that by lowering motor speed, the measurements became finer, while an 

increased speed resulted in coarse measurements.   

 

Figure 46: Comparison of load/displacement curve at ISO setting of 016 inches Ortho Organizer wire 

      at three different speeds. 

 

 

Figure 47: Comparison of load/displacement curve at ISO setting of 016 x 022 inches Ortho       

      Organizer wire at three different speeds. 
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 From the previous studies, a high degree of variability existed amongst the 

researchers for choosing an optimum velocity for three point bending test: Oltjen et al., 

(1995) studied the three point bending test at 1.27mm/min, Shima et al., (2002) did not 

mention any velocity, Kapila et al., (1992) followed 1mm/min, and Theodosia et al., 

(2007) performed the study at 0.1mm/min. In order to correlate the three point bending 

tests with clinical studies, previous researchers tried to use lower velocities that closely 

resemble the speed of the tooth movement. From the results of this studies it was 

determined that slower velocities do not influence the three point bending test 

measurements. Another important factor observed from the previous studies was that the 

researchers hardly followed ANSI and ISO standards for correlating three point bending 

test with clinical applications. The ANSI and ISO standards are mainly followed by wire 

manufacturers and that is the reason why it was hard to compare the results from this 

study with the results from previous researchers.   

 According to the New American Dental Association (ADA) Specification 

Number 32 orthodontic wires three point bending tests are the standard method for 

evaluating orthodontic wires. Many researchers questioned its direct clinical application. 

Segner et al., (1995) proposed that it was not possible to transfer the laboratory results of 

the three point bending test to the clinical orthodontic setting. They mentioned only 

patients with extreme irregularities experience deflections greater than 1mm. Brantley et 

al., (2001) described in routine orthodontic treatment that the deformation of NiTi wires 

was not sufficient to take advantage of their super elastic behavior. They also told that the 

three point bending had been employed as a physical property test. It was a method 

focusing more on the physical and biomechanical properties of the wire and was useful 
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mainly for theoretical evaluations.  Segner et al., (1995) mentioned that in a clinical 

setting, it was almost impossible to assess the strain exerted on the wire. According to 

them, friction increases the effective force in the loading process and decreases in the 

unloading process causing the load/deflection curve to get distorted. With these 

shortcomings of three point bending test, factors such as friction should be considered for 

effective evaluation.  

 

4.4 Jacobian Validations 

 Hisham et al., (2009) demonstrated the use of Jacobian transformations to 

transform force systems exactly at the location of teeth, but they never showed the 

validation of the matrix. To prove the validity of Jacobian matrix, different strategies and 

experimental set ups were designed. Initially, Jacobian matrixes were derived for the test 

conditions shown in Table 6 (refer section 2.4) using the equations discussed in Section 

1.4. The validity of Equation (20) was tested with a preliminary Jacobian setting and it 

was observed that the equation did not hold and the values did not match due to the errors 

in the sign conventions of the sensors. With the results from the preliminary setting, it 

was concluded that the experimental set up was not proper. In the preliminary set up, the 

point of application of force was directly over sensor 7561. The torque components 

measured by the sensor were nearly zero and it made it impossible to transform values 

from sensor 7560. A new experimental set up was designed to resemble the teeth set up 

(refer section 2.4.1) and used the motor to applying a force for validating the Jacobian 

matrix. Figures 30, 31, and 32 demonstrate the set up used to test the Jacobian matrix for 

only translation of a perfectly rigid body. It was clearly seen that the applied force, which 
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was measured using sensor 7561, was equal to the received force measured by sensor 

7560, which was a major assumption for the derivation of Jacobian matrix. Since it was 

proved that for a perfectly rigid body, according to the free body diagram, the forces 

acting at points A, B and C in Figure 20 are equal due to the total summation of forces in 

all the three directions being zero.  

     f12 = f31 = f1     (34) 

     f42 = f34 = f4     (35) 

     f+2 = f3+ = f+     (36) 

 The values which change with translation are the torque values. Since the major 

applied force is at Z direction only, the torque values around the Y axis would change 

linearly with distance. As illustrated in Figure 32, the expected torque values at point B 

were aligned with the actual torque values that were calculated after multiplying with the 

Jacobian matrix. This proves that the Jacobian matrix derived with the translation vector 

is valid. 

 Figure 34, 35, and 36 proved that Equations (34), (35) and (36) hold true. That is, 

the applied force values were equal to the received force values in all the three directions 

and thereby proving that the setup was rigid. The forces could be compared irrespective 

of the rotation of the sensor along Z direction; In Figure 36, the expected torque along Y- 

axis at point B (Figure 21) showed the similar pattern as that of actual torque values, 

which were calculated after multiplying with Jacobian matrix. This proved the validity of 

Jacobian matrix due to both translation and rotation.  
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5. Conclusion 

 Despite the earlier development of a few orthodontic three-dimensional wire 

simulators, none of them were developed to perform a variety of applications. The device 

developed in this thesis has flexible capabilities to help understand and analyze several 

orthodontic clinical issues at an effective cost. The three point bending test, which is one 

of the most important applications of this device, was developed and is detailed in this 

thesis. The orthodontic wire tester was also configured to be able to perform a three point 

bending test in accordance with the International (ISO) and American (ANSI) standards.  

 The degree of testing error determined during device validation, which was 

performed using Ni-Ti wires from two different manufacturers, closely correlated with 

the specified unloaded bending force values provided by the manufacturers. The error 

associated with the force/torque sensor measurements was minimized and the error 

associated with the velocity of stepper motor was found to be 0.05% or less, which 

demonstrates a high level of device accuracy. In addition, a new setup was developed in 

order to validate and establish the Jacobian transformations that allow for the 

measurement of the forces and torques at desired locations (e.g., tooth locations) in this 

device. Finally, comparative studies of the two standardized three point bending tests 

(i.e., ISO and ANSI) were performed and the results showed that there were no 

significant differences in the load/displacement curves, which further demonstrated 

device efficacy. 

               This device will allow the user to perform modified three point bending tests by 

incorporating different sets of brackets, archwires, and/or ligations. In addition, many 

types of orthodontic clinical scenarios, including fully, or partially fixed, appliances, can 
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be readily simulated and studied. Data from this device can also assist in building 

accurate and realistic computer models for the simulation and prediction of orthodontic 

tooth movement. In summary, the development of a system for understanding the 

biomechanical factors of orthodontic treatment opens up new avenues for the 

investigation of specific clinical issues, which will prove to be avaluable resource in 

future treatment processes. 

 

 

 

 

 

 

 

 

 

 

 



76 

 

References 

1. ISO 15841:2006(E), (2006) “Dentistry- wire for use in orthodontics” First edition, 

Geneva, Switzerland. 

 

2. ANSI/ADA Specification No. 32, (2000). “Orthodontic Wires”. American Dental 

Association, Chicago, IL. 

 

3. Nanda R, Kuhlberg A. (2005) "Principles of Biomechanics." Biomechanics and 

Esthetic Strategies in Clinical Orthodontics”. Elsevier All Rights Reserved . 1-16. 

Print. 

 

4. Garrec, P., & Jordan, L. (2004). “Stiffness in bending of a superelastic ni-ti 

orthodontic wire as a function of cross-sectional dimension”. Angle Orthodontist, 

74(5), 691-696.  

 

5. Huang, Z. -., Gopal, R., Fujihara, K., Ramakrishna, S., Loh, P. L., Foong, W. C., 

Ganesh, V. K., & Chew, C. L. (2003). “Fabrication of a new composite 

orthodontic archwire and validation by a bridging micromechanics model”. 

Biomaterials, 24(17), 2941-2953.  

 

6. Oltjen, J. M., Duncanson Jr., M. G., Ghosh, J., Nanda, R. S., & Currier, G. F. 

(1997). “Stiffness-deflection behavior of selected orthodontic wires”. Angle 

Orthodontist, 67(3), 209-218.  

 

7. Iijima, M., Ohno, H., Kawashima, I., Endo, K., & Mizoguchi, I. (2002). 

“Mechanical behavior at different temperatures and stresses for superelastic 

nickel-titanium orthodontic wires having different transformation temperatures”. 

Dental Materials, 18(1), 88-93.  

 

8. Koenig, H. A., & Burstone, C. J. (1974). “Analysis of generalized curved beams 

for orthodontic applications”. Journal of Biomechanics, 7(5), 429-435. 

 

9. Bednar, J. R., Gruendeman, G. W., & Sandrik, J. L. (1991). “A comparative study 

of frictional forces between orthodontic brackets and arch wires”. American 

Journal of Orthodontics and Dentofacial Orthopedics : 100(6), 513-522.  

 

10. Walker, M. P., Ries, D., Kula, M., & Fricke, B. (2007). “Mechanical properties 

and surface characterization of beta titanium and stainless steel orthodontic wire 

following topical fluoride treatment”. Angle Orthodontist, 77(2), 342-348. 

 

11. Kasuya, S., Nagasaka, S., Hanyuda, A., Ishimura, S., & Hirashita, A. (2007). 

“The effect of ligation on the load-deflection characteristics of nickel-titanium 

orthodontic wire”. European Journal of Orthodontics, 29(6), 578-582. 

 



77 

 

12. Kapila S, Reichhold, Anderson R S, and Watanabe L (1991). “Effects of Clinical 

Recycling on Mechanical Properties of Nickel-titanium Alloy Wires”. Am J 

Orthod Dentofac Orthop, San Francisco, Concord, and Castro Valley, California . 

 

13. Krishnan V, Kumar K (2004). “Mechanical properties and surface characteristics 

of three archwire alloys”. Angle Orthodontist, 74  825-831. 

 

14. Kapila, S., Haugen, J. W., & Watanabe, L. G. (1992). “Load-deflection 

characteristics of nickel-titanium alloy wires after clinical recycling and dry heat 

sterilization”. American Journal of Orthodontics and Dentofacial Orthopedics, 

102(2), 120-126 

 

15. Wilkinson P D, Dysart P S, Hood J A, Herbison G P (2002). “Load-deflection 

characteristics of superelastic nickel-titanium orthodontic wires”.American 

Journal of Orthodontics and Dentofacial Orthopedics 121 483-495. 

 

16. Nakano H, Satoh K, Norris R, Jin T, Kamegai T, Ishikawa F, Katsura H. (1999) “ 

Mechanical properties of several nickel-titanium alloy wires in three-point 

bending tests”. Am J Orthod Dentofacial orthop 115, 390-395. 

 

17. Theodosia N, Senn C, Wichelhaus. (2007). “Load-Deflection Characteristics of 

Superelastic Nickel-Titanium Wires”. Angle Orthodontist, Vol 77, No 6.  

 

18. Bartzela, T. N., Senn, C., & Wichelhaus, A. (2007). “Load-deflection 

characteristics of superelastic nickel-titanium wires”. Angle Orthodontist, 77(6), 

991-998. 

 

19. Shima, Y., Otsubo, K., Yoneyama, T., & Soma, K. (2002). “Anisotropic 

orthodontic force from the hollow super-elastic ti-ni alloy wire by transforming 

the wire cross-section”. Journal of Materials Science: Materials in Medicine, 

13(2), 197-202 

 

20. Kusy, R. P., & Dilley, G. J. (1984). “Elastic modulus of a triple-stranded stainless 

steel arch wire via three- and four-point bending”. Journal of Dental Research, 

63(1), 1232-1240. 

 

21. Badawi H, Toogood R,Carey J, Heo G, Major P.W (2009). “Three-dimensional 

orthodontic force measurements” Am J Orthod Dentofacial Orthop ;136:518-28 

 

22. Hiromishi F, Livesay G, Fujita M, Woo F (1999). “Forces and moments in six-

DOF at the human knee joint: Mathematical description for control” Journal of 

Biomechanics. Vol 29(12) 1577-1585. 

 

23. Solonche, D. J., Burstone, C. J., & Vanderby Jr., R. (1977). “A device for 

determining the mechanical behavior of orthodontic appliances”. IEEE 

Transactions on Biomedical Engineering, 24(6), 538-539.  



78 

 

 

24. Bourauel, C., Drescher, D., & Thier, M. (1992). “An experimental apparatus for 

the simulation of three-dimensional movements in orthodontics”. Journal of 

Biomedical Engineering, 14(5), 371-378. 

 

25. Menghi C, Planert J, Melsen B.(1999) “3-D experimental identification of force 

systems from orthodontic loops activated for first order corrections”. Angle 

Orthod . 

 

26. Miura, F., Mogi, M., Ohura, Y., & Hamanaka, H. (1986). “The super-elastic 

property of the japanese NiTi alloy wire for use in orthodontics”. American 

Journal of Orthodontics and Dentofacial Orthopedics, 90(1), 1-10.  

 

27. Miyakawa, O., Shiokawa, N., Matsuura, T., & Hanada, K. (1985). “A new 

method for finite element simulation of orthodontic appliance-teeth-

periodontium-alveolus system”. Journal of Biomechanics, 18(4), 277-284.  

 

28. Oriental Motor Corp. (2010). “Motorized Actuators: Compact Linear Acuators”, 

Tokyo, Japan. 

 

29.  TDK Corp. (2010). “ Humidity Sensor Units: CHS Series”, Tokyo, Japan. 

 

     

 

 

 

 

 

 

 

 

 

 

 



79 

 

 

 

 

 

 

 

 

 

 
 

 

APPENDIX A: Three point bending test manual 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 

 

1          INTRODUCTION 

• This document provides instructions to get started with 3pt bending test program 

• The program has wide capabilities for measurement of Load/Displacement  

curves 

• The device is designed taking into account all required safety conditions 

• Aim of the program is to simultaneously control the following motor and sensors:  

a) 2 force/torque sensors 

b) Stepper motor  

c) Humidity sensor 

d) Temperature sensor 

 

 

2          CAUTION   

 

• Operate the device only as specified in the manual. Improper usage can result in 

hazardous situations and extensive damage to the motor and sensors 

• Do not substitute parts or modify the program.  
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 3        GETTING STARTED WITH THREE POINT BENDING TEST PROGRAM 

 

    3.1     TEMPERATURE CONTROL  

 

• SWITCH ON the unit before opening the program. 

• Set the temperature of the unit if required (maximum of 50 degree Celsius). 

• Switch on the fan (right button) and heater (left button) as shown in the 

following. 

 

        

Figure 20: Front panel of temperature control unit 

21 

 

• Speed of the fan could be set high or low by pressing the switch above or below 

respectively. 

 

 

 

INDICATES DEVICE 

IS ON 

INDICATES HEATER 
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 3.2             TESTING SETUP 

 

• Can perform 3 point bending test according to standards ISO & ANSI 

 

 

   

Figure 22: Different setting between ISO & ANSI 

 

 

Figure 23: Changing the setup from ISO to ANSI 

 

     WIRE 

SPECIMEN 

  5mm   6mm 

12mm                      

ANSI 

    STRIKER/ 

CROSS HEAD 
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• The default setting will be kept for performing ISO testing as shown in Figure 3. 

• Figure 3 demonstrates, changing the setting from ISO to ANSI standards. 

• To ensure the wire reaches the required temperature, place the specimen wires 

inside the unit before testing. 

 

• Place the wire to be tested in the testing set as shown in Figure 4. 

 

 

Figure 24: Wire placement location 

 

 

 

1. Specimen wire                                   4. Striker 

2.  Sensor S/N 7560                               5. Calipers 

3. XY stage                                               6. ISO positioning sticker             

1 

1 

2 3 

4 

5 
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• XY Stage aids in the movement in the X and Y direction and is controlled 

manually by rotating the calipers. 

 

• Striker moves up and down in Z direction and is controlled by motor movement. 

 

•  ISO positioning stickers helps to locate the exact location, which is 1 mm above 

the wire to position the striker. 

 

• Once the wire is ready and placed in the setup, close the doors and wait till the 

unit reaches the set temperature. 

 

NOTE:   

• Motor direction sense is explained in the following figure 

 

 

Figure 25: Motor movement direction 

 

 

+ 3.1mm 

- 3.1mm 

+ Direction for motor (forward movement) 

- Direction for motor (Backward movement) 



85 

 

� Double click the icon named “3 POINT BENDING TEST.VI” in the desktop to 

open the program. 

 

� LabVIEW window will show up and after few seconds the program will open and 

front panel shown in Figure 6 will appear. 

 

 

PROGRAM CONTROLS 

              

 

Figure 26: Front panel of 3 point bending test program 

 

 

 

 

3 

4 

5 

1 

 2.1 

 2.2 

0 

6 

7 

8 

9 

10 
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4         THREE POINT BENDING TEST PROGRAM FLOWCHART 

RUN

STRIKER 

POSITION 

ADJUSTMENT

MANUAL MOTOR CONTROL UP/DOWN
YES

NO

DEFINE FORWARD DISTANCE & SPEED AND 

BACKWARD DISTANCE & SPEED VALUES

BRAKE OFF

PROCEED

MOTOR ON/OFF

CONFIRM

START MOTION

IF EMM
YES

NO

STOP MEASUREMENT

RESET PROGRAM

MEASUREMENT

ELASTIC                      

MODULUS MEASUREMENT

END

0

1

2

4

5

6

7

3.1

3.2

3

 

NOTE: These numbers mentioned here correspond to the program controls 
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5               DETAILED PROGRAM CONTROLS EXPLANATION 

 

STEP 0: RUN THE PROGRAM                                          

                                              

           

                               

� To get started with test, click the above shown box 

OPTIONAL (IF THE STRIKER IS POSITIONED PROPERLY SKIP THIS STEP AND GO TO STEP 2) 

 

STEP 1: MANUAL MOTOR CONTROL  

 

 

Figure 27: Positioning the striker indicated by the arrow 

 

�  If the striker is not positioned properly, accordingly adjust the striker up or down 

to place it exactly 1mm above the wire using the ISO positioning sticker, prior to 

starting the measurement. 

 

� When performing the ANSI testing for rectangular wires, it is advisable to position 

the striker as close as possible to the specimen wire. 

 

� It is important to define the distance and speed values to check if the motor is 

functioning properly as shown in block 1. 

0 

CLICK THE ARROW 

ISO POSITIONING STICKER 
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� Skip STEP 2 and go to STEP 3 and continue (See flowchart). 

    

                                    

                 

    

                                                             

Note: Specifying the speed value as zero will result in infinite speed to the specified 

distance and may result in damage to the motor 

 

STEP 2: BEGIN MEASUREMENT 

 

� According to the ISO and ANSI standards, there should be continuous 

measurement from the point where striker touches the specimen wire(0 mm 

location) to 3.1 mm forward and backward distances. 

 

� It is not possible to position the striker exactly over the specimen(0 mm location) 

� Even though there is positioning sticker it is important to determine the position 

where the striker is above the specimen wire. 

 

� Perform the calibration step to determine the position. 

 

� Specify the distance and speed of the striker movement 

 

 

 

DEFINE THE DISTANCE AND SPEED 

1 

INDICATES MOVEMENT IS COMPLETE 
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Example: To perform this operation 

                                  Forward Backward 

Distance(mm) 4.1 4.1 

Speed(mm/min) 10 10 

 

 

 

                                                            

NOTE: 

•  Specifying the speed value as zero will result in infinite speed to the specified 

distance and may result in damage to motor. 

•  Resolution of the motor is set : 0.004mm  

•  Minimum advisable speed of the motor :0.4mm/min 

Forward Distance & Speed 

Backward Distance & Speed 
Indicates when movement is complete 

7.1 

7.2 
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• Different forward and backward distance & speed can be set up, example, to 

move 3mm forward at 10mm/min, and 5mm backward at 5mm/min. 

 

• To stop the striker movement at any point of time, use the safety button STOP 

MOTION in both forward & backward movement control. 

 

 

• To continue the movement, press the CONTINUE MOTION button. 

 

                 

                                              

•  The following sign indicates the current position of the Striker in millimeters. 

 

                                                                          

 

 

 

 

   PRESS THE BOX 

   PRESS THE BOX 
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STEP 3: PRESS MOTOR SWITCH ON  

 

                                     

         As soon as the box is clicked, a separate program will pop up 

 

 

� Press the Brake on/off ( 3.1) 

� This is done to control the motor brake and ensure safety 

� Press PROCEED button (3.2) to close this window and to proceed further 

 

 

 

3 

3.1 

3.2 

CLICK THIS SWITCH 

CLICK THE BOX 
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STEP 4: PRESS CONFIRM BUTTON 

 

 

                                       

� If the defined distance and speed values are correct, press the confirm box to 

proceed further. 

 

STEP 5: PRESS START MOTION 

                                

 

                                         

� As box  is pressed the motor will start moving 

� As the striker starts moving, loading measurement will begin. 

3 

4 

PRESS THE BOX 

PRESS THE BOX 
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� Loading measurement indicated by (9). 

� Unloading measurement indicated by (10).   

� The striker will stop moving after it reaches the specified distance 

 

                                      

                                                                          

                                 

                      

 

∑6 = 7689 + 6;9 + 6<9                                 (1) 

 

1> = ? × 2@@@A.C2                                                     (2) 

9 

10 

Summation of force of all 3 axes of both sensors in grams 

Six degrees of freedom force and moment values of both sensors 
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� As the Striker stops moving, (6) will indicate the Load/Displacement curve. 

 

 

 

� By examining the load/displacement curve (6), the point where the force (g) 

increases linearly is the position where the striker touches the wire. 

 

� In this example, by analyzing the X axis of the curve (displacement), the force 

value increases linearly from 1mm to 4.1mm and this verifies that the striker was 

located 1 mm above the specimen wire. 

 

� So by analyzing the X axis of the curve, position of the striker above the wire 

could be determined. 

 

  

 

 

 

  

6.1 
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OPTIONAL (Can skip and move to STEP 5):  

To calculate the elastic modulus (round wires) 

                             PRESS THIS to go to next page 

 

 

• Enter the Force value in grams at the peak deflection indicated in LOADING 

MEASUREMENT block (9) 

• Enter the diameter of the round wire in millimeter. 

• Enter the peak defection in millimeter. 

                                  D = EFGHI                                                   (3) 

                                  J = KLMICNO                                                 (4) 

 

• It will give the value of Elastic modulus in Giga Pascal (Gpa). 

6.2 
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� When STEP 5 is done proceed to STEP 6  

 

 STEP 6: STOP MEASUREMENT 

              

                        PRESS THIS BOX 

 

 

 

STEP 6: RESET PROGRAM 

                          

                         

 

 

�  This ends the calibration step. 

 

� The real measurement step begins now 

 

� Go to STEP 2 and specify the distance and speed values accordingly once the 0 

mm location is located. ( See flow chart) 

 

5 

6 

PRESS THIS BOX 
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� Once the distance and speed values are specified, go to STEP 3 and press confirm 

button. 

 

� Repeat STEP 4, Start motion for performing another test. 

� The program will terminate after the measurement is repeated for 4 times. 
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6          DATA MANIPULATION 

 

• All the loading and unloading values will be written into text files.  

 

• Follow this path to open the text files “loading sensor7560.txt”, “loading 

sensor7561.txt”, “unloading sensor7560.txt”, “unloading sensor7561.txt”. 

 

C:\Documents and Settings\Wire Test\My Documents\adithya\NEW VIS 

 

• Text files could be copied to excel and all the values will could be manipulated 

according to the need ( Data can be transferred to excel for further manipulations) 

 

 

 

 

 

 

 

 

 

 

 


