96

Figure 5.10: (left) Pressure applied torso by initial test flexure brace, and (right) com-
parison of spine in the brace (red) and without the brace (white).

pressures. It can be seen that the general locations of high pressure are in the same
regions at the original brace. This proves that the brace is applying force in the
correct locations. It should be noted, though, that the compliant design applied the
large forces on smaller areas, causing high pressures. This specifically occurs in the
mid-lower back region, as noted in Figure 5.11. The extra pressure is likely caused
by the removal of material, as it can be seen in Figure 5.9 that material was removed

in this location leaving less area to distribute the force.
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Figure 5.11: (left) Pressure applied torso by final flexure brace, and (right) comparison
of spine in the brace (red) and without the brace (white).

Although the results are not completely positive, they are promising. The brace
does cause some correction. This could be improved if the required force system is
better understood. The high pressures were most likely caused by the point load
assumption. The location of forces was known to the body, but had to be estimated
in location on the brace. In the future, it would be best to get a report of the pressures
mapped to the brace rather than the torso. This would provide an exact description
of where on the brace pressure is applied, better informing where material can be
removed. Then, the brace structure could be removed where there is little or no

force, allowing for better force distribution.
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Chapter 6

Conclusions & Future Work

This thesis provided contributions to the fields of compliant mechanisms, spinal mo-
tion characterization, and scoliosis bracing with the general contribution of developing
a new scoliosis brace. Each of the contributions offers opportunity to be furthered to
produce improved and more general results. This chapter discusses these contribu-

tions and future work.

6.1 Key Contributions

The 3-dimensional compliance ellipsoid characterization of mechanisms was the first
major contribution of this thesis. It pertains to the field of compliant mechanism
design, further expanding the Building Block Approach initially developed for 2D
synthesis. With this expansion, any compliant mechanism can be characterized in 3D
through inspection of the mechanism’s compliance matrix allowing for the creation

of a library of 3D building blocks. These building blocks can be visually compared
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to design requirements characterized as ellipsoids with the goal of choosing possible
mechanisms. The use of the decomposed eigentwist used to align the mechanism’s ro-
tation axis was introduced in this thesis. This use of the eigentwist has not previously

been explored in literature.

The scoliosis brace was a new use for compliant mechanisms, and it is notable
that mechanisms can follow the body’s natural motion. This breaks the ground for
using compliant mechanism for other problems that relate to the body’s motion, such

as prosthesis or other bracing necessities.

Two contributions were made in the way of characterizing spinal motion. The
screw theory analysis allows researchers to find exact axes of rotation for motion.
As seen with the hip motion characterization, the screw theory analysis can also be
applied to other parts of the body. The piece-wise description of the spine motion
is also noteworthy. Rather than just describing the the motion with respect to the
lumbar or thoracic regions, these regions were separated into smaller subregions such
that each subregion of the spine was described. This led to finding where in the spine

each of the three primary motions occur.

Lastly, to the field of scoliosis bracing, the force design paradigm was explored.
Rather than correcting with displacement as the only goal, designing for compliant
mechanisms required considering both force and displacement. In order to design
within this paradigm, the fully defined correctional force system was determined,
providing key insights into how much force is actually imparted on the body. It was
found that knowledge of the forces on the torso can be gained through integrating a
pressure map of the brace on the torso. This pressure map had not previously been

used to determine force maginitudes.
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6.2 Discussion & Future Work

A good foundation of tools has been developed to be able to further iterate and design
the scoliosis brace. Most of these tools have room for improvement. With respect
to the motion characterization, a study with many subjects is necessary to make
more general statements about the motion of the torso. If this is done, a general
brace design could be used for all patients with slight adjustments. Currently, only
a single subject’s motion was characterized. The process used to perform the motion
capture can also be improved. Currently, three markers were placed on the skin and
were assumed to stay in the same position relative to each other. If a device that
constituted a rigid body could be placed directly on the spine, then this assumption
could be eliminated and error could be reduced. Lastly, the piecewise description
of the spine was separated into four sections. If markers can be placed even closer
together, the spinal motion could be separated into more sections, and an even better

piecewise description of the motion could be produced.

It was mentioned that kinematic error is allowable because the spine can perform
a motion in many different ways. Determining the amount of allowable error will
help better define the kinematic requirements. One test that could be performed is
constraining portions of the spine and determining to what capacity a patient can
still perform a motion. With regard to the kinematics, the assumption of averaging
the screws of motion to a single design requirement could be omitted. Instead, the
movement of the screws in space as the patient performs a motion can be considered.
Connecting the movement of kinematic screws to design, a nonlinear eigentwist anal-
ysis of the mechanisms could be used to model the drift of the mechanism’s rotation
axis through motion. The drift of the mechanism’s motion axis can then be designed

to follow the movement of the kinematic screws.
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Further progress is also required in the way of finding the forces applied to the
body by a brace. A pressure map could be gained from a model as was done in this
thesis, or it could be determine by applying a pressure mapping sensor between a
patient and their brace. A study with many patients will give a better idea of the
necessary forces needed to cause corrective displacement. An ultimate goal would
be to draw a correlation between a patient’s Cobb angle and the force required for

correction.

The brace itself is far from a final product. Nijenbanning emphasized that in
addition to the brace’s function, it must be cosmetically appealing. One necessary
next step is to explore possibilities of bringing mechanisms closer to the torso such that
they are less noticeable and more easily hidden. This could lead to a new direction
with respect to exploring compliant mechanisms. The planar topology of the flexures
could be projected on the curved surface of the standard brace. Investigating their
behavior in these odd shapes would provide an interesting contribution to the field

of compliant mechanisms and also allow for a better brace.

Practically, it was found that the specific brace design would not provide enough
correction to prevent further progression of the scoliosis curve. Rather than just
iterating again, it is important to close the loop and understand why the brace did
not work as designed. The pressure maps from the efficacy test for the compliant
brace should be compared to original pressure map from the successful brace. This
comparison can inform how the location and magnitudes of forces vary between the
two and inform how the compliant brace might be modified to achieve the necessary
correction. In addition, the brace did not allow the required magnitude of motion.
The primary limitation was the material’s fatigue strength. In general, a lower fatigue

strength is arises from a mechanism to performing more cycles. One path to explore
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to increase range of motion is to assume that the mechanism can be replaced after
some period of time such that the mechanism needs to perform fewer cycles and
therefore has a higher fatigue strength. The mechanisms will be able to perform a

great range of motion before reach the higher fatigue strength.

6.3 Conclusion

The overall outcome of this thesis was the development of a scoliosis brace. This brace
has the potential to allow the patient greater mobility. The expanded Building Block
Approach was successful in allowing for the decomposition of the design problem and
generation of possible solutions. A material was found and the dimensions of the
mechanisms were optimized to produce the required corrective force system. The
FE model was confirmed with a physical test, and the efficacy was tested to be

unsuccessful, although promising.



103

References

1]

2]

Bible, J. S., Biswas, D., Miller, C. P., Whang, P. G., and Grauer, J. N., 2008.
“Normal functional range of motion of the lumbar spine during 15 activities of
daily living”. Journal of Spinal Disorders € Techniques, 23(2), pp. 106-112.

Vissera, D., Xuea, D., Ronskya, J. L., Harderb, J., and Zernickea, R. F., 2012.
“Computer-aided optimal design of custom scoliosis braces considering clinical
and patient evaluations”. Computer Methods and Programs in Biomedicine, 107,
pp. 478-489.

MO: Mosby Elsevier, 2009. Mosby’s medical dictionary.

Fortin, D., Cheriet, F., Beausejour, M., Debanne, P., Joncas, J., and Labelle,
H., 2007. “A 3d visualization tool for the design and customization of spinal
braces”. Computerized Medical Imaging and Graphics, 31(8), pp. 614—624.

Weiss, H. R., and Rigo, M., 2008. The Conservative Scoliosis Treatment:1st
SOSORT Instructional Course Lectures Book (Studies in Health Technology and
Informatics). 10S Press.

Coillard, C., Vachon, V., Circo, A., Beausejour, M., and Rivard, C., 2007. “Ef-
fectiveness of the spinecor brace based on the new standardized criteria proposed
by the scoliosis research society for adolescent idiopathic scoliosis”. Journal of
Pediatric Orthopaedics, 27(4), pp. 375-379.

Bulthuis, G. J., Veldhuizen, A. G., and Nijenbanning, G., 2008. “Clinical effect of
continuous corrective force delivery in the non-operative treatment of idiopathic

scoliosis: a prospective cohort study of the triac-brace”. Furopean Spine Journal,
17, pp. 231-239.

San Diego Center for Spinal Disorders, 2015. Explaining spinal anatomy. http:
//www.sandiego-spine.com/subject.php?pn=spinal-anatomy-024.

Engsberg, J. R., Lenke, L. G., Uhrich, M. L., Ross, S. A., and Bridwell, K. H.,
2003. “Prospective comparison of gait and trunk range of motion in adolescents


http://www.sandiego-spine.com/subject.php?pn=spinal-anatomy-024
http://www.sandiego-spine.com/subject.php?pn=spinal-anatomy-024

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

104

with idiopathic thoracic scoliosis undergoing anterior or posterior spinal fusion”.
Spine, 28(17), pp. 1993-2000.

Nijenbanning, G., 1998. “Scoliosis redress: Design of a force controlled orthosis”.
PhD thesis, Universiteit Twente.

Midha, A., Bapat, S. G., Mavanthoor, A., and Chinta, V., 2015. “Analysis of
a fixed-guided compliant beam with an inflection point using the pseudo-rigid-
body model concept”. ASME. J. Mechanisms Robotics, 7(3).

Hopkins, J. B., 2015. “A visualization approach for analyzing and synthesizing
serial flexure elements”. Journal of Mechanisms and Robotics, 7(3).

Liu, C.-H., and Huang, G.-F., 2016. “A topology optimization method with
constant volume fraction during iterations for design of compliant mechanisms”.
Journal of Mechanisms and Robotics, 8(4).

Howell, L. L., 2001. Compliant Mechanisms. Wiley, New York.

Baker, M. J., 2016. Euclidean space. http://www.euclideanspace.com/maths/
geometry/affine/screwTheory/.

Kim, C. J., 2005. “A conceptual approach to the computational synthesis of
compliant mechanisms”. PhD thesis, The University of Michigan.

Howell, L. L., Magleby, S. P., and Olsen, B. M., eds., 2013. Handbook of Com-
pliant Mechanisms. Wiley, West Sussex, United Kingdom.

Granta Material Intelligence, 2010. Materials and process selection
charts. http://www.grantadesign.com/download/pdf/teaching_resource_
books/2-Materials-Charts-2010.pdf.

Stokes, I. A. F., Bigalow, L. C., and Moreland, M. S., 1987. “Three-dimensional
spinal curvature in idiopathic scoliosis”. Journal of Orthopaedic Research, 5(1),
pp- 102-113.

Weinstein, S. L., Dolan, L. A., Wright, J. G., and Dobbs, M. B., 2013. “Effects of
bracing in adolescents”. The New England Journal of Medicine, pp. 1512-1521.

Nnadi, C., and Fairbank, J., 2010. “Scoliosis: a review”. Paediatrics and Child
Health, 20(5), pp. 215-220.

Asher, M. A., and Burton, D. C., 2006. “Adolescent idiopathic scoliosis: natural
history and long term treatment effects”. Scoliosis.


http://www.euclideanspace.com/maths/geometry/affine/screwTheory/
http://www.euclideanspace.com/maths/geometry/affine/screwTheory/
http://www.grantadesign.com/download/pdf/teaching_resource_books/2-Materials-Charts-2010.pdf
http://www.grantadesign.com/download/pdf/teaching_resource_books/2-Materials-Charts-2010.pdf

[23]

[29]

[30]

[31]

32]

[33]

105

Czaprowski, D., Kotwicki, T., Biernat, R., Urniaz, J., and Ronikier, A., 2012.
“Physical capacity of girls with mild and moderate idiopathic scoliosis: influence
of the size, length and number of curvatures”. Furopean Spine Journal, 21(6),
pp- 109-1105.

Desbiens-Blais, F., Clin, J., Parent, S., Labelle, H., and Aubin, C.-E., 2012. “New
brace design combining cad/cam and biomechanical simulation for the treatment
of adolescent idiopathic scoliosis”. Clinical Biomechanics, 27(10), pp. 99-1005.

Smith, S., 2000. Elements of FElastic Mechanisms. Taylor & Francis, London,
England.

Taylor, J. R., Liston, C. B., and Twomey, L. T., 1982. “Scoliosis: A review”.
Australian Journal of Physiotherapy, 28(3), pp. 20-25.

Rigo, M., and Weiss, H., 2008. “The cheneau concept of bracing - biomechanical
aspects”. Studies in Health Technology and Informatics, 135, pp. 303-319.

Wong, M. S., Cheng, J. C. Y., Lam, T. P., Ng, B. K. W., Sin, S. W., Lee-Shum,
S. L. F., Chow, D. H. K., and Tam, S. Y. P., 2008. “The effect of rigid versus
flexible spinal orthosis on the clinical efficacy and acceptance of the patients with
adolescent idiopathic scoliosis”. Spine, 33(12), pp. 1360-1365.

Guo, J., Lam, T. P., Wong, M. S., Ng, B. K. W., Lee, K. M., Liu, K. L.,
Hung, L. H., Lau, A. H. Y., Sin, S. W., Kwok, W. K., Yu, F. W. P., Qui, Y.,
and Cheng, J. C. Y., 2014. “A prospective randomized controlled study on the
treatment outcome of spinecor brace versus rigid brace for adolescent idiopathic
scoliosis with follow-up according to the srs standardized criteria”. Furopean

Spine Journal, 23(12), pp. 2650-2657.

Mannion, A., and Troke, M., 1999. “A comparison of two motion analysis devices
used in the measurement of lumbar spinal mobility”. Clinical Biomechanics, 14,
pp. 612-619.

Shum, G. L. K., Crosbie, J., and Lee, R. Y. W., 2007. “Movement coordination of
the lumbar spine and hip during a picking up activity in low back pain subjects”.
Furopean Spine Journal, 16, pp. 749-758.

BOSTON BRACE INTERNATIONAL, INC., 2003. Reference Manual for
the Boston Scoliosis Brace.

Clin, J., Aubin, C.-E., Parent, S., Sangole, A., and Labelle, H., 2010. “Compari-
son of the biomechanical 3d efficiency of different brace designs for the treatment

of scoliosis using a finite element model”. European Spine Journal, 19, pp. 1169—
1178.



[34]

[35]

[36]
[37]

106

Trease, B. P., Moon, Y., and Kota, S., 2005. “Design of large-displacement
compliant joints”. Journal of Mechanical Design, 127(4), pp. 788-798.

Ball, R. S., 1876. The Theory of Screws: A Study in the Dynamics of a Rigid
Body. Hodges, Foster, and Co., Dublin.

Body Intelligence Training, 2013. Spine landmarks, September.

Schmid, S., Studer, D., Hasler, C.-C., Romkes, J., Taylor, W. R., Brunner, R.,
and Lorenzetti, S., 2015. “Using skin markers for spinal curvature quantification

in main thoracic adolescent idiopathic scoliosis: An explorative radiographic
study”. PloS one, 10(8).

Lipkin, H., and Patterson, T., 1992. “Geometric properties of modelled robot
elasticity: Part i - decomposition”. In Robotics, spatial mechanisms, and me-
chanical systems, Vol. 45, American Society of Mechanical Engineers.

Lipkin, H., and Patterson, T., 1992. “Geometric properties of modelled robot
elasticity: Part ii - center of elasticity”. In Robotics, spatial mechanisms, and
mechanical systems, Vol. 45, American Society of Mechanical Engineers.

Cibiak, N., and Lipkin, H., 1994. “Centers of stiffness, compliance, and elasticity
in the modelling of robotics systems”. In Robotics: Kinematics, Dynamics and
Controls, Vol. 72, American Society of Mechanical Engineers.

Hopkins, J. B., 2005. “Design of parallel flexure systems via freedom and con-
straint topologies (fact)”. PhD thesis, Massachusetts Institute of Technology.

Davidson, J. K., and Hunt, K. H., 2004. Robots and Screw Theory, Applications
of kinematics and statics to robotics,. Oxford University Press.

Nijssen, J., 2016. “A type synthesis approach to compliant shell mechanisms”.
Master’s thesis, Delft University of Technology.



107

Appendix A

General Method for Deriving

Compliance Ellipsoid

The compliance matrix needed to be determined for mechanisms so that the charac-
teristic ellipsoids could be determined. In the available Finite Element (FE) software,
COMSOL Multiphysics, the compliance and stiffness matrices were not easily acces-
sible. To derive the compliance matrix, the mechanism was displaced by a unit force
and moment in each direction, one at a time. Since the compliance ellipsoid is a
linear representation, the unit force and moment magnitudes were required to be
just enough to displace the mechanism a small amount. The 6 degrees of freedom
of displacement were recorded for each load case. From each load case, one column
of the compliance matrix could be calculated. Once the full compliance matrix was

obtained, the eigenvalue decomposition from the previous section was performed.

T
Consider applying a unit force in the x-direction, F' = [ F, 0000 ()] re-

T
sulting in the displacement U = | Az Ay Az A0, A, A@Z] . Then, as can be
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extrapolated from Equation , Ci = %, Cy = %, and so on. Every column of

the compliance matrix can be filled in this manner, providing the result needed to

find the compliance ellipsoids of a mechanism.

Ax Cyp C Ciz3 Cyy Cis Cig| | Fe

Ay Cor Co Oy Cyy O Oy 0

Az _ Cs1 Csp Cs3 Czy Cs5 Cse| | O (A1)
Af, Cp Cyp Cyz Cy Cyy Chg 0

Af, Cs51 Cso Cs3 Csy Css Csg 0
| A0 | |Co1 Co2 Ces Coa Cos Ces| | 0 |

Since the ellipsoids provide a linear description for a mechanism only at the rest
point, a nonlinear solver was not necessary for this analysis. In addition, the applied
unit force was only required to be large enough to cause a small deflection. In this
case, the Euler-Bernoulli beam model was used because only small deformations were

expected and because the beams were long and slender.
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Appendix B

Determing Ideal Beam Thickness

B.1 Finite Element Interface

In the designing the brace, MATLAB, COMSOL, and SolidWorks were used in com-
bination through the LiveLink interface. An STL file of the successful brace design
provided by collaborators was imported into SolidWorks where the brace shell was
modified and the beams of mechanisms were defined. The mechanism beam dimen-
sions and locations were controlled using parameters that were changed in COMSOL
via the LiveLink connection. Also using LiveLink, the beam geometry was imported
into COMSOL. Once in COMSOL, the general FE settings were changed, and forces
and constraints were applied. After the setup, performing the COMSOL analyses
were controlled by MATLAB through LiveLink. MATLAB was capable of changing
beam dimensions in SolidWorks, updating the beam geometry in COMSOL, perform-
ing the analyses, and storing results. The results were then utilized for useful purposes

such as determining the compliance ellipsoid for a mechanism or finding ideal beam
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thicknesses.

B.2 1Ideal Beam Thickness Criterion

Table describes the process of finding the ideal beam thickness for the cross-pivot
mechanisms using phosphor bronze. At 0.9mm beam thickness, the maximum angle
difference before reaching fatigue strength of 400 MPa is 1.4° with only 1N of force. At
1.75 mm of thickness, 50N of force does not cause the mechanism to reach the fatigue
strength. Somewhere between these is the ideal thickness, where the most motion is
achieved. It was determined that the mechanisms can achieve the most rotational
motion when the beams are thickest without reaching their fatigue strength when
the 50N load is applied. It was found that 1.58 mm thickness was ideal, but it only
allowed 11.8° of rotation. This is far below the requirement of 30.8°. For this reason,

other materials were sought.

Table B.1: Phosphor bronze manual optimization example.

Beam Width (mm) Force (N) Angle (°) Stress (MPa) Angle Diff(°)

0.9 0 21.5 377

1 22.9 397.25 1.4
1 0 15.1 305

) 20.2 373 5.1
1.2 0 8.7 195

20 19.7 420 11
1.5 0 4.6 129

40 15.6 377 11
1.75 0 3 98

50 11.7 321 8.7
1.58 0 4 118

20 15.8 398 11.8




111

Appendix C

Previous Work

A previous iteration of design was presented in IDETC2016-59616, A Passive Brace
to Improve Activities of Daily Living Utilizing Compliant Parallel Mechanisms. This
previous iteration utilized the screw analysis without clustering and averaging. The
force requirements used were purely estimates from literature. The brace that was
designed was a proof-of-concept that compliant mechanisms were capable of the nec-

essary stiffness.

Figure [3.9| shows the final kinematic requirement from this paper, a set of screws.
The outliers were eliminated by only plotting a small set of the screws that were
clustered. From this, it was known that the motion occurred about a lateral axis.
Since the screws did not remain in one position, it was assumed they the mechanism
needed translation in addition to rotation. Therefore, the mechanism in Figure

was developed and manufactured using Delrin.

Similarly to the current design, the old design was tested for stiffness by displacing
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Figure C.1: Mechanism designed for flexion in previous iteration.

it and measuring the forces applied. It was determined that this mechanism was ca-
pable of 5.4 N/mm stiffness, which was greater the stiffness, 1.2 N/mm, that had been
found through literature. Therefore, this design proof-of-concept has been deemed

plausible with respect to kinetic requirements.

The kinematic qualification was determined by having the subject wear the brace
and perform the motion, as seen in Figure It can be seen that the mechanism

deflected when the subject bends.

Figure C.2: Subject performing flexion, the motion for which the mechanism was de-
signed.

This previous design was a good proof-of-concept, but more detail was added in
this thesis to develop a brace that better corrects the spine and follows the subject’s

motion.
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Appendix D

MATLAB Code

The code used to perform the various analyses of this thesis are presented in the sec-
tions below. Each analysis contains one primary code, but may also include auxiliary

codes.

D.1 Screw Analysis

The screwAnalysis_main file contains the main code used to perform the screw anal-
ysis. The screw parameters were calculated in findTransformation. All other codes

performed auxiliary functions needed to perform the analysis.



5/1/17 1:15 PM_ C:\Users\jbr024\G. . .\screwAnalysis _main.m 1 of 13

clear all
close all
clc

%% setup
fileLocations = "../Vicon Data/20160627Michelle”;

fileName = "MaxBend.csv"®;

rangeMotion = [1,2152];

frameFreq = 100;

nRows = 2152;

time = linspace(0,nRows/frameFreq,nRows);

baseAcol = 41;
baseBcol = baseAcol-3;
baseCcol = baseAcol+3;

setlAcol = 32;
setlBcol = setlAcol-3;
setlCcol = setlAcol+3;

set2Acol = 23;
set2Bcol = set2Acol-3;
set2Ccol = set2Acol+3;

set3Acol = 14;
set3Bcol = set3Acol-3;
set3Ccol = set3Acol+3;

setd4Acol = 5;
set4Bcol = set4Acol-3;
set4Ccol = setd4Acol+3;

%% Intialize and read data
% AnalysisSetup
cd(fileLocations)

% READ DATA FROM FILE

%base
baseB = csvread(fileName,5,baseBcol, [5,baseBcol,nRows+4,baseBcol+2]);
baseC = csvread(fileName,5,baseCcol, [5,baseCcol,nRows+4,baseCcol+2]);

baseA = csvread(fileName,5,baseAcol, [5,baseAcol ,nRows+4,baseAcol+2]);

% sets about base where 1 is first about base and 4 is the top set

setlB csvread(fileName,5,setlBcol, [5,setlBcol ,nRows+4,setlBcol+2]);
setlC = csvread(fileName,5,setlCcol,[5,setlCcol,nRows+4,setlCcol+2]);
setlA = csvread(FfileName,5,setlAcol, [5,setlAcol,nRows+4,setlAcol+2]);

114
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5/1/17 1:15 PM_ C:\Users\jbr024\G. . .\screwAnalysis _main.m 2 of 13

set2B = csvread(fileName,5,set2Bcol, [5,set2Bcol,nRows+4,set2Bcol+2]);
set2C = csvread(fileName,5,set2Ccol, [5,set2Ccol,nRows+4,set2Ccol+2]);
set2A = csvread(fileName,5,set2Acol, [5,set2Acol ,nRows+4,set2Acol+2]);

set3B = csvread(fileName,5,set3Bcol, [5,set3Bcol,nRows+4,set3Bcol+2]);
set3C = csvread(fileName,5,set3Ccol, [5,set3Ccol,nRows+4,set3Ccol+2]);
set3A= csvread(fileName,5,set3Acol, [5,set3Acol,nRows+4,set3Acol+2]);

set4B = csvread(fileName,5,set4Bcol, [5,set4Bcol ,nRows+4,set4Bcol+2]);
set4C = csvread(fileName,5,set4Ccol, [5,set4Ccol,nRows+4,set4Ccol+2]);
set4A= csvread(fileName,5,set4Acol, [5,set4Acol,nRows+4,set4Acol+2]);

% cd "..°7
cd ".."
cd ".._/Kinematic Analysis”

%% switch data
tempA = baseA;
tempB = baseB;
tempC = baseC;

baseA = set4A;
baseB = set4B;
baseC = set4C;

set4A = tempA;
set4B = tempB;
set4C = tempC;

tempA = setlA;
tempB = setlB;
tempC = setlC;

setlA = set3A;
setlB = set3B;
setlC = set3C;

set3A = tempA;
set3B = tempB;
set3C = tempC;

%% Clean data
badRows = []1;
nbr=0;
for 1 = 1l:size(baseB)
if baseA(i,1)+baseA(i,2)+baseA(i,3) == 0 || baseB(i,1)+baseB(i,2)+baseB(i,3) == 0 || ¢
baseC(i,1)+baseC(i,2)+baseC(i,3) == 0 |]---
setlA(i,1l)+setlA(i,2)+setlA(i,3) == 0 || setlB(i,l)+setlB(i,2)+setlB(i,3) ==
0 || setlC(i,1l)+setlC(i,2)+setlC(i,3) == 0 |]---
set2A(1,1)+set2A(i,2)+set2A(i,3) == 0 || set2B(i,1l)+set2B(i,2)+set2B(i,3) ==
0 || set2C(i,1)+set2C(i,2)+set2C(i,3) == 0 |]---



5/1/17 1:15 PM_ C:\Users\jbr024\G. . .\screwAnalysis _main.m

set3A(i,1)+set3A(i,2)+set3A(i,3) == 0 || set3B(i,1)+set3B(i,2)+set3B(i,3) ==

0 || set3C(i,1)+set3C(i,2)+set3C(i,3) == 0 |].-.

setdA(i,1)+setdA(i,2)+setdA(i,3) == 0 || set4B(i,1l)+set4B(i,2)+setdB(i,3) ==¢

0 || set4C(i,1l)+setdC(i,2)+set4C(i,3) ==
nbr = nbr+1;
badRows = [i,badRows];

end
end

histogram(badRows, nRows)

[~,numBadRows] = size(badRows);

badRowsTxt = ["There are

, hum2str(numBadRows),

Y/N?\n"];

fprintf(badRowsTxt);

% response = input(badRowsTxt,"s");

% if response == "N"

% disp("Program Terminated®)

% break %#ok<BRKCONT>

% end

%

baseB(badRows, :) = []; baseC(badRows,:) = []; baseA(badRows,:) =
setlB(badRows,:) = []; setlC(badRows,:) = []; setlA(badRows,:) =
set2B(badRows, :) = []; set2C(badRows,:) = []; set2A(badRows,:) =
set3B(badRows,:) = []; set3C(badRows,:) = []; set3A(badRows,:) =
set4B(badRows,:) = []; set4C(badRows,:) = []; set4A(badRows,:) =

rangeMotion(1) = 1;

[rangeMotion(2),~]= size(baseB);
nRows = rangeMotion(2);

%% Convert sets to rigid bodies

instance0 = rangeMotion(1l);

[baseA,baseB,baseC]
[setlA,setlB,setlC]
[set2A,set2B,set2C]
[set3A,set3B,set3C]
[setdA,set4B,set4C]

makeRigidBody(instance0,baseA,baseB,baseC);
makeRigidBody(instance0O,setlA,setlB,setlC);
makeRigidBody(instance0,set2A,set2B,set2C);
makeRigidBody(instance0,set3A,set3B,set3C);
makeRigidBody(instance0,set4A,set4B,set4C);

%% Rotate so that base(l) is in xy-plane

[baseA,baseB,baseC,setlA,setlB,seth,set2A,setZB,set2C,set3A,set38,set3C,set4A,set4B,z’

setd4C] = ...

transformToXYplane( [0,0,0],[1,0,0],[0,1,0], baseB(instance0,1:3), baseC(instance0,1: ¢

3), baseA(instance0,1:3), ...

baseA,baseB,baseC,setlA,setlB,setlC,set2A,set2B,set2C,set3A,set3B,set3C,setdA,setdB, ¢

set4C);

out of ", num2str(nRows),

:

:
1:
:
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%% Rotate so that all bases are in same position
frameSpacing = 1;

for 1 = 1:nRows

[baseBinBase(i, :),baseCinBase(i, :) ,baseAinBase(i, :),setlBinBase(i,:),setlCinBase ¢

(i,:),setlAinBase(i,:), ---

set2BinBase(i,:),set2CinBase(i,:),set2AinBase(i, :),set3BinBase(i,:),set3CinBase ¢
(i,:),set3AinBase(i,:),---

set4BinBase(i,:),set4CinBase(i,:),setd4AinBase(i,:)] = ...

transformToPlane4( 0,baseB(instance0,:), baseC(instance0,:), baseA(instance0,:), ¢
baseB(i,:), baseC(i,:), baseA(i,:), --.

baseB(i,:),baseC(i,:),baseA(i,:),setlB(i,:),setlC(i,:),setlA(i,:),set2B(i,:),¥
set2C(i,:),set2A(i,:), ---

set3B(i,:),set3C(i,:),set3A(i,:),setdB(i,:),setdC(i,:),setdA(i,:));

end

beep

figure(16)

hold on; axis image
begin = 500;

fin = 600;

x = [baseAinBase(begin:fin,1),setlAinBase(begin:fin,1),set2AinBase(begin:fin,1), v
set3AinBase(begin:fin,1),set4AinBase(begin:fin,1)];
y = [baseAinBase(begin:fin,2),setlAinBase(begin:fin,2),set2AinBase(begin:fin,2), v
set3AinBase(begin:fin,2),set4AinBase(begin:fin,2)];
z = [baseAinBase(begin:fin,3),setlAinBase(begin:fin,3),set2AinBase(begin:fin,3), ¢
set3AinBase(begin:fin,3),set4AinBase(begin:fin,3)];

plot3(x",y",z"%)
% set 1 to set 2

for 1 = 1:nRows
[setlAinl(i,:),setlBinl(i,:),setlCinl(i,:), set2Ainl(i,:),set2Binl(i,:),set2Cinl¢

,:),...

set3Ainl(i,:),set3Binl(i,:),set3Cinl(i,:), setdAinl(i,:),set4Binl(i,:),setdCinly
a.,nl1-= ...

transformToPlane4( 0, ...

setlBinBase(instance0,:), setlCinBase(instance0,:), setlAinBase(instance0,:), ¥
setlBinBase(i,:), setlCinBase(i,:), setlAinBase(i,:), ...

setlAinBase(i,:),setlBinBase(i,:),setlCinBase(i,:),set2AinBase(i,:),set2BinBase v
(i,:),set2CinBase(i,:),---

set3AinBase(i,:),set3BinBase(i,:),set3CinBase(i,:),setdAinBase(i,:),set4BinBase ¥
(i,:),set4CinBase(i,:));
end
beep

% set 2 to set 3
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for 1 = 1:nRows
[set2Ain2(i,:),set2Bin2(i,:),set2Cin2(i,:), --.

set3Ain2(i,:),set3Bin2(i,:),set3Cin2(i,:), setdAin2(i,:),setdBin2(i,:),set4Cin2v¢
a.,n1-= ...

transformToPlane4( 0, ...

set2Ainl(instance0, :),set2Binl(instance0,:), set2Cinl(instance0,:), set2Ainly
(i,:), set2Binl(i,:), set2Cinl(i,:), ---

set2Ainl(i,:),set2Binl(i,:),set2Cinl(i,:), set3Ainl(i,:),set3Binl(i,:),set3Cinlv
(i,:),setdAinl(i,:),setd4Binl(i,:),setd4Cinl(i,:));
end

% set 3 to set 4

for 1 = 1:nRows
[set3Ain3(i,:),set3Bin3(i,:),set3Cin3(i,:), set4Ain3(i,:),set4Bin3(i,:),set4Cin3¢

a.nl1= ...

transformToPlane4( 0, ...

set3Ain2(instance0, :),set3Bin2(instance0, :), set3Cin2(instance0,:), set3Ain2¢
(i,:), set3Bin2(i,:), set3Cin2(i,:), ---

set3Ain2(i, :),set3Bin2(i,:),set3Cin2(i,:),setd4Ain2(i,:),set4Bin2(i,:),set4Cin2¢
a.n);

end

%% move to easy visual
[baseAinBase,baseBinBase, baseCinBase,setlAinBase,setlBinBase,setlCinBase,setlAinl, ¢
setlBinl,setlCinl, ...
set2Ainl,set2Binl,set2Cinl,set2Ain2,set2Bin2,set2Cin2,set3Ain2,set3Bin2,set3Cin2, ¢
set3Ain3,set3Bin3,set3Cin3, ...
set4Ain3,set4Bin3,set4Cin3] = ...
transformToPlane2([0, -baseAinBase(instance0,2),0],[1,-baseAinBase(instance0,2), ¢
0], [0, -baseAinBase(instance0,2)+1,0],baseBinBase(instance0, :),baseAinBase(instance0,:), ¥
baseCinBase(instance0,:), ...
baseAinBase,baseBinBase,baseCinBase,setlAinBase,setlBinBase,setlCinBase,setlAinl, ¢
setlBinl,setlCinl, ...
set2Ainl,set2Binl,set2Cinl,set2Ain2,set2Bin2,set2Cin2,set3Ain2,set3Bin2,set3Cin2, ¥
set3Ain3,set3Bin3,set3Cin3, ...
setd4Ain3,set4Bin3,set4Cin3);

%% Find Screws
frameSpacing = 1;

backLen10 = norm(setlC(instanceO, :)-baseC(instance0,:));
backLen20 = norm(set2C(instanceO, :)-setlC(instance0,:));
backLen30 = norm(set3C(instance0, :)-set2C(instance0,:));
backLen40 = norm(set4C(instance0, :)-set3C(instance0,:));

for 1 = rangeMotion(l)+frameSpacing:frameSpacing:rangeMotion(2)

% calc changes in distance of A
backLenlc = norm(setlC(i,:)-baseC(i,:));
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backLen1(i) = backLenlc - backLenl0;

backLen2c = norm(set2C(i,:)-setlC(i,:));
backLen2(i) = backLen2c - backLen20;

backLen3c = norm(set3C(i,:)-set2C(i,:));
backLen3(i) = backLen3c - backLen30;

backLen4c = norm(set4C(i,:)-set3C(i,:));
backLen4(i) = backLen4c - backLen40;

% screws
[Tsetl(:,:,i),thetasetl(i),wsetl(i,:),qsetl(i,:),hsetl(i)] =
findTransformation(setlAinBase(i,:),setlBinBase(i,:), sethlnBase(l,_) setlAinBase ¥
(instance0+1, :),setlBinBase(instance0+1, :),setlCinBase(instance0+1,:));

[Tset2(:,:,i),thetaset2(i),wset2(i,:),qset2(i,:),hset2(i)] = ...
findTransformation(set2Ainl(i,:),set2Binl(i,:),set2Cinl(i,:),set2Ainl¢
(instance0+1, :),set2Binl(instance0+1, :),set2Cinl(instance0+1,:));

[Tset3(:,:,i1),thetaset3(i),wset3(i,:),qset3(i,:),hset3(i)] = ...
findTransformation(set3Ain2(i,:),set3Bin2(i,:),set3Cin2(i,:),set3Ain2¢
(instance0+1, :),set3Bin2(instance0+1, :),set3Cin2(instance0+1,:));

[Tsetd4(:,:,i),thetasetd(i),wsetd(i,:),qsetd(i, ), hsetd(i)] = ...
findTransformation(set4Ain3(i,:),set4Bin3(i,:),set4Cin3(i,:),set4Ain3
(instance0+1, :),set4Bin3(instance0+1, :),set4Cin3(instance0+1,:));

[Tset2Base(:,:,1),thetaset2Base(i),wset2Base(i, :),qset2Base(i,:),hset2Base(i)] =
findTransformation(set2AinBase(i,:),set2BinBase(i,:),set2CinBase(i,:), set2A|nBasel/
(instance0+1, :),set2BinBase(instance0+1, :),set2CinBase(instance0+1,:));

end

figure(15)
% suptitle("Sagittal Bending")

subplot(4,1,1)
plot(time,backLenl)
title("Set 17)

xlabel ("Time (seconds)”)
ylabel ("Extension (mm)*®)

subplot(4,1,2)
plot(time,backLen2)
title("Set 27)

xlabel ("Time (seconds)”®)
ylabel ("Extension (mm)*")

subplot(4,1,3)
plot(time,backLen3)
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title("Set 37)
xlabel ("Time (seconds)”®)
ylabel ("Extension (mm)*")

subplot(4,1,4)
plot(time,backLen4)
title("Set 4 )

xlabel ("Time (seconds)®)
ylabel ("Extension (mm)*)

%% Modify screw starting points
normLinel = [0,1,0]; %-cross(setlBinBase(instance0, :)-setlAinBase(instance0,:), ¥
setlCinBase(instance0, :)-setlAinBase(instance0,:));
for 1 = 1:nRows

[gsetlmod(i,1:3),check(i)] = plane_line_intersect(normLinel,setlAinBase(instance0,:), ¢
gsetl(i,:),qgsetl(i,:)+10000*wsetl(i,:));
end

normLine2 = [0,1,0]; %-cross(set2Binl(instance0,:)-set2Ainl(instance0,:),set2Cinl¥
(instance0, :)-set2Ainl(instance0,:));
for 1 = 1:nRows

[gset2mod(i,1:3),check(i)] = plane_line_intersect(normLine2,set2Ainl(instance0,:), v
gset2(i,:),qset2(i,:)+10000*wset2(i,:));
end

normLine3 = [0,1,0]; %-cross(set3Bin2(instance0, :)-set3Ain2(instance0,:),set3Cin2«¢
(instance0, :)-set3Ain2(instance0,:));
for i = 1l:nRows

[gset3mod(i,1:3),check(i)] = plane_line_intersect(normLine3,set3Ain2(instance0,:), ¢
gset3(i,:),qset3(i, :)+10000*wset3(i,:));
end

normLine4 = [0,1,0]; %-cross(set4Bin3(instance0, :)-set4Ain3(instance0,:),set4Cin3 ¢
(instance0, :)-set4Ain3(instance0,:));
for 1 = 1:nRows

[gset4mod(i,1:3),check(i)] = plane_line_intersect(normLine4,set4Ain3(instance0,:), ¢
gset4(i,:),qset4 (i, :)+10000*wsetd(i,:));
end

%% SAVE DATA TO FILE
cd(FileLocations)

save("MaxBend™)
%% Plot all sets and screws.

TWIST = 0;
FULL = 1;

figure(1111); clf;hold on; axis image
view(3)
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% view(0,90)
title("Lower Set Frame®)
xlabel ("X (mm)*);ylabel("Y (mm)*);zlabel("Z (mm)*);

XbaseChosen = [baseAinBase(instance0,1),baseBinBase(instance0,1),baseCinBase(instance0, ¥
iagéeChosen = [baseAinBase(instance0,?2),baseBinBase(instance0,2),baseCinBase(instance0, ¥
iggéeChosen = [baseAinBase(instance0,3),baseBinBase(instance0,3),baseCinBase(instance0, ¥
gzléh(xbaseChosen,YbaseChosen,ZbaseChosen,[0 0 0D;

frameSpacing = 5;
1=1;

if TWIST == 1
for i = rangeMotion(l)+frameSpacing:frameSpacing:rangeMotion(2)

Xbase(:,1) = [baseA(i,1),baseB(i,1l),baseC(i,1)];% ,DpelvisIN4(i,1),Clind(i,1)];

Ybase(:,1) = [baseA(i,2),baseB(i,2),baseC(i,2)];%,DpelvisIN4(i,2),Clind(i,2)];

Zbase(:,1) = [baseA(i,3),baseB(i,3),baseC(i,3)];%,DpelvisIN4(i,3),CLlin4(i,3)];

patch(Xbase(:,i),Ybase(:,i),Zsetl(:,i),[0 (i-rangeMotion(l))/(rangeMotion(2)-v¢
rangeMotion(1)) 01);

Xsetl(:,i) = [setlB(i,1l),setlC(i,1)];%setlA(i,1),setl1B(i,1),setlC(i,1)];:% ,¢
DpelvisIN4(i,1),Clind(i,1)];

Ysetl(:,i) = [setlB(i,2),setlC(i,2)];%setlA(i,2),setlB(i,2),setlC(i,2)];:%, ¢
DpelvisIN4(i,2),Clin4(i,2)];

Zsetl(:,i) = [setlB(i,3),setlC(i,3)];%setl1A(i,3),set1B(i,3),setlC(i,3)];:%, ¥
DpelvisiIN4(i,3),Clin4(i,3)];

patch(Xsetl(:,i),Ysetl(:,i),Zsetl(:,i),[0 (i-rangeMotion(1))/(rangeMotion(2)-¢
rangeMotion(1)) 01);

Xset2(:,i) = [set2B(i,1),set2C(i,1)];%set2A(i,1),set2B(i,1),set2C(i,1)];% ,¥
DpelvisiIN4(i,1),Clin4(i,1)];

Yset2(:,i) = [set2B(i,2),set2C(i,2)];%set2A(i,2),set2B(i,2),set2C(i,2)];:%, ¢
DpelvisIN4(i,2),Clind(i,2)];

Zset2(:,i) = [set2B(i,3),set2C(i,3)];%set2A(i,3),set2B(i,3),set2C(i,3)]:%, ¢
DpelvisiIN4(i,3),C1in4(i,3)];

patch(Xset2(:,i),Yset2(:,i),Zset2(:,i),[0 (i-rangeMotion(1))/(rangeMotion(2)-v¢
rangeMotion(1)) 01);

Xset3(:,i) = [set3B(i,1),set3C(i,1)];%set3A(i,1),set3B(i,1),set3C(i,1)]:% ,v¢
DpelvisiIN4(i,1),Clin4(i,1)];

Yset3(:,i) = [set3B(i,2),set3C(i,2)];%set3A(i,2),set3B(i,2),set3C(i,2)]1:%, ¢
DpelvisiIN4(i,2),Clin4(i,2)];

Zset3(:,i) = [set3B(i,3),set3C(i,3)];%set3A(i,3),set3B(i,3),set3C(i,3)];:%,¢
DpelvisIN4(i,3),Clin4(i,3)];

patch(Xset3(:,i),Yset3(:,i),Zset3(:,i),[0 (i-rangeMotion(l))/(rangeMotion(2)-v¢
rangeMotion(1)) 0]);
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Xset4(:,i) = [set4B(i,1),setd4C(i,1)];%setdA(i,1),setdB(i,1),set4C(i,1)]:% ,¥
DpelvisIN4(i,1),Clind(i,1)];

Yset4(:,i) = [set4B(i,2),setdC(i,2)];%setdA(i,2),setdB(i,2),setdC(i,2)];:%, ¥
DpelvisiIN4(i,2),Clin4(i,2)];

Zset4(:,i) = [setdB(i,3),setdC(i,3)];%setdA(i,3),set4B(i,3),set4C(i,3)]:%, ¥
DpelvisiIN4(i,3),Clin4(i,3)];

patch(Xset4(:,i),Yset4(:,i),Zset4d(:,i),[0 (i-rangeMotion(l))/(rangeMotion(2)-v¢
rangeMotion(1)) 01);

end

end

if FULL == 1
for 1 = rangeMotion(l)+frameSpacing:frameSpacing:rangeMotion(2)

Xbase(:,i) = [baseAinBase(i,1),baseBinBase(i,1),baseCinBase(i,1)];%baseA(i,1),¢
baseB(i,1),baseC(i,1)]1;% ,DpelvisIN4(i,1),Clind4(i,1)];

Ybase(:,i) = [baseAinBase(i,2),baseBinBase(i,2),baseCinBase(i,2)];%baseA(i,2),¢
baseB(i,2),baseC(i,2)];%,DpelvisIN4(i,2),Clind(i,2)];

Zbase(:,i) = [baseAinBase(i,3),baseBinBase(i,3),baseCinBase(i,3)];%baseA(i,3),¥
baseB(i,3),baseC(i,3)];%,DpelvisIN4(i,3),Clind4(i,3)];

patch(Xbase(:,i),Ybase(:,i),Zbase(:,i),[0 (i-rangeMotion(l))/(rangeMotion(2)-v¢
rangeMotion(1)) 01);

% Xsetl(:,i) = [setlAinBase(i,1l),setlBinBase(i,1l),setlCinBase(i,1)]:% , ¢
DpelvisiIN4(i,1),Clin4(i,1)];

% Ysetl(:,i) = [setlAinBase(i,2),setlBinBase(i,2),setlCinBase(i,2)];%, ¥
DpelvisIN4(i,2),Clind(i,2)];

% Zsetl(:,i) = [setlAinBase(i,3),setlBinBase(i,3),setlCinBase(i,3)];:%, ¢
DpelvisIN4(i,3),Clin4(i,3)];

% patch(Xsetl(:,i),Ysetl(:,i),Zsetl(:,i),[0 (i-rangeMotion(1))/v¢

(rangeMotion(2)-rangeMotion(1)) 01);
%
Xsetl(:,i) = [setlAinl(i,1),setlBinl(i,1),setlCinl(i,1)];% ,DpelvisIN4(i,1),Clin4¥

a,n7;

Ysetl(:,i) = [setlAinl(i,2),setlBinl(i,2),setlCinl(i,2)];%,DpelvisIN4(i,2),Clin4¢
a,2)]1:

Zsetl(:,i) = [setlAinl(i,3),setlBinl(i,3),setlCinl(i,3)];%,DpelvisIN4(i,3),Clin4v
a.,3)1;

patch(Xsetl(:,i),Ysetl(:,i),Zsetl(:,i),[0 (i-rangeMotion(l))/(rangeMotion(2)-v¢
rangeMotion(1)) 0]);

% Xset2(:,i) = [set2Ainl(i,1),set2Binl(i,1),set2Cinl(i,1)];% ,DpelvisIN4 ¥
(i,1),Clind(i,1)];

% Yset2(:,i) = [set2Ainl(i,2),set2Binl(i,2),set2Cinl(i,2)];%,DpelvisINg ¥
(1,2),C1in4(i.2)];

% Zset2(:,i) = [set2Ainl(i,3),set2Binl(i,3),set2Cinl(i,3)];%,DpelvisIN4v
(1,3),C1in4(i,3)];

% patch(Xset2(:,i),Yset2(:,i),Zset2(:,i),[0 (i-rangeMotion(1))/¢

(rangeMotion(2)-rangeMotion(1)) 0]);
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Xset2(:,i) = [set2Ain2(i,1),set2Bin2(i,1),set2Cin2(i,1)];:% ,DpelvisIN4(i,1),Clin4¢

a,n];

Yset2(:,i) = [set2Ain2(i,2),set2Bin2(i,2),set2Cin2(i,2)];%,DpelvisiN4(i,2),Clind¢
a,2)];

Zset2(:,i) = [set2Ain2(i,3),set2Bin2(i,3),set2Cin2(i,3)];%,DpelvisIN4(i,3),Clind¢
a.3)1;

patch(Xset2(:,i),Yset2(:,i),Zset2(:,i),[0 (i-rangeMotion(l))/(rangeMotion(2)-v¢
rangeMotion(1)) 01);
%

% Xset3(:,i) = [set3Ain2(i,1),set3Bin2(i,1),set3Cin2(i,1)];:;% , ¢
DpelvisiIN4(i,1),Clin4(i,1)];

% Yset3(:,i) = [set3Ain2(i,2),set3Bin2(i,2),set3Cin2(i,2)];%, ¥
DpelvislIN4(i,2),Clind(i,2)];

% Zset3(:,i) = [set3Ain2(i,3),set3Bin2(i,3),set3Cin2(i,3)];%, ¥
DpelvisiIN4(i,3),C1in4(i,3)];

% patch(Xset3(:,i),Yset3(:,i),Zset3(:,i),[0 (i-rangeMotion(1))/v¢

(rangeMotion(2)-rangeMotion(1)) 01);

Xset3(:,i) = [set3Ain3(i,1),set3Bin3(i,1),set3Cin3(i,1)]1;% ,DpelvisIN4(i,1),Clin4¥

a,n1;

Yset3(:,i) = [set3Ain3(i,2),set3Bin3(i,2),set3Cin3(i,2)];%,DpelvisIN4(i,2),Clind¢
a,2)];

Zset3(:,i) = [set3Ain3(i,3),set3Bin3(i,3),set3Cin3(i,3)];%,DpelvisIN4(i,3),Clin4¢
a,3)1;

patch(Xset3(:,i),Yset3(:,i),Zset3(:,i),[0 (i-rangeMotion(l))/(rangeMotion(2)-«
rangeMotion(1)) 0]);

%

Xset4(:,i) = [setd4Ain3(i,1l),set4Bin3(i,1),set4Cin3(i,1)];% ,DpelvisIN4(i,1),Clin4¢
a,n1;

Yset4d(:,i) = [setdAin3(i,2),setdBin3(i,2),set4Cin3(i,2)];%,DpelvisIN4(i,2),Clind¢
a.2)];

Zset4(:,i) = [setdAin3(i,3),set4Bin3(i,3),set4Cin3(i,3)];%,DpelvisiN4(i,3),Clin4¢
a.,3)1;

patch(Xset4(:,i),Yset4(:,i),Zsetd(:,i),[0 (i-rangeMotion(1))/(rangeMotion(2)-«
rangeMotion(1)) 0]);

E = 500;

meanl = mean(gsetlmod, "omitnan®);

if abs(meanl1(1)-gsetlmod(i-frameSpacing,1)) < E && abs(meanl(2)-gsetlmod(i- ¢
frameSpacing,2)) < E && abs(meanl(3)-gsetlmod(i-frameSpacing,3)) < E

quiver3(gsetlmod(i-frameSpacing,1),gsetimod(i-frameSpacing,2),qsetimod(i-¥

frameSpacing,3) ,wsetl(i-frameSpacing,1) ,wsetl(i-frameSpacing,?2),wsetl(i-frameSpacing,3), ¢
75, "Color", [(i-rangeMotion(1))/(rangeMotion(2)-rangeMotion(1)) 0 0])%*thetasetl(i-¢
frameSpacing));

end

% quiver3(gsetil(i-frameSpacing,1),qgsetl(i-frameSpacing,2),qsetl(i-¢
frameSpacing,3) ,wsetl(i-frameSpacing,1),wsetl(i-frameSpacing,?2),wsetl(i-frameSpacing,3), ¥
100, "Color*, [(i-rangeMotion(1))/(rangeMotion(2)-rangeMotion(1)) 0 0])%*thetasetl(i- ¢
frameSpacing));
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mean2 = mean(gset2mod, "omitnan®);

if abs(mean2(1)-gset2mod(i-frameSpacing,1)) < E && abs(mean2(2)-gset2mod(i- ¥
frameSpacing,2)) < E && abs(mean2(3)-gset2mod(i-frameSpacing,3)) < E

quiver3(gset2mod(i-frameSpacing,1),qgset2mod(i-frameSpacing,2),qgset2mod(i- ¥

frameSpacing,3) ,wset2(i-frameSpacing,1) ,wset2(i-frameSpacing,2) ,wset2(i-frameSpacing,3), ¥
75, Color",[0 (i-rangeMotion(1))/(rangeMotion(2)-rangeMotion(1)) 0])%*thetaset2(i-v¢
frameSpacing));

end

mean3 = mean(gset3mod, "omitnan®);

if abs(mean3(1)-gset3mod(i-frameSpacing,1)) < E && abs(mean3(2)-gset3mod(i- ¢
frameSpacing,2)) < E && abs(mean3(3)-gset3mod(i-frameSpacing,3)) < E

quiver3(gset3mod(i-frameSpacing,1),gset3mod(i-frameSpacing,2),qset3mod(i-«

frameSpacing, 3) ,wset3(i-frameSpacing,1) ,wset3(i-frameSpacing,?2) ,wset3(i-frameSpacing,3), ¥
75, Color”,[0 O (i-rangeMotion(1))/(rangeMotion(2)-rangeMotion(1))])%*thetaset3(i-v¢
frameSpacing));

end

mean4 = mean(gset4mod, "omitnan®);

if abs(mean4(1)-gsetdmod(i-frameSpacing,1)) < E && abs(mean4(2)-gset4mod(i- ¥
frameSpacing,2)) < E && abs(mean4(3)-gset4mod(i-frameSpacing,3)) < E

quiver3(gset4mod(i-frameSpacing,1),qset4mod(i-frameSpacing,?2),qgset4mod(i- ¢

frameSpacing,3) ,wset4(i-frameSpacing, 1) ,wset4(i-frameSpacing,?2) ,wset4(i-frameSpacing,3), ¥
75, "Color", [(i-rangeMotion(1))/(rangeMotion(2)-rangeMotion(1)) 0 0])%*thetaset4(i-¥
frameSpacing));

end

%

wMCI) = getframe;

I=1+1;
% if 1 < rangeMotion(2)-frameSpacing
% delete(p)
% end
end
Y%movie(M);

%movie2avi(M, "mid with respect to lower™)
end

%% Plot Screw Rotation

DISP_ROT = 1;
if DISP_ROT == 1
fprintf("Max Rotation about Screw\nsetl: %f \nset2: %f \nset3: %f \nset4: %fv¥
\nSet2Base for Validation: %f \n", ...
max(abs(thetasetl1))*180/pi ,max(abs(thetaset2))*180/pi,max(abs(thetaset3))*180/pi, ¥
max(abs(thetaset4))*180/pi ,max(abs(thetaset2Base))*180/pi)

fprintf("Difference Rotation about Screw\nsetl: %f \nset2: %f \nset3: %f \nset4: %fv¢
\nSet2Base for Validation: %f \n", ...
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(abs(max(thetasetl))+abs(min(thetasetl)))*180/pi, -..
(abs(max(thetaset2))+abs(min(thetaset2)))*180/pi, ...
(abs(max(thetaset3))+abs(min(thetaset3)))*180/pi, ...
(abs(max(thetaset4))+abs(min(thetaset4)))*180/pi, ...
(abs(max(thetaset2Base))+abs(min(thetaset2Base)))*180/pi)

end

figure(12)
hold on
title(C"Twist")
hold off

subplot(4,1,1)

plot(time,abs(thetasetl)*180/pi)

title("Set 17)

xlabel ("Time (seconds)®)
ylabel ("Rotation Angle of Motion (degrees)®)

subplot(4,1,2)

plot(time,abs(thetaset2)*180/pi)

title("Set 27)

xlabel ("Time (seconds)®)
ylabel ("Rotation Angle of Motion (degrees)")

subplot(4,1,3)

plot(time,abs(thetaset3)*180/pi)

title("Set 3°)

xlabel ("Time (seconds)™)
ylabel ("Rotation Angle of Motion (degrees)®)

subplot(4,1,4)

plot(time,abs(thetaset4*180)/pi)

title("Set 4 %)

xlabel ("Time (seconds)”)
ylabel ("Rotation Angle of Motion (degrees)®)

%%

figure(20); clf;hold on; axis image

frameSpacing = 1;

view(3)
% view(0,90)

title("Lower Set Frame"®)
xlabel ("X (mm)");ylabel("Y (mm)");zlabel("Z (mm)");

for 1 = rangeMotion(1l)+frameSpacing:frameSpacing:rangeMotion(2)

Xbase(:, 1)
Clin4(i,1)];
Ybase(:,i)

[baseAinBase(i,1),baseBinBase(i,1),baseCinBase(i,1)];% ,DpelvisIN4(i,1),¥

[baseAinBase(i,?2),baseBinBase(i,2),baseCinBase(i,2)];%,DpelvisIN4(i,2), ¢

125



126

5/1/17 1:15 PM_ C:\Users\jbr024\G. . .\screwAnalysis _main.m 13 of 13

Clin4(i,2)];

Zbase(:,i) = [baseAinBase(i,3),baseBinBase(i,3),baseCinBase(i,3)];%,DpelvisIN4(i,3), ¥
Clind(i,3)]:;

patch(Xbase(:,i),Ybase(:,i),Zbase(:,i),[0 (i-rangeMotion(l))/(rangeMotion(2)-¥
rangeMotion(1)) 0]);

end
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% [T,w,q,h] = findTransformation(A,B,C)
% Calculates the homogenous transformation, T, based on the points A,B,C
% using AO as the point of reference.

%

% The function also returns the screw parameters

% w (free vector in direction of rotation axis),

% g (point on rotation axis),

% h (pitch of screw)

% A,B,C are all [nx3]. First row is assumed to be the reference from
% which all transformations are found.

function [T,theta,w,q,h] = findTransformation(A,B,C,A0,B0,CO)

u = BO - AO; u = u/norm(u);
T(:,:,1) = eye(4);

for count = 1:size(B,1)

Btilde = (B(count,:) - A(count,:))/norm(B(count,:)-A(count,:)) - ...
(BO-A0)/norm(B0-A0) ;
Ctilde = (C(count,:) - A(count,:))/norm(C(count,:)-A(count,:)) - ...
(C0-A0)/norm(C0-A0);

w(count,:) = cross(Ctilde,Btilde);
w(count, :) = w(count, :)/norm(w(count, :));
v = B(count,:) - A(count,:); v = v/norm(v);
uprime = u - w(count, :)*dot(w(count,:),u);
vprime = v - w(count, :)*dot(w(count,:),Vv);

theta(count) = atan2(dot(w(count,:),cross(uprime,vprime)), ...
dot(uprime,vprime));

R = rodrigues(w(count, :),theta(count));
d A(count,:)" - R*A0"; %A(count,:)" - AO";
T(:,:,count) = [R, d;zeros(1,3),1];

h(count) = dot(w(count,:),d")/theta(count);

dNormal = d* - h(count)*theta(count)*w(count,:);

%isltNormal = dot(dNormal,w(count,:))

q(count,:) = (dNormal/2 + cross(w(count, :),dNormal)/2/tan(theta(count)/2)); %%
end

% returns the rotation matrix formed by the axis w and angle theta based on
% the Rodrigues formulation.

function R = rodrigues(w,theta)

wHat = [0,-w(3),w(2); w(3),0,-w(1); -w(2),w(1),0];

R = eye(3) + wHat*sin(theta) + wHat"2*(1-cos(theta));
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function [ J, Knew, Lnew ] = makeRigidBody( instanceO, J, K, L )
%makeRigidBody converts the every instance of JKL to be the same distance
%relative to each other. It uses instance0 to determine the proper
%distances to use.

% J,K,L - a column of x,y,z locations, respectively

% J, Knew, Lnew - new JKL with adjusted distances.

JKmagnitude = norm(K(instanceO, :)-J(instance0,:));

JLmagnitude = norm(L(instanceO, :)-J(instance0,:));

KJLangle = acos((norm(K(instance0, :)-J(instance0, :))"2+norm(L(instance0, :)-J«¢
(instance0, :))"2-norm(L(instance0, :)-K(instance0, :))"2)/(2*norm(K(instance0, :)-J ¢
(instance0, :))*norm(L(instance0, :)-J(instance0, :))));

for 1 = 1:size(J,1)
JKunit = (K(i,:)-J3(i,:))/norm(K(i,:)-3(i,:));
JLunit = (L@, :)-I3CG,))/norm(L(, 2)-J(,5));

KJLanglei = acos((norm(K(i,:)-J3(i,:))2+norm(L(i,:)-J(i,:))*2-norm(L(i,:)-K(i,:))"2)/ ¢

@*norm(K(i, :)-I(i, :))*norm(L(i,:)-I(i,2))));

axisRot = -cross(JKunit,JLunit); axisRot = axisRot/norm(axisRot);

JKunitnew = JLunit*cos(KJLangle) + cross(axisRot,JLunit) + axisRot*dot(axisRot, ¥

JLunit)*(1-cos(KJLangle));
JKunitnew = JKunitnew/norm(JKunitnew);

Knew(i, :)
Lnew(i,:)

J(i,:) + (JKunitnew*JKmagnitude);
J(i,:) + QLunit*JLmagnitude);

end

end

128



5/1/17 1:14 PM_ C:\Users\jbr024\G.. _\plane line_intersect.m 1 of 2

function [1,check]=plane_line_intersect(n,V0,PO,P1)
%plane_line_intersect computes the intersection of a plane and a segment(or
%a straight line)

% Inputs:

% n: normal vector of the Plane

% VO: any point that belongs to the Plane

% PO: end point 1 of the segment POP1

% P1: end point 2 of the segment POP1

%

%Outputs:

% | is the point of interection

% Check is an indicator:

% 0 => disjoint (no intersection)

% 1 => the plane intersects POP1l in the unique point I
% 2 => the segment lies in the plane

% 3=>the intersection lies outside the segment POP1l
%

% Example:

% Determine the intersection of following the plane x+y+z+3=0 with the segment POP1:

% The plane is represented by the normal vector n=[1 1 1]

% and an arbitrary point that lies on the plane, ex: VO=[1 1 -5]

% The segment is represented by the following two points

% PO=[-5 1 -1]

%P1=[1 2 3]

% [1,check]=plane_line_intersect([1 1 1],[1 1 -5],[-5 1 -1],[1 2 3]);

%This function is written by :

% Nassim Khaled
% Wayne State University
% Research Assistant and Phd candidate

%1¥ you have any comments or face any problems, please feel free to leave
%your comments and i1 will try to reply to you as fast as possible.

= PO - VO;

D = dot(n,u);
N = -dot(n,w);
c
i

f abs(D) < 10n-7 % The segment is parallel to plane
if N = % The segment lies in plane
check=2;
return
else
check=0; %no intersection
return
end
end

%compute the intersection parameter
sl =N/ D;
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1 = PO+ sl.*u;

if (sl <0 || sl >1)
check= 3;
intersection
else
check=1;

%The intersection point lies outside the segment, so there is no¢

end
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function [ varargout ] = transformToPlane2( popl, pop2, pop3, pl, p2, p3, varargin)

%

d =

plA =

p2A

p3A =

ri
k1

Inputs

% popl, pop2, pop3 (points on plane) - [X,y,z] point used to define plane to rotate

% data into
% pl,p2,p3 - points to reference for rotation

% varargin (data to rotate) - data points to be transformed. varargin
% allows a variable number of input, allowing for any number of points

% to be rotated by this function

pl - popl;

|
°
by
Q

vrrotvec(p2A-plA,pop2-popl);
ri(1:3);

thetal = ri(4);

p2B = plA + (p2A-plA)*cos(thetal) + cross(kl, (p2A-plA))*sin(thetal)
plA))*(1-cos(thetal));
p3B = plA + (p3A-plA)*cos(thetal) + cross(kl, (p3A-plA))*sin(thetal)
plA))*(1-cos(thetal));

r2

k2

vrrotvec(p3B-plA, pop3-popl);

r2(1:3);

theta2 = r2(4);

p2C = plA + (p2B-plA)*cos(theta2) + cross(k2,(p2B-plA))*sin(theta2)
plA))*(1-cos(theta?));
p3C = plA + (p3B-plA)*cos(theta2) + cross(k2,(p3B-plA))*sin(theta2)
pl1A))*(1-cos(theta2));

for kArgs = 1:length(varargin)

plA))*sin(thetal) + kl*dot(kl,(DTR1(kDTR,:) - plA))*(1l-cos(thetal));

plA))*sin(theta2) + k2*dot(k2,(DTR2(kDTR,:) - plA))*(1-cos(theta2));

end
end

DTRin = varargin{kArgs};
for kDTR = 1l:size(DTRin)
DTR = DTRin(kDTR,:);

DTR1(KDTR,:) = DTR-d;

+

+

k1*dot(k1, (p2A- ¥

k1*dot(kl, (p3A-v¢

k2*dot(k2, (p2B- ¥

k2*dot(k2, (p3B- ¥

DTR2(kDTR,:) = pl1A + (DTR1(kDTR,:) - plA)*cos(thetal) + cross(kl,(DTR1(kDTR,:) -¢

DTR3(kDTR,:) = plA + (DTR2(kDTR,:) - plA)*cos(theta2) + cross(k2,(DTR2(kDTR,:) -¢

DTRout(kDTR,:) = DTR3(kDTR,:);
end
varargout{kArgs} = DTRout;
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function [ varargout ] = transformToPlane4( thetaPlus, popl, pop2, pop3, pl, p2, p3,v¢

varargin)

%  Inputs
% popl, pop2, pop3 (points on plane) - [x,y,z] point used to define plane to rotate
% data into

% pl,p2,p3 - points to reference for rotation

% varargin (data to rotate) - data points to be transformed. varargin
% allows a variable number of input, allowing for any number of points
% to be rotated by this function

d = pl - popl;

plA = pl-d;
p2A = p2-d;
p3A = p3-d;

rl = vrrotvec(p2A-plA,pop2-popl);
k1l = r1(1:3);
thetal = ri(4);

p2B = plA + (p2A-plA)*cos(thetal) + cross(kl, (p2A-plA))*sin(thetal) + kl*dot(kl,(p2A-¢
plA))*(1-cos(thetal));
p3B = plA + (p3A-plA)*cos(thetal) + cross(kl,(p3A-plA))*sin(thetal) + kl*dot(kl,(p3A-¢
pl1A))*(1-cos(thetal));

closest = findClosestLineToPoint( p2B, plA, p3B);
r2 = vrrotvec(p3B-closest,pop3-closest);

k2 = r2(1:3);
theta2 = r2(4)-thetaPlus;

for KArgs 1:length(varargin)
DTRin = varargin{kArgs};

for kDTR = 1:size(DTRin)

DTR = DTRin(kDTR,:);
DTR1(kDTR,:) = DTR-d;
DTR2(kDTR,:) = plA + (DTR1(kDTR,:) - plA)*cos(thetal) + cross(kl,(DTR1(kDTR,:) - ¢
plA))*sin(thetal) + kl*dot(kl,(DTR1(kDTR,:) - plA))*(1l-cos(thetal));
DTR3(kDTR,:) = plA + (DTR2(kDTR,:) - plA)*cos(theta2) + cross(k2,(DTR2(kDTR,:) - ¢
plA))*sin(theta2) + k2*dot(k2,(DTR2(kDTR,:) - plA))*(1l-cos(theta2));
DTRout(kDTR,:) = DTR3(kDTR,:);
end
varargout{kArgs} = DTRout;
end

end
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function [ varargout ] = transformToXYplane( popl, pop2, pop3, pl, p2, p3, varargin)
Inputs

% popl, pop2, pop3 (points on plane) - [X,y,z] point used to define plane to rotate
% data into

% pl,p2,p3 - points to reference for rotation

% varargin (data to rotate) - data points to be transformed. varargin

% allows a variable number of input, allowing for any number of points

% to be rotated by this function

%

d =

plA =

p2A
p3A

ri =
Kl =

pl - popl;

|
ke

v

(o}

vrrotvec(p2A-plA,pop2-popl);
ri(1:3);
thetal = ri(4);

p2B = plA + (p2A-plA)*cos(thetal) + cross(kl, (p2A-plA))*sin(thetal) + ki*dot(kl, (p2A-«
plA))*(1-cos(thetal));
p3B = plA + (p3A-plA)*cos(thetal) + cross(kl, (p3A-plA))*sin(thetal) + kl*dot(kl, (p3A-¢
plA))*(1-cos(thetal));

pP3Bm
p1Am
pop3
popl

r2 =
k2 =

od
od
mod
mod

[0.p3B(1,2),p3B(1,3)];

[0,p1A(1,2),p1A(1,3)];
[0,pop3(1,2),pop3(1,3)];
[0,popl1(1,2),popl(1,3)];

vrrotvec(p3Bmod-plAmod, pop3mod-poplmod) ;
r2(1:3);
theta2 = r2(4)+pi;

p2C = plA + (p2B-plA)*cos(theta2) + cross(k2,(p2B-plA))*sin(theta2) + k2*dot(k2, (p2B-¢
p1A))*(1-cos(theta2));
p3C = plA + (p3B-plA)*cos(theta2) + cross(k2,(p3B-plA))*sin(theta2) + k2*dot(k2,(p3B-¢
plA))*(1-cos(theta?));

for kArgs = 1:length(varargin)
DTRin = varargin{kArgs};
for kDTR = 1l:size(DTRin)

DTR = DTRin(kDTR,:);
DTR1(kDTR,:) = DTR-d;
DTR2(kDTR,:) = plA + (DTR1(kDTR,:) - plA)*cos(thetal) + cross(kl,(DTR1(kDTR,:) -¥

plA))*sin(thetal) + kl*dot(kl,(DTR1(kDTR,:) - plA))*(1l-cos(thetal));

DTR3(kDTR,:) = plA + (DTR2(kDTR,:) - plA)*cos(theta2) + cross(k2,(DTR2(kDTR,:) -¢

plA))*sin(theta2) + k2*dot(k2,(DTR2(kDTR,:) - plA))*(1l-cos(theta2));

end

DTRout(KDTR, :) = DTR3(KDTR,:);
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varargout{kArgs} = DTRout;
end

end



135

D.2 Ellipsoid Generation with COMSOL Interface

The code below was used to produce the characterizations for the library of mecha-

nisms presented in this thesis.
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%% Compliance Elliptoid calculator

% by JB Ring and Joep Nijssen

% Program uses input of a COMSOL created finite element model to determine
% the compliance matrix. Extensions include the calculation of the

% eigenwrench and eigentwists.

function complianceMatrix = Compliance_Elliptioid_calculator_func(modelName)
% allow models to be imported from the COMSOL interface

import com.comsol.model.*

import com.comsol _model _util.*

% Restart program
% close all

% clear all

% clc

% input the COMSOL model into the program
model = mphload(modelName)

%% get parameter names
parameter_names = model .param.varnames()

%% set all force/moment for first set

% add unit load/ moment in all direction on actuation point, the point is
% then evaluated on displacements and rotations.

model .param.set("Forcex”, "1[N]");

model .param.set("ForceY", “O[N]");

model .param.set("Forcez", “O[N]");

model _param.set(“MomentX", “O[N*mm]");

model .param.set("MomentY", “O[N*mm]");

model .param.set("MomentZ", “O[N*mm]");

model .sol ("soll1").runAll;
model .result("pgl®).run;

DispRot_Fx = [model.result.numerical("pevl~).getReal(),model.result.numerical("pev2").¢

getReal () ,model .result.numerical ("pev3").getReal(), ...

model .result.numerical ("pev4").getReal (), model.result.numerical("pev5").getReal ),

model .result._numerical("pev6~).getReal ];

%
model .param.set("Forcex", “O[N]");
model .param.set("ForceY", “1[N]");

model .sol ("soll1").runAll;
model .result("pgl”).run;

DispRot_Fy = [model.result.numerical("pevl).getReal(),model.result.numerical("pev2").v¢

getReal () ,model.result.numerical(“pev3").getReal(), ...

model .result_numerical ("pev4").getReal (), model.result.numerical("pev5).getReal(), v

model .result_numerical ("pev6").getReal ];
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%
model .param.set("ForceY", “O[N]");
model .param.set("Forcez", "1[N]");

model .sol("sol1").runAll;
model .result("pgl”).run;

DispRot_Fz = [model.result.numerical ("pevli®).getReal(),model.result.numerical("pev2").¢
getReal () ,model .result_numerical ("pev3").getReal(), -..

model .result_numerical ("pev4~).getReal (), model.result.numerical(“pev5™).getReal (), ¢
model .result_numerical ("pev6").getReal O];

%
model .param.set("Forcez", "O[N]");
model .param.set("MomentxX", “1000[N*mm]");

model .sol ("soll1").runAll;
model .result("pgl®).run;

DispRot_Mx = [model.result.numerical("pevl~).getReal(),model.result.numerical("pev2").v¢
getReal () ,model.result.numerical ("pev3").getReal(), ...

model .result.numerical ("pev4").getReal (), model.result.numerical("pev5").getReal(), v
model .result._numerical("pev6~).getReal Q];

%
model .param.set(“MomentxX", “O[N*mm]*);
model .param.set(“MomentY", “1000[N*mm]~);

model .sol ("soll1").runAll;
model .result("pgl”).run;

DispRot_My = [model.result.numerical(“pevl).getReal(),model.result.numerical(“pev2").¢
getReal () ,model _result._numerical("pev3").getReal (), --.

model .result.numerical ("pev4").getReal (), model.result.numerical("pev5).getReal(), v
model .result_numerical ("pev6").getReal )];

%
model .param.set("MomentY", “O[N*mm]");
model .param.set("MomentZ", “1000[N*mm]");

model .sol("sol1").runAll;
model .result("pgl®).run;

DispRot_Mz = [model.result.numerical (“pevi®).getReal(),model.result.numerical("pev2").¢
getReal () ,model .result.numerical ("pev3").getReal(), ...

model .result_numerical ("pev4").getReal (), model._result.numerical("pev5”).getReal(), ¢
model .result.numerical ("pev6”).getReal O1;

%% Find Compliance Matrix
unitForce = 1; %Newton
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unitMoment = 1; %Newton-mm
DispRot_Fx

C(:,1) = DispRot_Fx./unitForce;
C(:,2) = DispRot_Fy./unitForce;
C(:,3) = DispRot_Fz./unitForce;
C(:,4) = DispRot_Mx./unitMoment;
C(:,5) = DispRot_My./unitMoment;
C(:,6) = DispRot_Mz./unitMoment;
% C is the complete compliance matrix

% divide compliance matrix up into its ABD decomposition
A=C(1:3, 1:3);

B1=C(1:3,4:6); % off diagonal matrices
B2=C(4:6,1:3)*1000; % off diagonal matrices
D=C(4:6,4:6);

% format entries of matrix into short notation
format short g
% return matrix back to full complaince matrix
C=[A B1; B2 D];

% because of very small numerical errors we filter the matrix. Values which
% are seen as small compared to the main compliance values are set to O.
% Also the small numerical differences between entries is set equal by
% summation and division by 2.
C = round(C,4);
for m = 1:6
for n = m+1:6
if C(m,n) ~= C(nh,m)
ave = mean([C(m,n),C(n,m71);
C(m,n) = ave;
C(n,m) = ave;
end
end
end

%% Linear Compliance elliptoid Calculator

% Decomposition back into it"s ABD form.
A=C(1:3, 1:3);

B1=C(1:3,4:6); % off diagonal matrices
B2=C(4:6,1:3); % off diagonal matrices
D=C(4:6,4:6);

%% determine eigenvectors and eigenvalues
[vCf,eigCF]l=eig(A);
[vCm,eigCm]=eig(D);
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% eigenvectors linear translation compliance matrix
vC1=vCf(:,1);
vC2=vCf(:,2);
vC3=vCf(:,3);

% eigenvectors linear rotation compliance matrix
vCim=vCm(:,1);
vC2m=vCm(:,2);
vC3m=vCm(:,3);

%% checks on matrices

[~.p]1 = chol(A) % check if matrix is positive-definite. If p=0 then true.

% check on invertibility of matrix
det(A) %if Det= nonzero then invertible

% % determine angle between eigenvectors
% ThetalnDegrees = atan2d(norm(cross(vlcs3,vilcsl)),dot(vlcs3,vicsl))

%% unit sphere of force
% creating the unit sphere of loading
syms lambda zeta

xsp=0.5*cos(zeta)*sin(lambda) " ;
ysp=0.5*sin(zeta)*sin(lambda) " ;
zsp=0.5*cos(lambda) " ;

V=[xsp; ysp; zspl;

% multiplications of stiffness matrix with unit sphere force
Cellips=A*V;
CellipsG=D*V;

Y%vector multiplier
a=0.01;

% vector multiplier geometric nonline
al=0.0001;

ellipsoidFigure = figure(l);

title("Different corrugated shell elliptoids®)
hold on

subplot(1,2,1);
ezsurf(Cellips(1l).,Cellips(2),Cellips(3),[-pi,pi,-pi,pi].40)
alpha(0.0001)

hold on
vecl=quiver3(0,0,0,vC1(1),vC1(2),vC1(3),a);
set(vecl, "linewidth",4);

hold on
vec2=quiver3(0,0,0,vC2(1),vC2(2),vC2(3),a);
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set(vec2, " linewidth",4);

hold on
vec3=quiver3(0,0,0,vC3(1),vC3(2),vC3(3),a);
set(vec3, "linewidth",4);

hold on

axis image

title("Compliance ellips linear translation matrix")
subplot(1,2,2);
ezsurf(CellipsG(1),CellipsG(2),CellipsG(3),[-pi,pi,-pi,pi],40)
alpha(0.0001)

hold on
vecll=quiver3(0,0,0,vCim(1),vCim(2),vCim(3),al);
set(vecll, "linewidth",4);

hold on
vec22=quiver3(0,0,0,vC2m(1),vC2m(2),vC2m(3),al);
set(vec22, " linewidth",4);

hold on
vec33=quiver3(0,0,0,vC3m(1),vC3m(2),vC3m(3),al);
set(vec33, "linewidth",4);

axis image

title("Compliance ellips rotational matrix")

%% Save Figure and Data

savefig(ellipsoidFigure,strcat(modelName(1: length(modelName)-4), " .fig"))
clear model

save(modeIName(1: length(modelName)-4))
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D.3 Eigentwist Generation with COMSOL Inter-

face

The getFigenTwist code determines the eigentwist of a mechanism using a input
COMSOL model. The other two codes are auxiliary functions needed to manipulate

the COMSOL model.
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function [ eigenScrew ] = getEigenTwist(model,force, toPlot)
%getEigentwist determines the eigentwist for a mechanism in the import
%model by applying the unit force.

% model - input comsol model

% force - unit force magnitude

% toPlot - turns on/off plot

% eigenScrew - output 6x1 matrix for screw parameters of the eigentwist

%% setup
import com.comsol _model .*
import com.comsol _model _util.*

unitForce = 1; %Newton
unitMoment = 1; %Newton-m

%% get parameter names
% parameter_names = model.param.varnames()

%% add unit load/ moment in all direction on actuation point, the point is
% set all force/moment for first set

model .param.set("Forcex", strcat(num2str(force), "[N]"));

model .param.set("ForceY", “O[N]");

model .param.set("ForcezZ", “O[N]");

model _.param.set(“MomentX®, “O[N*mm]");

model .param.set("MomentY", “O[N*mm]");

model .param.set("MomentZ", “O[N*mm]");

model .sol ("soll1").runAll;
model .result("pgl®).run;

DispRot_Fx = [model.result_numerical ("pevi”).getReal(),model.result.numerical("pev2").¢
getReal () ,model .result.numerical ("pev3").getReal(), ...

model .result.numerical ("pev4~).getReal (), model.result.numerical("pev5").getReal (), v
model _.result_numerical("pev6~).getRealQ];

%
model .param.set("Forcex", “O[N]");
model .param.set("ForceY", strcat(num2str(force), "[N]"));

model .sol("sol1").runAll;
model .result("pgl”).run;

DispRot_Fy = [model.result.numerical ("pevl®).getReal(),model.result.numerical("pev2").v¢
getReal () ,model .result.numerical("pev3").getReal (), --.

model .result.numerical ("pev4").getReal (), model.result.numerical(“pev5").getReal(), v
model .result._numerical ("pev6").getReal ];

%
model _.param.set("ForceY", “O[N]");
model _param.set("ForcezZ", strcat(num2str(force), "[N]"));
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model .sol("sol1").runAll;
model .result("pgl”).run;

DispRot_Fz = [model.result.numerical (“pevi®).getReal (),model.result.numerical ("pev2*).¢
getReal () ,model .result_numerical ("pev3").getReal(), -..

model .result.numerical ("pev4").getReal (), model.result.numerical("pev5”).getReal(), v
model .result_numerical ("pev6").getReal ];

%
model .param.set("ForcezZ", "0O[N]");
model .param.set("MomentX", strcat(num2str(force), "[N*mm]"));

model .sol ("soll1").runAll;
model .result("pgl®).run;

DispRot_Mx = [model.result_numerical ("pevi~).getReal(),model.result.numerical("pev2").¢
getReal () ,model.result.numerical("pev3").getReal(), ...

model .result.numerical ("pev4").getReal (), model.result.numerical("pev5").getReal(), v
model .result._numerical(“pev6~).getReal ];

%
model .param.set(“MomentX®, “O[N*mm]");
model .param.set(“MomentY", strcat(num2str(force), "[N*mm]"));

model .sol ("soll1") .runAll;
model .result("pgl”).run;

DispRot_My = [model.result.numerical(“pevl).getReal(),model.result.numerical("pev2).v
getReal () ,model _result.numerical("pev3").getReal (), --.

model .result.numerical ("pev4*).getReal (), model.result.numerical(“pev5").getReal(), ¥
model .result_numerical ("pev6").getReal )];

%
model .param.set("MomentY", “O[N*mm]*);
model _param.set(“MomentZ®, strcat(num2str(force), "[N*mm]"));

model .sol("sol1").runAll;
model .result("pgl®).run;

DispRot_Mz = [model.result.numerical(“pevl™).getReal(),model.result.numerical("pev2").v¢
getReal () ,model .result_numerical ("pev3").getReal(), -..

model .result.numerical ("pev4~).getReal (), model.result.numerical("pev5”).getReal (),
model .result.numerical ("pev6”).getReal O1;

%% Determine compliance matrix
% DispRot_Fx
C(:,1) = DispRot_Fx./unitForce;

C(:,2) = DispRot_Fy./unitForce;
C(:,3) = DispRot_Fz./unitForce;
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C(:,4) = DispRot_Mx./unitMoment;
C(:,5) = DispRot_My./ZunitMoment;
C(:,6) = DispRot_Mz./unitMoment;
Cor = C;

% because of very small numerical errors we filter the matrix to garuntee
% symmetry. Values which are seen as small compared to the main compliance
% values are set to 0. Also the small numerical differences between entries
% is set equal by summation and division by 2.
C = round(C,10);
for m = 1:6
for n = m+1:6
if C(m,n) ~= C(nh,m)
ave = mean([C(m,n),C(n,m71);
C(m,n) = ave;
C(n,m) = ave;
end
end
end

%% Determine EigenTwist
Ac=C(1:3, 1:3); %K1l
Blc=C(1:3,4:6); %K12
B2c=C(4:6,1:3); %K21
Dc=C(4:6,4:6); %K22

[yil,lambdacl]=eigs(Dc); %lambdacl=eigenvaluesmatrix
lambdalc=lambdacl (1,1);
lambda2c=lambdacl (2,2);
lambda3c=lambdacl (3,3);

% eigenvectors
yl=yil(:,1);
y2=yil(:,2);
y3=yil(z,3);

% sigma values - translation

sigmal=(1/lambdalc)*Blc*yl; % (1/eigenvalue)*B*translation
sigma2=(1/lambda2c)*Blc*y2;

sigma3=(1/lambda3c)*Blc*y3;

% eigentwists are (sigmai = translation; yi = rotation)
eigentwistl=[sigmal;yl];
eigentwist2=[sigma2;y2];
eigentwist3=[sigma3;y3];

eigentwistl=round(eigentwistl,7);
eigentwist2=round(eigentwist2,7);
eigentwist3=round(eigentwist3,7);
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eigentwistsmatrix=[eigentwistl, eigentwist2, eigentwist3];

% determine the 3 rotational vector of the eigentwists and 3 translational
% components of eigentwist

eigentwistrotationl=[eigentwistl(4:6)];
eigentwistrotation2=[eigentwist2(4:6)];
eigentwistrotation3=[eigentwist3(4:6)];

eigentwisttranslationl=[eigentwistl1(1:3)];
eigentwisttranslation2=[eigentwist2(1:3)];
eigentwisttranslation3=[eigentwist3(1:3)];

%% for location

% determine orthogonality between rotational components

ThetalnDegreesl = atan2d(norm(cross(eigentwistrotationl,eigentwistrotation2)),dot v«
(eigentwistrotationl,eigentwistrotation2));

ThetalnDegrees2 = atan2d(norm(cross(eigentwistrotationl,eigentwistrotation3)),dotv
(eigentwistrotationl,eigentwistrotation3));

ThetalnDegrees3 = atan2d(norm(cross(eigentwistrotation2,eigentwistrotation3)),dot ¥
(eigentwistrotation2,eigentwistrotation3));

% pitch value

% determining the pitch value h of eigentwist
hl=dot(eigentwistrotationl,eigentwisttranslationl)/dot(eigentwistrotationl, ¢
eigentwistrotationl);
h2=dot(eigentwistrotation2,eigentwisttranslation2)/dot(eigentwistrotation2, ¢
eigentwistrotation2);
h3=dot(eigentwistrotation3,eigentwisttranslation3)/dot(eigentwistrotation3, ¥
eigentwistrotation3);

% solving the linear system for each eigentwist
% locations with respect to [0,0,0]
X1 = cross(eigentwistrotationl, (eigentwisttranslationl-hl*eigentwistrotationl))/dot ¥

(eigentwistrotationl,eigentwistrotationl);

X2 = cross(eigentwistrotation2, (eigentwisttranslation2-h2*eigentwistrotation2))/dot ¥
(eigentwistrotation2,eigentwistrotation2);

X3 = cross(eigentwistrotation3, (eigentwisttranslation3-h3*eigentwistrotation3))/dot ¢
(eigentwistrotation3,eigentwistrotation3);

rotationl = [eigentwistl(4,:) eigentwistl(5,:) eigentwistl(6,:)]"; %abs([eigentwistl(4,:)¢

eigentwistl(5,:) eigentwistl(6,:)])";

rotation2 = [eigentwist2(4,:) eigentwist2(5,:) eigentwist2(6,:)]"; %abs([eigentwist2(4,:)¢

eigentwist2(5,:) eigentwist2(6,:)])";

rotation3 = [eigentwist3(4,:) eigentwist3(5,:) eigentwist3(6,:)]"; %abs([eigentwist3(4,:)¢

eigentwist3(5,:) eigentwist3(6,:)])";

pitchl=dot(eigentwistrotationl,eigentwisttranslationl)/dot(eigentwistrotationl, ¢
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eigentwistrotationl);
pitch2=dot(eigentwistrotation2,eigentwisttranslation2)/dot(eigentwistrotation2, ¢
eigentwistrotation2);
pitch3=dot(eigentwistrotation3,eigentwisttranslation3)/dot(eigentwistrotation3, ¥
eigentwistrotation3);

sigl=[sigmal(l), sigmal(2), sigmal(3)];

if toPlot
figure
hold on
quiver3(X1(1),X1(2),X1(3),rotationl(l),rotationl(2),rotationl(3))
quiver3(X2(1),X2(2),X2(3),rotation2(1),rotation2(2),rotation2(3))
quiver3(X3(1),X3(2),X3(3),rotation3(1),rotation3(2),rotation3(3))
xlabel ("X")
ylabel ("Y™)
hold off

end

eigenScrew = [X1(1),X1(2),X1(3),rotationl(1l),rotation1(2),rotationl(3);...
X2(1),X2(2),X2(3),rotation2(1),rotation2(2),rotation2(3); ...
X3(1),X3(2),X3(3),rotation3(1),rotation3(2),rotation3(3)1;

end
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function [ complete, CSLL, CSLR ] = resetBeamOrientation3(model, leftVertex,rightVertex)
%resetBeamOrientation changes the current beam width direction such that

%it is perpendicular to the plane of the mechanism.

model - imported comsol model

leftVertex - the vertex that makes a line perpendicular to the left

mechanism
rightVertex - the vertex that makes a line perpendicular to the right
mechanism
complete - returns that function was completed
CSLL - the location of the left alignment point
CSLR - the location of the right alignment point

%

model .geom(“geoml®).measureFinal .selection.geom(“geoml®, 0);
model .geom("geoml™) .measureFinal .selection.set(leftVertex);
CSLL = model .geom("geoml™).measureFinal.getVtxCoord();

% model .geom("geoml*®) _measureFinal.selection.geom("geoml®, 0);
model .geom(“geoml”).measureFinal .selection.set(rightVertex);
CSLR = model .geom("geoml®).measureFinal .getVtxCoord();

model .param.
model .param.
model .param.
model _param.
model _param.
model _.param.

% CSLL(3)

complete =

end

set("CS_L_x",
set("CS L y~,
set("Cs_L z*",
set("CS_R_x",
set("CS_R y~,
set("CS_ R z"°,

1;

[num2str(CSLL(1)), " [mm]"D);
[num2str(CSLL(2)), " [mm1"D);
[num2str(CSLL(3)), " [mm]1"D);
[num2str(CSLR(1)), " [mm] 1)
[num2str(CSLR(2)), " [mm] 1)
[num2str(CSLR(3)), "[mm]"D);
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function [ complete ] = varyMech_mm( model, position, side, yBwidthT, yFwidthB, zB, zT, ¢
beamThick, planeThick,mechAngle)

%varyMech_mm is used to vary the dimensions of the mechanisms through the
%comsol/matlab/solidworks interface, LivelLink.

% model - imported comsol model

% position - where on the body the mechanism is located

% side - side of the body on which the mechanism is located

% other inputs - parameters used to control mechanism dimensions

% if any value is 0, do not change it.
switch position

case "low”
if side == "L~
if yBwidthT ~= 0;
model .param.set("LL_CC_LL_yB Sketchl16", [num2str(yBwidthT), [mm]~]1);
end;
if yFwidthB ~= 0; model.param.set("LL_CC_LL_ yF Sketch16", [num2str«
(yFwidthB), "[mm]"]); end;
if zB ~= 0; model.param.set("LL_CC LL zB Sketchl6", [num2str(zB),"[mm]"]);¢
end;
if zT ~= 0; model .param.set("LL_CC_LL_zT Sketch16", [num2str(zT), [mm]*1);¥
end;
if beamThick ~= 0; model.param.set("CC_LL beamThick", [num2strv¢
(beamThick), "[mm]"1); end;
if planeThick ~= 0; model.param.set("CC_LL_planarThick®, [num2strv
(planeThick), "[mm]"]); end;
if mechAngle >= 0; model.param.set("LL_CC_LL_mechAngle®, [num2strv¢
(mechAngle), "[deg]"]); end;
elseif side == "R~
if yBwidthT ~= 0; model.param.set("LL_CC_LR_yB Sketchl7", [num2strv¢
(yBwidthT),"[mm]"]); end;
if yFwidthB ~= 0; model.param.set("LL_CC_LR yF Sketchl7", [num2str¢
(yFwidthB), "[mm]"]); end;
if zB ~= 0; model.param.set("LL_CC LR zB Sketchl7", [num2str(zB),"[mm]"]);¢
end;
if zT ~= 0; model .param.set("LL_CC_LR zT Sketchl17", [num2str(zT), [mm] 1);¢
end;
if beamThick ~= 0; model.param.set("CC_LR beamThick®, [num2str¢
(beamThick), "[mm]"]1); end;
if planeThick ~= 0; model.param.set("CC_LR_planarThick®, [num2strv
(planeThick), "[mm]"]); end;
if mechAngle >= 0; model.param.set("LL_CC_LR_mechAngle®, [num2str¥
(mechAngle), "[deg]"]); end;
else
error(“invalid side choice®)
end
%%
case "low2"
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if side == "L~

(yFwidthB), "
end;
end;
(beamThick),
(planeThick)

(mechAngle),

if yBwidthT ~= O;

model .param.set("LL_CC_LL_yB Sketchl16®, [num2str(yBwidthT), [mm]~]1);
end;
if yFwidthB ~= 0; model .param.set("LL CC LL yF Sketch16”, [num2strv¢
[mm]1°1); end;
if zB ~= 0; model .param.set("LL_CC_LL_zB Sketch16", [num2str(zB),"[mm]"]1);v¢

if zT ~= 0; model .param.set("LL_CC_LL_zT Sketch16", [num2str(zT), [mm] 1);¥

if beamThick ~= 0; model.param.set("CC_L beamThick", [num2strv¢
“[mm]1"1); end;

if planeThick ~= 0; model.param.set("CC_L planarThick", [num2str¢
,"[mm1°1); end;

if mechAngle >= 0; model.param.set("LL_CC_LL_mechAngle”, [num2strv¢
"[deg]"1); end;

elseif side == "R~

(yBwidthT), "
(yFwidthB), "
end;
end;
(beamThick),
(planeThick)

(mechAngle),

else

end
%%
case "mi

if yBwidthT ~= 0; model.param.set("LL_CC LR yB Sketchl7", [num2strv¢
[mnm]1*1); end;

if yFwidthB ~= 0; model.param.set("LL_CC_LR yF Sketchl7", [num2strv
[mm]1"1); end;

if zB ~= 0; model.param.set("LL_CC LR zB Sketchl7®, [num2str(zB),"[mm]"]);¢

if zT ~= 0; model .param.set("LL_CC_LR_zT_Sketchl17", [num2str(zT), [mm]*1);¥

if beamThick ~= 0; model.param.set("CC_L beamThick", [num2strv¢
“[mm]*1); end;

if planeThick ~= 0; model.param.set("CC_L_planarThick®, [num2strv
,"[mm]171); end;

if mechAngle >= 0; model.param.set("LL_CC_LR_mechAngle®, [num2strv
"[deg]"1); end;

error(“invalid side choice®)

d-

if side == "F~

end;

(yFwidthB), "

(beamThick),
(planeThick)

[num2str(mec
else

if yBwidthT ~= O;model.param.set("CC_MF widthT®, [num2str(yBwidthT), [mm] ]);¥

if yFwidthB ~= 0; model.param.set("CC_MF widthB", [num2strv

[mm1"1); end;

if zB ~= 0; model.param.set("CC_MF_zB*", [num2str(zB),"[mm]"]); end;

if zT ~= 0; model.param.set("CC_MF_zT", [num2str(zT), [mm]"1); end;

if beamThick ~= 0; model .param.set("CC_LL_beamThick", [num2str«¢
"[mm]1"1); end;

if planeThick ~= 0; model.param.set("CC_LL_planarThick”, [num2str¢
,T[mm1"1); end;

% if mechAngle >= 0; model.param.set("LL_CC_LL_mechAngle~, ¢
hAngle), "[deg]"]); end;

if side == "B~

if yBwidthT ~= O;model.param.set("CC_MB_widthT", [num2str(yBwidthT), [mm]"]);«¢
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end;
if yFwidthB ~= 0; model .param.set("CC_MB widthB", [num2strv¢
(yFwidthB),"[mm]*1); end;
if zB ~= 0; model.param.set("CC_MB_zB", [num2str(zB),"[mm]"]1); end;
if zT ~= 0; model._param.set("CC_MB zT", [num2str(zT),"[mm]"]); end;
if beamThick ~= 0; model .param.set("CC_LR beamThick", [num2str¢
(beamThick), "[mm]"]); end;
if planeThick ~= 0; model.param.set("CC_LR planarThick®, [num2str¢
(planeThick), "[mm]"]); end;
% if mechAngle >= 0; model.param.set("LL_CC_LR mechAngle~, ¢
[num2str(mechAngle), "[deg]"1); end;
else
error(“invalid side choice®)
end

end
complete = 1;
end
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D.4 Interface for Force/Displacement Curve
The forces from the physical force/displacement test were input into the COM-

SOL model using ForceDisplacementPlotComsolInterface to find the theoretical force-

displacement curves for each mechanism.
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import com.comsol.model . *
import com.comsol.model _util.*

addpath("C:\Users\jbr024\Google Drive\l. ¥
Scoliosis\Cases\Montreal_withPressure\FEA\relatedFunctions")
addpath("C:\Users\jbr024\Google Drive\l. Scoliosis\Cases\Montreal_withPressure\FEA")

% Restart program

close all

clearvars -except model comsolpwd % clear all
clc

%% input the COMSOL model into the program
model = mphload("Brace_Design4_CrossPivot_forViconCompare®);

studyName = “ForceY_Good";
fileName = studyName; %regexprep(studyName,” *,"");
savename = “forceY_good2_data.mat”;

%% adjust mechanisms

%varyMech( model, position, side,

% yB, yF, zB, zT, beamThick, planeThick,angle)
varyMech_mm(model, " low2","L", 200, 127.9762, 30, 45, 1.2, 4,8);
varyMech_mm(model, "low2","R", 200, 127.9762, 30, 45, 1.2, 4,8);

% widthT, widthB, zB, zT, beamThick, planeThick,mechAngle)
varyMech_mm( model, "mid®,"F", 32, 160, 43, 60, .78, 12,0);
varyMech_mm( model, "mid","B", 62, 140, 28, 60, .78, 12,0);

model .geom("geoml”).feature("cadl”).updateCadParamTable(false, false);
model .geom(“geoml™).feature(“cadl”).importData;

model _.geom(“geom1l™).run;

%

%
%%%% FIX THESE %%%%
% [ complete, CSLL, CSLR ] = resetBeamOrientation3(model,29,5); % cartwheel 13,1);

% %leftFront,rightFront, leftBack, rightBack)
% resetBeamOrientation2(model,19,14, 23,12)
96%%%%%%%%%%%%%%%%%%

%% study with Vicon force input

%%9%
load("translation_y 2 lower_good.mat"); range = [1586,1779];

model .param.set("ForcexX”, "O[N]"); %strcat(num2str(force), [N]"));
model _param.set("ForceY", “O[N]");

model .param.set("Forcez", "O[N]");

model .param.set("MomentxX", “O[N*m]");
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model .param.set("MomentY", “O[N*m]");
model .param.set("MomentZ", “O[N*m]");

tic
count = 0O;
forRange = range(1):round((range(2)-range(1))/15,0):range(2);
for 1 = forRange(2:end)
count = count + 1

model .param.set("Forcex”, strcat(num2str(-forceAdj(i,1)), [N]"));
model .param.set("ForceY", strcat(num2str(-forceAdj(i,2)), [N]"));
model .param.set("Forcez", strcat(num2str(-forceAdj(i,3)), " [N]"));

model .param.set(“MomentX", strcat(num2str(-momentAdj(i,1)), "[N*m]"));

model .param.set("MomentY", strcat(num2str(-momentAdj(i,2)), "[N*m]"));

model .param.set("MomentZ", strcat(num2str(-momentAdj(i,3)), "[N*m]"));
%

model .sol ("sol1").runAll;

model .result("pgl™).run;
%

DispRot_Fi(count,:) = [model.result.numerical("pevl™).getReal(),model.result.
numerical ("pev2™).getReal () ,model .result.numerical ("pev3”).getReal(), ...

model .result.numerical ("pev4").getReal (), model.result.numerical(“pev5").¢

getReal () ,model .result.numerical("pev6™).getReal Q]

Indexesl(count) = i;
end

%9%%%

save(strcat("DispRotwForceMomentY InputAl_data_normalMesh_smallerThickness. ¥
mat"), "DispRot_F1","Indexesl™)

%

clearvars -except model comsolpwd DispRot_F1 Indexesl

%%
load("forcexl _okay.mat"); range = [711,951];

model .param.set("Forcex®, "0O[N]"); %strcat(num2str(force), "[N1"));
model .param.set("ForceY", "O[N]");

model .param.set("ForcezZ", "O[N]");

model .param.set("MomentxX", “O[N*m]");

model .param.set("MomentY", “O[N*m]");

model .param.set(“MomentZ®, “O[N*m]");

% normsO = sqrt(sum(force.”2, 2));

% normsAdj = sqrt(sum(forceAdj.-"2, 2));

% indexMaxForce = find(normsAdj==max(normsAdj),1);
% forceAdj (indexMaxForce,:);

% thetasetl(indexMaxForce)*180/pi;

count = 0;
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forRange = range(1):round((range(2)-range(1))/20,0):range(2);
for 1 = forRange(l:end) % minus 16 17
count = count + 1

model .param.set("Forcex”, strcat(num2str(-forceAdj(i,1)), " [N]"));
model .param.set("ForceY", strcat(num2str(-forceAdj(i,2)),"[N]"));
model .param.set("ForcezZ", strcat(num2str(-forceAdj(i,3)), " [N]"));
model .param.set(“MomentX", strcat(num2str(-momentAdj(i,1)),  "[N*m]"));
model .param.set("MomentY", strcat(num2str(-momentAdj(i,2)), "[N*m]"));
model .param.set("MomentZ®, strcat(num2str(-momentAdj(i,3)), "[N*m]"));

model .sol ("sol1").runAll;
model .result("pgl™).run;

DispRot_F2(count,:) = [model.result.numerical(“pevl®).getReal(),model _result.
numerical ("pev2”).getReal () ,model.result.numerical ("pev3").getReal(), ...
model .result.numerical ("pev4").getReal (), model.result.numerical("pev5").¢
getReal () ,model.result.numerical ("pev6™).getReal Q]
Indexes2(count) = i;
end

save(strcat("DispRotwForceMomentXInputA_data.mat"), "DispRot_F2", " Indexes2%)

%%%%
load("rotY_good.mat"); range = [1485,1615];

model .param.set("ForcexX”, “O[N]"); %strcat(num2str(force), [N]"));
model .param.set("“ForceY", “O[N]");

model .param.set("Forcez", "O[N]");

model .param.set("MomentX", “O[N*m]");

model .param.set("MomentY", “O[N*m]");

model .param.set("MomentZ®, “O[N*m]");

% normsO = sqgrt(sum(force.”2, 2));

% normsAdj = sqrt(sum(forceAdj.-"2, 2));

% indexMaxForce = find(normsAdj==max(normsAdj),1);
% fForceAdj (indexMaxForce,:);

% thetasetl(indexMaxForce)*180/pi;

count = O;
forRange = range(1):round((range(2)-range(1))/15,0):range(2);
for 1 = forRange(l:end) %

count = count + 1

model .param.set("ForceX”, strcat(num2str(-forceAdj(i,1))," "[N]"));
model .param.set("ForceY", strcat(num2str(-forceAdj(i,2)), "[N]"));
model .param.set("Forcez", strcat(num2str(-forceAdj(i,3)), " [N]"));
model .param.set(“MomentX", strcat(num2str(-momentAdj(i,1)), "[N*m]"));
model .param.set(“MomentY", strcat(num2str(-momentAdj(i,2)), "[N*m]"));
model .param.set("MomentZ", strcat(num2str(-momentAdj(i,3)), "[N*m]"));
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model _sol ("sol1").runAll;
model .result("pgl™).run;

DispRot_F2(count,:) = [model.result_numerical ("pevli®)._getReal(),model . result. ¥
numerical ("pev2”).getReal () ,model .result_numerical("pev3”)._getReal(), --.
model . result.numerical ("pev4™).getReal (), model.result.numerical("pev5”).¢
getReal () ,model .result._numerical ("pev6").getReal Q]
Indexes2(count) = i;
end

save(strcat("DispRotwMomentYInputA_data.mat®), "DispRot_F2*, "Indexes2®, "forRange®)

toc
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