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Abstract

This master thesis describes the development of a routine in MATLAB which reads in marker
information from an arbitrary C3D-dataset and creates a multibody model of the lower body
section. Parameters and joint motions are applied to an adequate SIMPACK model which can
be used to perform Inverse Dynamic Analysis, e.g. to calculate resulting joint reaction forces.
The focus is on Gait Analysis.

The model consists of the rigid segments Pelvis, Thigh right and left, Shank right and left and
Foot right and left which are connected via joints at the Hip, Knee and Ankle Joint Centers. The
routine aims to achieve a synchronization of the motion of the SIMPACK model and the
unprocessed marker positions of the C3D-dataset. For each segment, a body-fixed coordinate
system is determined to calculate the segment geometries and the relative angular positions
between the single frames of reference. Various methods are applied to estimate the joint
positions.

The MATLAB routine and the transfer of its results to the SIMPACK model are described, as
well as the structure of the SIMPACK model itself. The handling is demonstrated by applying
the routine on C3D file samples and a dataset originating from a patients’ gait trial.

Marker displacements on the subjects’ skin are the main sources for inaccuracies. Other
sources are erroneous estimation of the joint centers and the limited resolution of the used
recording system.
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Kurzfassung

Die Diplomarbeit , Aufbereitung von C3D-Datensdtzen fiir die invers dynamische Analyse von
Gangdaten in SIMPACK“ beschaftigt sich mit der Implementierung eines MATLAB-Programms,
das die enthaltene Marker-Information eines beliebigen C3D-Datensatzes einlesen kann.
Basierend auf dieser Information wird ein Mehrkérpermodell der unteren Korperhalfte
errechnet. Die Parameter und Gelenksbewegungen dieses Modells werden anschlieRend auf
ein adaquates SIMPACK Modell Gibertragen. Dieses kann dann zur invers dynamischen Analyse
verwendet werden, etwa um Gelenkskrafte zu berechnen. Das Hauptaugenmerk liegt dabei
auf der Untersuchung von Gangdaten.

Das errechnete Modell besteht aus den starren Segmenten Pelvis, Thigh right und left
(Oberschenkeln), Shank right und left (Unterschenkel) und Foot right und left (FliiRe) welche
an den berechneten Positionen fiir Hip Joint Center (Hlfte), Knee Joint Center (Knie) und Ankle
Joint Center (Knochel) gelenkig miteinander verbunden sind. Ziel ist es, eine moglichst
synchrone Bewegung des SIMPACK Modelles im Vergleich zu den Marker-Positionen des
verwendeten C3D-Datensatzes zu erreichen. Zu diesem Zweck wird jedem Segment ein
korperfestes Koordinatensystem zugewiesen, um die Geometrien der einzelnen Segmente
sowie die relativen Winkellagen zwischen den einzelnen Bezugssystemen bestimmen zu
konnen. Weiters werden unterschiedliche Methoden angewandt um die als konstant
angenommenen Positionen der Gelenkspunkte abzuschatzen.

Die einzelnen Berechnungen und die Ubertragung der errechneten GréRen auf das SIMPACK
Modell, samt dessen Beschreibung, werden erlautert. Die Handhabung wird exemplarisch
anhand von C3D-Samplefiles und einer Datei demonstriert, welche aus einer
Patientenaufzeichnung stammt.

Ungenauigkeiten des Modellierungsprozesses resultieren hauptsachlich aus Marker-
verschiebungen auf der Haut des Probanden. Die fehlerbehaftete Berechnung der
Gelenkspunkte beziehungsweise die begrenzte Auflésung des fiir die Aufzeichnung
verwendeten Kamera- und Auswertungssystems stellen weitere Fehlerquellen dar.
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1. Introduction

The systematic examination of the way a person walks is called Gait Analysis. This practice
may be applied for research or clinical purposes. Thereby, the physiological walking process is
considered from a mechanical point of view (M.W. Whittle, 1993).

Usually active or passive markers are used by a motion capture system to track the
movements of a subject in a gait laboratory. The specific placements of the single markers are
described in a marker set. By following these specifications, the single motions of body
segments can be calculated (David Ewins, Tom Collins, 2014).

A routine is implemented in MATLAB, to create a multibody model based on an arbitrary C3D-
dataset. MATLAB (MAtrix LABoratory) is a multi-paradigm numerical computing environment
and proprietary programming language (v.R2016b, 64bit; MathWorks Inc., Natick, MA, USA).
The routine is able to read in marker positions from the selected dataset. It calculates all
required parameters for building up the model. It also calculates the relative movements
between the body segments for all frame numbers of a selectable time period. This model is
transferred to SIMPACK to enable Inverse Dynamic Analysis. SIMPACK is a general purpose
Multibody Simulation (MBS) software used for the dynamic analysis of any mechanical or
mechatronic system. It enables engineers to generate and solve virtual 3D models in order to
predict and visualize motion, coupling forces and stresses (v.2017-build53, 64bit; Dassault
Systemes Simulia Corp., Johnston, RI, USA).

The main focus is on Human Gait Analysis. For that reason, the modeling process is restricted
to the lower extremities of the human body including Pelvis, Thigh right and left, Shank right
and left and Foot right and left. According to that schema, the used C3D-dataset must contain
specific markers delivering spatial information for these body segments. To enable a wide
applicability, the calculation is based on the standard Helen Hayes marker set (Kadaba, 1990)
which is rather minimalistic concerning the number of the used markers. All further markers
are ignored in the calculation.

The marker information of a C3D-dataset recorded during a gait trial is transported to a
multibody simulation software - here SIMPACK, (Figure 1). In a C3D-dataset, each marker
position is represented by three components - one corresponding value for each coordinate
axis of the underlying frame of reference. The subject - or the region of interest - is
represented by numerous markers which are generally independent of each other. Thus, there
is no explicit relation between the markers. So, there is no underlying mechanical model which
could be referenced to. Even if most C3D-datasets contain additional information - e.g. analog
data of force plates which detect ground reaction forces - it is not possible to simply read out
joint reaction forces by investigating the dataset. This is where Invers Dynamic Analysis must
be applied, which requires the presence of a mechanical model. The creation of a mechanical
model where joint reactions may be derived by analyzing the prescribed movements is the
main purpose of this thesis.
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Figure 1: Visualization of the SIMPACK model using bone geometries for the segments

Possible applications are the calculation of:

Joint reaction forces during human gait;
Reaction forces within endoprostheses (e.g. hip or knee implants);
Reaction forces within exoprostheses (e.g. lower limb prosthesis);

Required damping parameters for exoprostheses for a prescribed movement.
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2. The C3D file format

The C3D file format is the de facto standard file format for storing Gait Analysis data. It was
developed in the 1980s with the goal to store 3D coordinate data, analog data and
corresponding parameters which describe the data of a trial all together in one single file. The
motivation for creating this file format was the need to store diverse biomechanical data in a
user-orientated and efficient way, mainly to avoid the usage of separated storage locations of
associated data (Motion Lab Systems Inc., 2008).

Motion Labs Systems, Inc. provides a comprehensive website for the C3D file format. The
following passage is directly adopted from this website.

The 3D Biomechanics Data Standard

This web site provides definitive information about the C3D file format for programmers,
manufacturers and end-users. The C3D format is a public domain, binary file format that has
been used in Biomechanics, Animation and Gait Analysis laboratories to record synchronized
3D and analog data since the mid 1980's. It is supported by all 3D major Motion Capture
System manufacturers, as well as other companies in the Biomechanics, Motion Capture and
Animation Industries (Motion Lab Systems Inc., 2018).

For creating the described MATLAB routine many resources of this website were used.

General information

Under “Documentation”, amongst others, the file “C3D User Manual - PDF” is available. This
file contains detailed descriptions of the C3D file format.

Applications

To convert the contained marker positions of a C3D file into the MATLAB Workspace, a
MATLAB toolbox found in the section “Applications” was used (5.1.1). Further a very useful
software, MOKKA — MOtion Kinematic & Kinetic Analyzer, can be downloaded here. This
application is used in the following to investigate a C3D-dataset before starting the MATLAB
program.

Sample files

Equally important is the supply of sample C3D data files. Those files can be found under the
section “Sample C3D files” on this website and were used to develop and test the created
MATLAB routine and the SIMPACK model.

Using C3D-Datasets for Inverse Dynamic Analysis in
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3. From marker data
parameters and joint angles

3.1. Classification of the C3D-dataset

3.1.1. Required markers

geometrical

For clinical use, the standard application of the single markers (marker set) is represented by
some variations of the Helen Hayes (HH) set (Kadaba, 1990). To ensure a wide field of
application of the MATLAB routine, all calculations are based on information (marker

positions) of this standard marker set (Figure 2).

| |

| IG;J @

@ MVARKER
@ JOINT CENTER
— PRINCIPAL AXIS

Figure 2: Helen Hayes marker set (Kadaba, 1990)
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Table 1 shows the relevant markers for the calculation described in the following sections.
Opening a C3D file with MOKKA is an adequate possibility to check which markers are available
within the dataset.

Marker acronym | Marker description Segment
SACR Sacral wand marker Pelvis

LPs saperior hmespine) |7
ey e
ey |pe
RTHI Right thigh Femur right
RKNE Right knee Femur right
LTHI Left thigh Femur left
LKNE Left knee Femur left
RTIB Right tibial wand marker |Shank right
RANK Right ankle Shank right
LTIB Left tibial wand marker | Shank left
LANK Left ankle Shank left
RTOE Right toe Foot right
LTOE Left toe Foot left

Table 1: Relevant markers for the modeling process. The routine requires all markers with the following exception: Either the
SACR or both the RPSI and LPSI markers have to be available. If all three are included, the routine uses only the SACR marker.

The global point of origin of the calculation is the SACR marker. Therefore, the coordinates of
the SACR marker are directly adopted to the calculation and represent the pelvic position. For
reasons of symmetry, it is convenient to use this marker because it is the only marker which
is located in a medial position.

Since some datasets do contain RPSI and LPSI markers instead of a SACR marker, the MATLAB
routine is able to recognize this instance and to calculate an artificial SACR marker based on
the positions of RPSI and LPSI markers automatically — no manual input is required. In this case
the coordinates of the SACR marker are determined as the center point between the
coordinates of RPSI and LPSI markers. This calculation is performed for all frame numbers t of
the calculation period, which will be described in the following section.

SACR;; = - (RPSl;z + LPSI;c), i=xy,z (1)

Using C3D-Datasets for Inverse Dynamic Analysis in
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3.1.2. Restriction of the calculation period

In most cases all markers of a C3D file are tracked by a camera-based recording system. If a
marker remains outside the track limits or is covered (e.g. by the subject’s arm or hand) the
system cannot capture the marker. In this case the C3D file does not contain spatial
information for this marker. If such an incompletely tracked marker is loaded into MATLAB by
using the provided MATLAB toolbox, the corresponding entries for the coordinate positions
are set to “NaN” — Not a Number for all three coordinates. The occurrence of variable entries
containing NaN handicaps following calculations and concentrates typically at the beginning
or ending of the recording time.

To avoid problems during the calculation, the calculation period can be restricted by assigning
convenient values for a starting frame number f;,+ and an ending frame number f,,4 at the
Input Request. Due to further considerations - not only for continuity - this restriction is
applied manually. The handling of the Input Request is described in detail in section 5.2.1. A
specific frame number is represented by the Greek letter t. The total frame number of a
calculation trial is determined by:

1 <1 <fiotal = fena — fstarc + 1 (2)

3.1.3. Representative frame number

To assemble the multibody model the MATLAB routine calculates different parameters such
as lengths, positions, angles. These calculations may either be based on mean values over the
whole calculation period. Alternatively, they also may be performed at one specific frame
number - the representative frame number f.., - which is set by the user. The determination
of an appropriate frame number and its setting as representative is also explained in detail in
section 5.2.1.

3.1.4. Recording frequency

The marker positions are recorded via camera system with a specific frequency (frames per
second FPS). The value of this recording frequency must be assigned manually to the MATLAB
routine at the Input Request. It can be readout in MOKKA or any equivalent software. For
further information see section 5.2.1.

A C3D file does always contain one sample rate for POINT data and a second one for ANALOG
data. For reasons of synchronization, those frequencies must be either equal or one must be
an exact multiple of the other (Motion Lab Systems, 2008). The calculation processes
information of the POINT data, which contains the marker information.

3.2. Loading of the marker positions into MATLAB

To load the marker positions contained in a C3D file into MATLAB, the provided MATLAB
toolbox on the C3D website is used which needs to be downloaded and installed prior first
usage. This procedure is described in detail in section 5.1.1.

Using C3D-Datasets for Inverse Dynamic Analysis in
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When a C3D file is opened in MATLAB, the marker positions are loaded into the MATLAB
Workspace as a 1x1 struct with n fields, where n is the number of contained markers plus a
1x2 char ‘unit’ containing the unit for the marker values record - typically millimeter (“mm”
Accordingly, every marker is loaded as a field within the struct and can be converted into a
variable. For the calculation, only markers of interest are converted into variables at the
Workspace, restricted to the selected calculation period. Each marker is represented now as
an X 3 single where n is the total number of frames after the restriction.

3.3. Creation of body-fixed coordinate systems

To determine the angular positions between the segments of the multibody model a body-
fixed coordinate system is applied to each of the segments.

3.3.1. Pelvic coordinate system

Figure 3: Pelvic coordinate system
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The positions of the markers SACR (or alternatively RPSI and LPSI), RASI and LASI define the
pelvic coordinate system. To calculate its basis unit vectors Ei_p an artificial MASI marker is
introduced. MASI stands for the medial (center) position between RASI and LASI (Figure 3).

MASl;; = - (RASI;z + LASL;;), i =xy,z

(3)

The provisional unit vector in x-direction Ex_p* is defined as vector form SACR to MASI divided

by its length (6). Two vectors u and V are used to calculate Ez_p* where U is the vector from
SACR to RASI (4) and V the vector from SACR to LASI (5). The cross product u X v divided by its
length delivers €, ," (7). The unit vector €, ,," is calculated as cross product €, ,” X &, (8).

u;r = RASI;  —SACR;,, i=%xyYy,z
Vit = LASI; ; — SACR; ., I =XY,2Z

5 *_ MASIL—SACR,
XPT "~ |MASI,~SACR.|

E * ﬁTXVT

zpt [Ur XV
- X = * — *
ey_p,‘l.' - eZ_p,T X eX_p,T

/))p n

Figure 4: Back-rotation of pelvic coordinate system

(4)
(5)

(6)
(7)
(8)
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. — *
Back-rotation around ey ,

To achieve an initial orientation of the pelvic coordinate system identical to the anatomical
orientation, the unit basis vectors Ei_p* are rotated about an angle B, , about the current
Ey_px* vector. This rotation axis is chosen due to the calculation method for the provisional
pelvic coordinate system, where the Ey_p,r* vector is supposed to be orientated according to

the anatomical transverse axis already. The rotation is crucial for the estimation of the hip
joint centers (3.5) where the anatomical orientations distal, medial and posterior are used.

In general, the rotation of a vector Vv is achieved by multiplying this vector with a rotation
matrix R (9).
VI‘Ot == R - V (9)

To rotate a vector about a given unit vector U (where u,? + uy2 + u,? = 1) by an angle of 6,
the configuration of R appears as:

cos 0 + u,2(1 — cos ) uguy (1 — cos®) +u,sin® uyu,(1—cos6) +u,sin6
R = [uyu,(1 — cos8) +u,sin6 cos 6 + u,*(1 — cos 6) uyu,(1 —cos6) +uy,sinB| (10)

u,u, (1 —cos0) +u,sin® uu,(1—cosB) +uy, sin®  cos6+ u,’(1 - cos )

Now the three basis unit vectors Ei_p are calculated as follows (Figure 4).

*

EL'_p,‘t =R- EL'_p,r (11)

where 6 =0 and u;=ey; (12)

pn

Calculation of B, ,, by using a representative frame number f.,

If a representative frame number is set, 1; , and B, ,, are calculated at this specific frame
number (13) (14) under the assumption that the anatomical x-axis (frontal axis) of the pelvis
is parallel to the x,-yo-plane. The angle B, , depends on the difference in z-direction between
SACR and MASI markers related to their total distance via arcsine function (Figure 4).

l, p = [MASI;,,, —SACR,, (13)
. [SACRyf,. ~MASI, ¢ _
Bpn = —asin ( 11)1 - p) (14)

Calculation of B, ,, by using mean values

The same calculation may also be performed by using mean values instead of a representative
frame number. In this case 1; ,, and B, ,, are calculated for all frame numbers T, not only for
one specific (15) (16). The angle B, ,, is now calculated as mean value over all Bp_m* (27).

l; pr = [MASI; — SACR,| (15)
Bp _ * = _asin (SACRZ,I—MASIZI> (16)
- lipr
1 frota *
Bp_n = mzrtztll Bp_n,r (17)
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3.3.2. Femoral coordinate systems

The femur-fixed coordinate systems for the thighs on both sides are based on the positions of
the corresponding thigh markers RTHI / LTHI, knee markers RKNE / LKNE and the hip joint
centers RHIC / LHIC. The determination of the hip joint center locations will be discussed in
section 3.5. Their positions are either calculated by the MATLAB routine itself or - if existing -
they may be adopted from the C3D file.

it

€z f right
RHJC

RTHI

RKNE

Figure 5: Femoral coordinate system right

For the calculation of the femoral basis unit vectors €; ¢ on both sides (Figure 5) (Figure 6)
another two vectors U and v are determined (18) (19) (23) (24). These vectors indicate from
hip joint center to thigh marker and from hip joint center to knee marker respectively. The
basis unit vector in x-direction €, ¢ results as cross product u X v divided by its length (20) (25).
In z-direction, €, ¢ results as the normalized and reversed vector from hip joint center to knee
marker u or v, depending on the side (21) (26). The cross product €, ¢ X €, ¢ delivers the basis
unit vector in y-direction ey ¢ (22) (27).
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Femoral coordinate system right

u; . = RTHI; ; — RHJC; 4, I =XY,2 (18)
vir = RKNE; : —RHJC;;, i=xy,z (19)
€ f rightt = % (20)
€, f rightt = % (21)
€y f rightt = €7 f rightt X €x f rightt (22)

Femoral coordinate system left

u; = LKNE; ; — LHJC; , i =XY,2 (23)
v;r = LTHI; 1 — LH]C; o, i =XY,2 (24)
- U XV

€x f leftt — [T XV, | (25)
N —U,

€z flefer = 15 (26)
€y fleftr = €7 fleftr X €x fleftr (27)

€z f left

LHJC

€x £ left

LKNE

Figure 6: Femoral coordinate system left
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In an earlier concept the greater trochanter markers RGTR / LGTR were used instead of the
RHJC / LHIC markers. This idea was abandoned mainly for two reasons: First, the markers for
knee, thigh and greater trochanter are positioned almost on a line, so it is very difficult and
inaccurate to derive orientational information of the femur, especially for the rotation about
the longitudinal axis of the shaft. Furthermore, because of practical reasons, since some C3D
datasets do not contain greater trochanter markers RGTR / LGTR. The developed MATLAB
routine is completely independent of eventually existing greater trochanter markers.

3.3.3. Tibial coordinate systems

The body-fixed tibial coordinate systems on both sides are based on the positions of the ankle
markers RANK / LANK, the toe markers RTOE / LTOE and the calculated positions of the knee
joint centers RKJC / LKIC (Figure 7). The determination of the joint centers for right and left
knee is discussed in section 3.6. Like for the hip joint centers, the knee joint centers may be
calculated by the MATLAB routine or - if existing - they may be adopted from the C3D file.

R/LKJC ?(

- R/LTOE

€x_0
Figure 7: Tibial coordinate system right and left

For the calculation of the local basis unit vectors €; ; on both sides another two vectors u and
v are determined. On both sides, u corresponds to the vector from ankle marker to knee joint
center, v to the vector from ankle to toe marker (28) (29) (33) (34). The vector u divided by its
length equals the local z-axis €,  (30) (35). The orientation of the local y-axis Ey_t results in the
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cross product U X v. Normalizing delivers the Ey_t vector (31) (36). So, the position of the toe
marker - which is no actual part of the tibial body segment - is not directly linked to the tibial
coordinate system but is used to span a plane whose normal unit vector defines Ey_t. This
vector Ey_t is supposed to correspond to the anatomical transverse axis. The basis unit vector
in x-direction ey  is calculated as cross product ey ¢ X e .

Tibial coordinate system right

u; = RKJC;: —RANK;,, i=xy,z (28)
vir = RTOE;; —RANK;;, i=x,y,z (29)
€, Lrighte = 55 (30)
Ey_t_right,r = % (31)
€ t rightt = €y t rightt X €z t rightr (32)

Tibial coordinate system left

u;r = LKJC;; —LANK;,, i=xy,z (33)
vir = LTOE;; —LANK;,, i=xYy,z (34)
€, tleftt = % (35)
€y tleftr = % (36)
€ tleftr = €y tleftr X €yt leftr (37)

The consideration of the toe markers - even if they do not belong to the tibial segment - allows
a reliable estimation for the tibial orientations especially regarding the rotation about the local
z-axis €, (. Of course, the ankle joint enables rotations in multiple directions, but during
physiological gait, the rotation between shank and foot concentrates in a dorsalextension and
plantarflexion which is aimed to be represented by a rotation around the local y-axis Ey_t. So,
for gait analysis - that is what this modeling process is designed for - this estimation is
promising. In contrast, using e.g. the ankle, tibial and knee markers - three markers which are
aligned strongly with the longitudinal axis of the tibia - leads to an increased inaccuracy of the
orientation, especially around this axis.

3.4. Calculation of angular positions

Up to this section all calculated vectors are described in the underlying inertial frame of
reference (from now on basis frame of reference) which is used to describe the marker
positions. For that reason, an additional index “0” is added marked off by the icon “|”
ii == §i|0'

However, to calculate the angular positions between different local coordinate systems it is
required to transform vectors from one local frame of reference to another.
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3.4.1. Angular position between two frames of reference

Basics: Vector transformation

To transform a vector 5|0 = [ay|o; @y|o; Az0] described in the basis frame of reference to a
different frame of reference (e.g. frame of reference “1”) the vector is multiplied with the
three by three transformation matrix M:

The transformation matrix M results as assembly of three independent rotations, each related
to one out of three coordinate axes, and is dependent on the rotation sequence. Consistent
with the joint type “6-DOF:” with the rotation sequence set at “al-be-ga” in SIMPACK the
rotation sequence x, y’, 2’ is used by the MATLAB routine to calculate M.

cosy siny 0] [cosf 0 —sinf1 [1 0 0
M= [—smy cosy O] [ 0 ] y [0 cosa  sin a] =
0 sin 8 0 cosf3 —sina cosa
rot(z) rot(y) rot(x)

—cosPBsiny cosacosy—sinasinfsiny sinacosy+ cosasinfsiny

cosfcosy cosasiny+sinasinffcosy sinasiny— cosasinfcosy
[ ] 39)
sin 3 —sinacos 3 cos a cos 3

As already mentioned, the transformation matrix is dependent on the rotation sequence. E.g.
the transformation matrix for rotation sequence x, y’, z”’ differs from the resulting matrix for
sequence z, y’, X"’ (40) if the same angles a, 3 and y are applied. The spread between the
results for equal angles and different rotation sequences increases with increasing angles. So,
the difference is negligible for small angles only. This postulation will not hold for many
calculated angles during Gait Analysis. Therefore, it is important, that the MATLAB routine as
well as the SIMPACK model uses equal rotation sequences for calculations, otherwise the
results will not match.

M, vz = Mrot(z) ) Mrot(y) ’ Mrot(x) s Mrot(x) ’ Mrot(y) ’ Mrot(z) = Mz,y’,x” (40)
Derivation of angular information out of the transformation matrix

Usually the transformation matrix M is used to transform a vector from one frame of reference
to another by using known angular positions. But for this application, not only the initial state
before but also the final state after the transformation is already known. Also known is the
structure of the required transformation matrix. The task is to derive the for now unknown
angular positions between two local frames of reference.

o . n

To give an illustrative example; let the basis unit vectors of the local frame of reference “n
described in the basis frame of reference €; ,, = Ei_n|0 be known. These vectors described in
their own frame of reference of course delivers:

1 0 0
€xnn = H' €y nin = H €snin = H. n=0,12,.. (41)
0 0 1

The parameters of interest are the corresponding rotation angles - alpha o around x-axis, beta
B around y-axis and gamma y around z-axis - for the chosen rotation sequence x, y’, z”’ which
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are required to transform the basis vectors €; , into the basis vectors €; ,,. To calculate those
unknown angles, these three equations apply:

€ixnjn = €ixnjo COSPBcosy + ei,y_nw(cos asiny + sinasin fcosy) +

€z njo(Sinasiny — cos asin  cosy) (42)

€iynjn = —€ixn|o COSPSINY + e;y njo(cosacosy — sinasinPsiny) +
€z njo(Sinacosy + cosasin Bsiny) (43)
€iznn = €ixnjoSINP — €y njosSinacosP + e;, nocosacosP (44)

Calculation of alpha

Equation (44) provides a simple correlation between basis vectors and angular positions. This
information is used to transform the z-components of the three basis vectors €;,. The
derivation of the angular information is based on the resulting three equations. After
rearranging these three equations into matrix notation the resultant vector r, can be
calculated.

sin 8 €xxnjo  €xynjo €xznlo] [0
—sina-cosB| = [€yxno €yynio €yznlo 10 (45)
cosa - cos 3 1

Iz

ez,x_n|0 ez,y_n|0 ez,z_n|0

The resultant vector T, in equation (45) is now used to calculate the provisional angle o* by
applying the arctangent function.

I —sina-cos
a* = atan (— ﬂ) = atan (— Zsinacos B

Iz,z

) = atan(tan a) (46)

cosa-cosf

Since the tangent function is periodic, the arctangent function is restricted to its principal
branch in the range t of —mt/2 and 1t/2.

—I<t<l (47)
2 2

Adjustment for angles greater /2

Because of this periodicity a further adaptation of the calculated angle is required. The
provisional angles o - in the following also * and y* - are calculated for all frame numbers t
of the calculation period. If the actual value of a general angle ¢ exceeds /2 in positive, or
—1t/2 in negative direction, the corresponding arctangent function of tan¢ becomes
discontinuous. The shape of the function changes in a way, that all actual values outside the
limit are shifted with —t for angles greater t/2 or m for angles smaller than —mt/2 (Figure 8).
This shift is easy to detect by an if-loop: If the absolute difference between to neighboring
values a;;1 and a; - where T represents a specific frame number - exceeds an adjusted
threshold (here +0.8 is used in the MATLAB routine) than a value of +1 is to be added,
depending on the sign (49). The application of this loop enables the calculation of angles in
the full range of —m and m. To ensure reliable calculation results, it is important, that the
calculation period starts at a frame number, where no angle of interest exceeds a value of /2
in positive or negative direction!
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Pr=1 = Qr=1" (48)
(P‘r+1* -m for (p‘r+1* - (p‘r* = +0.8m

P41 = (pr+1* +m for (pr+1* - (PT* < —0.8m (49)
Q41 for —08M< Q1" — @ <081
2 T T T T T
15t —phiactual
g — — atan(tan(phi))
+ml2
1 44444444 -1 ’l 2
11 | . sesuss
\ ‘ -
=)
S of \ |
i . |
205 | .'
© \ J
\ | .
\ II
i \ |
nll‘ ,‘
A5 ,'
l"
2t
-2.5 : ! 1 .
0 100 200 300 400 500 600

frame number 7 [1]

Figure 8: Characteristics of the arctangent function

The described discontinuity of the arctangent function for angles greater than /2 is the
reason why the calculation of the angles is based on the tangent function. A closer look at r, «
(45) would invite to calculate B* directly by applying the arcsine function. However, like the
arctangent function, the arcsine function is also defined for the same range of —mt/2 and /2
but this fact does not lead to a discontinuity but to an inflection: Values exceeding the m/2-
limit are reflected inside the domain of definition (Figure 9). Since the calculation is based on
discrete marker positions and not on continuous functions it is - in contrast to the gap of the
arctangent function - very difficult to find an appropriate algorithm to detect an inflection. So,
for practical reasons the usage of the tangent function is preferred to cover a wider range of
detectable motions (see example in section 5.2.3), even if the calculated angles for Gait
Analysis typically remain noticeable smaller than 1t/2 which corresponds to 90°. For the sake
of completeness, using the arccosine function would lead to a loss of directional information
because of its domain of definition in the range of zero to ™ which leads to positive values
independently of the actual sign (Figure 9).
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Figure 9: Characteristics of arcsine and arccosine function

Calculation of beta

Based on the resultant vector I, (45) in addition to the usage of the already calculated value
for a, the angle " is also calculated via arctangent function:

B* = atan (_ w) = atan (— M) = atan(tan B) (50)

Izy —sina-cosf3

Again, to enable the calculation of angles greater /2 the same adjustment described above
is also applied here (48) (49).

Calculation of gamma

Until here only the z-components of the three basis vectors ELZ were used to determine the
angles a and B. To calculate the remaining angle y also the x- and y-components of €; (42) (43)
are transformed.

In analogy to the calculation of 1, (45), describing those two systems of equation in matrix
notation allows the calculation of the corresponding resultant vectors 1, and Fy (51) (52).

cosfcosy exxnlo €xynjo ©€xzno] ' [1
cosasiny + sinasinfcosy| = [€yxnjo €yynio €yznjo| -[0| (51)

sinasiny — cosasinf3cosy €zxnlo €zynjo €zzno 0

Ty
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—cosBsiny exxnlo  €xynlo ©€xznjo] 1 [0
cosacosy —sinasinfsiny| = [€yxnjo €yynjo €yznjo| -[1| (52)

sinacosy + cosasinfsiny €zxnlo €zynjo €zznlo 0

F}”
The calculation of the provisional angle y* is based on the resultant vectors by applying the
tangent function:

y* = atan (— ;y—x) = atan (— Lﬁsmy) = atan(tany) (53)

XX cosfcosy
For those calculated values y*, the adaptation described in equations (48) (49) is also applied.

This calculation schema for angular positions between two local frames of reference is used
by the MATLAB routine for the calculation of all required angular positions. The calculation is
performed for all frame numbers t of the calculation period and for all body segments except
Foot right and left, which is explained in detail in the following sections.

3.4.2. Calculation of pelvic angular positions
The resultant vectors Fi_p of the pelvic angular positions are calculated according to the
equations (45) (51) (52) and by using the pelvic basis unit vectors Ei_p (11).

After calculating the resultant vectors T; , for all frame numbers T, the calculation of the pelvic
angles is performed by applying the correlating equations for ay, B, and y, (46) (50) (53)
followed by the developed adaptation for angles greater /2 (48) (49).

Calculation of ¢,

Wlth (Pp,1=1 = (Pp,1=1* (54)
r
o, . = atan —M) 55
pT ( S (55)
Opre1” — T for Opr1 — Opr = +0.8T
Up,t+1 = O‘p.r+1* +m for o(p,‘|:+1* - O(p,'r* <—-0.8m (56)
Opr41 for — 08 < apr4q" —ap < 0.8
Bp: = atan (— expr P Ter ap'r) (57)
’ Izy prt
Bp,‘t+1* -T for Bp,r+1* - Bp,‘t* = +0.8m
Bp,‘r+1 = Bp,‘t+1* +m for Bp,‘t+1* - Bp,‘r* < —-0.8m (58)
Bpri1 for  —08T<Bpri1 —PBpr < 0.8T
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Yp,T* = atan (— M) -

I'x,x p
Ypr+1 — T for Ypre1® = Ypi© = +0.8T
Yp+1 = Ypo+1 T for Ypr+1 ~VYpi < —08m (60)
Yp+1 for = 08T <ypr*—Vp: < 08w

The calculated angular positions are saved in the MATLAB Workspace and are later used to
create the required Input Functions to transport the information from MATLAB to SIMPACK.
This procedure is described in section 4.3.

3.4.3. Calculation of femoral angular positions

Before the corresponding angles between the femoral systems and the pelvic system can be
calculated it is required to transform the femoral basis vectors €; ¢ of both sides - until now
described in the basis frame of reference Ei_ﬂo - into the pelvic system, leading to Ei_ﬂp.
Therefore, the transformation matrix M, is calculated. This matrix equals the transformation
matrix (39) described in section 3.4.1 by using the pelvic angular positions @,.

The six transformed basis vectors of the femoral coordinate systems, now described in the
pelvic system, Ei_ﬂp_s are calculated via:

€ifsip =M, € g0 s = right, left (61)

The further calculation of the angular positions between the two femoral coordinate systems
and the pelvic coordinate system follows the same schema described in the previous sections.
The resultant vectors T; ¢ are calculated by inserting the femoral unit vectors to the
corresponding equations (45) (51) (52). Based on this information the calculation of the
femoral angular positions s ¢ appears as:

Calculation of ¢y

with Pt st=1 = (Pf_s,‘|:=1’k (62)
r
Of g T* = atan (— —Z,ny,‘[) (63)
- Izz fst
Of sr+1 — T for Af sr41 — U 5o = +0.8T
Of g1 = X se1 T T for Af sr41 — O sr < —0.8m (64)
Of st for —08m < apgri1” — g < 0.8m
r -sina
Bf_sl-[* = atan (_ z,xfffrs,‘t fS,‘E) (65)
z,y_f st
: f * * >
Prsr+r — T or Bfst+1 —Brsr = +0.8m
* * *
Bf_s,r+1 = Bf_S,‘E+1 + 1 for Bf_s,‘t+1 - Bf_s,‘r < —-0.8m (66)
* * *
Bf_s,r+1 for - 08 < Bf_s,r+1 - Bf_s,r < 0.8m
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Vi =atan (-~ 2] (67)

Iyx f st
Yf_s,r+1ﬁk - T for Yf_s,r+1* - Yf_s,r* = +0.8m
Yfst+1 = Yf_s,r+1ﬁk +m for Yf_s,r+1* - Yf_s,r* < —-0.8m (68)
Yf_s,‘t+1* for —08n < Yf_s,‘r+1* - Yf_s,‘t* < 0.8m

Adjustment for knee joint centers KJCs

The orientations of the calculated femoral coordinate systems differ to the anatomic
orientations of the corresponding knee joints. For that reason, on both sides, a further rotated
femoral coordinate system €; ¢ 1o is created at the position of the knee joint centers. These
coordinate systems are rotated by fixed angles in such a way, aiming that their orientations
equal the orientation of the pelvic coordinate system at an initial, upright and physiological
standing position. This approach is supposed to achieve values for the knee rotations about
zero at such aninitial position. The calculation of the rotation angles @ s is performed either
at the representative frame number fi¢, or - if such a frame is not available - an initial state is
approximated by using mean values over all frame numbers .

KJC-adjustment for using a representative frame

OKjC.s = ~Of 51=frep (69)
Brics = —Best=frep (70)
YK]C_S = _Yf_s,‘tzfrep (71)
KJC-adjustment for using mean values
1 of
Okjcs = — frotal Zttgtfl Of st (72)
_ 1 thotal 73
BK]C_S - £ =1 Bf_s,‘t ( )
total
___1 thotal 74
YK]C_S - feotal =1 Yf_s,‘t ( )

The calculated angels are the same for all frame numbers, so the resulting rotation matrices
Mk s are independent of the frame number. They calculate by applying the rotation angles
@kjc_s to the rotation matrix in equation (39).

3.4.4. Calculation of tibial angular positions

To calculate the relative angular positions between tibial and femoral coordinate systems on
both sides, it is required to calculate the basis vectors of the tibial systems €;  described in
the corresponding femoral coordinate systems Ei_t|f. Therefore, the transformation matrices
M ; are calculated by applying the femoral angular positions @ s to the rotation matrix in
equation (39).

Using M¢ ¢ and the rotation matrices for the knee joint centers M s, the transformed unit
vectors Ei_tlf can be calculated as follows.

6i_'c_s|f_s = Mgjcs "M, "My - Ei_t_s|0 (75)
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The rest of the calculation follows the developed schema of the previous sections: The
resultant vectors T; . ; are calculated by applying the tibial unit vectors to the corresponding
equations (45) (51) (52). Based on this information the calculation of the tibial angular
positions . ¢ appears as:

Calculation of ¢,

with Pt s1=1 = Prs1=1" (76)
r
o ¢° = atan (— —Z‘y‘t-“) (77)
- Izz t.st
O(t_s,‘t+1* —T for O(t_s,‘r+1* - O(t_s,‘t* = +0.8m
O sr41 = { QX soe1 0 for Qg1 — Qs = —0.8m (78)
O 41 for —0.8T < o g141” — Qg < 0.8
r -sina
Bf < T* = atan (_ Z,X_t.ST t_s,‘l:) (79)
- Izy tst
: f * * >
Bister — T or Best+1 — Brse = +0.8m
* * *
Brsttr = {Brsrer T for Btst+r — Prse <—0.8m (80)
* * *
Bt_s,‘t+1 for — 08t < Bt_s,‘t+1 - Bt_s,‘t < 0.8m
r
Yis<" = atan (— —ry’x‘t‘s'T) (81)
XX t.sT
Yt_s,‘t+1* - T for Yt_s,‘t+1* - Yt_s,r* = +0.8m
Yest+r = Yeste1 TT for Yest+1 — Yese < —0.8m (82)
Yt_s,‘t+1* for — 08t < Yt_s,‘t+1* - Yt_s,‘r’k < 0.8m

3.4.5. Estimation of the ankle angles

As described previously, the positions of the toe markers RTOE / LTOE are considered for the
calculation of the local tibial coordinate systems (3.3.3). For reasons of improved visualization,
CAD bone structures are inserted to the SIMPACK model (4.5). To achieve a more physiological
gait pattern illustration, the bone structures of the feet are rotated on both sides around the
corresponding local y-axis of the tibial coordinate system §y_t_s at the ankle marker.

The required estimation of the ankle angles is calculated as angle between two vectors u and
v on each side, where U describes the vector from ankle marker to knee joint center and v the
vector from ankle to toe marker. The embedded angle is calculated by using the definition of
the scalar product of two vectors:

u-v

cos @ = (83)

[ul-|v|
In analogy to the adjustment of the pelvic coordinate system, also the ankle angles are
adjusted in a way, that the unrotated state represents the initial physiological position (Figure
10). Therefore, the angles Baykie n s for both sides are calculated by using the arcsine function
and the distance between ankle and corresponding toe marker d,e ¢ Wwhose calculation is
explained in section 3.7.4.
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R/LANK,~R/LTOE, Bankie_n

-

R/LTOE

Figure 10: Initial ankle angle for both sides

Adjustment of ankle angles for a representative frame number

(RANKZ‘frep —RTOEZ_frep)

dtoe_right

Bankle_n_right = asin

LANK, £ o —LTOEZ,frep>

Bankle_n_left = aSin( 1
toe_left

Adjustment of ankle angles for mean values

f,
ZTtOtal(RANKZJI—RTOEZ,T)>

icht = asin
Bankle_n_rlght < frotal * dtoe_right

f,
Yot (LANK, ;~LTOE, 1)
fto'cal ) d'coe_left

Bankle_n_left = asin<

(84)

(85)

(86)

(87)

Now, under consideration of the applied adjustment, the ankle angles are calculated as

follows:
Estimation of the ankle angle right
U; rightt = RKJC; — RANK;
Vi rightr = RTOE;; — RANK;

Uright,t " Vright,t

*
Bankle_right,‘t = acos ( > - Bankle_n_right

[Urignte| [Vrightz
Estimation of the ankle angle left
Ui teftr = LKJC;r — LANK; ;
Vi leftr = LTOE;  — LANK;

ﬁleft,‘r ) Vleft,‘t

|ﬁleft,t|'|71eft,t|) - Bankle_n_left

*
Bankle_left,t = aCOS(

(88)
(89)

(90)

(91)
(92)

(93)
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The examination of the available datasets showed, that a further adjustment of the ankle
angles is advantageous, provided that the ankle and toe markers are placed on a similar
height, which leads to relatively small adjustment angles Bankie n s- In this connection, small
means the holding of an averaged threshold of 0,35 (about 20°), which is detected by an if-
loop (94). In this case the adjustment is increased by a constant value of m/24 which
corresponds to a further rotation of 7,5°. The usage of the average, based on the values of
both sides ensures, that this further adjustment is either applied on both sides simultaneously
or totally rejected.

T[ 1
Bankle_s,‘t* - Z for E (Bankle_n_right + Bankle_n_left) < 0135
Bankle_s,t = "

1 (94)
ankle_s,t for E (Bankle_n_right + Bankle_n_left) = 0'35

3.5. Estimation of Hip Joint Centers HJCs

To calculate the movements of the multibody model it is required to set the relative positions
of the body joints which connect the individual segments, here the Hip Joint Centers RHIC /
LHJC and the Knee Joint Centers RKJC / LKJC (3.6). However, some applications for gait analysis
deliver values for estimated joint positions stored in the resulting C3D file. If so, this
information can be used for the MATLAB routine if selected (5.2.1).

The locations of the hip joint centers used in the MATLAB routine are estimated as percentage
of the inter-ASIS distance between RASI and LASI marker. The corresponding positions are:
30% distal, 14% medial and 22% posterior to the corresponding ASIS marker (A.L. Bell et al.,
1989) The resulting parameters Ay ; follow as:

Ajex = 0,30 (95)
)Lch_y = 0,14 (96)
)\H]C_Z = 0,22 (97)

The application of this method in the MATLAB routine leads to equation (98) and equation
(99) using the inter-ASIS distance. This parameter is calculated either at a representative frame
number (100) or based on mean values (102):

_}\H]C_x

TrRujc|p = Trasip T lasis|  Aujcy (98)
—Aujcz
_}\H]C_x

TLajclp = TLasip + lasis | ~Anjcy (99)
—Anjcz

Inter-ASIS distance for a representative frame number

lASIS = RASIfrep - LASIfrep (100)
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Inter-ASIS distance for mean values

lasisc = |RASI; — LASL| (101)
1 ftota *
lasis = — o lasis (102)
3.6. Estimation of Knee Joint Centers KJCs

The estimation of the knee joint centers is performed in a similar way as before the estimation
of the hip joint centers. Starting at the knee marker, fixed values are added in distal / proximal,
medial and anterior / posterior direction. These anatomical orientations are approximated
with the local frame of reference. This procedure - and the used values - are based on
empirical observations of the available sample data.

The MATLAB routine calculates the estimated knee joint center of one side by shifting the
position of the corresponding knee marker RKNE or LKNE into a medial position - more precise
along the local y-direction - by a value of 50 mm.

dgjc x = 0 mm (103)
dch_y =50 mm (104)
dK]C_Z = 0 mm (105)

A manipulation of the used values is not intended primarily but could be achieved by adapting
the corresponding MATLAB files “Modelling_xxx.m”.

The MATLAB routine uses the following equations.

dkjc x
TRK)C|f right = TRKNE|f right T [dKICy (106)
dK]C_Z

dK]C_X

TLkjC|f left = TLrNE|f left + | ~dKiCy (107)
dgjc 2

The physiological knee joint - or more precise, the here relevant tibiofemoral joint - does not
have a constant joint center. This problem and its possible consideration for the calculation
will be discussed in detail in section 6.2.2.

3.7. Calculated marker positions

To build up the segments, the relative positions of specific markers (or joint centers - already
described in the previous sections) within their corresponding local frame of reference are
calculated. For the model, these positions are static. The calculation is performed either - if
available - at a representative frame number, otherwise it is based on mean values over the
whole calculation period.
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In fact, the actual marker positions of course are not totally static within the corresponding
body-fixed coordinate systems. However, the non-invasive application of the markers can only
be performed by placing them outside the body on the subjects’ skin.

Mainly due to elastic skin - but also other soft tissue - stretching, the marker positions are not
directly linked to the approximately rigid skeletal system which is supposed to be represented
by the model. This effect is known in the literature as the soft tissue artifact STA (Leardini et
al., 2005). Thus, it appears that the calculation of the body-fixed coordinate systems, based
on flexible markers, is already erroneous. Individual differences like subcutaneous fat content
have an influence on the magnitude of these errors. To evaluate the inevitably arising residuals
of the STA the SIMPACK model also contains the unprocessed marker positions of the C3D-
dataset, see section 4.6.

3.7.1. Pelvic marker positions

To build up the pelvic segment of the multibody model, the relative positions of RASI and LASI
markers within the pelvic system are required. Their position is defined by vectors from SACR
to RASI / LASI marker. To describe the resulting vectors in the pelvic reference system they are
transformed by using the transformation matrix M.

Relative position of RASI / LASI for a representative frame number

Frasijo = RASI;,, — SACRq,,, (108)
TLasI0 = mfrep - mfrep (109)
Trasip = Mp ., * TRASI|0 (110)
TLasip = Mpn,e, * TLASIj0 (111)

Relative position of RASI / LASI for mean values

Frasicjo = RASL; — SACR, (112)
TLastjo = LASI; — SACR, (113)
Trasitjp = Mpt * TRASI 1[0 (114)
TLasitp = Mpr* TLasi o (115)
IiRASI]p = ﬁZ?ﬁﬁal TiRaSitlp » L=XY,Z (116)
i LASIp = ﬁz&ztﬁl Titasitp » L=XY,Z (117)

3.7.2. Femoral marker positions

The femoral systems are built up by using different vectors orientated from the hip joint
centers RHJC / LHJC to the knee RKNE / LKNE or thigh markers RTHI / LTHI. These vectors are
originally described in the basis frame of reference, therefore the transformation to the
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corresponding femoral frame of reference is applied by using the transformation matrices M,,
and Mg ;. It must be separated either in calculation for a representative frame number f.¢, or
calculation for using mean values over all frame numbers t.

Femoral marker positions for a representative frame number

a0 = RKNE;,,, — RHJC,, (118)
bjo = LKNE; — LHJCy,, (119)
U)o = RTHI;,,, — RH]C;,,, (120)
Vo = LTHI;,,, — LHCy,,, (121)
TRKNE]f right = Mf rightnrep - Mpnrep * /0 (122)
FLRNE(f left = Mt leftnep * Mpnrep 'B|o (123)
TrrHI|f right = Mf rightngep * Mpngep * Ujo (124)
rurHIlf left = M leftnep " Mpnrep * V]0 (125)

Femoral marker positions for mean values

a0 = RKNE, — RHJC, (126)

bo = LKNE, — LHJC, (127)

Ty = RTHI, — RHJC, (128)

Vejo = LTHI, — LHJC, (129)

FRKNE_‘|:|f_right* = M rightr - Mp 1 " a0 (130)

FLKNE_t|f_left* = Mg jefer " Mpc - Br|0 (131)

TRTHI t/f right = M right * Mp.t * Urjo (132)

FLTHI_T|f_left* = Mt Jefir - Mpx " Vepo (133)

I'; RKNE|f right = ﬁZitzotfl I RKNE_t|f right I=XY,2 (134)
1 of .

I'i LKNE|f left = @Zttzotfl Ii LKNE_t|f left L=XY,Z (135)
1 of .

I RTHI|f right = @Z;ﬂal I RTHI t|f right I=XY,Z (136)

T LTHI|f left = ﬁ itﬁtlal T{ LTHLt|f left I=XYZ (137)
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3.7.3. Tibial marker positions

The calculation of the tibial marker positions follows the same schema, using vectors - here
orientated from the knee joint centers RKJC / LKIC to the ankle markers RANK / LANK and tibia
markers RTIB / LTIB. To transform the calculated vectors to the tibial frame of reference, the
already known transformation matrices M, and Mg , the constant rotation matrix Mg, ¢ and
furthermore, the transformation matrix M, ; are required. M,  is used to transform vectors
form the femoral to the tibial frame of reference of one side and is calculated by using the
tibial angular positions @y ; for the transformation matrix in equation (39).

Again, the calculation of the marker positions may be performed at a representative frame
number or based on mean values.

Tibial marker positions for a representative frame number

a,o = RTIB;,,, — RKIC,,, (138)
bjo = LTIB;,, — LKJC;,, (139)
U)o = RANK;,, — RKJCy,,, (140)
Vo = LANK,,, — LKICy,,, (141)
TRt right = Mt rightnyep - MKJC right * Mt rightnrep " Mpnrep * AJ0 (142)
rLriBle lefe = Mlefonre, " MKIC.Ieft " M leftnrep " Mpnrep -B|0 (143)
TRANK|t right = Mt rightnyep * MKJC right * M rightnrep * Mpnyep * o (144)
TLANKtleft = Mt leftnrep, " MKIC Ieft * M leftnrey " Mpinrep * V0 (145)

Tibial marker positions for mean values

a0 = RTIB; — RKJC, (146)
b = LTIB, — LK]C, (147)
Tzjo = RANK, — RKJC, (148)
Veo = LANK, — LKJC, (149)
TRTIB [t right = Mt rightt * MKjC_right * M right - Mp * @0 (150)
TLTiB <t left. = M lefer - MKjC left M tefir - Mpt 'Bt|0 (151)
TRANK 1/t right = Mt rightt * MKjC right - M right - Mp * Urjo (152)
FLANK tft left. = Mt et * Mijc tefe * M tefor - Mpt - Vapo (153)
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1

— ftotal P —
T RTIB|t_right = 2-[ 1 Ti,RTIB_t|t_ rlght l=XYZ (154)

ftotal
I LTIB|t left = ﬁzﬁw? Ti LTIB t|t left I=XY,Z (155)
I'; RANK|t_right = ﬁzft“f“ Ii RANK_t|t_right I=XYZ (156)
I'; LANK|t left = t—Z£t°tlal I LANK t|t_left I=XY,Z (157)

3.7.4. Toe marker positions

To visualize the calculated toe marker positions RTOE and LTOE - and prior to estimate the
ankle angles - the MATLAB routine calculates the distance between ankle and toe markers on
both sides again at the representative frame number or based on mean values. This
information is added to the estimated ankle angles directly in SIMPACK (3.4.5).

Distance ankle to toe marker for a representative frame number

dioe right = |RANK;,, — RTOE, | (158)

dioe tefe = [LANK;,,, — LTOEy,,, (159)
Distance ankle to toe marker for mean values

doe rightt = |RANK, — RTOE,| (160)

dioe teftc = |[LANK, — LTOE,| (161)

droe right = ftlt : o8l 4, e rightr (162)

dtoe_left = _metal dtoe_left,‘t* (163)

Using C3D-Datasets for Inverse Dynamic Analysis in
SIMPACK Page 35



4, The SIMPACK model

4.1. Setup of the SIMPACK model

4.1.1. General information

The SIMPACK model itself consist of seven segments; Pelvis, Thigh right and left, Shank right
and left and Foot right and left. Every segment contains several Markers. Their positions within
their own segments is fixed and determined by the referenced SubVars. This means the size
and geometry of every segment is calculated by the MATLAB routine and transferred to
SIMPACK by overwriting the “SubVar.subvar” file. The single segments are connected via
Joints of the type “General: Rheonomic: 6-DOF”. This joint type allows to apply excitations for
translational and rotational movements in all directions (for all six possible degrees of
freedom). For further information see the SIMPACK documentation under D.15 Joints
(Dassault System Simulia Corp., 2016).

OZ /_-"‘: ':LO ;J(j }‘:U? QO ;:(} \i‘; };g/‘ I——‘| -I liy‘l [xdt [77] S j—’:— W5 = - @ @ " 0.25 s

frames of

unprocessed reference

marker \

recalculated
marker

=

3D Page 2D Page

Figure 11: lllustration of markers and joints

For the sake of clarity, even if the name contains “6-DOF” this joint type does not provide any
degree of freedom, all movements are prescribed!
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To apply the calculated segment movements, single Input Functions for each variable - angle
or position - are used. The MATLAB routine overwrites the Inpuf_Function.afs file which is read
in by SIMPACK. This information is applied to the Joints resulting in specific excitations.

The markers of the calculated multibody model are represented by spheres with colored and
white segments, where specific colors are assigned to each segment (Figure 11).

Instead of using also spheres for displaying the calculated joint positions, these are
represented by two body fixed coordinate systems - one for each of the two connected
segments. Both coordinate systems are originating in the corresponding joint center and show
the corresponding segment color. This approach provides the advantage that not only the
position, but also the rotations are displayed in comprehensible way (Figure 11).

For reasons of comparison, also the unprocessed marker positions of the C3D file are included
in the SIMPACK model represented by spheres with black and white segments (Figure 11).
Every marker is implemented as one independent body, for details see section 4.6.

4.1.2. Kinematic chain

The Joint Pelvis connects the SACR marker and the basis frame of reference. It is the only joint
inside the kinematic chain which contains also a translational component, which is taken from
the unprocessed C3D file as movement of the SACR marker. The rotational part is represented
by the pelvic angles. Their calculation is described in section 3.4.2.

Per side, two HJC Markers - one at the Pelvis segment and the other one at the corresponding
Femur segment - are connected by the Joints Femur right and Femur left. The relative angular
positions are represented by the calculated values from section 3.4.3.

On both sides, the segments Thigh and Shank are connected by the Joints Shank right and
Shank left. These joints are located at the Knee Joint Center Markers of the corresponding
segment. The applied angular positions are calculated corresponding to section 3.4.4.

The Joints Foot right and Foot left are the last ones within the kinematic chain. They connect
the segments Shank and Foot on both sides. Since the Foot segments are applied only for
reasons of improved visualization, no estimation of the actual ankle joint center is applied.
The segments are connected directly at the ankle markers RANK / LANK. This simplification is
sufficient, because the ankle rotation in the model is restricted to a uniaxial rotation around
the local y-axis Ey_t corresponding to the physiological dorsalextension or plantarflexion.

4.1.3. Required parameters

Due to parametrization, SIMPACK requires information of the segments to build up the
multibody model. This information may contain lengths, positions or angels and is provided
by the MATLAB routine. These calculations are described in detail in section 3.7. In the
following sections, the application of the calculated parameters in SIMPACK is described.

All parameters are constant values! They are defined via SubVars to the SIMPACK model to
set the Marker locations and the geometry and size of the body segments.
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Calculated parameters

Table 2 to 5 contain the required parameters to define the segments Pelvis, Femur right and
left, Tibia right and left and Foot right and left in SIMPACK. The described position vectors
contain three components, which are written out into one SubVar each.

Parameter Description Equation
TRASI|p Position of RASI described in pelvic coordinate system 110/ 116
?LASIIp Position of LASI described in pelvic coordinate system 111 /117

Position of right hip joint center described in pelvic 98
TRHJC|p coordinate system
Position of left hip joint center described in pelvic coordinate 99
FLH]C|p system
Table 2: Pelvic parameters

Parameter Description Equation

T‘RTH”f_right Position of RTHI described in right femoral coordinate system | 124 / 136

T‘LTH“f_left Position of LTHI described in left femoral coordinate system 125 /137

Position of RKNE described in right femoral coordinate 122 /134

?RKNE|f_right system

?LKNE|f_1eft Position of LKNE described in left femoral coordinate system | 123 /135

Position of right knee joint center described in right femoral 106
FRK]C|f_right coordinate system
Position of left knee joint center described in left femoral 107
?LK]qf_left coordinate system
PKjc_right Rotation angles for adjusted knee joint center right 69 -74
PKJC left Rotation angles for adjusted knee joint center left 69-74
Table 3: Femoral parameters

Parameter Description Equation

FRTIB|t_right Position of RTIB described in right tibial coordinate system 142 / 154

TLTIBIt left Position of LTIB described in left tibial coordinate system 143 / 155

TRANK|tright | Position of RANK described in right tibial coordinate system | 144 /156

FLANK|t_1eft Position of LANK described in left tibial coordinate system 145 / 157

Table 4: Tibial parameters
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Parameter Description Equation
Bankle_n_right Initial angular position around local y-axis éy_t_right 84 /86
Bankle n_left Initial angular position around local y-axis ey, ¢ jeft 85/ 87

dioe _right Distance between RANK and RTOE 158 / 162

dtoe left Distance between LANK and LTOE 159/ 163

Table 5: Foot parameters

4.2, Structure of the SubVar file

Each body segment is built up using different parameters which are calculated by the MATLAB
routine. The information for creating SubVars is written into a text file “SubVar.subvar” - here
the file type “.subvar” is required - into the folder of the MATLAB files. SubVars are grouped
into different SubVar Groups: “Pelvis”, “Thigh” and “Shank”. The required structure is shown
in Figure 12.

subvargroup.begin ($G Pelvis)
subvar (S RASIx, str= 0.25975949 )
subvar ($ _RASIy, str= -0.12452393 )

subvargroup.end ($G Pelvis)
subvargroup.begin ($G Thigh)
subvar ($ _RTHIy, str= -0.09183192 )

subvar (S _RTHIz, str= -0.23374042 )

subvargroup.end ($G Thigh)

Figure 12: Structure of the SubVar.subvar file

An already existing SubVar.subvar file will be overwritten without any further comment by
running the MATLAB routine.

For loading the SubVar file a correct path set is required by SIMPACK. After loading the SubVar
file, the contained SubVar Groups - including their corresponding SubVars - are available in the
SIMPACK Model Tree.

Further information for handling SubVars in SIMPACK may be found in the SIMPACK
documentation D.34 SubVars (Dassault System Simulia Corp., 2016).
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4.3. Structure of the Input Functions file

Input Functions can be used in SIMPACK to apply specific movements to the Joints of a model.
These functions can be imported from external files by using an “Input Function Set”.

To create an Input Function Set the calculated angular positions and the relevant original
marker positions are written into one text file by the MATLAB routine. This file is saved into
the same folder which contains the MATLAB files itself and is named “Input_Function.afs”. It
is required to use the file type “.afs” otherwise SIMPACK is not able to recognize and read in
this file. The folder has to be listed in the SIMPACK Path Set for creating an Input Function Set
where SIMPACK reads the functions.

The file handling is described in detail in section 5.1.2 which explains also all required settings
for SIMPACK.

The structure of this .afs file is similar to the structure of the SubVar.subvar file (Figure 13). It
starts with a header section which contains the file type and the file version.

header.begin

file.type = "afs"
file.version = 1.0

header.end

arrfunc.begin
type = "y(x)"
name (1) = "SACRx"
name (2) = "SACRy"
name (3) =
" = "be ankle right"
name (59) = "be ankle left"
eval.type = "step"

data.begin
0.00833333 0.03864668 0.24077560 ..

. 0.00032008 -0.08986676
data.end
arrfunc.end

Figure 13: Structure of the Input_Function.afs file

The main section starts with “arrfunc.begin” which contains the function type - here “y(x)".
This means that all Input Functions are two-dimensional functions where the x-axis marks the
time base (frame numbers) and the y-axis represents the corresponding value (angle or
length). A specific Input Function name is assigned to all functions.

Following the last Input Function the interpolation type is set - here “step” - followed by
“data.begin” and the data entries where the first row represents the common time base for
all input functions. For further information about the possible interpolation types in SIMPACK
see the SIMPACK documentation D.14.3.2 Interpolation (Dassault System Simulia Corp., 2016).

The file ends with “data.end” followed by “arrfunc.end”.
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This file is created by the MATLAB routine using file name Input_Function.afs in the folder of
the MATLAB files. Like for the SubVar.subvar file, if there is an already existing file in this folder
using the file name Input_Function.afs it will be overwritten without any further comment!

Additional information may be found in the SIMPACK documentation D.14. Input Functions
and Input Function Sets (Dassault System Simulia Corp., 2016).

4.4, Loading of Input Functions and SubVars

To load external files into SIMPACK it is required to set a path to the folder, holding those files.
For this application, the MATLAB routine creates those files automatically and saves them into
the current folder, where the MATLAB files are stored.

The following sections provide the required instructions to make the parameters and
functions generated by MATLAB available to SIMPACK.

4.4.1. Setting the path in SIMPACK

The section “Search Path” can be found under “Globals” within the SIMPACK Model Tree. By
double-clicking this item, the “Search Path List” window opens. Via clicking the “+” symbol,
another window opens, where the folder containing the relevant data can be set. When a
folder is set, it appears in the “SearchPath List”. By clicking the “OK” button the window closes
and the files within the selected folder are now available.

For a detailed description of the file handling for SubVar and Input Function files, see 5.1.2
Adjustments of the SIMPACK model.

4.4.2. Loading Input Functions

The creation of Input Functions based on external files of the type .afs is achieved by
performing several steps, starting with a right-click on the file itself in the SIMPACK Model
Tree. Under "Create >” the line “Input Function Set...” is chosen. A window opens, where the
name of the new Input Function Set can be entered. After clicking the “OK” button the window
“Input Function Set Properties” opens. Under “Filename:” the external .afs file can be chosen
by clicking the “...” button.

The Input Functions are now available within the /Input Function Set found under “Input
Functions” in the Model Tree. These Input Functions remain dependent of the external .afs
file. If the MATLAB calculations are repeated this file will be overwritten. If the SIMPACK file is
now refreshed by hitting the “F5” button, the Input Functions will be updated according to the
new Input_Function.afs file. To cut this dependency there are two possibilities:

Either the file name of the Input_Function.afs file may be changed, and / or the file is moved
into another folder before it is referenced to the SIMPACK model. Then the resulting Input
Functions remain dependent on the renamed / dislocated external .afs file but won’t change
if MATLAB creates a new Input_Function.afs file.
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The second way is to use the “make local” function directly in SIMPACK found by a right click
on the Input Function Set under Input Functions in the Model Tree. After applying this function,
the corresponding Input Functions are no longer dependent on the external file but stored
directly in the SIMPACK file. The Input Function Set is converted to an Input Function Group.

4.4.3. Loading SubVars

To create SubVars based on an external .subvar file the “SubVar File List” is opened by double-
clicking the item “SubVar Files” in the SIMPACK Model Tree found under “Globals”. Hitting the
“+” button enables the selection of an external .subvar file. After choosing a file it is shown in
the “SubVar File List”. By hitting the “OK” button the contained parameters in the .subvar file
are now available in the Model Tree found under “SubVars”.

In analogy to the Input Functions, the created SubVars remain dependent on the external file.
Like before, this dependency may be cut by renaming and/or moving the file after calculation
but before applying into SIMPACK or by using the “Make SubVars local” function which can be
found directly in the “SubVar File List”.

4.5. Visualization of bone geometries

For an improved visualization of the multibody model’s movements CAD bone geometries
were provided which are applied to the SIMPACK model (Figure 14). The single CAD segments
corresponding to the segments of the rigid body model are scaled and orientated
automatically using parameters calculated by the MATLAB routine.

To scale the bone geometries in a way the whole arrangement still appears realistic in terms
of proportions, different scaling factors are used. For the pelvic geometries a global scaling
factor is used. It is calculated aiming the pelvic distance between the two hip joint centers to
match the calculated distance of those two positions. The femoral and tibial scaling factors
are calculated to connect the corresponding joint without a gap but are applied only in z-
direction. Otherwise, e.g. if the femoral and the tibial scaling factors may not match. Especially
the knee joint appears unusually if the proximal and distal dimensions do not match. For the
feet segments again, a global scaling factor is used. It is determined as mean value of the two
tibial scaling factors.

Since the used CAD bone geometries are rigid and move only relatively to each other, the
resulting movements of the single bone segments by far do not represent the physiological
movements during human gait or any other general movement! This is especially true for the
movements of the patella during flection of the knee joint and the foot segment - containing
several single bones - during the early and late stance phase of the gait circle. However, for
the observer the total movement of the multibody model is illustrated much more
comprehensive compared to a representation based on spheres which indicate the single
marker positions only.
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Figure 14: Illustration of markers and CAD bone geometries

4.6. Plausibility check - Visualization of unprocessed
marker movements

The whole modeling process deals with three different marker sets. There are:

a. unprocessed marker positions from the C3D dataset;
b. recalculated marker positions of the SIMPACK model;
c. recalculated marker positions of the MATLAB routine.
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The SIMPACK model contains the marker sets (a) and (b). The relevant unprocessed marker
positions of the C3D file are included to check the plausibility and accuracy of the recalculated
angular positions via comparison. This includes all marker positions used for the calculation
except the SACR marker (Table 6). These markers are formulated as discrete bodies. Their
position is represented by a sphere with black and white segments, while the recalculated
markers are represented by a sphere with colored and white segments using one color
uniform for a specific body segment (Figure 14).

Marker acronym | Marker name

RASI Right ASIS

LASI Left ASIS

RTHI Right thigh

LTHI Left thigh

RKNE Right knee

LKNE Left knee

RTIB Right tibial wand marker
LTIB Left tibial wand marker
RANK Right ankle

LANK Left ankle

RTOE Right toe

LTOE Left toe

Table 6: Marker positions for plausibility check

In the SIMPACK model the markers are fixed within their corresponding frames of reference.
So, their recalculated position is determined by the (angular) positions of the body segments.
The MATLAB routine recalculates the marker positions in two steps: First the relative marker
positions (averaged or via representative frame) within their corresponding frame of
reference are calculated. Second, the recalculated position is determined by applying the
required transformation matrices and positions of the frames of reference given in the basis
frame of reference. Those two marker sets (b) and (c) are supposed to be identical.

During the creation of the modeling process, it was important to confirm this identity. For that
reason, the recalculated left ankle marker position LANK calc of the MATLAB routine is also
included in the SIMPACK model. Like the unprocessed marker positions, it is formulated as
discrete, independent body, represented by a sphere with black and white segments. Figure
15 shows the congruent positions of the LANK markers of marker set (b) and (c).

For the sake of completeness, there is one case where the recalculated positions of the
markers LANK and LANK_calc are not totally congruent: This occurs if the estimated locations
of hip and knee joint centers are adopted from the C3D file - e.g. example in section 5.2.4.
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Figure 15: Plausibility check - LANK markers

In this case the positions of the knee joint centers RKIC / LKJC are not fixed within the
corresponding femoral frames of reference, because their calculation is based on the knee
markers RKNE / LKNE. Those KNE and KJC markers are not directly linked as would be the case
if the MATLAB routine calculates the estimated knee joint centers. Since the knee joints are
modeled without any translational movement, the MATLAB routine recalculates a fixed
position of the knee joint centers within the femoral frames of reference. This calculation is
either performed at the representative frame number or based on mean values. The same
consideration is true for the position of the hip joint centers in the pelvic frame of reference.

However, the position of the LANK_calc marker is directly linked to the actual position of the
left knee joint center LKIC of the C3D file. This is the reason why the positions of LANK_calc

and LANK may diverge slightly.
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5. Representative datasets

This section describes the required procedures for applying the MATLAB routine on a C3D file
and transferring the results to SIMPACK.

Prior first usage of this routine some additional settings are required. This includes the
installation and application of a toolbox for MATLAB and extensive adjustments in the
SIMPACK model. Once this procedure is completed, the creation process of the multibody
model based on a C3D file can be performed. For the first application follow section 5.1.

To classify the chosen C3D-dataset and to select adequate parameters for the Input Request
(5.2.1) it is highly recommended to use the software MOKKA - or an equivalent. An installation
file for MOKKA is available on the C3D website (Motion Lab Systems Inc., 2018) and is also
stored in the Algorithm folder under “C3D_Applications”. See Appendix A for details on the
directory structure and file names.

5.1. First application

The Algorithm folder contains all required data to execute the MATLAB routine and to transfer
the calculation results to the multibody model in SIMPACK. It is recommended to copy the
whole Algorithm folder from the data medium to a designated location. For the first
application all required steps are described in detail in the following sections.

5.1.1. Presetting in MATLAB

The MATLAB version R2016b, 64 bit was used. The application of the procedure described in
the following was not tested for older versions!

To load marker information of a C3D file into MATLAB three steps must be performed. First,
the software “C3D Software Development Kit (C3D Server)” - found in the folder
“C3D_Applications”, or under “Applications” on the C3D website (Motion Lab Systems Inc.,
2018) - gets installed. Next step is the unpacking of the files contained in the zip-folder
“C3Dserver_matlab.zip” also found in the Algorithm folder or on the website under “MATLAB
access using C3Dserver — User Written” (Motion Lab Systems Inc., 2018). Finally, a path set is
performed in MATLAB: Under “HOME” the function “Set Path” is selected where the now
unpacked folder “C3Dserver_matlab” is chosen. After hitting the “Save” button the loading of
marker information stored in a C3D file into MATLAB is enabled. Now the MATLAB routine for
calculating the parameters of the multibody system can be applied.

For further information about the used C3D Software Development Kit and the possibilities
provided by the files stored in the folder C3Dserver_matlab.zip see the C3D website (Motion
Lab Systems Inc., 2018).
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5.1.2. Adjustments of the SIMPACK model

It is not possible to open SIMPACK files which use referenced files for SubVars or Input
Functions if the corresponding files cannot be found in the file path. Referenced body
geometries on external CAD files are also problematic, when the corresponding files cannot
be found. In other words, unfortunately it is not possible to create a template file including
referencing SubVar, Input Function and CAD files where only the path set is adapted to the
current corresponding folders and the calculation can be performed. If SIMPACK cannot find
the assigned files in the path the SIMPACK file won’t open. This implies, that several steps
have to be performed manually in an unreferenced template file, including a path set, loading
and overwriting the SubVars, loading and assigning the Input Functions and additionally
loading the provided CAD bone geometries.

To start the adjustment process, the file “TEMPLATE_rigid_body_model.spck” is opened in
SIMPACK. This file has no references to external files yet, so it can be opened from scratch or
e.g. after moving the referenced files into another storage location. However, the body
geometries are already prepared to use external CAD files, which are not assigned yet at this
moment, that’s why SIMPACK reports eleven Errors in the Message Log after opening this
template file.

To keep the unreferenced state of this file, it is recommended to use the “Save as” function
first to create a new file - e.g. “Rigid_body_model.spck” - before applying any changes to the
template file.

Within this template local SubVars are contained, which are used to build up the multibody
model. First step of the adjustment process is to overwrite the local SubVars by the external
SubVar.subvar file of the Algorithm folder.

Loading and overwriting SubVars

In the SIMPACK Model Tree the Search Path List is opened via double clicking the “Search Path”
icon, found under “Globals”. Hitting the “+” icon in the “Search Path List” enables to select the
Algorithm folder itself for a path set. After hitting the “OK” button, the model is reloaded
automatically. Again, under “Globals” the “SubVar File List” is opened via double click on the
icon “SubVar Files”. When hitting the “+” icon, the file SubVar.subvar can be selected. In the
“SubVar File List”, the field under “Overwriting” which is preset at “Initial” is changed to the
option “Overwriting”. By hitting “OK”, a warning window opens, indicating which SubVars are
overwritten now. After confirming, the model gets reloaded again.

The section SubVars in the Model Tree now contains the same items as before —SubVar Groups
containing SubVars, but their values are now referenced on the external SubVar.subvar file
stored in the Algorithm folder.

Loading and applying Input Functions

To assign the calculated movements of the MATLAB routine to the SIMPACK model the file
Input_Function.afs is used. An “Input Function Set” is created via right click on the template
file itself in the Model Tree, under “Create »”, selecting “Input Function Set...”. Now the “Input
Function Set” name is entered, e.g. “Movement”. After confirming, the “Input Function Set

o 4

Properties” open. Hitting the box “..” in the line of “Filename” enables to select the file
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Input_Function.afs which is also contained in the Algorithm folder, so no further path set is
required. Now the item Input Functions appears in the Model Tree, where the single Input
Functions are available. Like the referenced SubVars, these Input Functions depend on the
external file in the Algorithm folder.

The single Input Functions must now be assigned to the corresponding Joints. The Joint
Properties - opened via double click on a specific Joint in the Model Tree - for all joints of the
model show this basic setting (Table 7):

Type: 35: 6 DOF by Input Functions
Description Value
1: Ifctn for x: <Not Set>
2: Ifctn fory: <Not Set>
3: Ifctn for z: <Not Set>
4: Ifctn for al: <Not Set>
5: Ifctn for be: <Not Set>
6: Ifctn for ga: <Not Set>
<Not Set>
19: Rotation sequence: |al-be-ga

Table 7: General Joint Properties of template file

For Joints of the multibody model, the setting of the “Joint Type” and “Rotation sequence” in
Table 7 must not be changed. The sequence “al-be-ga” is also used for calculations in the
MATLAB routine. The rotation sequence for the unprocessed marker positions is irrelevant
since those markers represent a pure translational movement.

The following Tables 8 — 15 contain the required settings for the single Joints. Applying an
Input Function into the Joint Properties is performed via simple drag and drop.

Type: 35: 6 DOF by Input Functions

Description Value

1: Ifctn for x: SN_Movement.Sl_SACRx

2: Ifctn fory: SN_Movement.SI_SACRy

3: Ifctn for z: SN_Movement.S|_SACRz

4: Ifctn for al: SN_Movement.$l_al_pelvis

5: Ifctn for be: SN_Movement.Sl_be_pelvis

6: Ifctn for ga: SN_Movement.$l_ga_pelvis
<Not Set>

19: Rotation sequence: |al-be-ga

Table 8: Joint Properties Pelvis
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Type:

35: 6 DOF by Input Functions

Description

Value
1: Ifctn for x: <Not Set>
2: Ifctn fory: <Not Set>
3: Ifctn for z: <Not Set>
4: Ifctn for al: SN_Movement.SI_al_femur_right
5: Ifctn for be: SN_Movement.Sl_be_femur_right
6: Ifctn for ga: SN_Movement.$l_ga_femur_right

<Not Set>

19: Rotation sequence:

al-be-ga

Table 9: Joint Properties Thigh right

Type: 35: 6 DOF by Input Functions

Description Value

1: Ifctn for x: <Not Set>

2: Ifctn fory: <Not Set>

3: Ifctn for z: <Not Set>

4: Ifctn for al: SN_Movement.Sl_al_femur_left

5: Ifctn for be: SN_Movement.$|_be_femur_left

6: Ifctn for ga: SN_Movement.Sl_ga_femur_left
<Not Set>

19: Rotation sequence: | al-be-ga

Table 10: Joint Properties Thigh left

Type:

35: 6 DOF by Input Functions

Description Value

1: Ifctn for x: <Not Set>

2: Ifctn fory: <Not Set>

3: Ifctn for z: <Not Set>

4: Ifctn for al: SN_Movement.$SI_al_tibia_right
5: Ifctn for be: SN_Movement.S|_be_tibia_right
6: Ifctn for ga: SN_Movement.$Sl_ga_tibia_right

<Not Set>

19: Rotation sequence:

al-be-ga

Table 11: Joint Properties Shank right
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Type:

35: 6 DOF by Input Functions

Description

Value
1: Ifctn for x: <Not Set>
2: Ifctn fory: <Not Set>
3: Ifctn for z: <Not Set>
4: Ifctn for al: SN_Movement.$l_al_tibia_left
5: Ifctn for be: SN_Movement.S|_be_tibia_left
6: Ifctn for ga: SN_Movement.Sl_ga_tibia_left

<Not Set>

19: Rotation sequence:

al-be-ga

Table 12: Joint Properties Shank left

Type: 35: 6 DOF by Input Functions
Description Value
1: Ifctn for x: <Not Set>
2: Ifctn fory: <Not Set>
3: Ifctn for z: <Not Set>
4: Ifctn for al: <Not Set>
5: Ifctn for be: SN_Movement.$I_be_ankle_right
6: Ifctn for ga: <Not Set>
<Not Set>
19: Rotation sequence: | al-be-ga

Table 13:Joint Properties Foot right

Type:

35: 6 DOF by Input Functions

Description Value
1: Ifctn for x: <Not Set>
2: Ifctn fory: <Not Set>
3: Ifctn for z: <Not Set>
4: Ifctn for al: <Not Set>
5: Ifctn for be: SN_Movement.S|_be_ankle_left
6: Ifctn for ga: <Not Set>
<Not Set>
19: Rotation sequence: |al-be-ga

Table 14: Joint Properties Foot left
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This file now uses referenced external SubVar and Input Function files. Moving the referenced
files to another storage location will lead to an inability to open the file in SIMPACK!

The required “Joint Properties” for the illustration of the original marker positions are shown
in (Table 15). This table is representative for all marker positions. Inserting the corresponding
Input Functions must be applied for every single marker. Here, the rotation sequence is
irrelevant.

Type: 35: 6 DOF by Input Functions
Description Value
1: Ifctn for x: SN_Movement.S|_RASIx
2: Ifctn fory: SN_Movement.SI_RASly
3: Ifctn for z: SN_Movement.S|_RASIz
4: Ifctn for al: <Not Set>
5: Ifctn for be: <Not Set>
6: Ifctn for ga: <Not Set>
. <Not Set>
19: Rotation sequence: | be-ga-al

Table 15: Joint Properties RASI

Loading and applying CAD bone geometries

For inserting external CAD files as body geometries in SIMPACK another path set is required
by adding the folder “CAD_Bones” stored in the Algorithm folder to the “Search Path List” in
the same manner as before for SubVars and Input Functions. Now the stored CAD files can be
applied as body geometries in SIMPACK. In general, to choose a certain CAD file, the “Type:
39: CAD Interface” must be set within the “Primitive Properties” of a specific body (Dassault
System Simulia Corp., 2016), opened by double click a “Geometry” under “Bodies” in the
Model Tree. If the path set is correct and the stored files are of an adequate file type (here
“stl”), the contained CAD geometries can be chosen in the section “Parameters” within the
“Primitive Properties”. By clicking in the Value field in line “2: CAD file name:” followed be
hitting the “...” button all stored CAD files of the corresponding folder are available.

All required “Body Geometries” are already implemented in the template file but are
unreferenced yet. To reference the CAD bone geometries each “Geometry” containing the
synonym “bone” in the Model Tree must be adapted by opening the “Primitive Properties” and
choosing the correspondent CAD file in the “Parameters” section under “2: CAD file name:”,
see Figure 16 representative for all settings.
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Figure 16: Setting CAD file as body geometry

Completing the model setup

The adaptation of the template file is now completed. It is recommended to save it again and

to use this referenced file as a new template for all following applications of the MATLAB
routine.

For the sake of completeness, the used template Input Functions are derived from the data
set “vicon512” and can now be visualized by applying the “Online Kinematics” function in
SIMPACK. To apply data of an arbitrary C3D file follow section 5.2.1.

5.2. Examples

5.2.1. General approach
This section describes the recommended approach to perform the modeling process based on

a specific C3D file. For the first application adjustments for MATLAB and SIMPACK described
in section 5.1 must be performed before.

Once this procedure is completed, the creation of a new model based on a C3D file can be
performed by following the subsequent steps.
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Evaluation of the C3D-dataset

The evaluation of the C3D-dataset should be done preferably in MOKKA or alternatively in an
equivalent software. The required parameters to start the calculation are specific frame
numbers and the used recording frequency.

Calculation period

It is important to set a starting frame number, where valid data is available for the relevant
markers. If so, their names in MOKKA are displayed in the Acquisition explorer under
“Markers” in black letters. If a marker does not deliver valid data - e.g. because it remains
outside the tracking limits or is covered - the corresponding marker name is displayed in light
grey letters at this frame number. To find a propriate starting frame number either the “play”
button or the scroll bar in the bottom can be used.

To determine a frame number, where the calculation is supposed to be stopped at, a value for
fenq is required. The same ideas as for the starting frame number are valid for the ending
frame number as well. All required markers must contain positional information from fg, . to
fena. If @ marker is displayed light grey in MOKKA, the corresponding data entry in MATLAB is
NaN - Not a Number - and leads to an interrupted or invalid calculation. By choosing f.,4 the
calculation period is defined from fg4p to fopg-

Some C3D-datasets do not start at frame number one (e.g. example in 5.2.4). However,
loading of the marker positions in MATLAB does start by assigning the first frame number of
the record - no matter if its’ value is one ore greater - the value one. If a record stars at a frame
number fgar dataset 8reater one, the provisional starting frame number fg,~ chosen in
MOKKA must be reduced by the first frame number of the C3D-dataset plus one (164). This
procedure must also be applied for determining the ending frame number f,,,4 and a possible
representative frame number f.,.

fi = fi" — fstartdataset + 1, With i = start, end, rep (164)

Point frequency

The recording frequency for the marker positions of a gait trial is saved in a C3D file as point
frequency. As already described, to load the marker information into MATLAB the provided
MATLAB toolbox is used. During the creation of the modeling process, the intention to let the
MATLAB routine read in the point frequency failed. It was not possible to load information of
the point frequency into MATLAB.

Thus, the recording frequency has to be extracted manually in MOKKA found under
“Informations”, “View”. The “Informations” window shows the required frequency under
“Point frequency”.

This point frequency is used to define the time basis for the calculated Input Functions. It
represents the parameter for motion speed of the multibody model in SIMPACK, which of
course is supposed to be equal to the original movement of the recorded subject. Setting a
wrong value for this frequency won’t influence the movement itself, but for calculations based
on Inverse Dynamics a correct time base is required.

Representative frame number

If the C3D-dataset contains at least one frame number, where the recorded subject is in a
position suitable as basis for parameter calculation, such a frame can be set representative.
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This can be a symmetric, upright (still) standing position. In particular the orientation of the
pelvic segment must be considered (3.3.1). The corresponding frame number of such an
instant of time can be assigned to the MATLAB routine by setting it as f¢p.

If no value for f.¢, is set, the calculations are based on mean values over the whole calculation
period. In this case, it is advantageous to set the calculation period in a way, that the
performed movements of the subject show a rather symmetric behavior - e.g. for gait analysis;
equal number of steps for both sides (whole gait cycles).

The determined values of this section can be assigned to the MATLAB routine at the Input
Request which is described in the following:

Appling the MATLAB routine - Input Request

To start the MATLAB routine the file “Run_calculation.m”, stored in the Algorithm folder, is
opened in MATLAB. By hitting the “Run” button, the calculation starts.

Now the window “Choose a C3D-file:” opens, where an arbitrary C3D file can be selected as
basis for the following calculation, as long as it complies with the requirements described in
section 3.1.1.

After loading the selected file, MATLAB opens the Input Request window “Parameter Set”
where the determined parameters of the previous section can be entered in the following
fields:

Starting frame number (optional)

Here a staring frame number, where the calculation starts can be entered. If no value is set,
the routine sets fgi, ¢ at the first frame number of the C3D-dataset automatically. The entered
value must by a non-negative integer, non-zero and smaller than the total frame numbers of
the data set.

fstart € Z* (165)
fstart < ftotal (166)

The MATLAB routine contains an adjustment for the calculation of angles greater
/2 between to neighboring local reference systems (3.4.1). To ensure the correct function of
this adjustment it is required to set fg,+ at a frame number where no calculated angle exceeds
avalue of t/2. If the C3D file contains data of an ordinary gait record, this requirement should
hold anyway, but for a general movement attention is appropriate here.

Ending frame number (optional)

This field is used to define the frame number, where the calculation stops. Again, the entry of
a non-negative integer is required, which is non-zero, smaller or equal to the total frame
number of the dataset and additionally is greater than the starting frame number fg,..

fonq € Z* (167)
fend < ftotal (168)
fend > fstart (169)

Like the setting of a starting frame number, this setting is optional. If no value is entered, foq
is set at the value of the last frame number of the C3D-dataset automatically.
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Representative frame number (optional)

In addition to a starting and ending frame number - which both are required for the calculation
but may be set automatically by the MATLAB routine - it is possible to set a specific frame
number which is used to calculate all required parameters for building up the multibody
model. If left empty the parameter calculation is based on mean values over the whole
calculation period. If a value is set, it underlies certain requirements:

frep € Z* (170)
frep = fstart (171)
frep = fend (172)

Point frequency [Hz] (required)

This field of the Input Request is absolutely required. The entered value must be a non-zero
and positive real number. Typically values between 50 and 150 Hz are used.

foint € R (173)
froint > 0 (174)

By hitting the “OK” button after entering the different values, the MATLAB routine starts the
calculation. If the loaded C3D file contains markers for both knee and hip joint centers another
window opens automatically. This enables to choose whether this information should be used
for calculation or not.

If all calculations succeed the MATLAB Command Window finally displays the path of the
loaded C3D file and confirms a successful calculation by displaying:

'H

“Calculation successful! SubVar & Input Function files created
Reloading of the SIMPACK model

Once the calculation routine is completed, the results are saved by overwriting the
SubVar.subvar and Input_Function.afs files. This information is now available in the SIMPACK
file Rigid_body_model.spck - set up according to section 5.1.2 - and may be used for further
applications. If this file is open during the calculation of the MATLAB routine, the SIMPACK file
must be reloaded by hitting the “F5” button. The Reload Model window opens. The
confirmation via “Reload” button instructs the model to build up again based on the new
overwritten referencing files.

As already mentioned, it is highly recommended to keep this file as template. Therefore,
before applying any changes to this template, it is recommended to use “save as” for creating
a new SIMPACK file within an arbitrary storage location. The reference to the SubVar.subvar
and Input_Function.afs files stored in the Algorithm folder remains also for the new file.

Finally, the make local functions may be applied for both, the SubVars and Input Functions in
SIMPACK to cut the dependency on the referenced files (4.4).

By starting the Online Kinematics function, the visualization of the multibody model,
calculated accordingly to the loaded C3D file, starts. The following sections describe the
application of this procedure on selected C3D sample files.
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5.2.2. Example dataset “gait-raw”

The C3D sample file gait-raw.c3d is provided by the C3D website (Motion Lab Systems Inc.,
2018) and contains data of a physiological human gait trial. It uses a low number of markers
for the lower body segments. It therefore represents a minimum requirement for the MATLAB
routine in terms of contained markers. To select suitable values for the Input Request the file
is first opened in MOKKA. The file contains more than three complete gait cycles starting at
the late swing phase of the right leg. Around frame number nine the event heel strike of the
right leg HSR occurs. This frame is appropriate to be set as starting frame. Three gait cycles
later, around frame number 104 another HSR occurs. This frame number is set as ending frame
number.

There is no frame number where the subject takes up a symmetric position. Therefore, this
file does not contain an appropriate frame which could be used as representative frame
number. For that reason, no value for f.¢, is selected which instructs the MATLAB routine to
perform a mean-value-based parameter calculation.

If no f.¢p is available, it is reasonable to check the selected calculation period for terms of
symmetry of the performed movements. For gait data it is recommended to set whole
numbers of full gait cycles to achieve a balanced parameter calculation, which is the case here
by using three full cycles.

Finally, the used recording frequency is required. In the “Informations” window the point
frequency of 50 Hz can be read out.

The calculation starts by running the file “Run_calculation”. Figure 17 shows the
corresponding Parameter Set for the defined values.

#.| Parameter Set — X

f_start (optional }
9

f_end (optional )
104

f_rep (optional)

Point frequency [Hz]
30

oK Cancel

Figure 17: Parameter Set for sample gait-raw

After a successful calculation, which is confirmed by the corresponding comment in the
Command Window in MATLAB, the SIMPACK model can be opened or reloaded by hitting “F5”.
The information of the dataset gait-raw is now applied to the SIMPACK model.
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5.2.3. Example dataset “vicon512”

The sample file vicon512.c3d is also provided by the C3D website (Motion Lab Systems Inc.,
2018) and does contain the marker positions of a more general movement - the subject does
not perform a gait cycle. In contrast to the file gait-raw.c3d it also contains markers for the
upper body regions.

After frame number 64 all markers are displayed in black letters in the Acquisition explorer in
MOKKA, which indicates that all markers deliver appropriate values. So, this is the first frame
number which may be used as starting frame number. Since this sample file does not contain
any cyclic movements also frame numbers greater 64 are equivalently potent for being used
as starting frame number. In such a case, the actual choice of fg,+ depends more on the
period of interest of the C3D file. If the whole movement of the input file is of interest, it is
reasonable to extend the calculation period to the maximum.

Since all markers remain displayed in black letters until the last frame number in MOKKA - if
not for any other reason - no set for an ending frame number is required, so the MATLAB
routine uses the last frame number of the record automatically.

The file vicon512.c3d contains several frame numbers, where the subject takes up a
symmetric, upright and even still standing position, e.g. frame number 2000. Such frame
numbers are favorable to be set as representative frame number f.¢,. It is also possible to
determine a parameter calculation based on mean values by leaving out the value for f.qp.
Because the performed movement is predominantly non-symmetric and non-cyclic, the usage
of a representative frame number leads to more accurate calculations in terms of reduced
marker residuals compared to the unprocessed marker positions.

Again, under “Informations” the recording frequency can by read out, here a value of 120 Hz
was used. Figure 18 shows a possible Parameter Set for this sample file.

4. Parameter Set — x

f_start (opticnal )
64

f end (opticnal )

f_rep (optional)
2000

Point frequency [Hz]
120

0K Cancel

Figure 18: Parameter Set for sample vicon512

As soon as MATLAB confirms the successful calculation the SIMPACK model can be reloaded.
Now the SIMPACK model is based on the marker positions of the sample file vicon512.c3d.
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5.2.4. Example dataset “Dynamic01”

The sample file Dynamic01.c3d was provided by Dr. Andreas Kranzl, Laboratory Head of the
Laboratory of Gait and Human Movement at Orthopddisches Spital Speising Wien. This data-
set contains additional information compared to the previous files like a total body height and
weight plus estimated joint centers HJCs / KICs for hip and knee joint.

As already mentioned, C3D files may start at a frame number greater than one, which is the
case here. The record starts at frame number 145. This aspect must be considered, for
determining the parameters for the Input Request. However, all markers deliver potent
positional information over the whole recording period which covers multiple gait cycles. So,
considerations in terms of symmetry are not required. Thus, no restriction of the calculation
period is required. If the calculation period should be restricted for any other reason, or a
representative frame number should be applied, the actual frame number has to be extracted
from the selected frame number(s) (164). The resulting frame number results as:

fstart,dataset =145 (175)
f,=1f" — 144, with i = start, end, rep (176)

Since there is no frame where the recorded subject takes up a symmetric position, the field
for the representative frame number f., is left empty.

The recording frequency is required for any Input Request and can be found in the
“Informations” window again — here a value of 150 Hz was used. Figure 19 shows a possible
Parameter Set for this sample file.

4 Parameter Set — >

f_start (optional )

f_end (optional )

f_rep (optional)

Point frequency [ Hz]
150

OK Cancel

Figure 19: Parameter Set for sample DynamicO1

In contrast to the previous sample files, this file contains positional information for the hip
and knee joint centers represented by the markers RHJC / LHIC and RKJC / LKIC. The MATLAB
routine recognizes if a loaded C3D file contains markers of these notations and provides the
possibility to confirm or decline the usage of these markers for the model calculation by
opening another window following the Input Request (Figure 20).
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4| Joint Center Request — >

Your C3D file does contain information for hip & knee joint centers (HJCs,
KJCs). Do you want to use it for calculation?

Yes No

Figure 20: Joint Center Request for sample Dynamic0O1

In addition to the joint center locations, this file also includes anthropometric information.
After opening the file in MOKKA, under “View”, “Metadata” the Metadata window opens. All
parameters of the C3D file may be found here. Under the section “PROCESSING” there are
several measured or calculated parameters available. Amongst others, the anthropometric
information of total body mass and height is contained. Those two parameters may be used if
the created multibody model in SIMPACK is used for Invers Dynamics.

However, before Inverse Dynamics can be applied, further modelling steps of the multibody
model are required. This mainly concerns about the inertia tensors and estimated segment
masses. The properties of the segments of the upper body half have to be considered too.

5.3. Potential errors in application

This section is supposed to summarize potential errors, which are likely to occur when
applying the modeling process.

5.3.1. Markers not existing

In Table 1 all required markers for a successful calculation are listed. If either a required
marker is not existing, or its marker name differs from the chosen notation, an error occurs
when MATLAB loads in the marker positions from the C3D file and converts them into
variables.

The problem of not matching marker names can easily be solved in MOKKA by changing the
name to a valid notation recognized by the MATLAB routine. The corresponding marker must
be selected in the Acquisition explorer followed by entering the new notation into the field
next to Label (Figure 21).

If a required marker does not exist the user should try to change to another equivalent C3D
file, using a matching marker set which contains all required markers for calculation. If such a
file is not available, MOKKA provides the possibility to create average markers of two or more
markers. This procedure may succeed, if the dataset contains additional related markers to
the one, that is missing.
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Figure 21: Renaming a marker in MOKKA

5.3.2. Files in wrong storage location

As already mentioned in section 5.1.2, if a SIMPACK file is referenced to external SubVar or
Input Function files, these files must be found in the storage location which was determined
for the path set. If those files are moved or deleted SIMPACK is not able to open the referenced
SIMPACK file. A subsequent adaptation for the path set is not possible. Figure 22 shows the
corresponding error message from SIMPACK.

=% Error 7 X

1:8} Errar

File subwvar.subvar not found anywhere in search path

Figure 22: Error message in SIMPACK for missing SubVar or Input Function files
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To break the dependency on external files for SubVars and Input Functions of a specific
SIMPACK file, the make local functions for the used SubVars and Input Functions may be

applied (4.4). This function is not available for the CAD bone geometries. The corresponding
error message is shown in Figure 23.

=% Errors occurred ? .

./. 3 -

[ | Errors occurred
LI

Error during preprocessing of Element: A
$P_Pelvis_bone_rightcoxa

File does not exist

Please check the message log for further details.

calling the solver Tailed

Solver call failed:

Error during preprocessing of Element:
$P_Pelvis_bone_coccygis

File does not exist

Please check the message log for further details.

Figure 23: Error message in SIMPACK for missing geometry files

So, it is highly recommended not to change the storage location of those CAD files once the
first application is applied.

5.3.3. Marker record interrupted

The calculation will fail, if at least one marker does not deliver continuous positional
information over the whole calculation period. In such a case, this period must either be
further restricted to exclude the corresponding frame numbers, or the calculation must be
separated into discrete calculation periods containing continuous signals. For each of these
periods independent calculations have to be made.

5.3.4. Invalid Input Request

In section 5.2.1 the required and optional entries for the Input Request are described. These
entries are linked to several assumptions (e.g. the starting frame number mast be smaller than
the ending frame number). If these assumptions are not fulfilled MATLAB displays a
corresponding error message and the calculation is usually interrupted.
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6. Summary and perspectives

6.1. Achievements

By applying this MATLAB routine, it is possible to convert the information stored in an arbitrary
C3D-dataset to a mechanical multibody model in SIMPACK. This model may be used for Invers
Dynamic Analysis and further analysis.

The calculated marker positions represent their corresponding unprocessed markers in a
satisfying way. Compared to the unprocessed marker information, the residuals remain
manageable.

6.2. Sources of inaccuracy

6.2.1. Marker displacement

The occurrence of marker displacements during movement due to elastic tissue properties are
a main source of inaccuracy. This effect is described in section 3.7. Since all calculations are
based on the marker positions, the determination of characteristic lengths, the positions of
specific landmarks and the calculated orientations of the body-fixed coordinate systems are
affected.

The calculated bone orientations are not totally reliable, especially for the segments Thigh
right and left. The orientation of those segments along their longitudinal axis is determined
by one marker only — the RHTI or LTHI marker for the corresponding side. So, the marker
displacements during movement, and also a possible variation of their initial placement,
directly influences the calculated orientation of the visualized bone geometry.

For the segment Pelvis, the orientation is less dependent on marker displacements because
of its symmetry and the relatively small marker distance to bone tissue (for non-obese
subjects).

The estimated bone orientation of the segments Shank right and left is directly linked to the
corresponding toe markers RTOE and LTOE which is of course also dependent on the
placement of these markers. This fact may additionally lead to a more or less constant offset
to the actual orientation. For precise results, the spanned plane of toe, ankle and knee joint
markers of one side must equal the plantarflexion-dorsalextension-plane of the corresponding
foot which could not be tested. However, during physiological gait the relative movement of
the foot against the shank mainly is a plantarflexion and dorsalextension which is supposed to
be represented by this estimation. So, the selected schema is appropriate, but a certain offset
is possible.

Additionally, the camera-based motion capture system has a limited accuracy. For that reason,
at the same time of the 3D POINT information also an average error distance - the Residual -
is calculated by the photogrammetry software and written in the C3D file (Motion Lab
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Systems, Inc. 2008). The described MATLAB toolbox, which is used to load the marker
positions into the Workspace, also enables the loading of those Residuals. This information is
not considered by the MATLAB routine, which may be a starting point for further
improvements.

6.2.2. Joint centers

Next to the marker displacements, also the accuracy of the estimated locations of the joint
centers does influence the accuracy of the marker reconstruction. The actual joint centers
cannot be determined directly from the marker positions of the C3D-dataset.

The used procedures for estimating the hip and knee joint centers are described in sections
3.5 and 3.6. Here lies a potential for improvement.

The available datasets showed, that the calculated locations of the hip joint centers and the
orientation of the pelvic segment do not necessarily represent the frame calculated from the
three segment markers SACR, RASI and LASI: In two out of the three investigated datasets
(examples in sections 5.2.2 and 5.2.3) the calculated segment Pelvis is shifted into a ventral
position. This appears in a much greater distance between the SACR marker and the sacral
bone geometry than the distance between the RASI or LASI marker to the iliac bone geometry.
This may be the case due to an inaccurate hip joint center estimation or due to diverging bone
structures of the subject compared to the used CAD bone geometry samples.

If no representative frame number is set, a permanently bended torso during a gait trial also
leads to at least an error in the orientation of the pelvic segment. In this case the MATLAB
routine references the mean position as upright. This may lead to a wrong orientation around
the transverse axis after the applied adaption (3.3.1).

Furthermore, the anatomic orientations of the knee joint axes are mimicked by re-orientating
them according to an initial position (3.4.3). However, also this reorientation has a limited
accuracy, especially if its” calculation is based on mean values. This is one reason why the knee
joints in this model are represented by multiaxial joints. The original concept was to model
the knee joints uniaxial, but this assumption requires very precise orientations of the femoral
and tibial coordinate systemsto deliver accurate results for Human Gait Analysis.
Furthermore, the human tibiofemoral joint is by far not uniaxial and does not have a constant
joint center. In fact, the kinematics of the human knee are still not fully understood (Ramsey,
Wretenberg, 1999). These facts lead inevitably to defective marker calculations of the
MATLAB routine.

Since the movements of the Foot sections are only estimated for reasons of visualization of
gait data, they are restricted to be uniaxial. The ankle marker - which is set as joint center - is
supposed to be located near the actual rotation axis of the performed plantarflexion and
dorsalextension. Therefore, the MATLAB routine considers a marker set which contains only
one marker of the Foot segment per side. So, an accurate calculation of the ankle joint centers
is avoided and would not lead to improved calculation results of this model.
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6.3. Possible improvements

This section is supposed to give an overview of possible improvements of the described
modeling process in terms of increasing the accuracy and also to extend the field of
application.

6.3.1. Adjustment of joint centers

Hip joint centers

An adjustment of the inter-ASIS distance - especially for obese subjects - is necessary to
achieve a more precise location of the hip joint centers.

Furthermore, in section 3.3.1 it is described how the provisional pelvic coordinate system is
rotated to achieve a physiological upright initial position. If this estimation is faulty, also the
estimation of the hip joint centers is influenced. Dataset Dynamic 01 (5.2.4) is a good example
here: No appropriate frame number is available to be set as representative, so the orientation
of the pelvic reference system is based on mean values of the calculation period. The subject
walks in a way that the pelvis is permanently tilted to a ventral position which is not sufficiently
reflected by the modeling process.

In the end, an adaptation which estimates the hip joint centers with respect to different
parameters like sex, weight, height, adult or child (and others) and includes a check for the
pelvic orientation is desirable to ensure an appropriate calculation for any dataset.

Knee joint centers

A possibility to verify the location of a calculated joint center could be the use of the
instantaneous axis of the relative movement between two body segments. The current joint
center is supposed to be placed on this instantaneous axis.

Possible approach: In a first approximation the joint center location is estimated. Followed by
applying a further adjustment which displaces the calculated position onto the nearest
position of the calculated instantaneous axis.

This approach could also be relevant for estimating the hip joint centers, which could be done
by using mean values to estimate a constant joint center within the pelvic frame of reference.
Whereas, for the knee joint centers (tibiofemoral joints), the usage of flexible joint centers
would be reasonable due to the physiological properties of the knee joint. This equally true
for the consideration of translational parts of the knee joint motions which is also the idea
behind marker clustering (6.3.2).

The critical point here anyway is, if the calculation of the instantaneous axis is precise enough
to really improve the result. Again, the unfavorable occurrence of marker displacements
described previously, influences the calculation results. So, it is not reasonable to apply such
an adaption to the current program, which uses only a minimum marker set for calculation.
However, for an adapted routine, based on a higher number of marker positions (6.3.2), this
procedure may be advantageous.
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6.3.2. Marker clustering

The Helen Hayes marker set (Kadaba, 1990) was developed for tracking systems with a low
resolution. Therefore, the number of markers was reduced also aiming that the distance
between the markers is far as possible (Della Croce, 2004). The joint motions are restricted to
three rotational degrees of freedom. The definition of the segment Thigh is relying on an
estimated hip joint center whose calculation is based on pelvic markers. The segments Shank
and Thigh share the corresponding knee marker and the estimation of ankle joint center relies
on shank markers (Collins, 2009). These constraints introduce errors to the calculated joint
angles (Cereatti, 2006).

The idea behind marker clustering is to develop marker sets that enable the independent
tracking of individual segments which allows six degrees of freedom at each joint (Collins,
2009). The application of such a marker set would require fundamental adaptations of the
MATLAB routine but yield to respect physiological relations in each joint.

6.3.3. Least squares adaptation

This adaptation is closely linked to marker clustering (6.3.2). Using datasets containing
numerous markers, marker clusters may be used to determine bone orientations based on
skin-markers (Solav, 2017). Here, sub-clusters of three markers are used to create Cosserat
point elements (TCPEs) for bone pose estimation.

6.3.4. Expansion of the MATLAB program

An appropriate expansion could be the development of a routine which estimates crucial
parameters of the subject which are required to do Invers Dynamic Analysis such as, total body
mass (possibly by using force plate data), following segment masses by considering the
estimated total mass with respect to representative lengths and the positions of the centers
of gravity of the segments. Such a routine could enable the calculation of joint reaction forces
(without further manual processing) especially for datasets which do not contain any
anthropometrical information - which is true for many datasets.

6.4. Possible applications

Applying Invers Dynamic Analysis on a mechanical multibody model based on a C3D-dataset
enables the calculation of reaction forces within or between segments of the created model.
For instance, the results may be useful to estimate the mechanical stress for endoprosthesis
such as hip or knee implants. Based on that information, the life period of such a product could
be approximated.

The same considerations are of interest for exoprosthesis too. The calculation of the arising
stress due to performed movements is important for the development of such devices, as for
the endurance of the finished product.
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Furthermore, Inverse Dynamic Analysis could also be used for calculating required excitations
to the multibody model to perform a predetermined motion - for instance, to calculate the
required damping parameters of an artificial knee joint to reach a certain target knee angle.
Another question concerning exoprosthesis could be, how much energy has the subject to put

into the prosthesis system to perform a certain movement.
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A Directory structure

All required files for the modeling process are stored in the Algorithm folder.
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Figure 24: Folder Algorithm
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