NEUROMORPHIC MODELING OF
REACHING ARM MOVEMENTS

Theses of the Ph.D dissertation
Rébert Tibold

Supervisor: Jozsef Laczké Ph.D

Pazmany Péter Catholic University
Faculty of Information Technology
Interdisciplinary Technical Sciences Doctoral School

Budapest, 2012



NEUROMORPHIC MODELING OF REACHING ARM MOVEMENTS 1

Introduction and aims

In everyday running life there are many situations in which people
can be injured seriously thus becoming spinal coord injured (SCI)
patient or suffer from the symptoms of diseases effecting different
movement functions like controlling or executing a given movement.
Such movement disorders - without further details - are Parkinsons
Disease (PD) [1] caused by the malfunctioning of the basal ganglia
and/or the dopaminerg system; dystonia as a neurological movement
disorder where oscillating muscle contractions result in twisting and
uncontrolled repetitive movements with abnormal postures [2];
multiple sclerosis in which the nerves of the central nervous system
(brain and spinal cord) degenerate as a result of inflammation of the
nerves [3], [4]. Another serious disorder of the brain is the stroke in
which the individual rapidly loses some of his brain functions due to
disturbance or damage of the blood supply of the brain. In many
cases of stroke the motor cortex of the brain is highly effected. In
such cases the person can not move the limb(s) on one side of the
body (hemiplegia). In more serious cases when the brainstem is
involved in the stroke too the patient abilities for sensing and
balancing may be reduced or totally lost. Therefore, for current
science of motion it would be a great deal to help people overcoming
their serious movement disorders whether it is caused by either

accident or neural disorder.
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In SCI patients in both paraplegics (caused by the injury or the
illness of the thoracic area of the spinal cord - normal movement
functions of the neck, hand and thorax are usually not effected) and
tetraplegics (caused by the injury or the disease of the cervical area
of the spinal cord) functional electrical stimulation (FES) has been
recently used in many studies to recover lost functions and muscle
density of the leg muscles partially [5-7]. For example cycling using
FES offers paraplegics the possibility of muscle and cardiovascular
training as well as the chance for independent locomotion [8]. It is
desirable to find optimal stimulation patterns for generating smooth
cycling movement of spinal cord injured patients by means of
functional electrical stimulation. Pilissy et al., [5] showed that the
ankle might play an important role in FES cycling. Based on the
measurements of cycling of healthy individuals (N=42) it was found
that at higher gear the muscles spanning the ankle joint had to
generate more torque so as to maintain a given cycling speed [5].
FES cycling has not been applied only in SCI patients but in patients
with multiple sclerosis as well by Szecsi [9]. In the studies applying
FES during cycling stimulation patterns were generated as a function
of the pedal angle. Here, the most challenging task was to find the
proper timing course of stimulating the right flexor or extensor
muscle at the right instants.

However, FES has its own limits. Namely, personalized
anthropometric parameters, neaural and biomechanical features

(muscle geometry, muscle action lines with acting muscle forces) of
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the particular limb are not taken into account in generating
stimulation patterns.

If the results of accurate 3D modeling of these properties were
applied in the generation of movement patterns it could definitely
increase the effectiveness of novel methods applied in the
rehabilitation.

Many studies have revealed the applicability of FES in the cases of
the hand [10] and the forearm [11] respectively. The Freehand
system [10], [12] is an implanted FES device for restoration of
lateral and palmar grasps following C5 or C6 tetraplegia. Certain
shoulder movements are transformed into electrical signals and
transmitted to an electrical stimulator which stimulates the muscles
of the palm and the wrist through implanted electrodes to perform
grasping. Naito [11] presented a method to stimulate the biceps
brachii to perform supination of the forearm. However, no
information has been found so far whether FES using 3D neuro-
biomechanical modeling would be applied for the entire upper
extremity. This is caused by the high complexity of the shoulder
girdle which makes the number of degrees of freedom (DOF)
increased resulting a more complex methodology.

Whole upper limb models [13-17] or partial studies [18-25] have
been described over the past decades. These models were mostly
developed to study the static and dynamic effects of muscles and
joint torques giving insight into human limb coordination.
Unfortunately current rehabilitation methods are not capable of fully

restoring the previously lost movement functions. According to
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statistics from the United States 50% of individuals suffering from
stroke may have paralysis on one side of their body after
rehabilitation procedure [26], [27]. Therefore, it is really desirable to
either improve the efficiency of the rehabilitation techniques applied
or to develop new methods based on both personal anthropometric
and neuro-biomechanical parameters of the patient using 3D
modeling approaches. Graphic based multidimensional computer
models were developed to discern motor activity patterns of
musculoskeletal systems [28], [29]. Inverse problems were studied in
a neuro-mechanical transducer model that computes possible muscle
forces and activities of flexor and extensor motoneuron pools during
voluntary limb movements [30-32]. This model was applied for
studying planar movements of the rat hindlimb.

In motor control when dealing with the 3D modeling of different
limb movements on one hand a complex 3D inverse kinematic
problem must be solved to obtain muscle forces while on the other
hand the redundancy problem must be taken into account as well
where an optimal solution has to be found for selecting a proper
combination of muscles activated during movement execution. A
human limb has generally more joints and around each joint the
human body has much more spanning muscles than necessary [33],
[34]. Therefore, it is still not an obvious question what is controlled
by the central nervous system (CNS) and how it chooses control
strategies. The muscle synergy problem has been recently
investigated in different studies for multi-finger quick force
production [35] and for different limb postures [36-40].
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The most important aim of my Ph.D. studies is to investigate motor
variances in essential motor control levels and the effect of external
loads on these variances. Furthermore, to model how muscles of the
upper limb may act while producing forces so that to be able to
reproduce these activities artificially by applying e.g. electrical
stimulation in the future although the generation of FES patterns and
the development of new control methods for improving the efficacy
of current upper limb rehabilitation methods are not the scope of the
thesis.

In order to do that based on the measurement of reaching and
grasping arm movement of healthy individuals a 3D musculoskeletal
model of the entire upper limb was developed containing the
geometry of 3D limb segments (with shoulder complex); the location
of 3D muscle attachment sites and the anatomical/biomechanical

structure of four muscles.

Methods of investigation

| investigated a daily executed point-to-point motor task performed
by healthy individuals. Twenty persons (aged 21-25; mean+SD.:
21.1+1.9), 14 men and 6 women with no upper extremity complaints,
voluntarily participated in the study at the National Institute for
Medical Rehabilitation (NIMR). The participant sat in front of a 2-
level-computer desk. The motor task was executed under three
conditions corresponding to three objects with different masses: 1) a
light CD case (0.06 kg); 2) a load (1 kg — referred as O1); 3) a load
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(2 kg — referred as O2) ten times per load condition. The actual
object was placed on the lower level of the desk. In the starting
position the arm of the participant was hanging alongside the body
and the palm was facing backward. The particular movement was
divided into 3 phases:

a) uplifting phase: the individual was instructed to lift his arm from
the initial position to reach and grasp the object on the lower level of
the desk and had to lift it and place it onto the upper level and finally
release the object and move the arm back to the initial hanging
position;

b) pause: In this second phase, the arm remained in the hanging
position taking a short pause (2-5 sec);

¢) putting down phase: in this third phase, the participant had to lift
his arm to reach the object on the upper level of the desk, put it back
down to the lower level, release the object and move the arm back to
the starting position again. The entire task was repeated ten times: 10
uplifting and 10 putting down trials were recorded under each
condition.

To measure 3D coordinates of upper limb joints | used an ultrasonic-
movement analyzer system (usMA) (ZEBRIS CMS 70P, Zebris
Medical GMBH, Germany). | measured the muscle activites of 4 arm
muscles - biceps (BI), triceps (TR), deltoid anterior (DA) and deltoid
posterior (DP) - with the built in EMG recorder. Kinematic and

muscle activity data processing was solved by using self developed
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MATLAB (The MathWorks Inc.,Natick, MA, USA) based
algorithms.

| developed a MATLAB based simulation method that is able to
determine the direction and magnitude of muscle torques and muscle
forces in the three dimensional space considering four muscles of the
whole upper extremity containing the shoulder complex only using
measured 3D coordinates of upper limb joints. In the model |
elaborated a general mathematical method to determine 3D muscle
geometry (3D muscle insertion and origin areas) based on cadaveric
measurements [41] and personal anthropometric data of the
participating individuals. Furthermore, biomechanical features taken
from the literature are taken into account by considering the differing
structures and strain capabilities of the investigated muscles.

By using the developed 3D musculoskeletal model | analized how
the heavier object in the hand effected the motor variances of 4
different levels of the motor apparatus: endpoint, joint configuration,
recorded EMG, computed muscle force. In the analysis of these
levels of the motor apparatus | investigated two object conditions 1)
without load (empty CD case) and 2) with load (2 kg object (02))
and | calculated variances of joint configuration (JC), endpoint
position (EP), EMG activities and muscle forces (FORCE) - as
mentioned above - for the time interval when the object was held by
the individual (HOLDING). I carried out my statistical investigations
(repeated measures ANOVA at a p<0.05 significance level;
correlation analysis) by applying STATISTICA (StatSoft, Inc.,
Tulsa, OK, USA) and MATLAB.
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Novel scientific results

Thesis I. Three dimensional model for establishing the
direction and magnitude of 3D muscle force vectors and joint
torques in general upper limb movements using measured 3D
kinematic and anthropometric data.

Related publications: [Tibold et al., 2011 , Tibold and Laczké, 2011,

Laczké and Tibold, 2010, Laczko et al., 2009]

In the case of 3D movement modeling the directions of torques and
muscle forces acting in a given joint are not obvious especially not if
one would like to consider how muscles (agonists and antagonists)
are operating together at a given time instant. Another important
issue is the determination of either proper 3D muscle geometry
(containing 3D muscle insertions and origins) or the biomechanical
characteristics of muscles (the active (F4(l)) and passive (Fy(l)) force
length relations). In the following groups of theses results related to
geometric properties and variances of muscle forces and joint

torques are summarized.
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I.1. I have given a mathematical algorithm for
determining the direction of three dimensional muscle
force vectors to generate a desired joint torque during
the execution of general, three dimensional point-to-
point arm movements. As a part of the algorithm I
have elaborated a novel general method to determine
three dimensional muscle insertion and origin areas
located on the surface of the bone by applying both
cadaveric parameters and personal anthropometric

values to have accurate muscle geometry.

If only one muscle is active at a time instant t, than the torque
generated by the muscle in the spanned joint is computed as the

difference of the total torque and the gravitational torque [30-32]:

joint

FOR.O=F0 1 €T ® @

where F_(t)is the force generated by the muscle, R, (t)is the

moment arm of the muscle, S(t) is the angular acceleration of the
(joint)

joint spanned by the muscle, | (t) is the moment of inertia ,

T

a(joiny () s the gravitational torque due to the rotated body part.

Depending on the direction of the required torque either the flexor or

the extensor muscle group should be activated at each instant for an
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artificial control of the joint torque. Such virtual muscle forces
(Figure 1) were predicted for 4 arm muscles separately (Bl, TR, DA,
DP) at each time step during the desired movement. The novelty of

my computation is that | considered that all parameters (except

(joint)
I (t)) were three dimensional vectors and not only their

magnitude but their direction was changing in time throughout the
movement. Modeling approaches usually have been elaborated by
restricting joint rotations around predefined rotational axes, although
natural human movements do not comply with such restrictions [42].
| elaborated 3D computation for all of the vectors as function of

time.

= Extensor force
= Flexor force
Joint torque

Figure 1. Virtual determination of 3D muscle forces for flexor (blue) and extensor
(green) muscles neded to generate the 3D joint torque (light blue) in the spanned joint

at a discrete time instant.
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I determined personalized 3D coordinates of muscle attachments
located on the surface of the bone. First, based on the cadaver study
of Veeger [41] I put the questioned muscle insertion-origin points to
the midline of the bone segment containing either the insertion or the
origin. But since 1) muscles are located on the bone surface and not
on the midline of the bone segment and since 2) Veeger provided
data for only fully stretched elbow - which was only the initial
posture of the measured movement - | applied the rotation formula of
Rodrigues to predict 3D coordinates of muscle attachments (Figure

2) for the entire movement interval.

(UBIT,,; ) =UBII, cos @, +(Zz xUBII,)sin©,, +

7L(thtT *uB—llt*(l—COSG)(e)t)) ¥
O ey =a(E..)—a(E) ©)
BBl =B — Bl BT @
OnBonesurf _BIl,, =E,_,BIl,, +E,,, )

Remark: A mathematical method for computing the biceps insertion.
The same method as above was applied by replacing the rotation
axis z ; the rotated muscle attachment unit vector; the angle of

rotation ¢ to particular ones related to the specific muscle.
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uBio, BIO,
2o, BIO,

Figure 2.  Anatomical landmarks (T — thorax; S — shoulder; E — elbow; W -

wrist); muscle attachments of the biceps (BIO - origin; Bll - insertion); unit

muscle attachment vectors (m' m') used in the rotation method of
Rodrigues during the calculation of the biceps attachments located on the surface
of the bone are presented at two successive time instants (t and t+1). The rotation
method was applied to determine muscle insertions and origins for not only the

initial position (t=0) but for the whole movement interval as well.
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1.2. I have proven that the elbow and shoulder joint
torque profiles predicted by the 3D biomechanical
model are invariant to changes of the mass of the
object held in the hand. The range but not the shape of
the torque-time curve depended on the object held in
the hand.

Mean torque profiles of all trials were generated within each
participant for the three object conditions during lifting and putting-
down separately for the holding movement periods (the actual object
is in the hand of the participant). Ten trials of each participant were
averaged. The data of one representative individual are shown
(Figure 3).
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Figure 3. Mean predicted torque profiles of ten trials in each object conditions
(CD, 01, 02) for both movement directions (UP, DOWN) during holding time
interval (the period during which the person was holding the object) for one
representative individual). Dotted lines (linear regression fit) sign the linear
increasing or decreasing tendency of the torque during lifting and putting-dowy.
Only the range but not the shape of the torque-time curve depended on the mass of
the object.. The magnitude of joint torques was larger for heavier objects than for
the lightest ones. The invariance of the shape is shown by correlation coefficients

for all conditions (regarding directions, objects) in both joints (Table 1).

To present the effect of changing object conditions on mean
torque profiles correlation analysis was performed for holding
time intervals (Table 1). The strongest (0.77 <r < 0.99) Pearson
coefficients were observed when comparing the linear relation
between O1 and O2 torque curves. Weaker (0.35 <r < 0.98), but
still strong linear correlation was present between CD and O1
torque profiles while the weakest (0.12 <r < 0.96) correlation was
found between CD and O2 conditions. Because mean correlation
coefficients are higher than 0.58 in all object conditions for both
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directions indicating high linear connection between separate
conditions the torque profile is considered to be object invariant
for both directions (Table 1). The magnitude but not the shape of
the torque-time curve depended on the object held in the hand.
The magnitude and the amplitude of joint torques were larger for
heavier objects than for the lightest one in both the elbow and
shoulder. The joint torques show increasing profiles for lifting and
decreasing profiles for putting-down (Figure 3).

Table 1.
Pearson r-values of all individuals for the elbow and shoulder joint

torques observed during holding considering all object conditions.

ELBOW TORQUE SHOULDER TORQUE
SuBJID UP DOWN upP DOWN
CcD- CD- O1- Cb- CD- Ol- | Cb- ¢cb- O1- CD- CD- Ol-
Ol 02 02 01 02 01 02 02 01 02 02
1 0.58 [EELE ) 087 [Eel 079 o9 o091 [oX:]
2 (I3 033 | 09 WEVE 095 (MNEH 087 | 09 [JO92 0.95
3 [NZN 092 | 089 EEYE 09 [1098 0.99 [10:95 0.97
4 (0 086 | 087 WEKE 0094 0710 0.7 109 0.98
5 0.66 [OKH] 076 089 [F079 093 0.97 0.87
6 (WP 001 IS 072 092 |1088 0.92 0.97
7 (7 086 | 097 0.98 0.5 0.95 0.99
8 [NZI 092 | 095 I 097 (1082 0.9 0.98
9 0.87 (104 072 0.35 0.87 0.79
10 0.44 0.86 |09 0.97 [H0:75 0.79 0.94
11 W 058 S 0.82 [ 0.9 0.9 0.93
12 0,630 0.83 0.98 [0:22 0.79 0.9
13 079 BCXEN 0.7 0.98 |10:64 0.97 0.98
14 068 WOLYEN 091 0.88 [[F0.9 0.96 0.87
15 087 WK 091 0.95 |L0.97 0.95 0.97
16 042 0.46 0.8 0.05 0.8 BRI 0.3
17 0.40 [} 0.84 [H0:83 IOFZ 0.9 0.94
18 (S 0.91 0.77 |[10:85" K . 0.94 I 096
19 0.71 [OReE] 085 | 091 [NCENOESHINCCIN 003 N09Z
20 [WE 0.98 0.77 |HOBSHEEIE o033 | 078 0.8
Mean 0.58 0.67 069 JOEGENEN 0.75
SD 029 024 010 038 035 025 026 JONER 039 040 039

Note. Generally, the strongest (44N aN/A2:) correlation coefficients were found
between O1 and O2; weaker but strong (USERSASIAYY) correlation appeared for CD
and Ol; the weakest coefficients (0.12 < r < 0.96) occured for CD and O2..
Correlation coefficients for individuals 9 and 16 are negative in the comparison of
CD-0O1 and CD-O2. Mean correlation coefficients are higher than 0.58 for all
conditions.
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Thesis 1I. The effect of objects with distinct masses on the
variances of endpoint (EP), joint configuration (JC), SEMG
and simulated muscle forces (FORCE) as levels of the bilogical

motor apparatus during holding the object in the hand.

Related publications: [Tibold et al., 2011, Tibold et al., 2009, Laczko
and Tibold, 2009]

In order to reproduce complex arm movements artificially first the
issue of muscle synergies, namely how the CNS chooses its strategy
to select proper muscles for optimal solution of a given motor task
and what is controlled by the nervous system under changing object
conditions, must be understood.

The following group of theses summerizes how motor variances on
different levels of the motor control were effected by a heavier
object held in the hand during the time interval of holding. Variances
of the performed movements were computed during holding as
functions of normalized time and were averaged across time for both
object conditions (CD, 02) within all subjects in lifting and putting-
down. These values were computed for the endpoint, joint
configuration, SEMG of 4 arm muscles (Bl, TR, DA, DP) and for
computed muscle forces of the same muscles separately. The mean
variance across holding with load was divided by the mean variance

across holding without load for 1) all individuals separately and for
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2) the mean variances (Figure 4) across all individuals (Table 2,
RATIO).

1.1 I have proven that motor stability highly
depends on altering load conditions. Movements
executed with load (O2) varied in a higher manner
than movements executed without load (CD) during

holding time interval.

This has been proven by analysing variances (Figure 4) in external
workspace, in internal joint space and in the space of muscle
activation patterns when an object was in the hand of the actual
person (HOLDING time interval).

In endpoint variances results did not show significant difference
between the two object conditions either in lifting (F(1,19)=1.62,
p=0.21) or in putting-down (F(1,19)=1.99, p=0.17) at p<0.05. In
joint configuration there was no significant difference between the
object conditions during lifting (F(1,19)=0.73, p=0.4). However, in
putting-down the arm configuration variance was significantly
(F(1,19)=8.11, p=0.01) greater if movements were executed with
load proving a less enhanced effect of the gravity on movement
execution while acting against the gravity. High significant
differences occurred in both surface EMG and virtually computed
muscle force levels depicting minimal p values in the ranges of
0.0002<pemc=<0.024 and  0.00002<prorce<0.0005 respectively.
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However, in computed muscle forces DP showed no difference

between the object conditions either in lifting or in putting-down.

Mean Variances in End Point Mean Variances in Joint
Configuration
02% 02*
700 4 cp* 60 7 cp 02
600 o+ ()] 50
W CD|
S || o a0
E=] < 400 3
jat E g 30
300 by
£ E 2 5
g 200 o
— 10
™ 100
0 0
UPLIFTING PUTTING DOWN UPLIFTING PUTTING DOWN
Direction of vertical object replacement Direction of vertical object replacement
mCD mo2 mCD m0o2
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Figure 4. Mean values of variances across 20 individuals for all motor control

levels in both directions (UPLIFTING, PUTTING DOWN) under both conditions (CD,

02). In the cases of coherent CD-O2 pairs * means that even though the variance of
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movements executed with O2 is higher than movements executed with CD but this

difference was not significant at p<0.05.

1.2. I have shown that RATIO of movement
variances with load (O2) to movement variances
without load (CD) was smaller for endpoint and joint
configuration variances than for SEMG and muscle
FORCE variances respectively representing that
enhanced muscle synergies stabilize the movement at
kinematic level by controlling primarely through the
hand position and less by the combined joint rotations

and not by individual muscle activities.

To compare the effect of load on different control levels | computed
the ratios of mean variances across all individuals by dividing the
mean variance of movements with load by the mean variance of
movements without load. (RATIO) RATIO;c>RATIOg for both
uplifting and putting-down. RATIOgue>>1 and RATIOrorce>>1
concerning all investigated muscles except DP.

Thus, it is obvious that the load effected the muscle variances at a
higher rate than kinematic variances (Table 2) proving that the effect
of the heavier object on variances was the highest at muscle activity
level, smaller at joint configuration level and it was the smallest at

endpoint level.
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Table 2.

Ratios of mean variances (RATIO)

UpP DOWN
& 0.7 13
O 1.2 1.4
=
Bl TR Bl TR
1) 3.9 2.5 48 3.3
E DA DP DA DP
1.9 2.83 2.2 3.42
Bl TR Bl TR
L
8 9.6 2.3 5.75 2.83
8 DA DP DA DP
5.3 11 4,83 1,12

Note. In the table the RATIO of movement variances with load
(02) to movement variances without load (CD) is given for the
studied motor control levels. The RATIO was smaller for endpoint
and joint configuration variances than for SEMG and muscle
FORCE variances respectively representing that enhanced muscle
synergies stabilize the movement at kinematic level by controlling
primarely through the hand position and less by the combined joint
rotations and not by individual muscle activities.

The shoulder extensor (DP) had a slightly different behavior than
other muscles because the variances of DP were higher than the
variances of DA in contrast to EMG variances (Figure 4). A possible
reason of this is that the main action lines of muscle forces may alter
and influence muscle force variances caused by the structure of the
deltoid muscle [43], [44].
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1.3. I have shown that using virtually predicted
muscle forces, generalized muscle activity patterns for
rehabilitation of the upper extremity containing the
shoulder complex cannot be generated in the cases of the
main arm muscles. Instead of using generalized action
patterns for all patients, personalized movement

patterns rather lead to adequate rehabilitation processes

of individuals.
Table 3.
Between subjects mean and SD of predicted muscle forces
Mean (N) SD (N)
CD 02 CD 02
BI 23 220 16 168
N TR 24 55 15 38
> DA 12 64 8 42
DP 679 742 839 604
BI 32 184 28 143
§ TR 18 51 14 36
Q DA 17 82 14 70
DP 785 886 928 758

Note. Between subjects mean and SD of predicted muscle forces (BI, TR,

DA, DP).. Standard deviations of predicted muscle forces were remarkably

high compared to the mean of predicted muscle forces across participants

indicating different execution patterns between subjects.
Predicted muscle force standard deviations (SD) across all
individuals were relatively high compared to the mean across
participants for both object conditions (Table 3) indicating

distinctive force patterns between persons exerted by individual
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muscles under the execution of the same point-to-point movement.
Therefore, the execution of movements under altered object
conditions varies subject by subject. To demonstrate this, standard
deviations were computed within subjects (for 10 trials) for both
directions (UP, DOWN) under each load condition (CD, O2) to all
individuals separately and then averaged across all participants
(Table 4).

Table 4.
Averaged within subjects predicted muscle force SD-s
[N] UP DOWN
BI TR BI TR

2.4542 2.7512 3.255 2.5224

8 DA DP DA DP
2.0863 16.166 2.3067 19.475
Bl TR Bl TR
5.5247 2.8967 4.7365 3.0204
o
(e}

DA DP DA DP

5.0782 30.423 3.6851 16.128

Note. Averaged within subjects standard deviations are
significantly smaller than between subjects SD-s (Table 3) at
p<0.05 significance level. This suggests that personalized
movement patterns lead to efficient rehabilitation processes.

Within subjects SDs (Table 4) were significantly smaller (p<0.05)
than between subjects SDs for both directions under each object

condition.
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As a consequence of this fact, generalized movement patterns using
predicted muscle forces for rehabilitation processes cannot be
generated because it changes between individuals. However, using
the presented 3D biomechanical model (Theses 1.) personalized
movement patterns might be better applicable in FES rehabilitation

procedures of tetraplegic patients.

Future applications

In the first theses group | summarized the most important
novel results of a personalized biomechanical model.
These results will be useful to generate personalized muscle activity
patterns for patients having rehabilitation of their upper extremity.
Personalized movement patterns will be created based on
anthropometric data to define typical muscle geometries
characterizing the individuals anatomical muscle geometries as
accurately as possible. Furthermore, in the next step of the research |
plan to reveal the relationship between virtually computed muscle
forces and stimulation patterns. Such stimulation patterns should be
applied by using electrical stimulators in FES applications to activate
the main muscles of the upper limb and generate reaching-grasping
arm movements artificially in the 3D space. In the second theses
group | summarized how the heavier object affected different levels
of the motor apparatus thus supporting that enhanced muscle synergy
stabilizes the movement at kinematic levels.
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This issue is going to be very useful in medical rehabilitation and in
occupational therapy by assisting medical doctors in selecting which
muscles or body parts should be trained for more efficient motor
performance.

My theses contribute to human motor control research by better
understanding how the central nervous system (CNS) reacts for

changing external conditions.
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