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Abstract

To assess ergonomic aspects of a (future) workplace already in the design phase where
no physical prototypes exist, the use of digital human models (DHMs) becomes essential.
Thereby, the prediction of human motions is a key aspect when simulating human work
tasks. For ergonomic assessment e.g. the resulting postures, joint angles, the duration of
the motion and muscle loads are important quantities. From a physical point of view, there
is an infinite number of possible ways for a human to fulfill a given goal (trajectories,
velocities...), which makes human motions and behavior hard to predict. A common
approach used in state of the art commercial DHMs is the manual definition of joint angles
by the user, which requires expert knowledge and is limited to postural assessments.
Another way is to make use of pre-recorded motions from a real human that operates on
a physical prototype, which limits assessments to scenarios which have been measured
before. Both approaches need further post processing and inverse dynamics calculations
with other software tools to get information about inner loads and muscle data, which
leads to further uncertainties concerning validity of the simulated data.

In this thesis work a DHM control and validation framework is developed, which allows
to investigate in how far the implemented human like actuation and control principles
directly lead to human like motions and muscle actuations. From experiments performed
in the motion laboratory, motion data is captured and muscle activations are measured
using surface electromyography measurements (EMG). From the EMG data, time
invariant muscle synergies are extracted by the use of a non-negative Matrix Factorization
algorithm (NMF). Muscle synergies are one hypothesis from neuroscience to explain how
the human central nervous system might reduce control complexity: instead of activating
each muscle separately, muscles are grouped into functional units, whereas each muscle
is present in each unit with a fixed amplitude. The measured experiment is then simulated
in an optimal control framework. The used framework allows to build up DHMs as
multibody system (MBS): bones are modeled as rigid bodies connected via joints, actuated
by joint torques or by Hill type muscle models (1D string elements transferring
fundamental characteristics of muscle force generation in humans). The OC code
calculates the actuation signals for the modeled DHM in a way that a certain goal is
fulfilled (e.g. reach for an object) while minimizing some cost function (e.g. minimizing
time) and considering the side constraints that the equations of motion of the MBS are
fulfilled. Therefore, three different Actuation Modes (AM) can be used (joint torques (AM-
T), direct muscle actuation (AM-M) and muscle synergy actuation (AM-S), using the before
extracted synergies as control parameters)). Simulation results are then compared with
measured data, to investigate the influence of the different Actuation Modes and the
solved OC cost function. The approach is applied to three different experiments, the basic
reaching test, the weight lift test and a box lifting task, where a human arm model
actuated by 29 Hill muscles is used for simulation. It is shown that, in contrast to a joint
torque actuation (AM-T), using muscles as actuators (AM-M & AM-S) leads to very human
like motion trajectories. Muscle synergies as control parameters, resulted in smoother
velocity profiles, which were closer to those measured and appeared to be more robust,
concerning the underlying muscle activation signals (compared to AM-M). In combination
with a developed biomechanical cost function (a mix of different OC cost functions), the
approach showed promising results, concerning the simulation of valid, human like
motions, in a predictive manner.
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1 Introduction

1.1 Motivation

The number of elderly work force in all branches of industry will keep on growing in the
next decades due to the ongoing demographic change. Especially in branches where the
amount of manual work tasks remains high, like e.g. automotive final assembly, the need
for individualized, safe and ergonomic work places, processes and tools, raises
continuously. The state of the art approach to assess ergonomic aspects in most of these
fields is to work with human workers, which operate on physical prototypes. Such a
reactive proceeding is expensive, slow, and allows only for minor modifications due to the
progressed status of the product development process. Therefore, there is an increasing
demand from industry for tools that allow to include models of humans in the simulation
process, which enable it to predict human motions and behavior in an early stage of
development, so that ergonomic evaluations can already be done when working with
digital prototypes.

Figure 1: Assembly analysis using a digital human model. Source: IPS IMMA software.

When e.g. a construction engineer develops a new part that has to be assembled in the
car body as depicted in Figure 1, many decisions have to be taken when designing the
workplace layout. It has to be ensured that the worker(s) can reach the final position of
the part in a way that it can be assembled. Additionally, unfavorable postures and motions
(like joint angle limits) should be avoided, which means that e.g. the height, in which the
chassis is positioned on the assembly line, has to be adapted or optimized. Another
guestion would be, if the part can be lifted and mounted easily, or if some kind of support
tool or a second person has to be included to reduce muscular loads of the worker. How
exhausting a work task actually is, is an important information to determine cycle times
and rest times in between repetitions of a task.

In classical ergonomic assessment methods, workers are simply asked after execution of
a work task at a workstation, but there also exist more quantitative approaches, which
measure the muscle activations with electromyography methods (EMG) during work.
Anyway, it is unavoidable to somehow consider the human worker in the layout process
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of workstations, to gquarantee an ergonomic workplace layout and to avoid
musculoskeletal disorders which result from muscle fatigue, inconvenient postures or
unhealthy motions. But human beings are highly complex and eclectic creatures,
regarding both, their anatomical appearance, and the cognitive capabilities and behavior.
Whereas many (by no means all) of the anatomical aspects of the human body concerning
motion generation are well understood, especially the control schemes of the central
nervous system, which are responsible for the muscle actuation and generation of motion,
still are subject of research.

Modelling an appropriate digital representation of a human worker for assembly
simulation to predict human motions is a challenging task and comprises multiple topics.
Although, the anatomical aspects of motion generation in humans are well understood,
the transfer of their physical and biomechanical properties to a digital human model
(DHM) is not trivial. When thinking about which of these anatomical properties should be
transferred to a DHM, the planned control mechanism already has to be considered to
some extent. For certain control concepts a pure visual representation of the human body
without any physical properties can be sufficient, e.g. when mapping captured motions
from real humans to an “avatar”. Those approaches are widely spread in the application
of computer graphics and in gaming industry, where the main focus is on a realistic visual
appearance, and the calculation of physically correct data is of minor interest.

In contrast, if learning or optimization methods are used for motion generation, the DHM
needs at least some physical properties to simulate for example walking (and falling), and
to have control parameters that can be adapted by the learning or optimization algorithm.
If these approaches are inspired by nature, there might even be the need for a more
realistic modelling approach to be able to optimize or learn on the same parameters as
the central nervous system (CNS) does (for example muscle loads). But which level of detail
is necessary for that end? There is a wide range of scientific approaches for digital human
modelling considering physical quantities, leading from very simplified stick-figure like
pure kinematical representations (e.g. Calspan3D CVS [Muhlstedt 12] over more detailed
biomechanical multibody system approaches with simplified muscles [Damsgaard 06] to
very complex nonlinear finite element models considering viscoelastic effects of human
tissue coupled with chemo-electrical co simulations [Rohrle 16, Heidlauf 14]. At this point,
computation times already have to be considered to some extent, to ensure that the DHM
will suit the intended purpose in the end. For ergonomic assessments, the overall posture
or motions of a human respectively DHM for predictions is of high relevance, but also the
loads on the manikin (external) and the resulting inner strains on joints (torques) or
muscles.

Beside the demanding question of modelling the anatomical and biomechanical aspects
of the human body, finding an appropriate control approach, might even be the more
challenging task. The complexity of the human body, regarding both, the anatomical
appearance and the characteristics of the CNS, result from a million of years of evolution.
It allows human beings to easily adapt to new situations, change the motion strategy in
case of injuries or with an altering surrounding and to quickly react on disturbances. One
important base for this property is the principle of redundancy, which can be found
everywhere and on every level of detail in the human body. So, e.g. the control system,
that keeps our body in balance is a combination of our visual system (eyes), vestibular
system (inner ear) and skeletal system, whereas the information are processed by the brain
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and combined with already learned knowledge and information (e.g. position in the room
and proprioception).

In the sense of selection advantage and survivability this seems to be a very efficient and

convenient concept, that allows for a high flexibility. But exactly this flexibility makes it
very difficult to predict human motions and behavior due to the numerous possible
solutions for one and the same problem. Even a simple “reach and grasp” task can be
fulfilled by a multitude of possible solutions. Which trajectory does a human choose,
which velocity, which acceleration? On which factors does this decision depend on?
Which muscles will be activated? And how and why does the CNS decide to exactly take
this solution out of so many possible ones? How does it find this often (near) optimal
solution so quickly, even in new and unknown situations?

These are long standing questions in medicine, neuroscience and biology, and also in
related fields like robotics, where scientist try to transfer control approaches inspired by
nature to robots or technical systems. When thinking of a controller for a humanoid robot
and the “reach and grasp” example, the main focus is on finding a robust control policy
that somehow fulfils the task, while keeping the robot in balance and avoid collisions. For
the simulation of a human worker with a DHM, the “robustness” of the controller is much
easier to ensure due to the pure virtual representation, but therefore some more aspects
are important for the generated motions. To get significance for ergonomic evaluations,
the simulated motion has to be human like. This means that the controller should find a
solution to fulfill the task similar to the one a real human would choose (trajectories,
velocities, accelerations...). Or, thinking of reachability and mountability analyses, a real
human should at least be able to perform the predicted motions.

When the DHM is modelled as more detailed biomechanical system with muscles as
actuators, the problem of anatomical redundancy comes up additionally. Due to the fact
that humans have much more muscles than kinematical degrees of freedom (DOF), even
one and the same kinematical motion can be performed by a multitude of muscle
actuations. Here, it would also be favorable if the controller would not just be able to
handle the anatomical redundancy, but to solve it in a human like way. This would deliver
important values for an ergonomic workplace layout and help to predict muscular
overload and fatigue. One hypothesis in neuroscience to explain how the (anatomical)
redundancy is solved or reduced in vertebrates is that the CNS makes use of pre-defined
groupings of muscles, so called muscle synergies, instead of actuating every single muscle
in particular. It is assumed that this reduces the number of possible solutions to fulfill a
certain task and by that simplifies motion control. Transferring the principle of muscle
synergy actuation from neuroscience to a control algorithm for a biomechanical DHM
could help to solve the muscle redundancy problem, lead to human like motions and
reduce the dimensionality of the control problem.

1.2 Objectives

The main objective of this work is to develop and investigate a DHM control framework,
which allows to use muscle synergies as control parameters for a biomechanical DHM
and to investigate the influence of such a control concept. This comprises multiple sub
problems which have to be solved. For one, muscle synergies cannot be estimated or
measured in a direct way. This means that they have to be extracted implicitly. Therefore,
different algorithms are used in neuroscience, which allow to extract muscle synergies
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from measured EMG data. Many of these experiments are done with animals and invasive
procedures which are not suitable for experiments with humans. So, one objective will be
to design an appropriate experimental setup, which allows to extract muscle
synergies from human EMG data. This includes the choice of (measureable) muscles
and expedient motions, EMG marker placement, EMG data post processing and filtering,
muscle synergy extraction and validation and many more subtasks. As there exist several
different mathematical representations of muscle synergies in literature, a suitable
representation has to be chosen and transferred into a control concept.

Muscle synergies themselves can be seen as control parameters, which e.g. group several
actuators (muscles) into functional units. To generate motions with a DHM, there still is a
need for some kind of control policy, which calculates activation signals for these
functional units. Such activation signals can be computed by means of an optimal control
framework, whereas optimal control models of biological movement have explained
behavioral observations on multiple levels of analysis and have arguably been more
successful than any other class of models [Todorov 04]. In this thesis, an already existing
prototypical optimal control (OC) framework is used [Leyendecker 10, Maas 13,
Roller 17]. This framework allows to build up arbitrary multibody system (MBS) models,
which can be actuated by joint torques, or by using simplified muscles as force elements.
The OC code then calculates the actuation signals in a way, that a certain goal is fulfilled
(e.g. reach for an object) while minimizing some cost function (e.g. minimizing time) and
considering the side constraints that the equations of motion of the MBS are fulfilled. The
developed muscle synergy representation should be applicable to these existing muscle
models to be able to make use of the (enhanced) OC framework for motion generation
(and control simulation models built up in this framework).

Another objective of this work will be to investigate the influence of the derived muscle
synergy actuation. In consideration of the optimal control framework as control policy for
motion generation, this involves several subtasks which have to be examined. As the OC
framework allows the actuation of an arbitrary MBS with joint torques as well as
alternatively single muscles, these Actuation Modes (AM) should be investigated as
well and compared with a muscle synergy actuation. The advantages and
disadvantages of each Actuation Mode (beside others regarding calculation times,
kinematical solutions, convergences) should be examined. To be able to validate how
“human like” the resulting motions or actuation signals are, and to be able to assess the
influence of the different action modes, the simulated solutions should be validated
against measured motion lab data. To get significance for a comparison of measured
and simulated motion data, many influencing factors have to be considered. Therefore, a
suitable concept has to be worked out. One factor here is e.g. that the anthropometry of
the built up DHM simulation models fits to the anthropometry of the subject(s) performing
the experiments in the motion lab.

1.3 Structure

This thesis is structured as follows: In Chapter 2, the basics for motion generation in
humans and vertebrates are introduced. The anatomical basis like bones and muscles are
explained, directly with regard to the challenges for DHM modelling and motion validation
(simulated vs. measured). The underlying control structures for voluntary motor functions
are explained including force generation and activation mechanisms of muscles, and the
muscle synergy hypothesis is introduced. Experiments from neuroscience which give
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evidence for the existence of muscle synergies as control concept of the CNS are
summarized and the different mathematical representations of muscle synergies are
explained.

The DHM control concept developed in this work is introduced in Chapter 3. After a short
overview of alternative control approaches and the state of the art commercial DHMs for
ergonomic assessment, the developed overall approach and the outputs from each sub
step and their interaction are outlined. Afterwards each step is elucidated in more detail.
The background and technical setting for data acquisition in the motion lab concerning
EMG data and motion capturing methods are expounded, as well as the used algorithms
for muscle synergy extraction and the methods for validation of the calculated muscle
synergies. Further on, the construction of the DHM used for simulation in this thesis work
with the implemented muscles and their biomechanical functionality is described,
followed by an outline of the used optimal control framework for motion generation.

In the following two chapters, the developed DHM control approach is applied to some
concrete use cases. In the basic reaching test, which is described in Chapter 4, test persons
are standing in front of a plane and are told to reach several target points on the plane
as fast as possible, whereas the target points and the distances to the plane are adapted
to the test person’s anthropometry. The chosen trajectories, velocity profiles and EMG
signals are analyzed and muscle synergies are extracted from EMG data. The reaching
tasks are then simulated under similar specifications as performed in the motion lab with
a human arm model, the motion data are analyzed and compared to the measured data,
and the influence of the different Actuation Modes AM (joint torques, single muscles and
muscle synergies) is investigated with the main focus und trajectories and velocity profiles.

The weight lift test (Chapter 5) is then performed to investigate the muscle activation
patterns with special focus on the muscle redundancy problem. In this scenario, test
persons lift a dumbbell with different weights by flexing their elbow (single biceps curl).
Due to the restricted motion only one rotational DOF is set free in the elbow joint. Besides
motion data was captured and compared, the main focus is on the EMG data and
simulated muscle activation patterns at this test, simulated again with the same arm
model as used in chapter 4. Again the influence of the different Actuation Modes AM is
investigated now with the focus on the resulting muscle activation signals. Additionally,
the influence of the solve OC cost function is examined.

In Chapter 6, the parameters for control derived in the previous chapters are applied to a
simple, yet industry relevant use case. A box lifting scenario, which is also performed in
the motion lab before, is simulated with a full body model with both arms actuated by
Hill type muscles [Hill 38]. Simulated and observed motion data are compared (on a less
detailed level than in the previous chapters), and capabilities and limitations of the
developed approach for DHM simulation in the scope of ergonomic assessment are
discussed. In Chapter 7, the thesis results are concluded and potentials for future work
are discussed.



2 Motion generation in humans and vertebrates

From an evolutionary point of view, motion generation in vertebrates is an essential
behavior, allowing such fundamental things like foraging or escaping from predators. Also
we fulfill many daily tasks with naturalness, the human locomotor system turns out to be
a highly sophisticated system when having a closer look, allowing e.g. well trained sports
climbers to do pull ups on only one finger, and on the other hand watchmakers or
musicians fulfill very fine tuned precision tasks using the same “tools” (hands / fingers).
The adaptability and capability to learn is a crucial skill for survival, but it also allows e.g.
workers in our today’s life to adapt on (repetitive) tasks quickly, which can then be
performed with a fractional amount of energy after some training. This can be very well
observed e.g. on new workers on an assembly line, which in the beginning need support
by a stand-by person to not exceed cycle times and after some training period fulfill the
same task with ease. In humans and vertebrates, motions are generated by the
musculoskeletal system. The bones of the skeleton are connected via joints (connective
tissue like tendons, cartilage, ligaments), and antagonist muscles create pulling forces at
the bones they are connected to which result in a joint torque. The activation of the
muscles is controlled by the central nervous system (CNS).

As the scope of this work is to simulate human motions in a predictive manner using a
biomechanical human model, a rough overview of the anatomical basis of the relevant
parts of the body as well as terms of movements and underlying control structures is given
in this Chapter. Thereby the focus is on pointing out the challenges of transferring the
anatomical and biomechanical properties of human joints, muscles or muscle control to a
musculoskeletal DHM using classical multibody system formulations for modelling and
optimal control for motion generation. This is important in order to understand and
interpret simulation results, especially when they are compared with measured motions
and muscle actuations for validation as done in the Chapters 4, 5 and 6. To get a deeper
insight into human anatomy, [Schiinke 18] and [Vaupel 15] can be highly recommended
as well as [Kapand;ji 16] for the properties of human biomechanics. Also a good overview
from a more engineering point of view, especially interesting for DHM creation and
understanding is given in [Herman 16] and [Hamill 14].

2.1 Anatomy
2.1.1 Anatomical terms of movement and body planes

In the following, a short overview of anatomical terminology used to clearly describe
positions, orientations and motions is given. Many redundant terms are used in literature,
which can be confusing when reading publications of different authors, especially for
readers from non-medical disciplines. Further on, motions can be defined by a DOF of a
joint, or by the way a limb moves relative to a body plane or axis. So, e.g. the flexion of
the shoulder joint can also be described as anteversion of the upper arm (moving towards
the sternum (Ventral)). In Figure 2, the human body planes are depicted and a good
overview of directional terms with the existing terminologies is given.

The Frontal Plane is a vertical plane running from side to side that divides the body into
anterior (front) and posterior (back) portions. The Sagittal Plane is a vertical plane running
from front to back dividing the body into right (Dextral) and left (Sinistral), and the
Transversal Plane is a horizontal plane dividing the body into upper and lower parts.
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Figure 2: Human body planes and directions. From [Herman 16].

Additional to these terms of directions, several terms of motions are defined for distinct
parts of the human body. Those relevant in this work concern the extremities and are as
follows:

e Flexion - extension: Bending / straightening a joint, especially a joint between
the bones of a limb so that the angle between them is decreased / increased.

e Anteversion - retroversion: Moving a limb towards Ventral (sternum) / Dorsal
(spine).

e Abduction - adduction: Move a limb away / towards the vertical Middle Axis of
the body / the extremities.

¢ Internal - external rotation: Inwards / outwards rotation of shoulder or hip joint.
e Pronation - supination; Inwards / outwards rotation at forearm or foot.
e Radial abduction - ulnar abduction: Moving the hand towards Ulnar / Radlius.

Note that the degrees of freedom of the shoulder girdle are not listed here. The shoulder
joint is a quite complex joint and actually consists of a group of four joints (see Chapter
2.1.2). As the shoulder joint used in the simulation model in this work is simplified as ball
and socket joint, only the degrees of freedom possible with this joint are considered here
(and also in the motion lab test setups later on). As the main focus in the simulated and
measured tests in this work focus on arm motions, the used terms for the possible degrees
of freedom for the shoulder, elbow and wrist are defined in detail in the following.

Moving the arm away from the Midsagittal Plane is called shoulder abduction, moving it
towards the Midsagittal Plane is called shoulder adduction (see Figure 3 left). When
moving the arm parallel to the Sagittal Plane to the front (towards Ventral), a shoulder
flexion is performed, an in opposite direction a shoulder extension (see Figure 3 middle).
Moving the flexed arm in parallel to the Horizontal Plane to the left is called horizontal
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adduction, and in opposite direction horizontal abduction (see Figure 3 right top).
Rotating the arm in the shoulder joint outwards is called external rotation, rotating it
inwards is called internal rotation (see Figure 3 right bottom).

Horizontal
Adduktion

.r:#’A{)duction

>
Adduction

Extension

External
Rotation

Figure 3: Anatomical terms of motion for the shoulder joint used in this work.

A flexion and extension of the wrist is performed as depicted in Figure 4 left. An outwards
rotation of the forearm (rotated in the elbow joint) is called supination, and an inwards
rotation is called pronation. Bending the wrist towards the Radius is called a radial
deviation, and in the direction of the Ulnar an ulnar deviation (Figure 4 middle).

Bending the elbow joint so that the angle between forearm and upper arm decreases is
called an Elbow flexion, straightening this joint is called an Elbow extension (Figure 4

right).
i

-

i
H

1 Radialn\ _ Ulnar h
| lextension Deviation | | Deviation Extension

Figure 4: Anatomical terms of motion for the wrist and elbow joint used in this work

2.1.2 Bones, joints and muscles

The human skeleton is the internal framework of the human body which consist of about
206 bones [Marshall 10]. Bones exist in a variety of shapes and sizes, have complex
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internal and external structures and are very lightweight while being strong and hard.
Beside other functions they fulfill the task of supporting and maintain the body shape and
movement. Motions are allowed by the joints between the bones and powered by muscles
attached to the bones. In Figure 5, the bones of the human arm and the joints they are
connected by are depicted, which will be described in more detail in the following.

The joint of the shoulder and shoulder girdle (Clavicle and Scapula) is one of the most
complex human joints and has the greatest range of motion in the human body. It actually
consists of four distinct joints working together. The Glenohumeral joint is formed
between the ball of the Humerus and a shallow socket of the Scapula. The
Acromioclavicular joint is formed between Clavicular and the Acromia, a process of
Scapula. The Sternoclavicular joint is formed between the Clavicular and the main skeleton
at front of the chest. The fourth joint is the Scapulothoracic joint, which is formed of
shoulder blade (Scapula) which glides along the rib cage.

Clavicle

Scapula

Thorax

Humerus

Figure 5: Bones of the human arm.

The Glenohumeral joint is denoted as the actual shoulder joint and is formed as a ball-
and-socket joint. The joints of the shoulder girdle (Clavicle and Scapula) mainly have the
function of lifting / lowering (elevation / depression), moving forward / backward
(protraction / retraction) and rotating the shoulder girdle to extend the range of motion.
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In the simulation model used in this work, only the Glenohumeral joint is modelled (as
ball-and-socket joint) to represent the shoulder joint. This simplification can be regarded
as “correct”, as long as simulated motions do not exceed the range of motion of the
human Glenohumeral joint. This is regarded in the simulated and measured tests (motion
lab), so e.g. the center of the shoulder is always kept in position and the arm is not
abducted above shoulder height.

The elbow joint is a Synovial Hinge joint between upper arm and forearm. As the forearm
consists of two bones, the Radius and the Ulnar, the elbow joint is a complex compound
joint as well (formed by several “sub joints”). The Humeroradial joint is formed between
Humerus and Radius, the Humeroulnar joint between Humerus and Ulnar, and a third
joint (or articulation) is formed between the contact areas of the head of the Radlius and
Ulnar. Simplified the Humeroulnar joint can be regarded as the hinge joint allowing the
flexion / extension of the elbow. Further on, the Radius can rotate around the Ulnar (which
keeps in position), which causes a pronation / supination. In a supinated orientation,
Radius and Ulnar are parallel. When the forearm is pronated, the Radius rotates around
its longitudinal axis, and the motion is limited by the contact of Radius and Ulnar as
depicted in Figure 5. This means that every muscle being attached to the Radlius has the
potential to perform beside an elbow flexion also a supination / pronation of the forearm,
whereas muscles attached to the Ulnar only contribute to a pure elbow flexion. This has
to be carefully considered when building up a musculoskeletal digital human model. The
wrist joint is @ Radiocarpal Synovial joint. It involves the three proximal carpal bones of the
Carpus and the distal end of the Radius, whereas the Ulna is “covered” by an articular
disc. It allows for the in Figure 4 depicted degrees of freedom, whereas the shape of the
bones limits the range of motion (e.g. the Styloid process of the Radius extends further
than the Ulnar Styloid, which means that an abduction is more limited than an adduction),
which has to be considered when modelling this joint as well.

Muscles exert forces on the bones they are connected to via tendons and thus are the
major contributors to human movement. In most cases, one attachment point of a muscle
is fixed in position (muscle origin), while the other attachment point moves during
contraction (muscle insertion). The insertion is usually distal (further away) while the origin
is proximal (closer to the body, relative to the insertion) [Kapandji 16]. When a muscle is
activated by the nerve system (see Chapter 2.1.3), it contracts, which means that the
muscle generates tension (and shortens). This means that muscles can only create pulling
forces, and motions are created due to the fact that the muscle crosses a joint [Hamill 14].
Concerning motions, muscles have three major functions. First of course to create
movement, which means that the pulling forces created by muscles acting on a bone lead
to a motion. The second function is to maintain postures and positions, which is mostly
performed by muscle activations of a lesser magnitude and continuous muscle activation.
The third important function is to stabilize joints. The muscle tensions applied across the
joint via tendons provide stability. Indeed, the muscles spanning the joints are among the
primary stabilizers in many joints as e.g. the shoulder joint [Hamill 14].

When simulating motions with a biomechanical musculoskeletal DHM, this is a
challenging issue, as a joint formulated in a classical multibody system model can
“absorb” forces in all directions it has no defined DOF’s. This means that, using e.g.
optimization methods to simulate a motion and fulfill a given task that involves flexing
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the elbow joint, from an optimal point of view it does not make any sense to activate also
muscles which pull in other directions at the elbow joint.

Another phenomenon which implicates similar challenges concerning DHM control is the
muscle co-contraction (or co-activation). As muscles can only create pulling forces, at each
joint the antagonistic principle can be found. When doing a biceps curl (weight lift, flexing
the elbow joint), the elbow flexor muscles are seen as the agonists muscles, as they cause
a movement to occur through their own activation [Willert 01]. This is not only the case
in the lifting phase, but also when the weight is lowered slowly (the agonist muscles
lengthen while resisting gravity). The antagonist muscles are simply the muscles that
produce an opposing joint torque to the agonist muscles, which would in this case e.g.
be the triceps muscle. Which muscle(s) is called agonist and which plays the role of the
antagonist depends on the performed movement, so when doing “push ups”, the role of
the elbow muscles would change so that the triceps would now be seen as agonist and
the elbow flexors as antagonist muscles.

Synergist muscles are muscles which produce a similar joint torque as the agonists, so
they support the agonist muscles. They are named as “synergists” as they have similar
functions, and especially in the scope of this work not to be confused with synergetic
muscles which are activated in a fixed balance (independent of their function) as they are
grouped in one muscle synergy as introduced in Chapter 2.2. Still agonist and antagonist
muscles produce opposite joint torques, the CNS often co-activates both at the same time,
which is still a not well understood phenomenon. For the muscles of the leg it has already
been observed at the beginning of the last century and is well known as the Lombard’s
paradox [Lombard 07], and has later on been explained as an efficient strategy of
movement, especially during gait [Andrews 87]. Further explanations for muscle co-
contraction are that the resulting joint stiffness allows for a better stability and control
when the joint has to react on unexpected loads [Le 17, Riemann 02]. Other investigations
show that muscle co-contraction is necessary for learning a fine motor skill [Lundy-Ekman
13] and that it accelerates the rate of dynamic motor learning in reaching tasks [Heald
18]. In [Heald 18] it is also shown, that a muscle co-contraction decreases as an accurate
internal model develops after a learning phase. Besides controlling the muscle activation
of a musculoskeletal DHM, an appropriate modelling or representation of the anatomical
human muscles with all their biomechanical properties is already a quite complex and
challenging tasks.

The human body has over 600 muscles [Herman 16], with over 20 muscles responsible to
control movements of the arm. The challenges of modelling human muscles in a DHM
will be explained at the example of the delta muscle and the biceps muscle: The delta
muscle is a large triangular-shaped muscle that spans around the shoulder (named by the
greek letter A). It has several origins (proximal attachment points) at the Clavicle and the
Scapula and its insertion (distal attachments) is at the Humerus. The delta muscle is
classically divided into three parts, based on the findings that the insertion of the
intramuscular tendons of the deltoid muscle form three discrete sets of muscle fibers
(often referred as “heads”) [Schinke 18]. The anterior part (or clavicular part/ front delt)
have their origin at the anterior border and upper surface of the lateral third of the Clavicle
(see Figure 6 red). The lateral part (or acromial part / middle delt) has its origin at the
superior surface of the acromion process of the Scapula (see Figure 6 green). The posterior
part (or spinal / rear delt) has its origin at the posterior border of the spine at the Scapula
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(see Figure 6 blue) [Schinke 18]. Due to their distinct muscle paths and attachment points,
each part of the delta muscle creates a different torque in the shoulder when being
activated.

Figure 6: The three parts of the delta muscle: Clavicular part (red), acromial part
(green) and spinal part (blue). Source: Bodyparts3D, Japan (CC BY-SA 2.1jp).

To model such a broad muscle as e.g. the delta muscle in a musculoskeletal DHM using
simplified Hill muscle models [Hill 38] as done in this work, some challenges have to be
focused. Hill muscle models are simplified 1D string muscles, which capture the basic
characteristics of muscles as force-length and force-velocity dependency (see Chapter
3.5.3). As they do not have any 3D- volume, the challenge is now to find and appropriate
number of Hill muscles which represent the function of the delta muscle and further on
to define proper origins and insertion points as well as eventually via points to define the
muscle path (as Hill muscles are 1D elements they always form a straight line between
their attachments and can be led over via points to reproduce human muscle paths). From
a biomechanical point of view, at least each head of the delta muscle should be modelled
as distinct Hill muscle, to be able to create a similar range of joint torques. However, latest
research result have shown that the CNS can not only coordinate the three heads of the
delta muscle independently, but seven parts of the delta muscle [Brown 07]. The used
modelling approach has to be carefully considered when interpreting or comparing
simulated and measured muscle activation signals.

For the controller of the musculoskeletal DHM, each Hill muscle used to model a distinct
muscle head is an independent actuator of the MBS. In the case of the delta muscle it was
shown that this is also the case at human motion generation [Brown 07], but at other
muscles this is still not clear in how far the CNS can activate distinct muscle heads
independently. The biceps muscle e.g. is one of the dominant elbow flexors and has two
distinct muscle heads, the long and the short head, which have their origins at distinct
points at the Scapula and then join to form a single muscle belly, whereas several anatomic
studies have demonstrated that the muscle bellies remain distinct structures without
confluent fibers [Eames 07, Platzer 14]. The insertion point is at the Radius and the
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antebrachial fascia (a dense, membranous investment, which forms a general sheath for
the muscles at the forearm) as depicted in Figure 7. So, the biceps is a biarticular muscle
that spans of the shoulder joint and the elbow joint. The different attachment points of
each head influence the resulting joint torque when the muscle (head) is activated. Also
it was shown that the distinct heads can be activated by the CNS in different ratio [Pérot
96], it is not clear if they can be activated completely independent. This means, when the
heads of the biceps muscles are modelled as distinct Hill muscles in the musculoskeletal
DHM model, the question of how they should be controlled has to be answered as well.
A defined co-activation of each head could e.g. be achieved by using the in this work
derived approach of synergetic muscle activation.

Figure 7: Muscle path of the biceps muscle — short and long head. Source: University
of Zurich, Institute of Anatomy.

So, beside the challenging task of finding an appropriate modelling approach which
reflects the biomechanical properties of human muscular force generation by the use of
Hill muscle models in an adequate manner, the question of finding a “human like”
controller is at least equally challenging. The neuronal control structures of the CNS
concerning human muscle activation are treated in the following.

2.1.3 Voluntary motor function

The human movement is controlled by our nervous system, which can be divided in the
central nerve system (CNS) and the peripheral nerve system. The CNS consists of the brain
and the spinal cord and can be regarded as the part being responsible to initiate and
control movement. The peripheral nerve system consists of all other nerves outside the
spinal cord, whereas for muscle activations the spinal nerves are of importance. They can
be grouped into the sensory neurons, which enter the spinal cord and transmit
information into the system (from the muscles), and the lower moto neurons, which exit
the spinal cord and carry impulses away from the system to the muscles [Hamill 14]. The
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motor cortex which is located in the frontal lobe of the brain is responsible for our
voluntary motor functions. These nerve cells (also referred as upper motor neurons), then
activate the lower motor neurons over long pathways through the medulla of the spinal
cord. The lower motor neurons then activate the muscles they have connections to. An
important fact of this control structure is that there are no direct connections from the
brain to the muscle. All information are transmitted over the lower motor neurons in the
spinal cord as depicted in Figure 8. This allows for some hypothesis concerning the control
mechanisms as e.g. the muscle synergy hypothesis as we will see in the next Chapter.
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Figure 8: Control architecture for voluntary motor function. Nerve signals from the
motor cortex of the brain are transmitted to the lower motor neurons in the spinal cord
which then activate the muscles. Source: Unteregger, Swiss.

A lower motor neuron has connections (axons) to several muscle fibers, which are
individual contractile units within a muscle as depicted in Figure 9. The smallest functional
unit for neuronal muscle control is a so called motor unit (MU). A motor unit is defined as
a lower motor neuron with its axon and all muscle fibers it has connections to [Enoka 89].
Motor units can consist of only a few muscle fibers, e.g. at the very precise optical muscle
of the eyes, or may have up to 2000 muscle fibers, e.g. at a calf muscle [Hamill 14].

If a motor unit is firing, it sends an electrical pulse, a so called action potential. This motor
unit action potential (MUAP) is forwarded along the nerve pathway of the MU to all
muscle fibers it has connections to. Thereby, the MUAP spreads over the axons to
branches at the muscle fibers, the motor endplates, which are located near the center of
each muscle fiber. The area of these motor endplates is called neuromuscular junction.
The motor neuron does not have direct contact to the muscle fibers here. Instead, there
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is a small gap in between, the synaptic gap (or synapse), so that the electrical signals are
chemically transmitted over the gap to reach the muscle fibers.

Skeletal muscle tissue is one of the most sensitive and responsive tissues in the body,
meaning that it is highly excitable and can react very quickly on the chemical
neurotransmitter released at the synaptic gap, which allows for significant control of
muscle fiber recruitment for movement.

Spinal cord

Motor Motor
unit 1 unit 2

Motor neuron  Motor neuron
cell body axon
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Figure 9: lllustration of a motor unit, the smallest functional unit to control muscle
contraction, consisting of a lower moto neuron, its axon and all muscles fibers it
innvervates. Source: Addison Wesley Longman Inc., Cummings 2001.

The irritability of the muscle cells can be explained by the model of the semi-permeable
membrane of the muscle fiber membrane. An ion imbalance inside and outside the muscle
cell forms a resting potential on the muscle fiber membrane (about -80mV to -90mV in
non-contracted muscle), which leads to a negative charge inside the cell.

When an MUAP reaches the neuromuscular junction, acetylcholine is released which
causes an increase in permeability of the muscle membrane. This leads sodium ions to
stream inside the cell, which leads to a depolarization of the muscle fiber membrane. If a
certain threshold is reached, this depolarization leads to an action potential from
about -70mV to about +40mV. This depolarization is directly followed by a repolarization
as depicted in Figure 10. Starting at the motor endplates, this action potential spreads
bidirectionally along the muscle fibers and leads to a release of calcium ions which
promote cross-bridge formation, which results in an interaction between the actin and
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myosin filaments. So, the calcium ions link action potentials in a muscle fiber to
contraction by binding to the filaments and turning on the interaction of the actin and
myosin to start contraction of the sarcomere [Hamill 14].
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Figure 10: Action potential of a muscle cell. Source: Creative Commons by Chris 73
(CC BY-SA 3.0).

Muscle fibers contain numerous myofibrils, which are composed of repeating sections of
sarcomeres, the basic units of (striated) muscle tissue. They are composed of long, fibrous
proteins as filaments that slide past each other when a muscle contracts (or relaxes). The
two most important filament proteins are actin and myosin. Myosin forms the thick
filament and actin the thin filament as schematically depicted in Figure 11.

o i1

Thin filament — actin Thick filament — mvosin
Figure 11: Schematic depiction of the muscle filament proteins leading to a force—
length dependency. From [Maas 14].

By the formed cross bridges, the actin filaments glide along the myosin filaments. This
happens at many thousands sarcomeres in series, which leads the muscle to contract and
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results in a muscle force. The amount of force a muscle can create is directly proportional
to the number of cross bridges that can be built. If a muscle is continuously lengthened,
the possible cross bridges become less (Figure 11-c) until it reaches a point where no cross
bridges can be built up any more as there is no more overlap between actin and myosin
filaments (Figure 11-d). If a muscle is continuously shortened, at some point the actin
filaments start to slide pass each other (actin double overlap), which also prevents cross
bridges to be built up and possible muscle force decreases (Figure 11-a). If the muscle has
its “optimum” length, the overlap of myosin and actin filaments is at its maximum and
the muscle can produce its maximum force (Figure 11-b).

2.2 Muscle synergies as control concept in neuroscience

As described above, the human body has over 600 muscles, each with a multitude of
muscle fibers and innervated by numerous motor units. This means that even for a simple
reaching tasks the CNS has to activate many thousands of motor units in numerous
muscles [Bizzi 08], with a high redundancy on several layers of control. This complexity
was already described by the neurophysiologist Nicolas Bernstein in the late sixties, who
formulated the DOF Problem [Bernstein 67].

e Kinematical: We can perform each motor task by a multitude of different
trajectories, velocities and accelerations. So for e.g. grabbing an object, we have
to decide between a multitude of possible trajectories in the room as well as where
and how we grab the object.

e Anatomical: Even a well-defined kinematical solution (e.g. a 1 DOF elbow flexion)
can be performed by a multitude of different muscle actuations, as the human
body consists of much more actuators (muscles) than kinematical DOF’s (joints).

e Neurophysiological: Even when it is clear which muscle will be activated, the
CNS has to choose between a multitudes of motor units which innervate this
muscle.

Which strategies the CNS might follow to reduce this complexity is a long standing
guestion in neuroscience and also other fields. One hypothesis is, that the CNS makes use
of predefined groupings of muscles, which can be activated as functional units, so called
muscle synergies [Bizzi 08], with each muscle being present in such a synergy with a fixed
amplitude that does not change over time. This pre-grouping of muscles could facilitate
motor complexity as it reduces the number of control parameters to be defined.

Some investigations which give evidence for the existence of muscle synergies as
underlying control architecture in vertebrates are shortly introduced in the following.

2.2.1 Evidence for muscle synergies

To investigate the underlying strategies of the CNS to produce a specific motor output or
reduce complexity of motor control, several approaches have been followed in the past
until today. One of the earliest approaches which initiated the idea of a modular control
architecture of the spinal cord were the stimulation approaches. In these approaches,
different regions of the spinal cord of vertebrates were excited electrically
(microstimulation) or chemically (NMDA iontophoresis) and the resulting motor outputs
were investigated.
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In tests with spinalized frogs for example [Bizzi 91], the hind limb was fixed in different
positions of the legs workspace (Figure 12-a), and the resulting force output at the ankle
was measured when stimulating a specific area of the spinal cord. For each position of
the ankle, a specific force was measured, leading to a force field for this area of the spinal
cord. This was performed for several areas of the spinal cord.

The majority of the resulting force fields converged to an equilibrium point where no force
was created (Figure 12-b) and could further on be grouped into a few classes [Bizzi 08].
Several control experiments indicated that distinct interneuronal networks of the spinal
cord must be the source of specific types of convergent force fields (CFF), and that the
resulting CFF when different sites are stimulated simultaneously follow the law of vector
summation [Bizzi 91, Mussa-lvaldi 94, Lemay 01]. This indicates that the complex
nonlinearities among neurons and between neurons and muscles are eliminated in some
way and led to the hypothesis of movement creation based on combination of a few
modules [Bizzi 08], which was later on verified to be suitable to create a wide repertoire
of movements [Mussa-Ivaldi 92, Mussa-Ivaldi 97].

Convergent force field
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Figure 12: Microstimulation of spinalized frogs leading to convergent force fields.
Modified from [Giszter 93].

Further investigations using stimulation methods with rats [Tresch 99, Haiss 05], cats
[Krouchev 06, Haiss 05, Ting 05, Lemay 04], prosimians [Stepniewska 05] and macaques
[Overduin 08 Overduin 14] generated corroborative evidence and supported the
hypothesis of a modular organization of movement.

Other approaches are based on behavioral studies of intact or deafferented animals
(elimination of afferent nerve impulses) or of humans. In these approaches, the muscle
activations are measured via electromyography (EMG) while a natural or specific task is
performed. From the measured EMG data, muscle synergies are extracted using
computational methods. The measured EMG signals should then be reproducible by linear
combinations of the extracted synergies. In studies with cats it was shown, that 95% of
the measured hind limb muscle activations could be reproduced by the use of four muscle
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synergies [Ting 05]. In similar investigations it could later on be shown that five synergies
account for 80% of the total variability in the data [Torres-Oviedo 06]. Measured EMG
data of monkeys while performing grasping tasks could be reproduced with only three
muscle synergies accounting for 80% of variability.

Also in tests with humans four synergies were able to reproduce measured data with a
variance account for (VAF) of over 90% [lIsraely 18], and also other studies on humans
showed that a few synergies were able to reproduce measured data of different reaching
motions [Obentheuer 17, d'Avella 06] or natural behavior [Cheung 05, Weiss 04] with a
high accuracy.

2.2.2 Types of muscle synergies

There exist two major representations of muscle synergies, time variant and time invariant
muscle synergies (although d’Avella et al. introduced with time varying synergies more
complex descriptions of muscle synergies [d'Avella 06]). Time variant muscle synergies
describe a neuronal muscle activation waveform which is shared across muscles. These
temporal components capture temporal regularities in the motor output (therefore a.k.a.
temporal components) and are commonly used for approaches where rhythmic motions
are investigated like e.g. human gait or locomotion of vertebrates. Time invariant muscle
synergies are patterns of co-activations of muscles recruited by a single neuronal activation
signal. This pattern of muscle activation does not change over time (therefore “time
invariant synergies”). By that, time invariant muscle synergies capture spatial regularities
in the motor output. The latter are investigated in this work, as they seem convenient to
handle e.g. the problem of muscle redundancy and muscle co-contraction and the focus
in this work is on arbitrary (arm) motions at which are not rhythmic.

For a better understanding, a mathematical representation of time invariant muscle
synergies is schematically depicted in Figure 13. On the left side (A), three muscle synergies
are depicted (columns), colored in red, green and blue. In each synergy, each muscle (m;
- ms, rows) is present with a certain amplitude. This amplitude is fix and does not change
over time. Muscles can now be controlled by activating one or several of the time invariant
synergies with a certain level and sum up the outputs for each muscle from each synergy.
In this representation this is done by multiplying each synergy w with a certain weight ¢
so thatm = YN, c;w; (N equals the number of synergies).

Having a look on Figure 13 — B, in the first column we have only synergy w, active as there
is only the weight ¢; greater than zero (red — bottom). The resulting output of muscle
activations (row 1-5, 15t column) is by that a scaling of the first synergy. The same case we
have in column two and three, now with a higher weight ¢, and by that higher outputs
for muscle activities, but still a scaling of the amplitude pattern of synergy wy.

In column four we now have synergy w; and w, active (red and green weight ¢; and c,),
so that the resulting output for each muscle is the summed up output from these two
synergies. Same is shown in column five for synergies w; and ws, and in the last case
(column 6) all three synergies are active.

The basic idea is now that the CNS only has to control three muscle synergies instead of
five distinct muscles, which reduces complexity and could simplify motor control. When
thinking of controlling a musculoskeletal biomechanical DHM, this control strategy
appears to be quite attractive for several reasons.
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Figure 13: Mathematical representation of time invariant muscle synergies. Modified
from [d’Avella 14].

One point of course is, that, if a synergetic muscle control is an underlying control strategy
of the CNS in humans, a control approach being close to nature is quite promising if the
aim is to find the same solutions with a DHM for a given tasks as humans do (trajectories
and muscle actuations). But even if muscle synergies are not a “hard coded” control
architecture of the CNS, they could be very useful for DHM control. As shown in the
example above, the complexity is reduced by reducing the number of control parameters.
In musculoskeletal DHMs, the number of actuators increased dramatically (compared to a
joint torque actuation), especially when every human muscle head is modelled as distinct
Hill muscle (see Chapter 2.1.2 and 3.5.3). At this point, muscle synergies could be very
helpful to reduce the number of control parameters, and also to e.g. map the activation
correlations of distinct muscle heads. Further on, a synergetic actuation could help to solve
the muscle redundancy problem. As described above, joint stiffness in humans as well as
joint stability is achieved and regulated by muscle co-contraction and muscle co-activation.
Beside other functions a certain joint stiffness can help to better react on unexpected
external loads or disturbances. This is a circumstance which does not occur in open loop
optimal control systems, as here the whole “scenario” from the given start configuration
to the desired end configuration is well known. This is one reason why optimal control
strategies lack to predict a muscle co-contraction [Cholewicki 95].

A joint stability in a biomechanical DHM using MBS approach to model the human
skeleton and joints is given by the definition of the MBS joint description. So, there is also
no need for a controller to generate an according muscle actuation as done in humans.

In both cases, for muscle co-contraction and muscle co-activation patterns, muscle
synergies could be a useful approach to generate an human like muscle activation,
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especially if these muscle synergies are captured from humans as in the above described
behavioral approaches used by neuroscientists. When muscle synergies are extracted from
measured EMG signals of humans, they in some way capture the activation patterns
generated by the human CNS. From this point of view, they might also be an
advantageous control strategy for a DHM, even if they do not exist as hard wired building
blocks in the human body (and instead result e.g. from an optimization strategy of the
CNS [de Rugy 13, Steele 13]).

So, muscle synergies could be a promising approach to solve or reduce the muscle
redundancy problem and generate human like muscle actuations (and by that motions).
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3.1 General control approaches

There exist several fields of applications where motions for digital human models or virtual
avatars have to be generated. Further on, there are also fields like robotics, where motions
for a physical agent or humanoid robot have to be controlled, which poses similar
challenges similar problems.

The generation of motions of a physical robot comprises many challenging tasks like
finding an appropriate controller which guarantees for stability (including fast reactions
on disturbances) appropriate motion planning based on sensor information and sensor
information processing in general (including handling of sensor noise, variation of internal
and external state of the robot and many more). All these problems do not occur when
controlling an avatar in a pure virtual and well known environment. Still, the kinematical
redundancy problem has to be solved somehow, preferably in a human like manner to
obtain acceptance of humans working or interacting with a humanoid robot. Wide spread
approaches here are the use of motion capture data of e.g. reaching motions or biped
walking. Therefore, humans perform a desired task and the captured trajectories are then
used as guideline for the robot which tries to mimic them by the use of learning algorithms
(e.g. reinforcement learning) or optimization methods [e.g. Pollard 02]. Instead of using
motion capture data, some approaches simply guide an end-effector of a robot to the
desired goal (external teach in) [e.g. Ott 13]. Other approaches make use of optimization
methods to generate a desired trajectory as guideline for the controller (open loop optimal
control) [e.g. Mostafa 10] or even involve sensor information to adapt optimization on
the actual state of the robot (closed loop optimal control) [e.g. Seekircher 17]. In both
cases, these optimization approaches need a more detailed virtual model of the physical
agent and solve a desired task (e.g. walking or reaching for an object) by minimizing an
OC cost function (aka. objective function), e.g. time, energy consumption or smoothness.
Open Loop OC is also used in this thesis to generate motions and further described in
Chapter 3.6. Further on, to find a desired trajectory for robot arm movement or effective
reflexes on disturbances while walking, some biologically inspired approaches try to
transfer human control concepts not only on a kinematical level and instead investigate
the underling muscle actuations generated by the CNS. Therefore, some approaches use
as a "high level controller” a musculoskeletal model to transfer measured human muscle
activations (EMG) into the resulting joint torques, which can then be applied to the robots
actuator. As the number of actuators highly increases in musculoskeletal models, some
approaches use muscle synergies to reduce complexity and reduce computational times
[e.g. Cimolato 16].

Meanwhile one of the biggest sectors dealing with motion generation of virtual avatars is
the film, television and gaming industry. In these branches, it is necessary to generate very
natural and realistic looking motions, as humans are quite acute at recognizing
implausible motions. In these fields, the physics behind the motions (e.g. internal or
external forces, inertia effects) is unimportant. The most common approach in these fields
is to capture motion data from a real human which is transferred to a virtual avatar. To
create motions in animation films, they are quite often captured and transferred one to
one from a real human to the avatar, so that all scenes have to be captured from and
actor performing them.
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In gaming industry there are some approaches which capture e.g. a multitude of different
martial art kicks to different targets (height, distances), and then extract a set of
kinematical motion primitives, which then can be combined to generate realistic looking
kicks to new targets. These approaches are well suited to “simulate” small deviations of
an already captured task, but lack the ability to predict motions of a completely new
scenario. Further on, as they only focus on a visual representation, they do not involve any
physics and do not allow a direct statements about inner or external forces and strains.

In the last decades, a multitude of digital human models for the use in the fields of
ergonomics, human engineering and work science have been developed (around 100
listed e.g. in [MUhlstedt 12]). Commonly used state of the art commercial digital human
models are e.g. JACK [Badler 97 Blanchonette 09], CATIA-Human, RAMSIS [Van der
Meulen 07], SAMMIE [Porter 90], SANTOS [Abdel-Malek 07] and Pro/ENGINEER Manikin.
All these tools have their historical origin in a specific field of application. RAMSIS e.g. was
developed as a co-operative arrangement between German automotive manufactures
and still is widely used for the design of vehicle interiors (specialized for sitting postures).
Similar SAMMIE is used in areas such as tram driver workstation and aircraft cockpit design
and Jack was developed to support the design and development of workspaces, with the
emphasis on optimizing the human machine interface [Blanchonette 09]. These software
packages involve a wide range of analyzing tools to assess e.g. reachability or visibility and
involve databases to simulate different anthropometries.

Figure 14: The commercial digital human models JACK (left), RAMSIS (middle) and
SAMMIE (right). From [Zhang 19, Miihistedt 12].

When it comes to motions, two major approaches are used in these tools. The user can
simply position the manikin by hand (mouse and keyboard), whereas positions of linked
body segments (connected via joints) are determined by inverse kinematics when moving
a certain segment. To simplify this control strategy, some tools have predefined postures
which can be selected and then refined. Still, this procedure is very time consuming
especially when whole motion sequences should be created, meaning that for each time
frame manikins have to be positioned by hand analyses can become very time-devouring
[De Magistris 13]. Further on, to estimate realistic postures for a given tasks, specialist
knowledge of ergonomists is necessary. Still, these strategies inherit the danger of
delivering user dependent results, as each user defines the resulting postures or motions
himself.
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Another approach for motion generation used in these tools is, similar as described above,
the use of motion capture data [De Magistris 13]. In these cases, the motions look realistic,
and can be used for a post processing and ergonomic evaluation of a captured task
performed with a real human on a physical porotype or existing workplace. But validity of
the motions is restricted to the cases (loads, geometry, worker) they have been captured
at. This inherits the risk of producing good looking motions in a simulation for a new task
which might be wrong, e.g. in cases where the loads to be handled changed, which
means that the real human would now behave different with the new load, which is not
the case in the simulation. Further on, the captured motions are in principle only valid for
the persons they have been measured with, and cannot simply be transferred to new
workers with different strength or anthropometry.

To get information about inner loads, motion capture data can be post processed and
joint torques used to create this motion be calculated by inverse dynamics methods (e.qg.
classical iterative Newton-Euler methods [Winter 09, Tsai 13]). This comprises the need of
having a good model of the measured test person including several uncertainties as e.qg.
determination of body segment parameters [Drillis 64]. Therefore, also special tools exist
which allow further on guessing muscle loads needed to produce the calculated joint
torque time series. The AnyBody Modeling System is one of the most advanced
musculoskeletal modeling systems for this case [Damsgaard 06]. For the involved
GaitLowerExtremity model it has been shown that predicted muscle actuation showed a
good agreement to measured EMG values in human gait [Wibawa 13]. For more complex
motions as assembly tasks no direct validation studies are available.

Figure 15: The ANYBODY model. From [Bio 14].

Also it is a quite complex and very time consuming process of inverse dynamics
calculations to get from motion capture data over joint torques to muscle activations, it
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can be useful to get information about inner loads for use cases where valid motion
capture data exists. Still, these approaches are limited to scenarios which have been
measured before (so that physical prototypes have to exist) or small deviations of these
scenarios [De Magistris 13] and inherit several uncertainties due to their inverse nature.
To avoid the need of motion capture data, there are also approaches existing which link
simulated motions of a DHM as e.g. the EMA model (see below) to the AnyBody model
[Peters 18]. In these approaches, the validity of the generated motion is an additional
uncertainty, as torques and muscle forces are not directly taken into account for motion
generation (as done in humans when creating MoCap data), so that the behavior of the
DHM cannot adapt or optimize on these parameters.

The difficulty of motion generation in unknown scenarios and environments has pushed
the development of new digital human models, also driven by the demand from industry
which became aware of the potentials of DHMs. Two examples here are the commercial
software packages EMA & IMMA, which follow (besides having the classical analyzing
tools) new approaches for motion generation. EMA [Leidholdt 16] makes use of a
sequence of building blocks (activities / daily tasks in industrial application) which are
defined by the user and then are translated into motions [Muhlsted 12]. Therefore, a
catalog of pre-recorded/defined fundamental motions is used (including e.g. the use of
tools), which are assigned to a corresponding building block. This allows to setup
scenarios with good looking macroscopic motion sequences, to estimate e.g. cycle times
of a work station. When it comes to detailed simulations, this approach is also limited to
what has been measured before (catalog of building blocks). And as it is based on pre
captured kinematical motions, it does not allow to optimize on e.g. loads acting on the
manikin or other biomechanical properties, which would change the behavior. The IMMA
manikin [Hanson 19, Hogberg 16] uses an optimization approach to estimate a posture,
directly adapted to the given task. Therefore, the user defines certain constraints (e.g.
grasp an object, look at an object), and a mix of mathematical functions is minimized, so
that the manikin chooses the most comfortable posture which fulfills the defined
constraints. This comprises minimizing joint torques, avoiding undesirable joint angles,
automated force distribution (feet and support points at the hands) and many more.

\

Figure 16: The digital human model EMA (from [imk 19]) and IMMA (right).
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Motions are then generated as a sequence of optimized postures, e.g. by following an
object which is assembled. Combined with a very powerful path planner for collision
avoidance, the IMMA software allows to simulate very detailed tasks, e.g. assembly of
parts in narrow spaces without the use of any prerecorded motions. In cases where
motions also in a real environment are performed very precise (slow / quasi static), the
software delivers very realistic and human like behavior. But it finds its limitations in use
cases, were humans move faster (dynamic) so that inertia effect play a role or where the
human even makes deliberately use of inertia effects e.g. when using a hammer.

Summing up, the crux of DHM control in the scope of ergonomic assessment, human
engineering and work science remains the generation of human like motions. For a given
workplace (or physical prototype), this can be very well done by the use of motion capture
data, which, transferred to the manikins of a software tool allows to use the analyzing
tools of this software package. But validity of these motions is limited to the scenario they
were captured and the worker performing the tasks. The EMA software extends the
generality of this approach by dividing captured motions into fundamental sub-motions
which can be rearranged into new tasks. But this approach based on kinematical sub
motions does not allow for an optimization on biomechanical properties (e.g. muscle
loads) and is only suitable for simulation of macroscopic motions (walking in open room,
rough simulation assembly task). The only commercial DHM software creating motions
without any captured motions and directly optimizing on the given task and
biomechanical loads is IMMA. But also here, only postures are optimized, so that validity
is restricted to quasi static motions. In cases where a human “optimizes” over a longer
time window or makes use of inertia effects, the resulting motions might differ. To get
any information about muscle forces, the software AnyBody is available, which needs
motion data as input resulting from e.g. motion capture or DHM simulations. It is a very
time consuming process and involves several uncertainties due to the inverse calculations.

So, a DHM control approach which allows to automatically create motions for a given
start and end configuration, directly including dynamics (inertia effects), stability criterions
and optimizes over a longer time window could be a big improvement. Optimization
methods used to find the best solution for a completely new task with respect to e.g.
anthropometry and strength of the model, allowing the usage of the approach with a
high generality. Thereby, the main scope to guarantee validity of simulation results has to
be to generate human like motions.

In this work it is assumed that this can be achieved by the use of human like actuation
and control principles. As humans use muscles as actuators with their specific properties
(e.g. create only pulling forces, force length- and force velocity- dependency), this is an
important feature of the human locomotor system and influences the resulting “optimal”
motion for a given goal. So, one assumption is, that using (simplified) muscles as actuators
instead of e.g. joint torques, an optimal control approach might converge to a similar
solution as the one the human CNS chooses or converges to after a learning period. As
described above, the muscular actuation system in humans is highly redundant
[Bernstein 67], which raises complexity of control. One approach to reduce this complexity
could be the use of pre-defined groupings of muscles, as introduced above as muscle
synergies. As this is hypothesized as a control mechanism of the CNS, this is an approach
it is worth to follow, as a human like control strategy might lead to human like motions
and also muscle actuations, which is an important topic concerning ergonomics. But even
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if muscle synergies do not exist as hard wired building blocks in the human body (and
instead result e.g. from an optimization strategy of the CNS [de Rugy 13, Steele 13]), it
can be a very expedient approach as they capture human like muscle activations. The
human muscle activation patterns might also (partly) result from optimization objectives
of the CNS which are not present in a simplified human model (e.g. joint stability
generated by muscle activations— see Chapter 2). This means that optimization methods
would lack to predict these activation patterns in a DHM, simply due to the fact that there
is e.g. no need to “stabilize” a ball and socket joint defined in a multibody system. Muscle
synergies captured from humans and used as control concept might be a way to transfer
the human muscle activation characteristics to a musculoskeletal DHM and further on lead
to human like motions.

The in this work proposed and developed control approach uses optimal control for
motion generation of a biomechanical digital human model (see Chapter 3.6 ). The
optimal control framework was preexisting [Leyendecker 10, Roller 17, Bjorkenstam 18]
and is used as a “black box” in this approach, whereas its properties (e.g. resulting
motions) are investigated. The focus thereby is on the comparison of different Actuation
Modes (joint torque actuation, single muscle actuation and synergetic muscle actuation)
and the influence of the solved OC objective function. The resulting motions for the
different control parameters are validated against measured human motions. To extract a
set of muscle synergies from measurements at humans that can then be used as control
parameters, a variety of steps has to be performed as described in the following Chapters.
Muscle synergies have in other approaches already been shown to be suitable as control
parameters.

3.1.1 Muscle synergies as control concept for DHM's

In several review studies, it has been examined and approved that the muscle synergy
hypothesis can be an efficient method for motor control [Singh 18, Taborri 18, Ting 08,
Tresch 09]. Still, few works are published which actually use muscle synergies as control
strategy for motor control. And although these approaches commonly use “muscle
synergies” in some way for motion control, the ways of implementation or the way the
properties of muscles synergies are exploited for control are of different nature.

Several studies like Neptun et al, Allen et al. or Satori et al. extracted muscle synergies
from humans while walking, and showed that these synergies allowed for effective gait
control of a musculoskeletal model [Neptune 09, Allen 12, Sartori 13]. These types of
studies use time variant muscle synergies to capture the temporal regularities of human
motion control to simulate a rhythmic motion task. Berniker et al. showed that muscle
synergies extracted from frogs could efficiently control a 17-dimensional nonlinear
dynamical system (masses and inertia of the hind limb skeleton and 13 muscles) of the
frog’s hind limb, and delivered very similar results to a full dimensional controller
(individual muscle control) [Berniker 09]. In this case, time invariant muscle synergies
extracted from EMG measurements were used as parameters for a controller of a dynamic
system. Similar McKay et al. showed that five muscle synergies were capable to control a
cats hind limb muscle activity in different postures with the same efficiency as controlling
the 31 muscles individually, using a detailed 3D static model of the hind limb for validation
[McKay 08].
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Rasool et al. used muscle synergies extracted from EMG as “look up table” to discriminate
between several tasks, which is performed in real time (from EMG measurements) and
used to control lower arm prosthesis [Rasool 16]. A similar approach was used by
[Afzal 17] with EMG signals of the human leg for classification of different locomotion
modes (walking, stair ascent, ramp ascent).

Razavian et al. have shown that muscle synergies can control a musculoskeletal arm model
in real time. A higher level controller is used to map a reference trajectories to muscle
activations on a lower level by the use of muscle synergies [Razavian 16]. The
dimensionality reduction results in 20 times faster calculation times while producing close
to optimal muscle activations [Razavian 15]. Also Cimoloto et al. used muscle synergies
for an EMG-driven Human-Machine interface to control the arm of a humanoid robot in
real-time [Cimolato 16]. In these cases, time invariant muscle synergies are used to reduce
dimensionality of control to speed up computational times to map a by a controller
calculated force to a certain muscle actuation (to get information about muscle loads or
actuate a musculoskeletal system) or, in the other direction, map measured muscle
activations to a desired controller task (force or motor command for prosthesis / robot
control). Although these approaches have shown that muscle synergies can be useful as
controllers, there are still many uncertainties about muscle synergies which makes
approaches hard to compare and the integration of muscle synergies in a control strategy
remains a complex task. In all of the above mentioned approaches, some kind of
adaptions were necessary, if by hand (manually parameter fitting) or by the use of some
kind of optimization method. Further on, the way of how to extract muscle synergies (e.g.
test setup, EMG sensor placement, extraction algorithm) and an appropriate number of
synergies for control itself remain an open questions which depend on the control
approach, simulation tasks and many more things. How these problems are handled in
this thesis will be described in the remaining subsections of this Chapter.

3.2 Overall approach - overview

The control approach developed in this work allows to identify modelling parameters of
the DHM used for simulation, extract muscle synergies from measurements which can
then be used for actuation and can be compared with a direct muscle actuation and joint
torque driven actuation. Additionally, the resulting motions can be validated against
measured motions and the influence of the optimal control objective function can be
investigated.

As described in 2.2, muscle synergies are one hypothesis from neuroscience to explain,
how the CNS might reduce complexity of motor control in vertebrates. Using solutions
inspired by nature is a wide spread practice in robotics, engineering and other applied
fields, simply due to the fact that these solutions result from a long period of evolution
and have proven their functionality over time. Beside this, as the control approach aims
to produce human like motions of a DHM, it is additionally somehow obvious to also use
or search for a “human like” control approach. But even if muscle synergies do not exist
as hard coded underlying building blocks in vertebrates, they might be a useful approach
to control a DHM, as they are copied from nature and might capture human like or natural
activation characteristics. Motions in this approach are planned by the use of optimal
control, whereas the DHM s represented as multibody system that can be actuated via
joint torques or by simplified muscles. In Figure 17, an overview of the workflow of the
developed control approach with the main steps for parameter identification and
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validation is depicted. First, measurements of certain tasks in the motion lab are
performed, from which EMG data of the involved muscles and trajectories are measured.
The choice of motions and muscles to be measured depends on the parameters that
should be identified or validated (muscle synergies, objective functions) and will be further
described in the Chapters 4 and 5. From the measured EMG data, muscle synergies can
be extracted after data processing and filtering by using a non-negative matrix
factorization (NMF) algorithm [Dhilon 05]. A procedure developed within this thesis work
allows to validate the extracted muscle synergies and to determine a useful number of
synergies, which is a free parameter of the NMF algorithm. The extracted muscles
synergies can then be implemented in the OC framework to be used as control parameters
for the DHM.
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Figure 17: Workflow of the overall control approach developed in this thesis
[Obentheuer 17, Obentheuer 18, Obentheuer 19].

In the next step, simulations are performed in the OC framework under similar
specifications as the measurements were done in the motion lab, e.g. reaching a point as
fast as possible or lifting a weight. Therefore, a specific DHM model can be build up with
the focus on the needs for the actual test. If a whole body motion is investigated, a full
body model can be used. Or, if the focus is e.g. on only one arm, e.g. in tests where the
shoulder is kept in position while moving, a reduced model with only the relevant parts
of shoulder and arm can be build up. The dimensions of the model, like length of the
limbs, can be adapted to the anthropometry of the test persons, so that the motion data
gets comparable more quantitative. Additionally it can be defined for each joint, how it
will be actuated. Therefore, three different Actuation Modes (AM) are available:

In the model setup denoted as AM-T (Actuation Mode — Torques) joint torques are used
as actuators, so the OC code calculates a time series of joint torques actuation
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signals (t;'s). These actuation signals move the DHM in a way, that the task to be
simulated is fulfilled, while a defined objective function is minimized and the side
constraints that the equations of motion of the MBS are fulfilled. In the AM-M approach
(Actuation Mode — Muscles) the model is actuated by muscles, whereas each muscle is
activated separately, so that the OC calculates a times series of muscle actuation signals
(a;'s) which fulfill the given tasks. In the AM-S approach (Actuation Mode —Synergies),
the muscles are grouped to muscles synergies which act as control parameters. Here, the
OC code calculates a time series of corresponding weights (c;'s). Theses weights define
how active each synergy is, and by multiplying them with the muscle synergy matrices,
the activation level for each single muscle results. The different Actuation Modes can be
combined in one model, so that e.g. the arm can be controlled by muscles, whereas the
rest of the DHM is actuated by joint torques. The resulting simulated trajectories and
actuation signals can then be compared with those measured in the motion lab. By that,
the influence of the different Actuation Modes AM and the distinct OC objective functions
to the resulting motions and actuation signals can be compared and validated against
measured motion data. Additionally, this procedure allows to identify modelling
parameters like e.g. the number of muscle synergies, maximum muscle forces or muscle
insertion points.

3.3 Data acquisition in the motion lab

As described above, motion capturing in this control approach is only done to validate the
simulation results and to identify parameters of the DHM respectively the OC framework.
In general, it is not necessary as input for the OC framework to set up a simulation and
generate motions for a new task. Same holds true for the measured EMG data and the
control parameters derived from EMG measurements. Once, muscle synergies are
extracted from measured EMG data, they can be used to simulate arbitrary new tasks.
How generic muscle synergies extracted from a certain task actually are has to be
investigated. All kind of data that was acquired (optical tracking, EMG, external force
sensors) was synchronized by the used measuring system, which allows to identify e.g.
the start of a certain motion by the captured visual motion data and investigate the related
EMG data.

3.3.1 Motion capturing

The term “Motion Capturing” stands for the process of recording movements of persons
or objects. The performed motions are sampled with a certain framerate (many times per
second). The main purpose in this DHM control approach is to track motions performed
in distinct tests, to be able to compare measured trajectories, velocities and accelerations
of human limbs or involved objects with simulated motion data. For motion capturing
different techniques exist. In the tests described in this work, optical systems with passive
markers are used. In these systems, several cameras track the positions of reflective
markers that are placed on the human body or on objects, as depicted in Figure 18. By
triangulation, the 3D position of each marker can be calculated, and with the knowledge
of where the markers are placed on the human body or an object, the performed motions
can be reproduced.

In principle, markers can be placed on arbitrary positions on the human body, but there
are positions which are more favorable, e.g. those where the skin does not move while
performing a motion, so that markers keep their relative positions to the limb. Guidelines
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and landmarks for marker placement are e.g. given in [Van Sint Jan 07]. Additionally, the
optimal number and positioning of markers depends on the test setup and the needed
level of detail of motion resolution. The details of marker placement, tracking systems and
data acquisition are described in each test in detail (see Chapter 4 and 5).

Figure 18: Placement of optical reflecting markers for motion capturing.

3.3.2 EMG Measurements

Electromyography (EMG) is a method used in several fields of application like medicine,
ergonomics, sport science or biomechanics that allows to determine and record the
neuronal activity of a skeletal muscle. In the control approach developed within this thesis,
EMG measurements are performed for two reasons: For one, from the measured muscle
activation signals muscle synergies are extracted which are then used as control
parameters. Further on, the measured EMG values can be used to validate simulated
muscle activations and, similar as done with trajectories, can help to adapt modelling
parameters.

Figure 19: Placement of several wireless bipolar surface EMG electrodes on upper
arm and forearm.
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To measure EMG data, a sensor is placed on the skin over the relevant muscle (surface
EMG) or into the muscle (intramuscular EMG). Intramuscular EMG measurements are
categorized as invasive procedures fraught with risk to health that have to be approved
by a medical ethic commission (Germany). Due to that, measurements in this work are
done with surface EMG only (in literature sometimes abbreviated as sEMG, in the
following simply as EMG). In Figure 19, the placement of several wireless EMG electrodes
placed over muscles on the upper arm and forearm are depicted.

As described in Chapter 2.1, the “firing” of a motor unit leads to a depolarization of the
innervated muscle cells from —80mV to +30mV, which is directly followed by a
repolarization with the same magnitude (symmetric signal). Starting from the motor end
plate, this action potential spreads bidirectional along the muscle fiber. This electrical
excitation leads to a release of calcium ions, which causes, due to an electro mechanical
coupling, the contraction of the muscle cells. This model describes a highly correlated
relationship between electrical excitation and mechanical contraction [Konrad 11]. This
depolarization-repolarization cycle leads to a depolarization wave (electrical dipole) along
the muscle fiber which can be measured on the surface (skin). The action potentials of all
muscle fibers belonging to one motor unit sum up to a motor unit action potential
(MUAP). The (raw) EMG signal that can actually be measured on the surface (skin), the so
called interference signal, is the summed up signal of all MUAP’s of one muscle, a bipolar
signal with a symmetrical distribution of positive and negative amplitudes.

Depending on the distance of the active muscle fiber to the EMG sensor, signals will be
acquired with different amplitudes. Muscle fibers which are closer to the surface and by
that to the electrode produce higher values than those located deeper inside the muscle.
For measuring the neuronal activity of a muscle with EMG, bipolar electrodes with a
differential amplifier are placed in longitudinal direction of the muscle on the skin. As
these electrodes capture the differences of the two measurement points (poles) which
reaches the highest values if aligned longitudinal to the muscle fiber (in direction of the
depolarization wave), the orientation of the muscle fiber to the electrode also influences
the magnitude of the captured signal.

The CNS has two major mechanisms to control the contraction process and by that the
generated force output, the recruitment and the firing rate of motor units. Both
mechanisms are reflected directly in the measured EMG signal: if the number of recruited
MUs or the firing rate increases, the summarily signal amplitude rises as well. In Figure 20,
the EMG raw signal of three isometric biceps brachii contractions is depicted. The relaxed
muscle produces a more or less flat zero signal, whereas the measured baseline noise is
an important factor to check the signal quality and marker placement. The measured
signals of a muscle contraction have a stochastic character, meaning that no measured
EMG signal can be reproduced in exactly the same appearance.
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Figure 20: EMG raw signal of three isometric biceps brachii contractions.

Beside noise and other artefacts this is mainly due to the fact that the compilation of
recruited MUs changes within each voluntary contraction, so that their physical
configuration in the muscle changes continuously. As muscle fibers closer to the EMG
electrode produce higher signal outputs than those located deeper inside the muscle, the
resulting summarily amplitude changes each time. This mainly shows up in configurations
with many muscle fibers close to the surface, which then produce very high spikes for a
short time. The non-reproducible part of the EMG signal can be eliminated (or at least
reduced) by using appropriate smoothing algorithms. EMG Measurements can deliver
important information about neuronal activities and muscle recruitment strategies of the
CNS, but there are some limitations of the method and influencing factors which have to
be carefully considered before planning a test setup and when assessing or interpreting
measured EMG signals:

e Properties of human tissue: The electric conductivity of human tissue varies
between subjects, but also within measuring points of one and the same subject.
Additionally the temperature or daily changing properties like e.g. thickness or
amount of water in the subcutaneous fat have a big influence on the measured
signal. Due to that, EMG signals of different persons, measuring points or tests
cannot be compared quantitatively (without filtering / normalization).

e Physiological crosstalk: EMG sensors can capture activity signals from
neighbored muscles (typically the amount does not exceed 10-15%([Konrad 11]).
This has to be considered especially where muscles are located very close to
another, like e.g. in the forearm, and in test setups with dynamic motions (see next
point).

e Changing distances or orientation between muscles and electrodes: A
changing distance or orientation between muscle and electrode leads to changes
of the signal amplitude. This causes problems especially when measuring dynamic
motions, where the muscle moves and changes its position or orientation under
the electrode. Larger displacement also influence the amount of measured
crosstalk, especially where muscles are located very close to another.

o External interfering voltage and materials: There are many factors that have
to be considered e.g. when choosing the used electrodes and differential
amplifiers. Additionally, surrounding electrical equipment can produce noise or
artefacts while measuring. By using modern equipment, skilled personnel and a
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proper calibration before measuring (e.g. check baseline noise), their influence
should be negligible.

No deep layer muscles measureable; With surface EMG, only muscles located
directly under the skin are measureable. This means that muscle data of deep layer
muscles cannot be acquired, and due to that are not considered in this approach.
Neither for validation, nor for the use as control parameters in the muscle
synergies. (This could be resolved by using fine wire EMG, or by newer approaches
[Koshio 2012] which assume to be able to measure deep layer muscles with surface
EMG)

Number of available EMG channels; Although the number of EMG measuring
channels are not directly limited from a technical point of view (depending on the
used system), most motion laboratories have a fixed number of channels available
(commonly between 8-16 Channels). For muscle synergy extraction, this can
become a problem, as all involved (measurable) muscles have to be measured in
parallel.

As described above, the EMG raw signal has to be filtered to eliminate e.g. spikes and
other non-reproducible parts. Beside this, a certain post processing has to be done before
extracting muscle synergies and to be able to compare the measured EMG signals with
the activation signals of the used muscle models in the simulation model (see Chapter
3.5). The main steps of data editing for the EMG raw signal performed in this approach
are as follows:

Zero calibration: Due to the nature of the EMG signal (symmetry), the mean value
should be zero. This is also a checkpoint for calibration before measuring (baseline
noise and mean value). For some reasons the mean value can shift or drift while
measuring. This effect can be re-calibrated by subtracting out the mean value of
the measured raw signal.

Full wave rectification: This is an essential step in the post processing and simply
means taking the absolute values of the signal, so the negative swings turn into
positives. This is important for two reasons. For one, to study the characteristic of
the measured EMG signal, it is beneficial to “extract” its shape or envelope using
an appropriate filter. But, due to the zero mean nature of EMG signals, a low pass
filtering of an unrectified signal would just deliver zero. Further on, the used hill
muscles in the DHM simulation model are activated with positive activation signals.
So, to enable a comparison of those two signals, and to use muscle synergies as
control parameters, the measured EMG has to be rectified (and normalized, see
below).

Low pass filter: This is the actual step to extract the characteristic envelope of the
measured EMG signal. Usually, cut off frequencies between 5-100Hz are used.
Typically used filtering methods are sliding average window (finite Impulse
response filter), sliding root mean square (RMS) window or discrete versions of
classical low pass filters like Butterworth or Chebyshev (infinite impulse response
filter, IIR). In this approach, a Butterworth low pass is used, which is applied in
forward and backward direction, which guarantees a zero phase shift (the phase
or timing of the original signal is not altered). For details and used cut off
frequencies see test descriptions (Chapters 4 and 5).
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Down sampling: To reduce data points and speed up calculation times, and as
simulations are performed with a framerate of about 100Hz maximum, the filtered
EMG data is down sampled to 100Hz as well after filtering.

Normalization: As described above, EMG signals of different persons, measuring
points or tests cannot be compared quantitatively in a direct way. Therefore,
measured and filtered EMG data is normalized to the highest values measured at
a maximum voluntary contraction (MVC). To determine MVC values, certain tests
according to [Freriks 99] are performed at each lab test (for details see test
descriptions, Chapters 4 and 5). In these tests, the measured muscle is contracted
as high as possible (by lifting a weight or pulling/pushing isometric against a
resistance with maximum power). The MVC values can be interpreted as “100%
muscle activation” and correspond to a fully activated Hill muscle for comparison
and validation.

In Figure 21, the EMG values of the musculus biceps brachii of three repetitions of a
dynamic arm motion are depicted. The left side shows the unfiltered raw signal. On the
right side, the EMG signals are filtered with the above described procedure, normalized
to the MVC values, and overlaid. After this process, the plots become much more
expressive. It can e.g. be directly seen, that timings and characteristics of the EMG signals
are very well comparable (start- and end frames were visually identified on the
corresponding motion capture data). This shows that the measured EMG values are not
just some kind of artefact or of a pure stochastic nature, they are instead very well
reproducible within repetitions.
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Figure 21: EMG values of the biceps brachii of three repetitions of the same motion.
Raw signal (left) and filtered and normalized signal of one repetition (right).

3.3.3 Measurement of external forces

It can be helpful to measure external forces like reaction forces (foot ground reaction
forces, grasping forces, loads on objects to be manipulated etc.) for validation purposes
or as side constraints for the simulation setup.



36 Control Concept for a biomechanical human model
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Figure 22: Assembling of a car door sealing on a test bench with force sensors to
measure the axial installation forces.

In Figure 22 for example, the axial installation forces while assembling a car door sealing
are estimated as well as motion data and EMG values of involved arm and shoulder
muscles. Tasks where flexible parts are assembled in industry like e.g. a sealing are of high
interest for ergonomists. Those parts often get jammed while mounting, which makes
high hand forces necessary for installation. Jamming and easy gliding of a sealing often
alternate while mounting, and this behavior is hard to simulate (even with complex
material models), which makes the needed forces almost unpredictable with simulation
models. When simulating this test, one workaround could be to set the measured forces
as side constraint in the simulation scenario, and use the measured motion data for
validation.

3.4 Muscle synergy extraction

As described in chapter 2.2, the muscle synergy hypothesis from neuroscience describes
a strategy which the CNS might use to reduce the complexity of motor control. Instead
of actuating each muscle directly, it assumes a modular architecture of the underlying
motor circuits, meaning that muscles are grouped to functional units (muscle synergies).
To investigate muscle synergies or use them as control concept, one has to focus the
problem that it still remains a hypothesis which is not proven and muscle synergies cannot
be estimated or measured in a direct way.

Commonly, muscle synergies are extracted from measured EMG data from experiments
which are arranged in a matrix. Finding a set of source signals from a given set of mixed
signals (without any or with minor knowledge about the source signal) is a well-known
problem in different fields of application, and there exist several algorithms for so called
blind signal separation (BSS) [Cardoso 98]. The BSS algorithms which are qualified to be
used to extract muscle synergies from a Matrix containing measured EMG data are
reduced by two facts. First, if muscle synergies should reduce complexity of motor control,
the number of synergies (ny,) should be smaller than the number of muscles (n,,). This
allows the usage of conventional linear methods. Second, the activation signals of the
CNS are always positives. Due to that, algorithms using non negative factors are ineligible.
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Commonly used algorithms for muscle synergy extraction are Principal component
analysis (PCA), Independent component analysis (ICA), Factor analysis (FA), Non-negative
matrix factorization (NMF) and second-order blind identification (SOBI). Several studies
have investigated and compared the performance of these algorithms for muscle synergy
extraction. Therefore, the algorithms were applied to real EMG data as well as to artificial
EMG signals produced by artificial muscle synergies (to allow a direct validation of the
extracted Synergies) and superimposed by noise. [Ebied 18] recommend the use of NMF
and identified it as the best working algorithm, especially when the number of (EMQG)
channels is higher than the number of synergies. [Tresch 06] showed that NMF was very
robust to noise and grouped it to the best performing algorithms as well, which all
identified synergies very similar to another. Due to the findings and recommendations in
these studies, a NMF algorithm for muscle synergy extraction is used in this approach as
well.

3.4.1 Non Negative Matrix Factorization for muscle synergy extraction

To extract muscle synergies, a NMF algorithm in a customized software written in Matlab
is used in this approach, as schematically depicted in Figure 23. Therefore, the NMF
algorithm is applied to the muscle synergy extraction Matrix M, which contains the filtered
EMG data of all measured muscles of one Test Scenario (size n; by n,,, where n, is the
number of time samples of all included trials, and n,,, is the number of measured muscles).
Input data of several trials is concatenated vertically. A “trial” is e.g. one single reaching
motion from the defined start to the desired end position. Start and end frame of each
trial are identified visually by investigating the captured motion data.
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Figure 23: Muscle synergy extraction: Filtered EMG signals of all trials (e.g. single
reaching motions) are concatenated vertically in the Matrix M,. Applying the NMF
algorithm to M, delivers the weight Matrix C and the synergy Matrix W. The number of
synergies ny, is not an output of the NMF algorithm and is determined in a separated
procedure.

The NMF algorithm provides two Matrices C and W (of dimension respectively n; by ny,,
and ny, by n,,, where ny, is the number of muscle synergies) such that
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M, = C - W + residuals (1)

where the number of muscle synergies ny, is a free parameter of the NMF algorithm, and
has to be set by the user. For each value of n,, we ran the NMF algorithm 25 times to
reduce the probability that it converges to a local minimum.

As described above, the factorization of M, is a lower rank approximation, where the
factors C and W are chosen to minimize the root-mean-squared residual between M, and
C - W. The Matrix W is interpreted as the muscle synergy matrix, where each row vector
w stands for one time invariant muscle synergy and each entry w; of w defines, with which
magnitude each muscle is present in this synergy. This balance does not change over time,
and the Matrix W is used as control policy in the OC framework when performing
simulations in AM-S. The Matrix C represents the according weights, which (multiplied
with W) reproduce the measured muscle actuations (M,) best. So, each entry ¢; of the
row vectors ¢ of the Matrix C defines, how active each synergy is at one discrete time
step. Following the law of matrix multiplication, this means that the activation level for a
muscle m; at a certain time step results by summing up the scaled outputs of each synergy
for this muscle so that

Ny

i=1
For the given input set of muscle activations (M,) these weights c¢; are an output of the
NMF algorithm. In the simulations in AM-S, they are calculated by the OC framework
(respectively the according activations a; of the artificial Hill muscles in the simulation

model). To determine the number of muscle synergies ny,, in a first step a criterion based
on the variance account for VAF defined as follows [Chiovetto 13]

1M, — DII?
IMe — mean(M,)||?

VAF (ny,) = 100 - (1 — ( )) (3)

was used, where D is the approximation of M, obtained by multiplying € - W, and mean
is an operator that computes a matrix of the same dimension as the matrix M, and whose
rows are equal point by point to the mean values of the corresponding rows of M,
[Chiovetto 13].

There exist distinct procedures in literature to determine the right number of muscle
synergies based on the VAF criterion. A well spread option is to define a number of muscle
synergies which reproduces a certain percentage of the VAF (commonly between
85-95%) as threshold, assuming that the measured EMG values to be reproduced include
noise and uncertainties, so that it is not convenient to go above this threshold.
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Figure 24: Plot of the Variance Account For (3) depending on the used number of
muscle synergies.

Another practice is to plot the VAF versus the used number of muscle synergies (typically
from 1 to n,,) as depicted in Figure 24, and identify the number of muscle synergies where
the graph shows a significant change of slope, after which the slope becomes constant
[Ferré 95]. This can be done automatized e.g. with a linear regression procedure [Cheung
05, d'Avella 06], or simply by identifying this point visually as done in this approach.

Up to this point, it is only checked if the muscle synergies are capable of reproducing
measured EMG signals, which were used as input values for the NMF algorithm
(respectively how many synergies are necessary to reach a certain reproduction quality for
these signals based on the VAF criterion). As it is planned to use the muscle synergies as
control parameters not only for scenarios they were extracted from, their generality is
estimated in a further step. Therefore it is checked if measured muscle activation signals
that were not included in the matrix M, used for synergy extraction can also be
reproduced with the extracted synergies. To approximate a new set of measured muscle
activations, the measured EMG signals, are arranged in the validation matrix M, (with
number of columns equal to M, ). Then, a customized software written in Matlab and
developed within this thesis is used, which similar as in (1) minimizes the root-mean-
squared residual between M, and C-W, now with M,, and W given. Further on, the
quality of the used (number of) muscle synergies was investigated by a visual comparison
of the plots of the original filtered EMG signal and the signals being reproduced with the
use of muscle synergies. This was done for reproduced signals that were used as inputs
for the NMF algorithm (M, ) as well as for measured EMG signals that were not included
in the NMF algorithm.

3.5 The digital human model

As described above, in this thesis it is hypothesized that a modelling and control approach
inspired by nature leads to “human like” motions. This means that a biomechanical
simulation model has to be used so that properties of the human locomotor system are
somehow transferred to the DHM, which allows the optimal control framework to directly
optimize on similar objectives as the central nervous system might do (e.g. muscle loads).
But also in the field of biomechanics, there is a wide range of different modelling
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approaches and levels of detail. Many of these approaches have their focus on special
parts of the body (e.g. a distinct joint), special load cases or motions (sport science) or
detailed properties of human tissue. In [Rohrle 16 ] e.g. a model of the arm is simulated,
where all components are represented as continuous, three-dimensional, volumetric
objects (nonlinear hyperelastic materials). This approach allows predicting realistic
moment arms and muscle forces while giving insights into existing contact forces and
their influence on the muscle fibre stretch. Other approaches (e.g. [Heidlauf 14]) simulate
muscle activations on the microscopic sarcomere level delivering key characteristics of
skeletal muscles. Those detailed approaches are computationally highly intensive and not
suitable to simulate a full body model or a large range of motions. To speed up
computational times but still being accurate in the parts of interest, many hybrid
approaches are used. In [Anderson 17], a biomechanical model of the human head and
neck consists of a combination of finite element models (FEM), rigid body, and spring-like
components. It is controlled by muscles which can be activated to mimic complex actions
such as swallowing, chewing, and speech. There exist many other approaches driven by
medicine to support diagnostics but also motivated by sport science to support specific
training or rehabilitation of athletes. Mostly they focus on e.g. a distinct joint, using very
detailed models of the respective part of the body. In [Herrmann 19], a detailed
musculoskeletal kinematic multibody model of the shoulder is used to analyze shoulder
dynamics after total replacement. In [Westover 16], a model of the knee allows
qguantifying the laxity in the anterior cruciate ligament and individual knee joint structures.
In all of these approaches, the high level of detail leads to a huge number of parameters
which have to be defined (respectively fitted). In most cases some image based motion
data is used, often combined with special load cases, where e.g. external forces are
measure. In [Westover 16] e.g. a custom knee loading apparatus in conjunction with
magnetic resonance imaging is used to feed the model. These approaches can deliver
important insights on e.g. the role of tendons and ligaments for joint stability, the pressure
distribution in cartilage during a specific sport task and many more, but they are by that
restricted to these specific application and too complex to build (and control) a human
full body model. In this thesis, the biomechanical multibody system model approach is
simplified to a level that the basic dynamical properties of the human locomotor system
like (center of) masses of the body and limbs, joint range of motion and actuation principle
by muscles are transferred, but computational times are still fast. It will be investigated
how far this simplification is sufficient to predict human motions.

3.5.1 Implemented modelling approach

To build up a digital human model, a dynamic MBS code based on [Featherstone 14] is
utilized that uses minimal coordinates and facilitates fast computational algorithms to
determine forces and velocities [Bjorkenstam 16, Bjorkenstam 18]. It allows to define rigid
bodies (bones), joints and actuators freely in arbitrary configurations, so that models can
be built up adapted to what should be investigated. As joints, spherical joints and revolute
joints are available, which can be limited to simulate the human range of motion. As rigid
bodies, cones and cylinders can be defined, with mass, length and diameter as modelling
parameters.
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Figure 25: human arm model: anatomical representation (left, from [Tillmann 05]) and
simulation model (right).

As actuators, motors (torques between rigid bodies) and Hill-type muscles (force elements
between rigid bodies) can be specified. The tests that were measured in the motion lab
and simulated in the OC framework presented in this work focus on human arm motion.
For these tests, a model of the human arm including 29 Hill muscles was used for
simulation, which is depicted in Figure 25 (right) and described in more detail in the
following. To get measured motion data comparable with simulated results, dimensions
of the simulation model were adapted to the anthropometry of the subjects that
performed the test. Therefore, a program was developed, which automatically adapts
muscle parameters (origin, via- and insertion points, see below) to a given set of
measureable input data like length of forearm, upper arm and hand.

3.5.2 Biomechanical simulation model of the right arm

As described in chapter 2.1, skeleton muscles in humans are attached to bones at their
ends by tendons, and by contraction they exert force on the bones. One end of the
muscles, the so called origin, is closer to the body (proximal) and does not move during
contracting. The other end, the insertion, is further away (distal) and does move when the
muscle contracts. Origin and insertion points are important parameters for biomechanical
modelling as they influence the resulting motion respectively ratio of the resulting joint
torque when the muscle contracts. Another important parameter is the muscle path. In
humans, muscles wrap around bones or other muscles and get thrusted aside when other
muscles contract and by that get thicker. The Hill muscles used in this approach (see
chapter 3.5.3) always form a straight line between their attachment points and do not
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consider contact to geometries of the MBS (bones). To simulate a more realistic muscle
path, they can be led over via points. Muscle origin, insertion- and via points used in this
model were identified by studying the human anatomy. Additionally, it was checked if
the resulting motion when contracting the muscle in a forward simulation were in
conformity with muscle actions in humans.

Especially bigger muscles often have several distinct insertion points (muscle heads). Those
different parts of a muscle were modelled as distinct Hill muscles in the simulation model.
This modelling approach is not only derived and useful from the (bio) mechanical point of
view. The delta muscle for example is divided in three different parts with distinct insertion
point (anterior, medial and posterior). It was shown that these parts can even be
subdivided into at least seven functional units, which can be activated by the CNS
individually [Brown 07]. This supports the above described modelling approach as these
findings lead to the assumption that the CNS as well can exploit the mechanical properties
of each single muscle head in particular as it were activating a single muscles. Overall, 29
Hill muscles were implemented in the simulation model of the human arm. The name of
the Hill muscles (which refer to real human anatomical muscles or muscle parts), their
origin and insertion, as well as the action of the muscle (part) are listed in Table 1.

Note that origins of the Hill muscles of the shoulder (referring to Scapula / Clavicle ) are
chosen at the coordinates of human origins at those bones (in a neutral shoulder position),
but as Clavicle and Scapula are note modeled, they are all connected to one and the same
rigid body (“root”). Same holds true for the distinct metacarpal bones of the hand, which
are modeled as one rigid body “palm”.

Table 1: Implemented Hill muscles

Name Origin Insertion | action
Infraspinatus Scapula Humerus | external rotation Humerus
Coracobrachialis Scapula Humerus | Internal rotation, adduction,

anteversion Humerus

Deltoid Posterior Scapula Humerus | abduction Humerus (along
frontal  plane).  Shoulder
extension, lateral rotation

Deltoid Middle (lateral) Scapula Humerus | abduction Humerus (along
frontal plane), transverse
abduction

Deltoid Anterior Clavicle Humerus | abduction Humerus (along

frontal  plane),  shoulder
flexion ,medially  rotation
Humerus

LatissimusDorsi multiple Humerus | Internal rotation, adduction,
retroversion Humerus

PectoralisMajorClavicular Clavicle Humerus | anteversion, adduction,
internal rotation
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PectoralisMajorSternal Sternum /| Humerus | anteversion, adduction,
ribs internal rotation
SubScapularis Scapula Humerus | internal rotation, adduction
Supraspinatus Scapula Humerus | abduction, external rotation
TeresMajor Scapula Humerus | internal rotation, adduction,
retroversion
TeresMinor Scapula Humerus | external rotation, adduction,
retroversion
Biceps brachii short head Scapula Radius supination forearm, flexion
ellbow
Biceps brachii long head Scapula Radius supination forearm, flexion
ellbow
Brachialis Humerus Ulnar flexion ellbow
Brachioradialis Humerus Radius flexion elbow, pronation /
supination
PronatorTeresHumoral Humerus Radius pronation
PronatorTeresUlnar Ulnar Radius pronation
SupinatorHumoral Humerus Radius supination
SupinatorUlnar Ulnar Radius supination
TricepsBrachiiLateral Humerus Ulnar extension ellbow
TricepsBrachiiLong Scapula Ulnar extension elbow
TricepsBrachiiMedial Humerus Ulnar extension ellbow
ExtensorCarpiRadialisBreve | Humerus Meta- Eloow  extension,  dorsal
carpus flexion wrist, abduction hand
ExtensorCarpiRadialisLongus | Humerus Meta- Elbow flexion, dorsal flexion,
carpus radial abduction
ExtensorCarpiUlnaris Humerus Meta- Ulnar abduction
carpus
FlexorCarpiRadialis Humerus Meta- Palmar flexion, radial
carpus abduktion, (pronation)
FlexorCarpiUlnaris Humerus Meta- Palmar flexion, Ulnar
carpus abduction
PalmarisLongus Humerus Meta- palmar flexion
carpus

As described in chapter 2.1, the human shoulder joint is quite complex and actually
consists of four individual joints between Humerus, Scapula and Clavicle. In the simulation
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model, the shoulder joint is simplified by a spherical joint (between Humerus and root).
The test setups in the motion lab described in this work were designed in a way that the
shoulder itself was kept in position and the range of motion that was utilized did not
exceed the limits of the Glenohumeral joint (shoulder flexion / extension, adduction and
abduction). The human Glenohumeral joint is formed between the ball of the Humerus
which moves in a socket of the Scapula, and can by that be approximated by a ball and
socket joint.

The Elbow joint is modelled as two successive revolute joints between forearm and
Humerus, which allow an elbow flexion / extension and a pronation / supination of the
forearm. The forearm itself is modelled by two rigid bodies (Ulnar and Radius), which
cannot move relative to each other. The palm of the hand is model by one rigid body
which is connected to the forearm by two successive revolute joints again, allowing a
radial / ulnar deviation as well as a flexion / extension of the hand. Each finger is modelled
as three rigid bodies, connected to each other respectively the palm by one revolute joint.
Fingers in humans are controlled by the muscles of the forearm, which are connected to
the fingers by long flexor tendons. This is not implemented in this arm model, so that the
fingers can only be actuated by joint torques. The seven DOF of the shoulder, elbow and
wrist can be controlled by the included muscles.

3.5.3 Hill muscle model

As muscle model, a string type Hill model [Hill 38] variant as suggested by [Maas 13] is
used that consists of a contractile component (CC) and a parallel elastic component (PEC)

(see Figure 26).
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Figure 26: Hill muscle model. From [Roller 17].

To simulate the natural characteristic of muscular force generation (see Chapter 2.1), the
pulling force F¢¢ created by the CC depends on the actuation level a € [0,1], the length
of the muscle (I™), the contraction velocity (I™) and the maximum isometric force and is
given by FC¢ = f,(I™)f,(IM)aF,q. The length and the velocity dependency are
approximated by
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and depicted in Figure 27. Here [, represents the minimal and [,,.the optimal muscle
length. The negative scalar v,,4, < 0 is the maximal contractive velocity of the muscle,
and vy is a shape factor, while A B C € R are chosen such that the function is differentiable
in 0 [Roller 17].
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The PEC, a linear elastic spring which is connected in parallel to the CC, represents the
passive stiffness of the tissue and is given by FPEC = k(1 — 1) with stiffness € R, . The
muscle force E,, is achived by linear superposition of FPEC¢ and F¢¢ so that

Fp = FPEC + FC = k(I — 1) + fi™f,(I™)aFpax (5)

The muscles are connected to the MBS through at least two body points (between which
they build a straight line) and can be led over via points to adjust the muscle paths.

The muscles are directly included in the simulation scenario (in contrast to approaches
where motions e.g. are generated by using joint torques and the muscle loads needed to
generate these torques are calculated in a post processing step). This allows the
optimization to directly optimize on the biomechanical muscle parameters and consider
dynamic quantities like e.g. the force velocity dependency.

1

<= 0.5 3
0.5
0r = ok _
|
lo lopt 2(lop[ —lo)+1 Vmax 0 —Vimax

Figure 27: Force length and force velocity dependency of the implemented Hill muscle
model.

3.6 Optimal control framework

The optimal control theory is a special class of infinite optimization problems on function
spaces [Gerdts 11] and is a control strategy that is quite attractive in the application of
DHM actuation. It deals with finding a control law for the described biomechanical
multibody system such that a certain optimality criterion is fulfilled. The optimality criterion
is brought into the system by an objective function (a.k.a. cost function) that is minimized.
Emanuel Todorov explains in a review article that “optimal control models of biological
movement have explained behavioral observations on multiple levels of analysis (limb
trajectories, joint torques, interaction forces, muscle activations or EMGs) and have
arguably been more successful than any other class of models” [Todorov 04.]. The OC
framework used for motion generation in this thesis was preexisting [Leyendecker 10,
Roller 17, Bjorkenstam 18], so it's (mathematical) functionalities are only shortly
summarized in the following.

The OC framework calculates the actuation or control signals (joint torques t;, muscle
actuations a; or synergy weights ¢; — see chapter 3.2) in a way, that a certain goal is
fulfilled while minimizing the defined objective function and considering the side
conditions that the constrained equations of motion of the MBS are fulfilled. For the MBS
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used to model biomechanical DHMs in this work, the set of governing equations can be
stated as follows:

tr
Minimize ] = d(q,q,wdt + x(qleyr qlep tor tr) (6)
to
U @)~ 2 (g, ) + Fq 4u) + 6T (@)A = 0 %
aq q,9 at g q,9 q,qu qr=yv,
9@ =0, (8)
c” <c(qur) <ct. 9)

The main goal, minimizing the objective function J, is introduced in (6). The function J is
split in the function ¢, which is a measure of the state of the system in the interval I =
[to, tr], and x is only rating the bounds of I. The vector g collects the configuration
variables of the multibody DHM as a function of time, such that q(t) represents the
trajectory of DHM configurations in its configuration space. The function u represents an
external actuation (t;'s or a;'s)

The Lagrangian L of the system is given by L = T —V, where T is the kinetic energy and
V the potential energy. As side condition, the constrained equations of motion (7) and (8)
have to be fulfilled by the mappings of q(t), u(t) and (t)A, whereas A are the Lagrangian
multipliers associated to the constraints g(q) =0 (8) . F represents non-conservative
external forces acting on the system and G is the constraint Jacobian G = dg/dq, whereas
g are additional holonomic constraints which have to be fulfilled when a closed loop
occurs in the MBS (e.g. at the box lift, see chapter 6). By (9), additional equality and
inequality constraints are included into the optimal control problem, whereas ¢~ is the
lower and ¢* the upper bound of the constrained function c. This is a generic description
for many different constraints as e.g. box constraints on the controls or path constraints.
Further on, the time interval for the motion can be defined, or t, and tr can be set as
unknown variables (constrained to limits, for more details see [Roller 17].

In contrast to most other control strategies, the goal can be described in a quite generic
manner and no further control signals have to be defined. It is sufficient to describe the
start and the end configuration of the multibody system, and all further control signals
are an output of the OC framework. This is e.g. done for the arm model in the basic
reaching test (see chapter 4), where the start and end posture of the arm model are
defined (at zero velocity), and by setting “minimal time” as cost function, the OC
framework calculates the according actuation signals to move the MBS from the start to
the end configuration as fast as possible. In this simulation environment, the time
continuous OC problem is discretized by the DMOCC approach [Leyendecker 10] where
a variational integrator is used to solve the equations of motion. The resulting finite
dimensional optimization problem is solved with the interior point method implemented
in the solver IPOPT [Wachter 06].

The pre-existing OC framework has been developed on the basis of previous works
[Leyendecker 10, Roller 17, Bjorkenstam 18], so its development is not part of this work.
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Instead, in this thesis it is regarded as “black box” used for motion generation, and part
of this thesis is to investigate the properties of the framework. Depending on the defined
inputs (e.g. cost function, Actuation Modes), the resulting outputs (motions) are
compared or validated against measured motions from humans. The defined input values
and investigated outputs of the OC framework are depicted in Figure 28. In detail, these
are the following:

Inputs

e Cost Function: As cost function, or objective function, four different functions
which are minimized as described in (6) can be defined. These cost functions can
be linearly combined to create a mixed cost function. This allows to utilize them in
a “controller like manner” and exploit the influence of each objective function to
the resulting outputs. The implemented cost functions that can be minimized are:

o Time:Jt =t/ —¢°
The optimizer tries to fulfill the defined goal as fast as possible.

N f
o Kinetic energy: JT = ftto T dt
The optimizers minimizes kinetic energy.

tf
o Control: J* = [, u-udt
The signals used to actuate the simulated model are minimized. Depending
on the used Actuation Mode, this are the joint torques (t;'s) or the muscle
activations (a;'s). (When the model is actuated via muscle synergies (AM-S),
the optimizers tries to find a set of weights (c;'s) which as well minimize the
resulting muscle activations (a;'s) ).

o Control change: J* = f:ofu -udt
The optimizer minimizes the time derivatives of the used controls (see
previous point)
o Mixed: J™* = ctJt + cTJ" + cUJ* + c*J*
The optimizer minimizes a linear combination of the above described cost
functions.

e MBS Model: The description of the simulated model. This comprises the defined
rigid bodies (including geometries, length, diameter, masses, orientations), the
defined joints (including joint type and limits of the defined range of motion).
Additionally the used actuators as joint torques (rotation axis, min and max torque)
or muscles (origin, via points, attachments and all muscle parameters as described
in 3.5.3).

e Actuation Mode: The defined model can be actuated by three different Actuation
Modes.

o AM-T: The model is actuated via joint torques.

o AM-M: The model is actuated via the implemented Hill muscles. In AM-M,
each distinct Hill muscle can be controlled independently.

o AM-S: The model is actuated via the implemented Hill muscles. In AM-S,
some muscles are grouped to muscle synergies, so they cannot be activated
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independently. Those muscles not included in the defined synergies are
treated as in AM-M.

Bounds: The boundary conditions define the start configuration and the goal of
the simulated task as well as restrictions for the motion. So, left bounds define the
start configuration of the simulation model, e.g. angles of joints or orientations of
the rigid bodies. Right bounds define the desired goal, e.g. by setting the complete
configuration of the model (angles, orientations), or just by defining a certain point
on a rigid body to match a point in the room or reach over a certain height (z-
value) in the global coordinate system. Further on, boundary conditions active
during the whole simulation can be defined, e.g. for a joint angle to not exceed a
min and max value. All tests performed in this thesis start at zero velocity and end
at zero velocity. All the defined boundary conditions used for simulation are
described in the according tests

Time Steps: This defines the number of steps for the discretization of the OC
problem. Most simulations performed in this thesis are performed with between
20 and 50 steps, which resulted in smooth looking motions when assessing video
data. At all performed Test Scenarios, several simulations were performed with up
to 250 steps, to ensure that the OC solver does not converge to a different
solutions.

Time Interval: The minimum values tM" and maximum values tM%* for the
simulation time (interval [t,, tr]) can be defined. In all simulations performed in this
thesis the start time and values for the minimum time are set to zero (/%" = t, =
0). The maximum values tf*** are in most simulations not reached, so they result
as output (tg). If the limit (¢f***) is reached, this is always mentioned when
discussing results.

Cost Function

v

MBS Model
—
Actuation Mode MBS Model
2 Optimal Control Actuations
Bounds et
— — Framework
Time Steps (Duration)

L J

Time Interval

L J

Figure 28: Black Box view of the optimal control framework used for motion
generation.
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Outputs

MBS Model Actuations: The OC framework calculates a series of actuation
signals, which move the simulation model in a way, that the defined boundary
conditions and the constrained equations of motion are fulfilled, while minimizing
the given cost function. The number of actuation signals equals the number of
discretization steps. In AM-T, a series of joint torque actuation signals (t;'s) is
calculated and in AM-M a series of Hill muscle actuations (a;’s). In AM-S the output
is a series of weights (c;’s), which multiplied with the synergy matrices result in the
Hill muscle actuations which finally actuate the model.

Duration: The value for the total duration (tz) for a performed simulation result
from the OC solver. As described above, minimum values t*" and maximum
values tf*** can be defined as inputs. So, in cases where duration equals the
defined maximum values (ty = t7***), the duration is not a “real” result of the
simulation. If this is the case, it is mentioned when discussing results.

In the following chapters, the derived control and validation approach is applied to several
use cases. At the basic reaching test (chapter 4), minimal time is used as cost function in
all tests for simulation, as test persons in the motion lab are advised to move as fast as
possible. At the weight lift test (chapter 5), the influence of the distinct cost functions is
investigated in more detail and a mixed cost function derived. With the box lift test, a use
case from industry is simulated in the end, to check if the derived control parameters and
the entire control approach can be applied to more complex use cases.



4 The basic reaching test

The first practical experiment that is realized is the basic reaching test. In this test, a
multitude of different reaching motions is performed in the motion lab and the EMG
values of the involved arm and shoulder muscles as well as the used trajectories are
captured. The test setup is chosen in a way which is expedient to investigate distinct
aspects.

To examine if EMG values of one and the same task are reproducible, each distinct
reaching motion is performed five times. This allows to investigate if characteristics of
muscle activations remain similar within repetitions, respectively if a consistent
characteristic can be measured with EMG. This obviously is a basic requirement if control
parameters should be derived from measured signals. Further on, if a basic characteristic
remains recognizable within repetitions, this allows to identify appropriate parameters for
EMG post processing like e.g. adequate cut off frequencies of the used low pass filter,
which eliminate spikes but keep the basic nature of the signal. The multitude of different
reaching motions allows to extract muscle synergies from different subsets of motions
(Matrix M,, see chapter 3.4.1), and check if measured EMG signals of reaching motions
that were not included in the Matrix M, can also be reproduced with these synergies. This
is done to validate if the extracted synergies have a certain generality. Comparing the
“goodness” of the muscle synergies extracted from distinct subsets of reaching motions,
can also help to identify an adequate or minimum number of motions which is necessary
to extract meaningful muscle synergies. This can help to plan test setups for future
experiments.

Another important aspect is to validate simulated reaching trajectories and velocity
profiles against those that are measured, and to investigate the influence of the used
Actuation Mode in the simulation model. Therefore, additional optical markers are placed
at the hand, to get detailed information of the chosen trajectories of the hand. The target
points for the reaching motions are adapted to the anthropometry of the test persons
(see test setup below ). The idea behind this is to get motion data of different test persons
comparable. By that it can e.g. be checked if different test persons use similar trajectories
to reach a point, that is located in the sagittal plane in the height of the shoulder with a
distance of 90% of the reaching range. In contrast, if test persons with different
anthropometries (e.g. body height and arm length, leading to strongly deviating reaching
ranges when keeping the shoulder in position) would reach for one and the same point
with an absolute distance similar in all test, the reaching motion and final joint orientations
would obviously strongly differ.

4.1 Motion Lab measurements
4.1.1 Test setup

The Experimental design is defined as follows. The test person stands in front of a plane
with 17 marked target points on it (Figure 29 left). The arrangement of these points is
adjusted to the test persons anthropometry as depicted in Figure 29 middle left. The inner
Radius (R;) corresponds to the upper arm length, the outer Radlius (R,) equals 90% of the
maximal reachability (Rimax reac ) Of the test person. The maximal reachability is estimated,
in frontal position and in distance d, (see below) to the test plane, as follows:
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The subject is instructed to move the tip of the middle finger to the highest reachable
point on the plane while keeping his trunk and the center of the shoulder joint in positon.
This is repeated for the lowest reachable point as well as those being most far to the right
and the left on the horizontal line in the height of the shoulder. From the four resulting
distances the smallest one is defined as Ryax reacn (Whereas all of them are in the same
range).

The target points are placed on the intersections of R; and R, with the horizontal and the
vertical lines and their bisectrixes. The center of R; and R, is positioned concentric with
the center of the shoulder joint (projected to the plane) in a relaxed and upright standing
position. Two distances are specified between the plane and the test person (d; and d,)
which are also determined based on the test persons anthropometry as shown in Figure
29 middle right. Distance d, corresponds to the length of the forearm whereas d, is
defined as the distance between the subject and the plane when standing in a frontal
position to the plane with the forearm parallel to the ground and the angle a = 45°
between the upper arm and the subjects coronal plane.

Supinated (S)

Figure 29: The basic reaching test: (left) Test execution in the motion lab; (middle left)
the three final hand orientations; (middle right) adaption of the target point placement
to the test persons anthropometry; (right) distances d, and d, to the measuring plane,
adapted to the test persons anthropometry.

The test is executed as follows. Twelve different Test Scenarios (TS1 - TS12) are
performed, which are shown in Table 2. In all scenarios the test persons are instructed to
stand in a straight and upright posture at the marked positions on the ground with the
arms hanging relaxed in a natural position. Tests are performed from two distances (d,
and d,) and two distinct orientations to the test plane (frontal and lateral). In the frontal
positions the subjects coronal plane is parallel to the test plane, in lateral positions the
subjects sagittal plane is parallel to the test plane (right arm oriented towards the test
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plane). The test persons are instructed to move the tip of the middle finger (after the start
signal) quickly to the target point on the plane and keep it in the final position for about
one second. We define three final hand orientations: Neutral (N), pronated (P) and
supinated (S) as seen in Figure 29. Additionally we make measurements with a weight
cuff adjusted to the test person’s wrist (1kg). Each task is repeated five times. The start
signal just indicates that data recording started, the timing (start, end, holding time) for
each repetition is not restricted by signals and freely chosen by the test persons. The
subjects are advised to keep shoulder and trunk in position while moving the arm. A
palmar flexion and a dorsal extension of hand and fingers as well as an Ulnar abduction
and a radial abduction should be avoided (which means that the forearm, hand and
fingers should be kept stiff as one rigid body). The motions are not restricted by any kind
of apparatus to keep them natural.

Table 2: The different scenarios of the basic reaching test

Distance | Weight | Orientation | Number Target Points | Hand pos.
Test scenario 1 dq No Frontal | 17 (P1-P17) N
Test scenario 2 d4 No Frontal 17 (P1-P17) P
Test scenario 3 d4 No Frontal 17 (P1-P17) S
Test scenario 4 d, No Frontal | 9 (P9-P17) N
Test scenario 5 d, No Frontal | 9 (P9-P17) P
Test scenario 6 d, No Frontal | 9 (P9-P17) S
Test scenario 7 d, No Lateral | 5 (P1,P5,P9,P13,P17) N
Test scenario 8 d, No Lateral | 5 (P1,P5,P9,P13,P17) P
Test scenario 9 d, No Lateral 5 (P1,P5,P9,P13,P17) S
Test scenario 10 dy Yes (1kg) Frontal 17 (P1-P17) N
Test scenario 11 d, Yes (1kg) Frontal | 9 (P9-P17) N
Test scenario 12 d, Yes (1kg) Lateral 5 (P1,P5,P9,P13,P17) N

In the Test Scenarios 1 to 3 the subjects are standing in frontal position to the test plane
in distance d,. Reaching motions to all 17 target points are measured, each point with
the three final hand orientations and without weight. The labeling of the target points is
depicted in Figure 30. In the scenarios 4 to 6 the subjects are standing in frontal position
to the test plane in distance d,. As the maximal reachability is determined in distance d;,
only the target points on the inner circle (P9-P17) are measured. Again each point with
the three above described different final hand orientations and without extra weight. In
scenario 7 to 9 the subjects are standing in lateral position to the test plane in distance
d,. Target motions to the target points on the vertical line are measured (P1, P5, P9, P13,
P17), each point with the three different final hand positions and without weight. In
scenarios 10 -12 we made measurements with the weight cuff adjusted to the subjects
hands. In scenario 10 the subjects are standing in frontal position to the test plane in
distance d; and target motions to all 17 target points are measured with a neutral final
hand position. In Test Scenario 11 the subjects were standing in frontal position to the
test plane in distance d, and target points on the inner circle (P9-P17) are measured with
a neutral final hand position. In the last scenario the subjects are standing in lateral
position to the test plane in distance d, and target motions to the points on the vertical
line are measured (P1, P5, P9, P13, P17) with a neutral final hand position. In sum, 724
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distinct motions (tasks) are measured whereas every motion is repeated and recorded five
times (repetitions).

Figure 30: Labeling of the target points P1-P17.

To have values for normalization of the measured EMG signals, the maximal voluntary
contraction (MVC) of the measured muscles are estimated as well. Therefore the EMG
values are measured when performing the MVC tests as described in [Konrad 11]. The
MVC test were performed directly after test execution of the basic reaching test.

During test execution, the following data is acquired. In all Test Scenarios the position of
the right hand, forearm, upper arm, shoulder and the thorax as well as the placement of
the target points and the activity of 16 involved arm and shoulder muscles are recorded.
The positions are tracked with an optical motion capture system (Qualisys, 9 cameras,
Oqus 400 and Oqus 310+) with an accuracy of < Tmm and a sample frequency of 240Hz.
The Markers on the test persons are placed according to the recommendations of the
international society of Biomechanics (ISB) as described in [Wu 05]. Additional markers
are placed on the hand, to get a higher resolution of hand motions. Palpation of
anatomical landmarks is accomplished manually, following the guidelines of
[Van Sint Jan 07]. Additionally, marker are placed on each of the 17 target points on the
test plane to be able to assess the characteristics of close-to-goal verlocities / trajectories
and the influence of motion precision. The surface EMG signals are acquired with a
wireless 16-channel Delsys system with a sample frequency of 2000Hz. The measured
muscles are listed in Table 3. The EMG sensor locations were chosen following the
recommendations of SENIAM and Konrad [Freriks 99, Konrad 11, SENIAM]. Before
applying the sensors, the skin is shaved, cleaned with alcohol and rubbed with abrasive
gel as recommended in [Freriks 99]. Data recording (motion data as well as EMG signals)
for each task started with a signal about one second before the first motion and was
recorded continuously during all repetitions of each task.

The trapezius muscle (Channels 1-3) is also involved in the measured muscles, also this
muscle does not count as arm or shoulder muscle (it is part of the shoulder girdle). It is a
large paired surface muscle that extends laterally to the spine of the Scapula and
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longitudinally from the occipital bone to the lower thoracic vertebrae of the spine. Its main
function is to stabilize and move the Scapula, and by that support the arm and shoulder
muscles. By moving the Scapula upwards to the side, the arm can e.g. be moved over the
horizontal. As the Scapula is not modelled in the simulation model, the Trapezius muscle
is not included in the simulation model neither (as it has insertion points on the Scapula).
The main function of the Trapezius muscle is to stabilize and move the Scapula. It was still
decided to measure the EMG signals of this muscle and include the signals for muscle
synergy extraction, as this muscle is always involved in shoulder or arm motions, and by
that could be involved in corresponding muscle synergies.

Table 3: List of measured muscled

EMG Sensor Muscle Short
name

01 M. trapezius desc. TraDesc
02 M. trapezius transv. TraTrans
03 M. trapezius ascend. TraAsc
04 M. deltoideus clavicularis (ant.) | DeltAnt
05 M. deltoideus acromialis (med.) | DeltMed
06 M. deltoideus spinalis (post.) DeltPost
07 M. biceps brachii Bic
08 M. triceps brachii longus TriLong
09 M. triceps brachii lateralis TriLat
10 M. brachioradialis BrRad
11 M. pectorialis major clavic. PectClav
12 M. pectorialis major sternal PectSter
13 M. infraspinatus InfraSp
14 M. teres major TeresM
15 M. latissimus dorsi LatDors
16 M. pronator teres PronTer

The basic reaching test is executed with two right handed males in the age of 25 and 35
after giving their informed consent. No (pre-existing) injuries or impairments of the
skeletal and locomotor system of the arm and upper body were known at the time of test
execution.

4.1.2 Measured Trajectories

In the following plots, the trajectories and velocity profiles of the marker HL3R of one test
person are shown. The marker is placed at the metacarpophalangeal joint of the middle
finger as depicted in Figure 31 (left). The z-direction of the coordinate system for the plots
points upwards, x-direction points into the viewing direction of the test person, and y-
directions points to its left (Figure 31 right).

From distance d1 in frontal orientation, reaching motions to all 17 target points (TP) are
measured. In Figure 32 the trajectories for Test Scenario (TS) TS1 (supinated final hand
orientation (S)), TS2 (pronated final hand orientation (P)), TS3 (neutral final hand
orientation (N)) and TS10 (weight cuff attached (W)) are plotted. For each point, one
(arbitrary) repetition is depicted.
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Figure 31: Position of optical marker HL3R (left) and coordinate system
orientation (right) used for the plots of the measured trajectories.

TS1 TS 2 TS3 TS 10

Figure 32: Measured reaching trajectories to all points from distance d1 and performed
in a frontal orientation. Test Scenario TS1-3 (neutral, supinated and pronated final
hand orientation) and TS 10 (neutral final hand orientation, weight cuff attached to the
wrist).

In Figure 33, the reaching motions from TS1 (S - blue line), TS2 (P - red line) TS3 (N - yellow
line) and TS10 (W - purple line) to a single target point are compared (15t row TP1, 2™ row
TP3 and 3 row TP7). In the first column the 3D plots are depicted, in the second column
the projection to the x-z plane (sideview from the right), in the third column the projection
to the y-z plane (viewing direction of the test person) and in the fourth column the
projection to the y-x plane is plotted (top view). The chosen trajectories do not differ a lot
for the different Test Scenarios and lie in the range of variation that was measured in
between single repetitions for one specific task. Hence, the final hand orientation as well
as the weight cuff do not seem to influence the characteristics of the global trajectory. In
all 2D projections, a more or less pronounced bow- to s-shape like characteristic of the
measured trajectories can be observed. All Trajectories have a smooth appearance,
without any sharp edges or sudden changes in direction.
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Figure 33: Measured reaching trajectories to target point TP1 (15t row), TP3 (2" row)

and TP7 (3 row), for the different Test Scenarios. TS1 (neutral final hand orientation
— yellow line), TS2 (pronated — red), TS3 (supinated — blue) and TS10 (neutral with

weight cuff — purple).

From distance d2 in frontal orientation, only reaching motions to target points 09-17 are
measured (as target points on the outer circle are out of reach when keeping the shoulder
in position). In Figure 34, the trajectories for Test Scenario (TS) TS4 (supinated final hand
orientation), TS5 (pronated final hand orientation), TS6 (neutral final hand orientation)
and TS11 (weight cuff attached) are plotted. For each point, one (arbitrary) repetition is

plotted.



Motion Lab measurements 57

TS 4 TS5 TS6 TS 11

V|
] ] \ [/
\ | ‘f’ ('/
: . : S
I\l W) /
;" ‘\3 /
TT— H‘ \\, \

Figure 34: Measured reaching trajectories to all points from distance d2 and performed
in a frontal orientation. Test Scenario TS4-6 (neutral, supinated and pronated final
hand orientation) and TS11 (neutral final hand orientation, weight cuff attached to the
wrist).

In Figure 36 and Figure 36, the reaching motions from TS4 (S - blue line), TS5 (P - red
line), TS6 (N - yellow line) and TS11 (W - purple line) to a single target point are plotted
(Figure 36 15t row TP9 2" row TP11 and Figure 36 15t row TP13 and 2" row TP15). In the
first column the 3D plots are depicted, in the second column the projection to the x-z
plane (sideview from the right), in the third column the projection to the y-z plane (viewing
direction of the test person) and in the fourth column the projection to the y-x plane is
plotted (top view).
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Figure 35: Measured reaching trajectories from Test scenario TS 4-6 and 11 to target
point TP9 (1t row) and TP11 (27 row).
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Figure 36: Measured reaching trajectories from Test scenario TS 4-6 and 11 to
point 13 (15t row) and point 15 (2" row). TS4 (neutral final hand orientation — yellow
line), TS5 (pronated — red), TS6 (supinated — blue) and TS11 (neutral with weight
cuff — purple).

The observed characteristics of the measured trajectories remain consistent for reaching
motions from distance d2. It can be said that reaching motions with a supinated final
hand orientation have a slightly more distinct bow shape, especially for target points on
the vertical line (see Figure 32 left (TS1), Figure 34 left (TS4) and top views TP 01, TP 09,
TP 13 Figure 33 and Figure 36).

4.1.3 Measured velocity profiles

In Figure 37, the velocity profiles (absolute velocities) of reaching motions from distance
d1to TP 1-17 (left) and distance d2 to TP 9-17 (right) with a neutral final hand orientation
are depicted. The velocity profiles have a bell shaped characteristic, whereas the peak
velocity is reached at about one third of the duration. The maximum velocity increases
with the distance between start- and end position of the hand, the maximum speed is
reached at TP1 from distance d1, and is about 3 m/s, i.e. about four times higher than
the minimum velocity peak (0.7 m/s at TP 5). On the other hand, the duration of the
motion for the shortest distance (d1,TP 5, distance 25 c¢m, duration 0.8s) and the longest
distance (d1, TP 1, distance 109 cm, duration 1.1s) only varies by a factor of 1.38.
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Figure 37: Velocity profiles of measured reaching motions from distance d1 (left) and
distance d2 (right).

4.2 Measured EMG values

In Figure 38, the EMG values of all 16 measured muscles for five repetitions of one
reaching task are plotted (Test scenario TS1 — target point TP 09). The EMG signals are
normalized to the measured MVC values.

It is conspicuous that the signals of some muscles / repetitions do not start from zero. This
can be explained by the fact that start- and end frames are chosen by visually identifying
the beginning and end of the visible motion. The delay between activation of a muscle
(measureable with EMG) and the force exerted on the bone (leading to a visible motion)
is known as electromechanical delay (EMD). One explanation for the EMD is that the
muscle has to take up the slack between all the connected tissues in the muscle and the
tendons. There are several potential sources that might have an influence to the EMD
values, like contraction speed and direction (eccentric / concentric), initial muscle length
and (passive) tension, muscle fiber types (slow- and fast twitch fibers) and others.
Published values for EMD in literature differ, e.g. for the knee extensor muscle between
18ms [Jollenbeck 99] and 118ms [Horita 87]. Due to those uncertainties, it is hard to
predict EMD values or use heuristic models for simulation of EMD values. There exist
approaches with more complex Hill type muscle models which investigated to which
extend these models can explain the electro-mechanical delay [Morle 12]. In the Hill type
muscle model used in this approach, EMD effect are not considered, meaning that an
activation of the muscle directly leads to a force reacting on the rigid body it is connected
1o.

The measured EMG values show a high conformity in between the trials of the same task.
This holds true for the height of the signal as well as the characteristic of the actuation
signal in almost all measured muscles. This indicates that the measured actuation signals
reflect the motor signals generated by the CNS, and that artefacts and other non-
reproducible parts of the EMG signal are eliminated to the greatest extent by the applied
filtering methods ( see chapter 3.3.2).
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Figure 38: Measured EMG signals (normalized to MVC values) of Test Scenario TS1.
Plotted are all five repetition of reaching motions to target point 09.

4.3 Muscle Synergy extraction

The raw EMG signals are processed in a customized software written in Matlab
(Mathworks). As described above, the EMG data is acquired continuously during
execution of all five repetitions of each tasks. The signals are then separated repetition-
wise into single sequences by visually identifying the start and the end of each motion. As
start, we define the first visible movement of the arm / shoulder from the hanging rest
position, and the end of the motion is defined as the moment when the tip of the middle
finger reaches the target point and movement comes to rest. In order to capture all EMG
signals potentially involved in the motion generation process, 300 frames (£ 0,15s) before
the first visible movement and after reaching the final hand position are included in each
sequence. The EMG signals of each sequence are zero calibrated (by subtracting out the
mean values), full wave rectified and low pass filtered (butterworth filter, cut off frequency
5 Hz, filter order 2) as described in chapter 3.3.2.

The EMG signals of each repetition are then arranged in the Matrix R; (size n; by n,,,
where n,, is the number of measured muscles and n, is the number of time samples of
this repetition), that are concatenated vertically for muscle synergy extraction. In a first
step, the NMF algorithm is applied to the Matrix M, ,;;, which contains all measured tasks
(and repetitions), providing two matrices C,; and W,; such that
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61 (10)

Me_a[l: = ) Me_a” = Cau ' Wau + residuals

Ry

As described in chapter 3.4.1, the number of muscle synergies (n,,) is a free parameter of
the NMF algorithm and has to be defined manually. To identify an appropriate number of
synergies, the criterion based on the variance account for (VAF) is used in a first step. We
calculate the VAF (see Figure 39) as described in (3) based on [Chiovetto 13] for values of
n,, between one and sixteen (which equals the number of measured muscles n,,), each
by running the NMF algorithm 25 times to prevent it to converge to a local minima.
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Figure 39: Variance Account For (VAF) for a different number of muscle synergies.

Commonly, the value for n,, is chosen where a certain threshold is reached (usually 90%
VAF) or the graph of the cumulative VAF presents a significant change of slope. In our
case, the 90% VAF threshold is reached with 5 synergies, which would reduce the number
of actuators by two thirds. In Figure 40, the 5 synergies are depicted as bar plots, showing
with which amplitude each muscle is involved in each synergy.

The muscle synergy hypothesis originates from neuroscience, and most approaches
working with it aim on proving a control scheme of the CNS. Due to that, many of them
only investigate the input-space side (measured EMG signals of natural or stimulated
motions- see chapter 2.2). Only few studies focus on which impact e.g. a certain
percentage VAF that cannot be reproduced has on the output-space side (actuation side,
resulting motions) [Alessandro 13]. This becomes obvious, when thinking about that one
synergy is already capable of reaching 60% VAF (Figure 39). On the output-space side,
with only one synergy, the producible range of motion would be very poor and the
number of reachable points in this test would probably far below 60%. The 90% VAF
criterion is often substantiated by the statement that EMG measurements involve noise
and artefacts, and due to that it would not be reasonable to aim on reproducing the
measured signals with a higher accuracy.

Another property of an assessment criterion based on variance as in (3) as well as the NMF
algorithm itself, is, that smaller values carry less weight (both based on mean square
errors). This means that the NMF algorithm as well as the VAF criterion might “accept”
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deviations between measured and reproduced EMG signals in cases (muscles), where the
(normalized) magnitude of the measured signal is low (compared to other muscles).
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Figure 40: The five extracted muscle synergies that reproduce 90% VAF - all measured
tasks used as input for the NMF algorithm (matrix M, 4;;).

For the extracted synergies, this means that muscles that are present with high
magnitudes in the extraction Matrix, will “try to” dominate a certain synergy (as it is
important to reproduce the measured values of these muscles with a high accuracy as
deviations here carry more weight). As soon as the number of synergies equals the
number of dominant muscles, the VAF value will become high and the plot will show a
significant change of slope. This is not necessarily wrong or undertheorized to reflect an
underlying control principle of the CNS, but in our opinion it should be handled with care
when assessing the “goodness” of the extracted synergies. In our estimation, EMG signals
that have a clear and consistent characteristic within repetitions, should be well
reproducible with the extracted muscle synergies, although they are present only with
small magnitudes.

Therefore, the quality of the extracted synergies was additionally assessed by visually
studying the measured and reproduced EMG signals. Therefore, the measured (and
filtered) EMG signals are plotted for one task within all repetitions and compared with the
signals created by the extracted muscle synergies. In our first case, where all tasks are
included in the extraction Matrix M, o, the NMF algorithm provides beside the synergy
Matrix W,y additionally the weight matrix C,;;, which approximates the measured EMG
signals (M a1) best. This means we get the approximation matrix by multiplication of
weight and synergy matrix so that De a1y = Cap * Way.

In Figure 41, this procedure is shown exemplarily for three muscles, the anterior part of
the delta muscle (/eft, high magnitude), the biceps muscle (middle, medium magnitude)
and the lateral part of the triceps muscle (right, low magnitude). The first repetition of the
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original signal (M, 4;;) is plotted with green squares, the repetitions 2-5 are plotted with
purple, blue, yellow and red lines. The reproduction of the first repetition of the original
signal by using muscle synergies (D, 4;;) is plotted in blue stars.

Used are the five muscle synergies as depicted in Figure 40. As expected, the EMG signals
of the anterior part of the delta muscle can be very well reproduced, as this muscle is
dominant in the first synergy Syn7_nw5 as it shows high magnitudes in most of the
measurements.

In contrast the reproduced EMG signals of the biceps (Figure 41middle — blue stars) are
less satisfying, even so this muscle is present with medium activity levels. All five
repetitions of the original signal (green squares and colored lines) show a very clear
characteristic with a high bell-shaped peak in the beginning followed by a flat signal close
to zero. This characteristic is only slightly hinted by the reproduced signals (blue stars).

The original signal and the reproduction of this signal of the lateral part of the triceps do
not match one to one, but the deviation lies in the range of variation in between trials
and the reproduced signal reflects the characteristic of the measured signals.
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Figure 41: The reconstruction of measured EMG signals of one reaching tasks for three
involved muscles using five muscle synergies. The original signal of the first repetition
(green squares) is reproduced (blue stars) by the use of the five muscle synergies and
corresponding weights resulting from the NMF algorithm. Repetitions 2-5 show a clear,
consistent characteristic of the measured EMG signals resulting from this motor task.

In a next step, the number of synergies n,, is continuously raised (still by using the
extraction matrix M, 4;;) and the quality of the reproduced signals checked visually in the
above described way. In Figure 42, the resulting muscle synergies for n,, = 7 are plotted.
The variance account for (VAF) for an number of muscle synergies of n,, = 7 reaches
94,5%.
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Figure 42: The resulting synergies when the number of synergies is raised ton,, = 7 -
all measured tasks used as input for the NMF algorithm (matrix M, 4;;).

Figure 43, it can be seen that the properties of the reproduced EMG signals using seven
muscle synergies remain similar for the regarded task and repetition. The reproduced
signals (blue stars) of the delta muscle (left) and the biceps (middle) remain similar
compared with the signals resulting from five synergies. The reproduced signals of the
lateral part of the triceps (right) are even worse with seven synergies as the significant
peak in the beginning is not well reproduced (but would still be acceptable).
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Figure 43: The reconstruction of the measured EMG signals of the same reaching task
and involved muscles, now using seven muscle synergies.
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Figure 44: The resulting synergies when the number of synergies is raised to n,, = 10
- all measured tasks used as input for the NMF algorithm (matrix M, 4;).

In Figure 44, the resulting synergies for n,, = 10 are plotted (extraction matrix M, 4; ). The
VAF reaches 98.6%, and additionally the VAF plot (Figure 39) shows a change of slope at
n, = 10.

In the plots of the measured (M, 4;;) and reproduced (D, ;) signals of the regarded task
it can now be seen that signals of all three muscles get a very high reproduction quality.
The signals of the delta muscle and the biceps fit almost one to one, and the reproduced
signal of the triceps lateralis (blue stars, right) clearly shows the characteristics of the
measured signals, and the deviation to the original signal (green squares) is below the
deviations in between repetitions of this task.
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Figure 45: The reconstruction of the measured EMG signals of the same reaching task
and involved muscles, now using ten muscle synergies.

Up to this point, all measured tasks with all repetitions are used to extract the investigated
muscle synergies (matrix M, 4;;). Due to that, it can be argued that the extracted muscle
synergies are some kind of data fitting, and only suitable to reproduce measured EMG
signals of the scenario that was measured and used to extract the synergies. One major
advantage of the optimal control method used in this thesis is, that this approach allows
a quite generic description of the tasks to be fulfilled (e.g. reach a point). No further input
data for the generated motions (like e.g. motion capture data) is needed. This property
should desirably be preserved when using muscle synergies as controls. The generality of
the synergies to produce a variety of different motions (output space) is investigated in
chapter 4.4.

In a first step, additionally the generality of the extracted synergies on the input space side
is evaluated. Therefore, only the EMG signals of a subset of the measured tasks are
included in the extraction matrix M,, and the extracted synergies are used to reproduce
measured EMG signals of tasks, that are not included in the matrix M,. The EMG signals
of the not included tasks are arranged in the validation matrix M,,. Then, it is checked if
the extracted muscle synergies (W) are capable of reproducing the validation matrix M,,.
For this purpose, a customized software written in Matlab is used, which similar as the
NMF algorithm (1) minimizes the root-mean-squared residuals between M,, and C - W,
now with M,, and W given (least-square fit algorithm with non-negative values).

In the first case, only EMG signals of reaching motion to target points on the horizontal
and vertical line (P71, P3, P13, PO5, PO7, P09, P11, P13, P15, P17, see Figure 30) are used
as inputs for the NMF algorithm (arranged in the extraction matrix M, p,). The resulting
synergies for n,, = 10 are plotted in Figure 46. As one can see, the characteristic of the
resulting synergies remains similar compared with those extracted using matrix M, p,
(note that individual synergies may swap their positions). This can be seen as an indication
that the extracted muscle synergies reflect and underlying control concept of the CNS and
the measured EMG signals are composed by them. In any case, this consistency is a
requirement if the synergies should be used as controls with a certain generality.

Then, these synergies (W) are used, to reconstruct EMG signals of motions, that were
not included in the NMF algorithm (M, ,,). Therefore, the EMG signals of reaching
motions lying on the bisectrix of the horizontal and the vertical lines (P2, P4, P6, P8, P10,
P13, P14, P16) are arranged in the validation matrix M,, ; that is then reconstructed using
the synergy matrix W, as described above.
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Figure 46: Extracted muscle synergies forn,, = 10 remain constant when using only a
subset of the measured tasks (M, p,,) as input for the NMF algorithm.

From these reconstructed EMG signals (M,, ;;) those for the reaching motions to target
point P2 are plotted exemplarily in Figure 47. Again the first repetition of the original
signal is plotted with green squares and repetitions 2-5 are plotted as colored lines. The
reconstruction of the first signal by using the ten muscle synergies extracted from a subset
of the measured tasks where P2 is not included (M, 1) are plotted as blue stars. As one
can see, the measured signal can be very well reproduced by theses synergies, which
indicates the synergies a certain generality.
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Figure 47: The reconstruction of measured EMG signals of a reaching task using ten
muscle synergies — the reconstructed EMG signals were not included in the input
Matrix of the NMF algorithm used to extract the synergies.

In a next validation case, only EMG signals of reaching motion that were performed
without weight cuff attached to the test person’s wrist (TS7-TS9, see Table 2) are used as
input for the NMF algorithm (M, ,,,). The resulting synergies (W,,,) are depicted in Figure
48. Again the characteristic of the synergies is preserved (compare with Figure 44 and
Figure 46).
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Figure 48: Extracted muscle synergies forn,, = 10 remain constant when using only a
subset of the measured tasks (M, ,,,) as input for the NMF algorithm.



Simulated test 69

In Figure 49, the measured EMG signals of a reaching tasks of TS 10 are plotted, where
the test person is wearing a weight cuff (1kg) attached to the wrist. The EMG signals of
the first repetition (green squares) are reconstructed (blue stars) by the above plotted
muscle synergies, that were extracted by using only EMG signals of non-weighted motions
as input for the NMF algorithm (M, ). Again, measured signals can be very well
reproduced.
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Figure 49: The reconstruction of measured EMG signals of a reaching task using ten
muscle synergies — the reconstructed EMG signals were not included in the input
Matrix to extract the used synergies.

4.4 Simulated test
4.4.1 Simulation model and test setup

For simulation, the human arm model introduced in chapter 3.5 is used. As the focus is
on reaching in this test, and as test persons are told to keep their shoulder in position and
to keep the wrist and hand stiff during the motion, a 5 DOF human arm model is used
with three rotational DOF in the shoulder joint and two DOF in the elbow joint, which is
adapted to the anthropometry of the test persons.

Figure 50: Human arm model: upper arm, forearm and hand modeled as rigid bodies
(grey) connected via joints (5 DOF, red balls with grey ellipsoids delimiting the range
of motion) and actuated by Hill-type muscle models (blue and red lines, 29 muscles).
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For a direct muscle actuation (AM-M) and a muscle synergy actuation (AM-S), the model
is actuated by the 29 Hill type muscles. For motion evaluation, a virtual marker is
introduced in the model, placed at the position of marker HL3R (see Figure 31). For all
simulations, the start posture of the model is defined. As goal, the coordinates of the
virtual target points have to be reached with the tip of the middle finger (see Figure 50 -
blue ball at tip of the middle finger). As test persons in the motion lab are told to move
as fast as possible, minimal time is used as cost function for all simulations.

4.4.2 Simulated Trajectories

In a first step, the results derived above concerning the quality of the reproduced EMG
signals depending on the number of the extracted synergies n,, is now investigated on
the output space side (resulting motions). Therefore, simulations are performed and
results compared for different numbers of muscle synergies (n,,) as control parameters.
Although this is not a direct validation, as the OC controller can freely use the synergies
and mix them by calculating corresponding weights (which probably differ to those
calculated by the NMF algorithm), it can give an impression of the quality of the resulting
motion depending on the number of muscle synergies. To really assess the deviations on
the output space side between original signal (measured EMG values e.g. M, 4;) and
approximated signal reproduced by muscle synergies (e.9. Dg qny = Coy - Way), the
simulation model had to be actuated in a feed forward manner directly by the
corresponding signals (M, o;; respectively D, 4y;), and resulting motions compared. But
also when following this practice, the actuation signals would have to be fed to the same
system they were captured from to get meaningful results (which lacks simply by the fact
that the underlying EMG signals are captured from living humans).

A multitude of simulations is performed with a number of muscle synergies n,, between
five and ten. In all cases, the goal (reaching for a certain point) can be fulfilled. Overall,
the above described observations (input space side) can be confirmed when evaluating
the resulting motions. When using just five muscle synergies, the motions look choppy
and “robot” like. This effect is reduced when raising the numbers of underlying synergies.
When using 10 synergies, the resulting motion become very smooth and human like. In
Figure 51, the different trajectories resulting from different numbers of underlying muscle
synergies for the same task are plotted. In red, the resulting trajectory when using five
muscle synergies is shown (n,, = 5), in green for seven muscle synergies (n,, = 7) and in
yellow for ten muscle synergies (n,, = 10).
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In blue, the in the motion lab measured trajectory for this tasks is plotted as comparison.
In the first column the 3D plot is shown, in the second the sideview (right), in the third
the viewing direction and in the fourth column the top view. Trajectories resulting from
AM-S with five synergies (red) deviate to the one measured in the motion lab (blue). Using
seven synergies (green) gets closer to the measured solution, but motions still appear
choppy. When raising the number of synergies used as control parameters to ten, the
simulation results fit the measured trajectory very well (yellow) and motions appear quite
smooth.

In a next step, the influence of the distinct Actuation Modes (joint torque actuation AM-T,
direct muscle actuation AM-M and muscle synergy actuation AM-S) is investigated. For all
following simulations performed in AM-S, ten muscle synergies are used.

In Figure 52, trajectories of the simulated motions to several target points from distance
d1 using all three Actuation Modes, are compared to the measured trajectories (motion
capture). Each row shows different views of the trajectories to one TP (1%t row TPO1, 2"
row TP03, 3 row TPO5, 4" row TPO7 and 5" row TP17). In the first column the 3D plots
are depicted, in the second column the sideview (right), in the third column the test
persons viewing direction and in the fourth column the top view. Trajectories measured
in the motion lab are colored in blue, trajectories resulting from AM-T in red, from AM-
M in green and from AM-S in orange. Note that the origin of each coordinate system
(Motion capture and simulation model) is located in the rotation center of the shoulder
joint. Due to slightly different start positions of the test persons hand between each
repetition of the measured reaching motions, the start positions of simulations and
motion capture trajectories can differ to some extent.

For all Actuation Modes and each target point the OC framework converges to a feasible
solution. Although trajectories resulting from AM-T differ from those that were measured
in the motion lab, the simulated paths at least appears human like and feasible from a
subjective point of view when investigating the video data of simulated motions.

Including muscles in the model directly leads to trajectories that are very similar to those
that are measured in the lab (note that no other model parameters or constraints are
changed or adapted). The observed characteristics of the measured motions (see Chapter
3.2) can be clearly seen in the simulation results as well. In some cases the s- and bow-
shape appearance is somewhat exaggerated, but the characteristics are preserved. The
use of muscle synergies (AM-S) partly helps to reduce this exaggeration and appears as a
“smoothed” version of the motions resulting from AM-M when comparing the resulting
motions by investigating the corresponding video data.
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4.4.3 Simulated velocity profiles

In Figure 53, the velocity profiles (absolute velocities) of reaching motions to several TP’s
from distance d1 are plotted for all three Actuation Modes (AM-T, AM-M and AM-S, from
left to right).
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Figure 53: Velocity profiles of reaching motions to TP 1-17 (odd numbers only) from
Distance d1 with a neutral final hand orientation: (left) Motors as actuations, (middle)
muscles as actuations (right) muscle synergies as control parameters.

When using motors as actuators, the maximum velocity (~22m/s) is about seven times
higher compared to the maximum measured values (~3m/s). This leads to motion
durations between 0.07s (TP5) and 0,11s (TP1) which are about 10 times faster than the
measured values (0.8s and 1.1s, see Chapter 3.2.3). Using muscles as actuators in the
model reduces the maximum simulated velocities by factor four. In AM-M, the maximum
velocity is about 5.2 m/s which leads to a duration of 0.38s (TP1). In AM-S the maximum
velocity is about 4.3 m/s which leads to a motion duration of 0.5s (TP1), which is about
twice as fast as the measured value for this point.

It is significant that velocities produced at AM-T are much higher than the measured
values (and do not seem to be feasible for a human from a subjective point of view
neither). One explanation for this could be that motors in our model have a constant
maximum torque, which does not depend on the state of the MBS (joint angles and joint
velocities) as it is the case in the human body. Using muscles as actuators (AM-M and AM-
S) reduces the produced velocities, which could result from the force-length and force-
velocity dependency of the Hill type muscle models which is inspired by nature.
Additionally, the velocity profiles produced in AM-M and AM-S have a smoother
appearance than those resulting from AM-T. Nevertheless it is conspicuous, that the
velocities drop rapidly at the end of the reaching motions (AM-M & AM-S), especially at
motions with longer duration and higher velocities. However, that the reaching motions
measured in the motion lab involve some precision and visual feedback, as the test
persons have to reach a given point and stop exactly in front of the target plane. This
could result in a prolonged deceleration phase. Additionally, the test persons were not
trained to move as fast as they possibly could (from a physiological point of view).
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4.4.4 Simulated EMG values

In Figure 54, the underlying muscle actuation signals for a simulated reaching task are
plotted (TS7-N-TPOT). Shown are all via muscle synergies actuated muscles, each in a
distinct subplot. For each muscle, the results from a direct muscle actuation (AM-M, blue
lines) and a muscle synergy actuation (AM-S, orange lines) are plotted.

Using a direct muscle actuation, all muscles show a “bang bang” actuation profile. From
an optimization point of view this is obvious when aiming on moving the multi body
system as fast as possible (minimal time used as cost function). When comparing the
results with measured EMG values, it is conspicuous that a full actuation (a=1 corresponds

to 100%MVC) is higher than the measured values (compare with Figure 38).

is described in the next chapter.
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Figure 54: Simulated muscle actuation signals of reaching task TS1-N-TP0O1. Muscle

actuation (blue) and muscle synergy actuation (yellow).
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Using a muscle synergy actuation, this effect is reduced due to the constrained grouping
of the muscles by the definition of the synergies as control parameters. Still, those muscle
that dominate a synergy are fully actuated (a=1).

This characteristic is observed at all simulated tasks when using minimal time as cost
function, also the resulting trajectories appear very human like and similar to those
measured. One option to reduce the effect of the “bang bang” actuation while keeping
the realistic behavior concerning the chosen trajectories, could be to mix the used OC cost
function (minimal time) with other cost function, like e.g. minimal kinetic energy, minimal
actuation or minimal actuation change. To investigate the characteristic of each distinct
cost function, and how a mixed OC cost function can help to predict human like motions
or muscle actuations, the weight lift test is set up, which



5 Weight lift test

The weight lift test is designed to investigate the characteristics of measured muscle
actuations (EMG) of arm muscles and further on allow a comparison with simulated
muscle actuation signals. The test persons in the motion lab perform a flexion of the elbow
joint (“biceps curls”) with different loads, shoulder angles and forearm orientations, which
are not changed while motion execution. Beside investigating the influence of a muscle
synergy actuation (AM-S) with a direct muscle actuation (AM-M), in this test there is also
a special focus on the influence of the minimized OC cost function. The reduced set of
kinematical DOF’'s leads to a “restriction” of the possible trajectories, and thereby allows
to focus on the anatomical redundancy.

5.1 Motion Lab measurements

In the following, the experimental setup in the motion lab, restrictions for test execution
and measured data are described.

5.1.1 Test setup

At the weight lift test, test persons perform a flexion of the elbow joint at three different
shoulder angels Q (Test Scenario 1--3, angle Q between upper arm and frontal plane) as
depicted in Figure 55. In each Test Scenario distinct restricted forearm orientations (neutral
and supinated) are measured, each with five different weights (see Table 4). Each
particular task (shoulder angle with a certain forearm orientation and a certain weight) is
repeated three times. The weights are released in between repetitions, and between tasks
performed with high loads (W2-W4) the test subject takes longer time to rest to avoid
fatigue. At the start position, the arm is stretched and muscles are relaxed. The test
subjects are advised not to change forearm orientation (supination / pronation) and to
keep shoulder and elbow joint in position while test execution. Motions should be done
in a “controlled” manner, with no further specification for motion speed given.

Figure 55: The three different Test Scenarios TS1-3 of the weight lift test: Shoulder

angle 12 0° (left), 45° (middle) and 90° (right). All performed with five weights (W0-W4)
and different forearm orientations.

In TS1, the test person is standing in an upright position, with the arm hanging relaxed in
natural posture at motion start. The dumbbell is positioned on a table laterally with the
height adapted to the position of the hand, so that grasping and releasing can be
performed without changing shoulder or body orientation. In this scenario, one additional
measurement is performed, where the forearm orientation is not restricted while motion
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execution (free —f). For free (-f) and neutral (-n) forearm orientations, the dumbbell is
positioned parallel to the sagittal plane on the table at motion start, for supinated (-s)
forearm orientations it is rotated through 90° (parallel to the frontal plane). All forearm
orientations are measured with the five loads cases (W0-W4), each tasks is repeated three
times. Weights are released in-between each repetition. In TS-1, a shoulder flexion is
involved while motion execution, that starts when flexion in the elbow joint exceeded 90°
(see shoulder orientation in Figure 55 feft). In TS1-f, a continuous supination of the
forearm is observed while motion execution (from a neutral forearm orientation at start
to a supinated at the final position).

Table 4: Dumbbells weights and weights for test execution

Handle Collars (2x) 1 kg plates 2 kg plates
1750 g 390g 1040g 20509
WO | 0kg

W1 1,75kg (handle only)

W2 | 4kg (handle + collars + 2x 1kg plates)

W3 10kg (handle + collars + 4x 2kg plates)

W4 14kg (handle + collars + 4x 2kg plates + 4x 1kg plates)

In TS-2, the test person is standing in an upright position with a shoulder angle Q=45°
between upper arm and frontal plane. The upper arm is supported by a foam block, which
helps to keep shoulder and upper arm in position while performing the motion (see Figure
55 middle). At motion start, the arm is relaxed and extended (elbow joint 180°) and the
dumbbell is positioned by an auxiliary person, which allows grasping and releasing it in
between repetitions. Two different forearm orientations are measured (neutral and
supinated), that are not changed while performing the motion, again with the weights
WO-WA4.

In TS-3, the shoulder angle between upper arm and frontal plane is Q=90° while
performing the motion. The test person is kneeing in front of a table with a foam block
supporting the upper arm (Figure 55 right). At motion start and before each repetition
the arm is relaxed and extended (elbow joint 180°). The dumbbell is released to a support
apparatus for tasks with supinated forearm orientation, and positioned by an auxiliary
person for tasks with a neutral forearm orientation. Again, both forearm orientations are
measured (neutral and supinated) with the weights WO-W4. At high weights (W3 & W4),
a shoulder flexion was observed at motion start (caving in of elbow into foam block and
slightly lifting of upper body), which seemed to be necessary to perform the lifting
especially in the beginning phase with a stretched arm.Overall, 35 different tasks are
measured at the weigh lift test, each with three repetitions. Motion capture data of the
right shoulder, upper arm, forearm and hand and the thorax as well as EMG data of arm
muscles are acquired while test execution. Motions are tracked with an optical system
(see Chapter 3.3, 10x Qualisys Opus 7+, 2x Qualisys Opus 5+) and a sample frequency of
300 Hz. The optical markers on the test persons are placed according to the
recommendations of the international society of Biomechanics (ISB) as described in [Wu
05]. Additional markers are placed on the hand, to get a higher resolution of hand
motions. Palpation of anatomical landmarks is accomplished manually, following the
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guidelines of [Van Sint Jan 07]. EMG data was acquired with a Noraxon EMG system at
1500Hz with 12 Channels (NORAXON myoMuscle Desktop DTS).

EMG sensors are placed as depicted in Figure 56, with a special focus on the dominant
elbow flexors (Biceps, Brachialis, Brachioradialis), where sensors are positioned according
to [Staudemann 14]. One field of attention here is the correlation of biceps short head
and long head. To what extent the CNS can actuate different muscle heads individually is
an important question when it comes to biomechanical modelling (and control) (see
Chapter 2.1.3). Before applying the sensors, the skin is shaved, cleaned with alcohol and
rubbed with abrasive gel as recommended in [Freriks 99]. Data recording (motion data as
well as EMG signals) for each task started with a signal about one second before the first
motion and was recorded continuously during all three repetitions.

Nr. | Short name Muscle

01 BBS1 M. biceps brachii (short head)
02 BBS2 M. biceps brachii (short head)
03 | BBL1 M. biceps brachii (long head)
04 | BBL2 M. biceps brachii (long head)
05 | BRlat M. brachialis lateral

06 | BRmed M. brachialis medial

07 |BRR M. brachioradialis

08 PrT M. pronator teres

09 |FCR M. flexor carpi radialis

10 | FCU M. flexor carpi Ulnar is

11 | TBLo M. triceps brachii long (not depicted)
12 | TBLa M. triceps brachii lateral

Figure 56: EMG Sensor Placement at the weight lift test. Sensors placed according to
[Staudemann 14, Remaley 15 and SENIAM)].

5.1.2 Measured Trajectories

In TS-1 a shoulder flexion (as well as a slight adduction and rotation) is involved while
motion execution, and additionally one measurement is performed where the forearm
orientation is not restricted and can be changed while motion execution (TS7-f). As
described above, one objective of the weight lift test is to compare measured with
simulated muscle actuations. The Test Scenarios TS2 & TS3 are chosen in a way that the
kinematical redundancy is limited to a pure elbow flexion (at different forearm
configurations), which allows to focus on the anatomical redundancy problem. TS1 is set
up to overcome the problem of identifying (mixed) OC-cost functions that solve the
anatomical redundancy problem in a “human like” manner in kinematical restricted
scenarios that would produce nonsensical motions when the number of kinematical DOFs
is raised again. So, in this Test Scenario the measured and simulated trajectories are also
of interest and are investigated in more detail (compared to 752 and 7S3).
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Optical Marker “palm middle”

Figure 57: Placement of the optical marker plotted for trajectory assessment and
orientation of the coordinate system used in the plots.

In the following, the trajectories of the optical marker “palm middle” which is placed
analog to the marker “HL3R" at the basic reaching test (compare Figure 57 and Figure 31
left) are plotted. The z-direction of the coordinate system for the plots points upwards, x-
direction points into the viewing direction of the test person, and y-directions points to its
left (see Figure 57 left). In Figure 58, the trajectories for 7S7-f-WO (line one), TST1-f-W2
(line two) and TS7-f-W4 (line three) are depicted. The first column shows the 3D-plots,
second column the side view from the right, third column the viewing direction and fourth
column the top view. In each plot, all three repetitions of the task are depicted (blue, red
and yellow lines).

The trajectories of x-z-plane plots (side view from right side) show a smooth bow shape
like characteristic. Due to the involved shoulder flexion the appearance is more elliptical
compared to a pure 1 DOF elbow flexion that should lead to a circular arc like appearance
(due to the fact the rotation axis of the elbow joint is not fix and changes while motion
execution, also in a restricted 1 DOF case the resulting trajectory is not expected to equal
an arc). With higher loads, bending at motion end increases (see Figure 58 line two and
three or Appendix A.3 for all measured trajectories). This reflects the observation that
shoulder flexion is not involved continuously and instead starts at about 90 degree elbow
flexion and is significantly more distinct at higher loads. This also explains the rougher
change of direction at higher loads in column four (top view). In the plots of the y-z-plane
(column three — viewing direction) it can be seen that the motion is not performed ideally
in parallel to the sagittal plane. Instead, the hand is moved inwards while motion
execution, which is mainly caused by a shoulder internal rotation.

The observed characteristic of trajectories remain similar in the Test Scenarios TS1-n
(forearm orientation restricted to a neutral position at motion start and while motion
execution) and TS1-s (supinated forearm orientation). For an overview of all measured
trajectories of the weight lift test see Appendix A.1.
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Figure 58: Measured Trajectories of TS1-f for three different load cases (15t row WO,
2nd row W2 and 3 row W5).

In Figure 59, four measured trajectories of TS2 are depicted (TS2-n with weights W0 and
W3 and TS2-s with weights W0 and W3. As expected, the side view (x-z plane) shows a
circular arc like appearance in this Test Scenario. Also here it can be observed that bending
at motion end increases at higher loads. This can be explained by the elasticity of the
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supporting foam block (and also the human tissue) which is more compressed at higher
loads, especially at motion end, when the forearm is orientated vertically and forces act
downwards. In the y-z plane of the unloaded tasks it is noticeable that rotation axis of
supinated and neutral forearm orientation differ (TS2-n-WO0 and T7S2-s-WO, line one and
two). In cases with higher loads (like e.g. TS2-n-W3 TS2-s-W2, line two and three) this
effect is reduced and trajectories form a more or less straight line, and deviations to the
side (y-direction) are reduced (compared to TS1).
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One explanation for that could be that a completely supinated forearm feels less
comfortable with an increasing flexion of the elbow joint, which can be avoided by
moving the forearm inwards (shoulder internal rotation). Within higher loads, the by that
formed lever arm produces a torque in the shoulder, that might make it preferable to
choose a non-comfortable joint angle/posture in order to avoid this torque.

This characteristic of the measured trajectories can also be observed in Test Scenario three
as shown in Figure 60. Here as well, the effect is reduced with higher loads (see plots in
Appendix).
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Figure 60: Measured trajectories of Test Scenario TS3-n (15t line) and TS3-s (2" line)
with weights WO.

By visually inspecting video data and the trajectories of TS2 and TS3 it can be summed up
that the goal to reduce the human motion to one DOF (without a special restriction
apparatus) is fulfilled sufficiently.

5.1.3 Measured velocity profiles

In Figure 61, the measured velocity profiles of all tasks at the weight lift test are depicted.
In all Test Scenarios, the highest values are reached at the non-weighted tasks (WO, first
column) and decrease continuously with higher weights (see lines from left to right). All
velocity profiles show a bell shape like characteristics (note that deviations in plots of
higher weights — column 3 to column 5 — occur due to tracking problems caused by
occlusions of the added weight plates). The highest absolute values are reached in Test
Scenario one (TS7), where non weighted motions (WO0) are performed with peak values
of about 1,3 m/s and decrease to about 0,7 m/s with the highest weight (W4). In Test
Scenario two (TS2) absolute values are lower with 1 m/s (W0) and 0,6 m/s (W4) and at
Test Scenario three (TS3) decrease to 0,8 m/s (W0) and about 0,4 m/s (W4).
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Figure 61: Measure velocity profiles of all Test Scenarios (rows) with all weights
(columns) executed at the weight lift test.

5.1.4 Measured EMG values

As described above, activity of involved arm muscles is measured with 12 EMG electrodes
during task execution, where a special focus is on the dominant elbow flexors Biceps,
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Brachialis and Brachioradialis. Each head of the Biceps is measured with two electrodes.
This is done to investigate, how much electrode placement influences measuring results
during dynamic tasks, as the biceps muscles moves under the electrode during
contraction, which might have high influence on the measured signal. For the brachialis
muscle there exist no recommendations of electrode placements, and it is discussed
controversial if its activity can be measured via surface EMG methods due to the spatial
proximity to the biceps muscle [Staudemann 14]. By having two electrodes for each head
of the biceps muscle, measured signals can also be compared to the measured signals of
the brachialis muscle, to visually determine signal rate of measured crosstalk signals of the
biceps muscle. In Figure 62, the measured and filtered EMG signals for all three repetitions
for each measured muscle of Test Scenario TS7-f-WO0 are plotted.

BicShort1 BicShort2

637 //\
=

=

g2f

9]

=

) /<>ﬂ

0 05 1 15
time [s]
PronTer

BicLong2
ﬁ[)\ 2
=
8 /\
/)( Q \jZA
= 57
w P—
. 05 1 15

time [s]
BrachiMed

BicLong1

EMG [%MVC]
L

>

EMG [%MVC]

time [s]
Brachilat

time [s]
Brachiorad

time [s]
FlexCarpiRad

time [s]

.-
s
.

y

EMG [%MVC]
o
prd

o
=~

time [s]
FlexCarpiUl

0 05 1 15

time [s]

%
[N

1

3t

Y \
ah

0c

o o
& & 2

e o

EMG [%MVC]
2

o
w

0 05 1 15

time [s]
TricLong

Wil

0 05 1 15

time [s]

time [s]
TricLat

g /

0 05 1 15
time [s]

Figure 62: Measured and filtered EMG values of all measured muscles of TS1--WO0
(all three repetitions- red, yellow and blue lines).

Start frames are identified visually by the first visible hand motion, which means that EMG
signals of the grasping phase and EMD are included in the plots (as done for all EMG plots
of this test). All three repetitions show a similar characteristic and level of activation, which
remains valid for all evaluated EMG data in this test (see plots Appendix). In Figure 63, the
measured EMG signals of the four biceps electrodes (columns) are plotted for all weights
(lines) of Test Scenario TST-f. At lighter weights (line one — WO and line two - WT),
measured values of the Biceps long head (BBL1 & BBL2, column one and two) are about
two to three times higher than measured values of the Biceps short head (BBS1 & BBS2,
column three and four). Measured values of the two electrodes of one and the same head
(BBL2 vs. BBL1 respectively BBS2 vs. BBS1) are about factor two higher at W0, at W1 this
is only the case at the long head and short head values become similar (note that Y-axis
values differ at lighter weights, line one - line three).
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Figure 63: Measured EMG signals of all four Biceps electrodes (columns) for all
weights (rows) of TS1-f.

Within higher weights, this effects is reduced, so that the measured values for all four
electrodes show similar results. In all measurements, the brachialis muscle consistently
shows the highest measured values (normalized to MVC - see Appendix), which
corresponds with the fact that it is the dominant elbow flexor. The measured values of



86 Weight lift test

the triceps muscle grow by factor three from WO to W4, which indicates its contribution
(for joint stabilization) also in pure flexion tasks. The observed characteristic remain similar
in TS7-n and TS7-s.

In Test Scenario TS2, observe characteristics remain similar for lighter weights. At higher
loads (W3 and W4), the orientation of the forearm has an influence to the magnitude of
the measured signal of Biceps, Brachialis and Brachioradialis muscle. A supinated forearm
orientation produces EMG signals with peaks at about 100% MVC for all the dominant
forearm flexors, whereas values for a supinated forearm orientation are at about
80% MVC. In Test Scenario TS3, this influence is not measureable, here at the highest
weight (W4) a supinated as well as a neutral forearm orientation produces peak values of
about 80% MVC with the exception of the medial part of the Brachialis, which in both
forearm orientations has peak values of 100% MVC.

5.2 Simulated test — Test Scenario 1

In TS1, measurements in the motion lab are performed in an upright standing position.
The motions measured in this scenario include beside the elbow flexion a shoulder
abduction and in TS7-f additionally a continuous supination of the forearm while motion
execution. Test persons are advised to keep shoulder center in position while motion
execution. As described above, the idea of the weight /ift test is to reduce the number of
DOFs of the performed motion, in order to focus on the anatomical redundancy problem
and investigate the influence of the OC cost functions and the Actuation Mode (AM-S vs.
AM-T) to the resulting muscle actuations. To avoid the problem of identifying simulation
parameters that produce good results (muscle actuations) in one DOF cases, which solve
the kinematical redundancy problem in a nonsensical way (compared to human motions)
when the number of DOFs is raised, in measurements (and simulations) in TS1 there is
also a focus on how the kinematical redundancy is solved.

5.2.1 Simulation model and test setup

To keep the simulated motion data comparable with results from the basic reaching test,
the same simulation model is used to simulate 7S7 (5 DOF, 29 muscles - see Figure 64).
This also means that no adaptions concerning muscle parameters like maximum muscle
forces are done. As shown in chapter 5.1.4, measured EMG values reach 80%-100%
MVC at higher weights (W3 & W4). As the test subject performing the weight lifting is a
much trained person (and stated that lifting tasks with the highest weights are at the
limit), this might lead to the problem that motions cannot be performed with the
“default” muscle force parameter with the simulation model.

Given is the start configuration (joint angles), and as goal it is defined to lift the center of
the wrist over a certain height. No further specifications for the final hand orientation or
position are defined. In 7TS7-N and TS7-S, the orientation of the forearm is defined as
“constraint” during motion execution and not by restricting the corresponding DOF in
the model.

This means that the model has to “hold” the orientation by choosing a convenient muscle
actuation. In contrast, if a certain DOF is restricted in the model, the joint can absorb
forces in the direction of this DOF, which means that e.g. no muscle forces would be
needed to prevent a supination / pronation when the forearm should be kept stable in a
neutral position. As two dominant forearm flexors (Brachioradialis and Biceps) also induce
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a supination of the forearm, the way of modelling most probably influences the resulting
muscle actuation, also the kinematical motions might be the same or look similar.

Figure 64: simulation model of the weight lift test (rigid bodies representing the human
bones visualized in “thin” mode to make muscles visible).

As the fingers in the simulation model are only actuated by joint torque, they are not
considered in the simulation, which means that grasping forces are not simulated. So, for
simplification, the dumbbell and dumbbell grasping is not simulated. Instead, the weight
of the palm in the simulation model is raised according to the weight of the simulated
Test Scenario (W1-W4).

The muscle synergies used for simulations in Actuation Mode AM-S are those identified
and used at the basic reaching test as well. This is also done to keep simulation data
comparable, and also to check if muscle synergies are applicable in simulation scenarios
which are different to those they were extracted from.

5.2.2 Simulated Trajectories — minimal time

In Figure 65, the simulated motion sequences of TS7-f-WO0 for minimal time as cost
function are plotted. In the first row motions resulting from a joint torque actuation
(AM-T) are shown, in the second row results from a direct muscle actuation (AM-M) and
in the third row resulting motions from a muscle synergy actuation (AM-S). As first picture
in each row, the start position is depicted and in the following pictures (columns 2-5) each
fitth frame of the simulated motion is shown. At the motion resulting from a joint torque
actuation (AM-T, 15t row), the hand is moved inwards quite far to perform the lifting task.
This trajectory does not look unnatural, but differs to the observed motion in the motion
lab. Further on, the hand is “oscillating” (pronation — supination) while motion execution,
which was already observe at the basic reaching test when optimizing on minimal time
and which appears conspicuously non-natural. Still, the final hand orientation is chosen
in a posture that matches the observed final posture in the motion lab quite well.

At a single muscle actuation (AM-M, 2™ row) the hand itself is kept in parallel to the
sagittal plane while motion execution (as observed in the motion lab). In contrast to the
captured motion in the lab, a shoulder extension is involved at motion begin and the
elbow is turned outwards a bit more pronounced. But overall, the resulting motion looks
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very natural and similar to what has been measured. At a muscle synergy actuation (AM-
S, 3" row) the shoulder extension is reduced and the elbow is also kept in the same plane
(parallel to the sagittal plane) as the hand while motion execution. Further on, the final
posture matches the one observed in the motion lab very well (forearm steep, almost
parallel to frontal plane).

Overall it can be stated that the characteristics observed at the basic reaching test
concerning the different Actuation Modes are affirmed by these simulation results.
Actuation mode AM-T delivers motions which are — beside an oscillation of the forearm -
looking natural but differ to the motions measured at the motion lab. By using muscles
as actuators, a single muscle actuation is leading to good and realistic trajectories which
are similar to those measured in the motion lab, with some minor deviations on a detail
level. The muscle synergies as control parameters for the muscles can reduce these
deviations and create an overall more smooth looking version of the motion produced at
AM-M.

Joint Torques (AM-T) =

| &p
=

= —~

\ S

o

Figure 65: Simulated motions of TS1-f-WO0 with minimal time as cost function for the
three different Actuation Modes joint torque actuation (AM-T - first row), single muscle
actuation (AM-M - second row) and muscle synergy actuation (AM-S - third row).
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5.2.3 Simulated velocity profiles - minimal time

In Figure 66, the corresponding velocity profiles to the above shown trajectories are
plotted (TS7--WO — min time as cost function). At the profile resulting from a joint torque
actuation (AM-T, left) the zigzagging of the plot is salient and caused by the described
oscillating of the forearm. The overall appearance has a bell shape like characteristics
(when visualizing a line of best fit) similar as the measured velocity profiles (compare with
Figure 61), but maximum velocity is with 20m/s about factor 15 higher than the measured
peak (1,3 m/s) which leads to a total motion duration of 0,08s (in contrast to 1,2 s
measured). Even though the objective for the test persons in the motion lab was to
perform the motions “controlled” (and not as fast as possible which would be according
to the solved cost function minimal time), the simulated velocities are most probably much
faster than a human could perform them.
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Figure 66: Velocity profiles of simulation of Test Scenario TS1-f-W0 with minimal time

as cost function and the three different Actuation Modes AM-T (left), AM-M (middle)

and AM-S (right).

A direct muscle actuation (AM-M, middle) delivers a much more realistic velocity profile.
Still the peak velocity is with 5m/s about factor 4 higher than what has been measured in
the motion lab, but it is in a level that could probably be reached when the objective is to
move as fast as possible. Conspicuous is the hard edge representing the peak, which
appears to be unnatural and has not been observed at measured velocity profiles.

The muscle synergy actuation (AM-S, right) does not show such sudden changes in
direction, and the overall shape of the velocity curve reflects the above described
observation of the motion as a “smoothed” version of the motion resulting from a direct
muscle actuation and matches the measured velocity profiles very well. Also the peak
velocity of 4 m/s seems very realistic (compare e.g. with max velocities of 3 m/s at the
basic reaching test, Figure 37, where test persons were advised to move fast, but the test
setup still involved some precision, which reduces motion speed).

5.2.4 Simulated muscle actuations — different cost functions

The above described trajectories and velocity profiles resulting from the three different
Actuation Modes AM-T, AM-M and AM-S and the minimized cost function minimal time
confirmed observations of the basic reaching test. Especially a single muscle and a muscle
synergy actuation can simulate human trajectories in a predictive manner very well (note
that at the simulated weight lift test even the muscle synergies were identified in another
test, so motion lab measurements are exclusively done and used for validation — no
measured parameters are used to adapt the simulation model before simulation).
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In a next step, the focus is on the underlying Hill muscle activations used to create these
motions in AM-M and AM-S (as in AM-T the model is actuated via joint torques, here
obviously no Hill muscle signals can be investigated and compared).

The Hill muscles in the simulation model can be activated between zero and one (a €
[0 1] — see chapter 3.5.3), so that “1"” corresponds to 100% MVC when comparing the
simulated activations with measured EMG values (normalized to MVC).
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Figure 67: Activation level a (a € [0 1]) of the Hill type muscles of the biceps long -and
short head for a direct muscle actuation (AM-M, column 1&2) and muscle synergy
actuation (column 3&4) for simulation of TS1-f-WO0. Different OC cost functions (rows).

In Figure 67, the simulated muscle activations for TS7-f-WO and different OC cost
functions (rows, see chapter 3.6) are depicted. Plotted are the signals of the Biceps short
head (Bic short) and Biceps long head (Bic long), each for a single muscle actuation AM-M
(column 1 and 2) and for a muscle synergy actuation AM-S (column 3 and 4). Note that
at the used muscle synergies the underlying control parameters for Bic short and Bic long



Simulated test — Test Scenario 1 91

have a one-to-one correlation (see Chapter 4.3), which leads to the identical activations
in AM-S for both heads (column 3 and 4). In all cases, the resulting trajectories appear
human like and similar to those shown above whereas velocity profiles differ. When time
is minimized (line one), the optimization makes use of the maximum muscle forces, which
leads to a “bang-bang” actuation in a single muscle actuation (AM-M). When using a
muscle synergy actuation (AM-S), this effect is moderated, but still the actuation level
reaches a = 1, which corresponds to 100% MVC (in contrast, maximum measured values
reach about 12% MVC - see Figure 63 BBS2). When minimizing kinetic energy (second
row) activation levels vary less with a maximum activation of 50% (a = 0,5) using a single
muscle actuation (AM-M). With a muscle synergy actuation, the maximum activation level
is about 9% (a = 0,9), which is very close to the measured values (12%MVC). As
described in chapter 3.6, start- and end time (t, and tg) are set as free parameters and
result from the simulation, whereas they are constrained to a limit set by the user. When
minimizing kinetic energy, the optimization exploits the given time limit for the simulation,
so that the maximum duration time is reached. The limit in this simulation is set to 1,5s,
corresponding to the measured time in the motion lab.

Minimizing the activation a itself (third row) shows smooth curves in AM-M with a good
match of maximum values for the long head of the biceps (Bic long AM-M a = 0,05 vs.
5%MVC BBL Fig.3), but short head values are factor four lower (a = 0,03. vs. 12% MVC
measured). The maximum activations resulting from a muscle synergy actuation (AM-S)
are less influenced and remain almost constant (14% min Ekin vs.16% min a). The last
row shows the resulting muscle activations when minimizing the mixed OC cost function
BC1 (Biomechanical cost function 1). This was derived by investigating the characteristics
and properties of each single cost function to the resulting trajectories, velocity profiles
and underlying muscle activations. The single cost functions were then used as
“controllers” to reduce or reinforce certain properties until the resulting motion matched
the measured motion quite well concerning trajectories and velocities (evaluated by
comparing simulation results with video data). Activation Levels from BC1 in AM-M are
smooth but with a =0,01 (BIC-short) and a = 0,02 (BIC-long) very low, whereas
maximum activation levels in AM-S 11% (a = 0,11) as well as the characteristics of the
activation curve resemble measured values very well. The predicted duration of the motion
is in AM-S (1,4s) as well as in AM-M (1,6s) very close to the measured motion duration
(1,2s-1,5s).

Overall it can be stated that a muscle synergy actuation (AM-S) appears to be more robust
concerning the maximum values of the produced muscle activation signals compared to
a direct muscle actuation (AM-M) in TST-f-W0. Whereas at AM-S the maximum values of
the activation a range between 9% and 16%, at a direct muscle actuation (AM-M) values
range between 2% and 50% (excepted when optimizing on time where in both Actuation
Modes a full actuation (a = 1) is reached. This is particularly noticeable when considering
that in both cases the resulting velocity profiles and “global” trajectories are, beside the
above described deviations, very similar to one another. In a next step, 7S7-f is simulated
for the weights W1-W4, each scenario again with the four different cost functions
minimal time, minimal activation (a), minimal kinetic energy and the derived mixed cost
function BCT and the two Actuation Modes AM-M and AM-S. The resulting trajectories
remained very similar and natural for the weights WO-W2, and the corresponding velocity
profiles showed reduced peak velocities and an increased overall duration with higher
weights as observed in the motion lab. At high weights (W3 & W4), the resulting motion
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in a direct muscle actuation (AM-M) changed totally for all cost functions. The hand
started to move inwards quite far (internal rotation compared with a horizontal adduction)
to perform the lifting. The trajectory did not seem undoable for a human, but it appeared
unnatural and deviated from what has been observed in the motion lab. From a subjective
point of view, it does also not seem a plausible solution for heavy weight lifting, but this
has not been proven or tested anyhow. Using a muscle synergy actuation, the optimizer

could not find a solution to perform the weight lifting for the weights W3 & W4 in all
cases (cost functions).
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Figure 68: Activation level a (a € [0 1]) of the Hill type muscles of the biceps long -and
short head for a direct muscle actuation (AM-M, column 1&2) and muscle synergy
actuation (column 3&4) when simulating TS1-f and solving BC1 as cost function. In
each row, a different weight is simulated (W1-W4). At a muscle synergy actuation (AM-
S), the OC solver could not find a solution for the weights W3 and W4.
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The observed characteristics of the underlying muscle actuation signals remained similar
for higher weights (W7-W4) when minimizing time. The optimizer made use of a “bang-
bang” actuation as observed for WO in both Actuation Modes. When minimizing kinetic
energy, in AM-S the peaks reached full actuation already for W1 & W2. In AM-M, the
peaks remained constant for WO-W3 and reached 100% for W4 & W5, which is not really
comparable as the resulting motions totally deviated from measurements. For
comparison, measured peak MVC values of the Bicpes muscle are 20% W1, 14% W2,
40% W3 and 50% W4. When minimizing the actuation itself (min a), in AM-S the peak
values grew steady (20% W1, 60% W2). In AM-M peak values were lower (10% W1,
20% W2, 30% W3 and 70% W4). Also here, values for W3 and W4 are not really
compareable, as trajectories were different. In Figure 68, the resulting muscle actuations
(a) for the mixed cost function BC1 are plotted, which produced natural looking motions
and a good match of muscle actuations in AM-S in TS7-f-WO. For weights W1 & W2, the
peak values reached 25% and 40% in AM-S, which appears plausible (constantly growing
with higher weights), but exceeds measured values. In AM-M, simulated peak values
remain constant and very low for W1 & W2 (7%), and for the highest weights (W3 &
W4), as for the other cost functions, data is not comparable due to deviations of the
motions.

For higher weights (W1&W?2), the peaks of the underlying muscle activations in AM-S
deviate more in between results of different OC cost functions than it has been observed
in TS7-f-WO. The resulting motions of the derived cost function BC1 appear natural for
these weights as well, and the underlying control signals here seem plausible and grow
steady with higher weights with similar control curves. The highest weights (W3 & W4)
cannot be lifted in AM-S and in AM-M the resulting trajectories appeared very unnatural.
Here it has to be considered that no model parameters were adapted, and that a one arm
biceps curl with 14kg (W4), which has been performed by a well-trained person in this
test, might not be doable for an averagely trained person as well. From that point of view,
the resulting solutions from AM-S can be realistic as weights might simply be too heavy
using the “default” model parameters. Overall, simulated (predicted) trajectories of a
muscle synergy actuation (AM-S) combined with the derived OC cost function BC-1
delivers very natural looking trajectories in all cases a solution is found, underlying muscle
actuations for the biceps seem plausible but higher than those measured. This might be
caused due to model parameters which are too low in that case (maximum muscle forces),
which would also explain that no solution is found for the highest weights (W3 & W4).
This can also be seen as “robustness”, as it might be preferable not to find any solution
instead of a unnatural one in those cases when working with a DHM. As described above,
Test Scenario TS1 was also set up to have a focus on the simulated trajectories, to not
identify parameters (cost functions / Actuation Modes) that deliver good results (muscle
actuations) in one DOF cases, which would deliver unnatural trajectories when the numer
of kinematical DOFs is raised again. Here, the derived biomechanical cost function BC1 in
combination with a muscle synergy actuation (AM-S) delivered best results and will be
further investigated in the Test sceanrios TS2 and TS3, where kinematical DOFs are
reduced to one.

5.3 Simulated test — Test Scenario 2

As described above, in Test Scenario TS2, the upper arm of the test person in the motion
lab is supported by a foam block so that the angle between upper arm and body (Humerus
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and sagittal plane) remains at 45 degree while test execution. Further on, the foam block
absorbs forces in direction of gravity, so that the positions of the upper arm does not need
to be stabilized by a torque produced in the shoulder joint. In the simulation model, this
is reproduced idealized by modelling the shoulder joint as “rigid” (meaning that the upper
arm is fixed in the root coordinate system). All other model parameters remain similar to

those used in the above described model (TS1).

K’\f\/

Figure 69: Simulation of TS2-s — plotted is every 5% frame of the resulting motion.

For simulation, the start- and the end- configuration of the elbow joint is defined, as
shown in Figure 69 right and left. A forearm rotation (supination / pronation) is restricted
by constraints (with plus minus five degree deviation allowed), and not by “locking” this
DOF in the joint, so that the position has to be stabilized by muscle actuations while
motion execution.

In Figure 70, the simulated velocity profiles of the resulting motions for a direct muscle
actuation AM-M (first row) and a muscle synergy actuation AM-S (second row) when
simulating TS2-S and solving BC1 as cost function are depicted. Each column shows the
results for a different weight (W0-W4), whereas for W4 no solutions are found (the closest
results are plotted). Both simulation modes show very similar velocity profiles, which also
match those observed in the motions lab (concerning total duration, shape and peak
values) very well (compare with Figure 61 5 row — note that in measured velocity profiles
grasping phases are included).
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Figure 70: Simulated velocity profiles for weights W0-W4 (columns) of Test Scenario
TS2 when solving BC1 as cost function — a direct muscle actuation (first row) compared
with a muscle synergy actuation (second row). Highest weight (W4 — last column) is
infeasible, the closest solution is plotted.

In Figure 71, the simulated muscle actuations of 752-S for the Biceps short and long head
of a direct muscle actuation (Column 1 & 2) and a muscle synergy actuation
(Column 3 & 4) when solving the cost function BC1 are compared. In each row, the results
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for the different weights (WO in line one — W4 in line 5) are depicted. As described, when

simulation the weight lifting with the highest weight (W4) both Actuation Modes (AM-M
and AM-S) failed to find a possible solution.
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Figure 71: Simulated muscle actuation for Test Scenario TS2-S for all weights (rows)

and the cost function BC1. Highest weight (W4 — last row) is infeasible, the closest
solution is plotted.
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Here again it seems that the weights are simply too high to be lifted with the default
muscle parameters. In contrast to TS1, both Actuation Modes fail to find a possible
solution in this case. One explanation for this might be that, in contrast to TS1, the solver
cannot find a solution in AM-M by choosing a deviating (unnatural) trajectory to solve the
problem. This would underline the results of a muscle synergy actuation in TS1 as robust,
as in the restricted cases both Actuation Modes converge to similar solutions (although
the solver in AM-M can exploit single muscles (muscle heads) independently, it cannot
find a solution if the measured (human like) trajectory has to be adhered to).

The peaks of the simulated muscle actuations in AM-S seem very plausible and grow
steady from 16% (2 a=0,16) at WO over 23%(W1), 30%(W2) to 100% (W3). As
comparison, measured muscle peaks of the biceps muscle are 5%MVC (WO),
10%MVC (W1), 20%MVC (W2), 60%MVC (W3) and 100%MVC (W4) — see Appendix.

Simulated muscle actuation in AM-M in contrast are very low and never exceed 2,5%
activation, which is far below the measured values.

5.4 Simulated test — Test Scenario 3

Test scenario TS3, is set up as one DOF problem similar as Test scenario TS2, but now with
an angle between upper arm and body (Humerus and sagittal plane) of 90° while test
execution. Again, the upper arm in the motion lab is supported by a foam block to keep
the angle constant while test execution and to avoid high torques in the shoulder joint.
For simulation, the same model and idealization is used as in TS2 (upper arm is fixed in
the root coordinate system), with the shoulder angle adapted accordingly to 90°.

"=

Figure 72: Simulated motion of TS3 -. BC1 as cost function solved.

Simulation boundary conditions and constraints are chosen similar as in TS2, the start-
and the end- configuration of the elbow joint is defined, as shown in Figure 72 right and
left. A forearm rotation (supination / pronation) is restricted by constraints (with plus
minus five degree deviation allowed), and not by “locking” this DOF in the joint, so that
the position has to be stabilized by muscle actuations while motion execution.

In Figure 73, the simulated velocity profiles of the resulting motions for a direct muscle
actuation AM-M (first row) and a muscle synergy actuation AM-S (second row) when
simulating TS3-S are depicted. Each column shows the results for a different weight (WO0-
W4). In this Test Scenario, the OC solver could not find a solution for the weights W3 and
W4 (the closest results are plotted). Both simulation modes show very similar velocity
profiles, which also match those observed in the motions lab (concerning total duration,
shape and peak values) very well (compare with Figure 61 7" row — note that in measured
velocity profiles grasping phases are included).
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Figure 73: Simulated velocity profiles for weights W0-W4 (columns) of Test Scenario
TS3 when solving BC1 as cost function — a direct muscle actuation (first row) compared
with a muscle synergy actuation (second row). The weights W3 and W4 (3 and 4t
column) are infeasible, the closest solution is plotted.

In Figure 74, the simulated muscle actuations of 753-S for the Biceps short and long head
of a direct muscle actuation (Column 1 & 2) and a muscle synergy actuation
(Column 3 & 4) when solving the cost function BC1 are compared. In each row, the results
for the different weights (WO in line one — W4 in line 5) are depicted. In Test scenario TS3,
the OC solver did not find a solution to perform the weight lifting for the weights W3 and
W4 for both Actuation Modes (AM-M and AM-S). Here again the closest solutions that
were found are plotted.

At a muscle synergy actuation (AM-S, column 3 & 4), the simulated Hill-muscle actuation
peaks are almost constant for WO and W17, whereas the activation curves (and the
resulting velocity profiles) differ. For the weight W2, the peak value of the activation level
increases to about 35% with a similar activation curve as for W1 (and also similar resulting
velocity profile). As comparison, measured MVC values are 4%MVC at (WO0), 8% MVC
(W1), 20%MVC (W2), 50%MVC (W3) and 80%MVC (W4) — see Appendix. For the
weights W3 and W4 the lifting task cannot be performed. As described above, also in the
motion lab the test persons are not able to perform the lifting in this cases in a “clean”
way (shoulder flexion involved to achieve an elbow flexion for motion start). Interpreting
the plots of the closest solutions (Figure 74, line 4 and 5 - column 3 & 4), it seems that
also in the simulation most forces are needed in the start phase (activation level a=1) and
are simply not high enough (and due to the idealization and constraints in the simulation
model, the solver cannot make use of a shoulder flexion / caving in of the elbow joint).

Although the resulting velocity profiles of a muscle synergy actuation (AM-S) and a direct
muscle actuation (AM-M) are very similar, the underlying muscle activation levels of the
biceps muscle strongly differ. In AM-M, the activation curves of biceps short head (column
1) and biceps long head (column 2) are almost inversely proportional. Also measured
values of biceps short- and long head do differ in measurements especially with low
weights, this is mainly about the activation level and activation curves are mostly very
similar. As already observed in TS-2, the activation levels of the biceps muscle resulting
from a direct muscle actuation are far below the values measured in the motion lab. Same
as in AM-S, the weights W3 and W4 cannot be lifted in AM-M.
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Figure 74: Activation level a (a € [0 1]) of the Hill type muscles of the biceps long -and
short head for a direct muscle actuation (AM-M, column 1&2) and muscle synergy

actuation (column 3&4) when simulating TS3-s

and solving BC1 as cost function. In

each row, a different weight is simulated (W1-W4). The OC solver could not find a
solution for the weights W3 and W4 (4" and 5 row), the closest solution is plotted.
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In this chapter, first investigations are done with a full body digital human model
simulating a relevant use case from industry, to determine if the derived simulation
approach can be applied in realistic and relevant and also more complex scenarios.

6.1 Motivation from industry

Lifting objects like boxes and cartons, as shown in Figure 75, is a common work task in
many industry branches as e.g. logistics, often performed highly repetitive per shift. To
reduce the risk of injury and work related musculo-skeletal disorders, workers are e.g.
instructed on proper lifting techniques, cycle times are reduced and loads exceeding a
certain weight are restricted. Still, overload or fatigue leading to adverse postures and
motions cause injuries, health and safety issues.

Figure 75: Cardboard box lifting task in industrial application. From [iStock.com/
KatarzynaBialasiewicz].

To better understand the effects of object lifting on the human body, an ergonomic study
was commissioned by a big logistic company, where a multitude of lifting scenarios in the
motion lab were performed. In these studies, motion capture data as well as EMG data
of the involved muscles were acquired, to identify cases and motions leading to high
muscle actuations and by that may cause fatigue in repetitive tasks.The derived ergonomic
findings of these studies allow to optimize the existing processes like cycle times, limits
for maximum weights or lifting techniques. Still, when e.g. planning new work stations
of a logistic center, a simulation tool to predict those results would be very helpful, as in
this state no existing processes to assess are given. Further on, motion lab experiments
are very time consuming and expensive and in principle only valid for the measured use
case and test person. To investigate how far the in this work derived approach and
identified control parameter are suitable to simulate more complex use cases, one lifting
tasks of the above described measurements is simulated with a full human body model,
and simulation results are compared with the acquired data of the motion lab
experiments.
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6.2 Motion Lab test description

As a validation case, the in Figure 76 depicted box lifting test is chosen. In this Test
Scenario, test persons grab a box from a table placed in front of them, and lift the box to
about shoulder height where it should be hold static for one second. The test is performed
with different weights and also with different boxes.

Figure 76: Motion Lab measurements of the “Box Lift test” with a force measurement
box.

Beside the depicted force measurement box, where pressure sensors are placed at a
defined grip and effects and behavior at heavier weights are investigated, tests are also
performed with simple cartons, where no grips are available and the test persons have to
grab the box with the flat hand and freely choose the grasp position on the side (lateral
surface) of the cartoon, similar as in Figure 75. In these cases, also a pressing force
between both hands has to be applied to create the needed friction force to be able to
lift the cartoon. This case is chosen for simulation, as the free grip position and the needed
pressing forces add some complexity to the task to be solved.

Resulting from the EMG measurements, especially in cases with lower weights, no
dominant muscle was identified for fulfilling the task. Instead, all muscles of the upper
extremity like shoulder girdle, shoulder, elbow and radioulnar joint as well as of wrist and
hand are involved. In cases with higher loads, some muscles (e.g. Trapezius, Teres Major
and Delta) showed higher contribution in single phases, but still the interaction of all
muscles was most dominant with increasing activations of all muscles.

6.3 Simulated Test

For simulating the “box lifting test”, a full body human model is used as depicted in Figure
77. The legs, torso and head are modelled simplified as rigid bodies connected via joints
(red balls) and actuated by joint torques. Attached to the torso is the already introduced
arm model with 29 Hill muscles (now for left and right arm and 7 DOF) with a modified
hand. To simulate the friction contact gripping, the hand is modelled flat and rectangular
for simplification. The wrist is modelled as two revolute joints and controlled completely
by the Hill muscles (Ulnar / radial deviation as well as flexion and extension). The cartoon
is modelled as rigid body with a certain weight.
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As start condition, the orientation of the human model is given as shown in Figure 77 left,
with the box placed in front of the manikin on a table. The table, the box and the manikin
itself are considered as collision geometries in the simulation.

Figure 77: Simulated test results of the “box lifting” with arbitrary grip position on the
side of the carton. Both arms with 7 DOF each fully actuated by 29 Hill muscles,
creating normal forces for frictional contact as well as lifting forces.

As goal it is defined to lift the center of the box to a certain height (about shoulder height,
no further orientation defined), whereas the lateral surfaces of the box are given as
possible grip areas. The exact position for grasping is a free parameter of the optimization
problem, as well as the applied pressing force to produce a proper normal force for friction
contact (Coulomb friction, coefficient of static friction ug = 1). The test is simulated with
the in Chapter 5 derived biomechanical cost function BC1 as optimization criteria and a
direct muscle actuation (AM-M) as well as a muscle synergy actuation (AM-S). In both
cases the “global” strategy is very similar. The simulation model chooses the grip points
in the vertical symmetry axis of the carton and slightly above the center of mass (horizontal
symmetry axis). After lifting the carton from the table it is moved to the body and then
lifted close to the upper body.

As observed before, the motions resulting from a muscle synergy actuation are slightly
slower and appear a bit smoother compared to a direct muscle actuation, but not as
significant as observed at other Test Scenarios. The underlying muscle actuations also
differ for the different Actuation Modes (see Appendix). In both cases all muscles are
involved with different magnitudes in a lower activation range. At a direct muscle
actuation the extensor carpi radialis longus and teres minor are with 40% activation (a =
0,4) slightly more dominant than the other involved muscles. At a muscle synergy
actuation the Teres Major muscle is with 60% activation (a = 0,6) significant higher than
the other involved muscles.

6.4 Results and Discussion

First simulation results of the box /ift test indicate, that the derived approach and the OC
control framework are also suitable to simulate realistic use cases and can by that deliver
important information concerning human motions, underlying muscle activations and
resulting forces, which can support design engineers to achieve a human centered and
ergonomic workplace layout without the need of physical prototypes.

At the box lift test, the free parameter of choosing a grip point, the frictional contact, the
weight of the box, the resulting kinematical closed loop when grabbing the box with both
arms and the 14 kinematical DOFs of the arms controlled by 58 Hill muscles (plus the
other DOFs of the simplified human body model) bring a high complexity in the system.
Still, the solver converges to a very realistic and human like solution just by defining a very
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generic goal. This shows that the used optimal control framework can be a convenient
control strategy to predict motions of a digital human model. The use of Hill muscles as
actuators resulted in human like trajectories at the basic reaching test. At the box lift test
it is now shown that this actuation principle is not only suitable in simplified examples.
The solver converges and the simulated trajectories are human like, also the complexity is
much higher. The use of Hill muscles transfers the underlying actuation properties of the
dynamic system from humans to the DHM (as e.g. force-length and force velocity
dependency of muscles), which might be the reason why the optimizer converges to
similar trajectories as humans choose to fulfill a task. This would be a big achievement, as
it would allow to predict human behavior and motions for completely new scenarios,
including the optimization on not only postures, but also velocities, accelerations, external
forces and dynamic quantities like inertia effects.

Muscle synergies as control principle showed smoother velocity profiles at the basic
reaching test and the weight lift test, which were closer to those measured in the motion
lab. Further on, the investigated muscle actuation signals appeared to be more realistic
(human like). The box lift test shows now, that the actuation principle can be applied to
more complex used cases, and also here the resulting motions appeared as a smoothed
version of those resulting from a direct muscle actuation. As already discussed above, this
could be the reason due to the fact that the synergies have been extracted from
measurements at humans, so they might capture some human like activation
characteristics. The synergies used in all three tests are extracted at the basic reaching
test, which attributes them a certain generality. Muscle synergies might capture activation
characteristics of the CNS resulting from e.g. the need for a joint stabilization by muscles
in humans, which is not the case in the used DHM approach (and by that not predicted
by the optimizer).

Overall, from evaluating simulation results from the box lift test, the used control
framework appears to be quite promising concerning the central issue of predicting
human like motions in unknown scenarios for ergonomic assessment. The detailed human
arm model with 29 Hill muscles showed, that a human like control and actuation principle
can lead to human like motions in a predictive manner. Muscle synergies are transferred
as control parameters to the DHM and have shown their applicability also in this use case
with raised complexity. The in this thesis simulated use cases are all limited to the range
of motion of the simplified shoulder model. To simulate the whole range of motion of the
human shoulder joint, it would be necessary to develop a more detailed model of the
shoulder including all four sub joints (see chapter 2) including the relevant muscles for
actuation. This refinement can be performed with the used OC MBS framework.
Concerning the rest of the human body, the use of a joint torque actuation might be
sufficient in a first step, as many cases concerning ergonomics mainly effect the upper
extremities. Further on, many muscles of the trunk are activated isometrically for
stabilization of the body, so that they do not change their length a lot and properties of
muscles force generation do not have such a big effect here. Due to that, to predict muscle
forces of these muscles (e.g. for ergonomic assessment), a “workaround” by the use of
muscle synergies similar as in [Razavian 18] could e.g. be used, where calculated forced
of the controller are “mapped” to a set of muscle actuations by the use of muscle
synergies.



7 Conclusion and Outlook

In the work presented in this thesis, the author developed a control and validation
approach for a biomechanical digital human model, with the overall goal to simulate
human like motions in a predictive manner for the use in ergonomic assessment. For
motion generation, a pre-existing optimal control framework is used, which allows to
build up human models or to model parts of the human body by the use of a multibody
system code. Bones are modeled as rigid bodies connected via joints, which can be limited
to the human range of motion. The model can be actuated via joint torques or by
simplified Hill muscle models. The OC code then calculates the actuation signals in a way,
that a certain goal is fulfilled, while minimizing some cost function and considering the
side constraints that the equations of motion of the MBS are fulfilled. In contrast to most
other control strategies, the goal can be described in a quite generic manner and no
further control signals have to be defined. It was assumed, that human like control and
activation principles, especially the use of Hill muscles as actuators and time invariant
muscle synergies as control policy can lead to human like motions (trajectories, velocity
profiles) and muscle actuations. Muscle synergies result from the field of neuroscience,
and are one hypothesis how the human central nervous system could simplify control.
Several studies on animals and humans, which are reviewed in the first part of the thesis,
give evidence for the existence of muscle synergies in vertebrates. Instead of activating
each muscle in particular, muscles are grouped into building blocks (or synergies), where
each muscle is present in each synergy with a fixed amplitude that does not change over
time. Muscle activations can now be generated by activating those building blocks and
sum up the output for each muscle from each block. By that, the number of control
parameters is reduced as the number of synergies (building blocks) is smaller than the
number of muscles. To transfer muscle synergies into a control policy for a digital human
model, develop a concept for motion validation (in order to assess how ,human like” a
solution is) and investigate the characteristics of the different Actuation Modes (joint
torques, muscles and muscle synergies), several sub steps have been performed in this
thesis.

First, the basics of human motion generation are treated. The anatomical background is
summarized, with a special focus on bones and joints of the human arm, as the main
experiments performed later in this thesis work focus on human arm motions. The
principles of human force generation by muscles are treated, including activation
properties of moto neurons and the electrical excitability of muscle tissue. Muscles are
attached to the bones via tendons, and by contraction they create pulling forces which
lead to motions. Due to the nature of the underlying principle of force generation by the
filament proteins, muscles have a force-length and a force-velocity dependency. When a
limb is moved, the muscle insertion point is moving, which means that e.g. the angle
between the muscle tendon and bone are changing, which leads to a different lever arm
and by that influences the resulting joint torque. These are important properties of the
human locomotor system, which are transferred to the digital human model by simplified
Hill muscles. In later on performed and validated simulations it is shown that this actuation
principle applied to a digital human model already leads to trajectories very close to those
a human chooses (in contrast to trajectories resulting from a joint torque actuation).

Afterwards, the approach for control and validation developed in this thesis is treated and
the relevant details of each sub step are explained. From experiments in the motion lab



104 Conclusion and Outlook

trajectories are captured, and muscle activation signals are recorded by the use of
electromyography measurements. Muscles are excited electrically by the central nervous
system and EMG measurements allow to measure the summed up signals of all active
muscle fibers at the surface of the muscle (skin). So, the height of the measured signal
correlates to the number of active muscle fibers and by that to the produced force. To
normalize the measured signals, the maximum voluntary contraction is estimated for each
muscle, the highest EMG value that is measured when as much force as (voluntary)
possible is produced. From EMG values, muscle synergies can be extracted (see below),
which can then be used as control policy in the optimal control framework. The
experimental setup is then simulated in the OC framework under similar conditions as
done in the motion lab, whereas the influence of different Actuation Modes (joint torques,
muscles, muscle synergies) and OC cost functions can be investigated. By comparison with
measured values, it can be assessed how “human like” a solution is.

The derived approach was applied to three specific test setups, each with a special focus.
At the basic reaching test, test persons performed a multitude of different reaching
motions to target points on a plane, from different distances and orientations towards
the plane. Additionally, at some tests, a weight cuff was attached to the test person’s
wrist. From these tests, trajectories were measured by the use of an optical tracking
system, and muscle activities of 16 arm and shoulder muscles were measured via EMG
measurements. The measured EMG signals were then arranged in a matrix and muscle
synergies were extracted, using a non-negative matrix factorization algorithm. The NMF
algorithm searches for a subset of basis vectors, which allow to reproduce the matrix of
measured signals with minimum error. These basis vectors are interpreted as the time
invariant muscle synergies, whereas the number of synergies is a free parameter of the
algorithm and has to be defined by the user. The quality of the extracted synergies was
assessed for different numbers of synergies by calculating the Variance Account For, visual
inspections of original and reproduced signal, and by further crosschecks (testing how
good measured EMG signals can be reproduced with synergies where these reproduced
EMG signals were not used as input for the NMF algorithm). Due to the nature of the
NMF algorithm (least square fit), EMG signals with smaller amplitudes have a smaller
influence on the error between measured and reproduced signal (compared to EMG
signals with higher amplitudes). VAF values reached the common threshold of 90%
already with five synergies. Visual inspections showed that in this case errors of EMG
signals with smaller amplitudes were neglected, although these signals appeared
consistently at repetitions of the same task. In this thesis it was argued that these EMG
signals, as they are constantly reproduced by the CNS, must be important for human
motor control as well. By continuously raising the number of the muscle synergies and
visually comparing original and versus muscle synergies reproduced signal, the number of
synergies regarded as sufficient was raised to ten.

In a next step the measured reaching tasks were set up in the OC simulation framework.
In these simulations, a five DOF human arm model was used, actuated by joint torques or
29 implemented Hill muscles and adapted to the test person’s anthropometries. The
extracted muscle synergies were transferred as control parameters in the OC framework.
Similar as in the motion lab, start and final configuration of the arm were defined, and
minimal time was solves as cost function, as test persons were advised to move as fast as
possible. Motions resulting from a joint torque actuation looked realistic on a first glance
(assessing slow-motion video data), but the chosen trajectories were different to those
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measured in the motion lab and velocities were much too high. A direct muscle actuation
delivered trajectories very similar to those measured in the motion lab and maximum
velocities became close to those measured. A muscle synergy actuation with ten synergies
delivered similar trajectories, whereas maximum velocity and especially velocity profiles
became much closer to those observed in the lab (bell shaped characteristic). Control
simulation with a reduced set of synergies confirmed the approach of visual inspections
of EMG signals and did not deliver good results. Minimal time as cost function resulted in
a bang bang actuation, which was moderated by a muscle synergy actuation, but still
muscle activities were much higher than those measured in the lab.

To further investigate underlying muscle activities, the weight lift test was set up. Test
persons in the motion lab performed elbow flexions (biceps curls) with five different
weights and at different upper arm and forearm orientations. At all tests, beside the Test
Scenario 1 (upright standing), the motions were reduced to one kinematical DOF to focus
on the anatomical redundancy. Test scenario 1 was in a first step simulated with minimal
time as cost function and confirmed results of the basic reaching test. Hill muscles as
actuators delivered very similar trajectories to those measured in the motion lab, whereas
muscle synergies as control parameters showed smother velocity profiles. Then, the
influence of different OC cost functions, (time, kinetic energy, control, control change) to
the resulting motions and muscle actuations, was investigated. From these investigations,
a mixed OC cost function was derived (biomechanical cost function BCT), which delivered
very realistic motions and muscle activations in non-weighted cases for the biceps muscle.
This cost function was then used to simulate the other Test Scenarios with raising weights.
A direct muscle actuation thereby showed very low values for the simulated biceps
activations and additionally high variations of the values of the different muscle heads
(biceps short and long head). A muscle synergy actuation in contrast appeared to be very
robust concerning the variations of the underlying muscle actuations. Although simulated
absolute activations values were higher in the simulation then those measured, the
simulated biceps values grew constantly with higher weights in the simulation (as it was
the case in the measurements). One simple reason for the difference of absolute values
could be that the parameter for the maximum muscle force of the simulation model did
not match the maximum muscle force of the test person (in contrast to the anthropometry
values, the parameters for maximum muscle forces were not adapted to the test persons
as there is no simple in-vivo procedure existing to estimate those parameters).

The last simulated test was the box lift test, where a cartoon box was lifted from a table
with both arms to about shoulder height. This test was performed to check, if the derived
control approach is also applicable in a more complex and realistic scenario. In the
simulation, the box could be grabbed on a free position on the sides, lifted by creating a
normal force (frictional contact), and each arm of the full body model had seven
kinematical DOFs and was fully controlled by 29 Hill muscles. Also this brought a high
complexity into the system, the OC solver converged to a very human like solution just by
defining the very generic goal of grabbing and lifting the box to a desired height. Here
again, the motions resulting from a muscle synergy actuation appeared as “smoothed
version” of those resulting from a direct muscle actuation.

Overall the developed control and validation approach showed promising results. The
developed validation concept allowed for an assessment of how “human like” a
simulation result is, comprising the chosen trajectories, velocity profiles as well as muscle
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activations. Of course, muscle activation signals are the most challenging aspect here and
still inherit uncertainties, which holds true for the measured EMG signals as well as the
simulated actuation signals. But here one has to be aware of that even a rough prediction
of the (peak) values of physiological muscle strains resulting from a work task would be
of high use for ergonomic workplace layout. Using (simplified) muscles as actuators raises
complexity of the model, especially due to the redundant nature of human muscle
actuation principles (more muscles than kinematical DOFs). The comparison of measured
motions (motion lab) with simulated motions showed that the used and investigated OC
control framework cannot only handle this complexity but that the use of this actuation
principle in a simulation model leads to human like trajectories and velocities. Although
the resulting trajectories were very realistic, the underlying muscle activations differed
from those that were measured. This was improved when muscle synergies were used as
control parameters. Further on, the resulting motions appeared as “smoothed” version
of those resulting from a direct muscle actuation with velocity profiles being very similar
to those measured in the motion lab.

In future work, the developed control and validation approach should be applied to
further use cases, to see if the results of this work can be confirmed also in other scenarios.
As in this thesis work only the human arms were actuated by muscles (with the shown
advantages), the developed approach should be extended to the whole human body. The
most challenging part remains the prediction of EMG data. To achieve reliable data for
muscle activities, simulated and measured muscle actuation signals need to be
investigated in more detail. This comprises the analyses of muscle data of all involved
muscle of use cases measured and simulated in this work, but also setting up further tests
designed with a specific focus on this topic. This could e.g. be done by focusing on further
joints or other motions of the investigated elbow joint (e.g. weighted extension). Muscle
synergies seem to be a promising approach to transfer human muscle activation
characteristics to a DHM, especially in cases where these activations result from properties
that are not present in the simplified model (e.g. the need for joint stabilization by muscle
co-activation). One limit here is that the used method of surface EMG does not allow to
measure deep layer muscles. Here, future algorithms for separation of surface and deep
layer muscle signals of surface EMG could be expedient, as first results are shown in
[Koshio 2012]. Alternatively fine wire EMG could be used, which is an invasive procedure
allowing only for isometric motions, which complicates experimental design and
execution. Another challenging issue are muscle parameters, which are highly relevant
when it comes to validity of simulation results (e.g. assessing if a worker will be able to
lift a part independently or if a support tool or second person is needed). As maximum
muscle forces cannot be measured directly, a special procedure e.g. by the use of
laboratory measurements in combination with some kind of optimization methods needs
to be developed. This might allow to estimate worker specific data, which would enable
personalized workplace layout, or with sufficient data, to generate averaged parameter
sets (e.g. for the population of a plant). The derived approach showed promising results
and a further development could be a big improvement for state of the art digital human
models used for ergonomic workplace layout.



A Experimental and Simulation results

A.1 Weight lift test data

In the following, all measured data of the weight lift test (see chapter 5) is plotted. In A1.1

the measured trajectories for all Test Scenarios (TS1-TS3) are shown, in A.1.2 the velocity
profiles, in A.1.3 the measured EMG data and in A.1.4 simulation results.

A.1.1 Weight lift test - Measured Trajectories

In this subsection, the measured trajectories for all Test Scenarios are plotted. For each
task, all three repetitions are overlaid in one plot (blue, red and yellow lines).
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A.1.2 Weight lift test - Measured Velocity profiles

In this subsection, the measured velocity profiles for all Test Scenarios are plotted. For
each task, all three repetitions are overlaid in one plot (blue, red and yellow lines).
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Figure 87: Measured velocity profiles of TS1 (shoulder angle Omega = 0°), filtered with
median filter
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Figure 88: Measured velocity profiles of TS2 (shoulder angle Omega = 45°)
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Figure 89: Measured velocity profiles of TS3 (shoulder angle Omega = 90°)

A.1.3 Weight lift test - Measured EMG data

In the following, the measured and filtered EMG values of all 12 electrodes are plotted
for all measured tasks. For each task, all three repetitions are overlaid in one plot (blue,
red and yellow lines).
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Figure 90: Weight lift test - Measured EMG data of TS1-f-WO0
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Figure 92: Weight lift test - Measured EMG data of TS1-f-W2
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Figure 93: Weight lift test - Measured EMG data of TS1--W3

BicLong1 5 BicLong2
640 A\
> J P
S 30 )\
2 L N
Q2
g \
Yo
0
3 1 2
time [s] time [s]
BrachiLat BrachiMed
80
T 60
= (
2 |
.40 /
® £
= >
G2t pd
0
0 1 2 3 1 2
time [s] time [s]
2% FlexCarpiUl
20 /\
g 7
/ \
=15 2 \ e/ \
201 SN
g 10 |/ \
/ o
g / \
0
3 1 2
time [s] time [s]

EMG [%MVC]

BicShort1 0 BicShort2
S0
=
£
% 20
w
0
1 2 0 1 2 3
time [s] time [s]
Brachiorad PronTer
25
Na./) N\
WATALY g? /KX
IAVA\ g ahe
! \ § 15 Vi | A
\ o 10
=
Yos
0
1 2 0 1 2 3
time [s] time [s]
TricLong 15 TricLat

time [s]

Figure 94: Weight lift test - Measured EMG data of TS1-f-W4
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Figure 95: Weight lift test - Measured EMG data of TS1-n-W0
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Figure 96: Weight lift test - Measured EMG data of TS1-n-W1
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Figure 98: Weight lift test - Measured EMG data of TS1-n-W3
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Figure 99: Weight lift test - Measured EMG data of TS1-n-W4
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Figure 100: Weight lift test - Measured EMG data of TS1-s-WO0
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Figure 101: Weight lift test - Measured EMG data of TS1-s-W'1
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Figure 102: Weight lift test - Measured EMG data of TS1-s-W2
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Figure 103: Weight lift test - Measured EMG data of TS1-s-W3
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Figure 104: Weight lift test - Measured EMG data of TS1-s-W4
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Figure 105: Weight lift test - Measured EMG data of TS2-n-W0
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Figure 106: Weight lift test - Measured EMG data of TS2-n-W1
BicLong1 BicLong2 BicShort1 BicShort2
15 icLong 15 ictong 12 |~ !
AN
10 [
o o O g o
> > > >
= = = =
& & S S
9} o <] <}
= = = =
w AN w w w
\_ \ S
3 3
time [s] time [s] time [s]
BrachiLat BrachiMed PronTer
25 30 40 15
2
) ) { z¥ ) /)
s S 20 / L4 s 10 N
= = = =
£ 215 / 22 £
Q 0} / \ o) 9] J \
= =1 / \ = = 5l \A-
b ] / \ b} ] / T WY
) ] \ 10 JAA A
5t \N_~ WA ~ / / A \
0 0 0"
0 1 2 3 0 2 3 0 2 3 4
time [s] time [s] time [s]
FlexCarpiUl TricLol TricLat
6 P 1.5 "9 5
g® \“ o o
> > >
s \A / \ s s3
9] \ o Q 2t/
2t N/ \
4 % 1
,\///‘/w N\
ot 0 0 0
0 1 2 3 0 1 2 3 0 2 3 0 4
time [s] time [s] time [s] time [s]

Figure 107: Weight lift test - Measured EMG data of TS2-n-W2



A.1 Weight lift test data

127

BicLong1 BicLong2
50 C 50 g
40 40
o o
230 230
Q Q
E 20 EI 20
10 SN 10 \
S \\(‘\/\
0 0=
0 2 3 0 1 2 3
time [s] time [s]
BrachiLat BrachiMed
60 60
50 50
Qa0 S 40
= =
=30 230
g g
] 20 ] 20
10 10
y 2 /
05 0
3
time [s] time [s]
10 FlexCarpiRad FlexCarpiUl
(5} o
s s
& &
9} <]
= =
w w

time [s]

time [s]

BicShort1

BicShort2

IS
=)

w
S

EMG [%MVC]
3

=)

‘ L,\

~ <
F s Az
7
0
3 0 1 2 3 4
time [s] time [s]
Brachiorad PronTer
o
=
=
=
Q
=
[}
A
2 3 4
time [s]
TricLong

EMG [%MVC]

Figure 108: Weight lift test - Measured EMG data of TS2-nW3
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Figure 109: Weight lift test - Measured EMG data of TS2-n-W4
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Figure 111: Weight lift test - Measured EMG data of TS2-s-W1
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Figure 112: Weight lift test - Measured EMG data of TS2-s-W2
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Figure 117: Weight lift test - Measured EMG data of TS3-n-W2
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Figure 121: Weight lift test - Measured EMG data of TS3-s-W1
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Figure 123: Weight lift test - Measured EMG data of TS3-s-W3
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Figure 124: Weight lift test - Measured EMG data of TS3-s-W4
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A.1.4 Simulated muscle actuations TS1-f
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Figure 125: Simulated muscle actuations of Biceps short and long head for a AM-M
(column 1&2) and AM-S (column 3&4) for Test Scenario TS-1-f for weights WO-W4 —
minimal time as cost function
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Figure 126: Simulated muscle actuations of Biceps short and long head for a AM-M
(column 1&2) and AM-S (column 3&4) for Test Scenario TS-1-f for weights WO-W4 —
minimal kinetic Energy as cost function
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A.2 Box lift - simulated muscle actuations

A.2.1 Direct muscle actuation

I2f|;aﬁp?natus

[a]

2
0 v

time [s]
LatissimusDorsi
0.02

© 0.01

0
o 1 2

time [s]

TeresMajor
0.04

P
© 0.02 N

0
o 1 2

time [s]
Brachioradialis
0.3

T02 /\\

0.1

o 1 2

time [s]

Trice{)sBrachiiLateral
0.

T 005 \/\

0

o 1 2
time [s]
ExtggsorCarpiUlnaris

© 0.1 //\\
0

o 1 2
time [s]

Coracobrachialis
0.04

002 M

0
o 1 2

time [s]
PectoralisMajorClavicular
0.02

© 0.01 N

0
o 1 2

time [s]

TeresMinor
0.4

time [s]
PronatorTeresHumoral
0.01 ——

time [s]
Triéz?psBrachiiLong

T, 0.05 [

0
o 1 2

time [s]
FlexorCarpiRadialis
0.01

&,0.005 || |
ol
0o 1 2
time [s]

DeltoidPosterior
0.3

—_ \\
©02 \
0.1
o 1 2
time [s]

PecBO{alisMajorSternal

© 0.05 \\/\\

0
o 1 2
time [s]

BicepsShort
0.2

0.1 /A\

0

o 1 2
time [s]
PrgréatorTeresUInar

0.1 |

0
o 1 2

time [s]
Trice‘PsBrachiiMedial
0.

©02{ —
o=
o 1 2
time [s]
FlexorCarpiUlnaris
0.15
T 01] S
0.05
o 1 2
time [s]

DeltoidMiddle
0.01

-

=ooos| | \

0

time [s]
S1ubscapularis

0
0.0

o

~A\

[a]

o 1 2
time [s]

time [s]
Sud)inatorHumoral
0.02

© 0.01 A f\\
o 1 2
time [s]

0

DeltoidAnterior
0.2

To1p [

0
o 1 2

time [s]
upraspinatus

0.
0

[a]

4
2 —
0

time [s]
Brachialis

0.04

© 0.02

0
o 1 2

time [s]
SupinatorUlnar
0.02

© 0.01

0
o 1 2

time [s]

Exten(s)%nfarpiRadialisBrevis Extens%r%arpiRadialisLongus

ZT002| |\
o

o 1 2

time [s]

PalmarisLongus

0.4

/
T 0.2 // o
-

0
o 1 2

time [s]

EOZ //’\\J

0

o 1 2
time [s]

Figure 128: Box lift test — simulated muscle actuation — all muscles — BC1 as cost
function — direct muscle actuation (AM-M)
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Figure 129: Box lift test — simulated muscle actuation — only muscles which are

included in synergies (for comparison) — BC1 as cost function — direct muscle actuation
(AM-M)
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A.2.2 Synergetic muscle actuation
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Figure 130: Box lift test — simulated muscle actuation — all muscles — BC1 as cost
function — synergetic muscle actuation (AM-S)
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included in synergies (for comparison) — BC1 as cost function — synergetic muscle
actuation (AM-S)
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