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Abstract

Musculoskeletal research questions regarding the prevention of chronic overloading or

rehabilitation of the hand can be addressed using inverse dynamics simulations when

experiments are not possible or ethically questionable. To date, no complete human

hand model implemented in a holistic human body model has been established. The

aim of the first part of this work was to develop, implement, and validate a detailed

hand model using the AnyBody Modelling System (AMS) (AnyBody, Aalborg, Den-

mark). To achieve this, a consistent multiple cadaver dataset, including all extrinsic

and intrinsic muscles, served as a basis. Various obstacle methods were implemented

to obtain the correct alignment of the muscle paths. For model validation, experimental

datasets from the literature were used, which included the comparison of numerically

calculated moment arms of the wrist, thumb, and index finger muscles. In general,

the results displayed good comparability of the model and experimental data.

In contrast to this validation, the aim of the next study was to further validate the

hand model by analyzing numerically calculated muscle activities in comparison to

experimentally measured electromyographical signals of the muscles. Therefore, the

electromyographical signals of 10 hand muscles of five test subjects performing seven

different hand movements were measured. The kinematics of these tasks were used

as an input for the hand model, and the numerical muscle activities were computed.

To analyze the relationship between simulated and measured activities, the time

difference of the muscle on- and off-set points were calculated. The results showed

that the hand model fits the experiment quite accurately despite some limitations.

Therefore, this study is a further step towards patient-specific modelling of the upper

extremity.
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This developed hand model was then applied to a specific hand gripping task, which

patients were urged to perform after a conservatively treated distal radius fracture.

Especially the transferred wrist load was of great interest, as it is the main mechanical

stimulus to the fractured radius healing performance. The musculoskeletal hand

model was adapted and used to determine muscle and joint forces in the wrist that

occur as a consequence of this hand grip contraction. The movement has been

captured precisely by motion capture analysis in combination with electromyographic

(EMG) data of all essential muscles in the forearm and hand. On top, the acting

contact forces have been determined with the aid of pressure mapping sensors at-

tached between the fingers and hand grip tool. By determining a characteristic force

distribution among the fingers, it was possible to apply the actual forces which act on

the individual fingers during the simulation. A comparison with in vivo studies showed

a good accordance of the predicted muscle force distribution and could determine a

prediction of the applied mechanical stimulus onto the fractured radius.

Simulating diaphyseal fracture healing via numerical models has been investigated for

a long time. It is apparent from in vivo studies that distal radius fracture healing should

follow similar biomechanical rules, although the speed and healing pattern might differ.

To investigate this hypothesis, a pre-existing, well-established diaphyseal fracture

healing model was extended to study metaphyseal bone healing. Validation through

clinical data of distal radius fractures compared to corresponding geometrically patient-

specific fracture healing simulations was successful. Therefore, the model appeared

appropriate to study metaphyseal bone healing under differing mechanical conditions

and metaphyseal fractures in varying bones and fracture types.

Nevertheless, the model was conducted in a simplified rotational symmetric case.

Further studies identified crucial numerical problems in the algorithm to be able to

establish three dimensional simulations. We solved this by applying an iterative con-

volution approach and decreased the computational demands with factors up to 70.

Preliminary results indicated, that the modelling approach, as depicted for rotational

symmetric geometries also showed plausible results in three dimensions. This model

and results will help optimizing clinical treatments on radial fractures, medical implant

design and foster biomechanical research in fracture healing.
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Chapter 1
Introduction

Understanding the structure and functioning of the human body is one of the most

striving research fields of humanity. Although the human anatomy, physiology and

pathology of various organs and tissues have been studied through experiments and

post-mortem examinations, living (in vivo) processes are complex and still a great

field of revealing insights. The human hand is probably the most complex part of our

body and the outcome of millions of years of evolution. Over time, it has become

our primary contact tool for interaction with our environment. We have built tools

and created objects for daily use, which have increased our influence on nature

and life on earth [32]. Especially the opposable thumb turns the human hand into a

powerful tool, as it enables gross motor and fine motor grasping functions [35]. But

how important and useful our hands are, we often realize in case of malfunction. One

of the most common causes of hand immobility are fractures of the radius near the

wrist. They account for 10 - 25 % of all fractures and have incidences between 2

- 3 /1000 inhabitants per year [79, 67]. Typically, distal radius fractures result from

high impact trauma in young patients during a fall, while in elderly patients they are

characterized by a low-energy fracture occurring above the distal articular surface of

the radius. This particularly affects postmenopausal women with osteoporosis [79, 74].

Through biomechanical research and the evolution of clinical treatments, fractures in

the forearm can be treated either conservatively or by surgical interventions, where the

main objectives are repositioning, fracture reduction and immobilization to maintain

the reduction [43, 47]. Although these fractures are not life-threatening compared to
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other injuries, the treatment of radius fractures still has a remarkable relevance: On

the one hand, inadequate therapies can lead to long occupational disability or even

early retirement, resulting in economic losses and high social costs. On the other

hand, complications during the healing process always entail the risk of long-term or

permanent restriction of wrist functionality, which reduces the patient’s quality of life

enormously. However, in order to improve clinical treatment methods, it is essential to

obtain a deeper understanding of the bone healing processes in distal radius fracture.

This process is an extremely complex procedure, which is not fully understood yet.

So far it is known, that the mechanical stimulus plays a crucial role in the formation

and adaptation of the bone’s structure [50]. A moderate mechanical stimulus can

stimulate bone formation and thus positively influence the healing process, whereas

high mechanical stress inhibits the formation of new or even destroy existing bone

structure [7]. The mechanical load applied on a bone arises primarily by muscle

contraction rather than from pure gravitational force [61]. So in order to obtain a

better understanding of the healing process itself, the detailed muscle forces must

be known. Due to practical and ethical reasons muscle activity, forces and tissue

formations during bone healing are difficult to measure experimentally. Consequently,

computational models have been investigated to understand and predict the muscle

force distribution or the bone healing performance. But such biomechanical systems

are very complex, not only in shape but also in the description of their mechanical and

biological properties. Mostly, analytical solutions of complex models are impossible

to find, which leads to the need for numerical models. At this point, computer-aided

methods come in handy as they are fast and also low costs, most of the time. Not

only parameters concerning geometry, material properties and boundary conditions

can be varied easily, computer-aided methods often result in information that cannot

directly be verified in experiments.

To get a deeper understanding of the bone healing processes in metaphyseal fractures

the DACH (Germany (D), Austria (A) and Switzerland (CH)) research project "Local

remodeling and mechanoregulation of bone fracture healing in healthy, aged, and

osteoporotic humans” was established. The primary objective of this research project

was to investigate the influence of age, osteoporosis and mechanical stimuli on the

healing process of fractures in patients. In the course of this project, a clinical study on
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patients with distal radius fractures was conducted at the University of Innsbruck. After

the conservative treatment of the fracture by a plaster cast, the patients were urged

to perform a hand gripping exercise with a specific hand grip exercise tool on a daily

basis. Consequently, the muscle contraction initiated a defined mechanical stimulus

in the fracture, which should also lead to a more effective healing process. But still

the forces arising due to this gripping task were unknown in the human wrist. Studies

on living patients as conducted by Rikli et al. [59] are ethically questionable and

impossible to be carried out in a great study cohort within daily clinical practice. One

solution for this problem is the use of a computational model, which uses optimization

techniques in order to infer the muscle forces required to execute a prescribed motion

(inverse dynamics). Hereby, a musculoskeletal model of the human forearm and hand

can be investigated to calculate the muscle and joint forces during the specified hand

gripping task.

Therefore, a detailed musculoskeletal model, which is able to be scaled to match the

patient-specific anatomy was developed in the course of this doctoral study. As no de-

tailed hand model for musculoskeletal investigations was available for the widely used

simulation platform AnyBody (software system to simulate musculoskeletal models,

which can interact with the environment) [4], the first aim of this work was modelling

and establishing a new detailed musculoskeletal hand model. In chapter 2 an intro-

duction to the biomechanics of the human hand, as well as the modelling approach

of inverse dynamics is given. Further, the developed and validated hand model was

presented on various international conferences and published open accessible (see

2.8).

Through the introduction of such a hand model, the investigated gripping exercise

could be modelled and additionally the muscle activity in the human forearm could be

calculated by an inverse dynamic simulation (chapter 3). This second aim should be

presented on the European Society of Biomechanics 2020, which was postponed to

2021 (see 3.1).

With those obtained mechanical loads, new insights into the healing patterns of distal

radius fractures could be investigated. One possibility is the use in a computational

fracture healing model, as conducted over the last decades by several researchers.

Up to now, those models focused on the diaphyseal healing, so establishing a fracture

3



healing simulation of distal radius fractures was the third aim of this work. The back-

ground on this simulation approach, as well as on the biomechanical and biological

insights on fracture healing are depicted in chapter 4. The developed numerical

model as well as the obtained simulation results were also presented on international

conferences and published open accessible (see 4.5). To conclude, a short summary

and outlook is given in chapter 6.

4



Chapter 2
Musculoskeletal Hand Model

2.1 Anatomy of the Human Hand

With over 19 degrees of freedom (DOF), the hand is a highly developed, complex

grasping organ [35]. This facilitates a great variety of movements and enables at

the same time the adaption of force and speed. In order to achieve this functionality,

an extraordinary interaction between the central nervous system and the anatomical

structures such as bones and joints, muscles and tendons as well as nerves and

blood vessels are required [35]. Beside its complexity, only the bones, joints and

muscles are relevant for the later modeling of the hand and are therefore described in

more detail below. Unless otherwise stated, the content of this section is based on

the declarations in [35, 82]. Parts of the description originated from the joint work with

Jonas Schwer [70].

2.1.1 Bones

The human hand is composed of 27 individual bones and can be divided into four

sections: Distal forearm, carpals, metacarpals and phalanges (Figure 2.1). These

parts are connected by various mobile joints which enable the fine motor movements.
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Figure 2.1: Human hand bones and notations. The hand is divided into
four sections: Distal forearm, carpals, metacarpals and pha-
langes. Articular surfaces and corresponding joint nomenclatures
are marked in color. (Source: Adapted from [11] CC BY 4.0
https://creativecommons.org/licenses/by/4.0/)

Carpus and Metacarpus Arranged in two transverse rows of eight small bones, the

carpus connects the hand to the forearm. The proximal row consists of the Scaphoid,

Lunate, Triquetrum and Pisiform, while the distal row contains the Trapezium, Trape-

zoid, Capitate and Hamate. To increase the range of motion (ROM), the proximal row

articulates with the surfaces of the radius, ulna and distal carpal row. On the contrary,
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the distal row is more rigidly connected to the metacarpus. Those five metacarpal

long bones form the palm and originate the phalanges.

Phalanges Commonly known as finger bones, the phalanges represent the most

movable part with a total of 14 bones. Each finger consists of the proximal phalanx,

middle phalanx and distal phalanx. Only the thumb varies as it consists of a proximal

phalanx and a distal phalanx only. Like the metacarpal bones, also the phalanges are

long bones with base, shaft and head.

2.1.2 Joints

Most bones are linked by joints, which allow rotations around certain axes, resulting

in the freely movable hand. In Figure 2.1 the different joints of the hand and their

nomenclature are depicted.

Wrist Two joints form the wrist in which the hand moves relative to the forearm:

First, the proximal wrist (radiocarpal joint) located between the distal end of the radius

and the proximal row of carpal bones and second, the distal wrist (midcarpal joint)

between the proximal and distal row of the carpals.

7



Figure 2.2: Possible movements of the hand. (Source: Adapted from [64] CC BY 4.0
https://creativecommons.org/licenses/by/4.0/)

The proximal wrist concludes an articular disc which links the ulna and radius firmly to

each other and connects them to the carpal bones. Idealized, the proximal wrist is an

ellipsoidal joint with two DOF. The distal wrist, on the other hand, is strongly restricted

in its ROM by its shape, ligaments and capsules. It forms an interlocked hinge joint,

which allows only minor movements. In addition, the individual carpal bones are

connected to their laterally adjacent bones by intercarpal joints only allowing slightly

moving.

The wrist permits palmar flexion and dorsal extension and also radial and ulnar

deviation. Together with the pronation and supination of the forearm bones, the wrist

has a third DOF and thus a mobility like a spherical joint.

Carpometacarpal joints In between the metacarpal bones and the distal carpal

bones are situated the carpometacarpal (CMC) joints. The CMC joints of the fingers

2-5 are amphiarthroses, just like the intercarpal and intermetacarpal joints; their

mobility is restricted by tight ligaments. In contrast, the CMC joint of the thumb is a

saddle joint with two DOF. It contributes significantly to optimizing gross motor and fine

motor grasping functions of the hand as it enables the opposition of the thumb. Based

on this extensive movement the hand can be used as a grasping tool. Altogether,
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the CMC joint of the thumb allows the following movements: flexion and extension,

abduction and adduction, as well as opposition and reposition.

Metacarpophalangeal joints The metacarpophalangeal (MCP) joints are located

between the metacarpal bones and the proximal phalanges. They are spherical

joints, but due to tight ligaments they have only two DOF. As a consequence, flexion

and extension and adduction/ abduction are possible (Figure 2.2). In contrast, the

thumbs MCP joint is shape as a condylar joint, which is functionally quite similar to

the interphalangeal joints. Hence, only flexion and extension is possible.

Interphalangeal joints Depending on the position, a distinction is made between

proximal interphalangeal (PIP) joints and distal interphalangeal (DIP) joints. The

PIP joints as well as the DIP joints are typical hinge joints allowing only flexion and

extension (Figure 2.2).

2.1.3 Muscles

Muscles, differing in shape and function, are used to move the fingers. They are

anchored on both ends by tendons to the bones and can move them by contraction and

relaxation. Muscles can be categorized in flexors and extensors and their contractions

are triggered by impulses from the central nervous system [9]. In order to enable

smooth and controlled motions in a joint, the muscles which are involved act as

functional groups. They work as agonists and antagonists in perfect coordination: If

the agonist contracts, it is more and more inhibited by its antagonist. Further, muscles

always work in only one direction, they pull themselves actively together, but relax

passively [9]. Muscles supporting the agonist are called synergists.

The hand consists of a total of 39 active muscles. Due to the high number of muscles

and their interaction among each other, only a rough overview is given in the following.

The muscles of the hand can be primarily distinct into two groups according to their

origin and insertion: Extrinsic and intrinsic hand muscles.
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Figure 2.3: Superficial muscles in the forearm and hand. (Source: Adapted from [54]
CC BY 4.0 https://creativecommons.org/licenses/by/4.0/)

Figure 2.4: Deep muscles in the forearm and hand. (Source: Adapted from [54] CC
BY 4.0 https://creativecommons.org/licenses/by/4.0/)

The extrinsic hand muscles have their origin and contractile part in the forearm.

Through long tendons they extend across the wrist into the fingers. In addition, those

extrinsic flexors and extensors can each be divided into superficial and deep layer

muscles (Figure 2.3 and 2.4). The intrinsic muscles are short hand muscles, which

originate in the area of the carpal or metacarpal bones. They are mainly responsible

for the movement of the individual fingers, whereby their main task is to spread and
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close them. A distinction is made between the radially located thenar muscles of the

thumb, the ulnar hypothenar muscles of the little finger and muscles of the metacarpus

(Figure 2.5).
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Figure 2.5: Instrinsic muscles in the hand. (Source: [54] CC BY 4.0
https://creativecommons.org/licenses/by/4.0/)

The hand muscles differ in their function and architecture. Beside other aspects,

the architecture of a muscle is determined by its muscle fibre length, the pennation

angle and its physiologic cross-sectional area (PCSA) [42, 41]. The diversity of the

functional groups of hand muscles shows the high specialization in fulfilling respective

functions. While the extrinsic muscles take over the power-intensive activities, the

intrinsic musculature is required for tasks with high sensitivity [40, 42].

Figure 2.6: Interosseis muscles in the hand. (Source: [54] CC BY 4.0
https://creativecommons.org/licenses/by/4.0/)
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2.2 Musculoskeletal Biomechanics

In the following paragraph the main aspects and fundamentals, necessary for a

musculoskeletal hand model development are summarized. If not other stated, the

information is based on Klug et al. [22], Damsgard et al. [21], the thesis by Eric

Forster [30] and joint work with Jonas Schwer [70].

2.2.1 Modelling

In musculoskeletal biomechanics, bones are considered as rigid bodies due to their

mechanical properties. Structures are often grouped together as individual rigid

segments and the individual segments are connected to each other by kinematic

joints. Thereby, it is neglected that small relative movements between the bones

might occur. This applies in particular to the carpus, where the eight carpal bones can

slightly move against each other. Several body segments and the joints that connects

them form a functional unit, called joint chains. Systems such as joint chains, in

which many rigid bodies finally interact with each other, are called multi-body systems

(MBS). Every rigid body has three translational and three rotational DOF. Joints which

connects two rigid bodies can reduce the number of possible DOF of the entire MBS.

2.2.2 Kinematics of Musculoskeletal Systems

The movement of a musculoskeletal system can be completely described by its

kinematics. Thereby the causing forces are not taken into account but the position,

velocities and accelerations. A movement is the temporal change of the position

of a body segment relative to a reference system. Furthermore, a global reference

coordinate system is defined to which the motion is described in absolute coordinates.

Alternatively, each segment can be describe by a relative orientation of two body

segments to each other in relative coordinates.

Any relative movement of two adjacent body segments can be seen as a combination

of rotations about at least one of the anatomical joint axes. The joint angles correspond
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to the orientation of one segment (a) in the joint coordinate system firmly connected to

the other segment (b). These rotational changes are linked by the following equation




x′′′

y′′′

z′′′


 = R




x

y

z


 ,

where R represents a rotation matrix, x, y, z are the coordinates of segment (a) before

rotation and x′′′, y′′′, z′′′ are the coordinates of segment (a) after rotation with respect

to the fixed coordinate system of segment (b). The initial positions of the individual

segments x, y, z of a musculoskeletal system and their final positions x′′′,y′′′, z′′′ can

be determined using various measuring systems. The structure of the rotation matrix

R is explained in detail in [22] and is further used in the publication 2.10. It should

be noted that the rotation order around the axes plays a crucial role. Therefore, it is

important to define the rotation order and the reference system uniformly for each task.

Adapting this to one exemplary finger of the human hand is schematically illustrated

in Figure 2.7.

The MCP joint of the finger is rotated by 35° flexion and 10° abduction. The initial

positions (grey) and final positions (yellow) of the individual finger segments are

depicted in a sagittal view (a) and in a transversal view (b). Each joint has a local

coordinate system and axes denoted by x, y and z in the initial position by x′′′,y′′′ and

z′′′ after the rotation of the MCP joint. Hereby the convenient rotation order is around

the flexion/ extension axis, which corresponds to the z-axis. Second, the resulting

coordinate system is rotated around the abduction/ adduction axis, which corresponds

to the x′-axis. Finally, the resulting coordinate system is rotated around the y′′-axis

by 0° and thus the new position is obtained. Due to the rotations in the MCP joint,

the more distally located joints (PIP, DIP) are also rotated respectively. From the

position and orientation changed over time, velocities and accelerations of the body

segments can be calculated, which allows a complete kinematic description of the

musculoskeletal system.
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Figure 2.7: MCP joint rotation from the neutral position (grey) by 35° flexion and 10°
abduction (yellow position). The rotation order is: 1. rotation around the
flexion axis (z-axis); 2. abduction axis (x’-axis); 3. y”-axis (c) (Source: [70]
with permission of the author in accordance with [22]).

2.2.3 Kinetics of Musculoskeletal Systems

While kinematics describe movements independently of mass, the kinetics involve the

cause of the movement. According to Newtonian mechanics, forces and moments

which act on the segments are causing those motions. Kinetics thus capture the

relationship between movement and acting forces. Those acting forces can either be

external forces onto the body or by active muscle and joint forces. Through those

forces onto the musculoskeletal system the equations of motion can be derived.
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The derivation of these equations is based on Newton’s second law, the principle of

D’Alembert as well as the Lagrangian mechanics [22, 21, 30]. Here we want to focus

on a brief overview of the various forces acting on the musculoskeletal system and

thus causing movements.

Movement of a

Musculoskeletal System

Passively (External Forces)

- Gravity

- Weight forces of objects

- Contact forces

- Inertia forces

Actively (Internal Forces)

- Muscle forces

- Tendon forces

- Soft tissue strech

Figure 2.8: Overview of forces acting passively or actively on the musculoskeletal
system.

These forces are all incorporated into the equations of motion. As already mentioned,

movements can be induced either passively or actively by forces (see Figure 2.8).

Passive movements are caused by the impact of external forces on the segments.

Distinguished into internal forces, which can be traced back to another part of the MKS

and external forces, which have their cause in the interaction with the environment.

The internal forces contain, for instance, muscle forces, which arise due to muscle

contractions. A typical example of an external force is gravity which acts on a segment

due to its own mass or by an external weight.

External forces can be defined completely by their magnitude, their point of action

and their direction. By activating its skeletal muscles, the body can actively counteract

to external forces. Both, external and internal forces cause joint reaction forces and

torques. In static situations it emerges a balance between external and internal forces,

i.e. the resulting joint torques cancel each other out (see Figure 2.9). If this balance is

disturbed, a movement follows, either as translation of the entire body or as rotation

of a segment.
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Figure 2.9: Muscles affect joints loads: The activation of muscles causes both torque
and joint reaction forces (a); External forces cause additional torques in
the joints. In the state of equilibrium, the external and internal moments
are equal (b); Likewise, the internal torques of two antagonistic muscles
can cancel each other out (c). (Source: Adapted from [53] CC BY 4.0
https://creativecommons.org/licenses/by/4.0/ in accordance with [22]).

2.2.4 Inverse Dynamics

As it is ethically questionable to measure muscle and joint forces in vivo, different

mathematical models and methods have been employed, such as the inverse dynamic

method. Calculating muscle forces by this method requires, that the movement of the

musculoskeletal system is known. This motion and external forces imply muscle forces

to achieve a state of equilibrium at all time. As a result of the muscle and external

forces, also joint reaction forces occur. But there is a problem of muscle recruitment
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to obtain this equilibrium. A musculoskeletal system usually has redundant muscles,

which means, that the number of acting muscles is greater than the number of DOF

of the system. Consequently, a motion can be achieved by an infinite number of

muscle force combinations. This leads to a mathematically under-determined problem

with an infinitely number of solutions. Several approaches have been investigated to

transform this problem into a determinated one. A straightforward approach would be

the reduction method, which reduces the number of unknowns by grouping muscles

together in functional units. Or, the addition method, which increases the number

of equations by introducing additional constraints to the muscles. However, the

most convenient methods so solve the under-determined problem are optimization

techniques. The inverse dynamic approach is depicted in Figure 2.10.

Inverse Dynamics

Solver

Inverse Dynamics

Optimization
Muscle

Forces

Equation of

Motion

Motion of the

Multi-Body-

System

External

Forces
Optimization

Criteria

Figure 2.10: The Inverse dynamics approach in the context of the AnyBody Modeling
System.

As an input, the method requires the movement of the musculoskeletal system over

time. Based on this motion and the applied external load, equations of motion

are derived. This system of linear equations serves as the basis for the solver.

Thereby the resulting joint reaction forces, which are subsequently distributed to the

individual muscle forces according to the chosen optimization criterion are calculated.

Depending on the choice of the optimization criterion, the inverse dynamic solver

usually provides different distributions of the muscle forces. The optimization criterion

reflects the strategy of the central nervous system in the control of motor activity.

Hereby exists no best criteria as for specific motions, different criteria suit best.
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2.2.4.1 Optimization problem

The problem of muscle recruitment in the inverse dynamic approach is solved by

formulating the following optimization problem

minimize
f

G(f (M)), (2.1)

subject to Cf = d, (2.2)

f
(M)
i ≥ 0 (i = 1, . . . , n(M)), (2.3)

f
(M)
i ≤ f

(M)
max,i (i = 1, . . . , n(M)). (2.4)

G is the objective function, which defines the criterion for the muscle recruitment and

is minimized with respect to all unknown forces f in the problem, where

f =

[
f (M)T

f (R)T

]

are the muscle forces f (M) and the joint reaction forces f (R). The function (2.1)

is constrained by the equations of the dynamic equilibrium (2.2), where C is the

coefficient-matrix for the unknown forces f . The right-hand side d contains all known

internal and external forces. As already mentioned, the dynamic equilibrium is derived

from the equations of motion of the multi-body system. Furthermore, the n muscles

present in the musculoskeletal system are restricted according to their physiological

properties. Hereby the non-negativity constraint (2.3) states, that the muscles can

only pull and not push. In addition to that, some optimization criteria are required to

limit the muscles capability, which is done by the upper constraint (2.4), where f
(M)
max,i

indicates the maximal strength of the specific muscle.

2.2.4.2 Optimization criteria

Beside the muscle forces f (M) various optimization criteria depend on further variables.

The muscle stress (σ(M)
i ) is defined by a proportion of the exhibit force f

(M)
i and the

physiological cross sectional area of the muscle (PCSAi) by:
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σ
(M)
i =

f
(M)
i

PCSAi

(i = 1, . . . , n(M)). (2.5)

Another popular design variable is the muscle activity a
(M)
i , which is a normalization

of the force f
(M)
i of muscle i by, its maximal strength f

(M)
max,i,

a
(M)
i =

f
(M)
i

f
(M)
max,i

(i = 1, . . . , n(M)). (2.6)

In order to describe the objective function G, a weight factor ci can be used. ci =

1/PCSAi and ci = 1/f
(M)
max,i is equivalent to use muscle stresses (2.5) and muscle

activities (2.6) as design variables, whereas using ci = 1 is equivalent to a muscle

forces f
(M)
i without any normalization.

Polynomial Criterion First, the polynomial criterion, which is defined by the objective

function

G(f (M)) =
n(M)∑

i=1

(
ci · f (M)

i

)p
, (2.7)

is introduced. Polynomial criteria lead only to physiologically meaningful results if they

are equipped with the additional constraint of maximal muscle forces (2.4). If p = 1,

the muscle with the largest lever arm is activated first, since this muscle delivers the

greatest torque with the smallest muscle force. Only when the muscle reaches its

maximum permissible force f
(M)
max,i, a second (redundant) muscle is activated. In this

way, the most efficient muscles are maximally activated and the number of active

muscles is minimal. This leads to less synergies among the muscles and a fast

muscle fatigue. Polynomial criteria with a power of p ≥ 2 lead to more physiological

distributions of the muscle forces, since additional muscles contribute to the joint

moment with a small amount. The higher the power of p, the more the forces are

distributed to all muscles.
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Soft Saturation Criterion

G(f (M)) = −
n(M)∑

i=1

p

√(
1− ci · f (M)

i

)p
. (2.8)

The soft saturation criterion can be considered as a maximization to the maximum

load. If p ≥ 2 it is ensured that no muscle reaches its maximum, if there is another,

less activated muscle which could contribute to the needed muscle activity. This

seems physiologically reasonable and additionally eliminates the need of the maximal

force constraint (2.4) to avoid overloaded muscles. Therefore, results by the soft

saturation criterion provide a smooth muscle-force pattern. Restrictions are, that the

muscle forces f
(M)
i need to be normalized (e.g. ci = 1/f

(M)
max,i) and that this criterion

cause numerical problems when the muscle activities are close to their upper limits.

If p = 1, both, the polynomial criterion (2.7) as well as the soft saturation criterion (2.8)

lead to physiologically unreasonable results. As already mentioned, the strongest

muscles does all the work, although in reality it is known that the muscles share the

load whenever possible. For higher cardinality of p (p ≥ 2), indeed the distribution

of the muscle forces becomes more and more physiological, but the numerical effort

to solve the optimization problem increases due to the non-linearity of the problem.

Finally, the polynomial criterion (2.7) and the soft saturation criterion (2.8) converge

towards each other for increasing power of p and converge towards the min/max

criterion.

Min/Max Criterion The objective function G of the min/max formulation has the

form

G(f (M)) = max
i

(
ci · f (M)

i

)
. (2.9)

The synergistic muscle forces are distributed in such a way that the maximal mus-

cle force or activity is as small as possible. The objective function (2.9) is non-

differentiable, which makes it difficult to solve it numerically. But mathematical meth-

ods as the "bound formulation" for min-max problems can reformulate the problem by

which it becomes a linear problem. Another point which makes this criterion numeri-

cally more attractive is, that the individual muscle activities exceeds only their upper
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limits when it is becoming absolutely unavoidable.

Summary Up to now, no criterion is perfect, the choice depends on the muscu-

loskeletal system and the investigated motion. Numerical experiments indicated that

smaller values of p, for instance p = 2 or p = 3 yield good results for small loads,

while the min/max criterion is suitable for larger loads. However, comparing with

physiological and anatomical variations, all values of p > 1 show similar trends in

the muscle recruitment and it is impossible to determine conclusively whether one

or the other is the correct criterion [77]. Although, recent investigations [1] prefer the

min/max criterion. Nevertheless, the equilibrium equations 2.2 stem directly from the

Newton-Euler equations and must be fulfilled regardless of the choice of objective

function. So the muscle activity does not randomly depend on the choice of objective

function and in practice different reasonable choices of recruitment functions typically

do not cause entire differences in the result.

2.3 Musculoskeletal Human Hand Model

To date, no complete hand model has been implemented in a holistic human body

model. Other researchers developed separated musculoskeletal models of the hand

but none within the framework of the AnyBody software system and the associated

AnyBody Managed Modeling Repository (AMMR). In a first approach, a hand model

integrated within the AMMR was implemented on the basis of literature data. Thereby,

the muscles’ properties and alignments were modelled as post-mortem studies by

various researchers indicated [40, 42, 3, 37, 13]. The results of this first implementa-

tion were presented on the World Congress of Biomechanics 2018 in Dublin (Section

2.4) and on the Conference of the German Society of Biomechanics April 2019 in

Berlin (Section 2.5).

Through the establishment of a cooperation between the Scientific Computing Centre

in Ulm and the Biomechanics Institute of the Ostbayerische Technische Hochschule

(OTH) Regensburg a more detailed and accurate model could be created on the
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basis of the pre-existing work. This joint work of Maximilian Melzner and Lucas

Engelhardt did not only contain a more realistic modelling of the human hand on the

basis of an anatomical study (2.8), but also lead to two publications demonstrating the

validation of this model by moment arm studies (Section 2.8) and electromyographic

experiments (Section 2.9). In addition, the results of this cooperation were presented

on globally recognized conferences (European Society of Biomechanics 2019, see

2.6 and Computer Methods in Biomechanics and Biomedical Engineering 2019, see

2.7).

2.4 Conference: World Congress of Biomechanics

2018, Dublin

A musculoskeletal inverse-dynamics model of the human hand including intrin-

sic muscles

Lucas Engelhardt, Dominik Vogelaar, Karsten Urban, Ulrich Simon

Abstract The human hand is a highly developed and sophisticated grasping organ

containing 27 bones with 36 articulations and 39 active muscles (1) contributing to a

wide range of movements, (19 degrees of freedom) while possessing sensitive haptic

properties. This makes the human hand an extremely complex system, where the

determination of specific muscle forces in an ongoing motion sequence is not modest.

Here inverse-dynamics simulations can help to calculate those muscle and joint forces.

However, until now, no complete musculoskeletal hand model is published or known

by the authors. The posed model, explicitly developed for the Anybody™ Modelling

System (2), should solve this lack. On a basis of the existing skeletal hand model in

the AnyBody™ Managed Model Repository (AMMR) the new musculoskeletal model

was developed using some advantages of the pre-existing geometry. This includes

the possibility of a patient specific scaling of the geometries size and a performant

inheritance in the finger construction. Therefore biomechanical considerations of the

hand (3), musculoskeletal models of separate fingers (4) and incomplete hand models

(5,6) are taken into account. The pre-existing skeletal model was extend through
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abduction and adduction possibilities of the metacarpal joints, leading to 19 DOF

in total. Further, the extrinsic muscles, starting in the forearm, were extended until

their anatomical insertion points inside the hand (e.g. flexor digitorum superficialis

or extensor digitorum). Additionally the intrinsic muscles, which have their origins in

the palm are modelled and assessed with muscle properties as found in the literature

(7,8). Comparing the calculated muscle and joint forces with in vivo studies (3,9) show

highly correlating results. For instance a normal force application on the distal phalanx

and the direct application on the distal interphalangeal joint results in an increase of

over 40 % in the muscle force of the flexor digitorum superficialis and coincide well

with the experimental observations of Li et al. (9). Further validation of the presented

hand model is part of an ongoing research project, where patient specific scaled

models are compared to in vivo experiments. The actual musculoskeletal model of

the human hand can be used in many kinds of research questions, where specifically

the muscle and joint forces distal to the wrist play a crucial role.

References:

(1) Hirt et al. H. and W. Anatomy and Biomechanics, Georg Thieme Verlag (2017)

(2) AnyBody Technology, https://www.anybodytech.com/
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(4) Wu et al. J.Biomechanics 41 (2008)

(5) Lee et al. PloS one 10 (2015)

(6) Sancho-Bru et al. J.Biomechanical Engineering 125 (2003)

(7) Holzbaur et al. AnnBiomedEng 33 (2005)

(8) Jacobson et al. J.Hand Surgery 17 (1992)

(9) Li et al. Clinical Biomechanics 15 (2000)
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A musculoskeletal inverse-dynamics
model of the human hand including

intrinsic muscles
Lucas Engelhardt, Dominik Vogelaar, Karsten Urban, Ulrich Simon

lucas.engelhardt@uni-ulm.de

Introduction
The human hand is a highly developed and sophisticated grasp-
ing organ containing 27 bones and 39 active muscles [5].
Determination of specific muscle forces is not modest:
→ Inverse-dynamics:

Move-
ment

Equation
of

motion

Opti-
mization

Muscle
forces

Until now, no complete musculoskeletal hand model is published
or known by the authors. The posed model, explicitly developed
for the AnyBody Modelling System should solve this lack.

Material and Methods
Developed on a basis of the existing skeletal hand model in the
AnyBody Managed Model Repository (AMMR) [1].

For the implementation of the simulation model, the following
literature was taken into account:

� Biomechanical considerations of the hand [3]

� Musculoskeletal models of separate fingers [11]

� Incomplete hand models [8, 10]

� Muscle and tendon properties [6, 7, 2]

The model allows a patient specific scaling of the finger segment
sizes and muscle properties.

Figure 1: New developed musculoskeletal hand model in AnyBody

To deal with a correct alignment of the muscle paths, physiologi-
cally done by ligaments, obstacle methods are used as depicted
in the following figures. Thereby the new developed torus by
[4], spherical ellipsoids and cylinders are used.

Figure 2: Obstacle aligned muscle paths
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Results
The calculated muscle and joint forces conduct well with in vivo
studies [3, 9]. Exemplary the forces of the flexor digitorum
superficialis (FDS), profundus (FDP) and the intrinsic muscles
(INT) of the index finger are depicted, performing a flexion task
as described by Li et al. [9]. Thereby the patients pushed each
finger separately fixed in three positions (1,2,3).

Figure 3: Digit flexion force experimental setup by Li et al. [9]

The measured forces in (1),(2) and (3) are used to calculate the
muscle forces through the lever arms.
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Figure 4: Experimental calculations of Li et al. [9], Simulation
results of the hand model, comparing index finger muscle forces in
different loading positions (1,2,3).

Discussion
Regarding, that a standard scaled hand is calculated in AnyBody
and the mean values of Li are compared, results correlate well.
The FDS force increases 40% from (1) to (2) in the experiment
and simulation.
But the assumption by Li et al. that FDS and FDP do not deliver
forces in (3) can not be underlined. More it seems, that in (3)
FDS and FDP try to stabilize a co-contraction.
The summation of intrinsic muscles show a good correlation.

Conclusion and Outlook
Further validation and enhancement of the presented hand
model is part of an ongoing research project, where patient spe-
cific models are compared to in vivo experiments of hand grip
exercises. On top automated algorithms are developed to gen-
erate patient specific hand models from CT scans.

The actual musculoskeletal model of the human hand can be
used in many kinds of research questions, where specifically the
muscle and joint forces distal from the wrist play a crucial role.
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2.5 Conference: Deutsche Gesellschaft für

Biomechanik 2019, Berlin

Patientenspezifisches invers-dynamisches Handmodell mit allen extrinsischen

und intrinsischen Muskeln

Engelhardt L.1, Ignatius A.2, Christen P.3, Müller R.3, Simon U.1

1 UZWR, Universität Ulm, Deutschland

2 Inst. f. Unfallchirurg. Forschung und Biomechanik, Ulm, Deutschland

3 ETH Zürich, Institut für Biomechanik, Zürich, Schweiz

Die menschliche Hand ist ein hochkomplexes Greiforgan, welches aus 27 Knochen

und 39 aktiven Muskeln besteht (1). Dies führt dazu, dass beim Greifen die Bestim-

mung von spezifischen Muskelkräften nicht trivial ist. Hierbei kann das vorgestellte

invers-dynamische Model, dass mit Hilfe des Anybody™-Modelling-Systems (2) en-

twickelt wurde, helfen. Das Modell basiert auf der existierenden skelettalen Hand im

AnyBody™ Managed Model Repository und wurde um alle Fingermuskeln erweitert.

Dadurch stellt es unseres Wissens nach, bis jetzt das einzige muskuloskelettale

Handmodell dar, welches alle, insbesondere die intrinsischen, Muskeln der men-

schlichen Hand enthält. Insgesamt verfügt das Handmodell über 19 Freiheitsgrade,

welche durch Scharnier- und Kreuzgelenke zwischen den einzelnen Knochen erre-

icht werden. Diese Bewegungsmöglichkeiten werden durch 47 Muskeln gesteuert.

Literaturangaben zu den spezifischen Muskelparametern wurden aus mehreren ex-

perimentellen Studien (4,5,6,7) entnommen. Dabei ist ein patientenspezifisches

Skalieren der einzelnen Fingerglieder, sowie aller Muskelparameter über zwei Param-

eter (3), die Handlänge und –breite, möglich. Für eine physiologische Führung der

Sehnen innerhalb der Finger, wurden Kontaktalgorithmen zwischen den Sehnen und

geometrischen Hindernissen, wie Tori und Kugeln implementiert (s. Bild 1). Um das

Modell zu validieren wurden experimentelle Ergebnisse von Li et al. (8) mit berech-

neten Muskelkräften des neuen invers-dynamischen Modells verglichen. Hierbei

drücken Patienten mit einzelnen Fingern in drei unterschiedlich fixierten, statischen

Positionen (DP, DIP, PIP) gegen einen Kraftsensor. Wie in Bild 2 (nach (8) modifiziert)

zu sehen. Durch die anatomischen Gegebenheiten der einzelnen Fingermuskeln

26



C2

können Aussagen über die Muskelkräfte des Flexor digitorum profundus (FDP), -

superficialis (FDS) und der zusammengefassten intrinsischen Muskeln (INT) gemacht

werden. Beispielhaft werden hier diese Kräfte des FDP in Bild 2 für jeden Finger, mit

Ausnahme des Daumens, dargestellt. In der distalen Position (DP) zeigen Simulation

sowie Experiment nahezu identische Werte. Es zeigt sich der deutlich geringere

Kraftaufwand in der Position DIP gegenüber DP, wobei die berechnete Muskelkraft

um 85 bis 60 % abfällt. Demgegenüber entsteht ein Unterschied zwischen exper-

imentellen und simulierten Ergebnissen in den interphalangealen Positionen (DIP,

PIP), was ausführlich diskutiert werden kann. Jedoch kann das Modell ein ähnliches

Verhalten der Kraftveränderung wie im Experiment, auch für die anderen Muskeln

der Finger in den hier nicht dargestellten Graphen über die unterschiedlichen Po-

sitionen wiedergeben. Weitere Validierungen des präsentierten Handmodells sind

Teil aktueller Forschungsarbeit, wobei patientenspezifisch skalierte Modelle mit in

vivo Experimenten verglichen werden. Explizit wird hier eine Greifübung nachgestellt,

welche Aufschluss über die wirkenden Kräfte im Handgelenk geben soll. Das ak-

tuelle muskuloskelettale Handmodell kann in vielen unterschiedlichen Fragestellungen

angewendet werden, in welchen die Muskel und Gelenkkräfte distal des Handgelenks

eine entscheidende Rolle spielen.

(1) Hirt et al. H. and W. Anatomy and Biomechanics, Georg Thieme Verlag (2017)

(2) AnyBody Technology

(3) Buchholz et al. Ergono mics (1992)
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(6) Chao et al. Biomech. of the Hand, World Scientific (1989)

(7) Mirakhorlo et al. Int. Biomech (2016)

(8) Li et al. Clinical Biomechanics 15 (2000)
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Förderung der wissenschaftlichen Forschung (I 3258-B27) für die gewährte Unter-

stützung.
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Bild 1: Muskuloskelettales Modell der Hand, Kontaktobjekte zur Führung der Sehnen

Bild 2: Muskelkräfte des Flexor digitorum profundus aus der Simulation und Experi-
menten von Li et al.(8)
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2019, Vienna
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A NEW MUSCULOSKELETAL ANYBODY™ DETAILED HAND MODEL  
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Introduction 

The AnyBody™ Modeling System (AMS) [1], is an 

universally used musculoskeletal simulation software 

using inverse dynamics. Until now, no complete human 

hand model is known in the AMS. Also considering 

other musculoskeletal software platforms, just one 

detailed entire hand model is recently published [2] but 

is only based on one subject. The aim of this work is to 

implement a full detailed hand model for the AMS 

including all extrinsic and intrinsic muscles using data 

by the UWB gained through an anatomical study of ten 

cadaver hands. 

 

Materials and Methods 

In order to describe the anatomical structure the best 

muscle representation is achieved by the Hill type 

muscle model. Additionally to the own parameter set 

from the UWB, a switch to already demonstrated muscle 

configurations described by Engelhardt et al. [3] is 

included.  To deal with a correct alignment of the muscle 

paths over the full range of motion, physiologically done 

by ligaments, obstacle methods are implemented with 

tori and spherical ellipsoids. Moreover, a unique feature 

of the model is the origin point of the lumbrical muscles 

within the tendon of the flexor digitorum profundus. 

Furthermore, an entire patient specific scaling of the 

hand model based on the hand-length and width is 

possible. Therefore, a study with 47 patients was 

elaborated to determine the average, sex dependent, 

relation between each phalangeal bone and the hand 

length. This scaling is integrated in the calculation of the 

bones angular mass and all muscle size parameters. To 

express the strong dependence between the distal and 

proximal interphalangeal joint a finger rhythm 

according to van Zwieten [4] is usable, if motion data 

lacks information. The full model is demonstrated in 

Fig. 1  

  
 

Figure 1: The new AMS detailed human hand model 

with and without wrapping surfaces.  

Results 

As a first validation of the model, we compared the 

numerical calculated moment arms of the thumb and 

index finger muscles to the experimental data set of 

Smutz et al. [5] and An et al. [6]. The results shown in 

Fig. 2 compare the numerical and experimental data set. 

Whereas a higher accordance is notable between the 

extrinsic muscles than the intrinsic ones. 

Figure 2: Moment arms for metacarpal joint flexion of 

the index finger muscles. Experimental data [6] (dashed 

line) and simulated results (solid line). 

 

Discussion 

The differences can be explained by the non subject 

specific anthropometric data of the experiments, which 

are compared to the average of our scaling study. In 

future studies indirect validation with electro-

myographic data will be conducted. Nevertheless, the 

good agreement shows, that the new developed inverse 

dynamics hand model offers the opportunity to a broad 

field of applications.  
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Introduction 

The AnyBody™ Modelling System (AMS) [1], is an 

universally used musculoskeletal simulation software 

using inverse dynamics. Until now, no complete human 

hand model is known in the AMS. Also considering 

other musculoskeletal hand models [2], no validation 

based on dynamic movements has been investigated yet. 

The aim of this work is to implement a full detailed hand 

model for the AMS including all extrinsic and intrinsic 

muscles using data from an anatomic study (10 hands of 

cadavers) gained by the UWB. For validation purposes, 

the calculated muscle activities of various movements 

are compared to electromyographic (EMG) data. 

 

Materials and Methods 

In order to describe the anatomical structure the best 

muscle representation is achieved by the Hill type 

muscle model.  To deal with a correct alignment of the 

muscle paths, physiologically done by ligaments, 

obstacle methods are implemented with tori and 

spherical ellipsoids. Moreover, an unique feature of the 

model is the origin point of the lumbrical muscles within 

the tendons of the flexor digitorum profundus.  

Furthermore, an entire patient specific scaling of the 

hand model based on the hand-length and width is 

possible. Therefore, a study with 47 patients was 

elaborated to determine the average, sex dependent, 

relation between each phalangeal bone and the hand 

length. This scaling is integrated in the calculation of the 

muscle size parameters. To express the strong 

dependence between the distal and proximal 

interphalangeal joint a finger rhythm according to van 

Zwieten [3] is usable, if motion data lacks information.  

For motion capturing (MoCap) a Vicon system with a 

new hand marker setup was used (see Figure 1). The 

EMG-Sensors recorded ten extrinsic and intrinsic 

muscles of the hand during muscle specific activation 

movements. Prior to various movement measurements  

maximal voluntary contraction tasks were performed for 

each muscle according to Kendal [4]. 

 
Figure 1: Experimental marker and sensor placement 

and  AMS MoCap model of the human hand. 

 

Results 

For each movement the calculated on and offset of the 

muscle activities were compared to the experimental 

data without prior modifications of the model. Figure 2 

shows exemplarily the investigated activation of the 

extensor carpi ulnaris muscle during an abduction of all 

fingers (three times in a row). The results show that not 

only the on and offset timing correlates well, even so the 

trend validation shows comparable outcome of the 

numerical and experimental data set.  

 
Figure 2: Muscle activation of the extensor carpi ulnaris 

muscle during the abduction of all fingers three times on 

a row. Normalized RMS of EMG signal (solid  line) and 

simulated result (dashed line). 

 

Discussion 

Nevertheless, the limitation of EMG measurements, 

which is only a possible rejection and not verification of 

a model [5], does not affect our model due to the good 

correlation of muscle activity. The new developed 

inverse dynamics hand model offers the opportunity to 

a broad field of applications. To prove the stability of 

the proposed model, future work will include a Monte 

Carlo sensitivity analysis of parameter variations. 
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2.8 Paper: A New Musculoskeletal AnyBody Detailed

Hand Model [27]

Based on the first implementation of Lucas Engelhardt a more enhanced and qualified

model in the holistic human body model of AnyBody was generated. The fruitful

cooperation of Maximilian Melzner and Lucas Engelhardt let to the this [27] and

the following submitted paper (see 2.9). Thereby a multiple cadaver dataset from

a consistent source including all extrinsic and intrinsic muscles served as a basis.

Various obstacle elements were implemented to obtain the muscle pathing, including

their correct alignment together with the full range of motion of the fingers. These

obstacles included tori, cylinders and spherical ellipsoids. Through a specific hand

length variation study, Lucas Engelhardt determined parameters for an entire patient-

specific scaling based on the hand length and width (2.8).

For model validation, experimental datasets from the literature were used, which

included the comparison of moment arms of the wrist, thumb, and index finger muscles.

The developed and validated inverse dynamics hand model offers opportunities in a

broad field of applications, where the muscles and joint forces of the forearm play a

crucial role.
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ABSTRACT
Musculoskeletal research questions regarding the prevention or rehabilitation of the hand can
be addressed using inverse dynamics simulations when experiments are not possible. To date,
no complete human hand model implemented in a holistic human body model has been fully
developed. The aim of this work was to develop, implement, and validate a fully detailed hand
model using the AnyBody Modelling System (AMS) (AnyBody, Aalborg, Denmark). To achieve
this, a consistent multiple cadaver dataset, including all extrinsic and intrinsic muscles, served as
a basis. Various obstacle methods were implemented to obtain with the correct alignment of
the muscle paths together with the full range of motion of the fingers. These included tori, cyl-
inders, and spherical ellipsoids. The origin points of the lumbrical muscles within the tendon of
the flexor digitorum profundus added a unique feature to the model. Furthermore, the possibil-
ity of an entire patient-specific scaling based on the hand length and width were implemented
in the model. For model validation, experimental datasets from the literature were used, which
included the comparison of numerically calculated moment arms of the wrist, thumb, and index
finger muscles. In general, the results displayed good comparability of the model and experi-
mental data. However, the extrinsic muscles showed higher accordance than the intrinsic ones.
Nevertheless, the results showed, that the proposed developed inverse dynamics hand model
offers opportunities in a broad field of applications, where the muscles and joint forces of the
forearm play a crucial role.
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Introduction

The human hand is a highly developed and sophisti-
cated grasping organ containing 27 bones with 36 artic-
ulations and 39 active muscles (Hirt et al. 2017). This
contributes to a wide range of motion (ROM) (31
degrees of freedom – DOF) while possessing sensitive
haptic properties. For controlling this complex system,
a high level of interaction between the human brain and
the musculoskeletal structure is required. To address
various malfunctions because of to disorders of the
musculoskeletal system, the inverse dynamics model-
ling approach is an increasingly applied method.

With this method, the complex dynamic force distri-
bution in all hand structures can be analyzed in numer-
ous kinds of tasks for physiological as well as for

pathological simulations. Research questions regarding
the prevention or rehabilitation of the biomechanics of
the hand can be explained without the requirement for
in vivo or in vitro experiments. Mechanical loads within
the hand do not only affect muscle activities and forces
in the surrounding joints but also lead to balancing
forces in the entire body.

Therefore, a diversified field of problems does not rely
on the biomechanics of an isolated hand model alone,
but an embedment into a holistic human body model.
Numerous research groups conducted musculoskeletal
simulations of the human hand over recent decades.

Holzbaur et al. (2005) implemented an entire
upper limb model, including the human hand within
the OpenSim (Seth et al. 2018) framework. This
model is based on the experimental and anatomical

CONTACT Lucas Engelhardt lucas.engelhardt@uni-ulm.de
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data of An et al. (1979), Jacobson et al. (1992), Lieber
et al. (1990, 1992), and Murray et al. (2000). The
model copes with 26 muscles crossing the wrist and
finger joints, but lacks the intrinsic muscles.

Lee et al. (2015b) solved this limitation by imple-
menting intrinsic muscles for the fingers. On the basis
of the experimental data of An et al. (1979), the
muscle pathing was optimized to achieve an improved
alignment with the moment arm behavior of each
joint (Lee et al. 2015a; MacIntosh and Keir 2017).
Further enhancements regarding the length-dependent
passive properties of the extrinsic index finger
muscles was done by Binder-Markey and
Murray (2017).

The model from Ma’touq et al. (2019) also
included the biomechanics of the thumb and its
intrinsic muscles based on the same literature data as
Lee et al. (2015a) and Lippert (2006). In contrast to
the previous models, this one implements the human
forearm and hand as a standalone framework in
SimulinkVR (The MathWorks, Inc., USA).

As proposed by Mirakhorlo et al. (2018) and
Kerkhof et al. (2018), the usage of one consitent
source for anatomic data is fundamental.

Goislard de Monsabert et al. (2018) showed that
using multiple sources instead of a single one can
lead to errors of up to 180% in the calculated muscle
forces. Therefore, Mirakhorlo et al. (2018) imple-
mented an OpenSim hand/wrist model, based on an
anatomical study of a single cadaver specimen
(Mirakhorlo et al. 2016).

Nevertheless, it is a standalone model of the upper
extremity based on one cadaver and can thus not be
used in a broader scope.

The AnyBodyTM Modelling System (AMS)
(Anybody, Aalborg, Denmark) is a musculoskeletal
modeling platform containing body scaling functions
that incorporate body mass and percentage of fat and
influence the muscle and bone dimensions accord-
ingly, which features a patient-specific scaling of the
hand model. The AMS is a widely applied simulation
platform for musculoskeletal modeling using an
inverse dynamics approach. Furthermore, it contains
sophisticated algorithms to optimize complex motion
capture data, like the movements of thumb
and fingers.

The AMS also provides the AnyBody Managed
Model Repository (AMMR) (Lund et al. 2019), which
includes a generic human body model and a collec-
tion of human body parts. The AMMR contained
only single fingers in detail by Wu et al. (2008, 2009),
which are not implemented in the full-body model.

Therefore, a complete comprehensive model of the
hand was still lacking.

Therefore, the aim of this study was the develop-
ment and validation of a detailed human hand model
within an existing, commonly used framework for
inverse dynamics simulation, including:

i. Anatomical data from a consitent source con-
taining sixteen cadaveric specimens

ii. All intrinsic and extrinsic muscles of the entire
hand (fingers and thumb)

iii. The possibility of patient-specific scaling
iv. Full body model implementation (AMMR)
v. Validation of the Model

Materials and methods

The model

The detailed hand model was embedded in the AMS
Version 7.2 and AMMR 2.2.2 (Lund et al. 2019).

The AMMR full-body model was used as a basis.
Only the forearm and hand were modified. For the
proposed detailed hand model, 22 hand segments
(including ulna and radius) modelled as rigid bodies
linked by physiological idealized joints were used,
allowing 31 DOF. The joints of the distal interphalan-
geal (DIP) and proximal interphalangeal (PIP) were
modelled as revolute joints for flexion/extension
movements and the metacarpophalangeal (MCP) joint
as a universal joint. Hereby flexion/extension and ab/
adduction were achieved. Joint positioning and orien-
tation was acchieved in accordance to literature stud-
ies (An et al. 1979; Buchholz et al. 1992) and an
anatomical study by the UWB (Havelkova et al.
2020b), following the International Society of
Biomechanics recommendations for joint coordinate
systems (Wu et al. 2005). Further, the axes of rotation
of the thumb’s joints were modeled in separated revo-
lute joints as depicted by Hollister et al. (1995). To
reduce the complexity, the carpal bones were treated
as one rigid body as in other models described in the
literature (Lee et al. 2015b; Mirakhorlo et al. 2018;
Ma’touq et al. 2019). The wrist joint has two rota-
tional axes according to Kobayashi et al. (1997),
which implies flexion/extension and ab/adduction.

Anatomical dataset
Anatomical data were obtained by a study at the
UWB by Havelkova et al. (2020b), which included
dissecting sixteen cadaveric forearms and Magnetic
resonance imaging scans. Through this study, the
patient-specific bone surfaces and muscle properties
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like physiological cross-sectional area (PCSA), muscle
length, and origin, via-, and insertion points, as well
as the alignment of the muscles were obtained. The
whole data set, including a short description of the
data obtaining procedure, is freely available
(Havelkova et al. 2020a). The means of all values
were calculated and implemented into the model.
Because the use of mutiple anatomical data can lead
to large deviations in the result according to Goislard
de Monsabert et al. (2018), the mean values of the
sixteen measured samples were calculated and imple-
mented into the model. Further, the muscle alignment
was obtained according to the MRI scans of one
exemplary cadaver specimen of the anatomical study.

Patient-specific scaling and muscle alignment
Regarding patient-specific scaling, it is not always
feasible to measure all dimensions of each finger seg-
ment. However, Buchholz et al. (1992) proposed a lin-
ear correlation between the hand length and that of
each finger bone. Because the study of Buchholz et al.
only included the dimensions of six hands, we per-
formed a study with the X-ray data of 71 patients to
determine a more accurate relationship (details can be
found in the appendix). The length of the metacarpal
(MC) and the proximal-, middle-, and distal pha-
langes (PP, MP, DP) can be scaled according to the
hand length (compare with Table 1).

The scaling of the model affects not only the
length of the segments but also the dimension of the
wrapping surfaces, assuring an appropriate alignment
of the muscle paths. Therefore, various obstacles like
tori, cylinders, and ellipsoids were implemented to
guarantee a correct and physiological alignment of
the muscle tendons – also in extreme positions of the
fingers. Detailed information can be found in the
published AMMR repository.

Choice of model accuracy
Because this detailed representation and guidance of
each muscle increased the computational time during
the calculation of kinematics and kinetics, the model
contains four different stages of accuracy:

i. Switch between fully detailed muscle alignment
in the fingers through wrapping obstacles
(WRAP) or via-points (VIA) (see Figure 1).

ii. Selection between a splitting of the extrinsic hand
muscles in various representatives according to
their anatomical origins (MULTIPLE) or one rep-
resentative for each extrinsic hand muscle
(SINGLE) (see Figure 2).

In addition, the detailed hand model can be
switched from a simple muscle representation to a
Hill-type muscle model. Via these options, the model
can be adapted to different research questions.

Modelling characteristics
Another unique feature of the human hand is the ori-
gin points of the lumbricals. In contrast to regular
muscles, the lumbricals do not origin from a bone,
rather the tendon of the FDP. Therefore, the force of
the lumbrical is transmitted onto the FDP tendon.
Regarding the modeling, this behavior was realized by
a massless substitute segment, which was placed
between two via-points on the FDP tendon.

If motion-capture data lacks information for the
distal phalangeal, a finger rhythm according to the
data from van Zwieten et al. (2015) was implemented.
This feature uses the strong relationship between the
DIP and PIP joints. Thereby the angle of the DIP
joint is driven by the PIP joint.

To model the strengthening of the skin between the
fingers during ab/adduction, ligaments simulate the
skin resistance. Properties are according to the material
investigations by Gallagher et al. (2012). The zero pos-
ition was assumed according to the positioning of the
fingers shown in Figure 3. The red line depicts the liga-
ment representing the purlicue skin resistance.

On the basis of the study of Wu et al. (2008) the
moments of inertia of each finger segment were cal-
culated under the assumption of a tubular representa-
tion of the bone.

The entire developed hand model is shown in Figure 3.

Model validation

For validation purposes, moment arms numerically
calculated by the model and experimentally measured
moment arms from the literature were compared.
This approach was chosen because studies of Maury
et al. (1995) and Raikova and Prilutsky (2001) indi-
cated that the line of action and moment arms are
critical parameters for muscles to predict muscle and
joint reaction forces. Previous validation studies of

Table 1. Relative segment lengths (to hand length) of each
finger bone (distal phalanx (DP), middle phalanx (MP), prox-
imal phalanx (PP), and metacarpal (MC)) in percent and corre-
sponding standard deviation.
Fingers DP MP PP MC

Thumb 11.52 (0.99) – 15.76 (1.32) 23.38 (1.72)
Index 8.82 (1.10) 11.75 (1.00) 20.27 (1.44) 34.82 (2.44)
Middle 9.30 (0.77) 14.31 (1.11) 22.54 (1.54) 33.41 (2.36)
Ring 9.54 (0.84) 13.62 (1.04) 21.05 (1.40) 29.48 (2.07)
Little 8.43 (0.92) 9.56 (1.04) 16.72 (1.20) 27.11 (1.88)
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the AMS by Zee et al. (2007) and Marra et al. (2015)
showed, that simulated muscle activities and joint
reaction forces fit quite accurately to experimental
data. Therefore, when the moment arms of the pro-
posed model fit experimental data, the resulting
muscle activities and joint reaction forces of the hand
should also correspond to reality.

Even though the model is able to calculate inverse
dynamics, this study placed particular emphasis on
the importance of the muscle moment arms, and thus
on the correct kinematics.

Loren et al. (1996) obtained the muscle moment
arm in five upper extremities for the extension/flexion
as well as for the ulnar/radial abduction of the wrist.

Smutz et al. (1998) used seven cadaveric specimens
to obtain the moment arm considering the thumb.
The ROM contained the flexion/extension of the DIP
joint, the flexion/extension and ab/adduction of the
MCP joint, and the flexion/extension and ab/adduc-
tion of the carpometacarpal (CMC) joint.

In case of the index finger, An et al. (1983) con-
ducted movements of the flexion/extension of the
MCP, PIP, and DIP as well as ab/adduction of the MCP
joint. Thereby seven cadaveric hands were evaluated.

The results of Franko et al. (2011) stated that the
moment arms are nearly identical across all digits for
each joint (MCP, PIP, DIP). Therefore, for validation
purposes, only one finger (the index finger) needed to
be addressed. The muscles examined in all three stud-
ies are summarized in Table 2.

The tendon excursion method introduced by
Landsmeer (1961) was used to compute moment

Figure 1. Visualization of all wrapping obstacles of the new
hand model.

Figure 3. The proposed detailed musculoskeletal hand model
in the AMS (configuration WRAP – SINGLE). The position of
the fingers corresponds to the calibration position of liga-
ments to simulate the purlicue skin resistance (red).

Figure 2. Detailed hand model with several representatives of
one muscle (FPL) – left side. Hand model with only one repre-
sentative for the same muscle – right side.
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arms in experiments (An et al. 1983; Loren et al.
1996; Smutz et al. 1998; Franko et al. 2011) and simu-
lation models. The tendon excursion method uses the
length variation of the tendon (dx), because only one
axis of a joint is moved, and the angular change of
the joint (dɸ ) to calculate the moment arm (M) of
the specific muscle in respect to the chosen joint (An
et al. 1983).

dx
dɸ

¼ M

The model was scaled to an average 50 percentile
male person (hand length: 182mm, handbreadth:
85mm) unless the literature data provided anthropo-
metrics of single specimens (An et al. 1983). To com-
pare the numerical and experimental results, the same
kinematic motion was performed in the simulations
as in the experiments. Thereby, only the investigated
joints were moved through the ROM provided by the
literature, all others were locked in neutral position.

Results

Figures 4–6 show exemplary the comparison of the
experimentally gained literature data and the numer-
ically calculated muscle moment arms of selected
muscles. The main flexors and extensors of the wrist
follow the trend of the experimental data (Loren et al.
1996) for the flexion/extension of the wrist and
remains mostly within the standard deviation; only
the FCR muscle displays a small offset (Figure 4).

Regarding the flexion/extension of the MCP finger
joint (Figure 5) the model prediction shows a com-
parable progression as the literature data (An et al.
1983), whereby it should be noted that the experi-
mental data is based only on a single finger.
Additionally, for the MCP joint of the thumb, the
numerically calculated moment arms of the selected
flexor/extensor thumb muscles remain within the
standard deviation of the literature experiments
(Smutz et al. 1998) (Figure 6). The progression of all
muscles over the flexion/extension and ab/adduction
ranges can be found in the appendix.

Table 2. Examined muscles according to the studies of Loren
et al. (1996), Smutz et al. (1998) and An et al. (1983)
Wrist JOINT

Extensor carpi radialis brevis (ECRB)
Extensor carpi radialis longus (ECRL)
Extensor carpi ulnaris (ECU)
Flexor carpi radialis (FCR)
Flexor carpi ulnaris (FCU)

Thumb

Flexor pollicis longus (FPL)
Extensor pollicis longus (EPL)
Extensor pollicis brevis (EPB)
Abductor pollicis longus (APL)
Flexor pollicis brevis (FPB)
Abductor pollicis brevis (APB)
Adductor pollicis oblique head (APo)
Adductor pollicis transverse head (APt)
opponens pollicis (OP)

Index finger

Flexor digitorum superficialis (FDS)
Flexor digitorum profundus (FDP)
Extensor digitorum communis (EC)
Extensor indicis (EI)
First dorsal interosseous (FDI)
Lumbrical (LU)
First palmar interosseous (FPI)

Figure 4. Progression of the moment arms for the wrist
regarding the extensor and flexor muscles during the exten-
sion/flexion phase. Negative angles represent the extension of
the wrist, and positives the flexion. Lines represent the simu-
lated results, whereas the shaded areas are the experimental
results with standard deviation from Loren et al. (1996).

Figure 5. Progression of the moment arms for the index fin-
ger regarding extrinsic and intrinsic hand muscles during the
flexion of the MCP joint. Lines represent the simulated results,
whereas the shaded areas highlight the experimental data of
one subject with standard deviation from An et al. (1983).
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However, An et al. (1983) only provided the exact
progression of an exemplary finger for the flexion/
extension and ab/adduction along the MCP joint. For
the measurements of all examined patients’ fingers
and all joints (including the PIP and DIP joints), only
the mean values along the ROM are given. For this
reason, the mean moment arms along the ROM for
all muscles and joints are summarized in Table 3 for
a better comparability. For all simulations, a detailed
muscle alignment through wrapping obstacles and
one representative for each extrinsic hand muscle
were chosen (configuration: WRAP – SINGLE).
According to the literature data, the hand model was
scaled in size.

Discussion

The aim of this work was the implementation and
validation of a developed, detailed hand model in the
simulation environment of AMS.

In addition to the successful implementation of a
scalable, anatomically representative hand model, the
validation by moment arm patterns displays match-
ing results.

Wrist joint

Moment arm patterns inside the wrist display a good
alignment with data from the literature, according to
Loren et al. (1996). Furthermore, the decay in the
ECU muscle during high flexions is predicted

accurately, whereas the FCR follows the trend of the
data from Loren et al. but showing a small offset.

Regarding the mean moment arm through the
ROM, only small deviations from the literature data
for the ECU and FCR in extension/flexion and during
ab/adduction for the ECRB are notable. All other
muscle moment arm averages are within the standard
deviation of the compared data. Exceptions are the
ECU and FCU muscle during the ab/adduction phase,
which show up to 5.8mm differences. This deviation
could result in the patient specification or measure
inaccuracies of the experimental data set, because a
moment arm of approximately 20mm/16mm for the
ECU/FCU appears reasonable.

Index finger

The comparison with the data from An et al. (1983)
shows that the majority of the respective muscles are
within the average moment arms standard deviation
or display divergences of less than 1mm apart. In
particular, the intrinsic muscles (LU, RI, UI) show a
greater discrepancy in the experimental data than the
extrinsic ones. One reason could be that the moment
arms of intrinsic muscles are more patient-specific
than the extrinsic muscles, which was previously
noted by Mirakhorlo et al. (2018). Regarding the pro-
gression of the muscle moment arms during the MCP
flexion phase, the simulated muscle paths agree well
with the experimental observations.

Thumb

The large standard deviation of the experimental
dataset from Smutz et al. (1998) shows that the ana-
tomical structure of the thumb can vary considerably
among subjects, particularly for the intrinsic muscles.
Alternatively, the high standard deviation of the
experimental data by Smutz et al. could originate
from measurement errors.

Regarding the mean moment arm along the ROM,
the majority of the thumb muscles are within the
standard deviation. Greater differences occur at the
CMC joint for the OP, APo, and APL. The divergence
for the APL might originate from the insertion point
of the underlying anatomical data set from Havelkova
et al. (2020b), because the insertion point is located
closer to the joint than in the experimental data,
which restricts the moment arm of the APL.
Nevertheless, the simulated moment arm progressions
of the extrinsic muscles align well with the data from
Smutz et al. (1998).

Figure 6. Progression of the moment arms for the thumb
regarding extensor and flexor muscles during flexion around
the CMC joint. Negative angles represent the extension of the
CMC joint, and positives the flexion. Lines represent the simu-
lated results, whereas the shaded areas highlight the experi-
mental data with standard deviation from Smutz et al. (1998).
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The depicted results show similar moment arm
patterns as previously published models by Ma’touq
et al. (2019), Mirakhorlo et al. (2018), and Lee
et al. (2015b).

Together with the generalized anatomical dataset,
this leads to the conclusion, that the proposed model
represents the musculoskeletal mechanics of the
human hand in an accurate manner. Therefore, the
muscle forces and joint reaction forces calculated with
this model should reflect reality as closely as possible.

Anatomical variability needs to be emphasized in
any type of musculoskeletal model, it therefore needs

to be kept in mind, that patient specific variations of
muscle aligments and unique musculatures can not be
considered by such a generalized model. The patient
specific scaling in size might cope the most significant
anatomical changes in muscle alignment and joint
placement, but is limited to this scaling.

To ensure the most accurate possible answers to
any research questions, the model is scalable to sub-
ject-specific anthropometric data. The necessary
degree of detail (WRAP, VIA, MULTIPLE, and
SINGLE) can be adapted. Additionally, the use of the
consistent anatomical dataset (Havelkova et al. 2020b)

Figure 7. The progression (SINGLE)/ mean progression (MULTIPLE) of the FDS moment arms during flexion of the MCP index joint
with different detailed stages of the model. Clearly notable is, that the model with obstacle methods predicts a better moment
arm behaviour. The simple model drastically decreases the computational effort from 100 % (MULTIPLE-WRAP) to 14 %
(MULTIPLE-VIA) and from 92 % (SINGLEWRAP) to 12 % (SINGLE-VIA).
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from multiple specimens provides generalizability of
the model, as claimed by Goislard de Monsabert
et al. (2018).

In addition to many features that contribute to the
preciseness of the model, the first implementation of
the LU muscles with origins on the FDP tendon leads
to a more accurate prediction of the intrinsic muscle
activities. Thereby, the force equilibrium between, for
example, the two LU of the index finger, is achieved
more physiologically, because each crosses the MCP
joint on each side.

Nevertheless, the model is limited, because the ori-
gins of the LU muscles are fixed on the neutral pos-
ition of the FDP tendons, but do not change position
when the FDP muscles are contracted. By contrast,
simulations show that a manual shifting of the LU
origin point according to the calculated shortening of
the FDP tendon would only lead to a change in the
LU moment arm of 1mm. Considering the way the
moment arm is calculated using the tendon excursion
method, this limitation of the LU being fixed explains
that the intrinsic muscles have no moment arm in the
PIP and DIP joint compared to the experimental data
(see Table 3).

Regarding the different configurations, computa-
tional costs, and the accuracy of the results, the follow-
ing could be stated: the most detailed model includes
more wrapping obstacles within the fingers and more
muscle representatives. This increased level of detail
leads to the most precise outcome but also more com-
putational expenses and, thus, to an approximately five
times longer computational time compared to the sim-
plest detailed model (see Figure 7).

As seen in Figure 7, the progression of the
moment arm is quite similar for the MULTIPLE and
SINGLE configurations. This can be explained by the
fact that these two configurations differ in the size of
the muscles’ origin and insertion zone, as indicated in
Figure 2. The respective muscle representatives have
different muscle paths and correspondingly different
moment arms along the wrist and the CMC joint.
However, from the MCP onwards, these are all very
similar, which leads to only a slight difference in the
moment arm for the MCP joint.

The axis of rotation of each joint is not adjusted
according to the mean cadaveric specimen data, and
therefore, small deviations or offsets of the moment
arms can be explained.

The skin resistance between the fingers during ab/
adduction is only assumptions according to the data
of Gallagher et al. (2012). The material properties of
the skin in the forearm by Gallagher et al. are directly

transferred to the skin properties because no specific
material tests were conducted in the presented ana-
tomic study by Havelkova et al. (2020b).

Although Eschweiler et al. (2016) had already
developed a detailed model of the human wrist within
the AMS, this model is not implemented in the pro-
posed detailed hand model, mainly because of the
reduction of complexity of the model. The eight car-
pal bones in the presented model are defined as one
rigid segment, allowing no movement between the
carpal bones. When the research questions do not
address the force distribution inside the wrist joint,
Schuind et al. (1995) showed that this lack does not
have a great influence on the outcome of the muscle
activities. This limitation can be addressed in a future
version of the model, where splitting of the wrist joint
into an ulnar and radial side might be convenient.
Further enhancements might be the implementation
of helical joint axes in the thumb joints, as proposed
by Kerkhof et al. (2016).

Another point for improvement is the implementa-
tion of the extensor mechanism in the fingers.
Although the kinematics of the extensor mechanism is
partially represented by the finger rhythm, the passive
tension whenever it is elongated is currently still omit-
ted when calculating forces in an inverse dynamics
simulation. Consequently, slightly altered joint reaction
forces on the finger joints could be found, as well as a
possible co-contraction in the finger muscles, as stated
by MacIntosh and Keir (2017) could be lacking.

In general, the anatomical complexity of the fingers
is quite high and the extensor hood is just one
example of the interconnectivity within the human
hand. Although the model is capable of correctly
mapping tendon pulling forces using the obstacle,
which transfers forces to segments, passive joint stiff-
ness or damping moments are not yet implemented
in the model. How the implementation of these
parameters can affect a forward dynamic finger model
is shown by Lee and Kamper (2009).

A further step to enhance confidence in the model
could be an experimental validation, like a comparison
with electromyographical data, as well as testing the
outcome of predicted joint reaction forces against meas-
ured ones, using instrumentalized prostheses similar to
Bergmann’s (2008) implants for the shoulder.

Conclusion

The current study presented the development of a
musculoskeletal hand model using the AMS frame-
work, that is capable of kinematics as well as inverse
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dynamics predictions, based on a consistent anatom-
ical dataset. Comparison with experimental moment
arm studies showed good correlation and emphasizes
the motivation to use the model in an inverse dynam-
ics validation and later in a broad field of
applications.

Many research questions can be answered within
this new framework, through the adaptive implemen-
tation of the hand within the holistic human body
system (AMMR). Thereby, also influences of the
entire body motion on the hand and vice versa can
be addressed.

The presented generic model will become available
in the AMMR and can be used for the biomechanical
investigation of important clinical problems affecting
the human forearm.
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Appendix B 

The progression of all muscles over the flexion/extension and ab/adduction ranges can be found 

here. 

 

 

 

 

Figure B1: Progression of the moment arms for the wrist regarding the extensor and flexor muscles during the extension/flexion 

phase. Negative angles represent the extension of the wrist, and positives the flexion. Lines represent the simulated results, 

whereas the shaded areas are the experimental results with standard deviation from Loren et al. (1996).  

 

Figure B2: Progression of the moment arms for the wrist regarding the extensor and flexor muscles during the radial/ulnar  

abduction phase. Negative angles represent the radial, and positives the ulnar abduction. Lines represent the simulated results, 

whereas the shaded areas are the experimental results with standard deviation from Loren et al. (1996).  
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Figure B3: Progression of the moment arms for the index finger regarding extrinsic and intrinsic hand muscles during the 

flexion of the MCP joint. Lines represent the simulated results, whereas the shaded areas highlight the experimental data with 

standard deviation from An et al. (1983).   

 

Figure B4: Progression of the moment arms for the index finger regarding extrinsic and intrinsic hand muscles during the 

adduction of the MCP joint. Lines represent the simulated results, whereas the shaded areas highlight the experimental data 

with standard deviation from An et al. (1983).   

 

Figure B5: Progression of the moment arms for the thumb regarding extensor and flexor muscles during flexion around the 

CMC joint. Negative angles represent the extension of the CMC joint, and positives the flexion. Lines represent the simulated 

results, whereas the shaded areas highlight the experimental data with standard deviation from Smutz et al. (1998).  
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Figure B6: Progression of the moment arms for the thumb regarding extensor and flexor muscles during abduction/adduction 

around the CMC. Negative angles represent the adduction of the CMC joint, and positives the abduction. Lines represent the 

simulated results, whereas the shaded areas highlight the experimental data with standard deviation from Smutz et al. (1998).  

 

Figure B7: Progression of the moment arms for the thumb regarding extensor and flexor muscles during flexion around the 

MCP joint. Negative angles represent the extension of the MCP joint, and positives the flexion. Lines represent the simulated 

results, whereas the shaded areas highlight the experimental data with standard deviation from Smutz et al. (1998).  

 

Figure B8: Progression of the moment arms for the thumb regarding extensor and flexor muscles during abduction/adduction 

around the MCP. Negative angles represent the adduction of the MCP joint, and positives the abduction. Lines represent the 

simulated results, whereas the shaded areas highlight the experimental data with standard deviation from Smutz et al. (1998).  
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Figure B9: Progression of the moment arms for the thumb regarding extensor and flexor muscles during flexion around the 

CMC joint. Negative angles represent the extension of the CMC joint, and positives the flexion. Lines represent the simulated 

results, whereas the shaded areas highlight the experimental data with standard deviation from Smutz et al. (1998). 
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Linear Relation of Hand Lengths and Finger Segment Lengths

Supplementary material to:

A new musculoskeletal AnyBody detailed hand model

Regarding patient-specific scaling, it is not always feasible to measure all dimensions of each

finger segment. However, Buchholz et al. (1992) proposed a linear correlation between the

hand length and the length of each finger bone. Since the study of Buchholz et al. (1992) only

included dimensions of six hands, an own study with the X-ray data of 71 patients has been

conducted in order to determine a more accurate relation.

Overview

Out of an international project, we had access to 71 anonymous anterior posterior X-Ray

scans of entire human hands (49 women and 22 men). Bone lengths were measured manually

from DICOM images, whereby the entire visible bone length from the proximal articular surface

to the distal or the bones fingertip.
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Anthropometrics

Following, the mean hand length and width are displayed.

Table 2.1: Mean parameters in mm

Mean Length Mean Width Std of Length Std of Width

All 190.51 84.73 12.67 6.35

Male 202.53 91.97 10.61 4.11

Female 185.12 81.48 9.43 4.09
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Figure 2.11: Investigated patients hands parameter. Sorted by hand length.

Hand and finger segment lengths

Following the means of the measured finger segment lengths are depicted.

Table 2.2: Mean segment lengths & standard deviation of the segment lengths in mm

DP MP PP MC

Thumb 21.96 - 30.04 44.54

Index 16.82 22.39 38.64 66.35

Middle 17.73 27.26 42.96 63.67

Ring 18.18 25.95 40.11 56.17

Little 16.08 18.21 31.87 51.66

DP MP PP MC

Thumb 1.89 - 2.52 3.29

Index 2.10 1.91 2.75 4.66

Middle 1.48 2.13 2.94 4.51

Ring 1.60 1.99 2.69 3.96

Little 1.77 1.99 2.30 3.59
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Separating the values for female and male hands obtain the following differences:

Female mean segment lengths

Table 2.3: Female mean segment lengths & standard deviation of the segment lengths
in mm

DP MP PP MC

Thumb 23.36 - 31.82 47.28

Index 17.98 23.59 40.49 69.96

Middle 18.90 28.77 44.81 66.90

Ring 19.53 27.37 41.94 58.43

Little 17.52 19.26 33.28 54.35

DP MP PP MC

Thumb 1.55 - 2.08 2.69

Index 2.14 1.70 2.28 3.98

Middle 1.13 1.80 2.57 4.07

Ring 1.22 1.77 2.36 3.61

Little 1.43 1.93 2.07 3.17

Male mean segment lengths

Table 2.4: Male mean segment lengths & standard deviation of the segment lengths
in mm

DP MP PP MC

Thumb 21.34 - 29.24 43.31

Index 16.30 21.85 37.80 64.72

Middle 17.21 26.59 42.13 62.21

Ring 17.58 25.32 39.28 55.16

Little 15.43 17.75 31.23 50.46

DP MP PP MC

Thumb 1.85 - 2.52 2.82

Index 1.42 1.82 2.80 3.96

Middle 1.50 2.03 2.85 3.68

Ring 1.53 1.70 2.44 3.76

Little 1.60 1.70 2.16 2.94
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Linear relation

The linear relation for all patients can be calculated according to Buchholz et al. (1992) Hereby

a linear relation (rs) for each finder segment length (ls) to the persons hand length (lH ) is

propagated as:

rs :=
ls
lH

· 100

Following, values are presented, for female and male data.

Table 2.5: Mean relation rs :=
ls
lH

for female and male hands separated in percent

Female relation

DP MP PP MC

Thumb 11.527 - 15.796 23.398

Index 8.805 11.801 20.421 34.962

Middle 9.296 14.361 22.758 33.607

Ring 9.496 13.678 21.219 29.795

Little 8.337 9.586 16.871 27.256

Male relation

DP MP PP MC

Thumb 11.533 - 15.711 23.344

Index 8.875 11.647 19.992 34.545

Middle 9.330 14.206 22.126 33.033

Ring 9.645 13.513 20.710 28.850

Little 8.648 9.509 16.432 26.836

Because the mean relation is not influenced much by the sex, the mean relation table over all

investigated hand measures is:

Table 2.6: Mean relation rs :=
ls
lH

and standard deviation in percent

DP MP PP MC

Thumb 11.529 - 15.768 23.380

Index 8.828 11.750 20.280 34.825

Middle 9.307 14.310 22.550 33.418

Ring 9.545 13.623 21.052 29.483

Little 8.439 9.561 16.726 27.117

DP MP PP MC

Thumb 0.993 - 1.325 1.726

Index 1.100 1.005 1.443 2.445

Middle 0.776 1.117 1.542 2.368

Ring 0.840 1.044 1.410 2.076

Little 0.928 1.044 1.209 1.882

Discussion

The calculation of the finger bones length by a linear relation with the hand length seems

reasonable, when more detailed information on the fingers is lacking. Here, the relation is

better for the finger segments (DP, MP, PP) than for the metacarpal bones. Our findings

correlate well with the study by Buchholz et al. (1992). Furthermore a similar study by
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Buryanov and Kotluk (2010) show also a high accordance in the measured finger segment

lengths.
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2.9 Paper: Electromyography Based Validation of a

Musculoskeletal Hand Model

Based on the developed inverse dynamic model a deeper validation was conducted. In-

spired through the experimental setup by Maximilian Melzner at the OTH Regensburg,

the aim of this work was to further validate the hand model by analysing numerically

calculated muscle activities with experimentally measured electromyographical signals

of the muscles. In Regensburg, Mr. Melzner examined experiments with five volun-

teers, where electromyographical signals of ten hand muscles during seven different

hand movements were measured. Based on the kinematics of these measurements,

the numercial muscle activities were computed using the developed hand model.

The results showed, that the hand model fits the experimental measurements quite

accurately despite some limitations. This validation, conducted in a cooperation, is

therefore a further step towards patient-specific modelling of the upper extremity. The

paper was published by the American Society of Mechanical Engineers in the Journal

of Biomedical Engineering [48] but not considered in the evaluation of this doctoral

thesis.
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2.10 Paper: Hand Motion Capture from a 3D Leap

Motion Controller for a Musculoskeletal Dynamic

Simulation [29]

To circumvent the time consuming experimental setup of marker based motion capture

experiments (as used in the EMG study (2.9)) a more flexible solution was investigated.

The Leap Motion Controller (LMC) is a low-cost, marker less motion capture device

that tracks hand, wrist and forearm positions.

The aim of this study was to use the LMC to simplify the process of recording hand

movements. The outcome is a Python-based interface between the LMC and the

AnyBody Modeling System, which can record and save the data of a movement as

Biovision Hierarchy data and AnyScript vector files. Setting simulation parameters,

initiating the calculation automatically and fetching results is implemented by using

the AnyPyTools library from AnyBody. Hereby, an automatic interface between the

LMC and the AnyBody Modeling System was established.

Planning, supervision and management of student projects was conducted by Lucas

Engelhardt. Wherein Robin Fonk and Sean Schneeweiss and subsequently Verena

Schweinstetter and Andreas Abt developed and enhanced this automatic interface.

The resulting software package ROSE-Motion showed good accordance of the tracked

hand motions in comparison with marker tracking records and is freely available [66].

Covering was the main issue for inaccuracies, so Verena Schweinstetter and Andreas

Abt investigated the use of two LMC sensors. Results and explanations where pub-

lished open accessible in the Journal MDPI Sensors [29].
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Abstract: The AnyBody Modeling System™ (AMS) is a musculoskeletal software simulation solution
using inverse dynamics analysis. It enables the determination of muscle and joint forces for a
given bodily motion. The recording of the individual movement and the transfer into the AMS is
a complex and protracted process. Researches indicated that the contactless, visual Leap Motion
Controller (LMC) provides clinically meaningful motion data for hand tracking. Therefore, the aim
of this study was to integrate the LMC hand motion data into the AMS in order to improve the
process of recording a hand movement. A Python-based interface between the LMC and the AMS,
termed ROSE Motion, was developed. This solution records and saves the data of the movement
as Biovision Hierarchy (BVH) data and AnyScript vector files that are imported into the AMS
simulation. Setting simulation parameters, initiating the calculation automatically, and fetching
results is implemented by using the AnyPyTools library from AnyBody. The proposed tool offers a
rapid and easy-to-use recording solution for elbow, hand, and finger movements. Features include
animation, cutting/editing, exporting the motion, and remote controlling the AMS for the analysis
and presentation of musculoskeletal simulation results. Comparing the motion tracking results with
previous studies, covering problems when using the LMC limit the correctness of the motion data.
However, fast experimental setup and intuitive and rapid motion data editing strengthen the use of
marker less systems as the herein presented compared to marker based motion capturing.

Keywords: musculoskeletal hand model; hand motion; leap motion controller; motion capture; range
of motion; anybody modeling system; AMS; bvh

1. Introduction

Joint reaction forces, moments, as well as muscle activities are crucial parameters for
medical implant design, rehabilitation, or biomechanical research questions. To address
those musculoskeletal questions, the inverse dynamics modeling approach is an increas-
ingly applied method. In contrast to implanted sensors for experimental measurements,
this simulation approach is ethically not questionable and adaptable for parameter studies.
The work of Engelhardt and Melzner et al. [1] introduced a musculoskeletal hand model
developed for inverse-dynamics simulations with the AnyBody Modeling System™ (AMS).
This was used to further analyze the resulting human hand joint and muscle forces in an
ongoing motion sequence. The work of Rasmussen et al. [2] described the computational
procedure for using the AMS. As indicated, movements of the body model are based
on kinematic measurements [2]. The kinematic data are frequently recorded by using a
marker-based camera motion capture system (MoCap). MoCap can be time-consuming,
cost-intensive, and possibly inaccurate because tracked markers attached to the skin move
relative to the bone [3]. A motion capture tracking system can take an enormous effort for
the experimental setup. Applying non-anatomical parameters as video tracking markers to
the model is overall a complex task. As many as 39 reflective markers have to be placed
on the subject’s hand, and the camera system needs to be manually calibrated and set up.

Sensors 2021, 21, 1199. https://doi.org/10.3390/s21041199 https://www.mdpi.com/journal/sensors

P3

55



Sensors 2021, 21, 1199 2 of 14

The data have to be edited and optimized to be able to transfer the motion data to the AMS
skeleton. In Gragg et al. [4], this is described as having a Cartesian space on the motion
capture system and transferring the positions into joint space. Alternatively, physiological
joint angles could be directly applied for driving the human model. Therefore, similar to
the posture reconstruction method proposed by Gragg et al., marker-less motion capture
systems could be used to apply motion to body models. For gait analysis or full body
modeling the Microsoft Kinect Sensor (Microsoft Corp., Redmond, WA, USA) has been
used [3] and for an accurate motion capture of the hand, the Leap Motion Controller (LMC)
(Leap Motion, San Francisco, CA, USA) has been identified to suit the needs for medical
applications [5–7]. Studies [8–13] have measured the accuracy of the motion tracking
of the hand with the LMC. The conclusion of Smeragliuolo et al. [12] indicated that the
LMC provides clinically meaningful data for wrist flexion/extension, mostly meaningful
data for wrist deviation, and inaccurate measurements of forearm pronation/supination.
Chophuk et al. [11] for finger joint angles compared the LMC and a finger goniometer,
with the results displaying a mean error of 5.73 degree. The finger goniometer might be
the more accurate reference measurement but unable to track motions of the entire forearm
in the desired way. The LMC provides the positions and orientation of the bones and
joints of the entire recorded hand. Based on these values, joint drivers in the AMS can
be applied to reproduce the same posture and movement. This is done by driving joint
angles and therefore rotating the attached bones as part of the kinematic analysis in the
AMS. The created motion is then used for the inverse-dynamic simulation that calculates
musculoskeletal forces and moments.

The aim of the present work was to engineer an automatic interface between an LMC
and the AMS to capture hand movements and integrate them into an inverse-dynamic
musculoskeletal simulation. It should be investigated, if a sensor—mainly developed for
media and entertainment purpose—is able to be used as a motion input for musculoskeletal
models in biomechanical research. Limitations due to covering problems as reported by
Rühlicke [14] were analyzed, proposing an accuracy measurement using video tracking in
comparison to the marker-less motion capture recording. To evaluate how precise the LMC
works within this new framework, the motion was compared between the video tracking
and the LMC recording.

2. Methods
2.1. General Approach

This work explains the developed tool set ROSE Motion, featuring an automated
workflow from a motion recording with the LMC, generation of motion files, and import
into the AMS with a subsequent kinematic analysis. This interface software connects the
LMC with AMS using Python [15] and core features of the Python libraries Gooey [16]
(graphical user interface for settings), AnyPyTools [17] (interface for AMS), LeapCxx [18]
(interface for the LMC), and PyMO [19] (motion data handling and animation). The source
code and the required Python packages are available in [20]. The software solution ROSE
Motion controls the LMC. ROSE Motion is a Python program to save motion data of
recorded positions, angles, finger lengths, and bone segments. The AMS uses the motion
data for driving finger joint movement. This work compares two approaches to process the
recorded motion within AMS:

• Marker-based C3D (three-dimensional time-sequence data) and Biovision Hierarchy
(BVH) files for MoCap simulation:
Imported trajectories of marker coordinates are fitted to model attached points using
the AnyMoCap™ Framework [21]. An optimization algorithm calculates the motion
of the arm while maintaining the minimum distance to the linked markers (Figure 1a)
possible. This procedure requires manual adaptions of the initial position, marker
alignment, and mapping prior to the simulation.

• Joint angle interpolation:
For each joint (i.e., wrist) and each degree of freedom (flexion/extension, abduc-
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tion/adduction, and pronation/supination) a (time)series of recorded angles is in-
terpolated with a B-spline and the resulting continuous function is used to drive the
respective joint. For that, the recorded motion has to be converted into subsequent
joint angles and transferred into the AMS study. A neutral-zero position of the arm is
used as a reference position to which all following positions are compared. The calcu-
lated joint angles will therefore describe the motion to drive the joints from the initial
position to the recorded position (Figure 1b).

Motion Capture Framework
using marker positions

B-Spline interpolation
using joint angle drivers

(a) (b)

Figure 1. Possibilities to process recorded motion in the AMS. (a) MoCap simulation uses motion files with trajectories of
marker coordinates. The distances between the recorded coordinates of the blue points from the movement file and the red
reference points on the skeleton are minimized by solving an optimization problem. The arrows represent the orientation of
the local and global coordinate systems. (b) Joint angle interpolation is based on B-spline interpolation of recorded motion
and uses the resulting continuous function for driving the joint according to flexion/extension, abduction/adduction, and
pronation/supination.

2.2. Workflow

The Python based ROSE Motion software implements the following steps (Figure 2):
First, the LMC records the hand movement. Meanwhile, the software stores time-sequence
data. Following termination of the recording, the Cardan angles in each joint are internally
calculated. The angle values and recording information are exported to AMS data files.
ROSE Motion automatically initiates the AMS simulation, and dumps the selected results
for postprocessing.

1. Recording
with LMC

ROSE Motion

2. Calculate
Joint Angles

3. Transfer
Motion Data

to AMS
4. AMS
Analysis

Figure 2. Workflow of the developed tool ROSE Motion. After the hand movement is recorded, the cardan angles of the
various finger joints are calculated for each frame. The calculated time-sequence data is transferred via data files to the
AMS. The simulation starts automatically.
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2.2.1. Recording with the LMC

In the first step, the LMC recognizes the motion of a single or both hands and ROSE
Motion stores the positions and basis of each bone segment from elbow to finger tip (green
and blue dots in Figure 3) according to the LMC internal hand model. The joint angle
calculation is based on recorded frames, each frame holding the position and the basis of
the bone segments in-between the joints.

LMC

Motion
and joint angle
calculation based on:

• bone segments coordinates
• bone segments orientation
• frames

Figure 3. Recording the hand motion with a LMC. The LMC software visualizes the finger bones
and joints of the internal hand model—marked on the screen as green and blue dots. The software
ROSE Motion processes the LMC data and saves frames with motion data while recording, e.g., bone
segments coordinates and bone segments orientation (source of image: the work in [22]).

2.2.2. Calculate Joint Angles

To transfer the motion into the AMS, the corresponding angles must be calculated
for each recorded frame/time step and for each joint. Accordingly, three joint angles
(Cardan angles) were exported per joint, each describing a relative angle between two
bone segments, i.e., metacarpal to proximal phalanx, along a selected axis [23]. In this
work, the joint coordinate system followed the standards of the International Society of
Biomechanics as described by Disselhorst-Klug et al. [24]. The three angles (φ, θ, ψ) and
the corresponding axes in Figure 4 are

• rotation about the flexion and extension axis (X-axis, φ),
• rotation about the resultant abduction and adduction axis (Y-axis, θ), and
• rotation about the resultant rotation axis (Z-axis, ψ).

An initial position (neutral-zero position) of the hand is set in the AMS. The joint angle
calculation is based on the reference position and bone bases of the flat outstretched hand
exported from the AMS. The angles for the following motion are calculated depending
on this reference position. ROSE Motion saves the basis for each bone—per frame/time
step—from the LMC recording. From this basis, the required joint angles (φ, θ, ψ) are
calculated by matrix multiplications and angle functions. As an example, the index finger
is shown in Figure 4. The index finger is shown in its initial position and below, in the
following position, the index finger is flexed. To reproduce this motion, in each frame the
angles φMC,PP, φPP,IP and φIP,DP are calculated (θ and ψ accordingly).
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+X
+Y

+Z

+X

+Y

+Z

0

+X
+Y

+Z

Index finger at initial frame (initial position):

Wrist

+X
+Y

+Z

Index finger at following frame:

Wrist

φMC,PP

φPP,IP

φIP,DP

MCPPIPDP

Wrist

MC

PP

IP

DP

(a) (b)

(c)

Figure 4. Definition of the joint angles. (a) The skeletal structure of a hand. (b) The stretched position of the index finger
(wrist, metacarpals (MC), proximal phalanges (PP), intermediate phalanges (IP), and distal phalanges (DP)) represents the
reference position. (c) Angles are calculated in a followed bending position of the index finger. The angles φMC,PP, φPP,IP

and φIP,DP represent the angles around the X-axis (flexion/extension).

The basis of a bone represents a rotation matrix, which defines the rotation from the
global coordinate system into the current orientation of the bones local coordinate system.
Using the basis of an arbitrary bone, for example, bone A, at time ti and at time ti+1,
another rotation matrix can be calculated, which reflects the rotation between time ti and
ti+1. The matrix RA,0(ti) represents the rotation from the origin 0 to the bone A at the time
frame i. R0,A(ti) represents the rotation from the bone A to the origin 0 and is equal to
(RA,0(ti))

T . With matrix multiplication [23,25], it is possible to calculate the rotation matrix
RA(ti, ti+1) from bone A between the time frame ti and ti+1. From the rotation matrix
RA(ti, ti+1) the Cardan angles φ, θ, and ψ can be calculated [23,26] and implemented as in
the Blender mathutils library [27].

RA,0(ti) =




xbasisx ybasisx zbasisx
xbasisy ybasisy zbasisy

xbasisz ybasisz zbasisz


 RA,0(ti+1) =




xbasisx ybasisx zbasisx
xbasisy ybasisy zbasisy

xbasisz ybasisz zbasisz




RA(ti, ti+1) = RA,0(ti) ·R0,A(ti+1) = RA,0(ti) · (RA,0(ti+1))
T

→ (φ, θ, ψ) calculated from RA(ti, ti+1)

To simplify the transfer of the angles to the AMS, the angles of the joints are always
calculated in relation to the initial position t0 of the hand. The calculation of the Cardan
angles is shown by an example in Figure 5. The angle between the proximal phalanges (PP)
and intermediate phalanges (IP) of the index finger is calculated. The calculation is divided
into two steps. In the first step, the rotation matrix R(t0, ti) of the IP and PP is calculated at
the time t0 to the bones IP and PP at the time ti. The calculation is made by the basis R(t0)
and R(ti) of the bones and is the same as in Equation (1). To calculate the Cardan angle
between the PP and IP, the difference of both rotation matrices RPP(t0, ti) and RIP(t0, ti)
must be determined in the same way as in Equation (2).
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φPPφIP - = φPP,IP

RIP(t0)

RIP(ti)

RPP(t0)

RPP(ti)

RPP(t0, ti)

RIP(t0, ti)

Figure 5. To obtain the angle φPP,IP between the proximal phalanges (PP) and intermediate phalanges
(IP) the angles φIP and φPP are needed. Consequently, first the angle φIP will be calculated with the
rotation matrix from RIP(t0) at the initial condition (t0) and RIP(ti) at the time step ti. Second, the
angle φPP will be calculated with the rotation matrix from RPP(t0) at the initial condition (t0) and
RPP(ti) at the time step ti. The difference between φPP and φIP defines the required angle φPP,IP.

The calculation of the example as graphically illustrated in Figure 5 is applied to all
finger joints.

RIP(t0) =




xbasisx ybasisx zbasisx
xbasisy ybasisy zbasisy

xbasisz ybasisz zbasisz




RIP(ti) =




xbasisx ybasisx zbasisx
xbasisy ybasisy zbasisy

xbasisz ybasisz zbasisz




RPP(t0) =




xbasisx ybasisx zbasisx
xbasisy ybasisy zbasisy

xbasisz ybasisz zbasisz




RPP(ti) =




xbasisx ybasisx zbasisx
xbasisy ybasisy zbasisy

xbasisz ybasisz zbasisz




RIP(t0, ti) = RIP(t0) · (RIP(ti))
T RPP(t0, ti) = RPP(t0) · (RPP(ti))

T (1)

RIP,PP(t0, ti) = RPP(t0, ti) · (RIP(t0, ti))
T (2)

→ (φPP,IP, θPP,IP, ψPP,IP) calculated from RIP,PP(t0, ti)

2.2.3. Transfer Motion Data to the AMS

To transfer the calculated joint angles to the AMS, the angles must be stored in data
files. For each finger (1: thumb; 2: index; 3: middle; 4: ring; 5: pinky) as well as for the wrist
and the elbow such files are written (Figure 6, Interpolation). In each file, three vectors
are stored for each joint to fully represent the movements of a joint: flexion/extension,
abduction/adduction, and rotation. along the longitudinal side). In addition, a time series
vector is needed for the interpolation. This file TimeSeries.any holds a vector with evenly
spaced numbers between zero and one. The length of all vectors are equal to the number
or recorded frames. Because the LMC tracks the coordinates of the joints, it is also possible
to extract the length of the fingers (Figure 6, Scaling). The solution records and saves the
data of the movement as BVH data file and vector files, which are imported into the AMS
simulation. Using the BVH file standard allows other tools to edit and view the recorded
motion (Figure 6, Animation).
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Elbow.any
Wrist.any
Finger1.any
Finger2.any
Finger3.any
Finger4.any
Finger5.any
TimeSeries.any

.bvh file

FingerLength.any

Interpolation

Scaling

Animation

Figure 6. The transfer of data from the LMC to the AMS is divided into three categories. Interpolation:
The angles of all joints of the fingers: 1—thumb, 2—index, 3—middle, 4—ring, and 5—pinky, as well
as for the wrist and the elbow are stored in vector files. In each file up to three vectors are stored for
each joint in order to fully represent the movement in a joint: flexion/extension, abduction/adduction,
and rotation. Scaling: The positions of the joints are used to calculate the lengths of the fingers, which
are transmitted via the file (FingerLength.any). Animation: The complete movement is stored in a
BVH motion file. This serves to restore the recording and visualize the movement. (Source: Leap
Motion logo [28] and AnyBody logo [29]).

2.2.4. AMS Analysis

The AMS can be controlled via the Python library AnyPyTool enabling remote con-
trolled simulation and result analysis. The workflow is shown in Figure 7. Depending on
the selected operations, each task will be executed automatically. First, the model is loaded
(load) and initialized (initial conditions). In addition, parameters to control the model
behavior could be set (set parameter). ROSE Motion allows a change in the number of
steps for the calculation. The initial position of the model represents an outstretched hand
and fingers, by setting all joint angles to zero. Subsequently, the motion (kinematics) is
calculated, based on the vector files with the recorded joint angles. In more detail, the joints
are driven by a function described in Section 2.1. Finally, the inverse-dynamic problem can
be solved. This calculates individual muscle and joint forces. When selected, a dump file of
the results is saved to make the data available for further processing and replays.

2.3. Validation

For validation, the motion was captured simultaneously with a Garmin Virb Ultra
30 action video camera and the LMC to evaluate how precisely the LMC records a motion.
These two recordings (LMC and video camera) were compared. Each recording started
with an outstretched hand and ended with a fist, which was repeated multiple times for
comparison. The recording was made at two different shooting positions. In the first shoot,
the hand was positioned horizontally above the sensor (Figure 8a). The camera looked at
the side of the index finger. Pre-experimental assessments indicated that measurements of
the flexion angle of the proximal interphalangeal joint were the most inaccurate. Therefore,
the index finger of the proximal interphalangeal joint is used for further analysis.
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start program

load

set parameter

initial condition

kinematics

inverse dynamics

dump

results

Figure 7. The Python library AnyPyTools can be used to control the AMS. Various actions can be
performed using Python and AnPyTool: start the AMS, load the simulation model, set parameter, set
the model to its initial conditions, start the kinematic, and inverse dynamics analysis and dumping
the result values (source: AnyPyTool logo [30]).

The flexion angle (φPP,IP) was calculated using both recordings, the LMC recording
used ROSE Motion and the recording from the Garmin camera. The video analyzing
tool Tracker [31] measured the positions of the black markers on each joint of the index
finger (Figure 9). The tracking software returned the position of the joints for each frame.
From these positions, the angle could be calculated using vectors and angle functions.
The same procedure was also used for the vertical hand shoot (Figure 8b). The hand was
held vertically above the sensor. To follow the angulation of the hand, the camera was
positioned over the sensor. The angle from ROSE Motion and from the camera video were
compared accordingly.

Leap
Motion
Controller

Leap
Motion
Controller

(a) (b)

Figure 8. Experimental setup to validate the motion recording of the LMC. (a) Experimental setup for a flat hand above the
sensor. The position of the camera was on the right to the sensor, to obtain the best view of the index finger making a fist.
(b) Experimental setup for a vertical hand over the sensor. The position of the camera is above the sensor, to obtain the best
view of the index finger making a fist (source: Leap Motion Sensor [28] and icons [32]).
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(a) (b)

Figure 9. View of the camera on the index finger to track the movement. Black points at the joints of
the index finger were tracked by the video tracking software Tracker [31]. With the positions from
the tracking software the proximal interphalangeal joint angles (flexion, φPP,IP) could be calculated.
(a) Camera on left side of the sensor. (b) Camera above the sensor.

3. Results
3.1. Motion Recording and Simulation with ROSE Motion

The solution ROSE Motion is written in Python and combines useful tools to rapidly
integrate the recorded motion in the body simulation. Its main work flow is depicted in
Figure 10 and consists of four main features:

• Record
In the Record function, various settings can be made. It can be specified with how
many frames per second the recording is executed. Furthermore, it can be decided
whether interpolation files and/or a BVH file is written and its storage location. While
recording, a window opens in which the tracked hand movement is visualized in
real-time. Upon completion of the recording, an animation to view every frame of the
recorded hand is shown.

• AnyBody
The AMS simulation can be started in the AnyBody feature. Different file sources
(including BVH) can be selected, which are modified and copied to the correct location.
In addition, one can specify which frames should be included in the simulation (start
frame and end frame). Then, all studies to be run by the AMS (initial conditions,
kinematic analysis, and inverse-dynamic analysis) can be selected (see Section 2.2.4).
Once the simulation has finished, the AMS will be opened and shows a replay of the
calculated movement. Further analyses inside the AMS are then directly possible.

• Converter
In the Convert component, a given BVH file can be converted to the interpolation files
used for the AMS.

• Animation
Opens a BVH file to animate it, a slider can be used to iterate through the frames.
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ROSE
MOTION

Figure 10. The program ROSE Motion provides an automated interface. The hand movement is
recorded with the LMC. With the help of Python and the library AnyPyTools, the movement is
transferred to the AMS, which can then be analyzed (source: Leap Motion logo [28], Python logo [33],
AnyPyTools logo [30], and AnyBody logo [29]).

The source code and further instructions are available in [20].

3.2. Accuracy Measurement

To evaluate how precisely the LMC records a motion, the motion was captured
simultaneously with an action camera and the LMC. These two recordings were compared.
The angle from the video and the recording by the LMC matched. In extreme situations, i.e.,
the proximal interphalangeal joint angle exceeding 80 degrees, the LMC may not display
hand movement correctly. When the fingers are fully extended, the angle should be close to
zero degrees. The sensor has a basic angle in the joints, which is assumed to be due to the
hand’s basic posture. The difference is shown in Figure 11b. The video has an angle from
almost zero degrees, whereas the LMC covers an angle from approximately 10 degrees.
Additionally, with a strong buckling, such as a fist, there are major differences. According
to video recording, the angle should be approximately 100 degrees, but the sensor cannot
detect this extreme bending (Figure 11a). The difference between the recording of the
horizontal hand and the vertical hand is the occlusion when shooting. In the horizontal
hand, the stretched hand is still relatively well recognized. Strong settlements cannot be
distinguished from this perspective. When forming a fist, there are overlaps of finger and
hand, causing the LMC to recognize inaccurate values. In the vertical recording, the flat
hand is even more difficult to recognize. This is because the sensor can actually only
pick up the little finger, while the other fingers are hidden. The inclusion of the fist is
better compared to the horizontal recording. The angulation can be better obtained by the
perspective. For that reason, the angle is closer to the required 100 degrees.
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Figure 11. Comparison of the flexion φPP,IP, angle between the proximal phalanges (PP), and the intermediate phalanges
(IP) while forming a fist, recorded by the LMC (red, solid) and the motion tracking of the video camera (blue, dotted).
(a) The hand is horizontally above the sensor. (b) The hand is vertically above the sensor. Because of finger covering, palm
covering, and a lack of contrast, the LMC makes a mistake during the recording of a movement in extreme situations (angle
> 80 degrees).

4. Discussion

The aim of this work was to engineer an automatic interface between a LMC and
the AMS to capture hand movements and integrate them into an inverse-dynamic muscu-
loskeletal simulation. The LMC provides the positions and orientation of the bones and
joints of the recorded hand which can be accessed to calculate joint angles to reproduce the
same posture and movement within the AMS using joint drivers.

The publicly available, open source software ROSE Motion fully integrates the LMC
and allows integrated hand movement recording and analysis, and editing of the recorded
motion. It provides patient specific motion data and finger lengths for the AMS model.
The setup, run, and result evaluation of the AMS is directly possible within ROSE Motion.
Recorded data can be widely exchanged and used for further applications using the well
known BVH format for motion files. Benefits of the proposed solution include rapid motion
recording and evaluation of results. The LMC itself is internationally available at low cost
and can be used with all major operating systems. No complex experimental setup is
required, compared to the time consuming and expensive marker based motion capturing
using multiple cameras and complex software. With ROSE Motion it is possible to use the
LMC for motion input for musculoskeletal models in biomechnical research.

Inaccuracies can potentially occur either within the AMS hand model (see in [1]) or
by LMC recording limitations. The proposed solution is in active development and is
currently limited to the integration of the AMS, whereas other inverse-dynamic simulation
software as OpenSim [34,35] are out of scope. Although motion export as BVH file might
be a solution to work with other tools, a direct integration is preferable. The calculation of
joint angles and output to vector files is based on a specific AMS hand model. Updates to
the used hand model could introduce breaking changes, requiring fixes of the integration.
In addition, a hand model specific neutral-zero position of the arm is used as a reference
position for all joint angle calculations. A remapping of coordinate systems might be
required if changing the AMS model.

The following limitations correspond to the LMC recorded motion data. The overall
functionality of the workflow and integration was proven by the accuracy measurement
in Section 2.3. Corresponding limitations because of covering problems—as reported by
Rühlicke et al. [14]—were thereby analyzed, proposing an accuracy measurement using
video tracking in comparison to the marker-less motion capture recording. Inaccuracy of
the anatomical representation of the movement can occur through finger covering, palm
covering, or lack of contrast [14]. A similar outcome was discovered in the accuracy mea-
surements comparing the calculated LMC data with tracked video recordings (Section 3.2).
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The data error was particularly noticeable for the edge cases: rapid movements, forming a
strong fist and LMC distant, and covered fingers. In general, it can be said that the LMC
provides accurate results for the finger dimensions, palm orientation, and position as well
as the orientation of outstretched or slightly flexed fingers.

Inaccuracies could be reduced by various approaches. As Leap Motion evolves, the anatom-
ical presentation and internal hand model will improve. Furthermore, LeapUVC—new interface
for Education, Robotics, and more—allows the user to make multiple settings. LeapUVC pro-
vides access to the LMC through the industry standard Universal Video Class (UVC) interface.
With this application, settings like light-emitting diode brightness, gamma, exposure, gain,
and resolution can be changed. The new settings could reduce the error of occlusion [36].
Another approach is the use of two LMCs as in Placidi et al. [37]. The two sensors are posi-
tioned in such way that the covering of the hand is minimized. An experimental multiple
device support [38] enabling the connection of two LMC devices to a single computer is in
active development. The recordings of two sensors could be synchronized and compared.
In a future release, the confidence value might allow a statement on how well the internal
hand model fits the observed data. The sensor with the better fit should then be selected
for each frame to extract the hand data. Consequently, self-coverage, and as a result the
error, could be reduced. The herein presented tool can easily be adjusted to benefit from
the enhancements in terms of using multiple LMCs.

5. Conclusions

An automatic interface between an LMC and the AMS to capture hand movements
and integrate them into an inverse-dynamic musculoskeletal simulation was established.
This linking shows a fast and low-priced alternative to track forearm motions in biomechan-
ical applications as musculoskeletal simulation models. Limitations because of covering
problems were analyzed, proposing to measure the accuracy by using video tracking in
comparison to the marker-less motion capture recording. The ROSE Motion software
framework is currently limited to the integration of the LMC into the AMS simulation.
The approach and software code can be further adapted to be used for additional research
cases. Developers and scientists are welcome to contribute, improve, or report issues. The
software’s source code is publicly available at [20] and released as open source software
under the Massachusetts Institute of Technology license.
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Abbreviations
The following abbreviations are used in this manuscript:

AMS AnyBody™ Modeling System
BVH Biovision Hierarchy
C3D Three-Dimensional Time-Sequence Data
DP Distal Phalanges
IP Intermediate Phalanges
LMC Leap Motion Controller
MC Metacarpals
MDPI Multidisciplinary Digital Publishing Institute
MoCap Motion Capture
PP Proximal Phalanges
UVC Universal Video Class
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Chapter 3
Application of the Hand Model to a

Hand Gripping Exercise

In the progress of the clinical study on patients who suffered a distal radius fracture, a

defined mechanical stimulus is to be exerted. After the fracture’s fixation by a plaster

cast, the patients are urged to perform a gripping exercise with a corresponding tool on

a daily basis (Figure 3.1). Consequently, the muscle contraction initiates a mechanical

Compress

Open

Figure 3.1: Hand gripping exercise: First compress the handgrip exercise tool by
closing the fist, then pause a short moment and afterwards open the grip
again.
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stimulus on the radius articular surface and thereby in the fractured area. During

the hand gripping the structures in the hand and forearm exhibit muscle and joint

forces. These need to be determined, since they form the boundary conditions for

further fracture healing simulations. With the aid of the previously developed detailed

hand model within the AnyBody framework, the gripping exercise could be modelled.

In addition, we were able to calculate the articular forces and muscle activities in

the wrist with the help of an inverse dynamic simulation. Experiments conducted at

the Institute of Orthopaedic Research and Biomechanics and the OTH Regensburg

enhanced the gripping model in many ways. The motion of five volunteers performing

the hand gripping task was tracked by a marker system as in the previously presented

EMG-study (2.9). Consequently, the EMG-signals were also compared within the

hand gripping simulation.

Enhancements on the previously developed model by Lucas Engelhardt were inves-

tigated in joint work with Jonas Schwer [70]. Here, the contact points and forces

between the hand gripper and the palm as well as the individual fingers were deter-

mined more precisely. In addition, the orientation of the hand gripper with respect to

the hand during the exercise was examined. Through experimental measurements

the magnitude of each finger force as well as the distribution of the total force with

respect to the individual fingers was identified and implemented into the model. The

obtained results and findings were presented at the European Society of Biomechan-

ics 2020/2021 in Milan (Section 3.1) and the articular forces could be used as an input

boundary condition for fracture healing simulations of the distal radius, as presented

in the following chapter.
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3.1 Conference: European Society of Biomechanics

2020/2021, Milan

 

26th Congress of the European Society of Biomechanics, July 11-14, 2021, Milan, Italy 

WRIST LOAD DURING HAND GRIP EXERCISES WITH A NEW INVERSE DYNAMICS 
HAND MODEL  

Lucas Engelhardt (1), Jonas Schwer (1), Maximilian Melzner (2,3), Patrik Christen (4),  
Sebastian Dendorfer (3,4), Ulrich Simon (1)  

1. Scientific Computing Centre Ulm (UZWR), Ulm University, Germany; 
2. Laboratory for Biomechanics, Ostbayerische Technische Hochschule (OTH) Regensburg, Germany;  

3. Regensburg Center of Biomedical Engineering, OTH and University Regensburg, Germany; 
4. Institute for Biomechanics, ETH Zurich, Switzerland 

Introduction 

The use of musculoskeletal simulations through inverse dynamics 

has become established as a good approach, when joint, bone and 

muscle forces are of interest, but rather difficult to quantify.  

As shown in [1] and recent presentations [2,3], we developed a 

new detailed hand model for the AnyBody Modelling System [4]. 

This model not only includes the possibility of a patient 

specification but also has been validated by moment arm studies 

[1,2] and EMG [3]. 

The aim of this work was to apply the new detailed hand model to 

a specific hand gripping task, which patients were urged to 

perform after a conservatively treated distal radius fracture. 

Especially the transferred wrist load is of great interest, as it is the 

main mechanical stimulus to the fractured radius healing 

performance.    

 
 

Materials and Methods 

      
Figure 1: Hand grip exercise start and compression 
 

The musculoskeletal hand model was adapted to simulate an 

exercise with a hand gripping tool. This model could be used to 

determine muscle and joint forces in the wrist that occur as a 

consequence of this hand grip contraction. The movement has 

been captured precisely by motion capture analysis in combination 

with electromyographic (EMG) data of all essential muscles in the 

forearm and hand. On top, the acting contact forces have been 

determined with the aid of pressure mapping sensors attached 

between the fingers and hand grip tool. By determining a 

characteristic force distribution among the fingers, it was possible 

to apply the actual forces which act on the individual fingers 

during the simulation.  

 
 

Results 

Most of the calculated extensor muscle forces showed an increase 

of not more than 250 N. While the muscle force of the flexor 

digitorum superficialis (FDS) dominated, with a progressive 

increase up to over 1200 N. This dominance of the FDS in the 

compressed position of the hand grip was also reflected in the 

EMG signals recorded during the exercise. 

 
Figure 2: Musculoskeletal model with MoCap protocolled data 

(right) and applied contact forces(left). The upmost force arrow 

represents the spring force inside the hand grip tool. 
 

Also, the total wrist load described the same behavior with a 

progressive increase, creating compressive (mainly axial) forces 

up to 1136 N, when the hand grip spring force reaches up to 565 

N. 
 

  
Figure 3: Muscle force during contraction of the hand grip (left). 

Wrist load course (right). 
 

Discussion 

Comparison with in vivo studies by [5] showed a good accordance 

of the predicted muscle force distribution during a griping task. 

Nevertheless, the high muscle forces simulated in the beginning 

movement might be overestimated due to balancing actions, to 

stabilize the motion. As the investigated movement implies the 

most severe action in hand motion, intentional co-contraction 

plays a minor role and their lacking formulations in the inverse 

dynamic approach can be neglected. The presented study shows 

the first and successful application of the new developed hand 

model on a clinical question and might serve for many more. 
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Chapter 4
Fracture Healing Simulation in

Metaphyseal Bones

Bones play a major role in stabilizing the human body, protecting inner organs and to

serve as attachment point for tendons, muscles and other tissue [60]. But if external

loads are to high, those structures fail and bones fracture. Whether a fracture heals or

not is dependent of many factors: Beside biological influences, the mechanical fixation

plays a crucial role for a success healing [56]. Current knowledge of fracture healing is

mainly based on experimental animal studies and clinical observations of diaphyseal

bone healing [10], even though many age and osteoporosis associated fractures

occur in the bone metaphysis. But simulations more and more gather attention, to

understand those healing processes under defined biological processes and applied

mechanical conditions. Yet, those simulations focus, as the experimental studies,

on diaphyseal fractures. The following section is supposed to give an insight on

the computational methods used for fracture healing simulations and to create a

fundamental knowledge on the biomechanical aspects of fracture healing. This serves

as a basis to extend the previously developed fracture healing model for diaphyseal

healing to metaphyseal fractures.

73



4.1 Background

In the human body, connective tissue exists in various types: soft tissues and function

specific tissues like cartilage or osseous tissue (bone). It mainly consists of an

extracellular matrix that is composed of collagen fibres and the ground substance

which combines proteins and water [52, 39].

Cartilage and bone are supporting tissues in the human body. While bone is a

well-perfused organ, cartilage is free of vessels. Through its composition of water,

proteogylcan and type-II collagen [50] it is elastic regarding pressure loads and has

very good slippage properties. So-called hyaline cartilage covers the epiphysis of long

bones, thus allowing a smooth movement of joints. Furthermore, it plays a major role

in endochondral ossification.

4.1.1 Osseous tissue

Besides acting as one of the most important storages for calcium and phosphate

the human bone belongs to the strongest materials in our body. Osseous tissue

is the only connective tissue that can be fully reconstructed [52]. According to the

location and anatomic function of the bone either stiffer, compact bone or lighter,

spongy bone appears. Nevertheless, both types are made of lamellar bone. This

tissue type is highly vascularized, has a parallel alignment of collagen into sheets

and is mechanically strong. On the microscopic level, a second type of bone can be

identified. This so-called woven bone is characterized by a disorganized alignment

of the collagen fibress. It primarily appears during bone growth and healing and is

characterized by its high number of active cells. When woven bone maturates, it is

replaced by lamellar bone due to mineralization and reordering of fibres [20]. This

process is part of remodelling. Lamellar bone can be distinguished in between cortical

and spongy (cancellous or trabecular) bone. This structure forms many beams called

trabeculae which build a porous framework oriented in the primary loading direction

[69]. Even though compact and cancellous bone consist of lamellar bone, cortical

bone is much stiffer due to its dense structure on a macroscopic point of view.

74



4.1.2 Anatomy of long bones

Figure 4.1: Anatomical structure of long bones.
(Source: [55], CC BY 4.0 https://
creativecommons.org/licenses/by/4.0/)

As mentioned, bones are suf-

ficient to stabilizing the human

body, protect inner organs and

serve as attachment points for

tendons [60]. Five different

types present in the human body.

Each having a shape, related to

their particular function and ex-

hibited load.

Long bones are the most promi-

nent shape and are present es-

pecially in our extremities e.g.

humerus, radius or femur. In

Figure 4.1 the anatomical struc-

ture of a long bone is depicted.

Along the longitudinal axis, the

bone can be split in two parts.

The two articular surfaces are

called epiphysis and contain

spongy or trabecular bone which

is enclosed by the corticalis.

Thin layers of cartilage cover the

ends, when the bone is in con-

tact with another bone. This articular cartilage act as a shock absorber and reduces

friction. The corticalis consists of a stiff layer of lamellar bone. The inner spongy bone

is made of trabeculae and pores that are filled with red marrow. Through evolution the

trabeculae structure is optimized in respect to weight and stability, resulting in a grid

structure [31, 62, 80]. The bone shaft, called diaphysis, is formed by lamellar bone

tissue and the protective medullary cavity within the shaft contains the yellow bone

marrow. Again, the shape is optimized to gain stability properties as a tube in respect

to a minimal weight.
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4.1.3 Fracture Healing

Fracture healing and remodelling aims the restoration of bone structure, composition

and function. The healing process of fractures is physiologically and biomechanically

extremely complex, depending on many factors. Especially the biological and mechan-

ical conditions in the healing region are crucial [7]. External loads apply on the bone

during healing. These forces lead to deformations of the connective tissues within

the healing area, which in turn causes local stresses and strains. The mechanical

stimulus is characterized by the local stress and strain distributions at the fracture site.

Research has shown that a moderate mechanical stimulus can trigger bone formation

and have a positive effect on the healing process [7]. Those conditions, the biological

as well as the mechanical, form the biomechanical setting, where fracture healing and

bone remodelling occurs.

Ossification Various processes of formation and destruction are involved in the

tissues differentiation (Figure 4.2). There are two ways bone can be formed: intramem-

branous and endochondral ossification. Intramembranous ossification describes the

process when osteoblasts (bone generating cells) synthesize bone directly. New

woven bone then matures over time to lamellar bone. This direct formation requires

stable mechanical conditions and good blood supply during the process [50, 68].

Figure 4.2: Tissue formation and destruction processes. (Source: [51] CC BY 4.0
https://creativecommons.org/licenses/by/4.0/)

In contrast endochondral ossification initiates by the formation of hyaline cartilage

synthesized by chondroblasts (chondrogenesis) [63, 68]. This process occurs, where
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tissues are exposed to higher mechanical compression which are unfavourable for

direct bone formation. Hereby, hyaline cartilage provides an initial stabilization [50].

Further, osteoblasts, osteoclasts (bone destruction cells) and chondroclasts restruc-

ture and mineralize the matrix to osseous tissue.

Figure 4.3: Cells within bone tissue. Osteogenic cells are undifferentiated and develop
into osteoblasts. When osteoblasts can become osteocytes. Osteoclasts
develop from monocytes and macrophages. (Source: [55] CC BY 4.0
https://creativecommons.org/licenses/by/4.0/)

Ossification and other biological processes perform best if the surrounding tissue is

well vascularized. The process of increasing the vascularity within tissue by building

blood vessels is called angiogenesis [63].

Fracture Healing In principle, it can be distinguish between two types of fracture

healing, the primary (direct) and the secondary (indirect) healing. Although the healing

patterns differ the results are similar [56]. New bone tissue is formed and the prior

stability and function of the bone is restored.

Callus Healing

When some small movement is allowed between the fracture surfaces (for instance

when using an external fixator, a brace or intramedullary nail) the natural form of

fracture healing is observed. Here the interfragmentary movements are too high for
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primary healing [16, 23, 24]. After fracture, an inflammatory phase starts by forming a

haermatoma (see Figure 4.4). Due to the compressive load, cartilage is being formed

in the fracture gap. Consequently, the indirect way of creating bone out of cartilage by

endochondral ossification is observed.

Cortex

Haematoma

Cartilage Periosteal
callus reaction

Medullary
cavity

Fibrous
tissue

Endochondral
ossi�cation

Fracture
gap

Figure 4.4: Three steps of callus healing: 1 Initial haematoma, right after fracture; 2
soft callus, intramembranous bone formation and chondrogenesis; the
haematoma has been replaced with fibrous connective tissue; 3 advancing
endochondral ossification (arrows). (Source: [50] with permission of the
author)

While intramembranous ossification helps to reduce the loading inside the fracture

gap, chondrogenesis happens within weeks resulting in a soft callus. Bridging with

cartilage yields a rapid reduction of the internal movement and thus allows osteoblast

new bone formation. Finally, a bony bridging takes place due to the process of

endochondral ossification where the previous build cartilage is substituted by new

formed woven bone [25]. Though remodelling woven bone is subsequently replaced

by lamellar bone, restoring the original geometry and stability of the bone.

Primary Healing

Primary or direct fracture healing does not employ a creation of a fracture callus.

Thereby endochondral ossification plays a minor role, wherefore the healing pattern

in direct healing is basically a remodelling process. In clinical applications, a stable

fixation achieves the mechanical conditions for possible direct healing [25, 18]. Then

Osteoclasts can perforate the dead ends of the cortex wherein new osteons can be
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built to connect both fragments. This connection process is initially rather weak and

takes up to 1.5 years to retrieve the bones original strength.

Metaphyseal Healing The process of diaphyseal healing in long bones was in focus

of research over the past decades. Mainly, as those fractures are more sensitive and

non-unions occur more often. So far, little is known about the mechano-regulation of

trabecular bone healing and the existing knowledge is solely based on histological

evaluations on the macroscopic tissue-level. Even though the multi-step process it

follows by has not been fully understood yet, various differences to diaphyseal fracture

healing can be stated so far [45, 44].

Basically, in metaphyseal fracture healing bone is formed directly by intramembranous

ossification. Studies on humans and rabbits have shown, that cancellous bone heals

in five stages (Figure 4.5) [15, 6]:

0. Bleeding stage

1. Cell proliferation

2. Woven bone formation

3. Lamellar bone formation

4. Bone remodelling

1 3       5       7       9      11         14 21 28 42 56 days

Bleeding Cell proliferation Woven bone formation Lamllar bone formation Bone remodelling

Figure 4.5: Stages of cancellous bone healing. (In accordance with [34])

After three days, a large amount of mesenchymal stem cells are present at the fracture

indicating stage 1. Most prominent at the gaps, those cells proliferate and secret

collagen to form osteoid. Five days after injury, woven bone starts to builds up through

direct ossification while the proliferation activity of stem cells continues to increase
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(stage 2). The increase in woven bone formation keeps up until day 14 (stage 3). At

the same time maturation begins, reshaping woven bone to lamellar. Within the next

few days, woven bone calcifies until only mineralised bone is left. This also forms the

trabeculae structures. After one month up to two months, bone remodelling takes

place [15, 34, 33].

Additionally, Aspenberg and Sandberg [6] took a closer look at the spatial influence

of woven bone formation. Against current knowledge, they discovered that bone23

formation does not necessarily take place on the surfaces of pre-existing trabeculae.

Most of the ossification happens without obvious relation to existing lamellar bone.

Additionally, cartilage was only seen in small amounts and close to the ossification

centres. It appears to gradually turn into woven bone as well [71, 38, 76, 34].

As depicted, metaphyseal bone healing follows its own pattern compared to diaphyseal

fracture healing. While fractured shafts are mainly rebuilt via secondary healing,

usually there is no callus or large cartilage formation in cancellous bone healing

of stable fractures [12, 49, 43]. Cartilage formation is spatially limited since bone

formation rarely extends further than two millimetres from the fracture site [58, 76].

4.1.4 Fracture Healing Simulation

Up to now, research focused on the simulation of diaphyseal fracture healing [10, 14,

17, 2, 72, 50]. For example, Carter and Hayes [14] implemented a two-dimensional

callus model which used the degree of vascularisation and two stress tensor invariants

to control the tissue differentiation process. Inspired by the work of Pauwels, Claes and

Heigele [17] depicted the hypothesis of mechano-regulated fracture healing by local

hydrostatic and distortional strain states. Later on, Ament and Hofer [2] gained the

idea to implement a fuzzy logic to the differentiation process and applied a feedback

control system to the healing process. Simon et al. [72] combined the idea of Claes

and Heigele with the approach of Ament and Hofer to develop a more advanced,

dynamic model of secondary fracture healing. Over time, further knowledge gained

by various Ulm researchers was added. Special improvements were implemented

by Niemeyer [50] focusing on the distraction osteogenesis process in the diaphysis.
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Nevertheless, Shefelbine et al. [71, 73] started one of the only approaches to model a

trabeculae healing on the basis of the Ulm tissue-level bone healing model. Thereby

they predicted the sequence of events in metaphyseal fracture healing in an academic

example with the use of a model that is able to predict diaphyseal and metaphyseal

fracture healing. Through the healing simulation a deeper understanding of bone

resorption, remodelling and formation during the healing process on a microscopic

scale is gained. This knowledge could be used for an optimal treatment of a fracture.

4.2 The Ulm Fracture Healing Model

To further understand the specifics in the fracture healing model, Figure 4.6 shows the

schematic procedure of the numerical algorithm. In the following, a short summary of

every step is described.
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Geometry setup[Step 1]

FE mesh generation[Step 2]

Initial biological state and boundary conditions[Step 3]

Estimate compound material properties
from tissue composition (rule of mixture)

[Step 4]

Determine mechanical stimuli
(static structural finite element analysis)

[Step 5]

Determine vascularity and bone concentration
in local environment

[Step 6]

Compute tissue concentration changes
(fuzzy logic controller)

[Step 7]

Update and renormalize concentrations[Step 8]

Output current state[Step 9]

i = imax ?
No

i
=

i
+
1

Yes

Figure 4.6: Schematic illustration of the bone healing simulation procedure. (Source:
adapted from [75], in accordance with [50, Figure 1.28 on p. 47] with
permission of the authors)
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Step 1: The healing region Ω ⊂ R3 is defined as a subset of the three-dimensional

space.

Step 2: In order to perform a Finite Element Analysis (FEA), the healing area Ω is

discretised in Finite Elements (FE) Ti ⊂ R3.

Step 3: The healing domain Ω consists of a variety of different biological tissues, such

as lamellar and woven bone, cartilage and soft tissue. Moreover, the vascularity is

taken into account. Thus, five state variables are introduced, which represent the

relative concentration of woven bone and lamellar bone, fibrocartilage, soft tissue and

the degree of vascularity respectively. The concentration distributions are modelled in

the form of five scalar fields

cτ : Ω× [0,∞) → [0, 1], (r, t) 7→ cτ (r, t) , (4.1)

where τ ∈ {lb, wb, c, s, v} :=
⋃

τ (lb for lamellar bone, wb for woven bone, c for

fibrocartilage, s for soft tissue and v for vascularity). Since the scalar fields clb, cwb,

cc and cs represent relative tissue concentrations, they have to sum up to one, i.e.

clb(r, t) + cwb(r, t) + cc(r, t) + cs(r, t)
!
= 1 ∀r ∈ Ω, ∀t ∈ [0,∞) or, in other words, one

of these variables is redundant and can be neglected - Simon et al. chose cs. So, the

biological state of the system is entirely expressed by the four main state variables clb,

cwb, cc and cv.

Considering the biological state at a fixed time point t the scalar field cτ is assumed to

be constant within an arbitrary FE Ti. Since cτ is a piecewise constant function (step

function), the biological state of element Ti is determined by four numbers clb,i, cwb,i,

cc,i and cv,i (compare Figure 4.7).

So, the biological state of the whole healing domain at a certain point in time can be
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represented by four vectors

cτ ∈ [0, 1]n ⊂ Rn, cτ :=




cτ,1

cτ,2
...

cτ,n




(4.2)

for τ ∈ {lb, wb, c, v}.

FE-Mesh
Biological State 
of element      T i

0%

100%
Ti

ss
ue

 c
om

po
si

tio
n

Va
sc

ul
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ity
c s,i

cc,i

clb ,i

cv,i

T

cwb,i

Figure 4.7: Left: Finite Element Mesh consisting of triangles (in 2D); Right: Biological
state of element Ti determined by clb,i, cwb,i, cc,i, cs,i = 1− clb,i− cwb,i− cc,i
and cv,i. (Source: Adapted from [75] with permission of the author)

In order to describe the initial biological state of the entire healing domain, every

element Ti needs to be assigned a mixture of the relative tissue concentrations and a

relative vascularity at the beginning of the healing simulation. Furthermore, boundary

conditions and other constraints are applied to the FE-model [72, p. 81].
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Step 4: For the computation of the relevant strains, the mechanical properties of

each element have to defined for the FEA. Hereby, a linear isotropic material is

described by the Young’s modulus Ei and the Poisson’s ratio νi. Since the elements

in the healing simulation consist of an individual mixture of different materials, the

mechanical properties for each element Ti is estimated individually. The approach

used by Simon et al., the rule of mixture, determines those properties by weighting

the corresponding pure tissues Young’s modulus Eτ and the Poisson’s ratio ντ with

the relative tissue concentrations by

Ei =
∑

τ ∈
⋃

τ

Eτ · c3τ,i and νi =
∑

τ ∈
⋃

τ

ντ · cτ,i, (4.3)

where Eτ and cτ are the material parameters corresponding to the distinct tissue

types. The expression originates from experimental data of Carter and Hayes [14],

where the apparent compressive modulus of trabecular bone was analysed and stated

that the elastic modulus scales with the cube of the mineral density. We showed

that this rule of mixture had problems [57], when mixing soft tissue with little hard

tissue. Therefore, the tissues are ascendingly sorted (Eτ1 < Eτ2 < ... < EτN ) and the

resulting Young’s modulus is calculated with:

Ei = Eτ1 · cτ1,i +
N∑

j=2

(
Eτj − Eτj−1

)
·
(

N∑

k=j

cτk,i

)3

, (4.4)

for N the number of tissue types.

Step 5: Through the FEAs resulting displacements, the mechanical stimuli acting on

each element are deduced based on the tissue differentiation hypothesis of Pauwels

[56] and Claes and Heigele [17]. Simon et al. [72] distinguished between two invariants:

A pure volumetric change (dilatational strain) and a pure shape distortion (distortional

strain) as illustrated in Figure 4.8.

Step 6: The tissue differentiation does not only depend on the biological state of the

element itself and the mechanical stimuli acting on it, but also on the bone tissue

concentration and relative vascularity within the local environment. For instance, bone
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Dilatational strain Distortional strainOriginal shape

Figure 4.8: Left: Dilatational strain (pure volumetric change); Right: Distortional strain
(pure shape distortion). (In accordance with [75] and [50] with permission
by the authors)

formation can only take place on the surface of already existing bone tissue (appo-

sitional growth) and through angiogenesis new blood vessels form from pre-existing

vessels. So, in order to predict the changes of tissue composition and perfusion, the

bone tissue concentration and vascularity in the local environment of the considered

element have to be taken into account.

Step 7: In this step, the current biological state serves as an input to a Fuzzy

Logic Controller (see Figure 4.9). Herein the tissue differentiation processes are

implemented and control the changes in vascularity, bone tissue concentration and

cartilage concentration (see [50, p. 53-56, 326–333]).

In its current state, the model is able to capture the following biological processes:

• Intramembranous ossification: Fibrous connective tissue evolves into woven

bone

• Chondrogenesis: Formation of cartilage out of connective tissue

• Endochondral ossification: Fibrocartilage transforms to bone tissue

• Bone maturation: Woven bone is slowly replaced by lamellar bone

• Tissue destruction: Too high mechanical loads may cause the destruction of

existing cartilage or bone tissue

• Bone resorption: Existing bone tissue is replaced by soft tissue if the mechanical

stimulation falls below a certain threshold.

• (Re-)Vascularization: Initially avascular tissue is revascularized over time.
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Bone tissue concentration

Bone tissue concentration
in local environment

Cartilage concentration

Vascularity

Vascularity
in local environment

Distortional strain

Dilatational strain

Fuzzy
Logic

Controller

Change in
cartilage concentration

Change in
bone tissue concentration

Change in
vascularity

Figure 4.9: Tissue differentiation process modelled with a Fuzzy Logic Controller; Left:
Input; Right: Output. (Source: adapted from [75] and in accordance with
[50, Figure 1.32 on p. 54] with permission of the authors)

Step 8: To guarantee that the tissue concentrations sum up to 1 for each element i.e.

cb,i + cc,i + cs,i
!
= 1 ∀i ∈ {1, ..., n} (compare Figure 4.7), the concentration composi-

tions are normalized For further information the reader is referred to [72, p. 82-85]

and [50, p. 53-56, 90–94, 315–333].

Step 9: Finally, the simulation results, e.g. the current biological state of all FEs, is

stored.

The Ulm Healing Model is a dynamic model. So, the procedure from step 4 to 9

is repeated several times, where each iteration represents a certain period of time,

for instance one day. This is done by an explicit Euler scheme. When the iteration

counter i reaches imax, the simulation terminates.
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4.3 Objectives

As mentioned, current knowledge of fracture healing is mainly based on experimental

animal studies of diaphyseal bone healing, even though many age and osteoporosis

associated fractures occur in the bone metaphysis. It is generally accepted that meta-

physeal fractures heal differently compared to fractures in bone diaphysis. Diaphyseal

cortical bone heals predominantly via the formation of an external callus. Whereas

the amount and composition of the callus depends on the stability of the fracture

fixation. In contrast, trabecular bone in metaphyseal areas heals without or only with

minor external callus formation. So far, little is known about the mechano-regulation

of trabecular bone healing and the existing knowledge is solely based on histological

evaluations on the macroscopic tissue-level [6]. As a part of a multinational collabora-

tion of the ETH Zurich, Medical University Innsbruck, Bern and Ulm University, one

of the most extensive patient data sets tracking in vivo fracture healing of the distal

radius is acquired. At six time points within the first year after fracture high resolution

peripheral quantitative computed tomography (HR-pQCT), dual energy X-ray absorp-

tiometry (DEXA), and X-ray images as well as blood samples were obtained. For

the first time, this allows us to compare high-resolution in vivo fracture data with the

predictions of our fracture healing simulation. Therefore, the aim of this study is the

development and adaptation of the well-established tissue-level bone healing model

to a metaphyseal fracture healing of a distal radius. To determine whether the Claes

et al. [18] hypothesis that metaphyseal bone healing displays similar biomechanics as

diaphyseal healing appears reasonable, the developed simulation tool with its origin

in simulating diaphyseal fractures provides an ideal possibility.
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4.4 Conference: European Society of Biomechanics

2019, Vienna

First results of those investigations were presented on the Conference of the European

Society of Biomechanics 2019 in Vienna. To simulate the healing in a distal radius

fracture, an axial-symmetric and therefore two-dimensional geometric simplification

was used. Advantages of this approach are easy model generation, low computational

costs and manageable memory usage.

Previous investigations showed that the trabecular structure can be represented by a

mixture of lamellar bone and soft tissue. Therefore, the experimental investigations

by Claes et al. [19] were simulated. The results showed a great accordance of the

simulated and experimental results. Further studies by Arias-Moreno et al. [5], Hos-

seini et al. [36], MacNeil and Boyd [46] and Varga et al. [78] evaluated the differences

between a detailed, high resolution finite element model of the trabecular structure

(µFE) in the metaphyseal radius and a representative homogenized material finite

element model (hFE). In those studies, strain analysis revealed that a homogenization

of the trabecular structure is a sufficient approximation. Further, the pre-existing model

[72, 51] was extended by a new tissue type named crushed trabecular bone (CTB).

This tissue represents the compressed and fractured trabecular structure within the

fractured area. By resorption this material was decomposed and new bone was

formed by the established differentiation processes.
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Introduction 

Currently, fracture-healing simulations are primarily 

applied to diaphyseal fractures. In order to simulate 

metaphyseal fracture healing, we extend the previously 

developed and tested computational model by Simon et 

al. [1]. As this model is a continuum (i.e. organ-level) 

model of fracture healing, the complex trabecular 

structure is not required but can be predicted by the bone 
volume content of trabecular bone tissue over time.  

 

Material and Methods 

Our bone healing model represents the homogenized 

local tissue composition as a mixture of the tissue types 

“soft tissue” (fibrous connective tissue, bone marrow 

tissue), “cartilage”, “woven bone”, “lamellar bone” and 

“crushed trabecular bone”. To represent the trabecular 

bone distribution in the healing region in its initial state, 

we initialize those regions occupied by trabecular bone  

to a mix of lamellar bone and soft tissue. To model the 

area of fracture, a composition of dead lamellar bone 
and soft tissue is formed. This crushed trabecular bone 

is not vascularized due to the trauma and needs to be 

resorbed first. Nevertheless it adds stability to the entire 

fracture gap. The apparent stiffness of the local tissue 

composition is computed by a cubic rule of mixture [1] 

based on Carter & Hayes [2].  

Patient-specific HR-pQCT scans are used to determine 

the outer geometry of the cortical shell, the compression 

fracture alignment and a trabecular bone concentration 

evident from the bone density from imaging data. We 

assume that the fracture healing process in the 
metaphysis, on a macroscopic scale, can be described by 

the same rules used in the past to model diaphyseal 

fractures. 

 

                    
Figure 1: HR-pQCT scan, applied boundary conditions 

to 2D rotational geometry, initial tissue concentration 
distribution of bone  

 

Results 

Applying a constant global load of 150 N predicted a 

bony healing of the fracture area within 36 days. The 

crushed trabecular bone is completely resorbed and it’s 

space filled by a composition of new woven bone and 

soft tissue. On top of that, the initial geometry, 

especially the cortex persists, and is not resorbed due to 

understimulation by the artificial loadcase. 

 
Figure 2: Bone concentration (without dead trabecular 

bone) over time show a healing of the distal radius  

 

Discussion 

The obtained results clearly show that the prediction of 

the metaphyseal bone healing processes is possible with 

the same biological and mechanical assumptions as in 

the diaphysis. Also, modelling the microstructural 
trabecular bone as a continuum seems reasonable. 

Yet, the bone formation rates predicted by the current 

model seem to be too high compared to clinical in vivo 

observations. The rates of bone absorption and growth 

have to be identified more rigorously, as the rates of the 

diaphyseal case are used. It is however known that 

healing in metaphyseal fractures occurs at an increased 

rate [3, 4] compared to diaphyseal ones. But further 

calibration of the essential parameters has to be 

performed and the results have to be compared to in vivo 

results for validation purposes. 
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4.5 Paper: Simulating Metaphyseal Fracture Healing in

the Distal Radius [28]

The further refined model and its results were published in the new released MDPI

Journal Biomechanics. The ideas of the conference contribution 4.4 were further

strengthened and enhancements on the model. Two further implementations stand

out:

Since the investigated patients were treated by a plaster cast, the fixation was rep-

resented in the model until week five. To simulate this, a rotational symmetric cast

with material parameters according to Schmidt, Somerset, and Porter [65] (Young’s

modulus of 950 MPa and Poisson’s ratio of 0.3) was modelled around the radius

geometry. Muscles, skin and other soft tissues in between were assumed to behave

mechanically as pure connective tissue.

To compare the simulation with six in vivo longitudinal X-ray scans, the results were

visualized by an emulated pseudo X-ray view. Concentration values of lamellar, woven

and CTB were multiplied with factors for their corresponding bone mineral density

[8]. As a result, the healing performance is at a glance comparable with in vivo

observations.

Supported by the entire cooperation of the DACH project, Lucas Engelhardt investi-

gated the numerical experiments, validation and implementation, as well as the writing

of the paper manuscript.

With the developed metaphyseal bone healing model the hypothesis of Claes et al.

[18] for similar mechano-biological rules in fracture healing of both the meta- and

diaphysis was confirmed. Further, the model appeared appropriate to study fracture

healing under differing mechanical conditions and varying metaphyseal bones and

fracture types. Those fracture healing simulations can help to understand the healing

pattern better and derive clinical treatments as well as biomechanical knowledge on

metaphyseal fracture healing.
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Abstract: Simulating diaphyseal fracture healing via numerical models has been investigated for
a long time. It is apparent from in vivo studies that metaphyseal fracture healing should follow
similar biomechanical rules although the speed and healing pattern might differ. To investigate this
hypothesis, a pre-existing, well-established diaphyseal fracture healing model was extended to study
metaphyseal bone healing. Clinical data of distal radius fractures were compared to corresponding
geometrically patient-specific fracture healing simulations. The numerical model, was able to predict
a realistic fracture healing process in a wide variety of radius geometries. Endochondral and
mainly intramembranous ossification was predicted in the fractured area without callus formation.
The model, therefore, appears appropriate to study metaphyseal bone healing under differing
mechanical conditions and metaphyseal fractures in different bones and fracture types. Nevertheless,
the outlined model was conducted in a simplified rotational symmetric case. Further studies may
extend the model to a three-dimensional representation to investigate complex fracture shapes.
This will help to optimize clinical treatments of radial fractures, medical implant design and foster
biomechanical research in metaphyseal fracture healing.

Keywords: bone; simulation; homogenized trabecular; cancellous bone; in vivo corroboration;
compression fracture

1. Introduction

Accounting for 17% of all emergency department visits [1], distal radius fractures
(DRFs) are the most common long-bone fracture. Its incidence is increasing because of an
active lifestyle and an ageing society [1–4].

Typically, a DRF is a high-impact trauma that occurs in young patients during a fall,
while in older patients it is characterized by a low-energy fracture occurring above the
distal articular surface of the radius.

Particularly the tapering of the cortical bone, where the bone is reinforced by the
trabecular structure, was found to be a critical point of failure [2]. DRFs can be catego-
rized according to different classification schemes, depending on the type of defect and
trauma [2,5,6]. DRFs can be treated either conservatively or by surgical intervention where
the main objectives are repositioning, fracture reduction and immobilization to maintain
the reduction [7,8].

The healing process of trabecular bone fractures differs from that of most diaphy-
seal fractures, in which healing occurs through endochondral ossification within a cal-
lus enclosing the fracture. In diaphyseal fractures, soft tissue is replaced by cartilage,
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which subsequently ossifies. In trabecular bone fractures, bone forms directly through in-
tramembranous ossification with almost no intermediary cartilage [9,10]. However, in vivo
studies by Claes et al. [11,12] and Sandberg et al. [13,14] demonstrated that cancellous
bone healing follows similar biomechanical rules as diaphyseal healing even though the
observed healing patterns differ.

The development of numerical models able to simulate such complex biological and
mechanical processes has progressed significantly over recent decades [15–24]. But to date,
most models have generally focused solely on the modelling of diaphyseal fractures in
long bones. Shefelbine et al. [25] and Simon et al. [26] initiated one of the only attempts
at modelling trabecular healing, later presented as the Ulm tissue-level bone healing
model [21]. Thus, they predicted the sequence of events in metaphyseal fracture healing in
an academic example with the use of a model able to predict diaphyseal and metaphyseal
fracture healing.

As a part of a multinational collaboration over the course of the last few years, one of
the most extensive clinical patient dataset tracking of in vivo fracture healing of the distal
radius was acquired. Patients were inspected at six time points within the first year after
fracture [27]. This allowed us for the first time to compare in vivo fracture data with the
predictions of our fracture healing simulation.

Therefore, the aim of this study is to develop and adapt a pre-existing tissue-level
bone-healing model to the metaphyseal fracture healing of the distal radius. To determine
whether the Claes et al. [12] hypothesis that metaphyseal bone healing displays similar
mechanobiological effects as diaphyseal healing appears reasonable because the developed
simulation tool with its origin in simulating diaphyseal fractures provides an ideal possi-
bility. Once we have established a reliable model, it may be useful as a tool for different
research questions or even to provide support for optimizing clinical procedures.

2. Materials and Methods
2.1. Tissue Differentiation

The previously validated Ulm tissue-level bone healing model [21,25,28–33] under-
lies the biomechanical observations of Pauwels [34] and a further mechano-regulating
hypothesis by Claes and Heigele [35]. From mechanical quantifications, Simon et al. [21]
derived local distortional and dilatational strains as the primary mechanical stimuli for
the formation and removal of the following tissue types: woven and lamellar bone, car-
tilage and connective tissue. In addition to the mechanics, biological stimuli involved
in the bone healing process are represented. Properties like the locally enclosing tissue
types and level of vascularization augment the differentiation rules, which are evaluated
by a fuzzy logic controller. Through the iterative numerical procedure, as depicted in
Figure 1, the tissue differentiation processes of fracture healing in an arbitrary setting can
be predicted. More detailed insights can be found in the Supplementary Materials to this
paper and publications by Simon et al. [21] and Niemeyer et al. [28].
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tured trabecular (crushed trabecular) bone is depicted. The numerical procedure is adapted from Niemeyer et al. [18] CC-
BY. The tissue differentiation diagram is adapted with permission of Georg Thieme Verlag KG (Stuttgart). 
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tional effort for a fracture-healing simulation to an insoluble problem. By this approach, 
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Figure 1. The Ulm tissue-level bone healing model. The numerical procedure of solving an initial value problem to describe
the biological tissue concentrations in an arbitrary setting uses a fuzzy logic controller. This process uses the input of a
structurally finite element analysis, the enclosing tissue types and further biological settings to determine the concentration
changes of woven and lamellar bone, cartilage and connective tissue. Further, the extensions of this study, the fractured
trabecular (crushed trabecular) bone is depicted. The numerical procedure is adapted from Niemeyer et al. [18] CC-BY.
The tissue differentiation diagram is adapted with permission of Georg Thieme Verlag KG (Stuttgart).

2.2. Metaphyseal Healing

As Claes et al. [12] demonstrated, both metaphyseal and diaphyseal bone healing
appear to be regulated by the same biomechanical stimuli (dilatational and distortional
strain). They found that metaphyseal areas, exposed to low strains led to intramembranous
bone formation, whereas higher strains additionally provoked endochondral ossification
or fibrocartilage formation. As this coincides with assumptions of the diaphysis, all current
theories and tissue differentiation processes as implemented in the most recent healing
model [28] were used and not adapted or further calibrated.

2.3. Homogenized Material for Trabecular Structure

The present model assumes a continuum, that is, organ-level, representation of the
involved materials. Therefore, by modelling a metaphyseal bone healing process, the com-
plex trabecular geometrical structure is not required, but its mechanical influence can be
approximated by the bone volume content of trabecular bone tissue over time. Studies by
Arias-Moreno et al. [36], Hosseini et al. [37], MacNeil and Boyd [38] and Varga et al. [39]
evaluated the differences between a detailed, high-resolution finite-element model of the
trabecular structure (µFE) in the metaphyseal radius and a representative homogenized
material finite-element model (hFE). In those studies, strain analysis revealed that a ho-
mogenization of the trabecular structure is a sufficient approximation. Considering that
representing all of the fine trabeculae as in a µFE analysis would increase the computa-
tional effort for a fracture-healing simulation to an insoluble problem. By this approach,
the trabecular structure is represented by a spatially homogenized mixture of lamellar bone
and soft tissue.
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2.4. Rule of Mixture

Because the elastic modulus scales according to the cube of the mineral density [40],
we developed a rule of mixtures based on the experimental findings of Carter and Hayes [40].
as a result of which the averaged material properties of the tissue compositions in each
point could be calculated. As a linear calculation of the Young’s modulus is not appropriate,
as demonstrated by Simon et al. [21], a cubic rule of mixture should be used. Therefore,
the tissue composition of N-sorted tissues with elasticity parameters E1 < E2 < . . . < EN and
the corresponding concentrations c1...cN are combined following Pietsch et al. [41]:

Eel = E1c1 +
N

∑
i=2

(Ei − Ei−1) ·
(

N

∑
j=i

cj

)3

(1)

2.5. Modelling of a Compression Fracture

Regarding the modelling of a compression fracture in a metaphyseal bone, the frac-
tured area must be defined accurately. Therefore, we introduced here a new tissue type
that we term “crushed trabecular bone” (CTB). As the name suggests, it should represent
the fractured trabeculae bone structures, which are damaged and pressed into each other.
In vivo and in vitro observations [11,14,42–47] showed that this damaged structure still
contributes to the primary stability of the bone but is resorbed over time.

Modelling this densification is achieved by increasing the bone concentration in the
fractured area according to an exponential function (2). This approach follows in vivo
observations and studies by Thurner et al. [48] and Hambli [49], who investigated the
compression of trabecular structures. The calculated concentration was assigned to the
new designed material type CTB:

cCTB(t0) = 1− e−3·Cbone (2)

Thus, the fractured area consists of a certain amount of CTB and connective tissue.
Material properties with a Young’s modulus of 6000 MPa and a Poisson’s ratio of 0.3

were used for pure CTB [50]. The densification approach, as well as the material properties,
followed in vivo observations. Beside resorption, this new tissue type does not participate
in any other tissue differentiation processes as depicted in Figure 1.

Niemeyer et al. [28] implemented a method to consider the influence of adjacent tissue
on the local differentiation process. This distance-weighted average tissue potential (µ) was
used to formulate an influence of the surrounding substances on the resorption speed of
CTB (rCTB). From this, each tissue type was represented by a specific resorption potential
p ∈ [0, 1]. Tissues with high perfusion tended to contribute more to the resorption of the
fractured bone structure. Consequently, higher resorption potentials (r) were assigned
according to Table 1.

∆cCTB = rCTB · µ, (3)

with µ =
((

pp · (cw(·, t) + cl(·, t) + cc(·, t)) + ps · cs(·, t) + pctb · cctb(·, t)
)
∗Gadj

)
.

Here, the Gaussian kernel Gadj is defined as introduced by Niemeyer et al. [28]. Re-
sorption rates followed recent findings on the resorption speed by Atkins et al. [51] and
Christen et al. [52]. Through parameter variations (see Section 3.1 Parameter Variation)
using a different patient’s geometry than the ones reported in Figure 4 and using compar-
isons with in vivo observations, it was concluded that a maximal resorption speed of 11%
per day (rctb = 0.11) was used in all simulations.
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Table 1. CTB resorption potentials and involved tissue type abbreviations.

Resorption Potential p

Perfused tissue (pp) 0.8
Soft tissue (ps) 1.0

CTB (pctb) 0.1

Tissue Concentrations Variable

Woven bone cw
Lamellar bone cl

Crushed trabecular bone cctb
Cartilage cc

Connective/soft tissue cs

2.6. Application to Distal Radius Fractures

Because we have access to datasets of distal radius fractured patients, the newly
developed method was applied to four patient specific geometries. Patients were scanned
at six time points with a Scanco medical Xtreme CT-II-scan system in weeks 1, 3, 5, 12, 24 and
52 after trauma. All patients were treated conservatively and the cast was removed before
the third scan. During the healing period, patients were urged to perform a daily hand
gripping exercise using a hand-grip fitness tool. Approval was obtained from the ethical
committee of the Medical University Innsbruck for this study (AN2014-0374 344/4.31).

To simulate this DRF treatment, a patient-specific simulation geometry, initial tissue
concentrations and boundary conditions were defined according to Figure 3B.

Regarding computational efforts, two-dimensional (2D) rotational symmetric assump-
tions were used. Comparing the simplified 2D rotational symmetric simulation domain in
the following patient-specific geometry application, it was important to note that the entire
radius is represented by the 2D geometry. Only the radial styloid process cannot be mod-
elled by this 2D approach (Figure 2). Inaccuracies in the articular surface are covered by
the principle of Saint Venant. The geometrical patient specification was achieved through
parameterized geometry generation. Parameters such as cortical thickness, radial diameters
and fracture site were measured in the scans after training and assistance by clinicians.
Details on the investigated patients are attached in the Supplementary Materials.
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Figure 2. Two-dimensional rotational symmetric representation of a right distal radius with fracture
area from anterior to posterior. Cortical shell in solid color and fractured area are defined where
visible in the X-ray scan.

The Geometries are discretised by a finite element mesh with quadratic hexahedral
elements (3724–4143 elements), and the mesh was checked by mesh convergence analysis.
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Boundary conditions were chosen to approximate the real situation within the constraints
of a 2D rotational symmetric simulation: The bone was fixed to the ground and compressed
onto the articular surface (Figure 3A). This artificial load case was intended to represent
the daily mechanical stimulus to which the radius is exposed.
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Figure 3. Entire simulation procedure: Geometry definition from patients X-ray with highlighted fractured area (A).
Boundary conditions of the idealized rotational symmetric geometry and finite element mesh (B). Fixation on the bottom
and compression with 351 N from the top. Colours represent the standardized initial tissue distribution. Homeostatic
situation after remodelling processes of 200 days is shown by an X-ray emulator (C). After adding the fractured area and
brace (D) the proper fracture healing simulation can be run to obtain the results (E).

During the healing period, the patients used a hand-grip fitness tool (approx. 100 N
compression force). The resulting axial compression force from the contracting muscles in
the wrist served as the mechanical stimulus for the fracture healing process. The occurring
force onto the radius was calculated with the aid of a recently developed musculoskeletal
inverse dynamics model of the human hand [53–55]. Results showed that, on average,
the radial joint surface was exposed to an axial load of 351 N without great influence of the
patients’ anatomical variability.

The initial model had homogenous material properties: trabecular bone, cortical bone
and marrow. To obtain a realistic baseline tissue distribution within the trabecular bone,
the model underwent tissue differentiation until a homeostatic situation was obtained
(Figure 3C). In this case, the apparent stiffness of the tissue concentrations was sufficient,
and the implemented differentiation processes achieved no change in tissue concentrations.
Through this process, the homeostatic situation of the specifically determined geometry
and boundary condition was obtained as exemplary depicted in Figure 3C.

Through X-ray scans, an approximation of the patients fractured area was identified
and assigned a CTB concentration as defined by formula (2) and depicted in Figure 3D
in blue.

To simulate the conservative treatment until week 5, a rotational symmetric brace with
specific material parameters [56] (Young’s modulus of 950 MPa and Poisson’s ratio of 0.3)
was modelled around the radius geometry (Position (a) in Figure 4). Muscles, skin and
other soft tissue in between are assumed to be pure connective tissue. To compare the
simulation with six in vivo longitudinal X-ray scans, the simulation results were visualized
by an emulated pseudo-X-ray view. Concentration values of lamellar and woven bone and
CTB were multiplied by factors for their corresponding bone mineral density [57].
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0.52. (B) female, 86 years; fracture type, C1.1; Radius; T-Score, −1.90; Z-Score, −0.30; BMD, 0.48. (C) male, 33 years; fracture
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−1.90; Z-Score, −1.60; BMD: 0.59.
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The entire simulation framework was implemented in Python (Version 3.7, Python
Software Foundation, Beaverton, OR, USA) using the commercial finite-element solver AN-
SYS (Release 2020 R1; ANSYS, Inc., Canonsburg, PA, USA). Running the entire simulation
procedure for one geometry on a local, well equipped workstation results in calculation
times of approximately 180 min.

3. Results

The predicted fracture healing results of four patient-specific distal radius fractures
are compared in Figure 4 by an emulated pseudo-X-ray view to longitudinal in vivo X-ray
scans of the corresponding patient.

Clearly, artefacts of the conservatively treated patients’ braces were visible in the first
two screenings before the cast was removed prior to the third scan. In the fractured areas,
the trabecular structure was compressed. During weeks 5 to 12, this compressed structure
was resorbed and new bone formed. In most cases, the fractured area was totally healed
after one year. In Patient A, the higher bone density in the area of the compression fracture
clearly decreased from day 21 to day 81. Simultaneously, new bone was formed until
day 168. The simulated results displayed comparable results. The compression fracture,
modelled through an increased concentration of CTB, was resorbed in the first 3 to 5 weeks
and was simultaneously replaced by new bone.

In Position (a), the modelled brace around the radius was depicted and was present
until week 5. Patient A at day 36 (Position b) displayed newly formed woven bone in
the fractured area, but this bone was not evenly distributed. As the CTB structure was
resorbed and laterally a higher concentration of CTB was still present, not as much woven
bone was formed in this spot, but even here the woven bone formation concentration
attained 53% compared to a maximal 86.4% in the medial area. This observation was also
obtained in the corresponding X-ray, where specific spots of the fractured area were also
more mineralized than the surrounding. When comparing the subjects to each other, it was
noted that larger fractured areas tended to heal more slowly. In addition, the predicted
homeostatic tissue distribution showed that smaller radii tended to exhibit higher bone
density than larger radii.

The time course of tissue concentrations in the fractured area revealed the underlying
healing processes in more detail: Figure 5 demonstrates the mean concentration values
in the fractured compartment of Patient D. First, the CTB was rapidly resorbed over time.
After 59 days, the resorption speed decreased because from days 29 to 65 woven bone was
formed. This mostly originated from intramembranous ossification, but because only little
cartilage formation was observed at the beginning some endochondral ossification also
occurred. Clearly visible was the maturation process, whereby the newly formed woven
bone became lamellar bone, which was, after 178 days, the only tissue presents apart from
connective tissue.
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resorbed over time and woven, and later lamellar bone is formed. Total bone describes the sum of
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is observed. However, intramembranous ossification dominates the overall process.

3.1. Parameter Variation

Formula (3) introduced a new parameter into the differentiation processes: the max-
imal resorption speed of CTB (rctb). Variations of this parameter of between 5 and 23%
(representing tissue loss per day) are depicted in Figure 6. A higher resorption rate resulted
in drastically decreased bone volume. Bone formation initially increased in all cases and
subsequently decayed to the same concentration level.

Biomechanics 2021, 2, FOR PEER REVIEW 9 
 

 

 
Figure 5. Mean tissue concentrations in the fractured area. “Crushed trabecular bone” (CTB) is 
resorbed over time and woven, and later lamellar bone is formed. Total bone describes the sum of 
woven and lamellar bone. A small amount of cartilage and subsequently endochondral ossifica-
tion is observed. However, intramembranous ossification dominates the overall process. 

3.1. Parameter variation 
Formula (3) introduced a new parameter into the differentiation processes: the max-

imal resorption speed of CTB (𝑟 ). Variations of this parameter of between 5 and 23 % 
(representing tissue loss per day) are depicted in Figure 6. A higher resorption rate re-
sulted in drastically decreased bone volume. Bone formation initially increased in all cases 
and subsequently decayed to the same concentration level. 

 
Figure 6. Parameter variations of the “crushed trabecular bone” (CTB) resorption speed (𝑟 ) as a 
function of time. Bone concentration consists of woven, lamellar bone and CTB representing an 
overall bone concentration in the fractured area, depicted in blue. 

Figure 6. Parameter variations of the “crushed trabecular bone” (CTB) resorption speed (rctb) as
a function of time. Bone concentration consists of woven, lamellar bone and CTB representing an
overall bone concentration in the fractured area, depicted in blue.

P4



Biomechanics 2021, 1 38

4. Discussion

In this study, a novel model to simulate metaphyseal bone healing based on the tissue
differentiation hypothesis of Claes and Heigele [35] was introduced. The underlying Ulm
fracture healing model for diaphyseal fracture healing [21,28] was used and extended for
its application to the metaphysis. In addition to geometrical and boundary adaptations,
the model had to be substantially extended to consider further materials and processes to
simulate the observed in vivo effects.

The newly introduced material, CTB, represents the compressed and fractured tra-
becular tissue. Trabeculae which are broken and of which the blood supply is interrupted,
cannot contribute to the accumulation of mesenchymal stem cells and the resulting bone
formation processes. CTB comprises a passive component. Because its material prop-
erties are similar to those of trabecular bone, it stabilizes the fractured area and allows
rapid bone formation by its mere existence. Furthermore, the modelled CTB had no direct
biological influence, as proposed by Aspenberg and Sandberg [13], in that no obvious
relationship between newly formed bone and the old trabeculae was observed. Despite the
fact that biopsies [13] showed that osteoconduction on old trabeculae is not an important
process, we maintained the consideration that its surface offers ideal osteoconductive
properties [58].

The modelled CTB was resorbed through a single rate in all biological processes.
This rate was dependent on the surrounding tissue type, which might be an appropriate
assumption, but modelling more specific resorption processes could be promising.

Modelling the geometry of the radius as a rotationally symmetric representation
on the one hand might be a good approach for limiting computational costs, but on the
other hand it limits the ability to represent a patient-specific radius shape. The radial
styloid process as well as the asymmetrical shape of the lunate and scaphoid facet cannot
be considered in such an assumption. On top, the fractured area and its positioning
are limited to a horizontal expansion and can only be personalized through its height
and vertical positioning. However, using 3D computations would have increased the
computational time by up to 2 weeks for each healing simulation, but that is unacceptable
in the development process of a new method.

Nevertheless, the model also shows that in 2D the assumptions on metaphyseal
fracture healing appear reasonable, and further studies with 3D models can be elaborated
using the same framework and modelling techniques.

From a large dataset, the four presented patients (Figure 4) were selected because they
covered a broad variety of different aspects. The geometrical shape as well as their sex and
age varied widely. The selected patients’ X-ray scans were compared to the simulation
outcomes through an emulated X-ray presentation. Therefore, it must be noted that the
emulated image was closer to a computed-tomography scanned image slice than to an
actual X-ray view because the 3D geometric radioscopy was not modelled in this view.
We nevertheless believe that a comparison of the real and simulated results is clearer
through such a presentation. Because of the long time-lag between X-ray scans, a detailed
comparison of the healing process was difficult. A qualitative comparison showed the
model to be capable of simulating the metaphyseal section, the compression fracture and
its healing progress. The simulations were able to predict the healing patterns observed in
the X-ray scans from a decrease in bone density in the fractured area to new bone formation
over the same time frame.

Discrepancies in the bone concentration of Patients A and D around the rotational axis
(Positions c and d) might have arisen from the artificial load case as well as the boundary
conditions required to maintain axial rotation symmetry. The significant difference in the
diameter between Patients B and D was reflected in the bone concentration (Positions e and
f) in the proximal region and might be explained by the fact that the model first calculated
a homeostatic situation based on hand gripping force, which triggered bone formation in
the relatively small cortical shell of Patient C (see (e) in Figure 4).
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De Jong et al. [43] observed an increase of total bone (11 %) and trabecular bone
(20 %) density until weeks 6–8. In the simulated results, a similar behaviour was observed.
Increases of total bone concentration of 11 to 17 % from days 10 to 90 were predicted in
our simulations.

Published quantified results of in vivo investigations on distal radius fractures by de
Jong et al. [42,43] were compared to congeneric quantities obtained by the simulations
(Figure 7). Same behaviours were obtained for the axial stiffness, with a decrease from day
21 to 42. Density comparisons showed that the increase of healthy woven and later lamellar
bone slightly lagged behind the in vivo observations but showed the same behaviour.
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Histological studies by Aspenberg and Sandberg [13], Chen et al. [47], Jarry and
Uhthoff [9] and Claes et al. [12] showed that metaphyseal bone formation occurs mainly by
two patterns. Either lamellar bone forms on existing trabeculae, or woven bone emerges
directly in the marrow [13] between the old trabeculae without direct connection to pre-
existing bone [47]. Cartilage was seldom observed [12,13], but islands of chondrogenic
tissue indicated limited endochondral ossification [12]. All observations showed that direct
intramembranous bone formation is the dominant process of bone formation.

Those findings strongly correspond to our simulated results. We detected little carti-
lage formation in the fractured area (Figure 5) and hence little endochondral ossification.
Direct woven-bone formation in the fractured area indicated that the mechanical stimuli
were within the ranges originally proposed for the diaphysis. The course of tissue forma-
tion in Figure 4 thus reflected the histological observations that new woven bone formed
in between the old trabeculae (CTB) and matured within a plausible time to lamellar bone.
Additionally, the amount of bone formed corresponded to the surrounding bone concen-
tration of the uninvolved parts of the bone. X-ray scans one year after trauma showed a
healed radius, and it was difficult to determine the previously fractured area. The same
characteristics occurred in the simulated results.

The histological comparison showed that the simulation model represents the meta-
physeal fracture healing in an accurate manner. Because the model assumes tissue dif-
ferentiation processes and biomechanical findings originally formulated for diaphyseal
fracture healing, it can be stated that this simulation model corroborated the hypothesis of
Claes et al. [12]. Despite the fact that some parameters of the model might differ slightly
between the diaphysis and metaphysis, the same mechanobiological rules controlling bone
and cartilage formation and resorption are able to predict fracture healing patterns both for
the diaphysis and the metaphysis.
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5. Conclusions

This metaphyseal bone-healing model provided defined and adjustable biomechan-
ical conditions for a wide range of radius geometry representations. The simulations
confirm the hypothesis of Claes et al. [12] for similar mechanobiological rules in fracture
healing of both, the metaphysis and diaphysis. Furthermore, the results demonstrated
reasonable predictions of intramembranous, and little endochondral, ossification in the
fractured area. Therefore, the model appears appropriate for studying fracture healing
under differing mechanical conditions and varying metaphyseal bones and fracture types.
Investigating comorbidities such as osteoporosis and the implicated reduced bone density,
as well as the extension of the model to a 3D representation where patient-specific, non-
symmetric fractured areas can be investigated, are part of future studies. Those fracture
healing simulations could then help to understand the healing pattern better and derive
clinical treatments as well as biomechanical knowledge of metaphyseal fracture healing.
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Patient A: 

female, 51 years, fracture type: A2.1, Radius: T-score: -1.00 Z-Score: -0.30, BMD: 0.52 

C1:   0.61,  
C2:   1.14,   
C3:   0.78, 
C4:   2.67,  
H1:   2.89,  
H2:   23.09,  
W1:   14.95,  
W2:   10.50, 
W3:   13.28, 
W4:   7.73 
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Patient B: 

female, 86 years, fracture type: C1.1, Radius: T-Score: -1.90, Z-Score: -0.30, BMD: 0.48 

C1:   0.7, 
C2:   1.25, 
C3:   1.1, 
C4:   1.7,   
H1:   1.63, 
H2:   21.8, 
W1:   13.45, 
W2:   9.25, 
W3:   12, 
W4:   7.1 
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Patient C: 

male, 33 years, fracture type: A2.1, Radius: T-Score: -0.90, Z-Score: -0.70, BMD: 0.53 

C1:   0.40,  
C2:   0.84,   
C3:   0.76, 
C4:   2.16,  
H1:   1.62, 
H2:   21.14,  
W1:   15.03,  
W2:   9.51, 
W3:   11.65, 
W4:   5.95  
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Patient D: 

male, 45 years, fracture type: A2.1, Radius: T-Score: -1.90, Z-Score: -1.60, BMD: 0.59 

C1:   0.5,  
C2:   1.1,   
C3:   0.64, 
C4:   2.5,  
H1:   4.4,   
H2:   23.3,  
W1:   14.15,  
W2:   11.35, 
W3:   13.8, 
W4:   9  
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Chapter 5
Fracture healing simulation in 3D

All 3D models of fracture healing simulation shown in the literature are run on rather

coarse geometries and symmetry assumptions, as it is numerically not possible to

reduce the amount of temporary data without sacrificing accuracy or raising compute

time. In the Ulm bone healing model tissue differentiation depends on the weighted

average concentrations of surrounding tissue, which requires computing a convolution

integral on a irregular three-dimensional grid. The current implementation of this

smoothing operation in the form of a matrix-vector multiplication turned out to be a

runtime- and space-critical component prohibitive to perform large-scale simulations,

even on HPC clusters.

In the supervised Master thesis of Lukas Tatzel [75] the original problem definition

was transferred step by step into an alternative problem. Ultimately, this lead to

an algorithm where the smoothing is performed iteratively. The advantage of this

approach is that the weights matrix requires significantly less memory space. By

using the iterative approach, acceleration factors in the order of 70 could be observed,

which is primarily due to the reduction of the storage consumption for the matrix.

Final critical considerations showed the influence of the row-wise normalization of

the matrix on the result of the smoothing. With those numerical improvements, we

were able to start simulating distal radius fractures within a 3D healing domain. First

results of this approach were conducted within the Master thesis of Laura Wundke

[81] and will be presented on the conference of Computer Methods in Biomechanics

and Biomedical Engineering 2021 in Bonn (5.2).
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The present work deals with a specific step of a fracture healing simulation (see e.g. [1], [2]). 

In this step, the given concentration distribution of a biological tissue, such as bone, is 

smoothed (i.e. smeared over the three-dimensional healing domain). The current implementa-

tion of this smoothing operation in the form of a matrix-vector multiplication turns out to be a 

runtime-critical component in large simulation scenarios.  

We therefore transfer the original problem definition step by step into an alternative problem 

definition. Ultimately, this leads to an algorithm in which the smoothing is performed in mul-

tiple steps, i.e. iteratively. In each of these steps, a matrix vector product is evaluated. The 

advantage of this approach over the original approach is that the matrix used here requires 

significantly less memory space. An analytical estimation indicates that a considerable in-

crease in performance can be expected. 

Extensive numerical experiments reveal some characteristics of the different methods and 

confirm theoretical considerations. Here we focus especially on the numerical errors and the 

runtime of the algorithms. By using the iterative approach, acceleration factors in the order of 

70 can be observed, which is primarily due to the reduction of the memory consumption for 

the matrix. 

Final critical considerations show in particular the influence of the row-wise normalization of 

the matrix on the result of the smoothing. In addition, some disadvantages of the currently 

used matrix class with respect to the flexibility in the choice of data types are presented, 

which suggest a modification of our implementation. This would lead to a further drastic re-

duction in memory consumption and thus to an additional increase in performance. 
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Abstract:  
Currently, fracture-healing simulations are primarily applied to diaphyseal fractures. In order to simulate 
metaphyseal fracture healing, we extended the previously developed and tested computational model for 
diaphyseal fractures [1] to metaphyseal fractures [2]. Up to now, the investigations were analyzed in 2D 
rotational symmetric geometries. Recent algorithmic enhancements enabled the possibility to simulate 
complex three dimensional geometries in reasonable timescales. The fracture healing model represents the 
homogenized local tissue composition as a mixture of the tissue types “soft tissue”, “cartilage”, “woven bone”, 
“lamellar bone” and “crushed trabecular bone”. 

Patient-specific HR-pQCT scans are used to determine the outer geometry of the cortical shell, the 
compression fracture alignment and a trabecular bone concentration evident from the bone density from 
imaging data. As confirmed in [2] the same tissue differentiation formulations as used in previous models for 
diaphyseal healing [1] can be used in this case, resulting in a healing prediction course over time.  

 
Figure 1: Patient-individual bone geometry and fractured area (blue). Articular surface (orange), where 
compression load is applied 
 

Applying a constant global load of 351 N predicted a bony healing of the fracture area within the same 
timescale as the scans indicated. Computational runtimes of 25 min per iteration and a total time of 233 hours 
obtained the results, that the Ulm healing model is also well suited for the calculation of three-dimensional 
metaphyseal fractures. In the model, bone formation starts from the trabecular region. Small parts of the 
cortex get filled with osseous tissue (yellow circles). Further, some osseous tissue appears at the edges of 
the fracture site (green arrows). 

Day 8 28 35 88 180 

HR-pQCT 

     

Simulation 

     
Figure 2: Healing pattern over time in comparison with in vivo data. View in cutting plane (blue) 

 
In the simulation, intramembranous ossification is dominant for bone formation. Little cartilage formation was 
observed which corresponds well with other studies [3]. Dependencies for the predicted course and 
distribution of the tissue concentrations may include the geometry of the bones their defined fracture areas 
and the applied boundary conditions. Further validation and calibration of this 3D metaphyseal healing model 
in many clinical cases of distal radius fractures will be carried out. 
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Chapter 6
Summary and Outlook

With the presented work mainly two new computational models were established in

the field of computational biomechanics:

The developed musculoskeletal human hand model in the holistic body model of

the AnyBody software environment allows an application to a broad field of research

questions. The further adaptation for the use in a hand gripping exercise demonstrates

this approach. Many research questions can be answered within this new framework.

For example, influences of the entire body motion on the hand and vice versa can be

addressed. Further, the model will be made available open accessible in the AnyBody

managed modelling repository (AMMR) [26] and can be used for the biomechanical

investigation of important clinical problems affecting the human forearm.

The metaphyseal fracture healing model marks a new step in the course of mod-

elling bone fracture healing with an numeric approach. Not only experimental hypoth-

esis were be emphasized but also clinical comparisons with in vivo patient-specific

fracture models were predicted. The numerical enhancements to the algorithm also

paved the way to future possible applications of three dimensional simulations. Those

might deliver further enlightenments with regard to the fracture healing process

as well be a future step to patient-specific fracture healing prediction. Neverthe-

less, those investigations lead to a successful application for a federal grant (EXIST

Forschungstransfer) supporting the establishment of a spin-off at Ulm University with

the aim of developing a user-friendly platform for the utilization of fracture healing

simulations in clinical or medical development practises.
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Both models combined allow a prediction on the healing response depending on the

patients’ gripping exercise. Within this coupling, not only the musculoskeletal hand

model can be scaled patient specificly, but also the corresponding articular force over

the gripping time on the radius can be investigated. This patient-specific mechanical

stimulus is then used in an individual fracture healing simulation of the distal radius.

First applications of this coupling indicated that the exercises stimulated the healing in

an appropriate way and could therefore be helpful for patients with a low activity level.

Further investigations of this coupling also with the new developed three-dimensional

healing model, are part of future investigations, where detailed information regarding

the mechanical load sensitivity on metaphyseal fractures is investigated.

Figure 6.1: Illustration of the combination of the inverse dynamic hand model and the
three-dimmensional fracture healing simulation.
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