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ABSTRACT

Understanding the process of standing up from a sitting position involves complex
biomechanical interactions. Traditional models in biomechanics, which focus on basic
movements, often fail to capture the intricate role of muscles. This study improves on
current models by concentrating on the contribution of muscles to sit-to-stand movement,
specifically addressing three joints in the sagittal plane (hip, knee, and ankle). Bond graph
modelling (BGM) and Hill-type muscle models are used in the study to generate a more
realistic representation of the sit-to-stand action. This work emphasizes on the alternate
Hill-type model that helps to achieve a more thorough knowledge of muscle mechanics.
The complete bond graph model is divided into two subsystems combined with PID-
controllers, one is the actual system which represents the physiological framework and
second is the virtual system which mimics the behavior of Central Nervous System
(CNS). It is observed that lower torque results are achieved by the inclusion of muscles
in the system as compared to earlier studies. This advancement directs the way toward a
more individualized and successful rehabilitation processes, with important applications
targeting rehabilitation robotics. The research adds to the creation of better assistive
devices and rehabilitation programs by giving a more realistic model of human mobility.
In conclusion, this work introduces an improved method to biomechanical modelling that
provides a better understanding of the sit-to-stand action. It questions existing models and
suggests a more thorough technique, bringing up new options for biomechanics and

rehabilitation research.
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CHAPTER 1

INTRODUCTION

Exploring the complexities of human movement and its accurate representation in
biomechanical models is a challenge that has captivated researchers for decades. In this
work, we delve into one of the most fundamental and intricate movements — the sit-to-
stand motion — and seek to enhance its modelling through the integration of muscle
dynamics. The aim of this work not only fills current gaps in biomechanical modelling,
but it also lays the path for breakthroughs in disciplines such as rehabilitation robots and

human motion analysis.

1.1 Background

The way humans move from sitting to standing has always interested the study of
human movement. This is very important in a field called biomechanics that looks at how
our bodies work. This simple move needs help from many parts of the body like muscles,
joints and brain connections. This is not just needed for daily life but also in healing

processes.

In the past, stiff body models have been very helpful to understand how human bodies
move. These studies have limits when looking into the details of how muscles contribute
to moves. Some studies look at the role of muscles but generally are only focused on

single joint analysis.

1.2 Research gap

This study presents a novel approach aimed at tackling the lack of muscle
involvement. It does this by using bond graph modelling (BGM) to model these complex

connections between muscles. This study focuses on adding muscle actions to body



movement models, paying special attention to joint angles and forces when you get up

from sitting.

The novelty about this method is that it lets us see how people really move in life and
gives a more near to precise results. It goes beyond old ways of showing things, which
often make them too simple. The previous studies generally focus on the study of single
joint muscle contribution and this study aims to target major three joints (Hip, Knee and

ankle) involved in sit-to-stand motion.

1.3 Proposed methodology

This study's approach is novel, using BGM and Hill-type muscle models. BGM,
which is flexible in system dynamics, offers a way to show how a system's many energy
exchanges and connections occur. It gives a detailed look at how parts of the body's

muscle and bone system work together when you move, if we talk about biomechanics.

Using Hill-type muscle models improves how real the simulations seem. These
models, which are like real muscles, help us to know how muscle strength changes with

length and speed. This is important for understanding human movements in action.

Main focus of this study will be to target three joints of the lower body during sit-to-
stand motion and try to achieve better torque values in simulations resulting in decoding

a more near to human like motion.

1.4 Model implementation and assessment

To calculate the precise torque required for sit-to-stand movement, the model will be
evaluated at the hip, knee, and ankle joints. The model's sensitivity to changes in crucial
elements such as muscle activation and joint angles will be tested. In addition, the effect

of varying joint angles on the system's needed torque will be examined.

This study used a three-link biomechanical model consisting of foot, leg, thigh, and
head-arm-trunk (HAT) in the sagittal plane to apply the aforementioned model. Figure 1
depicts the segmentation of the human body, with one segment defined as head-arm-

trunk, another as hip-knee, another as knee-ankle, and the final as foot.



1.5 Employing the alternate Hill-type muscle model

The Hill-type model is a popular way to depict how muscles actually work. It is known
for its ability to pretend that muscle force changes with length and speed of action. This
other study, however, uses a new way. It applies the different Hill-type muscle model.
This new way of thinking explains muscle work better. It's great for studying movements
like standing up from a sitting position. It helps us better understand how muscles make

force and control movement, which is very important for real and accurate models.

Adding the different Hill-type muscle model to BGM is a big move forward. BGM,
famous for showing energy changes in hard systems, is great for looking at the complex
movements of muscle and joint and brain connections in people. This combination gives
a complete tool for looking at how muscles help with joint forces and angles. This is

important in understanding the mechanics of sitting down and standing up movements.

II ‘ Head-Arm-Trunk (HAT) ‘ I

(et |

Segment 3

Knee-link

Figure 1 Segmentation of the body



1.6 Impact on rehabilitation robotics

In robotics for rehabilitation, this advanced understanding is very important. Often,
current technology has problems because old designs don't understand how muscles work
and change. This study makes it possible to build better rehabilitation devices and
strategies. It does this by giving a more clear and full model. This study lays the way for
the creation of more effective rehabilitation equipment and approaches that are
customized to individual requirements and situations by giving a more precise and

thorough model.

It is very important in rehabilitation robotics to focus on adding joint movements and
forces of muscles. These guidelines are necessary for creating help tools and recovery
plans. Knowing more about how joints work can help create better recovery treatments
that fit each person's unique needs. This is very helpful for people who are healing from

injuries or have trouble moving around.

1.7 Contribution to the field and future directions

This research contributes to the academic content of biomechanics as well as its
practical uses. It challenges present models and ideas about human mobility and suggests
a fuller method. This work not only describes an innovative model but also provides a
comprehensive theoretical and practical study of its implications. It creates opportunities
for future study, encouraging more research on the incorporation of muscle dynamics in

biomechanical models.

In subsequent chapters, this work will delve into this new approach’s technique,
simulations, outcomes, and implications. It will discuss the technical aspects of BGM and
Hill-type muscle models, as well as a method for determining joint angles and torques
computed, along with the significance of these findings in terms of biomechanics and
rehabilitation. Such research is not only an academic pursuit but a way to the future where
rehabilitation got more efficient, customized and based on a fundamental comprehension

of human movement.



CHAPTER 2

LITERATURE REVIEW

This section discusses the review of the literature studies existing evidence in control
systems and biomechanics, with particular focus on refinements that cast light upon and
broaden the field of rehabilitation robots.

2.1 Bond graph modelling in biomechanics

BGM has a novel application in biomechanical study. It is an approach that has
redefined how interrelated mechanical and electrical systems are regarded given human

movement where Soni and Vaz (2021) marked a turning point.

They have conducted groundbreaking research in measuring knee joint torques during
Sit-to-Stand and Stand-to-Sit motions, establishing a standard within this industry. They
found not only the mechanisms but an entire system, which allows for detailed injection

of muscle dynamics into biomechanical models.

2.2 Delving into muscular dynamics

Biomechanical modelling depends on deep knowing of muscle activity. 1989 was the
year of Zajac’s seminal work in which he proposed Hill’s alternative muscle model. And
it’s not just a model; it can be seen as a lens through which muscle action can be observed
in unprecedented detail. It focuses on the intricate operations of muscles and their
essential role in biomechanical mimicking. Zajac (1989) sets the ground for this study,
making a thorough implementation of Hill’s model in bond graph framework and
uncovers the intricate patterns there exists between muscles and joints during normal

motions.



2.3 Recent advancements in human motion simulation

BGM has come a long way in the last decade, particularly on mirroring muscle-driven
joint movements. The work done by Smith et. al. (2021) pushes the boundaries further
with approaches that shed light on the small but crucial role of muscles in joint torque
measurement. Continuing with the creative mindset, this work develops Soni and Vaz
(2021) model by integrating anatomically accurate muscle models to better depict torque

dynamics during human movement.

2.4 Joint torque — An approach integrating multiple disciplines

Johnson et al. in 2021 correctly captured the multidimensional nature of joint torque
estimation. Their in-depth study incorporates an array of approaches, from
musculoskeletal models to advanced machine learning methods. Such a study as this,
integrates muscle models within the bond graph framework to offer more advanced

approach on how joint torque can be estimated.

2.5 Bridging theory and experimentation

A groundbreaking study by Chen et al. 2020 shows the strength of marrying
computational models with experimental data. This synergy is crucial to enhance the
precision of biomechanical simulations. Inspired by their approach, this research aims at
combining theoretical modelling with real-world data thus improving the bond graph
models by including detailed muscle dynamics so as to facilitate better understanding of

knee joint torque while in motion.

2.6 Uncharted territories in joint torque dynamics

A review of the previous researches reveals critical gaps, in particular, deep analysis
of muscle torque interactions and use of muscle dynamics to calculate joint torques. F.
Kitayama, R. Kondo, and R. Endo’s work in 2023 focus on enhancing transmission torque
characteristics in strain wave gears using magnets, as they provide new dimensions to
torque dynamics and the possibility for further investigation into joint torque changes

from a magnetic enhancement perspective.



Similarly, Wakeling et al.'s 2023 review and Sultan et al.'s 2021 study illustrate the
changing landscape of muscle and musculoskeletal models, emphasizing the necessity for

more detailed research into muscle behavior's direct influence on joint torque.

2.3 Earlier studies: insights, methodologies, contributions, and research gaps

Several key research in the realm of controls have made substantial contributions to
understanding torque dynamics and associated approaches. The following research works

demonstrate diverse views and gaps that have prompted the need for more study.

Kitayama et al. (2023) present a novel method for increasing transmission torque in
strain wave gears by employing magnets. It is a huge step forward in gear technology.
However, its application to human joint biomechanics remains unexplored, notably in
estimating detailed joint torques. This approach is used in our study, and it is extended to
understand how such improvements in torque transmission might be replicated in human

joint dynamics, which is an important component in biomechanical simulations.

Wakeling and colleagues (2023) paper provides a detailed historical review of muscle
and musculoskeletal models. Their research, while broad, falls short of investigating the
direct link between individual muscles and joint torque dynamics. Our study will go into
these precise correlations, concentrating on the intricacies of muscle dynamics in the sit-

to-stand action, thereby addressing a critical gap they found.

Smith et al. (2022) make a significant contribution by developing BGM for mimicking
muscle-driven joint motions. While they made major advances in including specific
muscle dynamics, our study goes a step further by tackling the obstacles in capturing the
whole spectrum of muscle action and its influence on joint torque, resulting in a more

comprehensive understanding.

Sultan et al. (2021) emphasized the complexities of neuromuscular connections by
investigating nonlinear postural control with neural delays. Our research expands on this
by investigating how neural delays affect muscle contributions to joint torques under
substantial perturbations, therefore improving our knowledge of neuromuscular control

in biomechanics.

Johnson et al.'s (2021) interdisciplinary work synthesizes multiple approaches for

joint torque estimation. However, it does not fully account for the role of muscle



dynamics. Our study fills this gap by focusing on muscle dynamics in prediction of joint

torque that will advance the field toward more realistic biomechanical models.

The reference model employed in our research is the bond graph model for Sit-to-
Stand (SiTSt) and Stand-to-Sit (StTSi) movements developed by Soni and Vaz (2021).
Improve their work by incorporating individual muscle contributions in joint torque

calculations leading to better utility of the model during biomechanical investigations.

Rafique S. et al (2020) conducted research on neuro-fuzzy control of sit-to stand
motion using head position tracking. The present study will develop a modeling
framework to assess the contribution of head position trajectory during sit-to stand (STS)
movement governed by the central nervous system. Based on the research, slow dynamics
of CNS also contribute to generating suitable joint angles for necessary head position
during STS. The authors validate their modeling scheme with a biomechanical model and

adaptive neuro-fuzzy inference system controllers.

The contributions of Chen et al. 2020 and Tan 2020 are significant in biomechanics,
with the former working on combining computer models with empirical data and the latter
who builds an exoskeleton for rehabilitation. Our study contributes to the gap in previous
research by thoroughly exploring the intricacies of muscle behavior in calculating joint

torque, insights which are critical for successful rehabilitation methods.

Useful insights on BGM are provided by Mughal and Igbal 2006 as well as Zoheb
and Mughal 2013. These works demonstrate the possible applications of BGM in
biomechanical systems. However, they do not fully delve into the role of muscles in joint
torque calculation. Our study meets this demand by ensuring a good understanding of

muscle dynamics in biomechanical models.

This detailed review of available literature identifies the progress and constraints in
establishing our comprehension of muscle dynamics evolution and joint torque
estimations in biomechanics. The studies reviewed provide a background for our study as
they address the key areas that have remained elusive thus far. Methods. The next section
will examine the methods used as we move from the theoretical foundations provided by
these books to practical application in our analysis. This will include our new approach
in integrating muscle dynamics into BGM as a path towards enhancing the performance

and usability of biomechanical models across theoretical and practical domains.



CHAPTER 3

METHODOLOGY

This research builds on the bond graph model proposed by Soni and Vaz 2021 for sit-
to-stand and stand-to-sit movement, seeking to integrate specific muscle dynamics at any
given joint. We describe the specifics of the integration process into 20-sim platform,
focusing on muscle dynamics complexities and their influence on joint torque during Sit-

to-stand motions.

3.1 System segmentation and subsystems for the Sit-to-Stand dynamics

The system for modelling the dynamics of Sit-to-stand motions comprises two
identical subsystems. These are named the virtual subsystem and the actual subsystem.
The virtual subsystem imitates the working of the Central nervous system (CNS). It
represents an imaginary human body. The actual subsystem represents the real human

body.

The virtual subsystem is nominally similar to the actual subsystem in terms of mass
and inertial properties. The subsystem comprises of one rigid link and three muscular
links representing the upper body i.e. HAT (head, arms and trunk), hip, knee and ankle
respectively, connected by revolute joints. For illustration purposes figure 1 represents

the segmentation of our model in the sagittal plane.

Error in desired Force profile Desired joint Error in desired and actual Joint Torque
trajectory at COM-V angle trajectory joint angle trajectory profiles at COM-A

I I | 1

. % PD Virtual * PID Actual
COMB Trajectory Controller [~ ™  Subsystem Controller ¥ Subsystem

Traiectorv of COM-V feedback Actual joint angle trajectory feedback

Figure 2 Schematic of model. Each subsystem of the model is represented in the blocks,
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The complete bond graph model for Sit-to-stand motions comprises two sub-
models: one is a model of the virtual subsystem (model-V) and the other is a model of the
actual subsystem (model-A). To emulate the working of the CNS, the centre of mass of
the model-V (COM-V), is moved through a PD controller along the experimentally
determined trajectory of the COMB as shown in figure 2. For comparison purposes,
results are taken from Soni & Vaz (2021).

These joint angle trajectories are commanded to the PID controllers at each joint
which act as actuators and mimic the function of muscles. Consequently, PID controllers
provide the required joint torques at each joint such that the Centre of mass of the actual
subsystem (COM-A) tracks the trajectory of COM-V. Thus, COM-A follows the desired
trajectory of COMB.

All processes; from the imposition of desired trajectory on the COM-V, calculation
of respective joint angles, commanding those joint angles to the PID controllers and
application of torques by PID controllers on respective joints of model-A are
simultaneous. All the subsystems shown in figure 2 are explained in detail in the
subsequent sections of this paper. The next section elaborates on the subsystems
considered for the modelling.

3.2 Anthropometric properties of the subsystems

The Anthropometric properties of both actual and virtual subsystems have been taken
according to Dumas and Wojtusch (2017). The segmental reference frames are the frames
on the segments considered by Dumas and Wojtusch in their work. The arrangement of
those segmental reference frames considered by Dumas and Wojtusch is different from
the body frames considered in the present work. This is because, Dumas and Wojtusch
fixed their segmental frames according to the International Society of Biomechanics
(1SB) whereas, in the present work, body frames are fixed according to the Denavit—

Hartenberg (D-H) convention.

The Denavit-Hartenberg (D-H) parameters consists of four parameters used to describe
the kinematic relationship between two of rigid bodies either in a robotic manipulator or

in any mechanical system. They are as follows:
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1. Link length (a): The distance between two consecutive joint axes along the
common normal.

2. Link twist (a): The angle between two consecutive joint axes about the common
normal.

3. Link offset (d): The distance between two axes joined together along the pre-
existing z-axis.

4. Joint angle (0): The angle of rotation about the previous z-axis to align the current

and previous joint axes.

By substituting these parameters, the transformation matrix of the adjacent frames is
easily calculated and this also helps in the analysis of the system’s kinematics. With the
use of D-H convention a complex robotic system can be reduced into a simple model and

now it is an established method in robotics and biomechanical research.

The D-H convention of fixing the body frames is more advantageous for the kinematic
analysis of the system, as the complete kinematics of the system can be defined using
only four quantities, in terms of joint variables and link parameters. Figure 3 shows the

different segments and the segmental frames considered by Dumas and Wojtusch (2017).
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Figure 3 Segments and segmental frames by Dumas and Wojtusch (2017)
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Segment 4, of the seven-link actual subsystem, includes all the segments of the upper
body given by Dumas and Wojtusch (2017) as represented in figure 3. There are a total
of 8 segments of the upper body: the pelvic, abdomen, thorax, head and neck, upper arm,
forearm, and hand. The position of the Centre of mass of each upper body segment with
respect to its respective segmental reference frame is calculated according to Dumas and
Wojtusch (2017). Bond graph model of the system discussed in detail is explained in the
next chapter.

3.3 Integration of Hill-type muscle models

The Hill-type muscle models are integrated at key joints (hip, knee, and ankle) to
simulate muscle force generation and interaction with skeletal elements. This involves
modelling the muscles' force-length and force-velocity relationships, crucial for
replicating realistic muscle behavior during movements. We aim to enhance the
biomechanical model by incorporating realistic muscle dynamics at the key joints. This

is achieved through the following steps:

e Modelling Muscle Mechanics: Each muscle is represented using the Hill-type
model, which captures the force-length and force-velocity relationships. This is
crucial for simulating how muscles contract and generate force during
movements.

e Parameter Selection: Parameters such as maximum muscle force, optimal fiber
length, and tendon slack length are carefully selected based on physiological data.
These parameters are critical for accurately modelling the behavior of different
muscles.

e Muscle-Joint Interaction: The interaction between muscle forces and joint
movements is modeled. This includes calculating how muscle forces contribute to
the torques at each joint during different phases of the sit-to-stand and stand-to-
sit movements.

e Integration with the Skeletal Model: The muscle models are integrated into the
existing skeletal model of the bond graph framework. This integration allows for
the simulation of combined muscle and skeletal dynamics, providing a more

comprehensive representation of human movement.



13

Hill-type muscle models with active and passive components are used to describe
muscle forces as illustrated in figure 4. In these models, compliance is denoted by C, and
it is represented in series elements as Cs and in parallel elements as Cp. The force acting

on the muscle is generated by an external source denoted by Se.

CE |—| SE I— CE
| e For | e | o

(a) (b)

Figure 4 a) Block diagram of 1st Hill model. b) Block diagram of Alternate Hill model.

The methodology adopted for this study is designed to bridge the identified gaps
in prior research while leveraging and integrating the strengths observed in existing
methodologies. Emphasizing a comprehensive approach, this section elucidates the
research design, data collection techniques, and analytical frameworks employed to delve
deeper into the intricacies of muscular dynamics and their pivotal role in joint torque

estimations. In the next section, we will discuss the bond graph model of each sub-model.



14

CHAPTER 4

BOND GRAPH MODELLING

A systematic approach has been followed to develop the bond graph model for the
dynamics of Sit-to-stand motion. Initially, a bond graph model of a rigid link (RL) is
developed (Mishra & Vaz, 2017; Pathak & Vaz, 2020) which Soni & Vaz (2021) have
utilized and created a model for their research. However, the model used in Soni & Vaz

(2021) does not incorporate dynamics of muscles.

Next, the novelty of this research, rigid links embedded with the alternate hill type
muscle model to simulate the behavior of muscles is developed. Lastly, the model of a
revolute joint constituting the bond graph model of translational coupling (TC) and bond
graph model of conditional rotational coupling (CRC) is developed. Subsequently, those
bond graph models are appropriately assembled together to develop the complete bond

graph sub-models of the actual and virtual subsystems.

It has already been explained in chapter 3 that the complete dynamic model comprises
model-V which imitates the working of the CNS, and the model-A representing the
human body. Though most of the structure of model-V and model-A is similar, there are

subtle differences between the two which are discussed subsequently.

Complete bond graph model-V and model-A are discussed towards the end of this
section. In all bond graph models, throughout the paper, the thick bonds represent multi-
bonds having a cardinality of 3, and the thin bonds are scalar bonds. All of the segments
of the model are described below in detail.

4.1 Bond graph modelling of a rigid link

The development of the bond graph of the link can be started with the flow mapping
technique based on kinematics. Only reference frame is considered rigid. Therefore, the
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velocity of a point of Model-A observed and expressed in the inertial frame can be

represented as:

0; _0; 0= 0,
0VHAT Aa = OVHAT Ac — [HAT_ACrHAT_Aa X] 0WHAT A 1)

Where 97, is the velocity of the center of mass of the upper body link, and

owrar 4 is its angular velocity observed and expressed in inertial reference frame.

[HAT_A‘gr‘HAT_Aa x] is a skew-symmetric matrix calculated from the position vector given

as.
0= _ 0 0 0 T
HAT AcTHAT Aa = { HAT AcCXHAT Aa HAT AcYHAT Aa HAT AcZHAT Aa) (2
0= _ 0 HAT A~
HAT_AcTHAT Aa = [HAT_AR] HAT AcTHAT_Aa (3)

WHhere yar a2 ar aq IS the position of iA point of the Model-A link with respect
to its center of mass and expressed in its body frame {HAT_A}. [ H AT_/‘,’R] is a rotation
matrix representing the orientation of the {iA} body frame with respect to the inertial

frame {0} [ yar SR] is calculated by integrating [ ;47 SR]-

[HAT_gR] = [HAT_ngAT_A X] [HAT_gR] (4)

Similarly, the velocity of point iAb of the iA link is calculated.

0 .
107HAT ab
0_
[HAT_ACTHAT_Ab X]55 TI; -
0 MTF I 0 0
HAT_AcXHAT_A /5 MTF 0XHAT A M
1 1 8(‘)HATA 10- = rAT_A
5 _ S
I = 4 0THAT_AC 1
0
HAT_ACIHAT_A MTE | 56 0 59
MTF1
[1ar_alT x]
HAT_AcTHAT_Aa
0 .
107HAT Aa

Figure 5 Rigid link of the model, serves as the upper body frame for our research

The bond graph representation of the velocities of points HAT_Aa and HAT_Ab

of the model-A link is illustrated in figure 5. 13747 4qand 19747 45 are common flow
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junctions representing the velocity of the centre of mass of the iAth link and its angular

velocity.

Further, bond graph dynamics of the rigid-link is obtained by adding inertial elements
I: MHAT A, I gar acluar 4 @nd the causal strokes. Where 11 a7 aclyar a represents the

rotational inertial element and I: Muyar_a represents the translational inertial element.

4.2 Bond graph modelling of muscular link

Figure 6 shows the Bond graph of muscular link. By modifying the rigid-link and
incorporating muscles using alternate hill type muscle model, muscular link is obtained.
Using standing position as reference (0=0 degrees) and we have to stabilize the system at
standing position. The constant reference input in figure 6 is taken as zero. The reason for
such reference input is that our final position is static. Input signal is fed to 2nd Hill type

Muscle model.

The values of B, Cs, Cp, m, m1, m2, Rsp, Csp, Csr, Bgto and Cgto are taken from
Zoheb, Madiha (2013). In this muscle model m1 is the weight of muscle and m2 is mass
of human body. There is a 10% tolerance margin in the mass of the body. This tolerance
is catered as disturbance in the system. This disturbance is presented in the system as

modulated source of effort “constant”.

R cc e
B @s G MTF |
o\ /_/ i
Se 11 I 0 11 Ow Hip A
Se T %
MTF (—=
I MTF4
m Il
R——1~=C ﬁe
Bgto % Cgto I:
Constant

Figure 6 Bond graph model of muscular link
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GTO detects variations in muscle tension and relays this information to the brain.
In our scenario, the brain will be model-V, which will be explored more at the end of the
section. The GTO model is described in Zoheb (2013). This model takes flow from

muscle structure as input.

As detailed by Mughal, Asif M., & Igbal, K. (2013), the order of the system is
reliant on the order of each subsystem. The muscle structure is third order, GTO is first
order system, and simplified third order muscle spindle structure. The musculoskeletal
system shown in figure 6 is given in (5)-(13). This is similar to that of given by Mughal,
Asif M., & Igbal, K. (2013) with a slight change that these bonds are multi bonds with a
cardinality of 3 and the inclusion of CRCj and TC; elements in (9).

Py, = Se — % )
o — (Pzz _ 1) _ |(42s _ 427 1 P3o
Q25 = (m B) [( Cs Cgto) % (Bgto>] + my (6)
qz1 = ?nif (7)
o — (925 _ 427 L
QZ7 N (Cs Cgto) X Bgto (8)
P30 = CRCl - (%‘F CRCi_l) - 227 + TCl (9)
14 gto
Py = 2 (10)
. o 1 25 _ Y27 ,_ Y40 _ 442 _ 931
Gao = 7- X <(Constant + Cgm) + (TCL o o G >> (11)

Rsp Cs Cgto Csp Csr Cp ms

Qaz = = x <<Constant+@— ﬁ) + (TCi _ 40 G4z _ &))_ P43 (12)

This model's output is a message to the brain. Translational flow and effort are the
outputs of the muscle model. This muscle model is linked to the HAT, which, as
previously explained, requires rotational and translational inputs. This output is sent into
the HAT structure, coupled with a constantl source of effort. Table 2 shows the values of
all the elements utilized in the model. Bond graph simulation of a revolute joint between

two consecutive links.
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4.3 Bond graph modelling of revolute joints

The revolute joint can be modeled as a combination of rotational and linear couplings
(Mishra & Vaz, 2017). In this work, revolute joints have been modeled using a
combination of conditional rotational coupling (CRC) and translational coupling (TC) as
illustrated in figure 7 and figure 8 respectively. The modelling of the revolute joint of the
virtual subsystem hip_V and then the modelling of the revolute joint of the actual

subsystem hip_A is discussed.

The revolute joint is a type of joint that allows rotation around a single axis. In the
context of robotics, revolute joints are commonly used to connect two links in a robot
arm. The rotational motion should be allowed about the Zsav axis only, and it should be
constrained about the Xzv and Y3v axes. The natural joints possess physiological damping
due to the presence of the cartilage layer and the ligaments. Also, it is assumed that to
achieve correct postures during sit-to-stand motion, the CNS learns to adjust the joint
impedance as discussed by Soni & Vaz (2021). In model-V, both the physiological
constraints and the constraints due to the nature of motion have been considered.

The modelling of the revolute joint is important because it allows us to simulate the
behavior of the joint in different scenarios. For example, we can use the model to predict
how the joint will behave under different loads or when subjected to different forces. This
information can be used to optimize the design of the joint and ensure that it will perform

as expected in real-world applications.

The natural joints possess physiological damping due to the presence of the cartilage
layer and the ligaments. Further, it is assumed that to achieve correct posture during sit-
to-stand movement, the CNS learns to adjust the impedance. In the model-V, a learned
damping element R: Rz is used to model the combined effect of physiological joint
damping and the CNS learned impedance where Rz € R. The CRC_Hip model is shown
in figure 7. The angular velocities of Knee link and Hip link observed in the inertial frame

{0} are represented by 1 junctions 10@gnee v and 19@y;, v , respectively. The relative
angular VeloCity gnee y@uip v = 0@uip v — 0@knee v Of Hip link with respect to the

Knee link and expressed in the inertial frame is calculated at Oz i v junction. Then

Hip_V —

[ knee v@nip v] is expressed in the body frame {Hip_V} as .oy @puip v Using the

modulated transformer MTF: [, JR] as following:
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Hip V —

_ opl” —
Knee VWHip vV = [Hip_VR] Knee_l(/)(‘)Hip_V (13)

Further, K,’f;z;gamp_v is decomposed into three components as scalar bonds as

shown in figure 9 in CRCa. Rotation about the x;, y and yy;, v axes of the body frame
is constrained using source of flow Sfinee vx:0 and Sfgpee vy: 0 respectively. The
occurrence of derivative causality has been avoided by appropriately relaxing these
constraints using viscoelastic couplings having torsional springs modelled as C and C;,

and dampers R and R about the x;, v and yy;,, ,, axes respectively. Here C, C4, R and

R1 € R. The torque acting on Hip link about xp;,, , and yy;,, , axes of frame {Hip_V}

are:
Hip Ve, v, =C kneoVOipvx + R gnonyOuip v (14)
Hip Ve, = C1 KrI-LIéze):geHiPVy + R1 ngizejigéHip_Vy (15)
Where KﬁézigéHip_Vx = - Krljéze):gaHip_Vx and Kgéz:géHl’pVy = - Krffég:KaHip_Vy are

represented at junctions 1oy @i v @nd 1 P8, 1, respectively. Rotation about

the zy;,, , axis is permitted in a predefined region and beyond which it is restricted using
a source of flow Sfxpee v,:0, @ non-linear Cz and Rz elements. The characteristic

functionality used here is already established in Pathak & Vaz (2020).

Let us consider joint angle for Knee joint, measured from xg,.. v t0 xy;;, v, about

Hip V
nee_V

Hip V

Zyipy aXis 1o be . Onip_vz- For the modelling, let ., .vOuip vz, and

Kb Bhtip v, 1S the allowed range of rotation for Knee joint or Hip-link. As long as

the hip link rotates between b=y 6uip vz ANA ey Buip vz, the non-linear

Hip_V

elements C, and Rz remain inactive. In the rotation region .. .cvOuip vz, <

Hip_V Hip_V i
knee vOHipy, < Kknee vOHip vzma,s the Only torque due to the learned damping element

R3 will act about the z;,  axis of frame {Hip_V} as:

Hip_V _ Hip_V
0 THip.vz = —R3 knee v@Hip vz (16)

Hip V —

Hip V . .
Where g, 0. v@uip_v 1S the component of angular velocity ., .. @ gip v about the

Zyip v direction.
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As Hip link tries to go beyond either of the limits Kﬁg’;ﬁemp_vzmm <

o Ohip vy < kiebrBHip vz max» the non-linear C, and R elements become active.

These elements represent a cushion to the limits of the rotation region. The angular

. . . Hip_V _ HipyVv
deformation of the cushion is calculated as g, .oy Ouip vz, = kneevOnip vz —
Hip_V

Hlp_V - - .. _
knee vOHip Vzma, When it transcends the maximum limit and .0 Ohip vz, =

KnebBhip vz — knebyBOHip vz, When it transcends the minimum limit.

Hip V
K nee_VﬂUH ip_Vx

4
SfKnee_Vx:O Sf: - 0
Sf L
Hip_Ve'
Knee VVHip_Vx 1
AN
R C
R [
Hip V =
Knee_ng ip{vVy
sf 10 Sfi——0 0
Knee Vy* | 4 [Hip_VR]
Sr 6 )
L A MTF
Hip Vg' P MTF2 gnee I(/)aHip v
Knee vPHip_V. Hip V|~ - -
nee_vYHip ngﬂ & Knee UPHip v
o . R c
Knee Vz' Vgf A1 o1
Hip V
Knee_ v@WHip|vz
16 Thetad Az
1 0<—I1
Powerhiux

Torgug3 A-CRorgpes Az

Hip_Vg'
Knee_V/Hip Vz 1 R

R2 G2

Figure 7 Bond graph model of conditional rotational coupling
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Hip_V __ HipVv __ HipVv
When knee vOHIp vz = Knee vOHID Vzmax = Kknee vOHID VZmn then

Hip_V _ . . . P Hip_V
knee vOHip vz, = 0. As the Hip-link transcends the maximum limit .. 0hip 4, >

e B vz AN b By vz, # 0, the non-linear elements will gradually start

applying an opposing torque on Hip-link. The function of angular deformation of the

cushion K,‘:’;’;:ﬁemp_vz , represents the opposing torque as:

Hip_V

o THip vz =
Hip_V Hip_V Hip_V . HipV
- ( 0 THip_Vz)C2 - ( 0 THip_Vz)RZ - R3 Knee_v(‘)Hip_VZ ’ Knee_V(‘)Hip_Vz =0
_ (Hip_V ) —R Hip_V . HipV <0 (17)
o tHipvz) ) 3 Knee_vWHip Vz ) knee_v@WHip vz

0
0"Hip_a c
0

Tk nee_b

Figure 8 Bond graph model of Translational Coupling

Similarly, if the Hip-link transcends the minimum limit iV 6, v, <

Hip_V Hip_V : .
knee v OHip Vzmim AN knee v Onip vz, # 0, the opposing torque can be expressed as:

Hip_V

o THip vz =
__ (HipVv __ (Hipv _ Hip V . HipVv
( 0 THiP_VZ)CZ ( 0 THiP_VZ)RZ R3 Knee vWHip VZ } Knee_vWHip_vVz =0 18
_ (Hip_V ) —R Hip V . HipVv >0 ( )
o THipvz), 3 Knee VOHip_ Vz » Knee VWHip_ Vz
Where,
Hip V _
( 0 THip_Vz)C2 =
( Hip'VeH‘ v )2 Hip V
Knee VVHip_ Vzg4 . ip_
C2 Slgn(Knee_VgHip_Vzd) (19)

Hip_Ve i 2
HipVy 2 1 Knee_ VPHip_Vzq
Knee VVHIp_VZmax “\ THipv

Knee VOHIp Vzmax
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and,

(Hip‘(; THisz)Rz =
Hip V

[ 2 —|
| (Knee_VeHiP_VZd) |
Hip_Vg . 2
( Hip Vg )2 1 | _Knee vZHip Vzg
Knee VVHIP_ VZmax Hip_Ve ]
l Knee V'Hip Vzmax J

Where C> and R> are the positive constants such that R> and C, € R.

Hip_V

R2 Knee_VwHip_VZ (20)

From (16) and (17), it can be noticed that when the Hip-link will try to deform the
cushion on either of the limits, only then the nonlinear C, and R elements are considered
to acting and its velocity will be towards the limit. The Rz element will be deactivated
and the damping force will not act when the velocity of Hip-link is in the opposite

direction to the limit and the cushion will be regaining its shape.

Hip_V

As the angular deformation of the cushion ., ..~

Onip_vz, t€nds to the maximum

Hip_ V

permissible angular deformation ..~

OHip vz, [he 0pposing torque by non-linear Cz

Hip_V
nee_V

and Rz elements in (18) and (19) tend to infinity. , OHip vz, 1S Selected such that

the Hip-link would never cross its natural limits of rotation during sit-to-stand motion.
The net torque acting on Hip-joint due to the CRC: in the inertial frame {0} is represented

as:

_ HipV _
8THip_V = [Hip_l(}R ] THip v (21)

Hip_ V = — Hip V = Hip V = Hip V = T
Where p- THipv = { P- THip Vx » P- THip vy » p- THip_VZ} :

The bond graph of TC, and CRC> between Hip and Knee is shown in figure 9.
Similar approach is used when modelling bond graph of TC1 and CRC; between Knee
and Ankle, and modelling bond graph of TCs and CRC3s between HAT and Hip.

The modelling of the revolute joint of the model-A Hip_A, Knee_A and Ankle-A
is similar to that of the model-V with few exceptions. One difference is that in model-A,
only the physiological constraints of joint motion have been taken into consideration. The
second difference is that in the model-A, only the physiological joint damping has been
considered using a physiological damping element R29. The TC4, TC2 and TCz of model-
V and TCy, TC; and TCs of model-A are similar to each other. The torque acting on Hip-
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link about the xy;,, 4 and yy;;, 4 axes of frame {Hip_A} are formulated similarly for the
model-V.

HIP H

O p—
R [ Wyi
Knee VWHip_V sqt0 cgto

sf—"—0 ﬁ w[ LIipJ?R]

'f, IMTF =2 =
gz Hip V7= THip_A 0— _
28| kndev@Hipy 0@knee_v | —"Tyip v
g_[; . CRC2
0 P KNEE ‘ T,
1, tm 04 TCA_Knee_b
S F R T
RS MTF I []
25 AT

Se —S1yq 82 'p 22
set

2
.& MTF —2—0 JF
ms wrEr

U . MSe
R.”‘?1?‘c ,.,

Constants

i -r<g oo

Figure 9 Bond graph model of revolute joints between links. This shows connections of
rotational and translational coupling between hip and knee joints.

Hi — _ Hip V Hip .V

pa THipr - CKnee_A Knee_VHHip_Ax + RKnee_A Knee_veHip_Ax (22)
Hipg =

pa THipA CKnee A Knee VHHlp Ay + RKnee A Knee VHHlp Ay (23)

4.4 Bond graph modelling of a ground link

In both the actual and virtual subsystems, it is assumed that there is enough friction
between the feet and the ground in the Xo and zo directions. As a result, any movement of
the feet in the xo and zo directions is prohibited. Furthermore, in normal sit-to-stand and
stand-to-sit motions, the feet do not lose contact with the ground. The human body would
do so by exerting force on the earth. Some of the muscles in the lower limbs would
provide this force. The restriction of motion of feet in the yo direction is achieved by

restricting their motion in the yo direction as well. This can be understood as if the muscles
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of the shanks and feet generate the necessary forces to keep the feet in contact with the

ground during sit-to-stand and stand-to-sit motions.

R17 C14 R16 C13 R15 C12

Figure 10 Bond graph model of ground structure: GTCAa.

For the actual subsystem, only one point on the ground ‘GTCA’ is taken into
account. There is additionally one viscoelastic coupling: GTCa between points ground
and ankle joint connection in this scenario. Figure 11 depicts the GTCa bond graph
structure. GTCv's bond graph structure is comparable to that of GTCa. As illustrated in
figure 11, movement is restricted in x0, y0 and z0 direction and have been constrained
using source of flow elements; Sf=0, linear stiffness elements; C12, C13 and C14, damping
elements; Ris, Ris and R17 respectively. Here all values of linear stiffness elements and

damping elements € R. The effort by the coupling of GTCa on ankle joint link will be:

0 0;
Cig goXa+ Ri7 g %a

Torca = {C13 g2ya+ Ris 42ya (24)
Ci2 gng + Ris ggiA

Where %, ,%, and ,%z, are the relative positions of point ankle-joint on

ankle-joint to a point ga on the ground. ;%, , ;9v, and 92, are the relative velocities.
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Similarly, Tzrcy have been derived. Similar couplings gTCy have been used for
modelling of ground in the model-V. Forces by the model-V are derived as done for the

couplings of the actual system given in (25).

0 05
Co1 gaXa+ Ryy g %a

Terev = | Czo gﬁ)’A + Ry gﬁ).’A (25)
Cio gaza+ Ras 492,

4.5 Bond graph modelling of PID controller

The focus is on refining the control systems to accommodate the nonlinear

characteristics of the integrated muscle models. Key aspects include:

e Controller Tuning: The Proportional-Integral-Derivative (PID) controllers are
fine-tuned to align with the nonlinear response of muscles as represented by the
Hill-type models. This involves adjusting the PID parameters to achieve desired
dynamic responses during joint movements.

e Response Calibration: The controllers are calibrated to ensure that the muscle
response under various load and speed conditions is accurately reflected. This
calibration is crucial for replicating realistic joint movements in simulations.

e Integration with Muscle Dynamics: The adapted control mechanisms are
integrated with the muscle dynamics to create a cohesive system. This ensures
that the control response is harmoniously synchronized with muscle force
generation and joint dynamics.

e Simulation Testing: Preliminary testing of the adapted control systems is
conducted through simulations to validate their performance. Adjustments are

made based on these tests to optimize the control response.

By adapting the control mechanisms in this manner, the methodology ensures that the
model accurately captures the complex interplay between muscle forces and joint

movements.

About the zy;, 4 axis of the frame {Hip_A}, an additional torque ( /P4 THiPA)CR

from the BGM of PID3 to the BGM of CRCza acts on the Hip-link as shown in figure 11.

Based 0N the ermor eyip 4 = goev v Buip vz — xneraOnip a2 Detween the desired joint
angle by Buip v, 10 the actual joint angle 2464, 4, the PIDs controller would
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generate the necessary torque (HipA THip A)CR to be applied at the revolute Hip-joint of

the model-A. Here, it can be seen that the model-V (CNS) determines the desired joint

angle K,i’;z:KeHip_Vz by taking into account the joint limits including both physiological

limits and limits due to the nature.

Hip_V
nee_V

Furthermore, to achieve the desired joint angle , Onip vz, the PID-controller of
the Hip-Joint would generate a joint torque such that Hip-link would never transcend the
joint limits. When the PID-controller which mimics the function of muscle is not working
then the physiological limits modelled in the model-A acts to stop the movement of the
links. The elements are represented by C for proportional gain, Se for integral gain and R

for derivative gain.

C = Cp_Hip_a €Hip_a (26)
R = Rp Hip 4 €Hip_a (27
t
Se = (i nip a f1'=ti Enip_a (T) dT (28)

In the same manner, PID-controllers are used for all the joints i.e. Knee and Ankle.

For the actual subsystem, when Hip-link rotates between the maximum and minimum

P . Hip_A Hip_A Hip_A :
limits of rotation y,,.."4OHip azmin < knee aPHip 4, S Kknee AOHip_Azmq,» the tOrque acting

on it can be given as:

Hipa + . — ( Hipa - . _ Hipv =
THipy = ( THlPA)CR R, Knee VWHip_Vz (29)

When Hip_A link tries to go beyond the maximum limit of rotation

Hip_A Hip_A

Kknee AOHID a; > Knee AUHip_Azmq, theN the torque acting on it can be represented as:

Hipy —
0 THipAz -
Hi Hip_A Hip_A Hip_A . Hip_A
(Hipa THipA)CR = (" tHip.az) 2 (" Thip_az) g2~ B2 knee a®Hip_aZ  knee aWHip_az = 0
Hi Hip_A Hip_A . Hip A
( ipa THipA)CR - ( 0 THiP_AZ)CZ —R, Knee AXHip_Az ) Knee AWHip_Az <0
(30)
Similarly, if the Hip-link transcends the minimum limit o= Oyip 4z <
Kner s Onip 4z, the torque acting on it can be expressed as:
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HiPA,l. ] —
0 "Hipaz —

Hipy4 ) __ (Hip_ A ) __ (Hip_ A ) _ Hip_A ) . Hip_A )
( THlpA)CR ( 0 THLP_AZ)CZ ( 0 THLP_AZ)RZ R; Knee_APHip_AZ 7 knee APHip_Az <0

Hi Hip_A Hip_A . Hip A
( pa THiPA)CR - ( 0 THiP_AZ)CZ ~ R knee a®@Hip_az  knee aA®Hip_az >0
(31)
Where
(Hira rHipA)CR = R+C+Se (32)
Which has already been established in (26)-(28).
The power generated by the PID-controller is:
— (Hi Hip_A
(PHiP_A)CR - ( pa THiPA)CR Knee AWXHip_Az (33)
The net power given to Hip-joint is:
_ Hi Hip_A
PHip_A = Ttha THipa Knee_AWHip_Az (34)
The net torque acting on the Hip-link in the inertial frame {0} is:
0 = _ 0 Hip_A _
0 THipy = [Hip_AR] THip_ A (35)
Hip_ A= — Hip_A= Hip_A = Hip_A = T
Where "P- THip_A = { - THip_Ax ) P THip_Ay ’ P- THip_AZ} .
c R : . .
"\ /‘ Knee APHip Az = knee aOHip az
B PID3
. I . . CRC3_V
)———11 ——10 ———11
1£ G
Sf
c R = O ——1—F e
61%1 /Jm (leA Tors ) T A\ﬁ
o0 @i —" I Hipalcr = R
2 0 is T I
Hip=V | Hipvy L T—10—1
e Kknee VOHiD Vz T Knee vOHip ¥z |
“z\f " N
10 <——isf ® 0 (O VF—v—t T
Powerk st T T«n%%f
CRC3_A
ey,
I
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Figure 11 Bond graph model of PID controller between Model-A and Model-V.
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4.6 Bond graph modelling of model-V

Complete bond graph model of the model-V is given in figure 13. The links are
represented as BGM of HAT, Hip, Knee and Ankle. The revolute joints between the links
are represented as BGM of CRC; and TC;, where i=1,..,3. The force of gravity is also

0
considered by imposing an effort using Se: —M,;,,,.g at the center of mass of each link,
0

where link = HAT, Hip, Knee and Ankle.

For the virtual model, the position of center of mass of all links can be derived as:

0= _ Y Miv §Five 36

o'com v Ty My (36)
And by differentiating (36), we get:

0= _ I M §Five

ofcomv = Ty My @37)

This can also be re-written as:

0. , 0% . 0= 0=

0= _ Mparv oTHAT VC Mpip v oTHip_vC + Mgnee v 0T'Knee VC + M ankie v 0T Ankle vC
ofcomv = S, ' Y) 4 4
i=1Miv i=1 Miv i=1™Miv i=1Miv

(38)

Similarly, the position of combined center of mass of the model-A is derived. As
illustrated in figure 13, the trajectory of the COMB is being fed to the COM_V of the

85CCOMB
model-V as a vector source of the flow = 8}7c0MB
0
PD-Controller

0t 1} R

A\
0t
7 U/ \ng
8f I—1 s

st oXcomB <
— 0. c33
Sf 0YcomB
Q

Figure 12 Bond graph model of PD-controller.
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Where S%comp and 0ycomp are the first derivatives of the piece-wise mapped time
polynomials as established in Soni & Vaz (2021). 3%coms and 3ycomp are the imposed
flow trajectories in the Xo and yo directions, respectively. By imposing 0 flow, any motion
in the zo direction is restricted. The sub-model of PD-controller as illustrated in figure 13
is used to apply the required amount of effort on the COM_V of the model-V to move it
along the desired trajectory of the COMB. The joint rate trajectories of the respective

joints are taken as outputs from model-V.

An important aspect can be noted that the velocity of the COM_V 0y v is obtained
(38) using the velocity of the center of mass of each link from Figure 12. The effort that
is required to be applied at the center of masse of each link is found to be distributed in
the same proportion given by the TF elements used to connect links with PD-Controller.
This insight is drawn based on the graphical representation of causality in the bond graph

structure of model-V.

4.7 Bond graph modelling of model-A

The model-A of the actual subsystem for sit-to-stand motion is shown in figure 14.
Similar to actual model the revolute joints are represented as CRC; and TCi, where

i=1,..,3. HAT, Hip, Knee, Ankle and ground are also represented in figure 14.

The joint rate trajectories from the model-V are input to the PID-controller at the
respective joints of the model-A. The PID-controller of the respective joint applies the
desired torque on the joint of the model-A, based on the error between the desired and
actual angles. The resultant desired torque is such that it tracks the desired joint trajectory
of model-V. Eventually it follows the desired trajectory of COMB by COM_A tracking
the motion of COM_V.
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CHAPTER 5

SYSTEM EQUATIONS

Model equations governing the dynamics of sit-to-stand motion are systematically
derived from the bond graph models. The equations for rate of change of translational
momentum and rate of change of angular momentum are derived for both Model-A and
Model-V.

5.1 Translational dynamics for the model-A

For ankle joint,

0

av0 _ _

é Xankie = Terca + [~Trc ankie] + {—Mankie g} (39)
0

Where X ke 1S the translational momentum of ankle joint, expressed in the
inertial frame {0}. TgTCA is a reaction force due to gTCa as given in (23) and Tr¢ qnie IS

the reaction force by TCa anke.

TTC_ankle = [CKnee_A] nglAb + [RKnee_A] 22F1Ab (40)

Where ,97 4p = Fiap — Taaq is expressed in the frame {0} and is the relative
position of point 1A, with respect to point 2A,. The relative velocity of point 1Ay is given
by 24T1ap = 0T1ap — 0T244 With respect to point 2A,. Similarly the reaction forces Tr¢ pip

and Tr¢ gnee due to the TCa_nipand TCA_knee are calculated respectively.

For knee joint,

0

d0 _ _

E Xknee = TTC_ankle + [_TTC_knee] + {_Mkneeg} (41)
0

For hip joint,
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0

a0 _ _

a Xnp = TTC_knee + [_TTC_hip] + {_Mhipg} (42)
0

For upper body i.e. head-arm-trunk (HAT),

0

40 _

% XHAT = Trc hip Y+ {—Myarg} (43)
0

5.2 Translational dynamics for the model-V

The equations for the rate of change of momentum of model-V are similar as of

model-A except for an additional term © T,;;, in each equation due to the PD-controller.
" Taiv = [Nw) ° T4 (44)
Where [N;,] is the modulus of the transformer for each link as derived in (38).
0T, is the force by the PD-controller.
°Tq = [Cp] Ecoms + [Rp] écoms (45)

Where &comp = {0Tcoms v — STcoms a}s 1S the position error between the

position of COM_V and the desired position of COMB. The velocity error between the
velocity of COM_V and COMB is represented by écoms = {3fcomv — Sfcoms.a}-

Hence for Ankle link,

0
40 _ _ _
= Xankie = Terc + [_TTC_Ankle] +°Tary + {—Mpnpie9} (46)
0
For Knee link,
ao - - 0 0
a XKnee = TTC_Ankle + [_TTC_Knee] + TdZV + {_MKneeg} (47)
0
For Hip link,
a0 — — 0 0
= XHip = Trc wip + [_TTC_Knee] + " Tazv + {—Myip g} (48)

0
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For HAT link,
a0 - - - - 0
— XHarT = Treyar + Trey, + [_TTC_Ankle] +°Tary + {—Myarg} (49)
0

The velocities of center of masses of links of the model-V are formulated the same

way as for the model-A.

5.3 Rotational dynamics for the model-A

For Ankle link,
L nkte NTankie = —"Tince a + [ankie ", x| Tore +
dx AnkleACqAnkle - Knee_A Ankle_Ac'Ankle_Aa GTC
0= _
| ankie_acTankie_ab X){— Trc_ankie) (50)

Where 4,k1e Agcj ankle 18 the angular momentum of Ankle link with respect to it’s

center of mass and expressed in frame {0}. © Txyqe 4 is the reaction torque acting on ankle
i (4 T 0= 7

link by CRCL. [Ankle_AcTAnkle_Aa X] Tere and [Ankze_AcTAnkle_Ab X] Trc ankie are

moments about the center of mass of ankle link exerted due to forces Tore and Tre ankie

respectively.

For Knee link,

d

0= — 0~ 0+ 0= T
dox KneeACQKnee - TKnee_A_ THip_A + [Knee_Achnee_Aa X] TTC_Ankle +
0= _
[Knee_Achnee_Ab X]{_ TTC_Knee} (51)

Where © Ty, 4 is the reaction torque acting on Ankle link by CRC2 as established

in (20). Similarly, ° Tgnee ar ° Tankiea and ° Tyar 4 have been derived.

For Hip link,
dx Hibac Hip Hip_A HAT_A Hip_Ac'Hip_Aa TC_Hip
0= _
[Hip_AcrHip_Ab X] Tknee_ab (52)
For HAT link,

d 0=  _ 0= 0z 0 T
Ix HAT o dHAT = THAT Aat THAT 4D T+ [HAT_ACTHAT_Aa X] Tre mip +

[HAT_Agr_HAT_Ab X] TTC_HAT (53)



The angular velocity for each link for model-A can be derived as:

-1
0~ _ 0 0=
0@uine = [1inkyohiinkal — 1ink ,otink

Where link = HAT, Hip, Knee and Ankle of the actual model.

5.4 Rotational dynamics for the model-V
Rotational dynamics for model-V are similar to that of model-A.
For Ankle link,

d 0= — _0z 0 T
Ix Ankleycdankie = ~ Tkneev + [Ankle_VcrAnkle_Va X] Tere +

| ankie voraniie vo X){— Trc_ankie}

For Knee link,

0~ —
dx KneeVCqKnee -

[Knee_V(c)r_Knee_Vb X] {_ 7_WTC_Knee}

For Hip link,

d 0= _ 0z 0= 0 7
Ix HipydHip =~ THip v ™ THATV + [Hip_VcrHip_Va X] Tr¢ nip +

[Hip_V(c)inp_Vb X] TKnee_Vb
For HAT link,

d 0=  _ 0= 0= 0= T
= HATyAHAT = " THAT vat THaT Vb T |ar voruar va %] Tre nip +

00 _
[HAT_VcTHAT_Vb X] Trc par

The angular velocity for each link for model-V can be derived as:

-1
0~ _ 0 0=
S@une = [1inkyohinkv]  tinkyoliink

Where link = HAT, Hip, Knee and Ankle of the virtual model.

0z 0= 0 T
Tkneev— THipv + [Knee_Vchnee_Va X] TTC_Ankle +

35

(54)

(55)

(56)

(57)

(58)

(59)
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CHAPTER 6

RESULTS AND DISCUSSION

This section explains the simulation results along with parameters and initial
conditions taken for the simulation. Simulations are performed to analyze the dynamics
of sit-to-stand motion of human being using the developed BGM. Simulations are done
in 20-SIM for the developed BGM.

6.1 Parameters and conditions

The mass, length, moments of inertia and products of inertia of HAT-link of the
model-A is taken from Soni & Vaz (2021). Table 1 shows the parameters of
anthropometric properties of human body.

These properties are same for both model-A and model-V. Total time to complete one
stand-to-sit moment ist = 4.87 — 1.76 = 3.11 sec. For sit-to-stand movement, COMB
is moved from its initial position 37.oms (t;)) = {0.3516 0.6466 03}7 m to the final

position 7zomp (t7) = {0.0973 0.9574 03" m. The simulations are done for 4s.

Table 1 Anthropometric properties

Moments of inertia with

respect to COM and Products of inertia with respect to

expressed in the body the | COM and expressed in the body
frame (kg-m?) frame (kg-m?)

Links Ixx |yy Iz |xy:|yx Ixz=12x |yz:|zy
Mass | Length

(kg) | (m)

HAT | 46.17 | 0.83 0.64 258 | 2.25 -0.03 3.8x10* 0.002

Hip 8.92 | 0.385 0.02 0.11 | 0.11 0.006 0.006 5.29x10*

Knee | 3.48 0.44 0.0067 | 0.05 | 0.05 | -0.001 -0.001 2.6x10%

Ankle | 0.87 0.11 | 5.2x10* | 0.002 | 0.002 | 1.9x10* | -1.3x10* | 3.1x10°
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The parameters of different couplings and the constant multipliers are chosen after
performing several progressive simulations and analysis. This is analogous to the
progressive learning process which the CNS would have performed for Sit-to-stand

motion.

Table 2 Properties of Muscular Links

Elements names Values
Cs 1.01x10° F
Cp 3.125x10* F
B 1200 Q

m 19

m1 7049

Bgto 3200 Q
Cgto 0.001 F

Rsp 1200 Q

Csp 0.001 F

Csr 2.5x10* F
ma 1200 g

The viscoelastic properties of translational couplings and ground are given in
Table 2. The properties of model-A and that of model-V are similar to each other. These
parameters are selected such that when the joint is subjected to nominal loading
conditions then the relative translational movement of two points of the adjacent links

joined by a translational coupling may be permitted to move.

For the ankle joint, the translational stiffness in each direction is 108 N/m, which
implies that the application of a force due to the weight of a mass of 100 kg produces a
deformation of approximately 0.01 mm. Similarly, the implication of the stiffness values
for knee and hip joints and the ground translational coupling can be explained. Damping

is chosen to dampen out the oscillations.

Table 4 shows the rotational stiffness and damping values that were explored in

order to relieve the limitations on rotational motion about the xo and yo directions. The
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rotational stiffness of 10° Nm/rad in both directions suggests that a torque owing to the
weight of a mass of 100 kg placed at 1 m from the axis of rotation will create a
deformation of roughly 0.01 rad. The constant multipliers of the nonlinear C and R
elements for CRC's are shown in the last column. The constant multiplier of the nonlinear
C element is set to 5 Nm, such that opposing torque does not exceed 10 Nm at 80% of the

maximum permitted deformation of the cushion at the joint limits.

Table 3 Viscoelastic properties of translational couplings (TC) and ground couplings

X-direction Y-direction Z-direction
Translational Translational Translational
Stiffness (N/m) and | Stiffness (N/m) and | Stiffness (N/m) and

Couplings | damping (N.s/m) damping (N.s/m) damping (N.s/m)

TC1 Cc=108 R=10* Cc=108 R=10* Cc=108 R=10*
TC2 C=5x10" | R=9x10°% | C=5x10" | R=9x10%® | C=5x10" | R=9x10°
TC3 C=4x10" | R=8x10° | C=4x10" | R=8x10°® | C=4x10" | R=8x10°
Ground C=6x10% | R=10* | C=6x10® | R=10* | C=6x108 R=10*

The maximum and minimum limits of rotation for Hip, Knee and Ankle joints in
terms of joint angles along with the maximum permitted deformation on either side of the
limits are tabulated in Table 5. These limits for model-V include physiological constraints
as well as motion-related constraints. These limits are substituted form Soni & Vaz
(2021). Furthermore, only physiological constraints were considered for the model-A,

and the limitations were set in accordance with Roaas and Andersson (1982).

Table 4 Viscoelastic properties of CRC's

X-direction Y-direction Z-direction
Coupling Rotation stiffness & Rotation stiffness & | Constant multipliers
damping (Nm/rad) damping (Nm/rad) C and R (Nm/rad)
CRC C=10° |R=100 |c=10° |R-10? c=5 | rR=20

The maximum allowable deformation on either side of the limits is determined so
that the limits initially serve as soft cushions and gradually become rigid when the
deformation on either side of the limits approaches the maximum permissible
deformation. As a result, transients are not stimulated when any of the links reach the

rotational limits, resulting in a smooth motion.
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Parameters of PID-controllers are tabulated in Table 6. The PD-controller of
model-V’s proportional gain is set at C=108 [1]axs N/m and the derivative gain R=10° [1]sxs

N.s/m. These gains are gathered by hit and error method.

In model-V, the combined effect of damping joints and the CNS learned impedance.is
taken into account by the learned damping elements R. The coefficients of Rz in model-
V are taken as Rankie = 70 N.m.s/rad, Rknee = 3 N.m.s/rad and Rnip=5 N.m.s/rad for sit-to-

stand motion.

Table 5 Maximum and minimum limits of rotation of joints along with the maximum
permissible deformation

Joints Joint angle Model Max Min M[a))éfzti:nrgﬁf;r?le
Ankle Aﬁrllcelg_ggl(nee_Vz 90° 78° 6°
Knee | xmbvBupyv, | Model-V | o° | -100° n
Hip | 'HipvOuar vz 17 0 g°
Ankle Aﬁrllcelg_ﬁeKnee_Az 106° 50° 6°
Knee | xmeraOuip.az | Model-A 0° -143° 4°
Hip | "Hip-aOhar az 130° | -10° 8"

It is assumed that the CNS learns these values in order to efficiently carry out Sit-
to-stand motions. These parameters are adjusted for simulation by tracking the

intermediate poses in a series of progressive simulations for the Sit-to-stand motions.

Table 6 Parameters of PID controllers

Joints Proportional gain Derivative gain Integral gain
(N.m/rad) (N.m.s/rad) (N.m/rad)
PIDankie C=5x10* R=5x103 Se=5x10°
P1Dknee C=4x10* R=4x10° Se=4x10°
P1Dnip C=3x10* R=3x10° Se=3x10°

In order to guarantee that the hip and knee joints move more freely than the ankle

joint at the start of the Sit-to-stand motions, the ankle joint must have larger coefficients.
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This is similar to the natural Sit-to-stand motions, in which the hip and knee joints move
rather freely, but the ankle joint seems restricted. Furthermore, the physiological damping
elements in model-A solely consider the impact of joint damping. The coefficients of the
physiological damping elements in the model-A are taken according to the literature

Mizrahi et al. (1988), McFaull & Lamontagne (1998) and Tafazzoli & Lamontagne (1996).

For sit-to-stand motion, these values are Rankie = 2 N.m.s/rad, Rknee = 1.5 N.m.s/rad and
Rnip=3 N.m.s/rad.

6.2 Simulations results and discussion

Trajectories of COMB have been reported in earlier studies for sit-to-stand motion by
Hughes et al. (1994), Kralj et al. (1990) and Li et al (2021). COM-V tracks the desired
trajectory COMB for both Sit-to-stand motions. Furthermore, the COM-A follows the
desired course by tracking the trajectory of COM-V.

Time = 1s 3.6

14 1.8 2.08 24 2.8
1 £ > } Xcoms

Figure 15 Intermediate postures of model-A during sit-to-stand motion

YcomB

Figure 15 shows the intermediate postures of motion produced from the
simulation of the model-A for Sit-to-stand motion correspondingly. These postures are

strikingly similar to the postures of natural Sit-to-stand motion.

Despite the fact that the COMB trajectory is commanded, the model-V
automatically selects these intermediate postures. Because, in the model-V, the effort
from the PD controller corresponding to the commanded trajectory of COMB is

distributed suitably to each link as shown in the bond graph.
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Furthermore, simulation results show that the physiological damping, CNS

controlled impedances, and limits of rotation of the joints, which were modelled in model-

V using learned damping elements and conditional rotational couplings, respectively,

play an important role in achieving natural postures during Sit-to-stand motions.

Angle (8)

motion, the approximate tracking errors between joint angles obtained from model-V are
1,3 and 4 for ankle, knee and hip joints, respectively. It can be observed that joint angle

trajectories of model-A closely follow the joint angle trajectories of model-V. Similar

=)
~
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Figure 16 shows the joint angles and torque for ankle joint. For sit-to-stand

Knee V

- Ankle_V

Knee_A
Ankle_A

> Time (s)°

(a)

91( nee_Vz

91( nee_Az

Torque (N m)

-( Ankley TAnkleV)CR

B Anklegy
0 TAnkleAz

2 Time (s): 4

(b)

Figure 16 Ankle joint. a) Joint angle. b) Joint torque

results of joint angle trajectories have been obtained in Soni & Vaz (2021).
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Figure 17 Knee joint. a) Joint angle. b) Joint torque
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It can be observed from Figure 17, that the motion of thigh is against gravity at

the knee joint. Thus, the joint torque ( Kneey rKneeV) " acting on the knee joint is slightly

c

higher than the net torque”™*®4 7y ..., . The physiological damping at the knee joint will

resist the motion when the motion is against gravity. Therefore, the PID-controller of the
knee joint has to overcome that resistance which results in more torque to be produced

than the net torque acting on the respective joint.

In human body, the muscles produce torque or power and the function of muscles
is performed by PID-controller in the model-A. When joint torque at ankle is positive, it
is called dorsiflexion torque and when it is negative, it is called plantar flexion torque.
For knee joint, when torque is positive, it is called as extension torque and when torque
IS negative, it is called as flexion torque. When torque is positive at hip joint, it is referred

to as flexion torque and when it is negative, it is referred to as extension torque.

6 30 g 20
-40
- £
B) -50 % -40
c
60 HAT_V g
< it HipvOHAT vz E 60
80 HAT

Ap
Hip_AYHAT Az

1 2Time (S) 3 4 1 2 Time (S) 3 4
(a) (b)
Figure 18 Hip joint. a) Joint angle. b) Joint torque

6.3 Comparative analysis

For ankle joint, dorsiflexion torque of 38 N.m acts at approximately 1.53s. The
maximum plantar flexion torque of -22 N.m acts at 1.8s. Ankle joint torque becomes
nearly zero at 3.3s approximately. The posture of actual system at the end of sit-to-stand
motion is approximately upright due to which the torque requirement at each joint towards

the end of the motion should be very less as the COMB lies within the base of the support.
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The maximum knee joint torque of 75 N.m is observed at approximately 2.35s. The
torque gradually decreases and settles to zero towards the end of the motion as the

extension of the knee joint torque progresses.

For hip joint, the maximum flexion torque of 17 N.m is observed at 1.8s at the start
of the forward motion of the HAT. At the start of the extension of hip joint, a maximum
extension torque of -91 N.m is observed at 2.5s approximately. Almost similar profiles of
the knee and hip joint torques have been observed in studies conducted by Soni & Vaz
(2021, Mak et al. (2003) and Roebroeck et al. (1994).

The model used is non-linear but due to the essentiality of the parameters chosen and
fine tuning of PID controllers, we get high gains therefore we obtain results that are closer

to those of a linear model.

When comparing joint torque dynamics with those presented in Sultan et al. (2021)
notable observational differences are found as given in Table 7. In this case, while this
study has the lower ankle, knee, and hip torque values, Sultan et al. have the highest
torque values. For example, in the ankle case, while the dorsiflexion torque in your study
is 38 N.m., it is 1250 N.m. for Sultan et al. (2021). The plantar flexion in this study has -
22 Nm N.m. and -950 N.m. for the referenced study case. Similarly, for the knee and hip
cases, this study shows lower maximum torque than the results obtained in Sultan et al.
(2021).

Table 7 Comparison of joint torque profiles between research studies

Joint Parameters Torque profiles Torque profiles
obtained (Sultan et al. 2021)

Ankle Dorsiflexion Torque (N.m) 38 N.m at 1.53s 1250 N.m
Plantar Flexion Torque (N.m) | -22 N.m at 1.8s -950 N.m
Knee Extension Torque (N.m) 75 N.m at 2.35s 1000 N.m
Flexion Torque (N.m) Gradually settles to 0 -700 N.m
Hip Flexion Torque (N.m) 17 N.m at 1.8s 900 N.m
Extension Torque (N.m) -91 N.m at 2.5s -600 N.m

This study, focusing on dynamic muscle modelling, provides insights into joint

torques during sit-to-stand movements. The research by Sultan et al. adopts a stiff model
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approach, neglecting muscle dynamics. The consideration of muscle dynamics in the
study contributes for the development of a contrast and nuanced torque profile that can
be considered to be more physiologically reasonable. However, the higher torque values
in Sultan et al. suggest that muscle dynamics play a significant role in the level of joint
torques. Therefore, despite significant differences in torque magnitude that was revealed,
both of these studies allowed for learning about the biomechanics of the sit-to-stand
movements and highlighting the importance of muscle dynamics consideration for the

movement analysis and rehabilitation.
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CHAPTER 7

CONCLUSION

A bond graph model is developed and simulated based on the hypothesis that humans
perform sit-to-stand movement by controlling the trajectories of the COMB through CNS
and that the muscles play a significant role in improving joint torque during sit-to-stand
motion. The developed bond graph consists of two identical systems; one model-A that
is the actual system representing the human body and the other model-V representing the
virtual system to mimic the behavior of CNS. The model consists of four joints that are
Head-arm-trunk, hip, knee and ankle joints.

Anthropometric properties of links representing respective limbs have been
considered which are realistic in nature. For the sit-to-stand motion, both physiological
constraints and the physiological damping of the joints are considered and modelled in
the bond graph. The model utilized in this study takes in account both non-linear stiffness

and the damping elements which are used to model the limits of rotation of joints.

The novelty of the developed model is that it considers the contribution of muscles at
three joints of the human body during sit-to-stand movement. With the inclusion of
physiological constraints, constraints due to nature, physiological damping, impedance
and appropriate distribution of effort from the PD controller to each link in the model-V,
it automatically determines the intermediate postures and required joint angle trajectories.

The impedance of joints and limitation of rotation of joints, plays a significant role in
achieving the natural postures during sit-to-stand movement. It is assumed that CNS
learns these impedances during sit-to-stand motion. The intermediate postures from the

simulations results closely resembles the natural postures during sit-to-stand motion.

It is observed that joint angle trajectories, resembles that of the results achieved by
Soni & Vaz (2021). The time trajectories of the joint angles and torques are plotted which
agree with the earlier studies. The findings based on the simulation results provide

adequate confidence in the developed model.
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The developed model gives significant insights by inclusion of muscles during the
dynamics of sit-to-stand motion. It is observed that lower torque results are achieved and
the model is more refined by the inclusion of muscles at the joints. The developed model
is generic and would be useful in investigating different control strategies for sit-to-stand

and stand-to-sit motions.

The developed model would be helpful for the development of assistance devices such
as robotics rehabilitation. For future work, this study can be extended to explore the

dynamics of stand-to-sit motions and posture stability.
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