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Abstract

A bilateral teleoperation system makes it possible for a human operator to interact with a remote
environment and receive feedback from their actions. In this work, two di erent teleoperation
architectures are studied, one well-established approach called position-force, and another approach
called Model-Mediated Teleoperation (MMT). Position-force generates force feedback by measuring
forces and sending them over the network, subject to network delay, while MMT generates non-
delayed force feedback through a local environment model. The two architectures are compared in
terms of transparency (quality of force feedback) and state consistency (equivalence of positions)
under di erent network conditions. Up to 150 ms constant delay in Round Trip Time (RTT) is
added. Both architectures are implemented as relatively simple versions of themselves. The case
(teleoperation task) under consideration is pushing a cuboid object on a planar surface in a single
direction.

The MMT architecture is also studied in further detail, in terms of model complexity. Two versions
of an MMT model are investigated, one simpler model that has a linear representation of energy
loss and one less simple model that has a non-linear representation of energy loss. The purpose is
to see what implications there are of increasing or decreasing model complexity.

The results indicate that position-force has better performance in terms of both transparency
and state consistency than both MMT models for all investigated network conditions. The simple
version of MMT (linear model) performs better than the non-linear model, in terms of transparency
and state consistency of cuboid positions, for all network conditions except the largest added delay.
In terms of state consistency for the device positions, the non-linear model only performs better
than the linear model with no added delay.

Keywords: haptics, robotics, bilateral teleoperation, model-mediated teleoperation, position-force,
network delay, dynamic modeling
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Sammanfattning

En distansstyrt system med tvasidig kommunikation gor det mojligt for en mansklig operator att
interragera med en avlagsen miljo och fa aterkoppling. | detta arbete studeras tva olika arkitekturer
for dessa typer av system. Ett valetablerat tillvagagangssatt som kallas position-force, och ett an-
nat som kallas Model-Mediated Teleoperation (MMT). Position-force genererar kraftaterkoppling
genom att mata krafter och skicka dem over natverket, utsatt for natverksfordrojningar, medan
MMT genererar en icke-fordrojd kraftaterkoppling fran en lokalt modellerad miljo. De tva arkitek-
turerna jamfors med avseende pa "transparency" (kvaliten pa kraftaterkopplingen) och "state con-
sistency" (matchning av positioner) under olika natverksforhallanden. De studerade forhallandena
innefattar upp till 150 ms konstant fordrojning i tur och returtid. Bada arkitekturer implementeras
som forhallandevis enkla versioner av sig sjalva. Det studerade fallet (operatorens uppgift) innefat-
tar puttande pa ett ratblock pa en plan yta i en enkel riktning.

MMT arkitekturen studeras aven i vidare detalj med avseende pa komplexitet hos den lokala
modellen. Tva versioner av MMT modellen undersoks, en enklare model som har en linjar rep-
resentation av energiforlust, och en mer avancerad model som har en icke-linjar representation av
energiforlust. Avsikten bakom detta ar undersoka vilka implikationer som nns nar komplexiteten
hos modellen hojs eller sanks.

Resultaten indikerar att position-force presterar battre an MMT med avseende pa bade trans-
parency och state consistency for alla undersokta natverksfordrojningar. Den linjara MMT mod-
ellen presterar battre an den icke-linjara modellen, med avseende pa transparency och state consis-
tency i ratblockspositioner, for alla natverksforhallnaden utom den storsta palagda fordrojningen.
Vidare presterar den icke-linjara modellen battre an den linjara modellen, med avseende pa state
consistency for styrande/styrd apparat, endast da ingen natverksfordrojning laggs pa.

Nyckelord: haptik, robotik, distansstyrning, natverksfordrojning, dynamisk modellering
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1 Introduction

This chapter contains some background context, presents the research question and explains its
purpose. It also contains some de nitions, the delimiations and a discussion about ethics.

1.1 Background

This section provides some introduction to the most important subjects in this work. This includes
an overview on haptics, its use in teleoperation systems and information about relevant system
architectures.

1.1.1 Haptic teleoperation

Haptic technology can in general terms be seen as technology involving the physical sense of touch.
Haptics uses touch interactions for the purpose of perceiving and/or manipulating objects. By
the use of haptic rendering, a user can feel virtual objects in a simulated environments [4]. This
can include the feeling of force, motion, and vibration [5], depending on what type of feedback is
given. This is often referred to as force feedback. However, giving haptic feedback is not limited to
simulated environments. It can just as well be used to represent real environments by measuring
forces with sensors. An example of this is found in the use of haptic teleoperation.

A haptic teleoperation system, also referred to as a bilateral teleoperation system, makes it possible
for an operator to interact with a remote environment. This environment could be of many di erent
types, and may otherwise be inaccessible due to distance or safety precautions. Studies have shown
that the operator’s performance in teleoperation will increase when haptic feedback is sent back
to the operator, compared to systems without haptic feedback [6]. This is because it increases the
sense of presence within the remote environment [7]. Due to this, it is used in many di erent areas,
for example in telesurgery [8], tele-teaching [9], handling dangerous material (toxic, explosive or
nuclear) [10] or exploring environments with special conditions (space [11] or underwater [12]).

A haptic teleoperation system usually consists of the following parts, as described by [13].

Master side. The human operator side. They control a manipulator that will give the
system a position or velocity input.

Slave side. The controlled robot side. The slave will move according to the master’s order.
Force data is generated while the slave device interacts with the environment, this data is
then fed back to the master.

Communication medium. Transmits data in real-time between master and slave. This
makes it possible for the human operator to interact with the remote environment and get
force feedback.

Furthermore, the main design goals of teleoperation systems are usually high stability and high
transparency (the telepresence of the operator) [14], [15]. Although the de nition of transparency
varies a bit, one common way of de ning transparency is that the positions of the master and
slave match each other, or forces of master and slave match each other, as stated in [14]. In this
work, transparency is de ned as an equivalence between master and slave force and the equivalence
between positions is referred to as state consistency instead.

Moving on, as network communication is utilised it is relevant to consider the e ects of time delay.
If time delay is introduced to a teleoperative system and is not accounted for, it will degrade system
performance and compromise system stability [15], [16], [17]. It has also been shown that the time
delay a ects user performance negatively in terms of movement time and error rate [18], as well
as in terms of workload [19]. Thus, several di erent control methods have been developed as a
countermeasure. An analysis of the relationship between teleoperation architectures, di erent levels
of abstraction and time delay was provided by [1]. The suggestion is that the level of abstraction of



the teleoperation control scheme should match the magnitude of expected time delay. Therefore,
as time delay increases and the update rate decreases, a higher level of abstraction is more suitable.
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Figure 1.1: Abstraction level for di erent models, adapted from [1].

The yellow rectangles in Figure 1.1 shows which levels of abstraction this work will focus on. The
two architectures that are under investigation are called position-force, which is on the lowest
abstraction level, and Model-Mediated Teleoperation (MMT), which is on a higher abstraction
level. They are presented in the next two sections.

1.1.2 Position-force architecture

The position-force architecture is a well-established way to structure a haptic bilateral teleoperation
system. The position of the haptic device on the master side is tracked, and this data is then sent
over to the slave side for the slave robot to follow. When the slave device interacts with the
environment, the interaction force is measured. This force gets sent back to the master, presenting
force feedback that should feel realistic to the operator, as it is measured from reality. A big
challenge for this architecture is the real-time communication between the master and the slave,
including the problems that arise if there is network delay in the system [15]. This delay or jitter
in the network communication can cause di culties for the operator to proceed with the task in
the haptic teleoperation system, as they degrade stability and transparency.

For this reason, there are several studies on how to increase system stability by ensuring system
passivity. Explained brie y, system passivity is when the energy output of the system is less or
equal to the energy input [20]. One method for ensuring this is the wave-variable method [21]. For
this method, power variables like force and velocity get converted into wave variables. By doing
this, it has been shown that a teleoperation system can be stable even with some time delay [22].

In Figure 1.2, an overview of one possible basic implementation of the position-force architecture
is shown.

Slave side

Master side
----- Camera

“\__position positon [ | 7 position
Local Network Local ”| Slave | Force
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Figure 1.2: An overview of a position-force architecture



1.1.3 Model-mediated teleoperation (MMT) architecture

Model-mediated teleoperation (MMT) [23] is a form of teleoperation that takes a di erent approach
than many other widely studied (and usually passivity based) teleoperation architectures, such as
position-force. Instead of waiting for velocity/force signals from the slave to generate force feedback
on the master side, it uses a local model on the master side, which serves as an approximation of
the remote environment. Thus, the force feedback is not subject to any delay.

Furhtermore, MMT can be divided into parametric and non-parametric approaches. For the para-
metric approach, the local model uses model parameters, which are continuously estimated in
real-time on the slave side using environment modeling. The model parameters could include qual-
ities such as the mass or sti ness of the interaction object. When changes in the model parameters
get detected on the slave side, they are transmitted to the master side to update the local model.
This means that constant signal transfer in the slave-to-master direction is not always required,
and depends on how much and how quickly the remote environment changes. For this reason
MMT is likely unsuitable for environments changing rapidly, since too frequent updating of model
parameters might lead to stability issues [23]. There are also non-parametric approaches for MMT,
utilizing neural networks to estimate the environment instead of [24]. However, this work will focus
on the analysis and implementation of a parametric approach.

Moreover, when using MMT, one’s main goal should be to guarantee a perfect match between the
local model and the environment. According to [23], a perfect match “enables stable teleoperation
in the presence of arbitrary communication delays™. This makes the environment modeling a very
important aspect of MMT. [23] further de nes two states for MMT:

Steady-state - The local model matches the remote environment. During this state, model
updates are not required. The MMT system should be in this state as long and as often as
possible for maximum e ciency.

Transition state - A model mismatch has occurred between the local model and the remote
environment. This can happen due to environmental changes, improper model estimation, or
ine cient parameter estimation methods. May occur irregularly during teleoperation. When
it occurs, a model update is required on the master side.

Ideally, the system will mostly be in a steady-state and as little as possible in a transition state,
to avoid model mismatch as much as possible. However, in practice it is not possible to always
perfectly estimate a complex environment with limited sampling data in real-time [2], and thus
model mismatches and transition states are inevitable. For this reason, it is good to identify the
possible mismatch cases and have a method for handling them. This is explored in more detail in
Section 4.8.

Finally, the main challenges of MMT have been identi ed and summarized by [23] as the following:

1. Environment modeling - The system needs to identify the input-output response of the
slave-environment system. For this, a model of the environment with a parameter estimation
method that is stable and quickly convergent is needed. Environment modeling is a crucial
aspect of MMT, as the quality of the model a ects many parts of the system.

2. Data transmission - The system needs e cient and reliable data transfer to send model
parameters over the network.

3. Haptic rendering - The system needs a stable haptic rendering algorithm (for generating
force feedback) for both steady and transition states, to achieve system stability. The hap-
tic rendering is based on the local model and needs to be able to handle changing model
parameters on the master side.

4. Slave control in transition states - When transition states (model mismatches) occur,
there might be a mismatch in position tracking on the slave side. This could result in



slave behavior that is undesirable or even dangerous, such as exerting high forces on the
environment or penetrating deeply into an object. Because of this, the slave needs a stable
control scheme for a safe position and force tracking during transition states.

These challenges are discussed more in-depth in Chapter 3. An overview of the architecture can
be seen in Figure 1.3.

Figure 1.3: One possible implementation of a MMT architecture, adapted from [2]. Note that
the camera can be replaced with any or no other external sensors for any arbitrary version of this
architecture.

As a nal note, several previous MMT implementations investigate the interaction with static
objects. However, as stated in [25], several potential tasks in a real environment require interaction
with a movable object. One example is pushing objects to target positions. Because of this, it
is also important to consider movable environment modeling. Thus, the focus of this work is
conducting MMT on a movable object that is being pushed.

1.2 Purpose

This work focuses on investigating MMT, by developing a simple version of the architecture and
evaluating its performance. A simple implementation of a position-force architecture is also devel-
oped and used for comparative purposes. However, the main research interest that gets the most
focus is MMT, since it is not as well established as a teleoperation architecture. The position-force
is mostly used as a benchmark for evaluating, to see how MMT compares to a more traditional
approach.

Additionally, as stated previously, this work considers the case of an object that is pushed in a
planar environment. The moving object has energy losses to the surrounding environment through
friction. This energy loss can be modeled in di erent ways, but a common choice is the Coulomb
model. This model contains a linear component with a damper coe cient and a non-linear compo-
nent with a surface friction coe cient. Although the non-linear component of the model contains
more information about the environment, using a non-linear model also usually increases complex-
ity. Therefore, it can be interesting to investigate the impact of disregarding this aspect, to get an
idea of the magnitude of the importance of including it. Thus, the model is split into a linear and
a non-linear version. Whether it is essential or negligible, the purpose is to nd some empirical
evidence to prove its value (or lack thereof). This can give some indications as to what is valuable
to place focus on for future applications.

Lastly, the MMT approach is also compared to a more conventional teleoperation architecture,
position-force. The aim is to gather data about transparency and state consistency, under varying
amounts of time delay. This is to get an idea of how well the MMT approach performs versus a
more traditional alternative and get an idea of what type of architecture would be preferable for

di erent types of applications, depending on network conditions.



1.3 De nitions

For clari cation purposes, some terms that are used throughout the report are presented in this
section. These are the authors' de nitions and may di er slightly from certain other works.

Transparency How accurately the master force represents the measured
slave force, similar to [14].
Measured asroot mean square error of the master force sig-
nal. l.e. the measureddi erence between slave and master
forces.

State consistency The equivalence of states between two bodies mirroring
each other's movement, similar to [26] and [27].
Measured asposition tracking error of object or slave robot
in terms of the root mean square error.

1.4 Research question

With respect to the described case, and considering state consistency and transparency; what
are the implications of using a linear versus a non-linear MMT dynamic environment model, and
how does the two di erent MMT models compare to a more conventional architecture such as
position-force under di erent network delay conditions?

1.5 Delimitations

Due to everything being built from scratch and limitations in hardware, the comparison between
the architectures was limited to a 1-Degree of Freedom (DoF) setting. However, the system was
designed in a general way so that it is possible to expand to more DoFs in future work. The
architectures were also implemented as relatively simple versions of themselves, to reduce the scope.
The realistic range of network delays to investigate is impacted by the complexity of implementing
teleoperation robust to time delay. This was thus limited to 150 ms in Round Trip Time (RTT),
which is the time it takes to send a packet and receive con rmation, which should still cover a lot

of use cases.

During the time of this work, there was an ongoing global pandemic. The occurrence of the
pandemic resulted in limited access to material and prototype machines. Because of this, some
adjustments were made based on what was available when working from a home oce. This
resulted in some less sophisticated solutions than perhaps would have been desired when setting
up the slave environment.

1.6 Disposition

The structure of the report is the following. Chapter 1 presents an introduction with some back-
ground to the work. It also presents the purpose, research question, and the delimitations of the
work. In Chapter 2, the studied case is presented, along with how it is evaluated, and the hypoth-
esis of the outcome. Next, in Chapter 3 the frame of reference is presented. This contains the
relevant theory. How the system was designed and modeled is shown in Chapter 4, and the perfor-
mance of each subsystem is presented in Chapter 5. In Chapter 6, the experimental design with
test procedure is presented, and in Chapter 7, the results of the experiment are shown. Finally,
Chapter 8 presents the conclusion and discussion of the results, along with some recommendations
for future work.

1.7 Ethics

Society can have a hard time keeping up with the progression of technology, and therefore the
side e ects needs to be kept in mind when developing new technology. Teleoperation enables the



human's ability to perform tasks impossible without a robot, it gives the human the same capability
as if it was a robot. With the ability of controlling a robot remotely, the operator performing the
task could be located far away from the robot, maybe in another country and perform the task.
This is sometimes bene cial, because a remote expert could be more knowledgeable within the area
and probably perform the task better. Also, teleoperation can help protect operators from entering
dangerous environments to perform tasks, and instead control everything from a safe place.

With the bene ts there also comes some ethical issues, that needs to be taken into consideration.
For example when controlling remotely, especially if the remote environment is sensitive or the
operation needs to be performed in a specic way, it is important that the system is stable.
Otherwise very dangerous scenarios harming the environment can occur, which could be hard to
stop if you are located in another place. It is also therefore important to give relevant feedback to
the operator controlling the robot so that they can prevent dangerous scenarios from happening.
The feedback itself should also be safe and stable, and not be able to potentially cause any harm
or otherwise distress the operator. But what needs to be kept in mind is that there will always be
a possibility for instability, even if all systems strive to be as stable as possible. For every task,
there needs to be consideration if using a remotely teleoperated robot is truly the safest and best
option. Points to consider are how critical and dangerous it could be if the system fails to reach
its standard, and if the safety margins are increased or decreased by the teleoperated system.



2 Method

This chapter describes what method is used to answer the research question. The following sections
provides information about the investigated case, how it is evaluated and the hypothesis of the
outcome.

2.1 Case study

The research question is evaluated using a case study with a smaller experiment. The selected case
is described in this section while the experiment is described in more detail in Chapter 6.

2.1.1 Use case

As stated previously, a moving object, rather than just a static object, is investigated in this work.
As this interaction is more complicated and the modeling is more di cult than the static case [28],
the case is kept simple, due to limitations in both the scope of the project and the limited amount
of previous work.

Both translational and rotational motion of the object (a planar case) are investigated in theory.
But only translational motion in one direction is applied to the real system. The operator task is
what was mentioned previously, pushing an object to a target position. In the most simple form,
this can be seen as pushing an object from point A to point B without obstacles.

Direct application areas where this can be used are, for instance, when handling micro-objects. As
stated by [29], pushing small objects is less complex than picking and placing them in a micro-world.
But there are a lot of application possibilities, as one could come up with several teleoperated tasks
that require pushing an object. Some suggestions could for example be pushing carts and heavy
objects or moving objects out of the way.

2.1.2 Interaction object and surrounding environment

For the object, a primitive shape is picked. In particular, a hollow cuboid, with dimensions
90x90x56 mm, lled with weight so its total mass is 256 g, is picked. One motivation for choosing
a cube-like object for modeling, as suggested by [2], is that it is a common object shape (such
as bricks and container boxes) in teleoperation tasks. This includes application areas such as
industrial parts machining [30] and machine-assisted obstacle avoiding [31]. Although a cube is
used in that work, the same argument can be made for any type of cuboid. The object's dimensions
and weight are restricted by the chosen slave robot's (Geomagic Touch) workspace and maximum
force output. However, the workspace and the object can be scaled up or down if another device
than the Geomagic Touch is used as the slave, by using workspace mapping [32]. The size of the
object can simply be set as an input parameter in the model, as in previous MMT works [2], [25].
When it comes to the object mass, it needs to be heavy enough so the object does not tilt when
it's pushed (to keep the motion planar), but it shouldn't be too heavy, because the slave also needs
to be able to push the object. Since mass is also a parameter that can be estimated in real-time
[2], the MMT architecture is not dependent on this parameter choice either, and heavier objects
could be used for other applications (depending on slave robot properties).

Lastly, the environment that the object is located in is considered as simple as possible. A paper
sheet on top of a at table is chosen for this. The surface is planar and no obstacles are present.

2.1.3 Evaluation metrics

As stated in Section 1.1, high transparency and high stability are the main design goals of teleop-
eration architectures. Therefore, the evaluation of the system is performed with these particular
values in mind. More speci cally, the position tracking error and the force tracking error are in-
vestigated in our study. Using these values then gives a measure of the quality of the telepresence
of the system as a whole.



Moreover, as mentioned in Section 1.1, one of the main concerns of MMT is making sure that the
local model at the master is consistent with the real environment. This can also be described as
a form of state consistency. One way of evaluating this is by investigating the position tracking
error of the object, which is done for a similar case in [25]. Since haptic rendering algorithms are
typically based on penetration depth into the object, keeping track of the object position within
the workspace is key, since it will a ect the force feedback and thus also system transparency.

2.1.4 Evaluation method

To evaluate the position control between master and slave (how closely the slave follows the master
position), their respective end-e ector position is tracked over time, to see if their coordinates di er
from each other.

Addittionally, the other positional error, the position tracking error of the object, is tracked with
the help of a camera. By using a computer vision with arUco markers [33] to detect the coordinates
of the real object, its position over time can be compared to the MMT model positions.

Finally, the force tracking error is investigated by using a 3 DoF force sensor placed on the slave
side. The measured force given by the sensor is compared over time with the force feedback
provided by the master device.

2.1.5 Hypothesis

In the previous chapter, the abstraction level between di erent architectures was explained with
an overview in Figure 1.1. In that gure, the position-force feedback architecture is placed in
the "High bandwidth force feedback" category. The architecture requires constant communication
from the slave to render force feedback on the master, therefore it should be suitable for shorter
time delays. As a transparency based approach [34], if the system is stable, without the presence
of noticeable time delay, the position-force architecture should be able to render realistic force
feedback that re ects the remote environment well. After all, the force feedback is rendered with
respect to what is currently being measured in the remote environment.

When using a higher-level abstraction scheme such as a model-based approach, MMT, the force
feedback is not rendered directly through slave measurements, but through a model instead. Using
a model decreases the amount of communication needed between master and slave. However, the
force feedback will only be as good as the model allows it to be. A model will always require some
level of simpli cation or assumption, which may decrease transparency to some degree. Further-
more, the model can become out-of-sync with reality, requiring special handling and updating. For
an operation with no noticeable time delay, using a model-based approach may therefore not be
the most intuitive.

Furthermore, a model can be simple or highly complex. In [34], a trade-0 criteria for creating
stable MMT controllers is presented. Simple models might have lower predictive power, but will
increase the possible estimation speed (of the environment). If the amount of lag from other
sources (communication delay and slave controller response lag) is low, this approach is suitable.
However, as the lag from other sources increases, predictive power becomes more important than
the estimation speed. Thus, a balance between estimation speed and predictive power must be
achieved. As the proposed non-linear model requires less simpli cation than the linear model, it
should hold greater predictive power than the linear model. Consequently, its estimation is also
more computationally complex and might take longer. The non-linear model might therefore be
more suitable for larger communication delays.

From the reasoning above, the following hypotheses are made:

H1. The position-force feedback scheme is favored for short time delays.

H2. For longer time delays, the MMT architecture is favored over position-force.

H3. The linear model is favored for short time delays, while the non-linear is favored for long time
delays.



3 Frame of Reference

This chapter establish all necessary knowledge needed for the work. The introduced concepts are
essential for understanding and designing the teleoperation system.

3.1 Haptic force rendering

For haptic rendering algorithms, two common concepts are the notion of a proxy and a Haptic
Interaction Point (HIP). Introduced by [3], the proxy is meant to be a virtual representation of
the real probe of the haptic device (the probe is represented as a nger in [3], but the notion is the
same). However, the proxy is restricted by the virtual environment, while the real probe position
is not. The real probe position can be referred to as the HIP, which is only limited by the device's
workspace, unless there are other physical objects within that workspace. The goal of the proxy is
to always stay as close as possible to the physical position of the probe (the HIP), while not being
able to move through virtual obstacles. The proxy will move directly towards the goal position,
the HIP, when there are no obstacles in the way. When there are obstacles, the proxy will instead
move so that it minimizes the distance to the goal position as much as possible, moving along
the surface of the obstacle. The proxy is often displayed graphically as a sphere within virtual
environments and acts as a "cursor" for the operator.

Figure 3.1: Interaction between proxy and HIP, adapted from [3]

One simple way of modeling the contact force is using a spring model, which assumes a virtual
spring between proxy and HIP. By using the locations of the proxy and the HIP, one can calculate
the penetration depth into the objection, i.e. how far has the operator penetrated into the object.
The contact force between master end-e ector and the virtual object can then be calculated using
our spring model with the penetration depth.

Figure 3.2: Spring model for haptic force rendering

Thus, the force feedback is proportional to the di erence in position between the Proxy and HIP,
so that



Fm = Km(Xproxy ~ Xm); (3.1)

where ky, is the the contact stiness and xpoxy @nd Xy, are the position of the proxy and the

master device respectively. When interacting with a sti object, theoretically one may assume
that k, should be in nitely large. However, as pointed out by [4], due to physical limitations in

haptic hardware, the rendered sti ness is limited by the device being used. The sti ness cannot
be in nitely large, as that would destabilize the system. Therefore, k, is set with respect to the

maximum sti ness of the haptic device.

3.2 Perceived transparency

As previous sections brie y mentioned, transparency can be de ned in multiple ways and also
measured with di erent approaches (by measurements, simulations, or analytically). One notion
of transparency is introduced by [5], which de nes a concept calledoerceived transparency The
de nition of a teleoperation system that is perceived transparent is that the displayed impedance
Zy, should lie within the nondistinguishable di erence range ;yp of the environment impedance
Ze.

Zn 2 [Ze no;Zet D] (3.2)

The concept is built upon the nding that there are limits to the human perception of sensory
input. Speci cally, there is a limit to the human ability to distinguish between stimuli with similar
intensity. This includes haptic stimuli. The smallest perceivable dierence is called the Just
Noticable Di erence (JND). For most force-related physical properties, this can be approximated
using Weber's law:

S
<5 - Cinp (3.3

where S is the stimulus intensity, S is the smallest perceivable change of stimulus intensity and
Ciwpo is the IJND value (also sometimes referred to as Weber constant). Usually, the JND is
expressed in a percentage formG;np o, ) rather than as a constant.

Cino% = Cono 100 (3.4)

The constant Cyyp in equation (3.3) varies depending on the type of stimulus and where the
stimulus is being applied. Table 3.1 shows some JND values that have been found via experiments
for a couple of physical properties, acquired from [5].

Physical property JND Experimental conditions
Force 6 15% arm/forearm
Movement 8 4% arm/forearm
Position 8 2% arm/forearm
Sti ness 23 3% arm/forearm

Table 3.1: The JND in percentages for a few physical properties.

It should be noted that since experimental conditions will in uence the results, the found JND
values may vary between di erent studies. As seen in Table 3.1, for forces applied on the arm
or forearm, the JND value varies a bit between ndings. For this work, it is assumed to be the
highest value of the suggested interval, at 15 %, to reduce the amount of transition states.
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3.3 Data transmission

As illustrated in Figure 3.3, the data transmission in a bilateral teleoperation system is conducted
in two directions. These can be referred to as thdorward channel from master to slave, and the
feedback channelfrom slave to master. To achieve system transparency and stability, the haptic
signals (such as force/velocity/position) should be sent at a high rate. Due to this high packet
rate, haptic data reduction (packet rate reduction) is usually required [23].

Figure 3.3: The two directions of data transmission in bilateral teleoperation

3.3.1 Environment model estimation rate

In MMT, environment parameters need to be estimated on the slave side before they are transmit-
ted. If the environment does not change at a high pace, estimating parameters at a high rate is not
needed [23]. This applies to the case described in Section 2.1. However, the estimation rate cannot
be too slow. Otherwise, the model might not be able to follow the changes in the environment,
even if it changes at a slow pace.

One way of reducing the estimation rate is by using a time-triggered approach. For this method,
the estimation is run with a period of T seconds. When setting this period, one should consider
the variability of the environment, as a longer period means the model will be slower at keeping
up with environmental changes.

3.3.2 Perceptual deadband coding

One way of reducing data transmission is by only transmitting data when deemed necessary. A
possible solution is using a deadband approach called perception based deadband coding. The
general idea of this approach is to only transmit data whenever it causes a di erence in stimuli
that is perceivable by the operator. To do this, the di erence between the previously transmitted
value and the current value is calculated. Using force as an example, the di erence e Can be
calculated as:

force = KFp  Fck (3.5

whereF, is the previously transmitted force andF. is the currently measured force. If the di erence
force 1S less than what is noticeable by the operator, then a new force value is not transmitted. The
threshold di erence can be set to 15%, the JND for force perception in the arm (see Section 3.2).

If the change in stimuli is to be perceivable by the operator, combining Weber's law (see (3.3) in
Section 3.2) and (3.5) gives the rule:

> )
= Cno (3.6)

Thus, if (3.6) is true, then the di erence in stimuli is perceivable by the operator. If perceptual
deadband coding is applied, data is only sent when this holds true.
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3.3.3 Environment impedance update

As illustrated in Figure 1.3, the MMT architecture will send environmental parameter data through
the feedback channel. This corresponds to the estimated impedance and (optionally) geometry
parameters (such as object position and structure). In general, mechanical impedance can be
de ned as the resistance to motion of a mechanical structure. This includes factors such as inertia
and friction. Environmental impedance parameters include qualities such as sti ness, damping,
mass, among others. For this work, the parameters that are considered are mass, environmental
damping and for one of the models, a friction coe cient. Although these parameters may be
estimated continuously at some prede ned rate at the slave side, all estimations might not have
to be transmitted to the master. Parameter values only need to be transmitted when there is a
signi cant change in the values. If the parameter values have converged to their true value, and
the environment has not changed, then transmission through the backward channel is no longer
necessary [23].

A way of determining when a model update is necessary was proposed by [35]. The update-scheme
is based on the principle of perceptual deadband coding. If we consider the™k update of an
impedance parameterZy, and the JIND Z of that property, the decision to trigger an update look

as the following:

8
< yes if

" no;, else

Zy  Zx 1

update Z (3.7

Therefore, the parameter is only updated if there is a perceivable di erence from the last update.
Note that this check has to be performed for each impedance parameter individually.

Alternatively, instead of looking at individual impedance parameters, one can look at the resulting
master and slave forces instead. A similar updating scheme was suggested by [2]:

8
< yeS |f sz,meas ka

update KF s meask
" no; else

deadband (3.8)

whereFs meas IS the measured slave forcer, is the master device force and geadband iS @ deadband
parameter. Although not speci ed by the authors, this deadband parameter can, for example, be
set as the JND mentioned in the previous section. However, [35] points out that this transmission
scheme requires that we either transmit the force of the master to the slave or compute the
master force from a local model on the slave side (based on the estimated parameters). Sending
the master force will degrade performance as time delay increases and computing the master force
could potentially consume a lot of resources, as it needs to be updated at the same 1 kHz frequency
of the master. However, in order to apply (3.7), it is required that you have a JND value for each
particular impedance parameter. This may not always be the case, depending on the environment
model. Furthermore, some impedance parameters are suspected of not following Weber's law, such
as inertia [5], and thus you may not want to implement perceptual deadband coding on those
individually.

3.4 Environment models and updates

It is important, in the MMT architecture, for the local model to represent the real environment as
close as possible. Changes in parameters can lead to model mismatch, so it is therefore important
to send estimated parameters in real-time to the master side. To estimate the parameters, a
relationship between the force and the motion of the object is needed. The movement of the object
can be represented in multiple ways. Two di erent approaches, a linear model or a non-linear
model, are presented in later on in Section 4.4 and Section 4.5, respectively.
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3.4.1 Model mismatch and model jumps

A big challenge for the MMT architecture is handling model mismatch. A model mismatch occurs
when there is a mismatch between the master side local model and the real environment on the
slave side. When this happens, the model parameters need to be updated. The slave will transmit
new parameters, and the local model on the master side is adjusted to the newly received data. If
the changes are drastic, and changes are not applied gradually, a phenomenon calletbdel jump
[34] happens (also referred to as the model-jump e ect [23]). This could, for example, happen if the
interaction object suddenly switches location or the object sti ness changes abruptly. Immediately
displaying this change can cause sudden user movements, as they are pushed back by the object, or
can't adjust to the change in impedance (such as sti ness) quickly enough. This may in turn result
in some dangerous behavior of the slave, creating a jump in the slave movement and force. This
can in turn trigger a new estimation, resulting in a new model jump, and thus further propagating
the dangerous behavior. So when considering the updating scheme of the local model, triggering
these sudden impulsive reactions should be avoided.

3.4.2 Zero energy injecting model update

To assure stable haptic rendering, a model position updating scheme was suggested by [1]. The
method avoids any energy injection into the system, thus ensuring system passivity. Consider the
1DoF case of simulating a oor (or wall). If we estimate a oor position Xs ¢or and want to update
the current master oor position Xm oor , the updating scheme looks like this:

Xm, oor [K] = min( Xs, oor [K]; Xproxy [k 1)) (3.9)

where Xproxy IS the position of the proxy and [k], [k 1] indicates the current and previous values.
This means that if the newly estimated oor position is above the current proxy position, then the
master oor will only move up until the proxy position, and not any further. Then, as the proxy
moves upwards, the oor will follow until it reaches its nal position. See Figure 3.4 below.

Figure 3.4: Model updating without energy injection. Adapted from [1].

For the opposite scenario, where the estimated oor position is below the current position of the
proxy, the master oor can immediately move to this position. If there is a position di erence
between the proxy and HIP before the update (essentially, penetration into the old oor position),
then the proxy position should gradually be updated towards the HIP to avoid abrupt changes in
force.

3.4.3 Visual-haptic updating strategies

In the case of a position mismatch between the local object and the real object, the local model
has to be updated. If the master side uses a virtual environment, including a graphical interface
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(as opposed to using video), then there are two aspects to updating the local model: updating the
visuals (the graphics) and updating the haptics.

A study of updating a MMT model was done in [36], where 30 di erent combinations of visual and
haptic updating were considered, and then narrowed down to six options tested in a user trial. The
study considered a 1-DoF case of a oor, whose position had to be updated, and compared the
di erent updating schemes in terms of user performance and preferences. The results suggested
that performance seemed to be more dependent on individuals, rather than the visual/haptic
updating method. However, users seemed to dislike hiding of changes, but also being too abruptly
alerted to model changes. The preference seems to be in the middle ground, being given "explicit,
but gradual information regarding the transition”. The methods which scored the highest in user
preference is presented in Table 3.2 below.

Method Visual updating Haptic Updating

1 Virtual oor is displayed just below | Active, virtual oor slides to the new
the master position until the new lo- | location at a xed velocity

cation has been navigated to (avoids
illusion of passing through the oor)

2 Virtual oor is displayed at correct lo- | Passive, haptic oor is placed just be-
cation but is faded out/in gradually | low user until they move to correct
over time height (or moved directly if new oor

location is below the user)

3 Virtual oor moves slides to the new | Active, virtual oor slides to the new

location at a xed velocity while also | location at a xed velocity
fading in/out

Table 3.2: User preferred methods of visual-haptic model update

Out of the three methods, method 1 scored slightly higher than method 2 and 3, which had
about the same score. Note that visual updating in method 1 is similar to the passive updating
scheme presented in the previous section. Meanwhile, the haptic updating uses an active approach,
pushing the user to a new location. Although this is not a passive updating scheme, it seems to
be appreciated by the users regardless. The study suggests that this transitioning method is
appreciated due to it being gradual, as it "actively pushes the user toward the nal location, but

in a smooth manner" [36].

3.5 Slave control in transition states

As mentioned in Section 1.1, the MMT architecture has two states. Transition state is one of
them, and occurs when there is a model mismatch between the remote environment and the local
model. The mismatch can lead to dangerous consequences. The slave can for instance penetrate
deeper into an object than what was intended or operate with improperly large forces in the remote
environment, which can result in damage.

Some state-of-the-art methods for ensuring safe slave control were presented by [23]. These include
switching position/force control [1] and relative tracking [37]. Switching position/force control
utilizes position tracking in free space, and force tracking when in contact with the environment. In
other words, in free space, it strives to match master and slave position, while in contact, it tries to
match master and slave force instead. This is to prevent excessive penetration into the surrounding
environment, due to modeling mismatches such as incorrect sti ness. Another way of approaching
this problem is by using relative tracking. Relative tracking uses a modi ed Proportional Derivative
controller (PD-controller) which utilizes both the position of the end-e ectors and the position of

the real and modeled object. By also incorporating the object position, excessive object penetration
can be avoided as well.
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Note that described control approaches have previously mainly been applied to static objects. But
with a movable object, it can still be good to at least monitor the forces and object positions

through model mismatch detection and keep the environment up to date, to reduce dangerous
slave behavior. This will be discussed further in Section 4.8 and Section 4.9.

3.6 ArUco marker method

The position of the cuboid is tracked through the computer vision method arUco. This is a
square-based ducial marker system introduced by [33]. It uses computer vision to conduct pose
estimation, which is an important function for many robotic systems, by using the four corners
of the markers. The arUco marker consists of a black border that allows fast detection within an
image, and an inner binary matrix which allows identi cation of speci ¢ markers, as well as error
detection and correction.

The inner region of the marker, containing the binary matrix, is analyzed by dividing it into a
grid. Each element of the grid is assigned a 0 or 1 bit, depending on the values of the pixels within
it. A white section is considered a 1, while a black section is considered a 0. See Figure 3.5. Note
that the inner matrix is surrounded by the black border, which represents zeros.

Figure 3.5: Binary encoding of a 4x4 sized arUco marker

The pose estimation process can be roughly summarized as the following:
1. Identifying possible marker candidates by nding any black marker contours within the image.

2. Dividing the marker candidates into binary matrices and analyzing the contents of them.
The binary codings are searched for within the given marker dictionary. If they are found,
they are considered a valid marker. If not, an error correction method is applied, to reduce
possible false negatives.

3. Pose estimation of valid markers is conducted by identifying each corner of the marker indi-
vidually and then calculating the pose based on these (using linear regression).

3.7 Robot Operating System (ROS)

The software of the teleoperation system is implemented through the use of Robot Operating
System (ROS) [38]. ROS is a meta operating system, meaning that it is built on top of an
operating system. The system provides run-time communication functionality between di erent
processes, which are referred to asodes The nodes communicate with each other throughtopics,
which are the communication channels the messages are sent through. A topic receivesressage
from a node that has published on it, and forwards the message to all nodes subscribing to this
topic. The default transport protocol of a topic is Transmission Control Protocol (TCP), but can
be changed to User Datagram Protocol (UDP) if desired. What needs to be noted though, is that
all ROS functionalities are not supporting UDP communication.

By letting multiple modules communicate with each other, ROS enables all processes to be com-
bined into a united system, even if the nodes are placed on di erent computers. ROS also provides
libraries and tools so that it is easier to analyze and create a robot system, for example, th&2 _ros
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library which is a coordinate transform library that can keep track of multiple coordinate systems
during run-time. By using this library you can, for instance, de ne a point (or a vector) based on
one coordinate frame and access it relative to another coordinate frame, such as the world frame
of the system. This makes it easier for the system to translate the local position and rotation of a
point to a global pose over time.
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4 System modeling and design

This chapter contains in-depth information about how the di erent subsystems in the teleoperation
architectures are designed and created. A majority of the sections are related to the design of the
MMT system in particular.

4.1 Architecture design

This section presents the logical layout of the teleoperation architectures. Both linear MMT and
non-linear MMT share the same overarching system setup, with some variations in the functionality
of the subsystems. The position-force architecture has a separate setup, requiring fewer subsystems.
The architecture software is implemented using ROS.

4.1.1 Position-force

The architectural design of position-force is shown in Figure 4.2. Each gray block corresponds to
a subsystem ROS node. The force sensor requires a separate program to run outside of the ROS
environment to access the values from the Data Acquisition (DAQ) hardware. The information is
transmitted to a ROS node through socket programming.

Figure 4.1: Overview of the subsystems for position-force

Position-force has an arUco node at both the master side and the slave side, for measuring purposes
only. The arUco nodes do not contribute to system functionality in any way and could be omitted.
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Their purpose in this system is to be able to, later on, compare the master and slave video, by
checking the cuboid position. This can for example show if there are jumps or unexpectedly long
delays in the visual updating.

4.1.2 Model-Mediated Teleoperation (MMT)

The architectural design of MMT is shown in Figure 4.2.

Figure 4.2: Overview of the subsystems for MMT
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The MMT architecture has a few additional subsystems and is more complex than position-force.
This is because MMT requires reconstructing visuals/haptics at the master side, rather than just
receiving them directly from the slave side. The functionality of each subsystem will be explained
in more detail in subsequent subsections.

4.2 Setup

This section includes information about the setup of the environment.

4.2.1 Slave side environment

To make the setup of the environment easy and repeatable for future testing, arA3 paper sheet
with outlines were printed out. The paper contains outlines for cuboid start position, slave device
position, and the position of two rulers. The rulers are used to make a track for the cuboid so that
it is only able to move in 1-DoF. See Figure 4.3a for the setup, where also the global coordinate
frame is shown.

(a) Global coordinate frame (b) Cuboid pushing track

Figure 4.3: The slave side environment setup

The global coordinate system has the same origin as the haptic device, which is kept track of by
placing the device inside its marked outline. As also seen in Figure 4.3 there is an arUco marker in
the top left corner, which helps locate the cuboid in the global coordinate space without needing
the camera's position (see Section 4.3).

4.2.2 Haptic device

The same device is used for both master and slave, the Geomagic Touch (formerly known as
PHANTOM Omni), from 3D Systems. The Geomagic Touch uses a stylus pen as an end-e ector,
which can be moved in 6-DoF. It can output a maximum force of 3.3 N on the pen in all directions,
but no torque. So its actuation only has 3-DoF, meaning it's an under-actuated device. For device
position control, the device is thus locked so that it can only move in the 3-DoF it can actuate
in, on both master and slave side. But the device has six encoders and can still read its pose in
6-DoF.

In [39], they disassemble one such device, to study its inner workings. They describe that the
device generates force feedback by using motors to strengthen wires between joints, eg. through
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Figure 4.4: The Geomagic Touch haptic device

wire transmission. The wires either get pulled or released by motors, determined by the size and
direction of the desired output force.

4.2.3 Force sensor and camera

The utilised force sensor is OptoForce OMD-20-SE-40N [40] from OnRobot, seen in Figure 4.5a.
It is of semi spherical shape with a 25 mm diameter, a height of 17 mm and a weight of 11 g
(excluding wire). The force sensor can measure up to 40 N in itg-direction.

(b) Force sensor mount attached to the top of the

(2) Force sensor. [40] haptic device pen.

Figure 4.5: Force sensor and force sensor mount

The black part of the sensor is of rubber material, giving the sensor a good grip. The force sensor
is attached to the haptic device with a self-crafted force sensor mount, see Figure 4.5b. The mount
consists of a metallic ruler with a hook-and-loop fastener (velcro) on the top and the bottom of the
mount consist of several layers of cardboard and duct tape, molded after the pen tip of the haptic
device. It was attempted to design the mount to be as sti as possible. However, the design and
material of the sensor mount were limited by the external factors described in Section 1.5.

The RealSense D435 is used as the camera at the slave side, which has a maximum frame rate of
30 Hz. This also e ectively means that cuboid pose can be sampled at a maximum frequency of
30 Hz with the arUco computer vision system.

4.2.4 Master side environment

On the master side, visual information is shown to the user to inform what is happening in the
slave environment. The view shown to the user for the position-force architecture can be seen in
Figure 4.6a below, where the user sees everything through the cameras' perspective. The reason
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for placing the camera to view the environment from above was that it is easier to detect arUco
markers from that view.

(a) Users view of the environment, for position-force  (b) Local environment of MMT architecture shown
architecture. to the user

Figure 4.6: The environment displayed at the master side

For the MMT architectures, the user sees and interacts with a local model of the environment
instead. See Figure 4.6b. The grey sphere is the proxy of the haptic device. The master environ-
ment is created by using the CHAI3D C++ library, for both the graphic and haptic interface. The
CHAI3D library o ers built-in force rendering algorithms, which is used to implement the force
rendering described in Section 3.1, by simply setting a sti ness value of the object.

4.2.5 Network setup

The master and slave software is split between two computers, connected with an ethernet cable.
All communication between computers is through ROS topics, using a ROS core to handle the
communication setup. For this system, a multi-core setup is used through the ROS package
master_discovery fkie. The multi-core setup ensures that all local communication is set up by the
local master on the same computer, and nothing needs to go through the network. The cores of
both computers also communicate with each other, enabling communication across the network.
Due to ROS package compatibility concerns, all communication utilizes TCP as the transport
protocol.

4.3 ArUco coordinate transformations

To know where the cuboid is in relation to the haptic device, some coordinate transformations
needs to be performed. The arUco system outputs the cameras location and rotation with respect
to each detected marker. This is given through a translation vectort, and a rotation vector r,,
which can be turned a rotation matrix R, using Rodrigues formula [41],

=norm(ry);
1
fv= —ry;
2 3 (41
0 rviz Tyy
Ry = rodrigues(ry) =cos( )l +(1 cos( ))ryry +sin( )4 ry, 0 Fyx 2
Fviy T 0

There are two markers in the world space, a cuboid marker and a xed table marker. In order to
nd the cuboids location in the world coordinate frame, we must calculate its location with respect
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to the table marker. Thus, we must use translation vectorsty .1, ty.2 and rotation vectors ry.1, ry:2
to nd the transformation ty.3, ry.3. See Figure 4.7.

Figure 4.7: Coordinate systems and transformations

To get the location and orientation of one marker in relation to the other marker, one of the
camera-to-marker poses needs to be inverted. In our case the table marker is inverted, to get
where the cube marker is in relation to the table marker.

Ry.2 = rodrigues(ry:»)
tv;% = R\-I/-;ZtV:Z (4-2)
ry.3 = rodrigues(R}.,)

Now, we can combine the two rotation-and-shift transformations and calculatet,.3 and ry.3 as

ty;s = rodrigues(r,3) tvi+ t,3; (4.3)
rv;s = rodrigues *(rodrigues(r,.3) rodrigues(;1)); :

where rodrigues ! denotes the inverse transformation of rotation vector to rotation matrix. ty:a
and ry.3 now gives us the translation and rotation of the cuboid marker in relation to the table
marker, which can be used to locate the cuboid within the world frame. To get the cuboid position
in world coordinates, the position only needs to be shifted inx- and y-direction by the distance
between the table marker and the world origin (the haptic device origin).

4.4 Model-Mediated Teleoperation (MMT), linear model

For the linear MMT environment model, the inertia and the damper part of the Coloumb model
is taken into account. Any other forces a ecting the object are assumed negligible. This model is
a simpli ed version of [2].
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Figure 4.8: Linear modeling of environment.

4.4.1 Linear environment model on slave side

In order to approximate the translation movement of the object, the force model is described as

FS,L = m Xro + de )&ro, (4.4)

where x,, and X, are the linear acceleration and velocity of the real objectm is the mass of the
object and d is the environment damping, and Fg is the contact force measured on the slave
side.

The task of the environment model on the slave side is to estimate the mass and damping, and
then communicate these to master in order to match the virtual object model properties with the
real object properties. For this purpose, an estimated slave contact forc€s, , an estimated mass

rh and an estimated environment dampingclj\e is introduced as

r'As,L =M X+ dAe Xro- (4.5)

The unknown parameters are estimated, where the goal is to nd the solution that minimizes the
force error between the measured force on the slave side;. and the estimated forcelfs,L. This
gives a linear optimization problem.

n 0
m;de =argmin jjFs.  FsLji? (4.6)

To solve this problem with several unknown parameters, a least square optimization method is
used. This will be explained in more depth later on in Section 4.7. For rotation around the
object's z-axis, the dynamic model can be de ned as

M;=1; o+ d o, 4.7)

where the object's applied torque isM_, |, is the rotational inertia (rotation around z-axis), d; is
the rotational damping coe cient and °,, and 4, are the angular acceleration and velocity. The
inertia 1, can be calculated usingWW and D, the width and the depth of the cuboid, together with

mh, the estimated mass of the object (given by previous equation (4.6)).

1
=55 m (W?+D? (4.8)
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4.4.2 Kinematic update of translation on master side

The local model's translation motion is based on the model parameters and the master force. As
mentioned previously, the master forceF, is generated by the CHAI3D force rendering algorithm
with the method described in Section 3.1. With the model parameters, the current acceleration
X0, Velocity Xj, and position x|, of the local object model is calculated. This is done using the
forward Euler method, as this approach will simplify the calculations of the nonlinear model later
on (as opposed to using an implicit method such as backward Euler).

ok = Tl c’i‘emeo[k 1]

Xio[K]= Tm Xio[K]+ Xpo[k 1]
Xio[K]= Tm Xio[K]+ Xio[k 1]

(4.9)

Here,  and d; are the estimated parameters given by (4.6) andl, is the sampling period/update
rate of the local model on the master side. As beforek] indicates the current value and k 1]
indicates the previous value.

4.4.3 Stability criterion for model translation

By looking at the equation for velocity in (4.9) we can see that

Tm d T
xpkl= 1 = xplk 1]+ Wm FmlK], (4.10)
and thus we have a system pole at
Tn de
=1 . 4.11
z - (4.12)

This means that in order for the system to be stable, there are two conditions that needs to bet
met.

Tm:dm> 0

T, 4 < (4.12)
rh

As Tm, d. and riy are always positive, the rst stability criteria should not be an issue. The second
criteria is dependent on the relationship between the variables. While the sampling period,, on
the master side is quite low (0.001 s), the masm‘ts also quite low in our case € 0.5 kg). Thus in
order to guarantee stability, a regulation of this criteria is required while setting the environment
parameters.

4.4.4 Kinematic update of rotation on master side

The local object's rotational motion is also discretized in the same way as the translational motion,
using (4.7).
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M, [k] dr o [k 1]

.Io [k] = I
z
. 4.13
olKI= T %Ikl + ol 1] *13)
lo [k] = Tm —fo[k] T o [k 1]
The torque M, acting on the model is calculated as
Mz=r Fn, (4.14)

where F, is the contact force andr is the distance from the object's center point -axis) to the
contact point of the force on the object's side. F» 1, is the force component perpendicular tor .
See Figure 4.9.

Figure 4.9: Force relationship of the rotating object

4.4.5 Stability criterion for model rotation

By investigating the system poles with (4.13) in the same way that was done for translational
motion, an additional stability criterion is added.

<2 (4.15)

This criteria should also be taken into account when setting model parameters.

4.5 Model-Mediated Teleoperation (MMT), non-linear model

The non-linear model is modeled as described in [2]. This model is an extension of the one in the
previous section but now the non-linear surface friction of the standard Coulomb model is included
as well. The assumption that the maximum static friction is equal to the dynamic friction is made,

in order to simplify calculations.
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Figure 4.10: Non-linear modeling of environment

4.5.1 Non-linear environment model on slave side

For this non-linear model, the translation force of the object on the slave side now have the following
relationship

Fsn=m X+ de Xpo+ C g Sign(Xyo), (4.16)

where the variablec is de ned as

c= m. 4.17)

The measured contact force on the slave side is denotelsy, and ¢ g is the Coulomb friction.
is the dynamic friction coe cient and g is the gravitational acceleration. The sign{) function
used for the Coulomb friction term is de ned as the following.

8 ,
> -1 if x< 0
sign(x) = S 0 if x=0 (4.18)
1 if x>0
As mentioned previously, the slave estimates environment parameters for updating the master
model. These estimated parameters are now the mas®,the environment damping d. and also

part of the Coulomb friction, & (which contains the friction coe cient ~ ). They are given by the
same relation as in (4.16)

r_AsyN = m Xro + ae X_ro +It g S'gn(x_ro), (4.19)

where ¢'is de ned according to equation 4.17, such that

e=" m. (4.20)

The I‘—“S,N variable is the estimated slave contact force. Thus, an optimization problem similar to
(4.6) is obtained.

n 0
m; de;€ =argmin jjFsn  Fsnii® (4.21)

Note that solving for all model parameters m; d. and * is not a linear optimization problem by
default, sincem appears in two terms in (4.19). However, by introducing the variablec‘the problem
becomes linear in its coe cients, so that it can be solved with the same type of method as (4.6).
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The dynamic model for rotation around the z-axis will di er a little from the linear model, as it
includes the non-linear energy loss. The relationship between all torques acting on the object is
de ned the following way

M;=1; ®o+d 40+ Mgz Sign(4o), (4.22)

where the object's angular velocity is 4o and My, is the Coulomb friction torque created by the
contact between the object and the surface. The rotational inertial ; can be estimated the same
way as in (4.8).

The Coulomb friction torque M., can be estimated using the other estimated parameters and the
dimensions of the object. The Coulomb friction is assumed uniform over the whole area and is
modeled as an evenly distributed pressure on the object's bottom area. As the resulting friction
torque will vary depending on the distance from the rotational axis (the object's center), the
bottom area is split up into several in nitely small areas, each with their own lever arm. The
torque acting on these small areas are then added together. The resulting integral is

m g z W=ZZ D=2

X2 + y2 dx dy, (4.23)
W D W=2 D=2

Mf;z =

where x and y represents the directions in a Cartesian coordinate system.

4.5.2 Kinematic update of translation and rotation on master side

Just like the linear case, the non-linear model's motion is dependent on the master forcé,, and
the model parameters. The motion for the non-linear model is given by (4.16) and applying the
forward Euler method. For this model, as can be seen by the equations, using an implicit method
such as backward Euler would require a nonlinear-solver. The motivation for choosing an explicit
method such as forward Euler is thus to keep calculations as simple as possible.

Xio[K] = Fm(K] de X0 [K 1]m ¢ g sign(xe[k 1))

Xio[K] = Tm Xio[K]+ X[k 1]
Xio[K] = Tm Xpo[K]+ Xio[k 1]

(4.24)

Here, d., ¢ and rh are the estimated parameters from (4.21). As before K] indicates current value
and [k 1] indicates the previous value.

The object's rotational motion is also updated with an equation similar to the linear model one,
the only di erence is that the non-linear Coulomb friction is taken into account.

Mz[k] dr lk 1] Mg, sign(4lk 1])

P

.Io [k] =

4wKl= Tm “0K]l+ [k 1]
Kl = Tm 4olkl+ [k 1]

(4.25)

The torque M,[K] of the local model is given by the same equation as for the linear model (using
master forceF, and distance to the rotational axis r), see (4.14).
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4.6 Kalman lter

To get information about real cuboid velocity and acceleration, a Kalman Iter is implemented as
an estimator, using the position measurements from the computer vision system. A Kalman lter
can be used to not only Iter position measurements, but also predict several system states, even
if they are not being measured, or there is a temporary lack of measurements. Furthermore, a
Kalman Iter can also be used for sensor fusion, for when you want to combine the measurements
of multiple sensors into one estimate of the system state. The Kalman lIter consists of two parts,
the process model and the measurement model, which are used to predict and correct the system
states in succession. So, they are used together to rst create an estimation of the system based
on a modeled prediction, which is then corrected by actual measurements.

4.6.1 Process model

The cuboid movement is modeled with a constant acceleration model and is thus assumed to follow

x 2
O T R e lé . ;
t2
Yk = Yk 1+¥k1t+7n 1; );
. 2
K= k 1+—k 1 t+ M,

2
Xk = Xk 1+ %k 1§ (4.26)

Ve = Yk 1t% 1 G

«= % 1+ % 1§

Xk = Xk 1,
Yk = Yk 1,
[ ] _— ] .
k — k 1,

where xx and yy is the cuboid position in x- and y-direction at instance k, g is the cuboid angle
at instance k, and t is the time between two states. If we pick cuboid position, velocity, and
acceleration in both directions as our states, the state vectoxy then becomes

0 1

Yk
Xk

Xk = Xk = (4.27)
Yk

=

The prediction step of the Kalman lter is calculated as

Xk = AXk 1+ Wk 1; (4.28)

whereA is the state transition matrix and w is the process noise. By writing (4.26) into space-state
form, using the state vector given by (4.27), we can expand (4.28).
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0 1
10 t 0 £t 0o o0 o0 O
010 t o 2t o o0 o0
00 1 0 t 0 0 0 0
00 0 1 0 t 0 0 0
xxk=B0O 0 0 1 0 0 0 0 EXg 1+ W (4.29)
00 0 0 O 1 0 0 0
00 0 0 O 0 1 t } t
00 0 0 O 0O 0 1 t
00 0 0 O o 0 0 1

Although the model assumes constant acceleration, it can still be used for a system with variable
acceleration by adjusting the process noise matrix, as will be shown later.

4.6.2 Measurement model

The measured states include cuboid position and angle, measured by the arUco computer vision
system. To improve the lter's performance, velocity measurements from the haptic device are
also included. The reasoning for including this measurement is that while pushing the cuboid,
the device end-e ector is in contact with the cuboid and should be moving at the same velocity.
However, this measurement is considered less signi cant and more insecure than the cuboid position
measurement, and thus the tuning parameters are set accordingly (these are presented in the next
section). The measurement model is utilized by the correction step of the lIter.

Zx = HXxg + vg (430)

zyx are the measured statesH is the measurement matrix andvy is the measurement noise. By
writing our measured states into state-space form using the state vector given by (4.27), we get
the expansion of (4.30).

0o 1 0 1
X 1000000000
Vi 010000000

Xk =B 0 0 1 0 0 0 0 0 OFxy+ vy (4.31)
Vi 000100000
K 0000O0O0TI1O00

4.6.3 Process and measurement noise covariance ( Iter tuning)

Variances in the model and the measurements are represented by the covariance matrid@gprocess
noise) andR (measurement noise). These matrices are supposed to be statistical representations
of the noise levels, but in many practical applications, these statistics are not known (or are not
Gaussian). Therefore, these matrices are often treated as tuning parameters that can be adjusted
so that they give the desired Iter performance [42]. Such is the case in this work, wher€ and
R is found through experimental tuning. The matrix Q is chosen as

1

E ; (4.32)

Qé

el cNoNcloNoNo N
Ooooooos O
cOcoocoooo< ©0O
O0o0O00O< ©0O0
Oococoyy @000
cOoo» @O0 o0coo
oo @0 o0oooo
o< OOOOOOO
® OOOOOOOO

29



where ,, v, and , are tuning parameters for the process noise of position, velocity, and accel-
eration respectively. As mentioned previously, a constant acceleration model is assumed for the
process model of the lter. Since we cannot guarantee that the cuboid is always being pushed at a
constant acceleration, this model does not necessarily always hold true. However, as suggested by
[43], by adding extra process noise, we can compensate for an imperfect model that might deviate
from the real world. Thus, 5 is set as signicantly higher than , and , as the acceleration

is the most uncertain part of the process model. Moving on, the matrixR (measurement noise
covariance) is set as

0 1
, 0 0 0 0
0r, 0 0 O

R=B O 0r, 0 O (4.33)
00 0r, O
0 0 0 0 rp

wherer is the tuning parameter for the noise of the arUco measurements (cuboid pose) ang is

the tuning parameter for the noise of the haptic device velocity readings. As mentioned previously,
the velocity reading from the haptic device is treated as more uncertain than the arUco position
reading, since it assumes contact between the haptic device and the cuboid. Thus, is set as
signi cantly higher than r,. The nal choice of tuning parameters is presented in Table 4.1 below.

Tuning parameter p v a Mo ry
Value 0.001 0.001 5 0.5 300

Table 4.1: Tuning parameters of the Kalman Iter

4.6.4 Filtering algorithm

Figure 4.11: Kalman Iter algorithm
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The algorithm for implementing the Iter in real-time is shown in Figure 4.11. It follows a structure
similar to what was suggested in [44]. After reading an initial state estimation, the process loops
over the prediction and correction steps. If a measurement is not available before the correction
step, the Iter skips it and continues with the next prediction step instead. Note that in Figure 4.11,
the "-" superscript denotes a predicted estimate (before the update at the correction step), and
denotes the estimated state. The initial error covariance matrix Py is set to a matrix lled with
ones, and the initial state estimatexg is set to a vector of zeros.

4.7 Optimization methods

For solving an optimization problem such as the ones described in Sections 4.4 and 4.5, where we
want to nd the optimal impedance parameters for our model, there are several di erent methods.
[45] describes some of the common methods for online estimation of contact impedance parameters,
such as object sti ness, where two of the mentioned methods are Block Least Squares (BLS) and
Exponentially Weighted Recursive Least Square (EWRLS). These methods, or adaptations of
them, are also used in previous MMT works regarding dynamics modeling of a moving object.
[2] uses BLS and [25] uses an adjusted version of EWRLS, which they call Adaptive Forgetting
Factor Recursive Least Squares (a RLS). What all these algorithms have in common, is that they
are trying to minimize a cost function using a Least Squares Method (LSM). In our case, this

e ectively means minimizing the di erence between the force measured by the sensor and the force
estimated by the model.

The vector ' ¢ of parameters to be estimated at each estimation instancé, can be written as the
following for the non-linear MMT model

! I = Mg de;k Mgk . (4.34)

For the linear MMT model, the vector only contains the rst two elements. The optimization uses
sample data of velocity and acceleration to estimate the parameters. One set of such sample data
k can be written as the following for the non-linear model.

F= Xo Xo 0 (4.35)

Again, only the rst two elements are needed for the linear model. This sample data is used in
combination with the measured slave force Fs meas-

4.7.1 BLS (Block Least Squares)

For BLS, calculations are made with a batch of sample data every time, that can be contained
within a oating window.

2 3 2 . 3
I:s,meas;k k
Fs meas;k +1 1k—+1
Fsmeask = ' :::' ; k = e (4.36)
F T
s,meas;k wy;1+1 K wyi1+l

When there is a new sample and the window is full, the oldest sample's data in the window is
discarded and replaced with the new one. The window sizev,.; de nes how many data points
equation (4.36) is based on. By changing the window to a smaller size the data points will have a
bigger in uence and the method will be faster, but a smaller window will also be more sensitive to
measurement noise [45]. In this work, the window size is set as,,.1 = 1000. The BLS equation
that gives the updated parameters, at each time instancek, is written as

31



' 1
k = -IE k IFs,meas;k: (4.37)

4.7.2 EWRLS (Exponentially Weighted Recursive Least Squares)

The EWRLS algorithm uses a recursive approach instead of estimating with a big of batch of
data every time. For each update, only the latest available sample ¢ and Fsmeask IS used. For
every update, a covariance matrixP, and a gain matrix Ly is calculated, which are then used to
calculate the estimated parameters . See equations (4.38)-(4.40).

Pk 1 «
Ly = —————— 4.38
K ¥ TP 1 (4.38)

1
Pk==Px1 Lg [Pk (4.39)

"k ="k 1+ Li(Fsmeask ) (4.40)

As seen in the equations, EWRLS makes use of a forgetting factor which must ful Il the condition

0< 1L (4.41)

where a small puts more emphasis on recent data. In this work, it was chosen as = 0:98. As
pointed out by [25], a good thing about EWRLS is that it is less computationally intensive than
BLS. However, since it cannot adapt and change its forgetting factor, it could have trouble with
abrupt changes of values.

4.7.3 aRLS (Adaptive Forgetting Factor RLS)

Because of the problem that EWRLS has with abruptly changing values, [25] presents a new

version of this optimization solver, called a RLS. a RLS uses an adapting forgetting factor to solve

the problem. The algorithm is written to check for abrupt changes in parameters by comparing

the estimated forces to the measured forces over a window lengttv,.,. After each estimation

attempt, the forgetting factor must change if the average errorE between forces exceeds a factor
. Equations (4.42)-(4.44) show how to calculateE using all the individual errors e.

& = I:s,meas;k l‘_As;k = Fs,meas;k K' I (4-42)
€= & wy+1 N & (4.43)
T
E= > ° (4.44)
W ;2

The threshold factor for E can be set as =5 Var[e]. The process of updating the forgetting
factor is described as the following.
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Algorithm 1:  Updating the forgetting factor in a RLS
if E> then
\ =09
else
if < 0:98then
| = +0:08=Wy:»
else
| =0:98
end
end

4.7.4 System implementation

The estimation algorithm is run at every 0.1 s. The latest approved parameters are only sent
over once an update is triggered, which will be explained more in the next section. To help the
algorithm with the estimation, it is made sure that it only uses sample data from when the cuboid

is moving. Some thresholds are therefore implemented, based on the force sensor and the velocity
of the cuboid. If the measured force is larger than 0.15 N and the velocity is less than 0 =8
(the direction of the cuboid movement track is in global negative direction), the cuboid is assumed
being in motion, and the current sample data can be added to the estimation. The reason why
the threshold for the force is set to 0.15 N is because of sensor noise due to slight deformation for
every push, which means there can be some small non-zero force readings even in free space.

To make sure the parameters estimated on the slave side does not create an unstable master
model, the parameters are checked with the stability criteria previously presented in equation
(4.12) (Section 4.4) before being approved for sending. The stability criteria consists of two parts.
One part makes sure all estimated parameters are positive and another part checks the relationship
between the parameters and the sampling frequency. The frequency of the master side haptic loop
is set to 1000 Hz, but does vary a bit between loops. This is due to variances in the computer
Central Processing Unit (CPU) and the threading in the master program. To keep a good margin
of safety for any frequency drops, the master frequency is thus assumed to be 800 Hz.

4.8 Mismatch detection and update triggers

This section includes information of how mismatch between virtual and real models are detected
and updated. As mentioned before, one of the di culties with MMT is making sure the virtual
model and real environment match each other. Thus, we need to identify when the models are
considered out-of-sync with each other and we have entered a transition state.

4.8.1 Model mismatch scenarios

Two mismatch scenarios are considered for this work. The rst is the mismatch of master and
slave forces. This can be checked using equation (3.8), which checks the di erence in master and
slave forces against a deadband threshold. If we rst de ne a di erence ratioFy as

o sz,meas ka,
Fg = —sz,meask ; (4.45)
then if this ratio Fg is larger than the deadband threshold, we have a model mismatch. As
mentioned before, this threshold is set to the JND value of force applied at the arm (0.15).

The second mismatch scenario is the mismatch of cuboid positions. If the real and virtual cuboid
positions are far from each other, it is also considered a model mismatch. This can be checked
by simply comparing the coordinates of master and slave cuboid, and if they di er more than a
threshold, a mismatch is detected. In other words, we check if
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jX|0 Xroj < Xthresh » (4-46)

where Xresh IS the maximum permitted di erence between master and slave cuboid. In this work,
this is set to 0.05 m.

4.8.2 Time-triggered updating

As suggested by [2], a regular time-triggered update could also be added on top of the model
mismatch triggered updating. This simply means sending an update with new model parameters
every T, s, regardless of whether a mismatch was found or not. [2] showed that using a hybrid of
both approaches improved performance. Thus, this is implemented for this work as well.

The update period T, is chosen as 1 s and only the impedance parameters are sent at each time-
triggered update. The cuboid position is not updated (as updating position is more complicated,
which will be shown in the following sections).

4.8.3 Update scenarios

The two previous sections can now be combined into a common updating plan, with the following
updating scenarios:

1. The di erence in virtual and real object position is larger than a chosen threshold
value. For this scenario, the virtual object position needs to be updated, and its impedance
parameters as well.

2. Both master and slave end-e ectors are in contact, but the di erence in measured
slave force and calculated master force is larger than a threshold value. For this
scenario, the virtual model needs to update its impedance parameters.

3. The time since the last update is larger than the allowed time-trigger threshold.
For this scenario, there is a time-triggered update and impedance parameters are updated.

Master and slave contact is de ned as the force norm being above a threshold of 0.15 N, due to
noisy force sensor readings (as mentioned previously in Section 4.7). A owchart of the program
that handles model mismatch checking can be seen in Appendix A.

4.9 Model updating

To achieve stable haptic rendering and a consistent experience for the user, methods for updating

an out-of-synch local model are applied. These are presented in the subsequent sections. As
described in the previous section, the system either only sends update impedance parameters or
sends both geometry and impedance parameters.

4.9.1 Impedance parameter update

When the model has time-triggered an update or the force di erence is larger than its threshold, the
impedance parameters of the cuboid are updated. The model parameters need to be updated in a
way so that it does not cause a model jump e ect while the user is pushing the cuboid. To prevent
sudden changes, the updating process is made smooth by gradually updating the parameters with
an exponential moving average lter, as also used in [2]. The lter is de ned as

mkl= s+ ) wmlk 1], (4.47)

where ¢ are the estimated parameters transmitted from the slave, [K] is the current value and
mlk 1] is the previous value of the parameters on the master side, is the the ltering variable
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and has a value between 0 and 1 depending on what ltering value is preferred. Setting to a
lower number will result in a larger number of updating iterations during the Itering. When =1
then there is no Itering. For this work is set to 0.05. Equation (4.47) is looped until [K] is
equal to .

4.9.2 Updating geometry parameters

When updating the geometry parameters (position of the cuboid), some dangerous scenarios can
occur if we are not careful. If the cuboid moves through the master proxy position, while haptic
feedback is still enabled, the user will likely be pushed away with a very large force. This ties
into the model jump e ect that was described in Section 3.4. We also want to make sure that
the environment is updated in such a way that the slave will not accidentally collide with the real
cuboid during or after the update, ensuring safe slave control during the transition state.

In this work, when the system wants to update geometry parameters, the user is rst warned
that the system is going to be updated. Then, new geometry parameters are sent from the slave
side and the mismatch checking is paused temporally until the update process is over. Then the
haptic feedback of the cuboid is disabled, to prevent collisions during updating. The user is guided
away from the dangerous area, and nally, the cuboid position is updated. When the system has
completed the updating process, the haptic feedback of the cuboid is enabled again.

To move the user to a safe position, a moving haptic wall is used, similar to the user preferred
method discussed in Section 3.4. The direction that the wall moves in is the opposite direction of
where the cuboid needs to move. For example, if the cuboid is moved to the right of its current
position, the wall pushes the user to the left until a safe distance is reached. This also ensures safe
slave control, as it avoids coming into contact with the real cuboid. The direction in which the
wall moves in can be determined using the following equation.

Right, if (Xoy[k+1] Xpyl[k]) O

Wall moving direction =
g Left,  if (Xoy[K+1] Xy [K]) < O

(4.48)

The whole pushing process with the wall is shown in Figure 4.12 below. The little grey sphere
illustrates the proxy, the green cuboid is the new position of the cuboid, and the yellow cuboid is
the position of the cuboid before the update.

Figure 4.12: Haptic wall moving in the y-direction of a 3D cartesian space

The velocity of the wall is programmed to be a constant speed. This is done by moving the position
of the wall x,, a set step lengthxsep for every update of the haptic loop. The new position of the
wall is then

XwlK] = Xwlk 1]+ Xstep: (4.49)
If then the haptic loop runs at a update period of T, the resulting velocity of the wall is
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Xstep . (4.50)

AL\ Tm

If the user moves away in the same direction the wall is moving, the HIP and the proxy are at the

same position and no force feedback is needed. But if the user stands still and/or resists the motion
the wall pushes with, the proxy is separated from the HIP position, and force feedback is generated
using the previously described spring model. This movement is illustrated in the Figure 4.13. The

force the wall pushes the user with increases with the distance between the HIP and the proxy.
So, a larger distance between HIP and proxy results in the wall pushing with a larger force.

Figure 4.13: A 2D visualization of the master and proxy positions as the haptic wall moves (as-
suming non-moving user).

When only the cuboid position needs to be updated, it is done as described previously. But if

the impedance parameters also need to be updated, it can be done in the middle of the geometry
updating process, without needing to use the moving average lter described in the previous section.

Instead, the impedance parameters are updated right before the cuboid position, when the user is
placed in a safe position by the moving wall. This avoids the model-jump e ect.

4.10 Position control structure

The proposed position control structure is the following: the slave follows the master's motion
by being given a force input. It is controlled with a Proportional Integral Derivative controller
(PID-controller) where the controller's input is the master's position and the slave's position, and
the controller's output is the actuation force. A control equation is set up accordingly.

Z de(t)
= = K,e()+ K. t9dt® + Ky ——
s,output p €(t) - e(t?) 4 Tt (4.51)

€= Xm Xs

The vector Fsouput  is the the output force set on the slave end-e ector, andx, and xs are the
position vectors, in Cartesian coordinates, for the master and the slave, respectivel)K ;, K; and
K4 are all 3 3 matrices and they contain the proportional, integral and derivative coe cients,
see equation (4.52). The ability of the device (Geomagic Touch) to generate force is di erent in
X-, y- and z-direction, because of its motion mechanism, as mentioned previously in Section 4.2.
Therefore di erent proportional coe cients and derivative coe cients are needed for each direction.

2 3 2 3 2 3
Kex O 0 Kk 0 0 Kax 0 0
Kp=40 Kp O095K;{=40 Ky, 095Kgq=40 Kg 053 (4.52)
0 0 Ky 0 0 Ki 0 0 Kg

The calculation is performed on the slave side. This decreases activity in the communication
medium, as it only requires one-directional communication and there is no need for transmitting
information in the feedback channel (slave-to-master).
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5 System performance

Tests are performed on each subsystem used in the architectures, to check their performance
and validate the system. This chapter presents the results of these tests and discusses the most
signi cant observations that can be made.

5.1 ArUco accuracy tests

To measure the accuracy of the arUco detection system during di erent lighting conditions a
detection test is performed, with a high light value (460 Ix) and a low light value (230 Ix). The
reason behind the choice of these particular light conditions is that it was the highest and lowest
light values measured during the experiment. This will be seen in the results (Section 7.6) later.

A mobile application named "Ljus" created by The Swedish Work Environment Authority (Ar-
betsmilpverket) is used for measuring the light. During the test, the camera detects a paper sheet
with prede ned positions of 9 arUco markers for 10 s. Each marker has a certain distance to
one central marker. For each marker, the norm value of the di erence between true distance and
measured distance is calculated. For one sample, this can be calculated as

DetectionError = anI’UCO ;true Xaruco ;meas kv (51)

where Xarco :true 1S the true distance between the markers andXamco :meas 1S What the arUco
system measures the distance between the markers as.

The mean value and standard deviation of all detection errors petectionerror » fOr €ach test, is
presented in Table 5.1.

Measured light values Mean value Standard Deviation
230 Ix 2.3770 mm 1.1007 mm
460 Ix 2.2575 mm 1.2029 mm

Table 5.1: The mean and standard deviation values of the error between measured and actual
marker position for di erent light conditions.

5.1.1 Discussion

As seen in the results from Table 5.1, the two di erent light conditions do not have a large e ect
on the arUco tracking system. The camera could detect positions of markers with approximately
the same error for both light values. The results also show that the measured position of the
cuboid will most likely only be a few millimeters o from the true value, under these types of light
conditions.

5.2 PID-controller
The PID-controller is tested for two di erent motions. First, the slave device is given a prede ned

square wave input from the master side, where one step was 50 mm. Each direction is tested
separately. The results can be seen in the three Figures 5.1, 5.2 and 5.3.

37



Figure 5.1: PID step results for movement in globalx-direction.

Figure 5.2: PID step results for movement in globaly-direction.
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Figure 5.3: PID step results for movement in globalz-direction.

As can be seen, the slave device oscillates the most when moving in globadirection (which is
the direction the cuboid is pushed in during experiments) and the least when moving in global
x-direction. Moreover, the behavior of the slave varies between the di erent step directions and
positions in the workspace. The static error and overshoot are not constant. Note that there
are some slight di erences between the starting positions, particularly for the step inz-direction
(Figure 5.3). This is because it had to be adjusted by hand. There is some slack in each direction,
as the end-e ector can move a bit back and forth around its set position. In other words, the
proportional gain of the controller does not ensure complete sti ness.

The slave device is also moved in a continuous back-and-forth motion given by the master device,
in each direction. See Figures 5.4, 5.5 and 5.6.

Figure 5.4: PID continuous motion results for movement in globalx-direction
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Figure 5.5: PID continuous motion results for movement in globaly-direction

Figure 5.6: PID continuous motion results for movement in globalz-direction

As can be seen, the results are similar between delays. Although the slave is good at tracking
the master during movement in one direction, it also does not quite reach the end position of
the master before switching direction. The largest gap between end positions can be found in
z-direction, while the smallest gap is found iny-direction.

5.2.1 Discussion

The reason why the slave device oscillates the most in thg-direction is likely due to the structure

of the haptic device. The device uses wire transmission in each direction, as described previously
in Section 4.2. When the wire is pulled by the motor, the device will be sti er because the wire is
tightened. When the motor releases the wire, it will loosen up and not be as sti, which likely is
what causes the non-symmetric error and oscillations for di erent movement directions. Since the
workspace is the largest in they-direction, its wire is the longest, and will therefore most likely
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have the largest oscillations when its wires are released by the motor. This is also likely the reason
why the undershoot is not constant when moving the device in a continuous motion, as seen in
Figure 5.4, 5.5 and 5.6.

Another thing that can cause variations is the slight slack we have in each direction. To achieve
complete sti ness, the wires need to be pulled very tightly, which requires a high proportional

gain of the controller. For larger delays, setting high proportional gain compromises stability,

particularly in y-direction. Thus, it is decided to accept this slight slack, to guarantee the stability

of the controller. However, note that a mismatch in device end positions could also result in a
mismatch in real and virtual cuboid end positions for the MMT architecture.

5.3 Kalman lter

As mentioned in Section 4.6, the Kalman lter is tuned manually to get a satisfactory performance.
To test the lIter, the cuboid is pushed about 10 cm in one direction with the haptic device, and
all lter input and output data are recorded.

5.3.1 Filter test results

The input data, and the resulting Iter output, is presented in Figure 5.7.

Figure 5.7: Input and output of the Kalman lIter

The cuboid position follows the input from the computer vision system closely, with a slight noise
reduction. The Iter estimated velocity also more or less follows the device velocity, although not
as closely. Some inertia for the velocity signal can be observed at the end of the movement, where
we get an overshoot when the cuboid reaches its end position. This inertia can also be observed
in the acceleration signal, where we get a large spike at the end of the motion. It takes the lter
approximately half a second to adjust to the cuboid stopping its movement.

5.3.2 Discussion

When tuning the lter, there is always a trade-o between phase lag and noise level. Although no
phase lag is preferable, eliminating it also comes at a cost of raising the noise level of the signal.

41



This results in getting increasingly large non-zero values for the velocity and acceleration when the
cuboid is not moving (as well as more noisy data in general). This is not desirable, especially if we
want to use the cuboid velocity to determine if the cuboid is currently being pushed. With this

in mind though, it is still important to keep the phase lag to a minimum, due to the parameter
optimization process. Each velocity and acceleration sample is matched to a force sample at each
sampling instance. If these are not synced in time, we get incorrect velocity and acceleration values
matched to each force sample, which will make the parameter estimation less accurate. It is not
completely unlikely that the parameter estimation is, in fact, to some degree a ected by the slight
lag of the nal chosen lter. This could, in particular, be the case at the end of the motion, where
we observe the most lag. But, as the estimation only accepts samples with non-zero velocity, some
of this phase-lagging data is cut o from the parameter estimation input.

5.4 Parameter estimation (optimization)

The optimization problem solver for the MMT architecture is tested in several steps, both to nd
the best solution and for validation purposes. First with self-generated data, then with sampled
data, and nally with di erent system conditions (such as locking and unlocking DoFs).

5.4.1 Testing the algorithm with self-generated data

In order to nd a good algorithm for the optimization problem, all three algorithms described in
Section 4.7 are tested with some simulated input data, generated by using the cuboid movement
models described in Section 4.4 and 4.5. The impedance parametenn(d., ) are set to certain
prede ned values, an acceleration signal is chosen, and corresponding object velocity and force
are calculated using the modeling equations (4.16) and (4.24). This is to see if the algorithms
output the same parameters as those used to generate the data. The chosen acceleration signal is
a sinusoidal wave, i.e.

a= Asinlt; (5.2)

where a is the acceleration in Sl-units, A is the amplitude of the signal and! is the frequency.
Three di erent sets of amplitudes are used,A =1, A =0:5and A =0:1, paired with two di erent
sets of frequencies! =5 and ! =10. The algorithms are tested with both linear and non-linear
models of the movement, as well as with both known and unknown masses. Two damper values
are used,d. = 10 and de = 20, and two friction coe cient are used, =0:3and =0:5. The
mass is always chosen as 0.424 kg. The results, in the form of average error of every estimated
parameter, are presented in Table 5.2.

m [kg] de [N s=m]
BLS, non-linear model 0 0 0
BLS, linear model 0 0
BLS, known mass 0 0
EWRLS, non-linear model 0.0026 0.2626 0.0023
EWRLS, linear model 0.0016 0.1013
EWRLS, known mass 0.2614 0.0003
a RLS, non-linear model 0.0026 0.2767 0.0023
aRLS, linear model 0.0016 0.1013
a RLS, known mass 0.2614 0.0003

Table 5.2: Average parameter estimation errors, using simulated input

The di erent algorithms give very similar results, mostly only being o by a few decimal points,

except for the smallest amplitude and the highest frequency. However, for every set of di erent
input arguments, BLS always gives the exact correct value for all the impedance parameters. Thus,
it can be seen as the most promising. The full results can be found in Appendix B. Note that this

42



is a simple comparison for a speci c case only and not a general comparison of what algorithm is
the best for all types of scenarios.

5.4.2 Testing the algorithm with sampled data

Next, the BLS algorithm is tested in the real system. The only known parameter value is the
mass (256 g). However, it can still be interesting to see whether the algorithm estimates the other
parameters to reasonable values, given our case (the size of the cuboid and the surface material).
During the tests, the cuboid is pushed straight in one direction over and over a few times. Each
model is given three di erent tries to estimate the parameters. First, the mass is set as unknown.
The results are shown in Figure 5.8 and 5.9.

Figure 5.8: Parameter estimation with a linear model and unknown mass

Figure 5.9: Parameter estimation with a non-linear model and unknown mass
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The results show that the algorithm fails at estimating a positive mass, as well as a positive friction
coe cient for the non-linear model. Because of this, the mass is set as a known variable (assuming
that the object is simply pre-weighed before the teleoperation) and three new estimation attempts
are made for each model. The results are shown in Figures 5.10 and 5.11. This time, model
parameters are all estimated as positive values. Thus, it is decided to keep the mass as a known
variable instead of estimating it, to improve the chances of getting parameter values that guarantee
stability (see Section 4.4).

Figure 5.10: Parameter estimation with a linear model and known mass

Figure 5.11: Parameter estimation with a non-linear model and known mass

Estimation with sampled data was also tried with the other algorithms mentioned in the previous
section. However, they do not result in better performance, regardless of whether the mass was
known or not.

5.4.3 Testing the impact of DoF-lock and teleoperation

Next, some tests investigating the impact of di erent ways of pushing the cuboid are performed.
Locking the haptic device's non-actuated DoFs leads to varying angles between sensor and cuboid,
due to the circular movement paths the end-e ector is forced to follow. Since the force sensor has
slightly di erent levels of sensitivity in di erent directions, the measured force can be a ected by
this. This can, in turn, a ect the estimation. Furthermore, using teleoperation to push the cuboid
versus pushing by hand can also a ect results, since it is easier to maintain a smooth motion
when pushing by hand. Thus, a test comparing estimation results and the measured force norm is
performed. Three setups are considered, pushing by hand with DoFs unlocked (so that the force
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sensor is always straight), pushing by hand with DoFs locked, and pushing via teleoperation (with
DoFs locked). Results are shown in Figures 5.12 and 5.13.

The results show that the shape of the measured force norm changes depending on the way the
cuboid is pushed. The most signi cant change can be observed when pushing through teleoperation
instead of pushing by hand. However, the estimation of parameters is similar for all options and
seems mostly una ected. An important note is that in Figures 5.12 and 5.13, the forces have been
aligned in time by making cuts in the data, for easier comparison.

Figure 5.12: Estimation results for linear model, pushing with di erent methods

Figure 5.13: Estimation results for non-linear model, pushing with di erent methods
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5.4.4 Discussion

First o, the small "jumps" in values that can be seen throughout the estimation process coincides
with the end/start of a new push. This is likely due to the initial inertia of the object that has

to be overcome. This may a ect the overall estimation process since BLS useall the previously
acquired samples (as long as they t within the given window size). If the estimation uses one
continuous motion, instead of having to start the push over and over, the estimation graphs would
likely look more smooth. However, this is not possible due to the limited workspace of the slave
robot.

Secondly, it is unclear why the optimization is unable to estimate non-zero parameters when the
mass is unknown. During development, it was observed that the estimation seem to work better
with heavier objects (resulting in larger force values), but further investigation would be needed to
con rm this. Keeping the force sensor close to the device pen (shortening the mount) also seems
to help estimation, which could be due to less force absorption by the sensor mount. Possibly, the
estimation for an unknown mass would be easier with a heavier object, and the estimation might
also improve further with a more sti force sensor mount. But there could also be other factors

a ecting the performance of the estimation, such as the Kalman Iter (as mentioned previously),
since the estimated velocity and acceleration are used as input into the estimation. A wrongly
estimated acceleration, for example, could also cause bad estimations of the parameter values. But
since pre-weighing the object is not an unreasonable requirement, it is decided to keep the mass
as known for this work so that the estimation gives safe values.

5.5 Cuboid contact sti ness

To nd a reasonable cuboid sti ness value for the force rendering algorithm of CHAI3D on the
master side, the stiness of the real cuboid is investigated. This is done by pressing into the
cuboid with the haptic device (force sensor attached) and measuring force and device position (to
get penetration depth into the object). This will show what sti ness the master device should
output.

5.5.1 Stiness test results

Three presses are made into the cube. The resulting force and object penetration is shown in
Figure 5.14.

Figure 5.14: Object penetration and resulting force for three presses
The relationship between force, object penetration depth and sti ness is given by
Fsmeas = Km Xp; (5.3)
where ki, is the contact sti ness and xp is the object penetration depth. To solve for kpy, the
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BLS method is used, with the sampling data' x = [Xp] and Fsmeas. The parameter to estimate is
then ¢ =[km]. The estimation is made for both each individual press and all presses combined.
Results are shown in Table 5.3.

Press No.
1 2 3 1,2and 3
Estimated stiness [  N=mm] 2.614 2.449 2.729 2.634

Table 5.3: Estimated cuboid sti ness for di erent presses

The max output sti ness value of each direction for the haptic device is listed in Table 5.4. The
values are taken from the device's speci cations.

Direction
X Y z
Max output stiness [  N=mm] 1.26 231 1.02

Table 5.4: Sti ness of the Geomagic Touch device

Note that during testing, the cuboid is pushed in y-direction. Since the estimated sti ness values
are larger than the maximum device sti ness, the sti ness of the virtual CHAI3D cuboid is simply
set to maximum device sti ness.

5.5.2 Discussion

Since the device cannot output the full sti ness of the real cuboid, this will add to the error in

the model. Fortunately, the error is not very large for the direction that the cuboid is pushed

in during testing. However, if we want to increase the DoFs and interact with the cuboid from

more directions, the low sti ness values of the other directions could cause trouble. This could
potentially be solved by changing the material of the interaction object though, so that it is less
sti.

What's also worth taking note of is that the spring model is a quite simple way of modeling
contact force, and to increase model accuracy a more advanced model could be used instead. But
this would also increase the complexity of the system and would require additional estimation of
one or more parameters other than sti ness.
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6 Architecture and delay experiment

An experiment is performed in order to evaluate each architecture's performance under the di erent
network conditions, with respect to the evaluation metrics presented in section 2.1. This chapter
contains information about how the the experiment is designed and how the test procedure is
performed.

6.1 Experiment design

To test the di erent architectures against each other, an experiment for evaluating state consistency

and transparency, in the form of position tracking errors and force tracking errors, is performed.

The tests consist of pushing a cuboid 15 times along a 1DoF track, for four di erent delay settings.

The pushing is performed by one of the authors, trying to keep their input as consistent as possible
by picking a set contact point and monitoring their input velocity during the pushing.

The experiment follows a factorial design, where di erent combinations of architectures and delays
are tested. With three di erent architectures (Linear MMT, Non-linear MMT, Position-force) and

four levels of delay settings (0 ms, 50 ms, 100 ms, 150 ms), this becomes a 3x4 factorial design.
Delay is described as RTT and is distributed evenly between the two communication directions.
As an example, the 50 ms delay setting is added by setting 25 ms delay in each direction.

6.1.1 Independent and dependent variables

The independent experiment variables are systematically controlled and are presumed to cause
changes in the dependent variables, which are the measured behaviors. They are listed in Table 6.1
and Table 6.2.

Independent variable Levels

Teleoperation architecture Linear MMT, Non-linear MMT,
Position-force

Network delay (RTT) 0 ms, 50 ms, 100 ms, 150 ms

Table 6.1: The independent experiment variables and their levels

Dependent variable Unit
Master/slave position tracking error Millimeter
Master/slave force tracking error Newton
Cuboid position tracking error (MMT only) Millimeter

Table 6.2: The dependent experiment variables and their units

6.1.2 Controlled and random variables

The controlled experiment variables can potentially in uence a dependent (measured) variable but
are not under investigation. Thus, they are xed at a nominal value during testing so that they
do not interfere. All of the controlled variables are listed in Table 6.3.

Instead of letting variables be xed at nominal values, they can also be allowed to vary randomly
instead, as random variables. This usually comes at the cost of more variability in the measure-
ments, but with the bene t of more generalizable results [46]. In this experiment, the random
variables are the light setting and the master device end-e ector velocity. The computer vision
system works the best under daylight, which is also used during tests. Thus, the light conditions
vary slightly between runs. Although it was attempted to keep as much of a constant device ve-
locity as possible, it is di cult for a human operator to maintain a perfectly constant velocity,
which is why the device velocity is also considered a random variable. Both random variables were
measured during testing, to get an idea of their range of values and variability.
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Controlled variable Nominal value

Surface material Paper

Railing material and height Plastic, 3 mm

Cuboid material Paperboard

Force sensor contact point material Rubber

Cuboid size and mass 90 90 56 mm, 256 g

Position of camera (height) 458 mm

ArUco marker size 60 60 mm

Local xy-plane of the force sensor. Perpendicular with global y-plane

See local coordinate system of the force
sensor in Figure 4.5a (section 4.2)

Force sensor locak-axis angle. Duct taped to the following position:
See local coordinate system of the force Calibration hole position, and then rotated
sensor in Figure 4.5a (section 4.2) 120 5 around second link arm axis

Length and direction of cuboid movement 217 mm in global y-direction
on track
Location of contact point between force Middle of cuboid (marked o)
sensor and cuboid

Table 6.3: The controlled experiment variables with nominal values

6.1.3 Randomizing test order

To try to prevent any carry-over e ects between tests from skewing the results in favor of one
architecture, the order of architecture-delay combinations is randomized. However, the order of
the delay settings is predetermined. The order was decided to be switched between the larger
delays and the smaller delays, to make sure this had as little e ect as possible on the slave device
hardware. This is because the hardware experiences more stress for larger delays. The order of
the architectures, on the other hand, are randomly assigned to each delay slot. In Table 6.4 below,
the order of the tests is presented.

Test Delay
No. Architecture [ms]
1 Non-linear MMT 50
2 Linear MMT 150
3 Non-linear MMT 0

4 Position-force 100
5 Position-force 50
6 Non-linear MMT 150
7 Position-force 0

8 Non-linear MMT 100
9 Linear MMT 50
10 Position-force 150
11 Linear MMT 0
12 Linear MMT 100

Table 6.4: Order of the tests (randomized)

One common carry-over e ect is fatigue, which should be taken into account since a human operator
is performing the tests. To prevent this, tests were performed with 5 min break between each of
them. Another carry-over e ect to keep in mind when doing repeated pushes, is the practice e ect.
The more pushes the human operator does, the more used they get to the system, which can a ect
the results [46]. This further motivates the choice of a random-order test design.
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6.2

Test procedure

The following section lists the procedure of each architecture-delay combination test. Since there
are 12 combinations in total, the sequence was performed 12 times in total. For each test, the
following procedure is conducted:

1.

2.

10.

11.

12.

13.

14.

Synchronize both computer clocks via internet.
Connect the two computers with an ethernet connection.
Measure light [Ix].

Place cuboid on start position.

. Start ROS nodes for the architecture.

Attach the force sensor to the slave device and lock the DoF for both master and slave
devices.

Move the cuboid away from the starting position, and then back. This is to force a MMT
update and let the local model be updated to the correct start position for all pushes. This
is also done for position-force to have a similar test procedure for all architectures.

. Add the delay between computers, half of the RTT presented in Table 6.4 for each computer.

. Start recording data of this test on both computers.

Start procedure of pushing the cuboid.

(a) Push the cuboid on its marked contact point, from start to end of the track. Keep track
so the cuboid is pushed with 0.05 ms during the push.

(b) Move back the master end-e ector to the beginning of the track.

(c) Move the real cuboid back to the start position and wait for 10 s (so the model for the
MMT architectures can reset its position).

(d) Start over from (a) and repeat 15 times.
Stop recording, close down ROS system, and clear delay.

Detach force sensor from the slave device, remove DoF-lock for both devices and put them
back in their calibration hole.

Have 5 min break, to prevent fatigue.

Repeat from (1) for new architecture and delay.

Since data is recorded on both computers simultaneously, the computer clocks are synced at the
beginning of each test run, to eliminate any time mismatch. This also helps system performance,
making sure any messages being sent over the ROS topics have the correct timestamps.
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7 Results

This chapter presents the results of the architectures performance during the experiment described
in the previous section. This includes the result of the measured variables, general system perfor-
mance, and values of the random variables.

7.1 Position tracking error

The position tracking error between the master and slave device varies a bit depending on archi-
tecture and delay. The Root Mean Square Error (RMSE) of the slave and master (where the error
is the norm of the distance between end-e ectors) can be seen in Figure 7.1 below.

Figure 7.1: RMSE results of position tracking errors of the position norms for all architectures and
delays.

The smaller dots in the Figure are the RMSE values of each of the 15 pushes for each architec-
ture and delay. The larger circles are the mean values of all the 15 RMSE values, one for each
architecture and delay.

A two-way Analysis of Variance (ANOVA) was performed on the RMSE results of each push to
see what e ect the architecture and delay had on the position tracking error of the devices. The
results show that there is a statistically signi cant interaction between the e ects of architecture
and delay for the position tracking error, F (6; 168) = 86:94, p < 0:0001.

In the three following Figures 7.2, 7.3 and 7.4, the di erence between master and slave position
in the pushing direction (global y-direction), for all 15 pushes, is shown. It can be seen that, for
all architectures, the slave is able to follow the master is until the last part of the track. When it
reaches the last part, the slave device is only able to reach a position point aroung = 0:045 m
while the master device reaches a point betweey = 0:05 mandy = 0:1 m. The largest
di erence can be seen for non-linear MMT with 50 ms delay, see Figure 7.3, whose end-points
comes up toy = 0:1 m in position.
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Figure 7.2: Position tracking, comparison between master and slave for linear MMT.

Figure 7.3: Position tracking, comparison between master and slave for non-linear MMT.
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Figure 7.4: Position tracking, comparison between master and slave for position-force.

The three following Figures 7.5, 7.6 and 7.7, show a close up look at one push for each delay and
architectures. It can be seen that all architectures have a delay/inertia in the slave movement,
even for 0 ms added delay, at the beginning of the push. But after reaching the end of the pushing
track (when the master device has reached the lowest value of the curve) and the device is moved
back to the start point, we can see that the slave tracks the master more closely.

Figure 7.5: Position tracking of master device, for one cube push, for linear MMT architecture
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Figure 7.6: Position tracking of master device, for one cube push, for non-linear MMT architecture

Figure 7.7: Position tracking of master device, for one cube push, for position-force architecture

A comparison of the position in global x-direction can be seen below in gures 7.8, 7.9 and
7.10. This is the "sideways" direction of the cuboid (when facing the pushing direction, global
y-direction).
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Figure 7.8: The devices position in globalx-direction, linear MMT

Figure 7.9: The devices position in globalx-direction, non-linear MMT
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Figure 7.10: The devices position in globalk-direction, position-force

This comparison shows that the location of the contact point between the slave device and cuboid,
at the beginning of each push, is around the same point for the majority of the pushes. It can
also be seen that for some pushes, the master moves over a larger interval than the slave in tke
direction, which can mainly be seen in Figure 7.9 for 50 ms and 100 ms delay, and also in Figure 7.8
for 150 ms delay. This can indicate that the master proxy slipped a bit over the modeled cuboid
surface during the push, due to low friction. The slave cube and the force sensor have larger
contact friction (rubber against paperboard), which causes it to have a better grip of the cube
while pushing. However, this behavior also happened once for position-force, which has no cuboid
model. This is seen in Figure 7.10 on the 12th push for 100 ms delay. One possible explanation
could be that the force sensor cannot give the right force feedback sideways, which made it possible
for the master device to slide inx-direction. Since the PID-controller showed around 5 mm static
error around this area within the workspace, it could also contribute to this behavior.

To see how many pushes that showed this "slipping" behavior during the test, a comparison is
made between the master and slave signal for each push. If the di erence between the maximum
or minimum values of the slave and the master exceeds 1.5 cm it is counted as a slip. The results
are presented in Table 7.1.

Amount that slipped during push
0 ms 50 ms 100 ms 150 ms
Architecture delay delay delay delay
Linear MMT 0 0 0 3
Non-linear MMT 0 6 3 2
Position-force 0 0 1 0

Table 7.1: Number of push out of 15, that did slip during a push.

The pushes where this happens also show an e ect on the force signal, which will be seen later in
the rst push in Figure 7.17 for 50 ms delay.
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7.2 Force tracking error

The force tracking error between master and slave is also calculated. The master force for the two
MMT models is the force feedback from the interaction with the local environment model. For
the position-force architecture, the master force is directly what the force sensor measured (on the
slave side). Note that error between master and slave for this architecture can still appear for a
larger delay, if the master side does not have access to the newest measured value from the slave
side. The results, in form of the RMSE values for each architecture and delay, are presented in
Figure 7.11

Figure 7.11: RMSE results of force tracking error for all architectures and delays.

The smaller dots in Figure 7.11 are the RMSE values of each push (15 pushes total, for each
architecture and delay). The larger dots are the mean values of all the 15 RMSE values, one for
each architecture and delay. Figure 7.11 shows that for no added delay, there's an average error
around zero for position-force, while the MMT architecture starts at an average error of roughly
0:3 0:35 N. The error increases slightly for larger delays for position-force, while for MMT mainly
two spikes in error are seen, one at 50 ms for the non-linear model and one at 150 ms for the linear
model.

A two-way ANOVA was also conducted with the RMSE values of each push, to see what e ect
the combination of architecture and delay has on the force tracking error. The results shows that
there is a statistically signi cant interaction between architecture and delay for the force tracking
error, F(6;168) = 125:18, p < 0:0001.

The linear MMT model has some model jumps when the impedance parameters are updated during

the tests, causing large spikes in the calculated force feedback. See Figure 7.12. Note that the
device has a maximum output force of 3.3 N, and any larger force is capped to this value.
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Figure 7.12: Overview of force nhorm comparison between master and slave for linear MMT.

The following Figure 7.13 is a zoom in on Figure 7.12, to see how the master and slave behaved
during all 15 pushes, with less focus on the model jump spikes.

Figure 7.13: Overview of force norm comparison between master and slave for linear MMT, a bit
zoomed in.

Throughout all 45 pushes for this architecture, the modeled force (master side) has a similar highest
value and shape of the signal as the sensor measured force (slave side). The highest value is between
1 1.5 N, except for the fourth push for 150 ms delay which has a peak value around 2 N. For
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non-linear MMT, the highest measured force values are a bit higher for 50 ms delay than for the
other ones, which can be seen in Figure 7.14 below. And lastly, for the position-force architecture
the master and slave forces also have a similar shape and similar highest values for each push, see

Figure 7.15 below.

Figure 7.14: Overview of force norm comparison between master and slave for non-linear MMT.

Figure 7.15: Overview of force norm comparison between master and slave for position-force.
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As seen mainly in Figures 7.14 and 7.15, the measured slave force does not always start and end
at 0 N for every push. The reason is that the force sensor gets slightly deformed during contact
and can sometimes take a while to recover, as mentioned previously in Sections 4.7 and 4.8.

Now, let's look more closely at two cube pushes for each delay. The force of the master linear
MMT model looks similar in shape and size to the force measured by the sensor on the slave side,
see Figure 7.16. But for the non-linear MMT model, the master force feedback does not reach the
same values as the force sensor measurements, see Figure 7.17.

Figure 7.16: Force norm comparison between master and slave for linear MMT.

Figure 7.17: Force norm comparison between master and slave for non-linear MMT.
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Occasionally, the slave force signal shows a di erent shape than what it has for all the other pushes,
as seen in the rst push in Figure 7.17. This shape appeared the most in non-linear MMT with
50 ms delay, where 6 out of 15 pushes have this particular shape. If we look at the force signals for
the pushes which showed "slipping" behavior in globalx-direction movement (see Table 7.1), all
of them except two (one for position-force at 100 ms delay and one for non-linear MMT at 150 ms
delay) had this particular shape.

If we look more closely at the position-force architecture, we can see that there is no major di erence
between master and slave forces, see Figure 7.18. The only di erence, if looking closely, is that
the master signal is lagging a bit behind the slave signal when a delay is added to the system, as
expected. This means that, for all added delays, the master and slave signals are not overlapping
each other fully as they do for 0 ms delay.

Figure 7.18: Force norm comparison between master and slave for position-force.

7.3 MMT: Parameter updating

The cuboid movement (and subsequently, the force feedback) of the MMT model is closely tied to
the impedance parameters that are constantly estimated on the slave side. Although estimation
is continuous during run-time, every single parameter estimation is not sent to the master. Only
if a model mismatch is detected, or a time-triggered update occurred, the parameters are sent, as
explained in Section 4.8. Also, as explained in Section 4.7, impedance parameters that don't ful Il
the stability criterion are not sent either. Thus, the average value of an impedance value may vary
just a little bit, depending on if we're looking at all estimated values at the slave side or all the
displayed values on the master side.

The averages values of the impedance parameters for both MMT models during all tests can be
seen in Table 7.2 and Table 7.3.
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