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Abstract

Haptic simulation systems enable users to kinesthetically interact with virtual environments
through interaction with a robotic mechanism, known as a haptic device. Application of these
systems are in medical simulators, robotic rehabilitation, and entertainment. Viscoelastic medium
is a common environment that is simulated as a virtual environment (VE) in haptic simulation
systems. Kelvin-Voigt (KV) and Hunt-Crossley (HC) are models commonly used to simulate
viscoelastic environments in haptic simulation systems. Due to the sample-and-hold process, the

range of dynamics - viscosity and elasticity, that can be rendered in a stable way is limited.

While uncoupled stability, as a stringent stability condition, has been analyzed for KV VEs, it
has not been evaluated for HC environments. In this thesis, we experimentally evaluate the range
of dynamic parameters for each model that result in uncoupled stability. To compare the results,
we map the HC parameters to the KV parameter space. Results show that higher values of ny
are more suitable for interactions with stiffer environments, at the expense of damping, and
compared to the dynamic range obtained from using KV VE, the HC model offers lower stiffness
but higher damping range.

To confirm the mapping, we conduct a user study to compare the viscosity and elasticity effects
perceived by the users. Results show that different penetrations may not affect the stable HC
elastic and viscous ranges, but it affects the feel of the HC modeled environment, as is reflected

by the identified KV ranges, which confirms that the HC model is penetration dependent.

In addition to determining the stable implementable range of HC and KV parameters for non-
deformable environments, the stable implementable range of physical deformable objects
implemented as a VE is also found. Physical gels with known Young’s Moduli are
experimentally tested to determine their point of contact apparent stiffness and damping for
varying penetration. These parameters are utilized to implement a spring-mass-damper mesh VE
model for each gel. These values are also interpolated and extrapolated to implement a larger
range of deformable VEs for uncoupled stability tests. The results show a viscoelastic dynamic

range that depends on the depth of penetration.
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Chapter 1

Introduction

1.1 Haptics Simulation Systems

Haptic simulation systems enable users to kinesthetically interact with virtual environments
(VEs) that are graphically and dynamically rendered by a computer. This interaction is possible
through manipulating a robotic mechanism, known as a haptic device. Two haptic devices that

are used in this research are shown in Figure 1.1-1a [1] and Figure 1.1-1b [2].

(a) Quanser Engineering Trainer. (b) Quanser Twin Pantograph.

Figure 1.1-1: Two haptic devices.
When a user interacts with a haptic device, the virtual environment provides force feedback to
the user through the haptic device, to the amount that a real environment would apply to the user,
as shown in Figure 1.1-2. This way the user would obtain a feel of interacting with a real

environment.



User Haptic Device

Figure 1.1-2: A haptic simulation system, showing a user interaction with a mass-damper-spring virtual environment through a

haptic device.

Two applications of haptic simulation systems are robotic rehabilitation and medical training
simulation [3] [4] [5] [6]. In the former, the patient tries to follow a desired trajectory while the
patient’s hand is constrained by virtual fixtures or is assisted. In other scenarios the user tries to
move a virtual object from point A to point B [4]. In the latter, a surgeon-in-training practices a
minimally invasive surgery procedure in a simulated environment [3] or receives training on
administering epidural [6], or a sonographer-in-training practices ultrasound imaging from pre-

scanned images from patients [5].

1.2  Virtual Environments

Virtual environments that mimic the behaviour of real environments are implemented as

deformable or nondeformable models, which will be explained next.

1.2.1 Non-deformable Environments

Non-deformable objects are those in which the surface of interaction deforms uniformly, where

all points of the object displace at the same rate, and by the same amount.

As the dynamic behavior of various objects include viscosity and elasticity, viscoelastic models
are predominantly utilized to implement VEs. Kelvin-\Voigt (KV) and Hunt-Crossley (HC) are

two models commonly used to simulate viscoelastic environments in haptic simulation systems.

Spring-damper systems are the conventional method of implementing different environments [7]

[8], as they can accurately represent deformable objects.



The linear viscoelastic KV model that will be implemented as VE in this thesis is presented as

_ (Kgyx(t) + Bgyx(t) x(t) =0
Jiev () = { 0 x(t) <0, (1.2.1-1)

where Ky and By, are the KV stiffness and damping parameters, respectively.

Although KV is a linear damper-spring model [9] [10] and as such easy to implement [11] [12],
it has physical inconsistencies in generating negative contact force during rebound [3] [13],
making it less suitable for contact tasks with VEs displaying significant viscous behaviour [12]
[14]. During rebound, when the device approaches the surface, the position reaches zero while
the velocity is negative. As a result, the elastic term of the KV model approaches zero, whereas
the viscous part of the model contributes to the negative contact force, which is not experienced
in physical objects.
The non-linear HC model that will be implemented as a VE in this thesis is presented as
fc(t) = {KHCx"(t) + Bucx(O)x™(t)  x() =0

0 x(t) <0, (1.2.1-2)
where Ky and By are the HC elastic and viscous parameters, respectively, x(t) is the contact

position, and n is the HC exponent which is between 1 and 2 and usually depends on the material

properties.

HC is a nonlinear model that does not have the inconsistencies of the KV model [12] [15] [16].
This is because the damping related term is multiplied by the position. Therefore, HC does not
have the negative contact force rebound inconsistencies since zero position will lead to zero VE
force. As a result, the HC model may better represent environments with substantial viscous
effect such as soft tissues [3]. Online and off-line identification methods have been proposed for

HC parameter estimation [17].

When creating a VE from a physical object or environment, the elastic and viscous parameters of
the model representing the environment need to be identified. When interacting with an
environment and analyzing the environment, position and force data can be collected from the
interactions. This data can be used for parameter identification to determine the dynamic model

parameters. One such identification method is batch least squares. Batch least squares finds the



optimal parameters to minimize the mean square of the prediction error over time using a

regression matrix generated from a sliding window of the given data.

The LS process for a linear model such as KV is straightforward. For the KV model, the force

can be expressed as
. X
fxv = Kxvx + Bgyx = [Kky  Bgy] [x] = ¢b

where ¢ is the regression matrix, also known as H, and 4 is the parameters matrix, which is what

we aim to solve for. With L observations, the least squares solution would be
0 = (PTD) 1PTF,y,

Kyy =60(1) =K

Bxy =0(2) =B

where ®T = [p] @] ...@]]and Fxy = [Fxy; Fxvy - Fxy, ). The process for identifying the KV

parameters is shown in Figure 1.2.1-1.

X -I—P d/dt el pegression Matrix Batch  [r=——pp Ky,
> H = [x; X] Pl Least
F > y=F Squares = B,

Figure 1.2.1-1: Parameter identification for KV using batch least squares.

Due to the nonlinearity of the HC model, its LS identification process is different [18]. For the

HC model, the force can be expressed as

In (Kyc)

: . B
fuc = Kucx™ + Bgyxx™ =[1 & In (xyc)] H_:z = @0

Nyc

where ¢ is the regression matrix, also known as H, and @ is the parameters matrix, which we aim

to solve for. This can be arranged to be



6=Fp t=F(pTp) o
Byc = KH(Z) = By¢
nyc = 0(3) = nyc .

This process for identifying HC parameters is shown in Figure 1.2.1-2 [19]. This identification
method is position-fed, where x is the position collected from interaction with the environment.

" . | () | 0 > K
X -I_’ d/dt - > Regression Matrix Batch *
| H=[1;xIn(x)] [=——$ Least P B/K m— A*B » B,
F > y = In(F) Squares
Y » N

Figure 1.2.1-2: Parameter identification for HC using batch least squares.

1.2.2 Deformable Environments

Deformable objects are those in which upon excitation all the points within the object do not
displace by the same amount. This implies that these objects project different elastic and viscous
parameters depending on the depth of penetration during interaction [20] [21]. In order words, a

deformable object is one where the VE dynamic behaviour changes during interaction [22].

Since these deformable objects cannot be modeled with the same model for all penetrations and
types of interactions, other methods can be used. Two common methods include the finite
element method (FEM) and the damper-spring mesh method. Both methods offer benefits and

have downsides.

FEM is a method of simulating an object virtually by meshing the object into finite elements and
determining the object response when undergoing deformation by analyzing the response of the
finite elements. The FEM can accurately simulate the interaction among objects [23] [24].
However, this method is computationally expensive. In [25], FEM was used to model the
interaction of a needle with elastic tissue, as shown in Figure 1.2.2-1. As can be seen from this
figure, the tissue is meshed into finite elements, with the needle and area of interaction are

modeled by a very fine mesh, to accurately capture this interaction, whereas the areas of the



tissue further away from interaction, and therefore less affected by the interaction, are meshed
with a larger mesh. The area closer to the interaction zone has more stress being applied to the
individual elements compared to the area of the tissue further from the interaction, and therefore
the mesh must be smaller in these higher-stress areas to allow the stress and movement to be

accurately tracked.
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Figure 1.2.2-1: Needle being inserted into elastic tissue, modeled in FEM [25].

The damper-spring mesh is a much more common method for real-time interaction, as it can
provide real-time feedback during interaction since it is computationally less expensive.
However, this method is less accurate, as the elements are much larger than those of the FEM,
and therefore more inconsistencies may appear. This method is also less accurate than FEM as
each node in a 2D mesh, for example, can have a maximum of eight damper-spring attached to it
to maintain a proper network, meaning that the force in each node is limited to eight directions,
as opposed to the FEM, where each element considers the force in the entire element, and is not
limited to a specific number of directions. The spring-damper mesh method consists of dividing
up the object or environment into a network of damper-springs, which can be interacted with at
any of the nodes. An example of this method can be seen in Figure 1.2.2-2, showing how an
object can be represented with a damper-spring network providing a similar feel. When
interacting with a damper-spring network, the point of contact must be at the nodes. These nodes
can also have mass to represent the mass of a physical object the mesh may be representing. The

damper-spring network has been used extensively in haptic simulation systems [26] [27] [28].



Figure 1.2.2-2: Mass-spring-damper model with force being applied at a node [29].

1.3 Problem Definition

Coupled stability of user and haptic simulation system is of paramount importance. Since
human’s interaction with passive real objects is stable, it is conjectured that the interaction
between a user and haptic simulation system is stable as long as the haptic simulation system
projects passive dynamics [30] [31].

Due to the sample-and-hold process, wherein continuous data is sampled for discrete time and
held at the sample until the next sample is taken, the impedance projected by a haptic simulation
system to a user may become non-passive for a certain range of VE dynamics. This results in
coupled instability, which is caused by the output energy of the system being larger than the
input energy of the system, which often occurs at high VE impedances and show itself as shaking
or unwanted oscillations [32] [33]. Therefore, the range of the VE dynamics with which a user
can interface in a stable manner becomes limited [11]. For example, in a medical simulator,
stiffer viscoelastic environments, such as bone tissue, cannot be rendered in a stable way. This

limitation may degrade the sense of realism, and as such the applications of these systems [32].

Uncoupled stability is a condition by which the system stays stable when the haptic device is not
held by the user, as shown in Figure 1.3-1. Since users tend to stabilize their interaction with

objects or systems they couple with, uncoupled stability is considered as a more stringent



condition than coupled stability [11] [34] [35] [33]. Therefore, determining an uncoupled

stability range will result in a more stringent range of dynamic parameters.
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Figure 1.3-1: Haptic simulation system showing uncoupled stability, where the user does not have interaction with the haptic

device.

1.4  Proposed Solution

Although the uncoupled stability range of the viscosity and elasticity components of the KV
VEs, i.e., stiffness and damping, have been studied through analytical and experimental
determination, such range has not been determined for the dynamic parameters of the discrete
implementation of HC model. In this thesis, we will embark on experimentally investigating
such a range for the HC model. Furthermore, since the interpretation of the dynamic parameters
of the KV and HC models are different, we propose a means to determine the equivalent
dynamic parameter in one model given the parameters of other model may help to better
compare and interpret the results. We will also study how the KV and HC dynamic range will be

perceived by the user.

In addition, uncoupled stability for deformable objects that demonstrate penetration dependent
dynamics have not been investigated. We will experimentally study the uncoupled stability of

deformable VEs modeled by spring-mass-damper mesh.



1.5 Contributions

This thesis studies the uncoupled stability condition for haptic simulation systems as an upper
bound on the coupled stability condition for such systems. Through simulations and
experimentations, the uncoupled stability dynamic range for viscoelastic non-deformable and

deformable virtual environments have been identified.
The following are the specific contributions of this thesis:

1. Experimentally assess uncoupled stability for non-deformable viscoelastic
environments modeled by Hunt-Crossley nonlinear. Use this nonlinear model to
determine the uncoupled stability range of parameters.

2. Develop dynamic parameter mapping that maps the HC parameters to KV
parameter space. Validate the mapping using a user study. Use this mapping to
compare the HC uncoupled stability dynamic range to that of the KV model.

3. Experimentally investigate uncoupled stability for deformable objects modeled by

damper-spring mesh.

1.6 Thesis Outline

The uncoupled stability dynamic range for Hunt-Crossley modeled virtual environments will be
discussed in Chapter 2. The uncoupled stability with the HC model will be discussed, and an
experiment will be proposed, and the results presented. The KV dynamic model will be
reviewed, with a dynamic identification method proposed to allow comparison between this
model and the HC model. A user study will be proposed to validate the conclusions made from

the HC and KV model comparisons and the results of this study will be presented and discussed.

The uncoupled stability of haptic simulation systems for varying property materials will be
discussed in Chapter 3. An experiment will be proposed to identify the stiffness and damping
properties of a material. A virtual environment will be created with a haptic device to implement
this mass-damper-spring mesh model and simulate the experimental interactions. Using FEM,
the stiffness and damping properties of materials with varying properties will be determined, and
these materials will be implemented in the virtual environment of the haptic simulation system.

The uncoupled stability results of the various materials will be analyzed.
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Chapter 4 will provide a summary of the information presented and draw conclusions. This

chapter will also discuss how this work can be continued in the future.
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Chapter 2

Uncoupled Stability Dynamic Range for Hunt-Crossley
Modeled Virtual Environments

In this chapter, the uncoupled stability range of elasticity and viscosity will be determined
through experiments for both the KV and HC models, and simulations will be used to produce
the necessary data for identification, needed to map the dynamic parameters from HC to KV
model. It will be shown that HC models offer lower stiffness, but larger damping range
compared to KV models. A user study is also presented to verify the accuracy of the map
between the KV and HC models as well as the user perception regarding the penetration
variation. It will also be shown that varying the penetration may not affect the stable range of HC
parameters, but it affects the feel of the HC modeled environment.

2.1  Uncoupled Stability with the HC Model

In this section, we will study the uncoupled stability results when an HC model is used to
simulate a viscoelastic environment. Uncoupled stability analysis in discrete-time domain relies
on the linearity of the system [12] [32]. Due to the inherent non-linearity of the HC model, the
analytical study of uncoupled stability is a challenge. Therefore, we evaluate the uncoupled

stability region experimentally. Next the experimental setup and procedures will be presented.

2.1.1 Experimental Setup and Procedure

The range of values for uncoupled stability for each VE were identified experimentally using a
Quanser Engineering Trainer (QET), a one degree-of-freedom haptic platform, as shown in
Figure 2.1.1-1a. A thimble fixture was 3D printed and has been installed on the QET wheel for
the user study. The thimble was designed to provide users with a comfortable interaction. The
distance from the thimble to the center is 34 mm. The setup is comprised of a Maxon DC motor
with an incremental optical encoder (1,024 PPR). The maximum torque that the motor can
generate is 0.055 Nm. The force at the thimble fixture was not measured, as the motor torque,

found from the current, was monitored to ensure that the motor does not reach saturation.
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However, given the maximum torque, the maximum force that could be expected at the end of
the thimble fixture is 1.62 N, which will be considered in the user study. A 14-bit Quanser Q8
data acquisition board with QUARC software is used to command and measure the necessary
signals at the rate of 1 kHz. The VEs were implemented bilaterally, and the discrete velocity was
computed using the backward difference (BD) method. The QET dynamic parameters m =
2.3x10° kgm? and b = 1x10* Nms/rad, obtained through identification, is used in the simulations
and analytical computations. Although the mass of the haptic device affects the uncoupled
stability region, since the experiments were run only on one device (QET), with constant mass,

mass was not a factor in our analysis.

]
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TERING TRAINER
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SASUNE FECATX

(a) QET components. (b) QET with thimble fixture.
Figure 2.1.1-1: Quanser Engineering Trainer (QET). The system runs at the sampling rate of 1 kHz.
As will be seen later, the range of Ky vs By depends on the chosen exponent and penetration.
The penetration was implemented on the device as the amplitude of the step response. The
specified penetration is used as the starting point for each experiment. For a given exponent and
penetration, and for each By value, the K. value was increased from zero until instability was
reached and the By value was increased from zero until no stable corresponding K. value
existed, or saturation occurred. In our experiments, the penetration varied between 2, 5 and 10

degrees and the exponent varied among ny. = 1, 1.25, 1.5, 1.75, and 2.

For the experiments on the QET, the system is considered stable if the position amplitude
oscillation for the last 100 ms is less than 2% of the initial position since it was observed that for
this system such oscillations will eventually phase out. The system is considered unstable if the
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states grow boundlessly or limit cycles are present. Figure 2.1.1-2 shows samples of system

responses for the uncoupled stable and unstable cases.
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Figure 2.1.1-2: Samples of system responses for uncoupled stable and unstable cases.

2.1.2 Uncoupled Stability Results for a HC VE

Figure 2.1.2-1 shows the results for the varying penetration trials, with the HC experimental
trials for three different penetrations, 2, 5, and 10 degrees, each with five values of ny. = 1, 1.25,
1.5, 1.75, and 2. For the experimental HC ranges at different values of ny. for each penetration,
increasing ny. did not noticeably change the values of By, except for ny. = 2, where it
increased By by about 50% of the other trials. However, increasing ny by 0.25 for each trial
almost doubled the Ky, range for each consecutive trial. The Ky, and By, for corresponding
nyc values for each penetration are very similar. However, for low and zero viscosity, K¢

increases substantially as ny- increases, particularly for the 2 degrees penetration trials.
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Figure 2.1.2-1: Experimental HC Ky and By values for (a) 2, (b) 5, (c) 10 deg penetration, for ny. from 1 to 2.
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This matter was investigated further through simulations for larger penetration range as well in
[36] for only when elasticity is considered, i.e., By = 0. The reported results shown that the
maximum stable Ky varies with the penetration x(t) for nyc > 1, and in fact it follows the

relation

1

Kycx™* = constant. (2.1.2-1)

As depicted in [36], the maximum stiffness computed from the proposed relation (2.1.2-1) is
very close to the ones obtained from our experiments. Therefore, we can conclude that the

maximum stable Ky, for the elastic HC model is penetration dependant.

In the next section we will investigate two issues, i) how do the range of HC dynamic models
found from uncoupled stability is perceived by a user, and ii) how does this range compare with

the range obtained from a KV model?

2.2 Uncoupled Stability with the KV Dynamic Model

As presented in Chapter 1, KV is a linear dynamic model that directly relates the elastic and
viscous feel of environments to tangible stiffness and damping parameters Ky and By,
respectively. Therefore, in order to better interpret the range of elasticity and viscosity to be felt
through the HC models obtained from the uncoupled stability experiments, we propose to map
the HC parameters to the KV model parameter space. In this section, we will present a dynamic
identification process to map the HC parameters to the KV parameter space, and the mapping
results. We will also experimentally evaluate uncoupled stability when the VE is implemented as
a KV model. A comparison between the KV parameter range and the equivalent KV parameters
from the HC experiments sheds light on the range of stable viscoelasticity that each (HC and

KV) model can support.

2.2.1 Dynamic ldentification

Figure 2.2.1-1 shows the HC to KV parameter mapping block diagram, where HC parameter sets
(Kyc, By, nyc) can be used to find their equivalent KV parameter set (Kxy, Bgy) using a
position-fed profile that generate a similar force in the least mean square error sense. Since the
HC model is penetration dependent, the equivalent KV parameters may be influenced by the

position profile.
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Figure 2.2.1-1: Block diagram of the identification process to map HC to KV parameters, where x is the fed position.

The dynamic identification is done through simulation, as opposed to experiment, as some of the
HC parameters, although stable in the HC environment, may not produce equivalent KV
parameters that are stable in the KV environment. In experiment, this instability will not allow

proper identification. In simulation, instability does not occur, allowing proper identification.

In this work, the excitation signal used is the sum of two sinusoidal signals and a bias of 5 deg.
The two sinusoidal signals have a peak-to-peak of 0.25 deg and the frequencies of 3 rad/s and 17
rad/s. The summed signal is then multiplied by 0.4, 1 or 2 to produce the desired penetration of

2, 5 or 10 deg, respectively.

Batch least squares was used for identification [19] [37]. The accuracy of the mapping process

can be represented by the %RMSE (root mean square error)

/ 5(F — F)*
where F is the force generated from HC parameters and F is the force prediction from the

identified KV parameters.

Figure 2.2.1-2 shows the mapping accuracy heatmap (%RMSE) for the range of stable By and
Ky, for the 5 degrees of penetration trial at ny. = 1. The maximum %RMSE of 0.53% occurs at
maximum By = 1. This is because, for ny. = 1, the difference between the KV and HC models

are in the viscous components.
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%RMSE

Figure 2.2.1-2: %RMSE values for the HC to KV mapping for ny = 1 at 5 degrees penetration.

Figure 2.2.1-3 shows the maximum %RMSE for various penetration degrees and exponents. As

can be noticed, the mapping accuracy decreases as the penetration increases. In addition, the
maximum occurs at the highest nonlinearity ny = 2.

u 2 deg
' =5 deg
. || =10 deg

nHC=1 nHC=1 25 nHC=1 .5 nHC=1 75 nHC=2

w a
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N

Maximum %RMSE

=, N w
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Figure 2.2.1-3: Maximum %RMSE values for various penetration degrees and exponents.

The experimental and mapped force values, generated from a set of dynamic parameters, and
their difference are shown in Figure 2.2.1-4 for the 5 degrees at ny. = 1. The force prediction
error between the experimental HC and the mapped KV varied within +1.5x10 N.
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Figure 2.2.1-4: The forces from the experimental HC values for one set (K¢ = 1.3, By¢ = 0.3, nyc = 1), and from the mapped

KV values (Kyxy = 1.3, By = 0.0261), and (b) their difference.

2.2.2 Uncoupled Stability of a KV VE and Mapped HC Parameters

Figure 2.2.2-1 shows the equivalent KV values for each penetration, mapped from the
corresponding HC values from Figure 2.1.2-1, using the identification process outlined in Figure
2.2.1-1. This mapping provides one set of KV parameters, By, and Ky, for each set of HC
parameters, By, Kyc, and ny, for each penetration, and therefore is valid for any set of HC
parameters. The identification process does not provide a one-to-one mapping. The original HC
parameters would not be obtained if the equivalent KV parameters obtained from Figure 2.2.1-1
were used in a reverse mapping as there is likely another set of HC parameters with different n
that would result in lower force error. However, if the ny is locked to its original value, then the

original Ky and By will be recovered.
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This mapping process and results can be verified by comparing the HC and KV equations.
Comparing the HC parameters from Figure 2.1.2-1 and the equivalent KV parameters from
Figure 2.2.2-1, we can see that for ny. = 1, the Ky values are by and large similar to the Ky
values, because for ny = 1, the elastic terms of the HC and KV models require Ky = K. For
nyc = 2 the increase in Ky is approximately proportional to the increase in the penetration,
since Kyy = Kycx(t). For nye = 1, the increase in By is approximately proportional to the
increase in the penetration, since Bxy = Bycx(t). For nyc = 2, the By, values approximately
increase by the square of the increase in penetration, as By, = Bycx(t)?. For all penetrations
between ny. = 1 and 2, the Ky, and By, values follow the same pattern with multipliers relative

to the ny values.

The KV ranges for each of these varying penetrations are all different, showing that although the
HC ranges may all appear to be the same across different penetrations, the feel of each are not
actually the same. This is because the penetration makes a difference in the feel, which is not

reflected by the HC ranges, but is reflected by the identified KV ranges.

From Figure 2.2.2-1a, it is clear that for 2 deg penetration, the HC model has a smaller
equivalent implementable range of elasticity and viscosity compared to the KV model. From
Figure 2.2.2-1b and Figure 2.2.2-1c, as penetration increases so does range of By to a point that
at 10 deg penetration, HC offers a larger viscosity range for all ny.. The same increasing pattern
can also be observed for Kyy,. This suggests that HC models offer larger viscoelasticity range for

uncoupled stability when the VE allows for larger penetrations such as in soft tissue simulations.

2.3 User Study

In the last section, we experimentally derived the range of HC and KV dynamic parameters for
uncoupled stability and mapped the HC parameters to their equivalent KV parameter sets for
comparison. In this section, we will focus on the dynamics that an HC model conveys to the user

and the effect of penetration and the HC exponent on the dynamics felt.



21

Experimenter

Figure 2.3-1: The user study setup.

We propose a three-part user study where the effect of penetration x(t) on the HC environment
impedance felt by the users could be gauged. The viscoelastic parameters chosen for each part of
the user study were chosen such that the force applied a user’s finger would not exceed the
capabilities of the QET, which was limited to 1.62 N at the user’s finger; however, the applied
force was close to the maximum force, so that the user could feel enough force to accurately
explore the environment. The knob on the QET would rotate to apply this force to the user. It is
expected that for Part I, the feel of HC is penetration dependent, for all ny. exponent values, and
for Parts Il and 111, a human's feel of elasticity and viscosity follow the mappings discussed for
stiffness and damping, for all penetrations and ny. exponent values. The setup for the user study
is shown in Figure 2.3-1. The participant was positioned so that they could not see what was

displayed on the experimenter’s screen.

2.3.1 Procedure

The user study experiment was broken down into three parts, and each part presented the
participant with three different penetration environments (5, 10, and 20 deg). For each
penetration, three different ny values were used (ny. = 1, 1.5, 2). The participants were asked
to follow a waveform, shown in Figure 2.3.1-1, displayed on the monitor in front of them by
manipulating a knob with an attached thimble, as shown in Figure 2.1.1-1b. For the second and

third parts of the user study, only one of these waveforms were shown at a time, depending on
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the desired penetration. The participants were asked to follow the waveform to the best of their
ability. By following the waveform, the participants could interact with the VE. The participants
were not made known of the expected results [38] and the participant could repeat any part of the
experiment as many times as they needed to be certain of their decision [39] [40]. The
viscoelastic parameters were chosen to avoid actuator saturation, and the velocity signal was
low-pass-filtered to obtain a smooth signal. These measures in addition to the selected
waveforms displayed in Figure 2.3.1-1 prevented any vibration or auditory cues that may bias the
participant's answer. The same experimenter conducted the study for all participants to ensure
uniformity [39] [40]. Upon receiving approval from the Queen's General Research Ethics Board

(GREB), volunteer participants were recruited to contribute to the study.
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Figure 2.3.1-1: The waveforms that users were asked to follow for each part of the study.
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2.3.1.1 Part | Procedure

For the first part, the objective was to check whether the feel of HC is penetration dependent. For
all trials, the Ky and By were kept at the same values. For each ny. value, the participants
were asked to rank the three penetrations from the lowest to the highest impedance. The expected
results were that the 5 deg is the lowest, the 10 deg is medium, and the 20 deg is the highest. For

each participant trial, the order of the penetrations presented was randomized.

2.3.1.2 Parts Il and 111 Procedure

For these parts, the objective was to check whether a human's feel of elasticity and viscosity
follows the mappings discussed for stiffness and damping. The participant was presented with
five environments; the reference HC was presented, followed by three KV environments, then
the reference HC was repeated at the end to provide the participant with an opportunity to check
their answer. For the three KV environments presented, one of them is the KV equivalent of the
reference HC, found from the identification process proposed in Section Il. B. The other two
were a certain percentage higher and lower. The percentage which was varied by participant was
found through a calibration process. For each participant trial, these three KV environments were
presented in a randomized sequence. The participants were asked which of these three KV

environments was closest to the HC environment.

A calibration period was performed to identify the VE variation threshold of each participant.
The control parameters used in the calibration were the 5, 10, and 20 degrees penetration trials
for nye = 1. This is because, at ny. = 1, the HC and KV models are the same for stiffness-only,
and very similar for damping-only. Therefore, to calibrate the user, they needed to correctly
identify this. For the stiffness-only part, the percentage started at 10%, and could increase by
10% increments up to a maximum of 60%. For the damping-only part, it was the same as the
stiffness-only, but the percentage started at 20%. The starting percentages were chosen based on
the just noticeable difference (JND), and the maximum was chosen to avoid large difference in

feel.

For the calibration, the test was run for 5 degrees penetration, and the participants were asked if
they could clearly feel a difference between the environments. If they could not, the percentage
was increased, and the calibration restarted. If they could, they were asked to rank the three KV

environments as low, medium, and high in terms of impedance, and asked to identify which they



25

believed was closest to the HC environment. If they ranked incorrectly or chose the incorrect
equivalent KV, the percentage was increased, and the calibration restarted. If they ranked
correctly and chose the correct equivalent KV, they were tested for 10 then 20 degrees
penetration, and the calibration restarted if incorrect for either. If they were correct for all
penetrations or they were at the maximum percentage of 60%, regardless of their results, the
calibration period was complete, and they would move on with the remainder of the part using

that percentage.

For all three ny- values and three penetrations (nine trials total), the process was repeated with
different Ky and equivalent Ky, values. The expected results were that the KV environment
with the actual equivalent Ky, value was the closest. For the third part of the user study, the

stiffness terms were set to zero, and the By and By, environments were varied and explored.

2.3.2 Results
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(a) Part I of the study. (b) Part Il of the study. (c) Part 111 of the study.

Figure 2.3.2-1: The percentage of participants who selected the correct environment for each part of the user study.

Table 2.3.2-1: The mean (standard deviation) for each experiment for varying parameters across all users.

Part 11 Part 111
Ny Part |

5 deg 10 deg 20 deg 5 deg 10 deg 20 deg

. 2.73 1.0 1.0 0.93 0.67 0.93 0.87
(0.70) 0) 0) (0.26) (0.49) (0.26) (0.35)

2.4 0.6 0.87 0.87 0.53 0.47 0.67

Lo (1.06) (0.51) (0.35) (0.35) (0.52) (0.52) (0.49)

, 2.07 0.33 0.8 0.8 0.4 0.6 0.87
(1.22) (0.49) (0.41) (0.42) (0.51) (0.51) (0.35)
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The user study was conducted for 15 participants. The detailed results for each part of the study
are illustrated in Figure 2.3.2-1. A z-test sample variation analysis was conducted to determine
the validity of the results, based on differences in the rate of success (i.e., choosing the correct
answer) between participants and experimental parameters. A significantly different environment
means that participants had very different rates of success for the three varying parameters (ny.
=1 vs 1.5 vs 2 or penetration of 5 vs 10 vs 20 deg). The minimum p-value threshold for the
variation analyses was 0.05. For Part I, the variation analyses were conducted across users for
varying ny. values for the total success rates added across each penetration for each user. For
Parts Il and Il1, the variation analyses were conducted across users for varying penetrations for

each ny. value.

2.3.2.1 Part | Results

The participants were mainly successful at reaching the conclusion that 5 deg presented the
lowest, 10 deg the medium, and 20 deg the highest impedance, since the average of correct
answers for all participants for all trials was 80%. This demonstrates that the impedance
displayed by the HC model is penetration dependent. As can be seen from Figure 2.3.2-1a, the
users have the most success for ny = 1, and the least for ny.. This is likely because, as ny.
increases, the interaction force decreases, and it becomes harder for users to discern the
differences.

To further analyze the effect of exponent or model nonlinearity on the dependency detection, for
each user and exponent we tallied the success for the three penetrations. This would result in
three corrects for full success, one correct case for partial success, and zero correct cases for full
failure. Table 2.3.2-1, column two, tabulates the averages and standard deviations over all users
for a given ny value. A two-sample z-test has revealed no significant difference between ny. =
1 vs 1.5 (p-value = 0.15) or ny, = 1.5 vs 2 (p-value = 0.21), as they are rather similar, but
demonstrated significant difference for ny, = 1 vs 2 (p-value = 0.03) as they had a larger

difference in their success rates.

To study the effect of penetration on success rate, as can be seen from Figure 2.3.2-1a, the
success rate increases as the penetration increases. This is likely because as penetration increases

so does the interaction force. In addition, the effect of ny. on detection reduces for larger
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penetration. For example, the success rate for 20 deg penetration varies between 80% to 93%,

whereas the rate changes between 60% and 93% for 5 deg of penetration.

2.3.2.2 Part Il Results

For this part, where the participants were presented with elasticity, and asked to compare the HC
VE with the equivalent KV VE, the participants were highly successful for ny. = 1 or for higher
penetrations. Table 2.3.2-1, columns three to five, tabulate the averages and standard deviations
over all users for a given penetration for each value of ny.. This demonstrates that the KV
equivalent VEs are accurate representations of the stiffness-only HC VEs for these cases. The
average percentage of the calibrated difference between environments for the participants was
44%.

As can be seen from Figure 2.3.2-1b, the users have the most success for ny. = 1, and the least
for nye = 2. This is likely because, for ny. = 1, the HC and KV models for elastic-only
environments are identical. As a result, the participants could easily perceive the correct

equivalent KV model. For ny = 2, the HC has the highest nonlinearity.

To study the effect of penetration on success rate, as can be seen from Figure 2.3.2-1b, the
success rate generally increases as the penetration increases. This is likely because as penetration
increases so does the interaction force. In addition, the effect of ny. on detection reduces for

larger penetration.

A two-sample z-test has revealed that, for ny. = 1, there were no significant differences between
penetrations, with 5 vs 10 deg (p-value = 0.5), 5 vs 20 deg (p-value = 0.16), and 10 vs 20 deg (p-
value = 0.16), as the force was the largest for this ny value; therefore, users could easily discern
the differences, resulting in high rates of success. For ny. = 1.5, 5 deg performed poorly, but 10
and 20 deg performed well, as the ny. = 1.5, made the force smaller, but 10 and 20 deg provided
more force than 5 deg penetration. Due to this, 5 vs 10 deg (p-value = 0.047) and 5 vs 20 deg (p-
value = 0.047) were significantly different, but 10 vs 20 deg (p-value = 0.5) were not. This was
the same for ny. = 2, with 5 vs 10 deg (p-value = 0.002), 5 vs 20 deg (p-value = 0.002), and 10
vs 20 deg (p-value = 0.5); however, the rates of success were smaller, due to the even smaller

force, especially for the 5 deg trials.
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2.3.2.3 Part 111 Results

For this part, which was similar to Part Il of the study, but with zero-stiffness VEs (i.e., damping
only), the participants chose the correct equivalent KV environment 67% of the time, as opposed
to 80% for the zero-viscosity case in Part Il. Table 2.3.2-1, columns six to eight, tabulate the
averages and standard deviations over all users for a given penetration for each value of ny. .
Therefore, this demonstrates that the KV equivalent VEs are accurate representations of the
damping-only HC VEs, for ny: = 1, or 20 deg penetration. The average percentage of the

calibrated difference between environments for the participants was 55%.

As can be seen from Figure 2.3.2-1c, on average the users have the most success for ny. = 1.
This is likely because, for ny = 1, although the HC and KV models are not identical, they are
the closest among all ny. values. To study the effect of penetration on success rate, as can be
seen from Figure 2.3.2-1c, the success rate generally increases as the penetration increases. This
is likely because as penetration increases so does the interaction force. In addition, at high
penetration, higher interaction velocity is possible which provides it easier for the users to feel
the nature of viscosity.

24 Summary

In this chapter, the uncoupled stability conditions for a 1-DOF haptic simulation system using
HC virtual environments were experimentally determined. In order to be able to compare the
viscoelastic behavior offered by each model, a parameter mapping scheme was proposed to

identify the equivalent KV dynamic parameters.

The mapped experimental uncoupled stability range for ny. = 1, 1.25, 1.5, 1.75, and 2 at each
penetration were determined, and it was found that for each individual penetration, the stiffness
range increased slightly, and the damping range decreased significantly for each ny. increment
of 0.25. This suggests that higher values of ny- are more suitable for interactions with stiffer
environments, at the expense of damping. Compared to the dynamic range obtained from using

KV virtual environment, the HC model offers lower stiffness but higher damping range.

To compare the difference in the feel of each model for different parameters, a user study was
conducted. Varying the penetration showed that different penetrations may not affect the stable

HC elastic and viscous ranges, but it affects the feel of the HC modeled environment, as is
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reflected by the identified KV ranges. This confirms that the HC model is penetration dependent,
as the users could mostly discern the differences in penetrations in the HC VE for varying nyc

values.
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Chapter 3

Uncoupled Stability Analysis of Haptic Simulation
Systems for Varying Material Properties

In the previous chapter, we determined the uncoupled stability range linear and nonlinear models
of non-deformable objects, in this chapter, we will look at the uncoupled stability range for

deformable objects.

Four gels of varying Young’s Moduli, resulting in varying stiffness and damping, were
fabricated. These gels were used in an uncoupled interaction with a Quanser Planer Twin

Pantograph haptic device. The position and force data from this interaction was collected.

This data was used in the batch least squares identification to determine the stiffness and
damping properties of each gel over penetration. Functions were fit to each of these stiffness and
damper results. Varying damping functions were interpolated between, and just above and just
below these functions, and varying stiffness functions were interpolated above these functions.

To better represent the physical gels, a spring-damper network is proposed. This mesh maps the
stiffness and damping functions for each penetration value to the stiffness and damping of each
link in the mesh for each penetration value. An equation will be proposed to map the stiffness to
the stiffness in each link of the mesh, and an equation will be proposed to map the damping to

each link in the mesh.

A VE was implemented on the Pantograph for uncoupled stability testing, where the stiffness and
damping functions were implemented with the mesh to produce the VE. This testing was
conducted by finding the maximum stable stiffness function each damping function could
accommodate. This test was conducted for both low and high penetration, as penetration is both a
factor in the value of stiffness and damping each function reached, as well a factor in the stability

of interaction. This produced a stable implementable range of stiffness and damping.
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To validate this range, three additional gels of varying stiffnesses were used in the physical
uncoupled penetration testing, and the stiffness and damping properties were again found with
through identification. Stiffness and damping functions were fit to these three new validation
gels. These stiffness and damping functions were compared to the determined implementable
stability range. These stiffness and damping function pairs were then each implemented as the
VE in the uncoupled stability testing, and the stability response, compared to the stiffness and
damping properties of these new gels, validated the stable implementable range of stiffness and
damping found.

3.1 Experimental Setup and Procedure

3.1.1 Materials

Four gels of varying Young’s Moduli were created for the testing. The gels were made of Super
Soft Plastic from MF Manufacturing [41], and hardener of softener add-in. The ratios of Super
Soft plastic to hardener or softener for specific Young’s Moduli was found from [42]. The first
gel, with an expected Young’s Modulus of 18 kPa, was made with five portions of Super Soft
Plastic and two portions of softener. The second gel, with an expected Young’s Modulus of 26
kPa, was made with five portions of Super Soft Plastic and one portion of softener. The third gel,
with an expected Young’s Modulus of 55 kPa, was made with six portions of Super Soft Plastic
and no other add-ins. The fourth gel, with an expected Young’s Modulus of 132 kPa, was made
with four portions of Super Soft Plastic and two portions of hardener. These four gels, their
material portions, expected and actual Young’s Moduli (E), and method of determining the actual

Young’s Modulus is shown in Table 3.1.1-1.

Since very soft gels can be nonlinear [25], the Young’s Moduli of the E = 26 kPa gel was tested
in an unconfined compression test, using small sample of the gel in a MACH-1 single axis load
cell, shown in Figure 3.1.1-1a. A duplicate of this E = 26 kPa gel was made, and six small

circular samples were cut out from this gel, as shown in Figure 3.1.1-1b.
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(a) MACH-1. (b) Gel samples.

Figure 3.1.1-1: MACH-1 single axis load cell used for unconfined compression tests and the six samples that were used for this
test.

Two trials were conducted with each of the six different samples from the gel. The data provided

from this test was the position and force, which was used to find the stiffness of the trial, as

F ]
cF (3.1.1-1)
X

where K is the stiffness of the sample, x is the displacement of the load cell metres, and F is the
force applied by the load cell in N. The stiffnesses found from each trial was averaged, and this
averaged stiffness along with the averaged size of the samples was used to find the Young’s

Modulus, as
g — Kavglavg (3.1.1-2)
Aavg

where Kay is the averaged stiffness of all the trials, Layg is the average thickness of all of the gel
samples, and Aay is the average area top face surface area of all of the gels.
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The Young’s Modulus found was 18.96 kPa, which is lower than the expected Young’s Modulus
of 26 kPa. This suggested that the gels with softener included did not have accurate expected
Young’s Moduli. Given the actual Young’s Modulus of 18.96 kPa for one gel and given the
Young’s Modulus of 55 kPa for another, the Young’s Modulus of the gel with two portions of
softener was interpolated and found to be 16.05 kPa, as described in Table 3.1.1-1. These four
gels are shown in Figure 3.1.1-2.

Table 3.1.1-1: Details of each fabricated gel.

Portions of | Portions of ) Expected E Method of
Portions of ) Actual o
Gel # | Softener | Super Soft from Literature Determining
] Hardener E (kPa)
Plastic (kPa) Actual E
Interpolation with
1 2 4 0 18 16.05
other actual E
Unconfined
2 1 5 0 26 18.96 )
compression test
3 0 6 0 55 55 Literature
4 0 4 2 132 132 Literature

Figure 3.1.1-2: The four gels fabricated.

3.1.2 Experiment
To interact with the gels, a Quanser Haptic 3-DOF Planar Twin Pantograph, will be used. In the
stability experiments, it will be assumed that the gel is planar, and the haptic interface was
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interacting with the center node on the side of the gel, as shown in Figure 3.1.2-1. To create this
interaction with the Pantograph, a thin prodding device of the same height as the gel, 25 mm, and
very thin, 2 mm, was 3D printed and fixed to the Pantograph, as shown in Figure 3.1.2-3. The
interaction of this thin prodding device with the gel is shown in Figure 3.1.2-2, along with three
“planes” of the gel. Since this thin prodding device will deform all three “planes” by the same
amount apply the same force to each, and move at the same velocity, all three “planes” are
identical, and can therefore be replace by one “plane” in the center, where a single point
interaction can be used to replicate the thin prodding device interaction, as shown in Figure
3.1.2-1. The threads shown in this particular gel will be used for nodal tracking to validate the

model.

Figure 3.1.2-1: Gel with center node on the side of the gel marked. The “plane” that the later simulations will be assuming it

also outlined.
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Figure 3.1.2-2: The interaction with the thin prodding device is shown by the thick vertical line. Three “planes” of the gel are
show by the thin lines.

The Pantograph has two pantograph arms, as shown Figure 3.1.2-3, each with four links. Each
arm has two direct-drive motors, and the encoders associated with these motors have 20k lines of
count per revolution [43]. The Pantograph is capable of applying a maximum force of 3.1 N in
the x-direction, and 2.3 N in the y-direction [44], which is the direction we are concerned with.
During testing, the bottom and back of the surface where the gel rested was oiled, as well as the
prodding device, to allow to gel to deform without any friction. An ATI Nano-25 force/torque
sensor was fixed on the Pantograph before to prodding device to measure and record force data
from the gel interaction. A Logitech camera was fixed over the setup to record the Pantograph-
gel interaction, shown in Figure 3.1.2-4, to monitor the movement of the gel during interaction,
which can be used for nodal tracking.



36

Pantograph
Oiled

Prodding
Surfaces

Figure 3.1.2-3: Experimental setup with Pantograph and gel.

(a) Initial contact.

(b) Maximum penetration.

Figure 3.1.2-4: Pantograph-gel interaction with the thin prodding device, captured with the Logitech camera.

When testing the haptic interaction with the gels, it was found that upon exiting and re-entering
interaction with the gel, the contact force was inaccurate, so the stiffness and damping

parameters during this contact were unrealistically large. To avoid this inaccuracy, the
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Pantograph made to penetrate the gel to a point past what could be considered the initial contact,
around 4 mm, then began the data collection and conducted multiple penetration cycles with the
gel while never retracting past 4 mm. Since stiffness is penetration-dependent, the Pantograph
was made to have a large range of penetration, from the initial 4 mm to 20 mm, which was the
maximum the Pantograph could penetrate before reaching saturation. The damping is velocity-
dependent, so in addition to the large penetration range implemented, overlaying signals with
different frequencies were included to create a rich velocity profile for the damping
identification. The desired position of the Pantograph over time is shown in Figure 3.1.2-5 for

two cycles, and the three signals which were summed together are

y(t) = ]0.018sin (%”(t-lom + 0.002sin (27 * 7t) + 0.0015sin (2 * 13t) + (3.1.2-1)

0.005;

where y(t) is the position in metres outputted to the Pantograph as a function of time, t, in
seconds. The first function was added to control the length of each penetration cycle, and the
depth of penetration reached. The additional functions added to create a rich velocity profile have
vary frequencies that are not harmonics with different amplitudes to create a very rich function.
This bias of 0.005 m was added to ensure contact with the gel was all maintained, and the
prodding device never exited contact with the gel. This is because on initial contact with the gel,
the initial contact force is very large, resulting in a very stiffness associated with initial contact,

which does not correctly define the actual stiffness of the gel.
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Figure 3.1.2-5: Desired penetration of the Pantograph prodding device with the gel.

The penetration of each gel is shown in Figure 3.1.2-6 and the corresponding force from each gel
test is shown in Figure 3.1.2-7. As can be seen from these figures, multiple cycles of penetration
and retraction were conducted to provide more data for the identification, as well as allow for the

data to be split into identification and verification data. The sampling frequency was 1x103

samples/second.
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Figure 3.1.2-7: Experimental force results of each gel.

Although all of the gel experiments had the same position signal controlling the Pantograph, the
E = 16.05 kPa gel had the highest penetration, followed by the E =18.96 kPa gel, the E = 55 kPa
gel, and finally the E = 132 kPa gel with the lowest penetration. The E = 16.05 kPa gel had the
lowest force, followed by the E = 18.96 kPa gel, the E = 55 kPa gel, and finally the E = 132 kPa
gel with the highest force. This is because the E = 16.05 kPa gel was the softest, so it could

penetrate almost the full amount of the desired penetration with the least amount of force

required. The E = 132 kPa gel was the stiffest, so it could not penetrate close to the full amount

of the desired penetration, and it required the most force of all the gels to even penetrate the
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small amount that it did. Therefore, it is clear already from the feel of the gels, and the
penetration and force requirements that the E = 16.05 kPa gel is the softest, so it should have the
lowest stiffness, followed by the E = 18.96 kPa gel, the E = 55 kPa gel, and finally the E = 132
kPa gel appears to be the stiffest and should have the highest stiffness.

3.2 ldentification and Results

3.2.1 Parameter ldentification

The data collected from the experiments with the physical gels was used in batch least squares
(LS) identification. The position and force data collected from the physical experiment for one
gel is shown in Figure 3.2.1-1. The first ten seconds of data was removed, as this was the time
when the Pantograph was initially penetrating the gel.
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(a) Penetration data. (b) Force data.

Figure 3.2.1-1: Data collected from the physical experiments for the E = 18.96 kPa gel.
The first step of the data processing was to separate the data into modelling, Figure 3.2.1-2, and

validation, Figure 3.2.1-3, data. The modelling data will be used for the identification, and the

validation data will be used for verification.
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Figure 3.2.1-2: Data separated into the modelling data for the E = 18.96 kPa gel.
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Figure 3.2.1-3: Data separated into the validation data for the E = 18.96 kPa gel.
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The velocities were found for both the modelling, Figure 3.2.1-4a, and validation data using BD,

and filtered using a low-pass filter of passband frequency 60 Hz, Figure 3.2.1-4b, and are shown

for just two cycles.
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Figure 3.2.1-4: Unfiltered and filtered velocity shown for two cycles of the modelling data for the E = 18.96 kPa gel.

To process the experimental data, batch least squares identification was conducted to determine
the optimal stiffness and damping fits for the gel. The modelling data was used for this
identification, and the unfiltered stiffness results are shown in Figure 3.2.1-5 and the damping in
Figure 3.2.1-6. The sliding window used in the batch least squares had a window size of 100

samples, out of about 15k samples, since the sampling frequency was 1x10° samples/second, and

there is about 15 s of modelling data.
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Figure 3.2.1-5: Stiffness found from batch LS for the E = 18.96 kPa gel.
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Figure 3.2.1-6: Damping found from batch LS for the E = 18.96 kPa gel.

The stiffness and damping found from batch LS was for all cycles of the experiment; however,

this data must be averaged to create one set of stiffness and damping for one set of penetration

and force data. The stiffness and damping data for all modelling cycles was averaged over time,

then filtered. The filter used was a moving average filter with a sliding window size of 500

samples. The average stiffness value after filtering was 48.06 N/m and the filtered damping

average was 0.54 Ns/m. This stiffness and damping averaged over all cycles and then filtered

with the moving average filter is shown in Figure 3.2.1-7 and Figure 3.2.1-8 over the time of one

cycle and over the average penetration.
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Figure 3.2.1-8: Averaged, then moving averaged filtered damping for the E = 18.96 kPa gel.

The penetration and force for a single cycle associated with the stiffness and damping for a
single trial is shown in Figure 3.2.1-9 and Figure 3.2.1-10, respectively. These values were found

by averaging all of the penetration and force cycles found from experiment.
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Figure 3.2.1-9: Averaged modelling penetration over time for the E = 18.96 kPa gel.
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Figure 3.2.1-10: Averaged modelling force for the E = 18.96 kPa gel.

This stiffness and damping data were used with the collected modelling penetration and filtered
velocity data to find the calculated modelling force. This is shown compared to the actual
collected modelling force with the calculated force contribution of stiffness and damping, shown
in Figure 3.2.1-11.
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Figure 3.2.1-11: The actual modelling averaged force, the calculated force from stiffness and damping, and the force contribution

of the stiffness and damping.
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The validation penetration and velocity were used with the stiffness and damping from the batch
LS with the modelling data to find calculated validation force. This was compared to the actual
validation force, shown in Figure 3.2.1-12, to determine the validity of the stiffness and damping
found, and found to have a %RMSE of 7.28% for the E = 18.96 kPa gel, which verifies the

stiffness and damping accurately represent the properties of this gel.
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Figure 3.2.1-12: The actual validation averaged force and the calculated force from stiffness and damping.

3.2.2 Experimental Results

This identification process was repeated for each of the gels to find to stiffness and damping of
each of the gels for varying penetration. The stiffness and damping results for ach of the gels
over penetration are shown in Figure 3.2.2-1. The E = 16.05 kPa gel has the lowest stiffness,
followed by the E = 18.96 kPa gel, the E = 55 kPa gel, and finally the E = 132 kPa gel with the
highest stiffness, as predicted in Section 3.1.2.
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Figure 3.2.2-1: Stiffness and damping results found from identification for each of the gels.
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The stiffness and damping results from identification were then used to fit functions. For fitting

functions to the data, only the penetration part of the experiment was considered, and not the

retraction part. Therefore, the data was split up into penetration and retraction, as shown in
Figure 3.2.2-2

60

55

Stiffness (N/m)
S o
o (=3

B
=]

35—

30

0.004

Penetration
Retraction

Vs \ \ .

0.006 0.008 0.01 0.012 0.014 0.016 0.018

Position (m)

(a) Stiffness data.

05|

0487

0.46

0.004

Penetration
- Retraction | |
T
N -
~ \ \\‘\
‘- )
" \
1 \\‘\
N \/
\‘\ { ——
Mo :’7'\
N\ ~ &
‘l N\ > ¢
\. ™ D
<

0.006 0.008 0.01 0.012 0.014 0.016 0.018

Position (m)

(b) Damping data.

Figure 3.2.2-2: Data split up into penetration and retraction data, shown for the E = 18.96 kPa gel.

The stiffness functions (3.2.2-1) and the damping functions (3.2.2-2) were fit to the sigmoid

function using the MATLAB Curve Fitting tool.
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1 -
K(y) = ag * Tio 3886y tbK + ck; (3.2.2-1)
1
) =ag * 14+e(v+bp) B+ap’

where y is the penetration in metres and ax, bk, ck, as, bg, s, and ds are constants to be solved
for. The stiffness and damping data for each gel, and respective fitted functions, are shown in
Figure 3.2.2-3
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Figure 3.2.2-3: Stiffness and damping data (solid lines) and fitted functions (dotted lines) for each gel.

The functions fitted to each of these data sets for stiffness and damping are shown in Table
3.2.2-1 and Table 3.2.2-2, respectively, along with the %RMSE of each fit.

Table 3.2.2-1: Fitted function equations for the stiffness data of each gel , and the %RMSE of the fitted function and the actual

stiffness.
YOL(;I]%’S Fitted Function %RMSE
Modulus

16.05 kPa K(y) = 15.28 + e +19.82 1.57%

18.96 kPa K(y) = 28.94 . S +34.15 1.33%
>> kPa K(y) = 22.26 * 1 + ¢—388.6y+5.362 +42 HoT
132 kPa K(y) = 59.89 « 1 + o—388.6y+4.169 +82.97 %
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Table 3.2.2-2: Fitted function equations for the damping data of each gel , and the %RMSE of the fitted function and the actual
damping.

Young’s Fitted Function %RMSE
Modulus

16.05 kPa B(y) = 0.61 + — e(y+0l9831)27&7+0l9722 0.88%

18.96 kPa B(y) = 0.48 + — e(y+0.9:&:74)457+1.64-3 2.95%
e B(y) =045+ 1+ e(y+§.9881)387'2 >0
132 kPa B(y) = 01714 + — e(y+1§126-2—2,399 3.0%

3.3 Spring-Mass-Damper Mesh

The fitted functions determined in Section 1 represent the stiffness, damping, and therefore force
felt at the node of interaction. There is only one stiffness and damping value associated with each
value of penetration; therefore, these fitted functions represent a single spring-damper with
penetration-varying stiffness and damping values. However, the actual gel is not best represented
by a single spring-damper, as each area on the object moves at a different rate and deforming by
a different amount. One spring-damper cannot capture this. Therefore, it is beneficial to display
and analyze the gel as a network of spring-dampers, so that different areas on the network will
move at different rates, and deform by different amounts, just as the physical gel does.

Therefore, in this section we propose a method to map a single spring-damper, which will be
referred to as the equivalent spring-damper with equivalent stiffness and damping, to a network
of spring-dampers, referred to as the mesh, with the same stiffness and damping value in each
link. To do this, there must be an equation equivalating the equivalent stiffness to the stiffness in
each link of the mesh, and another equation equivalating the equivalent damping to the damping
in each link of the mesh. These equations will be formulated in this section.

3.3.1 Simulation Setup and Equations

The physical gel can be represented in a virtual environment as a 2D spring-mass-damper mesh,
as described in Section 1, and shown in Figure 3.3.1-1. The properties of the gel can be
represented as stiffness and damping in each link of the mesh, and the mesh nodes can be
manipulated just as the surface of the gel can be manipulated. The mesh is a 2-dimensional

representation of the gel and represents the center plane of the gel.
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The mesh can have any number of links. The section of the mesh that is highlighted green
contains the links that directly affect the force opposing the penetration at the point of contact;
and therefore, it is the section of the mesh that will be considered when deriving the stiffness and

damping mappings.

-—
b
m
—
- -

K, B, L

] K, B, L I K, B, L | 1
1 1 1 1

Figure 3.3.1-1: Spring-damper network and equivalent spring-damper.

There needs to be a method to map this equivalent stiffness and damping at the point of contact
to the mesh stiffness and damping in each link of the mesh, as shown in Figure 3.3.1-2. This
shows how the mesh and equivalent spring-damper are prior to deformation, and how they
deformation when deformation is applied at the point of contact. The equivalent spring-damper
simply contracts and moves in the direction of deformation. The mesh, however, has some
spring-dampers that contract and move in the direction of deformation, where other links expand
and move in other directions. This shows how the mesh maps the deformation of the gel much
more accurately than the equivalent spring-damper does. This also shows how the mesh and
equivalent spring-damper are related by force and penetration, and if they are accurately mapped
to each other, the force, penetration, and velocity of penetration at each point of contact will be

equal.
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Figure 3.3.1-2: Simple spring-damper network with single equivalent spring-damper.

To achieve this mapping, the spring-dampers create direct reactions at the point of contact are
analyzed separately, as shown in Figure 3.3.1-3. Since the forces in the vertical components
cancel out, there is only a vertical component to the force, F, felt at the point of contact, which
can be achieved by determining the force in each of the vertical, top, and cross components for

both the stiffness and damping components, according to

E, = Fypere + 2Fy t0p + 2B cross = Fog. (3.3.1-1)
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Figure 3.3.1-3: Simple spring-damper network force breakdown.

Each force component is made up of a stiffness and damping component

E, =F,x + F, 5 = K,Ay + B,Ay (3.3.1-2)

The parameters used in this formulation are described in Appendix A Table 4.2-1.

3311 Stiffness Equation Formulation

In this section, the stiffness breakdown of the vertical, top, and cross spring-dampers is shown,
and the force equation for each of these components is formulated. The force equations for each
of the components will then be combined, and mapped to the equivalent spring-damper, to create
a relationship between the stiffness felt at the point of contact in the mesh, and that of the

equivalent spring-damper.



Vertical Spring: The vertical spring breakdown is shown in Figure 3.3.1.1-1.
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Figure 3.3.1.1-1: Vertical spring breakdown.

The mapping of the equivalent spring to the vertical spring is

Fykvert = F = KL-L)=K(L-;—y1)
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(3.3.1.1-1)

Top Springs: The breakdown of the two top springs is shown in Figure 3.3.1.1-2.

L.

(xlf Y1

-
L= % - Xq

Figure 3.3.1.1-2: Breakdown of the two top springs.

(X2, ¥2)

L’y= Y2- Y1
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The mapping of the equivalent spring to the one of the two top springs is

Fytop = Fsina = K(L' — L)sina = K ("(L'x)z + (L’y)2 — L) sina =
K( /(L;C)2+(L'y)2—L>

(L) +(th)*

K (J(L'x)2 +(15)" - L>LL—” =

V2 —y1) (3.3.1.1-2)

Cross Springs: The breakdown of the two cross springs is shown in Figure 3.3.1.1-3.

} —
Ly=%-%

Figure 3.3.1.1-3: Breakdown of the two cross springs.

The mapping of the equivalent spring to one of the two cross springs is

Fy,K,cross = Fsina = K(\/EL - L,)Sinﬂ =K <\/EL - \/(L’x)z + (L’y)2> Sinﬂ =

K (m - J (Li)? + (L'y)z) b _ K50 )+ 05) (33.1.1-3)
x I

(L) +(th)*
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Overall Stiffness Equation: These individual mappings are combined to provide the mapping

for the equivalent spring at the point of contact to the stiffness in each spring in the mesh and

vise versa.

Fy,K = Fy,K,vert + ZFy,K,top + ZFy,K,cross (3-3-1-1'4)

K(\/(L;atop)z "'(Lgatop)z _L>
J(Ceton) +(Eyiop)”

Keqyeq = K(L - ()’2 - Y1)vert) +2 (yZ - yl)top +

2 2
2 KLS’.CTOSS (ﬁl‘_\/(l‘;c,cross) +(Lgf,cross) )

(3.3.1.1-5)
\/(L;c,cross)z"'(yy,cross)z
Keq =
’ 2 (1 2 2
K(L_(J’Z_Y1)vert)+2K<\/(Lx'top) 2+(Ly't0p) > L>(3/2_3"1)+ZKL&C”’SS(\EL_\/(L%CTOSS)Z+(L5’2-CT055) )
\/(L;c,top) +(L§1,top) \/(L;c,cross) +(L31,cross)
yeq
K = Keqyeq
(J(theop) +(th.c0p) ) P B R
L=y ver)+2 x,top _ y,top i a—y1)+2 y,cross(V2 \/( 3;,croSs) +( yz,cross) (3 31 1_6)
\/(L;c,top) +(L§1,top) \/(Lgc,cross) +(LSI'CTOSS) B

3.3.1.2 Damping Equation Formulation

In this section, the damping breakdown of the vertical, top, and cross spring-dampers is shown,
and the force equation for each of these components is formulated. The force equations for each
of the components will then be combined, and mapped to the equivalent spring-damper, to create
a relationship between the damping felt at the point of contact in the mesh, and that of the

equivalent spring-damper.

This process was then repeated to determine the mapping for the damping felt at the point of
contact to the damping in each damper in the mesh.



Vertical Spring: The vertical damping breakdown is shown in Figure 3.3.1.2-1.
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Figure 3.3.1.2-1: Vertical damper breakdown.

The mapping of the equivalent damper to the vertical dampers is

@L=Ln=(L=L"), .,

Fy,B,vert =F =B(L - L,) =B

At

Top Dampers: The breakdown of the two top dampers is shown in Figure 3.3.1.2-2.

(X2, v2) B

v,B,top

T—»x (X1, Y1 -

L —
L= - X

Figure 3.3.1.2-2: Breakdown of the two top dampers.
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(3.3.1.2-1)
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The mapping of the equivalent damper to one of the two top dampers is

(t'~1)~(Lprev=L)
At

Fy g top = Fsina = B(L' — L)sina = B sina =

B (L'-L)=(Lprev—L) Ly _3B (L'-L)—(Lprev—L) L _

At L' At (Lgc)z_l_(L:ly)Z (3312'2)

oy (N0 ) g +Cpren) 1)

(Lh)*+(1)? A

Cross Dampers: The breakdown of the two cross dampers is shown in Figure 3.3.1.1-3.

y.B,cross

L
Ly=X3- %

Figure 3.3.1.2-3: Breakdown of the two cross dampers.
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The mapping of the equivalent damper to one of the two cross dampers is

Fy,B,cross = Fsinp = B(\/EL._ L")sinff =B (VL )_St/EL_LpTeV) sinf =

B (V2L-L')-(V2L-Lprev) Ly _ B (V2L-L")-(V2L-Lprev) Ly —
At L At (LSC)2+(L'y)2

o, (V@40 ) (VE [Whpren) 4 Wypren’)

(L) + (1)’ At

(3.3.1.2-3)

Overall Damping Equation: These individual mappings are combined to provide the mapping

for the equivalent damper at the point of contact to the damping in each damper in the mesh and

vise versa.

Fy,B = Fy,B,vert + 2Fy,B,top + 2Fy,B,cross (3.3.1.2-4)

/ /
(L=Lyere)— (L_Lvert)prev +

At
BL!

2 2 2 2
y,top (J(Lgc,top) +(L31.t0p) _L>_<\/(L;c,prev,top) +(L31,prev,top) _L>
2 ’
2 2 At
JEton) +(00)
’ ’ 2 ’ 2 ’ 2 ' 2
BLy,cross<\/EL_\/(Lx,cross) +(Ly,cross) )“(ﬁL_J(Lx,prev,cross) +(Ly,prev,cross) >

2 2
\/(L;c,cross) +(L31,cross) At

B, =|B (L-1)=(L-L") .0, 0B LS/(J (L;)2+(Lry)2_L>_< \/(L;'pm)z +(Lgl,prev)2—L> .

A JaR ) e

13 (V2L +25) J{ VB [ (epren)+ B ) N
/(L;)2+(L;)2At - (3.3.1.2-5)

Beqyeq =B

+

2

2B
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. (L_L;Jert)_(L_L:zert) rev
B = Boyyeq/ | B 4

BLS/,top(\/(Lgc,top)z+(L,y,top)2_L>_<\/(Lgc,prev,top)2+(Lg/,prev,top)2_l‘>
\/ (Lgc.top)zJ’(L'y.top)zAt

2 2 2 2
BLsz,cross<\/EL_\/(L;c,cross) +(Lg/,cross) >_<\/EL_J(L;C,PT6V,CTOSS) +(Lgl,prev,cross) )
2

2

+

’ 2. (7 2
\/(Lx,cross) +(Lycross) At (3.3.1.2-6)

3.3.1.3 Spring-Damper VE Implementation

The spring-damper mesh was then implemented as a virtual environment, as shown in Figure
3.3.1.3-1. The base for this code was from [45] and modified for our purposes. The VE receives
the contact position “y” and the contact equivalent stiffness “Keq» and damping “Beq” as a
function of contact position as input and outputs the contact force “F”. The Mesh Simulation
block receives the contact position, and the mesh link damping and stiffness to generate F. In this
process the block also generates the position of the mesh nodes. The node positions, the contact
position, the equivalent stiffness and damping as well as the contact velocity obtained form BD
method are fed to the mapping blocks “Keq to K and “Beq to B” to generate the link stiffness and
damping needed for Mech Simulation block. To implement the virtual version of the four gels,
the values of Keq(y) and Beg(y) functions were derived from the physical experiments with the

gel as reported in Section 1.

Our simulation in Figure 3.3.1.3-1 not only implements the damper-spring VE, it also validates it
with equivalent model, by passing the output force of the Mesh Simulation block through the
contact equivalent model to find the equivalent contact position. The contact position y and the

equivalent contact position are then compared for validation of the Mesh Simulation.
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Figure 3.3.1.3-1: Block diagram for the spring-mass-damper mesh simulation.
For accuracy, the mass of the gel was included in the simulation, as
_ _Mgel (3.3.1.3-1)

m =
node #nodes

where the mass of the gel, in kg, was measured from each physical gel, the number of nodes was
25 for this simulation, and the mass of each node, in kg, was set in the simulation code.

3.3.2 Simulation Results and Analysis

3321 Mesh Implementation Results in the Simulation

The mesh, Figure 3.3.2.1-1, can be analyzed by using the stiffness and damping functions fitted
from the stiffness and damping found for the physical gel from the batch least squares
identification. The y(t) array can be replaced with the position data from the physical gel
experiment so that the physical experimental force and the force at the manipulated node of the
mesh can be compared. This analysis that will be described in the section is summarized in
Figure 3.4.1-1.
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Figure 3.3.2.1-1: The graphics for the mesh (left) and equivalent spring-mass-damper (right). The manipulated node of the mesh

is the top center node, and the manipulated node of the equivalent is the top node.
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” Keq p—
=P B, ®

Simulation vs

P> Experiment
Force Error

Figure 3.3.2.1-2: Block diagram showing the relationship between the physical gel experiments and the spring-mass-damper

mesh simulation.

The mesh stiffness and damping for each spring-mass-damper in the mesh over time for a
specific gel is shown in Figure 3.3.2.1-3, found from equation

(3.3.1.1-6) and Figure 3.3.2.1-3b, found from equation (3.3.1.2-6), respectively.
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Figure 3.3.2.1-3: Mesh stiffness and damping for each spring-mass-damper in the mesh.

The penetration comparison between the manipulated mesh node and the equivalent spring-
mass-damper is shown in Figure 3.3.2.1-4a, as mentioned in Figure 3.3.2.1-2. The position error
is shown in Figure 3.3.2.1-4b, with an average error of 3.79x10” mm, verifying that equation

(3.3.1.1-6) and equation (3.3.1.2-6) correctly map the equivalent stiffness and damping to that of

the mesh.
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(a) The penetration at the manipulated nodes. (b) The penetration error between the nodes.

Figure 3.3.2.1-4: The penetration at the manipulated mesh node compared to that of the equivalent and the error between these

two penetrations.
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The actual force from experiment is compared to the simulated force and shown in Figure
3.3.2.1-5, as mentioned in Figure 3.3.2.1-2, with a %RMSE of 2.08%, verifying that the mesh
simulation correctly follows the physical response.

O Simulated Force
O Actual Force (Exp)

] 0.02 0.04 0.06 0.08 0.1 012 0.14
Time (s)

Figure 3.3.2.1-5: The simulated force, which is the same for the mesh and equivalent, compared to the actual force from the

physical experiment.

3.3.2.2 Mesh Simulation Results Comparison

The point of contact in the mesh simulation clearly follows the equivalent spring-damper and the
physical interaction at the point of contact. However, we can also determine if each point in the
spring-mass-damper network in the mesh simulation follows each point in the physical
experiment, as well as a 3D FEM model. The FEM model is included in this comparison to
provide a third view of the gel deformation. The FEM model only includes stiffness; therefore,
for this purpose, only stiffness will be included in the simulation. The gel deformation, Figure
3.3.2.2-1, is shown for the top “plane” of the gel, as all “planes” deformed by the same amount,
so the top “plane” is an accurate representation of all “planes”. The FEM deformation, Figure
3.3.2.2-2, has three planes, as is a five by five by three nodal model, making each of the face
planes the same as the simulation mesh, which is a five by five nodal model. The FEM was
deformed by a thin prodding device matching that from the physical experiments and interacting
with the gel in the same way. The simulation mesh deformation is shown in Figure 3.3.2.2-3. All
three deformations had the same penetration and velocity of interaction applied. The mesh and
FEM nodal locations after deformation are accurate, as they were calculated by the software.
However, the physical gel nodal locations were manually determined by measuring the changes

in nodal location and are not as accurate. However, this analysis is meant to provide a general
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idea of how the nodal points after deformation match. From this comparison, it is clear that the
nodes do match each other in each of the models, as the nodal locations of each node are very

similar.

Figure 3.3.2.2-1: Nodal locations, in metres, after deformation for the physical gel. The initial nodal locations are shown in red,

and the nodal locations after deformation are shown in blue. The coordinates are given as the horizontal then vertical location.
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0,

Figure 3.3.2.2-2: Nodal locations, in metres, after deformation for the FEM gel model. This is the middle plane of the 3D FEM
model. The coordinates are given as the horizontal then vertical location.
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Figure 3.3.2.2-3: Nodal locations, in metres, after deformation for the mesh spring-mass-damper network. The equivalent spring-

damper is also shown on the right of the mesh. The coordinates are given as the horizontal then vertical location.

3.4 Haptic Simulation System Implementation

3.4.1 Haptic Simulation System

The mesh is implemented as a virtual environment with the Pantograph to create an uncoupled

haptic simulation system for uncoupled stability experiments, as shown in Figure 3.4.1-1. An

initial penetration is provided only at the beginning of the simulation. This position is fed into

the Pantograph, which provides its current position to the VE. The VE consists of the fitted and

interpolated functions for stiffness and damping, and the Pantograph position which are provided

to the mesh simulation block from Figure 3.3.2.1-2 in place of the y(t) array. The VE is

implemented bidirectionally, meaning that when the prodding device exited the virtual gel, the
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gel environment is mirrored so that the same environment would be felt regardless of the

direction penetration. The computer force of the VE is then fed to the Pantograph.

. Pantograph
Initial
Position > g Pantograph
Given =& Position (y)
att=0

Virtual Environment

| < I I ]
K
. — > K e =K )| |
Force | Mesh N

| Simulation Nodal Posmon: Mapping dJ—Q

I —B Beq 9 B «- Beq = Beq (y} I v
I

I

< t y BD

Figure 3.4.1-1: Block diagram for the VE implemented on the Pantograph.

3.4.2 Interpolated Dynamic Properties

To run the uncoupled stability experiments, we had four fitted virtual environment models of
four gels. The stiffness and damping of these models are penetration dependent. In order to
develop a stiffness versus damping chart, we considered the stiffness and damping of the point of
contact as a point of the chart. To generate the other points of the chart, representing the stiffness
and damping at the point of contact for other deformable environments, we interpolated and

extrapolated the models we had for the four gels.

Figure 3.4.2-1 and Figure 3.4.2-2 show the four fitted stiffness and damping functions (solid
lines) and the interpolated/extrapolated functions (dashed lines). The stiffness functions for the
additional interpolated damping were chosen to provide more evenly spaced damping functions
within the limits of the existing functions, as well as to add additional functions to test outside of
the physical gel range. The stiffness functions for the additional interpolated stiffness functions
were chosen during the stability experiments to determine the limits of stability of stiffness for

each damping function, as described in Section 3.5.
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Figure 3.4.2-1: Identified and extrapolated, and interpolated stiffness for varying Young s Modulus values over penetration. The

extrapolated parts and identified functions are represented by solid dots. The interpolated functions are represented by dashed

lines.
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Figure 3.4.2-2: Identified and extrapolated, and interpolated damping for varying Young's Modulus values over penetration. The
extrapolated parts and identified functions are represented by solid dots. The interpolated functions are represented by dashed

lines.

These stiffness and damping functions vary significantly depending on the penetration.
Therefore, when testing these functions for stability, it is important to test for stability at different
penetrations, as the stability may vary significantly depending on the penetration. For the
stability tests, a low penetration of 0.01 m, and a high penetration of 0.02 m, will each be tested

to ensure the varying stiffness and damping over penetration is considered.

The position and force for each physical gel simulated in the VE for the lower penetration
experiments is shown in Figure 3.4.2-3 and for the higher penetration experiments in Figure
3.4.2-4.
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Figure 3.4.2-4: Position and force responses in the VE for larger penetration.

The time profile of the equivalent stiffness and damping for each physical gel simulated in the

VE for the lower penetration experiments is shown in Figure 3.4.2-5, and Figure 3.4.2-6 for the

higher penetration experiments. This equivalent stiffness and damping are the stiffness and

damping from the fitted and interpolated functions.
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3.5 Stability of Haptic Simulation System

3.5.1 Uncoupled Stability Experimental Procedure

To test for the stable implementable range of stiffness and damping in the virtual environment,

each damping function must be tested with each stiffness function. The limits of damping tested

were chosen to be slightly lower and slightly higher than the damping range from the physical

gels. The limit of stiffness tested for each damping function will depend on the stability for that

set. The stiffness functions used in the experiment will be Ko = 20, 34, 42, 84 N/m up until the

highest stiffness function that is stable for each damping function. These stiffness functions will
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be compared for each of the following damping functions, Bo = 0.3, 0.4, 0.5, 0.642, 0.735, 0.879,
0.948, 0.955, 0.962, 0.973, 1.05, 1.1, 1.15, and 1.2 Ns/m.

For each damping function, each stiffness function will be considered implementable if it meets
the stability criteria. If the amplitude of oscillation is less than 2% of the initial position, the
stiffness function being tested for that specific damping function is considered stable. If the
amplitude of oscillation is greater than 2% of the initial position, the stiffness function for that
specific damping function is considered unstable, and the limit of stable implementable stiffness

for that specific damping has been reached.

An example of stable and unstable stiffness for a specific damping is shown for the small

penetration case, in Figure 3.5.1-1
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Figure 3.5.1-1: Stable and unstable position responses for low (left) and high (right) initial penetrations.

The corresponding forces for these penetration and stability cases are shown in Figure 3.5.1-2
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Figure 3.5.1-2: Force responses for stable and unstable cases for low (left) and high (right) penetrations.

3.5.2 Uncoupled Stability Results and Analysis

73

The uncoupled stability results from the VE uncoupled stability tests are shown in Table 3.5.2-1

for small penetration, and in Table 3.5.2-2 for large penetration. The green shows the stable

stiffness and damping function combinations, and the red shows the unstable stiffness and

damping combinations, using the stability criteria described in Section 3.5.1.
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Table 3.5.2-1: Stability results for varying damping and stiffness functions, shown with the initial stiffness and damping values of

each function, for small penetration (0.01 m). The green combinations show stability, and the red combinations show instability.

Ko (N/m)

Bo (Ns/m 20 | 34 | 42 | 84 | 121 | 175 | 229 | 243 | 256 | 270 | 275 | 284 | 297
0.3
0.4
0.5
0.642
0.735
0.879
0.948
0.955
0.962
0.973
1.05
11
1.15
1.2

Table 3.5.2-2: Stability results for varying damping and stiffness functions, shown with the initial stiffness and damping values of

each function, for large penetration (0.02 m). The green combinations show stability, and the red combinations show instability.

Ko (N/m)

Bo (Ns/m 20 | 34 | 42 | 84 | 121 | 175 | 229 | 243 | 256 | 270 | 275 | 284 | 297
0.3
0.4
0.5
0.642
0.735
0.879
0.948
0.955
0.962
0.973
1.05
11
1.15
1.2
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These stability results are summarized in Figure 3.5.2-1. The stable stiffness for each damping
value is the area under and including the stability limit points. The physical gels are shown with
this range in Figure 3.5.2-2, showing that they are within the stability range. This range is shown
with the upper limits of stiffness from each of the stiffness functions for small and large
penetration in Figure 4.5.2-3. This range indicates the implementable stable range of stiffness
and damping for deformable objects of similar properties to these viscoelastic gels; however, this
range may not accurately represent deormable objects with different dynamic properties.

290
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Figure 3.5.2-1: Limits of stability for stiffness vs damping functions. The function sets are stable for all area under and including

the stability limit points.
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Figure 3.5.2-2: The physical gels shown in the stability range determined from the uncoupled stability testing.
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Figure 3.5.2-3: Limits of stability for stiffness vs damping functions with data bars showing the range of stiffness of each of the

stiffness functions.
From these results, it is clear that as penetration increases, the limits of stability decrease. This is
likely because as penetration increases, stiffness increases according to the stiffness functions.
Since the stiffness and penetration are increasing, the force increases and causes instability. In

general, as the damping increases, the associated stiffness increases to a certain point, and then

decreases.
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3.5.3 Validation Results and Analysis

To validate the stability results, three alternate gels of varying stiffness were tested using the

procedure from Section 3.5.1, and the position and force data is shown in Figure 3.5.3-1.
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(a) Position data. (b) Force data.

Figure 3.5.3-1: Position and force data from the physical uncoupled stability tests.

The stiffness and damping values were found using the identification from Section 3.2.1, and
these properties are shown in Figure 3.5.3-2 along with the fitted functions. During the physical
penetration testing of these new gels, all had stable uncoupled interactions. The stiffest gel was
identified to have negative damping. It is likely that this gel was identified to have negative
damping for certain penetration because since the gel was so stiff, the Pantograph could not
maintain the desired frequency when interacting with this gel; therefore, the velocity data was
not rich enough for identification. Therefore, the damping data is not reliable. Although the
stiffest gel was identified to have negative damping for certain penetration, the stiffness
component is the primary contributor to the force; therefore, the damping when implementing

the VE is not a contributor in the dynamic behaviour.
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Figure 3.5.3-2: Stiffness and damping found from identification, with the fitted functions.

Each of these three stiffness and damping parameter sets were used in the uncoupled stability

tests, and the penetration and force results are shown in Figure 3.5.3-3 for the small penetration

tests, at 0.01 m, and Figure 3.5.3-4 for the large penetrations tests, at 0.02 m.
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Figure 3.5.3-3: Position and force responses in the VE for smaller penetration.
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Figure 3.5.3-4: Position and force responses in the VE for larger penetration.
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The soft and medium gels had stable interactions, and the stiff gel had an unstable interaction,

which validates the stability results as these soft and medium gels were within the stable range

found, and the stiff gel was outside of this range, shown in Figure 3.5.3-5.
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Figure 3.5.3-5: The validation gels shown in the stability range determined from the uncoupled stability testing.

The stiff gel has a stable physical uncoupled interaction, as shown in Figure 3.5.3-1, but had an

unstable uncoupled interaction when implemented as a VE. The unstable interaction from the



80

stiff gel shows how stiffer materials cannot be implemented in a VE, as they are well outside the

stability range and result in uncoupled instability.

3.6  Summary

In this chapter, four fabricated gels were used in physical uncoupled stability tests, and the
parameters from this testing was used in batch LS to determine the stiffness and damping
properties of these gels. The properties were mapped to a mesh, using a proposed stiffness and
proposed damping mapping equation. This mesh was implemented as a VE and tested for
uncoupled stability for both low and high penetration. The implementable stability range of
stiffness and damping for this mesh VE was determined for both low and high penetration.

To validate this range, three validation gels of varying stiffnesses were used in the physical
uncoupled stability tests, and the stiffness and damping parameters were again found through
batch LS. The two softer gels were found to have stiffness and damping parameters within the
stable implementable range for both low and high penetration, but the stiffer gel was found to

have parameters outside of these stable ranges.

These gels were implemented in the mesh VE. It was found that the two softer gels had stable
uncoupled interactions in the mesh VE for both low and high penetration, validating the range as
their parameters show they are within the stable range. The stiffer gel has an unstable interaction
in the mesh VE for both low and high penetration, again validating the range as the stiffness and
damping parameters of this gel were outside of the stable range.

Therefore, the uncoupled stable implementable range of stiffness and damping in a VE found in
this chapter is accurate.
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Chapter 4

Conclusions

4.1 Summary

In Chapter 1, the existing literature regarding haptic simulations systems, virtual environments,
and deformable and non-deformable objects was reviewed. The current models and
implementation, and dynamic parameter identification methods were discussed. Finally, the
current stability conditions for haptic simulation systems were reviewed, which included a

discussion on passivity, implementable dynamic parameter ranges, and uncoupled stability.

In Chapter 2, the HC modeled VE uncoupled stability conditions in a haptic simulation system
were experimentally determined. A dynamic parameter mapping scheme was proposed to

identify the equivalent KV dynamic parameters.

The mapped experimental uncoupled stability range for the varying ny at each penetration were
determined, and it was found that for each individual penetration, the stiffness range increased
slightly, and the damping range decreased significantly for each ng. increment of 0.25. This
suggests that higher values of ny. are more suitable for interactions with stiffer environments, at
the expense of damping. Compared to the dynamic range obtained from using KV virtual

environment, the HC model offers lower stiffness but higher damping range.

A user study found that varying the penetration showed that different penetrations may not affect
the stable HC elastic and viscous ranges, but it affects the feel of the HC modeled environment.

This confirms that the HC model is penetration dependent.

This range compared the uncoupled stable implementable HC parameters to that of the KV
model for nonlinear and linear models, respectively, for non-deformable VEs. However, the
uncoupled stable implementable stiffness and damping parameters for deformable objects is also
important when determining the implementable range of dynamics in a VE for haptic simulation

systems.
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In Chapter 3, the properties of four physical gel were determined through experiment and
identification. These properties were mapped to a mesh, which was implemented as a VE for
uncoupled stability tests for both low and high penetration. It was found that the for the smaller
penetration, the stability range included larger stiffness values than the larger penetration. For
both small and large penetration, it was found that as damping increased, the stiffness increased
up until a certain point, and then decreased, as was found in the stability testing conducted in
Chapter 2.

To validate this range, three alternate gels of varying stiffnesses were physically interacted with
to find the stiffness and damping, which were used in the VE for the uncoupled stability test. The
two softer gels had stiffness and damping properties within the stable implementable range for
both low and high penetration, and in the uncoupled stability tests, both were found to be stable,
validating the stability range. The stiffer gel had stiffness and damping properties well outside of
the stable implementable range for both low and high penetration, and from the uncoupled
stability tests, it was found to be unstable, again validating the stability range. This also shows
that although the physical interaction was stable, the same interaction in the VE for the same gel
properties was unstable, showing that stiffer environments in VE can have unstable uncoupled

interactions.

4.2 Future Work

In this work the mesh links were modeled by the KV model; in future work, the HC model could
be expanded into deformable object modelling, which could include the mesh representation.
The stability ranges for the KV model compared to that of the HC model could be determined for

deformable object uncoupled stability testing.

In future, the 2D mesh model can be expanded to a 3D mesh model. This may provide a more
accurate representation of the physical gel. This will also provide a better representation of how
the physical gel would deform. This would also allow the physical gel interaction to not be
restricted to a line of contact interaction and could instead be a point of contact interaction at any
point on the gel and would still be able to be simulated in the mesh interaction.
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The mesh could also be adjusted in future works to include more nodes, and the accuracy of this
mesh simulation compared to the physical gel interaction could be compared for different

number of nodes, to determine how the number of nodes affects the accuracy.
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Appendix A

Spring-damper Mesh

Table 4.2-1: Parameters and their relation to the mesh components.

Parameter Relation

K Stiffness in the link

B Damping in the link

F Force the link is applying

K, Stiffness of the link in the vertical direction

B, Damping of the link in the vertical direction

E, Force the link is applying in the vertical direction

L Length of the link before deformation

L' Length of the link at the current time step in deformation

L', Length of the horizontal component of the link at the current time step in

deformation
L, Length of the vertical component of the link at the current time step in
deformation

AL Change in length of the link since deformation began
AL, Change in the vertical component of length of the link since deformation began
X1 Horizontal position of the first node

Y1 Vertical position of the first node

Xy Horizontal position of the second node

V2 Vertical position of the second node
a, Angles between the link and horizontal axis at current time step in deformation
y Total vertical deformation at current time step

Yprev

Total vertical deformation at previous time step
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At Time step
AL Difference between the change in the total length of the link at the current time
and that of the previous time step overt the difference in time
A'Ly Difference between the change in the total length of the link in the vertical
component at the current time step and that of the previous time step overt the
difference in time
Lyrev Length of the link at the previous time step in deformation
LYy prev Length of the vertical component of the link at the previous time step in

deformation




