N
N

N

HAL

open science

Adaptive isogeometric gear contact analysis: geometry

generation, truncated hierarchical B-Spline refinement
and validation

Christos Karampatzakis, Angelos Mantzaflaris, Christopher Provatidis,
Athanasios Mihailidis

» To cite this version:

Christos Karampatzakis, Angelos Mantzaflaris, Christopher Provatidis, Athanasios Mihailidis. Adap-
tive isogeometric gear contact analysis: geometry generation, truncated hierarchical B-Spline refine-

ment and validation. Computers & Structures, In press. hal-04705758

HAL Id: hal-04705758
https://hal.science/hal-04705758v1

Submitted on 23 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04705758v1
https://hal.archives-ouvertes.fr

Adaptive isogeometric gear contact analysis: geometry generation, truncated
hierarchical B-Spline refinement and validation

a,l,*

Christos Karampatzakis®* Angelos Mantzaflaris®, Christopher Provatidis®, Athanassios Mihailidis®

“School of Mechanical Engineering, Aristotle University of Thessaloniki, University Campus, Thessaloniki, 54124 Greece
bCentre Inria d’Université Cote d’Azur, 2004 route des Lucioles, B.P. 93, Sophia Antipolis, 06902, France
¢School of Mechanical Engineering, National Technical University of Athens, 9 Iroon Polytechniou
Str., Athens, 15780, Greece

Abstract

Gears are one of the most widely used transmission components. Their operation relies on the contact
between mating gear teeth flanks for the transmission of power. Accurate prediction of the contact stresses
at these regions, is crucial for the design and dimensioning of these systems. Gear design is centered
around highly smooth involute curves that greatly influence their contact behaviour. In this paper, a fully
adaptive isogeometric contact modelling scheme, based on hierarchical splines, is presented and applied
to the simulation of gear contact problems. In particular, isogeometric simulation is performed for the
modelling of mating pair of gear teeth, regarded as linearly elastic bodies. A boundary fitted B-Spline
representation of the teeth is automatically generated from engineering design parameters and is used to
define the initial discretisation basis. The numerical integration over the contact region is addressed using
the so called, Gauss-Point to Surface formulation and a closest point projection procedure. Truncated
hierarchical B-Splines are used to capture the highly localised nature of contact, while effectively reducing
the number of degrees of freedom. The adaptivity is driven by the strain energy density gradient, which
allows to automatically localise the mesh without a priori knowledge of the contact region between the
teeth flanks. In our experiments we justify the choices made in different steps of our algorithm and we
assess the performance of our adaptive solver with respect to classical tensor product B-Splines.

Keywords: isogeometric analysis, contact mechanics, gears, local refinement, adaptivity, hierarchical
splines

1. Introduction

A critical part in the design process of any mechanical assembly involving contacting parts, is the
determination of the contact pressures developed during operation. This is especially true for mechanical
transmission systems that use gears, since contact pressure is linked to major failure modes of gears, such
as scuffing, pitting and spalling. The stresses developed at the contacting regions and the tooth’s root
are of critical importance for the determination of the gear’s fatigue life both in terms of surface as well
as bending fatigue [1, 2]. Another important aspect is the deformation of the gear under this pressure
load, which introduces transmission errors that cause excitations and lead to higher noise levels during
operation [3].

Tooth contact analysis (TCA) is the umbrella term used to encompass all methodologies that simulate
the meshing of gears. Through numerical modelling, key performance characteristics of the pair can be
assessed and thus costly prototyping can be reduced to a minimum [4]. Based on a properly chosen contact
model, valuable engineering data such as mesh stiffness, transmission error, contact pattern and much more
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can be calculated [5, 6] and subsequently microgeometry modifications |7] can be introduced to the tooth
profile in order to optimise performance. For that reason many methods have been used in practice
to determine the pressure field of contacting bodies. The oldest among them is the analytical solution
introduced by Heinrich Hertz [8]. His theory assumes contact between two elastic, infinite half-spaces of
constant curvature, with small deformations and provides an analytical solution for the pressure exerted
between the bodies. Even though these idealised assumptions do not always hold, his theory is widely used
to this day in contact analysis. Another more recent approach is that of the elastic foundation method
[9]. In this, a body is assumed to be a collection of independent linear spring elements. This assumption
neglects the influence of one element on its neighbors, yet it has been applied in practice since it is a
computationally inexpensive method, compared to more elaborate ones. The dominant method for tooth
contact analysis is the Finite Element Method (FEM). Contact simulation with the FEM has been widely
studied and is used in numerous practical applications. It is a very flexible method that can model arbitrary
geometries and various material models and manages to provide good results. This performance comes
at the cost of increased computational effort, compared to the aforementioned methods. Its shortcomings
do not end there though. In the FEM, the part is modelled as a collection of elements of C* continuity
and typically of first order. This introduces geometrical errors, especially when considering the deformed
configuration, although accuracy of geometry is of utmost importance for contact simulations.

More recently, a new simulation paradigm has been developed, culminating the trend of macroelements
[10] that started in the 1980’s, namely Isogeometric Analysis (IGA) [11]. IGA contrary to the FEM, uses
the spline family of basis functions. This is the same basis used in most commercial Computer Aided
Design (CAD) software and thus no discretisation with Lagrange elements is performed in the transition
from design to analysis, as in the FEM. This new approach offers many favourable attributes, especially
for contact modelling. which have been known already from the seminal paper on IGA by Hughes et
al. [11]. First and foremost, the contacting bodies are represented “exactly”, or at least as well as their
CAD representation admits, and they are not tessellated as is the case with the FEM. Thus no geometric
error is introduced in the transition from the model used in design to the one used in analysis. The
higher continuity of the basis gives rise to a continuous and smooth displacement field which is very
advantageous for large deformation contact, since the parts remain smooth even under large deformation.
Furthermore it ensures that there are continuous tangent and normal vector fields defined for every point
of the surface, which is essential for contact computations and closest point projection. This eliminates
the need for special smoothing techniques commonly employed for FE contact modelling [12]. The basis
also possesses the non-negativity and variation diminishing properties, which are desirable when working
with parametrisations of higher degree.

Many different isogeometric contact formulations have been developed, or adapted from the FEM.
They have been thoroughly summarised in the review paper [13|. More recently in [14] the authors have
not only reviewed the advancements in the field of isogeometric contact analysis, but also its application
to various fields of engineering. Previously in [15] we have explored the performance of standard tensor B-
Splines compared to linear Lagrange elements in the modelling of gear teeth contact. The spline basis was
shown to achieve the same level of accuracy with the classical FEM discretization basis, with less degrees
of freedom and lower computation times. Furthermore, the studies performed in [16, 17] have applied
isogeometric analysis based on tensor product (TP) B-Splines to the modelling of contacting gear teeth,
in two and three dimensional settings, respectively. They have showcased that IGA achieves very good
performance with respect to equivalent FEM simulations performed in an established commercial solver.
Moreover, isogeometric analysis has been coupled with a meshless method and applied to contacting gears
in [18]. There, the authors combined the favourable characteristics of IGA in the contact modelling while
avoiding the creation of a structured discretisation for the bulk of the gears with a meshfree method.

In many applications contact is highly localised, therefore it is paramount to consider local refinement of
the solution space, in order to achieve accurate enough results. Refinement using standard tensor product
splines suffers from unwanted propagation away from the domain of interest as well as from badly-shaped
elements, therefore more sophisticated spline constructions that allow for truly local refinement should



be used. In [19] a priori refined hierarchical splines were used to model frictionless contact phenomena
in both small and large deformations setting. The authors made use of a normalised version of the
hierarchical basis in order to retrieve the partition of unity. Similarly the authors of [20], used another
locally refinable construction from the family of splines, namely a priori refined T-Splines [21], in order to
accurately resolve the contact region. Again, the results are compared to the ones obtained with NURBS
discretisations as well as with analytical solutions for benchmark problems and a very good agreement is
achieved. Nevertheless, both of the aforementioned studies refrain from using local adaptivity procedures
and thus do not fully exploit the potential of these spline constructions. Adaptivity allows for the automatic
refinement of the basis, based on the results of a previous simulation, thus not requiring any a a prior:
knowledge for the construction of a suitable discretisation [22|. The application of adaptivity in problems
of elasticity and thermoelasticity has been studied in [23, 24].  Adaptive isogeometric contact with
polynomial splines over hierarchical T-meshes (PHT), has been explored in [25]. In [26] an adaptive
hybrid isogeometric-meshfree collocation method for 2D contact problems has been investigated.

In the present study, we propose an adaptive isogeometric solver for frictionless contact problems, based
on THB-Splines. The latter allow for a more efficient distribution of new degrees of freedom, thus reducing
the problem size and computational cost significantly. First, we study the influence of the penalty constant
on the conditioning of the system and demonstrate the superiority of NURTHS (Non-Uniform Rational
Truncated Hierachical B-Splines), over ad hoc refined tensor product splines for the Hertz benchmark.
Secondly, the aforementioned methodology is applied to the modelling of a pair of mating gear teeth.
The generation of the boundary fitted tooth’s geometry is performed by least squares fitting with B-Spline
patches. Within this framework, investigations are performed with respect to the refinement indicators and
strategies that drive the local adaptivity. In particular, we show that effective adaptive local refinement
for gear contact problems can be achieved by using the vonMises stress as a marking indicator instead
of costly a posteriori error estimators. A comparison against marking based on the strain energy density
gradient shows that both approaches produce equivalent results. The performance of the proposed method
is assessed with respect to fully refined meshes, to determine its accuracy compared to ad hoc refined tensor
product patches to demonstrate the potential in efficiency and problem size reduction. To the best of our
knowledge, this is the first time that a fully adaptive isogeometric contact modelling scheme, based on
THB-Splines, is presented and applied to the simulation of gear contact problems.

The rest of the article is structured as follows. In Section 2 we present the contact formulation used,
then Section 3 provides a brief overview of the theory of THB-Splines, their rational counterpart as well
as adaptive mesh refinement strategies and markers. In Section 4 we develop standard benchmarks to
verify our implementation and we perform a conditionning analysis for the Hertz benchmark, solved with
NURTHS. In 5 the generation of the tooth geometry starting from design parameters is tackled by means
of least squares B-Spline fitting, and the quality of the resulting spline models is assessed for different
polynomial degrees. The gear contact simulation is showcased in Section 6, including a comparison of
marking indicators and strategies that drive adaptive mesh refinement, resulting pressure profile curves
and assessment of problem size versus obtained accuracy. In the last section the results are summarised
and conclusions are drawn.

2. Contact formulation

Isogeometric analysis of contact problems has been very thoroughly summarised by de Lorenzis et al
[13]. The authors group the available formulations into three families: (a) Collocation Methods, (b) Gauss
Point to Surface (GPTS) methods and (c) Mortar methods.

Collocation methods are similar in spirit to the Node to Surface (NTS) [27] formulation from FEM.
Node to surface (or segment) was a step forward from node to node algorithms and enabled the use of
non-matching meshes at the contact interface. In NTS contact, the contact interface is regarded as a set
of contact segments, and pressure is assumed to be constant within each segment. Penetration is then
calculated as the average gap within each segment and constraints are enforced on it. Isogeometric analysis



naturally lends itself for use with collocation methods, since high polynomial orders and controllable
continuity enable the direct enforcement of the contact constraints at the collocation points [28]. The
major difference with respect to FEM, is that since the spline basis is not interpolatory, the constraints
cannot be enforced at the control points themselves. Instead, some set of points that lie on the surface
and are in one to one correspondence with the control points, must be used. As discussed in [29], Greville
and Botella points are good candidates for the collocation of the contact integrals, with Greville points
yielding marginally more accurate results. However, these methods fail to pass the contact patch test [30],
and are sensitive with respect to the discretisation used and the choice of the, so called, master and worker
side.

The GPTS approach aims to directly integrate the contact contribution to the weak form on the
Gauss points defined on the worker contact surface. This makes it relatively simple to implement, once a
suitable Gauss point projection method from worker to master is available. It has been shown to recover
adequate results, even though some oscillations in the contact pressure have been observed due to the
overconstrained nature of the formulation [31, 32].

Details of the isogeometric mortar method have been presented in [31, 32]. In contrast to the GPTS
approach, the pressure is not defined locally, it is rather expressed as any other degree of freedom, on the
basis itself. Thus a “control pressure” is assigned to every control point of the interface and is calculated
based on the average control point penetration. Due to the non-interpolatory nature of the basis, “control
pressures’ do not have a physical meaning. The mortar approach revpromises increased accuracy, robust-
ness and decrease of oscillatory behaviour, although it comes at the expense of increased complexity of
implementation.

For the purposes of this study, the GPTS approach was selected as it offers a good trade-off between
simplicity of implementation and performance. Contact will be considered frictionless, since for low friction
coefficients, in particular less than 0.4, the effects of friction on the contact pressure distribution are
negligible, see also [33]. As a result, the computational burden associated to the incorporation of the
frictional evolution equations, is prevented.

The basic aspects of the formulation are presented in the sequel for the two dimensional, non-frictional
setting. We consider two planar patches represented as splines

Q(M)
xMw) =3 a™p™Mw) , m=12, (1)
=1

where q(™ € R? are the control points, Q™ is the number of control points and Bfm) are the spline basis
functions for the representation of body m.

2.1. Gap function and constraints

The first component of any contact formulation is the definition of the gap (or penetration) function.
A distinction is made between the two bodies, one is assigned the role of “master” and the other that of
the “worker”. The selection is left to the user, but there are some guidelines in engineering practice, e.g. if
a body is considerably stiffer that the other, it should be assigned the role of the master . For an arbitrary
point on the worker surface, with position vector x(l)(u), corresponding to parameter u, the gap function
is defined as the difference between x(!)(u) and its closest neighbour on the master surface x()(v*), with
parameter v*:

g(u) = x(u) - x? (7). (2)

A closest point projection has to be preformed from the worker to the master to compute x(2)(v*).
For a fixed parameter point u. the parametric coordinate v* of the projected point on the master surface,

is determined by minimising the squared distance function (x(l)(u) —x® (v))2 which leads to computing



the solution of e
2) () — x(V VX
(x( )(v) — x (u)) o = 0

with respect to v € R2. Since the spline basis provides smooth and continuous normal and tangent
vector fields, this task is well-defined, contrarily to FEM, where the kinks between adjacent elements
pose a challenge. In our implementation a Newton iterative scheme has been used to solve this extremal
condition.

Then the normal, or signed gap, is defined as the dot product of g with the normal vector n® (v*) of

the master surface at the closest projection point :

gn(u) = g(u) - n® ("), (3)
This takes positive values where the bodies are separated and negative values in the regions where penetra-
tion occurs. Thus, since in contact modelling the two bodies must be separated or at most, barely touching
each other, the normal gap needs to be greater or equal to zero, hence the so called non-penetration con-
dition gy > 0.

Another constraint that has to be met, is that the contact pressure exerted from one body to the
other, has to be greater or equal to zero p > 0, i.e. the bodies cannot adhere to one another. Lastly,
these two constraints are complementary in the sense that when the gap is zero, the contact force is
positive and vice versa. This is expressed as gy - p = 0. Together these three conditions are known as the

Karush-Kuhn-Tucker (KKT) conditions [34].

2.2. Constraint enforcement

There are multiple ways to incorporate the constraints in the problem formulation. The most commonly
used methods are the Lagrange multipliers, Penalty and the Augmented Lagrangian method. The Lagrange
method implies the introduction of more system variables, and thus the increase of the problem size and
complexity, but satisfies the constraints exactly. Penalty methods on the other hand, do not increase the
size of the system matrix, but only satisfy the constraints approximately, depending on the selection of
the penalty parameter.

The augmented Lagrangian method aims to solve the shortcomings of the previous two methods. It
does not introduce any new variables in the system and also is not dependent on the choice of penalty
parameter. Instead two augmented Lagrangian multipliers are introduced, which by an iterative procedure,
converge to the exact solution [35]. The obvious shortcoming of this method is that it requires the iterative
solution loop of our non linear problem, to be nested within an augmentation loop, which increases the
times that the system needs to be solved. For the scope of this work, the penalty method was selected
due to its simplicity of implementation and efficiency.

Thus, the system’s total potential is enriched with a new contact penalty term:

IT= Hstrain + Hexternal + Hcontact ) (4)

where Ilgain is the body’s potential energy due to its deformation and Ilgyxternar accounts for the work
exerted from external loads. In the present work, we are restricted to small deformations and since gears
are predominantly manufactured from some steel alloy, linear elastic material behaviour is assumed.

Since the penalty method is used to enforce the KKT constraints, this new term is taken as:
1

Hcontact = 5 / €<_gN>3-d’y ) (5)
Y

where the bracket denotes the positive part of —gn, v is the contact interface and € is the penalty
parameter, which is chosen to have a sufficiently large value. Taking the variation of this potential, we
get:

Oeontact = /GQN(SQN de = /G[X(l) - X(2)] : ((5X(1) - 5X(2)) dc , (6)

where c is the part of the contact interface v where penetration between the two bodies occurs.



2.3. Gauss Point to Surface

To evaluate this integral, the Gauss Point to Surface method suggests to numerically integrate it by
means of Gauss quadrature on the worker surface, taking into account only the set of integration points
G which are in penetration with the master body, while neglecting the rest. Then the integral is
approximated by the sum:

Q(l) Q(Q)
Meontact = Y ewpd V() [xV(up) —xP(wp)] - |3 M (wn)oal” =S 87 wpod? |, (1)
keGM i=1 j=1

where q(™ are the control points, Q™ is the number of control points and N™) are the basis functions
of body m, while wy, is the weight associated with quadrature point k¥ € G and J(l)(uk) is the norm of
the tangent vector to the surface at the quadrature point k. Rearranging the terms we get

QM Q@
5Hcontact = - Z Rgl)éql(l) - Z R§2)5Q§2) ) (8)
i=1 j=1

where R1 R are the contact residuals for each body:

Rgl) = — Z ewa(l)(uk)ﬁi(l) [x(l)(Uk) —x®@ (U/:)}
ke

R§2) = Z ewa(l)(uk)ﬁj(-Q) [X(l)(uk) - X(Q)(UZ)} :
keG®)

(9)

By taking the derivatives of the residuals with respect to the control variables, the contact’s contri-
bution Kcontact to the system’s tangent stiffness matrix can be calculated, for the system to be solved
iteratively with the use of the Newton method.

K1) (12)
K@) pg(22)

oR™

(10)
ﬁq(n)

Kcontact = [ :| s where: K’L(Jmn) =
More details of this procedure can be found in [36].

As has been presented above, the standard GPTS formulation evaluates the contact integrals only on
the worker side of the interface. This induces an inherent bias between master and worker surface. In order
to mitigate this effect two alternative formulations have been proposed, that offer a symmetric treatment

of both bodies.

2.4. GPTS-two-pass

This method splits the integral in two identical parts, where the role of master and worker is switched
for each integral. Thus two summation passes have to be performed, over the Gauss points of two surfaces,
hence the name of the 'two-pass’ variant.

1 1
~l (1) _ 5+2)] . |x(1) _ (2 1 4 =
Ol contact 5 /c(1> € [5){ 0x ] [x X } de\ + 5 /

c(2)

€ [5x(2) - 5x(2)} . [x(2) - x(l)} de®. (11)

2.5. GPTS-two-field

The two-field method, like the previous one, splits the integral in two and switches the role of master
and worker for each integral. This time only the basis functions associated to the current integration side
are evaluated in each integral. This can be thought of as having two independent pressure fields, one for
each body and equilibrium between the two is achieved in a weak sense.

5HContact ~ / € 5X(1) . |:X(1) — X(2)} dc(l) +/
c

c(2)

e 0x2). {X(z) - X(l):| dc? . (12)
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3. Adaptive mesh refinement

Many problems which exhibit highly localised phenomena or singularities, and contact modelling is a
prominent example of such a problem. In order to efficiently model these, a local refinement of the discreti-
sation mesh is necessary [22]. In the isogeometric setting, classical B-Spline and NURBS parametrisations
do not allow for local refinement due to their tensor-product structure. Thus more advanced, locally re-
finable spline constructions are necessary.

Since its introduction, many existing or novel technologies of locally refinable splines, have been applied
to isogeometric analysis. Some of the most prominent are (truncated) hierarchical B-Splines (HB-/THB-
)[37], T-Splines [21], locally refined (LR-)Splines [38] and polynomial splines over hierarchical T-meshes
(PHT-)Splines [39]. For the scope of this work, THB-Splines were the construction of choice, since they
possess all the desirable properties of tensor product splines, namely nonnegativity, partition of unity,
smoothness and linear independence while still being relatively easy to implement and extend to higher
dimensions. Their rational counterpart NURTHS is also available for problems where exact conic sections
are involved, such as the Hertz benchmark problem. Furthermore, they preserve some of the underlying
tensor product structure which can be exploited for the sake of computational efficiency. In the rest of this
section the fundamentals of the construction of THB-Splines are presented. Then we present the general
adaptive mesh refinement process and discuss different marking strategies for the discretisation of gear
contact models.

3.1. Truncated Hierarchical B-Splines

We consider a finite sequence of nested bivariate (tensor-product) B-spline function spaces
Vicvic...cvi! (13)

defined on the domain Q0. Let B¢ be the tensor-product B-spline basis of the space V¥ of degree p‘ =
(p%, p5) and defined by knot sequences T} = (tij);‘ig, fori=1,2and £=0,...,N — 1.
We also consider a sequence of nested domains

Qoo ooV (14)

where each Qf € R? represents a certain collection of cells with respect to the tensor-product grid of
refinement level /.

The multivariate hierarchical model allows to consider different kinds of refinement, degrees, and
smoothness as long as the nested nature of the spline spaces (13) is preserved. For the sake of the
presentation, and without loss of generality, we restrict ourselves to dyadic cell refinement with equal
component degrees p’ = (p,p) at each refinement level £.

We denote by supp f the support of a function f, that is, the domain where the value of f is non-zero.
The following definition allows to construct a basis for the hierarchical B-spline (HB) space [40].

The hierarchical B-spline basis H is constructed as follows.

(I) Initialisation: H° = {B € B :supp B#0 } )

(IT) Recursive construction: H*! = ’Hgﬂ U ’HKBH, for £ =0,...,N — 2, where
’Hﬁrl = {B eH :suppB & Q“‘l}, ”H%H = {B e B supp 8 C QK‘H} .

(IIT) Final basis: H = HN L.

HB-Splines are non-negative, linearly independent [40], and their span contains all piecewise polynomial
functions defined on a certain class of suitable underlying hierarchical mesh [41, 42]. However, they do
not form a partition of unity, since the sum of hierarchical B-Splines at different refinement level may be
greater than one.



Let 7 € V¢ and let
T= Y 'nB G eR, (15)
BeBl+1

be its representation with respect to the finer basis of V1. The truncation of 7 with respect to B! and
O s defined as
{41 /+1
trunc™ 7 = Z cﬁJr (1)8. (16)
BeBHL, supp BZQHH!

The following definition allows to construct a different set of basis functions, called truncated hierar-
chical B-Splines (THB-Splines) [37], which span the same spline space of HB-Splines.
The truncated hierarchical B-spline basis 7T is constructed as follows.

(I) Initialisation: 79 = H°.

IT) Recursive construction: 76+ = 74 U AL for £ =0,..., N — 2, where
A B
Tt = {trunc“lT 7€ T AsuppT & Q“l} , T =n5t

(IIT) Final basis: 7 = 7V "1.

The truncated basis T satisfies the partition of unity, and allows us to extend it seamlessly to NURTHS
(Non-Uniform Rational Truncated Hierarchical B-Splines) basis functions by assigning scalar weights to
each member of the basis, completely analogously to classical NURBS. If all weights are set equal to one,
then the weight function is equal to one, thus we recover polynomial THB-Splines.

8.2. Iterative refinement with adaptivity

The process of selecting, or marking as it is more commonly called, the elements that will be further
refined, can be a laborious task. It is not always straightforward to decide where the new degrees of
freedom shall be allocated. More specifically in contact problems, it is not always the case that the actual
contact point is known a priori. Thus, it is necessary to automate the refinement procedure with some
adaptivity routine. The basic overview of an adaptively refined simulation workflow is presented in Figure
1. Starting with a coarse mesh, an initial simulation is performed, and then based on the results and some
sort of refinement indicator, elements are marked and then further refined. Optionally, as in our case, the
previous solution is projected to the refined spline space, in order to have a better initial estimate for the
next solution. This loop is repeated until the convergence criteria for some quantity of interest are met,
or a maximum refinement level is reached.

—{ Solve HEstimate Mark H Refine }—> Project

Figure 1: Adaptively refined simulation flow chart.

8.3. Refinement indicators

In order to adaptively refine the element mesh, the definition of some indicating quantity is necessary.
Commonly some a posteriori error estimator is used in order to allocate degrees of freedom in areas where
the error is greatest. These can be grouped into four main categories. First there are residual-based
error estimators (43, 22| which have stronger mathematical foundations and their theoretical properties
can be analytically derived. However these tend to be more complex to implement, especially in cases
with complicated loads, such as contact. Then there are recovery-based and goal-oriented methods. The



former aim at constructing an approximation of the quantity of interest, by sampling and fitting the
current solution on specially selected points [44, 45]. This yields an approximation of the exact quantity of
interest which is better than what the current solution provides and thus an error estimate can be defined
based on that. Goal-oriented methods commonly involve the solution of a dual problem on an enriched
space for the definition of an error estimate |46, 47]. As it is apparent, extra computational overhead is
introduced for both aforementioned methods.

A fourth option, which combines several advandages of the aforementioned ones 48], are the gradient-
based indicators. They essentially encapsulate the engineering practice, which states that more degrees of
freedom are needed to approximate areas which have higher gradient in some quality of interest. Their
main advantage is that they introduce very little computational overhead, and they re easy to develop and
implement. Despite not being as mathematically founded as residual-based methods, they perform really
well, in particular for our contact problem, as we shall demonstrate in Section 6. In particular, we utilised
the strain energy density as a refinement indicator, in similar spirit to [26].

The strain energy density for an isotropic linearly elastic body is given as:

A
W=pe:e+ 3 trace(e)? , (17)

where ¢ is the strain tensor and u, A are Lame’s material parameters. Then, the components of its gradient
are as follows:

ow Oe Oe
T 2u € oz, + A trace(e) - trace (a$c> , (18)

where . denotes the coordinates of an arbitrary domain point x.

The final approach that we have considered is to use the value of vonMises stress as a marking indicator.
Indeed, for our specific gear problem we may intuitively consider that refinement should be concentrated in
two areas: the root fillets, and the contact region. These are the areas that commonly exhibit the highest
stress values, and for this reason the vonMises stress may be directly used as a marking indicator. This
approach does not introduce additional computational cost, as stresses are standard quantities that are
typically calculated in elasticity simulations. The vonMises stress for a two dimensional elastic medium
is directly calculated from the components of the stress tensor, which is already computed, as:

O vMises = \/O'%CC + agy — OgzOyy + 3T§y . (19)
The induced elementwise refinement indicators are therefore
I = max IVW(x)[l2  and I} = max [[ovmises (%)]|2

for each element K in the mesh.

The two aforementioned indicators are assessed experimentally in Section 6.3 for the gear contact
problem. Our conclusion is that the stress-based indicator is as robust and efficient as the one based on
strain energy density.

3.4. Marking strategy

As for the marking strategy, two different approaches are considered. The first variant marks a fixed
percentage of the existing elements, where the indicator has its largest values. The second marks elements
in decreasing indicator value, until a certain percentage of the sum of the indicator values of all elements
is reached. This is also known as Dorfler marking [49], although this approach is more commonly used
with error estimators. The adaptive refinement loop is halted, either when a quantity of interest (e.g. the
maximum pressure) has converged to a value, or a maximum refinement level has been reached.

Note that, regardless of the marking strategy used, if a part is represented by a collection of adjacent
C"conforming patches, the refinement is propagated to the coarser side, to avoid T-junctions on the
interface and thus maintain C°—conformity.



4. Validation

To ensure the validity of the implementation of the aforementioned methodologies, two classic contact
benchmark problems are elaborated in this section. The first is the contact patch test, introduced in [30]
and the second is the Hertzian contact problem in two dimensions.

Normal Stress (Vertical)

L] [IIII

T 000 00000 A OO0 000000

Figure 2: Patch test. From left to right: problem setup, GPTS-standard and GPTS-two-field vertical normal stress fields.
Oscillations observed in GPTS-standard method are not present when GPTS-two-field is used.

4.1. Contact patch test

The patch test problem in two dimensions consists of two dissimilar rectangular patches, with the
smaller of the two resting on top of the other. The bottom patch is fixed along its lower side, and a
uniform downward ambient distributed load is applied on all the exposed upper horizontal surfaces of
both patches. Both are modelled with bi-quadratic B-Spline patches, with a total of 1085 degrees of
freedom. The expected outcome is to recover a uniform vertical normal stress field, equal to the applied
traction of 100 N/mm in both patches.

All three formulations presented in Sections 2.3 - 2.5 have been applied to this setup, using B-Splines of
second order with non-conforming elements and the results can be seen in Figure 2. The GPTS-standard
and GPTS-two-pass methods fail deliver a uniform stress field and exhibit an oscillatory behaviour in the
contact regions. This result is inline with previous studies [36], and is accredited to the bias between
master and worker bodies as well as the dissimilarity of the interacting meshes which results into elements
that are partially in contact. The third method, GPTS-two-field achieves an accurate and uniform stress
field everywhere, and thus passes the contact patch test.

4.2. Hertzian contact benchmark

Hertzian theory provides analytical solutions for contact problems of small deformations, for bodies
of constant curvature in two and three dimensions. For the purposes of this study, the contact between
an infinite elastic cylinder of 10 mm radius and an elastic half-space, both with a Young’s modulus of
E =2.1-10° N/mm? is investigated. As both objects are infinitely long, a two-dimensional section was
examined, under plane strain assumptions. Due to symmetry, only a quarter of the cylinder is modelled
with the appropriate boundary conditions, as seen in Figure 3a. In addition, for the sake of avoiding a
singular parametrization at the center of the cylinder, we cut away a circular section around that region.
Therefore the cylinder is represented by a NURBS quarter-annulus of degree two (this allows for an exact
replication of the circular arc at the contact interface). As shown in Figure 3b, a small region close to the
contact point is uniformly refined on both parametric directions to an element size of Ay, = 0.052 mm.
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The uniformly distributed load of p = 100 N/mm of the full cylinder is modified as p; = pcos ¢ to take
into account the missing circular section, cf. [31].

A second model was constructed, starting from the coarsest NURBS discretisation, with a priori refined
NURTHS. The elements of the sixth level of uniform refinement, that are within a small rectangular region
close to the theoretical contact point, were inserted in the THB-Spline mesh. For obtaining comparable
discretisations, the elements in the refined region have exactly the same size of hyin = 0.052 mm and the
two meshes are locally identical. In order to obtain a valid hierarchical mesh, the refinement propagates
to neighbouring elements from the intermediate hierarchical levels and consequently a gentle transition
from coarse to fine elements is achieved, as seen in Figure 3c. The final THB-Spline model preserves the
exactness of the circular geometry, thanks to the use of rational functions.

The resulting pressure distributions, normalised by the theoretical pressure pg = 2701.54 N/mm? and
half-width @ = 0.471 mm, for the refined bases are presented in Figure 4a. We observe that the GPTS-
two-field approach yields results that are in very close agreement to the analytical solution, both in terms
of maximum pressure, as well as in terms of contact area width. An oscillatory behaviour appears near
the edge of the contact area. This effect is in accordance with the findings of previous studies, cf. [31, 32],
and stems from the fact that a continuous and smooth basis is used to approximate something inherently
discontinuous. These oscillations decrease significantly in magnitude when further refining the region,
and they are not a matter of major concern for the our study since the contact pressure and width are
predicted accurately. Furthermore, the NURTHS produce almost identical results to the uniformly refined
NURBS with a generous reduction of 41% in the total number of degrees of freedom.

4.8. Conditioning of the Hertz benchmark

Contact problems are numerically very challenging and especially in combination with the penalty
method, the resulting system of equations may not be numerically robust. In this class of constraint
enforcement methods, the selection of the penalty constant € is an important choice that is made manually
by the user. Increasing the penalty parameter € leads to worse conditioned systems, but decreases the
inherent unphysical penetrations, thus improving the accuracy [19, 31, 32]. Another factor impacting the
conditioning is the discretization basis; in this regard, THB-Splines are known to have reasonably good
conditioning for Galerkin discretisations of PDEs [50]. To investigate these phenomena, we perform a
study of the condition number of the involved matrices with respect to the penalty parameter and the
error in maximum pressure for the two discretisations presented in the previous section.

The results are presented in Figure 4b. We observe that, on the one hand, increasing ¢ does indeed
decrease the error but leads to badly conditioned systems and ultimately to unsolvable systems, which
were omitted from the diagram. On the other hand, decreasing the constant relaxes the enforcement of
the constraints and naturally the system becomes easier to solve but larger penetrations are allowed and
the accuracy of the solution is severely hindered.

It is interesting to see that by using the rational THB-Spline basis for discretisation, a sharp decrease
in the condition number of the system is observed, by one to two orders of magnitude, depending on e.
The propagation of the refinement across the entire parametric domain, due to the inherent tensor product
structure of NURBS, creates slender elements of very high aspect ratio which inhibit the conditinoning
of the system. One could expect the hierarchical mesh to have higher condition numbers, considering the
fact that the ratio of the largest to smallest element size, is larger in this case, namely 7 hm”‘ = 69.42 for
NURTHS and 32.05 for NURBS. However, this is not the case, owning to the fact that the NURTHS
elements have a more consistent aspect ratio, and are transitioning smoothly from coarse to fine elements,
achieving a condition number of one order of magnitude lower than NURBS.

Regarding the selection of the penalty constant €, considering the findings of our numerical experiments,
the value of € = 100 - F was retained, where E' is the material elasticity modulus, since it achieves a small-
enough deviation from the analytical pressure value of approximately 4-10~3, while still having a reasonable
condition number. This penalty value will be used for all of the following simulations, unless otherwise
specified.
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Figure 3: Hertz benchmark, (a) problem setup, (b) NURBS discretisation, (¢) NURTHS discretisation.

— Analytical — NURBS NURTHS ‘ ’ ¢ NURBS m NURTHS —— Cond. num. - - - Error
T T T T T T 106 T U]
L B I e ® ° oo o
—
i 17
5 08 . s | ER
=] . @ , =
7 4 1 2
3 g | =
a 0.6 . 3 | g
= 5
: 5 10°) |z
= | i I &
z 04 % L 2 g
: s 1107 4
> 0.2} 1 © s ] 5
: g
ol | 1 €|
| | | | | | 104 b1 Lol -
0 0.2 0.4 0.6 0.8 1 10 100 B
Normalised width Penalty constant e
(a) Pressure distributions, for e = 100 - E. (b) Condition number study of Hertz benchmark.

Figure 4: Results of Hertz benchmark. (a) Pressure distributions for all discretisations. (b) Conditioning study for varying
penalty constants. NURTHS are favorable with respect to condition number while offering the same level of accuracy as
NURBS.

5. Gear geometry generation

A boundary fitted geometric representation of the gear teeth geometry is necessary to perform our
isogeometric simulation. In this section we generate the gear geometry using few Bézier patches.

The most commonly used tooth profile is the involute [51]. Despite its widespread use, the geometry of
an involute spur gear is very intricate. Its flank is composed of two regions: a portion of a circle’s involute
and the root fillet. The theoretical manufacturing of a gear with a rack is depicted in Figure 5. Given the
gear’s module m, pressure angle «, number of teeth z, and profile shift coefficient x , the equation of the
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involute part, parametrised by the roll angle ¢ is [52]:

2(¢) = —rp(sin(¢ + s) — ¢ cos(¢ + s))
y(9) = rp(cos(¢ +s) + ¢sin(¢ +5)) ,

with s = —tanao+a — — —
2z Th

so that the resulting tooth is centered on the vertical axis, taking the profile shift into account.

The equation for the tooth root fillet which is part of a trochoid curve, parametrised by the angle
between the coordinate system attached to the gear tooth and that which is attached to the generating
rack, is given by [53]:

(20)

mz
and base circle radius r, = - cos . The shift angle s is introduced

Xr(0) =Yco-sinf + (Xoo —rf) - cos — rp - sinvy

21
Yr(0) =Yoo -secO + (rf — Yoo - tan @ — X¢g) - sinf — rp - cosy (21)

with:

Xco = [ha +rr(sina —1)] - tana + rp - cos a + %

Yoo=r+rr+x—h,

where r = —— is the gear’s reference circle radius, rp is the cutting rack’s root radius and h, is the rack’s

addendum coefficient.

1 Gear
[ 1 Generating Rack
Involute

—— Active involute section
Trochoid
e Tooth root fillet

Figure 5: Schematic of gear’s construction. The generating rack removes material from the gear blank as it is translated
tangentially with a constant rate to the blanks’s rotation. The involute curve (red) is parametrised by roll angle ¢, offset
angle s and base circle radius r, while the trochoid curve (blue) by angle 6.

Since both the involute and the trochoid curves are transcendental, they cannot be exactly represented
neither as an algebraic or rational curve, nor as a NURBS parametric curve. Thus, a fitting procedure
has to be developed in order to come up with an accurate approximation of the analytical curves. We will
use polynomial B-Splines for this task, since fitting with NURBS is more complicated while the accuracy
gains are marginal, with the exception of conic sections [54|. Furthermore, the cost of evaluating NURBS
basis functions and their derivatives is higher, thus negatively impacting the time required for assembly
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of each iteration’s tangential stiffness matrix for no good reason. The parameter range for both ¢ and 6
is determined by solving the intersection of the two curves numerically, as well as the intersections of the
involute with the gear’s tip circle and between the fillet and the root circle.

Two different approaches were tested for the approximation of the involute curve. This is the area
where contact between the gears occurs, and thus geometric accuracy is most important. The first approach
was sampling of the curve and a least squares fitting of a Bézier curve on the point cloud. The second
approach was the method described by Higuchi et al. [52]. It involves the use of Chebyshev polynomials
to approximate the curve and a subsequent conversion to the Bernstein basis.

The maximum and root mean square errors of the fitting procedure for various degrees of Bézier curves
are presented in Table 1, normalised by the pitch diameter. A least squares fitting with degree four Bézier
curves is chosen in the current study, since its accuracy is very close to that of the respective result from
the Higuchi method. Moreover with the least squares approach, one can impose restrictions to ensure that
the endpoints of the Bézier curve lie on the exact involute curve, which applies to our implementation.
This method is also more flexible since it is not restricted to the use of the Bernstein basis.

Least Squares Higuchi et al.

Max. error RMS error Max. error RMS error
1.50113-10~% | 1.11165-10~* | 2.54899 - 10~2 | 1.76894 - 103
4.68609 - 107" | 2.67343-107° | 2.20588 - 10~* | 4.10642 - 10~°
2.02077 - 107° | 9.68141 -107° | 1.33458 - 10~° | 9.14763 - 10~©

I
INJEGUIEN

p
p
p

Table 1: Maximum error and root mean square error for the fitting of the involute using Bezier curves by means of least
squares (left) or Chebyshev polynomials [52] (right).

From the resulting curve, a surface is generated by mirroring it along the tooth’s symmetry axis and
then introducing a third column of control points, so that the inner and outer most edges of the patch,
are circular arcs. The pair of patches that is used for the experiments of Section 6, representing the pinion
and the gear, along with their control points and knot vectors can be found in Appendix A. After the
patches for both gears have been created, they must be positioned in a mating configuration. To do so,
we first translate them according to the specified axial distance a and then rotate them accordingly, so
that they contact each other at the pitch point. Then, by specifying an arbitrary distance along the line
of contact between the desired contact point and the pitch point, the gears assume their final position.

6. Application, Results and discussion

The methodologies discussed, have been implemented within the framework of G+Smo (Geometry
plus Simulation Modules) [55] and applied for the modelling of the FZG-A [56] gear pair, used in efficiency
testing rigs. This specific set was selected because it is one of the most popular standardised gear sets. Its
two gears have very dissimilar geometries, due to the profile shifts that have been used. The pinion has
wide and almost pointed teeth whereas the gear exhibits undercutting. The engineering design parameters
of the gear pair are presented in Table 2, whereas their degrees, knot vectors and control points are given
in Appendix A.

Gear ‘ Pinion
Module m 4.5 mm
Axial distance a 91.5 mm
Number of teeth z 24 16
Profile shift coeff. x -0.5 0.8532
Tip diameter 112.5 mm | 88.77 mm

Table 2: FZG-A gear pair’s design parameters.
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6.1. Setup

The tooth pair is positioned so that contact occurs at the pitch point. Both bodies are considered
linearly elastic with the same modulus of elasticity E = 2.1-10 N/mm?. The boundary conditions applied
to the two patches are illustrated in Figure 6 and are the following: the pinion patch is fixed along its inner
most edge, as well as its sides below the root circle. The gear patch has a Dirichlet boundary condition
of a prescribed rotation dd = 10~* radians around its center, applied to its respective sides. The flanks of
the teeth where contact between the two bodies will occur, constitute an interface between the patches,
which has been marked red. The contact residual and it’s contribution to the tangential stiffness matrix,
will be integrated on this interface.

This setup will serve as a common basis for all the numerical experiments that follow. In each of the
following sections, one aspect of the problem is varied in order to assess its influence on the obtained
results.

de

Figure 6: Boundary conditions: The pinion (right) is fixed along its inner most edge and the two adjacent sides. The gear
(left) has a prescribed rotation around its center, applied to its circular base and the two lower sides. The edges of the two
bodies where potential contact is possible depicted in red.

6.2. Comparison between tensor product and THB-Splines

The first experiment aims to verify the integrity of the results acquired with the THB-Spline basis,
as well as to compare its performance against a priori refined tensor product meshes. Thus three models
were compared, the first being a fully refined tensor B-Spline model of degree two, which serves as the
reference solution. The second was an adaptively refined THB-Spline model, starting from the same initial
discretisation. To drive the adaptivity routine, the strain energy gradient was used as a marking indicator
and 20% of the elements were marked for refinement at each iteration. The last model is based again on
the same coarse, degree two B-Spline mesh, but the elements close to the theoretical contact point from
the kinematic of gears, were subdivided at each refinement step. The resulting pressure distributions for
all three models are presented in Figure 7. The ad hoc refined tensor product and the THB-Spline meshes,
that were obtained after three refinement iterations, can be seen in Figure 8.

As we can see on the overall pressure profile (Figure 7a), there is generally a good agreement between
all three approaches. Focusing closer on the region of maximum pressure (Figure 7b), the three models
start to part. The baseline fully refined tensor product model reports the lowest maximum pressure of
503.028 MPa. The THB-Spline model manages to closely match that pressure profile, with a maximum
pressure of 503.177 MPa whereas the a prior: refined tensor product diverges from the two, overshooting
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(a) Overall pressure profile (b) Close-up of pressure peak
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Figure 7: Comparison of contact pressure between second degree fully refined TP Spline (red), ad hoc refined TP spline
(green) and THB-spline (blue).
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Figure 8: Comparison of ad hoc refined tensor product mesh (left) and THB mesh (right), both for 3 levels of adaptive
refinement iterations.

the maximum pressure at 504.765MPa. The error is small, but it is in fact ten times higher than that of
the THB-Spline model.

This effect can be explained by the differences between the two meshes, that can be observed in
Figure 8. Locally, at the vicinity of the contact region, the elements of both models are identical, since
they stem from the same original mesh and are produced by dyadic refinement. However, when we move far
from the contact region, the two meshes are very different, since the a priori refined tensor product mesh
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still has large elements in the bulk of the patch, whereas the THB model achieves a smoother transition
from fine to coarse elements. Moreover, the two meshes differ vastly in terms of degrees of freedom. The
fully refined mesh, after 7 refinement iterations, has 8,870,160 DOFs, the locally refined 80,490, whereas
the THB refined mesh only has 14,860 DOFs.

6.3. Refinement indicators

The second test focuses on the selection of the refinement indicator. Two candidates are evaluated,
the vonMises stress and the strain energy density gradient. The same setup is used once more, this time
with the THB discretisation of quadratic degree and a fixed percentage marking strategy set to refine
20% of the elements at each iteration. Thus the number of degrees of freedom is almost identical at each
refinement level for both models and after 7 refinement iterations it is around 14,000. Small deviations
occur when elements that lie on the interface between adjacent C° patches are marked, because the
marking is propagated to the other side as described in Section 3.4

Both indicators are in very good accordance, as seen in Figure 9. This means that for our particular
case of study, even the simplest possible indicator quantity, manages to deliver as accurate results, as the
relatively more complex gradient based indicator. Furthermore, the resulting meshes are very similar as
can be seen in Figure 10 after 4 refinement loops and in Figure 11 for the vicinity of the contact region
at the finest level. Nevertheless, the gradient based indicator is more generally applicable to a wider class
of problems and loading scenarios [48|. Thus in all subsequent THB models we use this indicator, unless
specifically mentioned otherwise.

(a) Overall pressure profile (b) Close-up of pressure peak
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Figure 9: Comparison of indicators von Mises (red) vs Strain Energy Density gradient (blue).

6.4. Marking strategy

To investigate the effect of marking strategies, THB models constructed with the two different strategies
outlined in Section 3.4 are compared, namely fixed percentage and Dorfler marking. Both models start
from the same quadratic coarse tensor product spline, as in the previous section, and marking is performed
based on the strain energy density gradient. The fixed percentage strategy was set up to refine 20% of
the elements at each iteration, where as the refinement threshold for the Dérfler strategy was tuned to
5.6%, so that the two discretisations have comparable degrees of freedom. The resulting element meshes
after 3 levels of refinement are depicted in Figure 13. The two meshes exhibit high ressemblance, with the
differnce that the Dorfler strategy has allocated new degrees of freedom more sparingly.
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Figure 10: Comparison of THB meshes produced with different refinement indicators, strain energy density gradient (left)
and vonMises stress (right), both for 4 levels of adaptive refinement iterations.

In Figure 12 the relative error with respect to the fully refined tensor product B-Spline solution is
plotted against the degrees of freedom at each refinement step. The Dorfler strategy seems to distribute
degrees of freedom more efficiently and achieves faster convergence. The fixed percentage strategy also
performs well, but it requires more degrees of freedom to achieve the same accuracy as the Dérfler one.
One benefit of fixed percentage is that the number of elements at each refinement step is known a priori,
since the number of elements at each level has a fixed ratio to the previous one.

6.5. Polynomial degree

The last test examines the influence of the polynomial degree of the spline patches on the resulting
pressure distribution. Since the geometry was constructed by fitting the involute with a Bézier curve
of fourth degree, models with different degree were obtained by elevating or reducing the degree of that
initial model. The experiment was conducted for fully and ad hoc refined tensor product splines as well
as THB-Splines. The experiments of this section were performed using six levels of adaptive refinement.
Looking at Figures 14 and 15, we can see that the overall pressure profiles for globally refined and THB-
Splines are in good agreement for all degrees. One can observe that in both cases, the discretisations
of degrees lower than four (the degree used to fit the involute) yield slightly lower maximum pressures,
whereas the results for degrees 4 and 5 are very close. That might be due to the geometrical deviation
that is introduced by lowering the degree, which impacts the solution, since it changes the geometry of
the problem and in particular of the contact interface. This highlights the fact that geometrical accuracy
is of utmost importance when modelling contact. An overview of the maximum pressure obtained for
polynomial degrees from 2 to 5 for all types of discretisations is presented in the left part of Table 3.
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Figure 11: Close-up of adaptively refined THB meshes. Refinement indicators: strain energy density gradient (left) and
vonMises stress (right), both for 7 levels of adaptive refinement iterations.
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Figure 12: Convergence comparison between our marking strategies: Fixed percentage, Dorfler are tested. Uniformly refined
mesh is added as a reference. A faster convergence is observed for the Dorfler strategy.

Maximum pressure (N/mm?) Average time per iteration (sec)
Degree 2 3 4 5 2 3 4 5
Fully refined TP | 502.907 | 504.608 | 506.891 | 507.042 | 38.98 | 70.71 | 117.59 | 6800
THB-Splines 503.062 | 504.646 | 506.903 | 507.063 | 1.37 | 3.52 8.21 14.93
Ad hoc refined TP | 504.732 | 505.08 | 507.08 | 507.085 | 2.90 | 4.63 9.46 95.58

Table 3: Maximum pressure and average iteration time for all experiments at the finest level of refinement. See also Figure 16
for the number of degrees of freedom used to obtain the results.
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Figure 13: Comparison of THB meshes produced with different refinement strategies, Dorfler (left) and fixed percentage
(right), both for 3 levels of adaptive refinement iterations.
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Figure 14: Comparison of pressure profiles for fully refined tensor-product patches of varying degree.

6.6. Computational cost

Lastly, the simulations performed in the previous section, are revisited from a different point of view,
that of computational cost. To this end, we consider the finest fully refined tensor product solution as
a reference, since it is a parent space of the THB and the ad hoc refined splines. Based on that, an
assessment of the relative error in maximum pressure versus the number of degrees of freedom at each
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Figure 15: Comparison of pressure profiles for THB-Spline patches of varying degree.

refinement level is performed. The results for polynomial degrees from 2 to 5 are presented in Figure 16.
We can observe that THB-Splines consistently achieve better results with far fewer degrees of freedom,
with a reduction in most cases by one order of magnitude or more.

It is of particular interest that regardless of degree, the ad hoc refined tensor product splines are
exhibiting a plateau, where further refining the mesh does not yield a more accurate result. This behaviour
is the result of the way the tensor product mesh is constructed. As seen in Figure 7, the ad hoc refined
tensor product mesh has relatively large elements in the bulk of the tooth, and small elements in the
vicinity of the theoretical contact point. Thus the bulk of the tooth deforms differently under the bending
load and this results in the deviation in terms of maximum pressure compared to the finest fully refined
models. However, the THB discretisation has a much smoother transition from coarse to fine elements
since the adaptive refinement acts at the areas where the largest bending strains are present. Due to that,
the THB discretisation delivers better results at every refinement step, better approximating the results
of the fully refined models.

Finally, to give a feeling of the computation times, in the second part of Table 3 we present the average
wall-clock time required for one equilibrium iteration, for each degree at the highest level of refinement.
All runs were performed on an Apple M1 Pro CPU with 16GB of memory. It becomes clear that with
hierarchical splines, time savings of more than one order of magnitude can be made, while the results
remain equally accurate, as we have seen earlier. For a comparison of computational cost between IGA
and FEM simulations for the gear contact problem we refer the reader to [15].

7. Conclusions and outlook

Gear contact simulation plays a critical role in the design and analysis of gear systems, which are
fundamental components in many mechanical applications such as automotive transmissions, aerospace
mechanisms, and industrial machinery. Accurate simulation of gear contact is essential to predict gear
performance, durability, noise, and vibration. However, gear contact simulation presents several challenges
that may be tackled using the isogeometric analysis paradigm. These include the meshing of complex gear
geometry, the robust solution of the nonlinear contact mechanics model as well as the high computational
cost in high-resolution models, accounting for contact interactions and other nonlinearities.

Classical splines are lacking the ability to locally refine the mesh and thus the number of degrees of
freedom required to accurately resolve the contact region skyrockets, since it is very small compared to the
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Figure 16: Comparison of relative error in maximum pressure, between globally and ad hoc refined tensor product B-Splines
and THB-Splines, for polynomial degrees 2 to 5.

overall dimensions of the parts. Truncated hierarchical B-Splines enable this much needed functionality
and thus decrease the size of the problem by more than one order of magnitude, as we have shown in
our numerical experiments. The validity of the results obtained with THB-Splines has been confirmed by
comparing them against those of fully refined tesnor product splines, which span a much larger, parent
spline space. Despite the dramatic decrease in degrees of freedom and computation time, a very high
agreement with the reference results was observed. Taking advantage of adaptivity, the locally refined
THB discretisation is constructed automatically, without exploiting any a prior: knowledge about the
contact point, thus making this methodology generally applicable to all kinds of contact problems. We
have shown that adaptive refinement can be driven efficiently by using simple and efficient refinement
indicators such as the vonMises stress or the strain energy density gradient, avoiding the computational
burden of a posteriori error estimators.

We have demonstrated that the use of THB-Splines of elevated degree and automated adaptive mesh
refinement can improve accuracy significantly without excessively increasing computational costs. Overall,
gear contact simulation using isogeometric analysis and THB-Splines yields a powerful tool in the design
and analysis of gear systems. A careful consideration of the trade-offs involved in the simulation setup
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and the choices made in each step of solving, estimating, marking and refining is paramount for successful
gear contact analysis.

Potential extensions of our approach include the incorporation of more complex boundary conditions
simulation such as natural boundary conditions, which is what is commonly used in real world applications.
Also, the extension of this methodology to volumetric splines will enable efficient simulation of three
dimensional gears, which have significantly more complex geometry and degrees of freedom. Last but not
least, another area of further development is the incorporation of friction in the contact formulation, which
will contribute in making the models even more realistic.
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Appendix A. Gear & Pinion B-Spline patch data.

Detailed geometrical information of the pair of

gear teeth referenced in Section 5, is presented in Pinion Gear

this appendix. Both patches utilise the same bi- X Y X Y
variate B-Spline basis of degrees (4,2). The knot 4.40011 | 24.6097 | 4.70711 | 39.7221
vector of parametric direction u (p, = 4) is 2, = 4.80555 | 26.8774 | 4.8873 | 41.2427
[000001111222233333]and of direction 5.21099 | 29.145 | 5.06749 | 42.7633
v (py=2)isE, = [000111]. The patches are 5.61644 | 31.4127 | 5.24769 | 44.2839
illustrated in Figures A.17 and A.18. 6.02188 | 33.6803 | 5.42788 | 45.8045
Control points are given in Table A.4, in the co- 5.6574 33.7448 | 3.83208 | 46.0011
ordinate system fixed to the center of rotation, with 5.31021 | 33.9753 | 3.17662 | 47.7718
the teeth centered on the y axis. The basis is of 5.1241 | 34.3337 | 3.16782 | 49.2083
size (13,3), and the control points are given in lex- 5.08008 | 34.7033 | 3.30621 | 50.6485
icographic order. Starting at the bottom right of the 4.73087 | 37.3978 | 3.30851 | 52.0891
control grid, points are listed consecutively from bot- 3.50968 | 39.9621 | 2.8698 | 53.5424
tom to top and from right to left. 2.09245 | 42.2406 | 2.45625 | 54.8808
0.333549 | 44.338 | 1.85693 | 56.2193
0 25.3965 0 40.2799
0 27.7366 0 41.8218
0 30.0767 0 43.3638
0 30.4085 0 43.662
0 32.6036 0 45.1613
0 33.7448 0 46.0011
0 34.3073 0 47.8563
0 34.869 0 49.351
0 35.4469 0 50.8643
0 37.9962 0 52.2993
0 40.2703 0 53.6962
0 42.3442 0 54.9907
0 44.3405 0 56.2807
Figure A.17: Gear B-Spline patch and control net. -4.40011 | 24.6097 | -4.70711 | 39.7221
-4.80555 | 26.8774 | -4.8873 | 41.2427
-5.21099 | 29.145 | -5.06749 | 42.7633
-5.61644 | 31.4127 | -5.24769 | 44.2839
-6.02188 | 33.6803 | -5.42788 | 45.8045
-5.6574 | 33.7448 | -3.83208 | 46.0011
-5.31021 | 33.9753 | -3.17662 | 47.7718
-5.1241 | 34.3337 | -3.16782 | 49.2083
-5.08008 | 34.7033 | -3.30621 | 50.6485
-4.73087 | 37.3978 | -3.30851 | 52.0891
-3.50968 | 39.9621 | -2.8698 | 53.5424
-2.09245 | 42.2406 | -2.45625 | 54.8808
-0.333549 | 44.338 | -1.85693 | 56.2193

Table A.4: Control points of pinion and gear. All dimensions

. L. . are in millimetres.
Figure A.18: Pinion B-Spline patch and control net.
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