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Abstract 
Contact collisions are prevalent in mechanical multi-body 
systems and have always been a significant limiting factor 
for engineering technology development. This paper 
examines the fundamental types of contact in multi-body 
dynamics systems and explores their inherent topological 
relationships. Based on the multi-body dynamics theory 
and penalty function contact algorithm, this paper 
constructed the multi-body dynamics contact model using 
Modelica, which is a multi-domain unified modeling 
language. To enhance the applicability of the contact 
model library in the modeling of multi-body system, the 
contact model provides a connection interface compatible 
with the multi-body library in the Modelica standard 
library. 
Keywords: Contact, multi-body dynamics, penalty 
function, Modelica, MWORKS 

1 Introduction 
Multibody dynamics primarily investigates the 
relationships between forces and motion among multiple 
bodies. In actual multibody dynamics systems, the 
majority of the relationships between bodies are contact-
based. In multibody dynamics simulations, it is 
challenging to simulate the contact relationships between 
objects with precision. Consequently, conventional 
contact relationships are transformed into modeling 
components, such as motion pairs to enhance modeling 
efficiency and simulation accuracy. Nevertheless, there 
exist numerous simulation scenarios where modeling 
using contact relationships between geometric entities is 
necessary and cannot be simplified, such as simulation of 
cam mechanism motion, quadruped robot gait simulation, 
and Contact process between gears (Dahl M et al. 2017) 
(Bortoff S A 2020). Currently, basic contact analysis 
functions are necessary for multibody dynamics software. 

Various contact modeling methods have been proposed 
to address diverse engineering application problems. For 
instance, Magalhaes H et al. proposed a modeling idea 
applied for the orbital dynamics contact model based on 
the Hertzian contact theory (Magalhães H et al. 2020). 
Additionally, Dahl M et al. introduced a modeling method 
that applies the Hertzian contact algorithm to the gear 
contact process (Dahl M et al. 2017). Safaeifar H et al. 
addressed the issue of hysteresis damping coefficient and 
proposed a novel modeling approach (Safaeifar H et al. 

2020). Bortoff S A et al propose an implicit, event-driven, 
penalty-based method for modeling rigid body contact and 
collision in the design and analysis of control algorithms 
for precision robotics (Bortoff S A 2020).  

Referring to the penalty function contact algorithm, this 
paper constructs a rigid body dynamic contact model 
library based on the Modelica language and the reusable 
Modelica mechanical library. Devoted to enhancing the 
contact analysis capabilities of the Modelica language 
within the domain of rigid body dynamics. At present, 
numerous scholars have developed a variety of rigid body 
dynamic contact model libraries based on the Modelica 
language. Oestersotebier F et al. employed the geometric 
analysis method to establish a contact model library 
specifically for simple contact surfaces (Magalhães H et 
al. 2020). Furthermore, Hofmann A and Otter M et al. 
implemented a collision library, utilizing a penalty-based 
collision approach and incorporates the Bullet Physics 
Library for collision detection(Hofmann A et al. 2014) 
(Otter M et al. 2005).  

Currently, most mainstream multibody dynamics 
simulation software features contact analysis function, 
which is considered as a crucial technical indicator. Multi-
body dynamics simulations generally involve the analysis 
of geometric, mechanical, and mathematical models. The 
geometric model provides an intuitive representation of 
the model structure. The mechanical model expands on 
the geometric model by adding four mechanical elements: 
kinematic constraints, driving constraints, force elements, 
and external forces or torques. These elements are 
assembled according to the kinematic constraints and 
initial position conditions. This assembly process utilizes 
a solver to compute the expression and establish a 
mechanical model. The solver generates the coefficient 
matrices for the system motion equation of the mechanical 
model. These matrices can be utilized to derive the 
system's mathematical model and analyze the model's 
kinematic and dynamic characteristics.  

MWORKS.Sysplorer is a system-level integrated 
platform for the design and simulation verification of 
multi-domain industrial products that fully supports the 
Modelica unified modeling standard across multiple 
domains. This paper aims to develop a contact model 
library utilizing the capabilities of this platform.  
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2 Basic Concept 
2.1 Contact Mechanism 

Contact friction arises when two distinct surfaces make 
contact and interact through rubbing, creating a contact 
state characterized by friction. In the field of physics, 
surfaces in contact demonstrate the following properties: 
(1) they prevent penetration; (2) they can transmit both 
normal pressure and tangential friction forces; (3) they do 
not transmit normal tensile forces. These characteristics 
enable free separation among surfaces.  

2.2 Penalty Function Method for Contact 
Mechanism 

In the case of contact between rigid bodies, the contact 
force can be calculated using a spring-damper model that 
takes into account the penetration depth, resulting in a 
force, and the penetration velocity, leading to a damping 
force, between the bodies. To calculate the contact force 
between bodies in such scenarios, the spring-damper 
model is frequently employed(Machado M et al. 2012).  

 
Figure 1 Two-dimensional point-face contact force equivalent 

schematic 

Currently, there are two methods available for 
computing contact forces in multibody systems: the 
regression-based and penalty-based contact algorithms. 
The penalty-based contact algorithm is generally 
smoother and faster in numerical simulation. The contact 
model in this study is established solely using the penalty-
based contact algorithm. When calculating the contact 
force between two components using the impact function, 
it is mainly composed of two parts: the elastic force 
generated by mutual penetration and the damping force 
generated by relative velocity. The generalized form can 
be expressed as: 

  ( )nF K C V t    (1)

In which, 
𝐹— Normal contact force, measured in N. 

𝐾— Contact stiffness, measured in N/m. Generally, a 
higher stiffness value makes numerical integration more 
difficult, but if it is too small, the contact situation of the 
component cannot be accurately simulated. Usually, the 
contact stiffness is set to 10^8 N/m, The reasonable range 
of stiffness values can be estimated by Hertz contact 
theory. 

𝑛 — Force exponent, used to calculate the contribution 
value of the material stiffness term in the instantaneous 
normal force. For contact with high stiffness, n >1 
otherwise n <1. For metals, it is usually taken as 1.3~1.5, 
and for rubber, it is usually taken with a typical value of 
1.5. 

𝛿 — Penetration depth between objects, a variable that 
depends on time, measured in mm. 

 𝐶ሺ𝛿ሻ — Contact damping as a cubic function of 
penetration depth, measured in Ns/m, Generally, 0.1~1% 
of the stiffness value is taken. 

𝑉ሺ𝑡ሻ — Normal relative velocity between contact 
objects as a function of time, measured in m/s. 

In this paper, the contact penetration depth is used to 
characterize the size of the contact force, mainly 
considering that the contact model is constructed based on 
three geometric elements: point, line and surface. It is 
more intuitive to calculate the contact force between 
points, lines and surfaces by using penetration depth, and 
it is easy to expand in building complex geometric contact 
models. 

If the normal penetration depth of the contact point is 
less than the critical penetration value, the damping force 
varies cubically with the penetration depth. Conversely, if 
the penetration depth is greater than or equal to the critical 
value, the damping force will attain its maximum value, 
as illustrated in the following figure:  

 
Figure 2 Relationship curve between damping and penetration 

depth 

Firstly, the essence of the penalty function contact 
algorithm can be analyzed through the point-surface 
contact model. According to the diagram, contact is 
deemed to transpire when the distance between the point 
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and the surface is below zero, signifying the penetration 
of the two rigid bodies. 

  
Figure 3 Two-dimensional schematic diagram of point-surface 

contact 

Here, the penetration depth 𝛿ሺ𝑡ሻ ൌ max ሼሺ𝑅 ൅ 𝑏ሻ െ
𝑝ሺ𝑡ሻ, 0ሽ ൐ 0  is used to characterize the degree of 
penetration between the two rigid bodies. A contact is 
considered to exist when δ(t)>0, with larger values 
indicating a more pronounced penetration phenomenon 
and resulting in greater interaction forces. In this paper, 
when the rigid bodies are in contact, the normal pressure 
generated by the contact between the rigid bodies is 
equivalently modeled using a spring-damper model, and 
its value is related to the penetration depth 𝛿ሺ𝑡ሻ and the 
relative velocity 𝑉௩ሺ𝑡ሻ of the surface normal. The specific 
expression is as follows: 

  max{ ( ) ( ( )) ,0} ( ) 0

0 ( ) 0
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The friction force F௙ generated by the contact between 
rigid bodies is equivalent to a velocity based Coulomb 
friction model, and its value is calculated according to the 
contact force 𝐹  and friction coefficient 𝑢 . The friction 
coefficient is related to the relative slip velocity 𝑉௧ሺ𝑡ሻ of 
the two objects in contact(Sextro W et al. 2003). 

 =- ( ( ))f tF F u V t  (4)

According to the difference of the relative sliding speed 
of the two contact objects, the friction process transitions 
between dynamic friction and static friction. The 
equivalent formula of friction coefficient and slip velocity 
is calculated by a cubic step function. The expression of 
the cubic step function is as follows: 
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(5)

The specific expression of friction force is as follows: 

= ( ( ), , 1, ,1) ( ( ( )), , , , )t s s t s st tr dyu Step V t V V Step abs V t V C V C   (6)

𝑉௦  is the relative slip velocity corresponding to the 
maximum static friction; 

𝐶௦௧ is static friction coefficient; 
𝑉௧௥  is the relative slip velocity corresponding to the 

dynamic friction; 
𝐶ௗ௬ is the coefficient of dynamic friction. 
The following diagram shows the relationship between 

the friction coefficient and the relative slip velocity. 

 
Figure 4 Relation curve of friction coefficient and 

relative slip velocity 
When the slip velocity gradually increases, the friction 

coefficient gradually increases from 0 to 0.2 of static 
friction, and then gradually transitions to 0.1 of dynamic 
friction. 

According to the above formula, it can be seen that the 
value of the interaction force is only related to the velocity 
vector 𝑉௧ሺ𝑡ሻ and the penetration depth 𝛿ሺ𝑡ሻ between the 
rigid bodies. The velocity vector 𝑉௧ሺ𝑡ሻ  can be 
conveniently obtained using the Modelica multi-body 
library, and only the penetration depth value 𝛿ሺ𝑡ሻ needs to 
be calculated. Therefore, the essence of contact algorithm 
is actually the process of calculating the penetration depth 
𝛿ሺ𝑡ሻ. 

3 Overview of Contact Model Library 
The contact model library mainly includes examples 
library, basic component library, friction component 
library, function library and icon library. The basic 
component library provides 9 typical contact models, 
mainly including Sphere-line contact, Sphere -surface 
contact, and line-line contact. On this basis, six contact 
models are derived, including line-surface contact, Sphere 
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-curve contact, Sphere -cylinder, line-cylinder, and Sphere 
-to- Sphere contact. Each model takes into account the 
contact force and friction characteristics between rigid 
bodies, and has a mechanical connection interface, which 
is compatible with the Modelica multi-body library. The 
friction component library serves the purpose of 
calculating the friction force during object contact and 
forming the contact model components. The function 
library mainly includes the penalty function contact 
algorithm function, the damping coefficient calculation 
function and the geometric analysis algorithm function, 
etc., which are called repeatedly during the contact 
simulation. The resulting library structure is illustrated in 
the accompanying figure. 

 
Figure 5  The structure of contact model library 

4 Implementation of Contact Models 
Based on MWORKS.Sysplorer platform and Modelica 
mechanical standard library, this paper uses Modelica 
language to build the contact model mentioned above. The 
platform has an open Modelica model library 
customization function to meet different modeling needs. 
Provides model text, model ICONS, components and 
other views of the model browse and edit. Support curve 
display of result data, 3D animation display and rich curve 
calculation and operation functions. 

When analyzing the dynamic process and kinematic 
process of multi-body contact, the model must describe 
not only the contact force and contact friction force 
resulting from the interaction between rigid bodies but 
also consider the geometric shape information of the 
objects to determine the contact state and contact area. The 
following modeling ideas can be employed: 

 
Figure 6 Modeling approach for contact models 

The contact model serves as a bridge that connects the 
multi-body models in the Modelica standard library. It 
acquires the pose information between rigid bodies 
through the frame interface, and utilizes the geometric 
information of the relative local coordinate system 
between two rigid bodies as parameters to analyze the 
contact state between their geometric elements. 

 
Figure 7  Example of a multibody model including contact 

The example model, depicted in the above figure, 
references the body module from the multi-body library. 
Users can define the shape of the object according to the 
actual situation or import geometric models in specific 
formats. Additionally, users are required to set the 
geometric data of the object as parameters in the contact 
model in accordance with specific formats. 

5 Contact Detection 
The contact algorithm solves only the problem of 
determining the acting force when contact occurs between 
rigid bodies. The contact process between rigid bodies 
involves considering the contact area between the 
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geometric elements of the rigid bodies. For instance, when 
dealing with the contact problem between a point and a 
plane, this article addresses the contact process between a 
point and a finite surface region. Thus, the key to 
developing a geometric contact model is determining 
whether the geometric elements lie within the boundary 
region.  

 
Figure 8   Schematic diagram of point-surface contact area 

between cubes 

This paper mainly refers to the discrete element method 
and the geometric analysis method to detect the contact 
area(Oestersötebier F et al. 2014) (Elmqvist H et al. 2015) 
(Van Den Bergen 2003). Here, this paper based on the 
theory of geometric graphics, all rigid bodies are 
described by basic geometric figures such as points, lines, 
and surfaces, so that the contact problem between rigid 
bodies can be transformed into the contact problem 
between three geometric elements. In addition, in order to 
improve the efficiency of the software to solve the model, 
all the contact models constructed in this paper use the 
geometric analysis method to analyze the contact state 
between objects.  

5.1 Point-Line Contact Boundary Detection 

Point-line contact involves two main issues: calculating 
the distance between a point and a line, and determining 
whether a point is within the line segment. The diagram 
below shows how to determine if a point lies within the 
line segment. 

 
Figure 9  Point-segment region judgment schematic diagram 

With frame_a as the reference frame, calculate 𝑎𝑏ሬሬሬሬ⃑ ，𝑎𝑝ሬሬሬሬ⃑ ，
𝑏𝑝ሬሬሬሬ⃑  respectively, and then calculate the angle 𝑢 between 
the vectors 𝑎𝑏ሬሬሬሬ⃑  and 𝑎𝑝ሬሬሬሬ⃑ , as well as the angle v  between the 

vectors 𝑏𝑎ሬሬሬሬ⃑  and 𝑏𝑝ሬሬሬሬ⃑ .When 𝑢 ൏ 𝜋/2  and 𝑢 ൐ 𝜋/2 , it is 
judged that the point p is in the accessible area of the line 
segment ab. When the penetration depth 𝛿ሺ𝑡ሻ ൐ 0 occurs, 
there will be contact force between the two rigid bodies. 

5.2 Point-Surface Contact Boundary Detection 

In fact, any polygon or curved surface can be made up of 
several triangular surfaces. Therefore, solving the 
problem of determining the region between points and 
triangular surfaces enables the easy solution of the 
problem of determining the region of complex geometric 
bodies. This article uses the centroid method and the 
schematic diagram below to determine whether the point 
lies within the region of the triangular surface. 

 
Figure 10  Point and Triangle Face Region Judgment Diagram 

Algorithm for determining if a point is within a triangle 
face region: 

1 1 2 0 1 0 2 1

0 0 1 1 0 1 1 0

0 0 2 1 0 1 2 0

0 0 1 1 0 1 1 0

( ) ( ) ( ) ( )
0

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
0

( ) ( ) ( ) ( )

v v v v v v v v
u

v v v v v v v v

v v v v v v v v
v

v v v v v v v v

               
         
       

 (7)

When 𝑢, 𝑣 ൒ 0 the contact point is inside the triangle 
area, contact force calculation will be performed. 
Otherwise, contact force calculation will not be performed. 
To determine whether a point is inside a rectangular area, 
it can be divided into two triangular areas, which makes it 
possible to perform the contact force calculation. 

5.3 Line-Line Contact Boundary Detection 

The point-surface contact algorithm in the example of 
contact between cubes only considers the process of 
vertex-surface contact. To prevent interference issues, as 
illustrated in the figure, multiple geometric points on the 
geometric body must be selected for contact calculations 
with the surface. However, the number of geometric 
points significantly affects the model's solving efficiency 
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and accuracy. Therefore, for computational efficiency, an 
analytical method should be used to establish a line-line 
contact model instead. 

 
Figure 11  Cubic Contact Interference Phenomenon 

Considering Only Point-surface Contact 

The line-to-line contact model requires consideration of 
two situations: contact between coplanar line segments 
and contact between non-coplanar line segments. The 
former can be achieved by point-to-line contact, while the 
latter involves determining the positional information of 
the contact points at each moment, as the contact point 
between non-coplanar line segments changes over time. 
To address this, this paper proposes the use of the theory 
of perpendicular lines, which establishes that there is only 
one straight line perpendicular to two non-coplanar lines. 
By calculating the vector information of the perpendicular 
line, the distance between contact points at each moment 
and the penetration depth 𝛿ሺ𝑡ሻ can be determined. 

 
Figure 12  Schematic diagram of line-line contact judgment 

method 

The specific algorithm is shown in the figure above. 
Assuming that there are two line segments AB and CD in 
space, 𝑃௔  and 𝑃௕  are the intersection points of line 
segments AB and CD with the common perpendicular, 
and the coordinate values of 𝑃௔ and 𝑃௕ can be described 
by the following equations. 

1 2 1

1 2 1

1 2 1

3 4 3

3 4 3

3 4 3

( )

( )

( )

( )

( )

( )

a

b

X x m x x

P Y y m y y

Z z m z z

U x n x x

P V y n y y

W z n z z

  
   
   

  
   
   

 (8)

When 0 ൑ 𝑚, 𝑛 ൑ 1, it indicates that 𝑃௔ and 𝑃௕ are on 
line segments AB and CD. Otherwise, 𝑃௔  and 𝑃௕  are on 
the extended lines of the respective line segments AB and 
CD respectively. With the expressions of 𝑃௔ and 𝑃௕, the 
distance between the two points can be calculated as 
follows: 

2 2 2( ) ( ) ( )a bP P X U Y V Z W       (9)

To find the common perpendicular of two line segments 
is equivalent to finding the minimum value of 𝑃௔, 𝑃௕: 

2 2 2min ( , ) ( ) ( ) ( )f m n X U Y V Z W       (10)

Then taking the partial derivative of the function 
𝑓ሺ𝑚, 𝑛ሻ  with respect to 𝑚, 𝑛 , a system of two linear 
equations in two variables can be obtained: 

( , )
0

( , )
0

f m n

m
f m n

n

  
 
 

 
(11)

With the above equation system, we can obtain the 
value of 𝑚, 𝑛  and determine the distance and position 
vector between the contact points. Utilizing this 
information, we can apply the contact algorithm formula 
to develop the line-line contact model. The application of 
the line-line contact model ensures that the 
aforementioned interference problem is eliminated in the 
cubic contact simulation results.  

 
Figure 13  Schematic diagram of point and cylinder contact 

judgment method 
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6 Model Extension 
6.1 Contact between Point and Cylinder 

Surface 

Drawing on the modeling ideas for point-line contact, it 
can be extended to the modeling of point-cylinder surface 
contact, as depicted in the following schematic diagram. 
By obtaining the position vector of the current point 
element (P1\P2) relative to the coordinate system LCI of 
the cylinder geometry, combined with the position vector 
of the line element endpoints relative to the cylindrical 
geometry coordinate system, the spatial geometric 
information of which line segment the point element is 
about to contact can be obtained in real-time. 

 
Figure 14  Geometric information diagram of contact line 

segment 

6.2 Point-Curve Contact 

The point-curve contact model is equivalent to the point-
line contact model with multiple line segment elements, 
and is based on the point-line contact modeling algorithm. 
To create the point-curve contact model, geometric 
information from several points on the curve is read, and 
cubic spline interpolation is performed to fit the curve. 
The interpolated curve is then discretized into line 
segments. By selecting more discrete points, the contact 
curve can be made to resemble the actual curve more 
closely. 

 
Figure 15  Realization method of contact between point and 

spline curve 

The cubic spline interpolation algorithm actually 
divides the curve interval ሾ𝑎, 𝑏ሿ  into n intervals 
ሾሺ𝑥଴, 𝑥ଵሻ, ሺ𝑥ଵ, 𝑥ଶሻ, . . . , ሺ𝑥௡ିଵ, 𝑥௡ሻሿ , with a total of 𝑛 ൅ 1 
points. Each interval is described by a cubic spline 
function: 

3 2( )i i i i if x a x b x c x d     (12)

The cubic spline interpolation should satisfy the 
following conditions: 

(1). Each segment should be a cubic spline function; 
(2). It should satisfy the interpolation condition, i.e., 

𝑓௜ሺ𝑥௜ሻ ൌ 𝑦௜ሺ𝑖 ൌ 0,1, … , 𝑛ሻ; 

(3). The curve should be smooth, i.e., 

𝑓ሺ𝑥ሻ,  𝑓ᇱሺ𝑥ሻ,  𝑓ᇱᇱሺ𝑥ሻ,should be continuous. 

7 Simulation Results 
The main objective of this chapter is to focus on the 
aforementioned contact model. It presents three 
representative examples implemented in MWORKS and 
utilizes the Dassl algorithm for solving and analysis. 

Example 1: Simulating the contact process between a 
ball with a radius of 30mm and a disk with a radius of 
250mm. The z axis of the disk is connected with the world 
coordinate system by a rotating pair, and a position sine 
excitation is applied to the rotating pair to analyze the 
motion of the ball under the action of contact force. The 
following example demonstrates the construction process.  

 
Figure 16   Sphere falling on a swinging round plate 

.  
Figure 17 Animation of a sphere falling on a swinging round 

plate 
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Figure 18 The displacement curve in the Y direction of the 

center of the sphere 

The simulation results are compared with those 
obtained from Adams, a commercial dynamic simulation 
software. Figure 17 depicts the simulated curves with 2s. 
The curves of the two simulation results are in good 
agreement, and the cumulative error of the position at 2s 
is 1.6mm. 

Example 2: The linear contact model is utilized to 
simulate the operational principle of the differential. 
Initially, an equal resistance moment is applied to both 
wheels, causing them to rotate at the same speed. 
Subsequently, the resistance moment on the left wheel is 
increased, leading to the occurrence of differential 
behavior between the two wheels.  

 
Figure 19 An example of the application of the line contact 

model 

.  
Figure 20 An example animation of a line-line contact model 
(In the figure, the single arrow is the interacting force vector 

and the double arrow is the interacting torque vector) 

 
Figure 21 Curve of speed change of two tires 

From the graph, it is evident that initially both wheels 
have the same resistance and speed. However, at 10s, 
when a resistance moment is applied to the right wheel, a 
differential phenomenon arises between the two wheels. 
The speed of the right wheel approaches zero, while the 
speed of the left wheel doubles its original value.  

Example 3: Apply point and curve contact to construct 
the following two high pair transmission processes. 

 
Figure 22 Example of application of point and spline contact 

model 
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Figure 23 Point and spline curve contact model animation 

 
Figure 24 Cylinder displacement curve 

Example 4: The point and cylinder contact model is 
applied to simulate the dynamic contact process of several 
small balls rolling successively on a funnel until they fall 
into the cylinder. The following is an example of the build. 

 
Figure 25 Example of the point-cylinder contact model 

 
Figure 26 Animation of multiple spheres tumbling down 

funnels 

The example model is constructed by point-cylinder 
contact model, point-disc contact model and ball-ball 
contact model. Taking this as an example, multiple typical 
contact models can be combined to construct more 
complex contact scenarios. 

8 Summary and Outlook 
In this paper, the contact library primarily focuses on 
developing fundamental models for point-surface, point-
line, and line-line contacts. These three contact types form 
the foundation for complex geometric contacts. 
Furthermore, this paper extends the scope of rigid body 
dynamic contact models to include more significant 
variations, such as point contact with spline curves, point 
contact with cylindrical surfaces, and point contact with 
polygonal surfaces.  

The above discussion represents only a fraction of the 
broader field of rigid body contact dynamics, leaving 
significant room for further advancements in contact 
model development. For instance, when dealing with 
complex geometric contact problems, it is crucial to 
optimize model solving efficiency through contact search 
algorithms, analyze the impact of different contact force 
calculation methods on the accuracy and efficiency of 
model solutions, and address contact force errors 
stemming from the transition between geometric elements. 
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