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Abstract. In this work, a drilling forcemodel for the use
inmultibody system simulations is presented. Themodel
is based on drilling force calculations, collision detection,
a contact model, and a method for applying the forces to
the multibody environment. The model can be used in
two ways. First, it can be used to calculate drilling forces
based on a given velocity and angular velocity of the drill.
Second, it can be integrated into a model to interact as
a body in a multibody scenario and be subjected to an
external force and angular velocity.

Introduction

Drilling processes are widely used and occur in many

different areas, such as manufacturing or construction.

Several models exist to calculate the forces during a

drilling process. However, they usually cannot be used

for body interaction in a multibody context (e.g. if the

drilling forces are to be applied to the robot in order to

optimize the robot-assisted drilling process).

Therefore, in this work, a drilling force model is

presented that can be used in multibody simulations.

The goal is to use it in system simulation environments.

This allows the creation of multi-domain models. For

example, the drilling model can be combined with the

dynamics model of a robot and other models such as

the control system or the motors of the robot. This can

then be used to analyze the influence of the drilling pro-

cess on the robot dynamics or energy consumption. The

object-oriented and multi-domain modeling language

Modelica [7] is used as system simulation environment.

Models are built based on the multibody components

[9] from the Modelica Standard Library (MSL) [8].

The developed drilling force model is based on

drilling force calculations, collision detection, a con-

tact model, and a method for applying the forces to the

multibody environment.

In the next section, the state of the art is introduced.

In Section 2, the developed drilling force model is pre-

sented. Examples are given in the following example.

Finally, the results are discussed and future develop-

ments for the model are considered.

1 State of the art

In this section, the basics are introduced. These include

the forces in the drilling process and collision detection

and resolution for multibody simulation environments.

1.1 Forces in the drilling process

Drilling is a machining process. Because the geome-

try of the cutting edges is known, it is classified as a

machining process with a geometrically defined cutting
edge (similar to turning and milling) [5]. There are sev-

eral models for calculating the forces in the drilling pro-

cess. Examples are the works of Dietrich (2016) [2] and

Fritz and Schulze (2015) [5]. The most suitable parame-

ters for a drilling process are often determined using ta-

ble values [3]. In this work the model of Dietrich (2016)

is applied [2]. It is used to calculate the cutting force Fc
and the feed force Ff from a given rotational frequency

n and feed per rotation f .

First, the feed per rotation per cutting edge fz as

well as the stress thickness h, the stress width b, and

the stress cross-section A are calculated. The inputs are

the number of cutting edges zE , the tip angle of the drill

σ , and the drill diameter d (see Figure 1) [2].

fz =
f

zE
(1)

h = fz · sin(
σ
2
) (2)

b =
d

2 · sin(σ
2 )

(3)

A = h ·b (4)
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The specific cutting force kc depends on the stress

thickness h and the material dependent parameters z and

kc1.1 [2]. The latter is the specific cutting force of a

given material for h = 1 mm. There are also correction

factors which are not considered in this work.

kc =
0.001z

( fz · sin(σ
2 ))

z · kc1.1 (5)

The cutting force per cutting edge Fcz, the cutting

force (for the entire drill) Fc, and the feed force Ff are

then calculated as follows [2].

Fcz =
d · fz

2
· kc (6)

Fc = zE · d · fz

2
· kc (7)

Ff = zE ·Fcz · sin(σ) (8)

1.2 Collision detection

The basis for calculating drilling forces in a multibody

environment is the interaction between the bodies. This

requires collision detection. Common algorithms for

collision detection are the Gilbert-Johnson-Keerthi dis-

tance algorithm (GJK) [6] and the Minkowski Portal

Refinement algorithm (MPR) [12]. Both algorithms

provide the penetration depth of two colliding bodies.

There have been several approaches to enabling col-

lision detection for the system simulation environment

Modelica. Most of them extend Modelica with an ex-

ternal library for collision detection. An overview can

be found in Reiser and Reiner (2023) [11].

1.3 Multibody contacts

Based on the collision detection, contact forces are now

calculated between the bodies to prevent them from

penetrating each other. This is also known as collision

response. There are two main types: impulse-based and

penalty-based collision response. Only the latter will be

considered in this work. Contact forces are calculated

based on the penetration depth. [4]

A common model is the Kelvin-Voigt contact force

model. It uses a spring-damper element to calculate the

normal force FN based on the penetration s [4]:

FN = k · s+d · ṡ (9)

where k is the spring stiffness and d the damping factor.

In addition, a friction force dependent on FN acts in the

tangential direction (not considered in this work).

Multiple works have dealt with contact forces be-

tween bodies in Modelica multibody environments.

One example is Buse et al. (2023) [1]. Further works

are listed in Reiser and Reiner (2023) [11].

2 A drilling force model for
multibody environments

The developed model for drilling forces in multibody

simulation environments is presented in this section.

2.1 Overview

A key component of the model is collision detection.

This is used to determine the drill diameter and the pen-

etration depth. The model has two parts.

In the kinematic model, the rotational frequency

and the feed per rotation are provided and the model

calculates the drilling forces. These are not used for

body interaction. However, they can be used in a simu-

lation to check if certain forces are exceeded.

In contrast, the drilling forces in the dynamic model
are applied to the bodies in the multibody environ-

ment. This allows, for example, force-controlled robot-

assisted drilling processes to be simulated together with

robot dynamics models.

2.2 Determination of the drilling diameters

The first step is to determine the drilling diameters dur-

ing the drilling process. If the drill does not come out

of the material on the opposite side during drilling, only

the outer diameter dO is relevant. Otherwise, the inner

diameter dI is also important.

Collision detection is used to determine the drilling

diameters during the process. The MPR algorithm is

used in the developed model. It is connected to the

multibody model in Modelica via an external library,

similar to the method in Buse et al. (2023) [1].

Figure 1 shows the resulting drilling diameters for

several states during the process. Collision detection

is used to determine both the penetration depth of the

drill and if the drill cone is penetrating the workpiece,

is within the workpiece, or is leaving the workpiece.

Depending on the state, different calculations are used

to determine the diameters (see Figure 1). In addition, it

is necessary to distinguish if the material is thicker than

the height of the drill cone.
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Figure 1: Drilling diameters for several states during the drilling process. A distinction is made as to whether the material is
thicker than the height of the drill tip (left) or not (right). The dimensions of a drill are shown in the bottom left.

2.3 Kinematic model

The kinematic model uses the calculated drilling diam-

eters from Section 2.2. Taking into account the drilling

diameters, the cutting force per cutting edge Fcz is cal-

culated with a modification of Equation 6 [2]:

Fcz =
(dO −dI) · fz

2
· kc (10)

Based on the cutting force, the feed force Ff is cal-

culated using Equation 8. The kinematic part of the de-

veloped drilling force model has already been used in

the MFlex 2025 project [10].

2.4 Dynamic model with applied forces

A different approach is used for the dynamic model.

The drilling forces are not applied directly to the bodies

in the model. Instead, a contact model is applied to the

drill body. This allows the drill to be pressed against

the table even when it is not rotating. The collision de-

tection provides the penetration depth s for the contact

model.

The idea now is to make the feed force for the

drilling Ff equal to the contact normal force FN (see

Equation 9). The cutting force per cutting edge Fcz can
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then be calculated from this:

Ff = FN (11)

⇒ zE ·Fcz · sin(σ) = k · s+d · ṡ (12)

⇒ Fcz =
k · s+d · ṡ
zE · sin(σ)

(13)

Next, the feed per cutting edge fz is calculated from

the cutting force per cutting edge. This is done by com-

bining Equation 10 and Equation 5:

Fcz =
(dO −dI) · fz ·0.001z

2 · ( fz · sin(σ
2 ))

z · kc1.1 (14)

⇒ Fcz =
(dO −dI) · f 1−z

z ·0.001z

2 · sin(σ
2 )

z · kc1.1 (15)

⇒ fz = (
Fcz ·2 · sin(σ

2 )
z

(dO −dI) ·0.001z · kc1.1
)

1
1−z (16)

The feed per rotation f is then calculated based on

fz and the number of cutting edges zE :

f = zE · fz (17)

This feed per rotation is now used to calculate the

target velocity vtar of the drill, based on the angular ve-

locity ω of the drill, which is derived from the rotational

frequency n of the drill.

vtar = f ·n = f · ω
2 ·π (18)

Finally, the target drill depth star can be calculated

by integrating the target velocity vtarget :

star =
∫

vtar dt (19)

This target drill depth is used as the reference depth

for the calculation of the contact force. Equation 9 is

modified to calculate the contact normal force FN :

FN = k ·Δs+d ·Δṡ (20)

⇒ FN = k · (s− star)+d · v (21)

The penetration depth s of the drill and the drill ve-

locity v are still used, but now the contact surface of

the workpiece moves based on the drilling process. Its

position is defined by star.

A substitute model of the developed drilling force

model is shown in Figure 2. It can be seen as a series

connection of a spring-damper element and a damper

Workpiece

Fexternal

FN Ff

Ff (n, dO, dI)

FN (s, star, v)

Figure 2: A substitute model of the drilling force model. An
external force is applied to the spring-damper
element representing the contact model. The
contact force is equal to the feed force of the drilling
force model, here represented by a damper
element, with the damping force dependent on the
rotational frequency and the drill diameters.

element. The former describes the contact normal force

and the latter the movement of the drill as a function of

the rotational frequency and the drilling diameters.

Figure 3 shows a more detailed representation of the

drilling force model. It consists of three parts:

• A DrillGeometry model to calculate the drilling di-

ameters and the penetration depth of the drill based

on an external collision detection library (see Sec-

tion 1.2 and Section 2.2).

• The DrillDepthCalculation model to calculate the

target position of the drill. The calculation is based

on Equations 11 to 19.

• A ContactForce model to calculate the contact

force based on the actual and target position and

velocity of the drill (see Equation 20 and 21).

As mentioned above, the inputs to the drilling force

model are the velocity v and the rotational frequency n
of the drill. In addition, the position r and orientation T
of the drill are required for the collision detection in the

DrillGeometry model. The same applies to the work-

piece, described by rW and TW . Collision detection also

requires the geometry of the drill and the workpiece.
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Figure 3: The developed drilling force model with all models included. The drilling diameters and the drill penetration are
calculated in the DrillGeometry model. The DrillDepthCalculationmodel provides the target position for the drill. The
contact force is calculated in the ContactForcemodel based on the actual and target position of the drill.

3 Applications
In this section, two drilling processes are shown. One

process consists of drilling in a thin plate. The kine-

matic model is used to calculate the forces involved. In

the other example, the dynamic model is applied for a

drilling process. This involves drilling into a material

with a high material thickness.

3.1 Kinematic drilling in a thin plate

In the first example, the kinematic model is used for the

drilling process of a thin plate. The plate is thinner than

the drill cone height of the drill. The material 34 CrMo4
is used for the workpiece (see [2, p. 19]):

kc1.1 = 2240
N

mm2
(22)

z = 0.21 (23)

A rotational frequency of n = 9.28 1
s and a velocity

of v = 1.672 mm
s are used. The drill diameter is d =

16 mm with an angle of 118 degree. From this, the

feed per cutting edge per rotation fz can be calculated,

resulting in a specific cutting force kc of:

fz =
f

zE
=

v
zE ·n =

1.672 mm
s

2 ·9.28 1
s

≈ 0.090 mm (24)

⇒ kc =
0.001z

( fz · sin(σ
2 ))

z · kc1.1 ≈ 3836
N

mm2
(25)

The calculated maximum cutting force is:

Fc, max = zE · d · fz

2
· kc ≈ 5524 N (26)

However, this value is not reached because the dif-

ference between the inner and outer drilling diame-

ter is much smaller. The results are presented in Fig-

ure 4. Both the cutting force and the feed force and

FC in N Ff in N

dI in mm dO in mm
0.0 2.5 5.0 7.5 10.0

0

400

800

1200

0.0 2.5 5.0 7.5 10.0-5

0

5

10

15

20

Time in s

Figure 4: Results for the drilling process of a thin plate. The
cutting force and the feed force are shown above.
The drilling diameters are shown at the bottom.
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both drilling diameters are shown. The maximum cut-

ting force is Fc = 986 N and the maximum feed force

Ff = 2917 N (see Figure 4).

The simulation was run on a desktop computer with

an Intel Core i7-11700K processor. A Rkfix2 fixed step

solver with a fixed step size of 0.001 seconds was used.

The computation time was 0.11 seconds for a simula-

tion time of 10 seconds (real-time factor of 0.011). The

simulation is real-time capable.

3.2 Drilling process using the dynamic model

The second example shows the dynamics model. A

Modelica model has been created for a drilling process.

As in Section 3.1, the material used is 34 CrMo4. The

model is shown in Figure 5. An external force and an-

gular velocity are generated with source blocks from

the MSL. The drilling force model is integrated into one

block. This block is connected to a revolute joint, which

in turn is connected to a prismatic joint. This allows a

linear motion and a rotation. The drilling forces are ap-

plied directly to the frame of the model.

The workpiece in the form of a plate is represented

by a second block. Both the DrillGeometry model of

the drilling force model and this workpiece are modeled

world

x

z

fixedDrill

r={0,0,0}

ba

prismaticDrill
n={0,0,1}

a b

n={0,0,1}
revoluteDrill

drillFrameForces

fixedPlate

r={0,0,-0.07}

plate

angularVelocityInput

period=100 s

w_ref exact=
false

speed

forceInput

period=100 s

f

force

Figure 5: The Modelicamodel of the drilling process based on
the dynamics model. The drilling model applies the
forces directly to the frame. An external force and
angular velocity are also applied to the frame.

Fexternal = Ff in kN Fc in kN nexternal in 1/s

kc in N/mm2

starget in mms in mm

0 10 20 30 40-0.01
0.00
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0.04
0.05
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0
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12
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0

2000

4000

6000
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Figure 6: The results for the drilling process based on the
dynamics model. The image shows the actual and
target position for the drill (top), the external force,
the cutting force and the rotational frequency
(middle), and the specific cutting force (bottom).

with components from a contact detection library. This

allows multiple workpieces to be drilled in a multibody

scenario without the need for predefined contact pairs.

The results are shown in Figure 6. The variable step

solver Dassl was used with a tolerance of 1e-8. It took

0.33 seconds to run the 40 seconds simulation. The sim-

ulation was also run on a desktop computer with an In-

tel Core i7-11700K processor. Fixed step solvers are

not suitable because the contact between the drill and

the workpiece is very stiff and therefore very small step

sizes are required at some points.

The actual and target position of the drill fit together

well. The feed force and cutting force results match the

manually calculated values. The specific cutting force is

not defined for the full range of feeds (see Equation 5).

It is therefore limited. When the feed is less than 1 mm,

the specific cutting force does not increase any further.

This increases the stability of the model.
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4 Conclusion

In this work, a drilling force model has been developed.

It consists of two parts. A kinematic model can be used

to calculate the forces of the drilling process without ap-

plying them. The drilling forces in the dynamics model

are applied to the bodies in the multibody environment

and can be used for body interaction.

The drilling force model is based on drilling force

calculations, collision detection, a contact model, and

a method for applying the forces to the multibody en-

vironment. It can be used in system simulation envi-

ronments such as Modelica. The capability of the de-

veloped model has been successfully demonstrated in

two example drilling processes. However, the model

has some limitations: Holes must be drilled at a 90 de-

gree angle to the workpiece without tangential motion.

And friction forces are not taken into account (for both

the contact force and the drilling forces).

Possible further developments include the integra-

tion of a friction model. This would allow forces in

the tangential direction to be considered for the con-

tact model. Friction forces could also be included in the

drilling force calculation. Torques from the drilling pro-

cess could also be considered, for example to model the

drive of the drill spindle. In addition, the combination

of the drilling force model with force controlled robot

models could be investigated.
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