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Abstract— In this paper an approach is presented that allows
to investigate, in a systematic way, how design parameters of a
servo actuated system modeled in CAD influence the dynamic
behaviour and performance of the system. This is achieved by
extracting physical quantities such as mass and inertia in part
designs as these are difficult to model analytically when having
irregular part shapes. These values are then employed in a
symbolic dynamic model to assess the behavior and associated
performance through numerical integration. To illustrate the
effectiveness of the integrated approach, different slider-crank
designs are evaluated for a given motion path. A sensitivity
analysis is performed on the basis of gradients extracted from
the introduced symbolic dynamical model through algorithmic
differentiation. Our approach is flexible and enables precise
motion study of actuated mechanisms with calculation times
improved by an order of magnitude compared to other methods.
In addition, this novel approach depends only on open source
software.

I. INTRODUCTION

Servo actuated systems are key in various machines and
industrial applications providing a means for reliable auto-
mated motions. Typical goals for such mechatronic systems
are accurate tracking of torque, speed and/or positions while
maintaining system stability together with the increasing
importance of reducing energy consumption [1].

These systems require far-reaching designs that need to
integrate mechanical, dynamical and control aspects [2].
Mechanical design of such complex systems is preferably
done in Computer Aided Design (CAD) software, with each
part drawn individually and the complete system created in
an assembly file that defines the relation between parts and
imposes the degrees of freedom of the mechanism. These
CAD models contain the information about the geometrical
properties of parts, such as shape and lengths, as well as
physical properties, such as masses and moments of inertia.
The set of these properties are the design parameters. These
parameters, together with the relations between parts, ulti-
mately define the kinematic and dynamic behavior of servo
actuated systems. Correctly identified dynamical models can
enable highly accurate position and velocity control of servo
systems [3], [4]. The dynamical model can also be leveraged
to optimize the design, e.g. see Ref. [5].

There is a clear need to investigate in a systematic way
how design parameters of an actuated system that is mechan-
ically designed in CAD, influence the dynamic behavior that
can be apprehended by physics-based models. Simulating the
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kinematic and dynamic behavior of the complete moving
mechanism, referred to as motion study, is an important
design step of servo actuated mechanisms and mechatronic
systems in general. Using the available info of the motion
study, correct operation and adequate strength of chosen
components can be ensured. Also, motor selection is usually
performed at this stage [6].

A traditional approach is to perform the motion study
inside the CAD software used for the mechanical design.
It has the obvious advantage that it can directly access all
properties defined on the parts and the assembly needed to
run the motion study. The CAD software SolidWorks pro-
vides a means to perform motion studies [7], but even when
using simplified motion laws (e.g. without modeling friction)
it executes slowly as will be shown in section IV. This can be
explained as the primary focus is on rendering the motion
of the mechanism, not on calculating the dynamics of the
system. Slow evaluation of the dynamics can hinder compre-
hensive motion studies and setpoint trajectory optimization
[8]. Additionally, motion study software packages embedded
into CAD are often only compatible with few other CAD
systems and design software, while in general the system
designer requires a multitude of software programs for their
design to match the high demands on performance and
varying requirements (cost, performance, durability, energy
efficiency) [1], [9]. Furthermore, these software packages do
not allow to control the low-level implementation details of
motion study, e.g. numerical integration aspects [10].

This paper present a different approach that allows to in-
tegrate both mechanical and dynamical design steps, without
being restricted by the chosen CAD environment for the
mechanical design. System parameters from a CAD file are
directly extracted into a dynamical physics-based ordinary
differential equations based model using an interface script.
This approach allows to control all aspects regarding the
dynamical model while remaining generally compatible with
any CAD software used for the mechanical design.

The dynamical model is implemented as a symbolic
function in CasADi [11]. CasADi is an open-source soft-
ware framework designed for simulating dynamical systems
and developed in a toolkit oriented way, providing the
building blocks for dynamical analysis and optimal control.
Furthermore, it allows to derive gradients in an efficient
way using algorithmic differentiation (AD) [12]. Using this
functionality a direct link between design parameters and the
performance of the system is established, with the additional
gain to provide gradient info. Thus, our approach enables
sensitivity analysis, guiding the design engineer to favourable
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Fig. 1: General overview: Design candidates Di from CAD
are represented by design parameters Θ and are evaluated
using a motion trajectory τ and a dynamics model.

design parameters, and holds the potential to include control
aspects into the design methodology. The approach is applied
on the case study of a slider-crank servo actuated mechanism.

(a) Design with connection rod
L2 = 150mm.

(b) Design with connection rod
L2 = 350mm.

Fig. 2: Two design candidates of a slider-crank assembly
are shown with different lengths of the connection rod L2,
determining the design parameters length, mass and inertia
of the conrod.

II. METHODS

In this section the methods to realize fast performance
assessment of mechatronic designs are provided together
with implementation details when applied to servo actuated
designs.

A. Overview

The approach, presented in Figure 1, allows for a fast
assessment of the performance of different designs Di under
application of a predefined motion trajectory τ . The trajec-
tory consist of a list of positions and timings of the driving
actuators in the mechanisms. This determines the kinematic
behaviour of the complete mechanism. Each aspect of the
approach is discussed in detail in the following subsections.
Different designs are mechanically modeled in CAD, with an
example shown in Figure 2, and exported to a STEP format.
From the STEP file, the relevant design parameters Θ are
extracted into the lumped parameter dynamical model. The
desired operation of the system is encoded into a trajectory
τ . For each design Di and trajectory τ the performance is
expressed in a metric Ej(Di, τ) that is based on the dynamic
behaviour of the complete actuated mechanism.

B. CAD Interface

The interface script is implemented using the Python
API of FreeCAD and is generic in the sense that it can

interact with any CAD generated file that is exported to
the neutral assembly format STEP AP-203, standardized in
ISO 10303-21. STEP files allow for exchange of geometric
information of parts and assemblies by means of faces, edges
and vertices. FreeCAD [13] is an open-source parametric
CAD software featuring a functional graphical user interface
(GUI) and deep integration with python.

The scripting ability of FreeCAD was used to implement
the interconnection between mechanical and dynamical de-
sign step. This scripts allows comparison between different
designs of the same assembly or part using the STEP file. In
this work, different part designs are modeled in SolidWorks
2019 and the properties of the different designs are compared
in FreeCAD using the interface script: mass MFC and inertia
JFC .

Exchange of material properties with STEP is possible, as
the ISO standard has the possibility for inclusion of material
properties into the STEP file, yet it is not implemented by the
exporter (SolidWorks 2019) nor implemented by the importer
(FreeCAD 0.18). The result is that the values of MFC and
JFC correspond with solids of density 1000 kg

m3 . This issue
is resolved by means of a reference design D0, of which
the actual physical quantities of mass M0 and inertia J0

in SI units are given by the designer. The other designs
are then attributed the correct mass and inertia values by
scaling their values with respect to the reference design:

Mi =
MFC,i

MFC,0
M0 (1a) Ji =

JFC,i

JFC,0
J0 (1b)

The moment of inertia depends on the rotation axis and
center of rotation. The most straightforward way to allow
correct extraction is fixing the origin of the part at the center
of rotation before conversion to the STEP format. The CAD
files used in the case study in section III together with the
interface script and example code have been made availablea.

C. Dynamical model

A method for simulating the multibody dynamics motion
study of actuated mechanisms is presented. The system
model with state x ∈ Rn and dynamics functions f is
formalized as:

ẋ = f(x,U) (2)

With U some unspecified system input. The dynamical model
can be easily modeled in CasADi through the Function
class. For ease of working with numerical data, especially
for the trajectory (see further below), the dynamics function
is discretized with sample time Ts. The CasADi function
calculates the next state x(k + 1) = f(x(k),U(k)) and
can be manipulated to give additional outputs relevant for
the performance analysis, such as force, position, velocity
and acceleration as these values are calculated as required
intermediates for obtaining the next state. The performance
metrics are formulated in CasADi on some or all states x(k)
using basic arithmetic, matrix and function operations. As
the metrics depends on the dynamics, which in their turn

aAvailable at: https://github.com/thvhauwe/cad-interface



depend on the design parameters (and on the trajectory), it
is possible to define the CasADi function Ej(Θ) given a
fixed trajectory. And because all the arithmetic operations
are CasADi functions, it is possible to obtain gradients ∂Ej

∂Θi

of the performance metric Ej w.r.t. a design parameter Θi

using AD. The advantage of AD over other techniques such
as symbolic or finite differentiation are increased precision
and fast evaluation with time and space complexity cost in
the same order as evaluating Ej itself [12].

D. Sensitivity analysis

CasADi allows to express the dynamical model
as a symbolic function. In turn, this allows for
extraction of the Jacobian J and Hessian H matrix
of the performance metrics Ej(Θ) using AD:

J =


∂Ej

∂Θ1

...
∂Ej

∂Θn

 (3a)

H =


∂2Ej

(∂Θ1)2 . . .
∂2Ej

∂Θ1∂Θn

...
. . .

...
∂2Ej

∂Θ1∂Θn
. . .

∂2Ej

(∂Θn)2

 (3b)

With the Jacobian and Hessian, a second-order Taylor
approximation can be constructed at a local design point,
which yields valuable information as what design variable
influences a certain performance metric the most.

III. APPLICATION ON THE SLIDER-CRANK CASE STUDY

A slider-crank mechanism is a single servo actuated mech-
anism modeled as a chain with 3 bodies; a crank, connection
rod (conrod), with length L1 and L2 respectively, and a
slider. A schematic of the model, depicting all the introduced
bodies is shown in Figure 3. The crank shaft is actuated by
a servo motor. We consider the crank’s angular position θ1

and velocity θ̇1 as system state x =

(
θ1

θ̇1

)
. Writing down

the force balance equations (Newton’s laws) and moment
balance equations in the center of mass of link 1 and 2, and
the force balance equations in the slider, we have a linear
set of 8 equations resulting in the system transition function.
The motor torque T = U is the system input for the forward
dynamic model fd,f [4]:

θ̈1 = fd,f (θ1, θ̇1, T ) (4)

Equivalently, if we consider the desired crank acceleration
θ̈1 = U as a system input, we can calculate the required
motor torque to achieve such motion, yielding the inverse
dynamic model fd,i [4]:

T = fd,i(θ1, θ̇1, θ̈1) (5)

We model velocity-dependent friction between slider and
base, which is the only non-conservative force in the system.

Fs = −µ |Fn| vx3 (6)

Slider, 3

Conrod, 2Crank, 1

A

B

C

Fig. 3: Simplified representation of a slider-crank. Point A is
fixed and only allows rotation of the crank, point B is free,
point C allows for translation in x-direction.

For performance metrics of the system, we consider the
total energy loss EL due to the friction force, equation (7).
The root mean square and maximum motor torque, Trms and
Tmax respectively, are important motor sizing parameters.
Also the maximum occurring forces Fi in each of the joints
A, B and C need to be considered as system performance
metric these are limited by the strength of the material and
supporting components such as bearings. In the case of the
crank design, additional metrics EL,norm and Trms,norm are
introduced which are normalized to the relative distance
travelled Xdist because the distance the slider travels is
linearly dependent on the length of the crank body L1.

EL =
∑
k

|µFsvx3| (7)

For each design, we apply the same fixed trapezoidal
trajectory τ for the crank acceleration shown in Figure 5. It
consists of a period of constant acceleration, constant speed
of 80 rpm, constant deceleration. This is a common trajectory
in industrial servo applications [14]. The trajectory of 4
seconds is discretized using a sample time of Ts = 5.10−4s.
In total, the trajectory consists out of 8000 time steps. Using
the inverse dynamic model we obtain the (required) motor
torque, position, velocity, acceleration and force component
in each body at each discrete time instance.

IV. RESULTS

A. Motion study of parametrized conrod

Five different designs of the conrod with varying lengths
L2 are investigated that also influence the corresponding
mass M2 and inertia J2 of the body. A render of the CAD
model of this setup is shown in Figure 2. The relative center
of mass is fixed at 0.5, because the conrod is modeled as
a cilinder. In this study the design parameters are Θ =
[L2,M2, J2]. The extracted parameters are reported in Table
I, scaled relative to the values of the base design D0 using
equation (1). The physical quantities from the base design
are given in Table II.

The results of the motion study are presented in the table
using the previously defined performance metrics, Table III.
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Fig. 4: Simulation results. Left column (Figures (a) - (c)) are the results for the conrod motion study, right column (Figures
(d) - (f)) for the crank motion study.



Design L2 [mm] L2 [-] M2 [-] J2,x [-]

D0 150 1.00 1.00 1.00
D1 200 1.33 1.33 2.36
D2 250 1.67 1.67 4.59
D3 300 2.00 2.00 7.91
D4 350 2.33 2.33 12.55

TABLE I: Design candidates of the conrod motion study
with parameters length, mass and inertia (three last columns)
relative to design D0.

The plots of the motor torque, acceleration of the slider and
force magnitude on the slider joint C are shown in Figure 4.
Other physical quantities such as velocity and acceleration
are not shown for brevity.

From the data in Table III, it is clear that the design
D0, with the smallest conrod length L2 has the best energy
performance and requires the least amount of motor torque
to drive the system. This is supported by the force on the
slider, depicted in Figure 4c, the short conrod design has a
smaller force acting upon the slider.
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Fig. 5: Fixed trapezoidal trajectory for each design. The goal
velocity is 80 rpm (12,73 [rad/s]). Velocity is θ̇1, acceleration
is θ̈1.

B. Motion study of parametrized crank

In the study of the crank design, center of mass CM1

is also a parameter that changes with crank length L1.
The design parameters of that study are represented by
Θ = [L1,M1, J1, CM1]. The longer the crank, the longer
the distance the slider travels for the given motion trajectory.
Results are reported in Table V.

The shortest crank design D0 has the lowest energy con-
sumption EL. When normalizing for the distance travelled,
EL,norm, a longer crank yields a more efficient mechanism.
However, when studying the acceleration profile Figure 4e,
a longer crank substantially distorts the sinusoidal motion
profile. This can be explained by the ratio L2

L1
, when the

ratio is ∞, the slider will have a perfect sinusoidal motion
at constant crank speed.

C. Sensitivity Analysis

Using the designs 1 to 5 from the conrod motion study,
second-order Taylor approximations are made for EL(J2),
EL(M2) and EL(L2) and presented in Figure 6. Clearly, for
design D0 the length L2 is the dominant parameter for EL,
whereas for D5 both mass and length of the conrod body
have approximate equal influence for the energy efficiency
of the motion. The inertia has no impact for energy efficiency
in this specific servo actuated design study.

D. Benchmark

Simulating all the positions, velocities, accelerations,
forces with the dynamical model and calculating all the
performance metrics of the crank motion study for the 8000
time step trajectory had a mean execution time of 85.6 ms
(maximum: 87 ms, minimum 85.1 ms, standard deviation
0.4 ms, 100 samples used). As a comparison, the same
trajectory was run in SolidWorks Motion Analysis tool.
Rendering is disabled and all other options left at default
to allow fair comparison. Using the same fixed sample time
Ts = 5.10−4, SolidWorks took a considerable longer time
to calculate the same motion profile: 2419,4 ms (maximum:
2700 ms, minimum 2330 ms, standard deviation 101,7 ms).
It is fair to mention that in SolidWorks a more complex
CAD model is present, whereas the model in CasADi is a
1D, reduced dynamical model. More importantly however
is that there is no apparent way to export the values or
quantities from SolidWorks so that they can be used to
calculate custom-defined performance metrics. Equally, the
integrator algorithms are provided by SolidWorks, with only
limited configurability, and are restricted to execute on CAD
models defined within SolidWorks.

E. Summary of results

Two motion studies were carried out in this section.
Different designs of the connection rod and crank of the
slider-crank mechanism were evaluated using the presented
approach. It was demonstrated how different designs were
ranked based on predefined performance criteria such as
energy loss. In the sensitivity analysis was shown how
the symbolic dynamical model can be leveraged to gain
insight in which physical quantity has the most impact on
the performance criteria, in the case of the slider-crank the
physical length of the conrod was the decisive parameter for
energy efficiency.

V. CONCLUSION

A novel approach is presented to evaluate the performance
of mechatronic designs, integrating CAD and motion study.
The developed method is able to simulate the complete
dynamic behaviour of a complex servo actuated design over
thousands of time steps in under 100 milliseconds calcu-
lation time, at least one order of magnitude faster than the
compared commercially available tool. Our method offers the



M1 [kg] M2 [kg] M3 [kg] L1 [m] L2 [m] µ [-] J1 [10−3kgm2] J2 [10−3kgm2]
0.223 0.348 0.795 0.05 0.15 2.8715 0.6186 0.9411

TABLE II: Physical quantities of all design parameters for D0.

Design EL Trms Tmax FA,max FB,max FC,max

D0 1.00 1.00 1.00 1.00 1.00 1.00
D1 1.19 1.15 1.13 1.05 1.05 1.03
D2 1.35 1.28 1.24 1.10 1.10 1.07
D3 1.49 1.41 1.35 1.16 1.16 1.10
D4 1.63 1.52 1.46 1.21 1.22 1.14

TABLE III: Performance metrics of the conrod design mo-
tion study, values relative to design D0.

Designs L1 [mm] L1 [-] M1 [-] CM1 [-] J1,z [-]

D0 50 1.0 1.00 0.79 1.00
Da 60 1.2 1.14 0.74 1.38
Db 70 1.4 1.29 0.70 1.85
Dc 80 1.6 1.43 0.67 2.41
Dd 90 1.8 1.58 0.64 3.08

TABLE IV: Design candidates of the crank motion study
with parameters length, mass and inertia relative to design
D0.

capability to deliver valuable insights to the human designer,
whom is able to assess what small changes in design can
impact the operation and performance of the system.

Future work could leverage the fast calculation time and
gradient info to enable gradient-based design optimization
routines suited specifically for servo actuated mechatronic
designs. Furthermore, it is possible with the presented ap-
proach to not only parameterize the design but also the
trajectory to optimize the motion of the mechanism.

Finally, a straightforward interface has been provided to
perform precise motion study in a flexible manner irrespec-
tive of the used CAD software to model the mechanical
design.

Design EL Trms Tmax EL,norm

D0 1.00 1.00 1.00 1.00
Da 1.10 1.20 1.13 0.95
Db 1.18 1.40 1.26 0.91
Dc 1.24 1.60 1.39 0.88
Dd 1.28 1.80 1.52 0.86

Design Trms,norm FA,max FB,max FC,max

D0 1.00 1.00 1.00 1.00
Da 0.94 1.09 1.07 1.06
Db 0.90 1.18 1.15 1.13
Dc 0.87 1.28 1.24 1.20
Dd 0.85 1.39 1.33 1.27

TABLE V: Performance metrics of the crank design motion
study, values relative to design D0.
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Fig. 6: Sensitivity Anaylsis of the conrod designs showing a
second order taylor expansion at the five different designs.
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