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Developing a Robot Model using  
System-Level Design

What was once the stuff of dreams, being secretly 
developed in high-security government labs for 
applications in defense and space exploration, is now 
a pervasive and integral part of our lives. Today, robots 
assemble products in factories, wash our cars, vacuum 
our homes, and come in a wide range of sizes, designs 
and capabilities. No longer confined to top-secret 
government labs, robots are now being developed by 
private organizations across the world. 

These organizations require tools that can not 
only handle the technical complexities involved in 
designing and building a robot, but also mitigate the 
long timescales and high costs often associated with 
this endeavor. In particular, any tool that will enable 
them to develop and test virtual prototypes of their 
robotics systems will not only reduce their development 
costs, but give them a time-to-market advantage by 
shortening their project timescales.  One such tool is 
MapleSim™, the multidomain system modeling and 
simulation platform from Maplesoft™.  

This paper uses NAO, the humanoid robot from 
Aldebaran Systems, to demonstrate how MapleSim can 
be used to develop a robot model, and how the model 
can be further analyzed using the symbolic computation 
engine within Maple™. 

The model of the NAO robot is available for download 
from the Model Gallery on the Maplesoft website. 

Figure 1. The NAO Robot
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Building the Robot Model
The NAO robot model consists of 6 different 
subsystems: head, body, left arm, right arm, left leg 
and right leg. The topology of the head and limbs 
is modeled using the DH (Denavit-Hartenberg) 
convention – a commonly used convention for 
attaching coordinate frames to joints between two 
links, using four parameters to define the coordinate 
transformation between joints. The DH computation 
is modeled as a subsystem, using components from 
MapleSim’s multibody library, and then combined with 
components from the 1D Mechanical and Signal Blocks 
libraries, to develop the head and limbs. The diagram 
below shows how the left arm is modeled.

The robot model also includes CAD Visualization 
components. In addition to providing 3D visualization 
during simulation playback, each of these components 

can also represent a body with mass and inertia. When 
the Enable Inertia option is selected, the values for 
mass density, mass, inertia, center of mass, and volume 
associated with the CAD Geometry component are 
used in the simulation. 

The joints in the robot model are actuated in two 
different ways. 

1. Motion Drivers

2. Addition of subsystems representing the physics of 
the actuation mechanism

Multibody Analysis
The first method of joint actuation uses a Rotational 
Position Driver component to apply a user-specified 
angular rotation to each joint, and enables the robot’s 
multibody kinematics and dynamics to be explored in 
simulation.

This type of simulation will enable the user to:

1. Visualize the system motion, given a predefined set 
of joint signals

2. Measure the joint actuation torque required for 
given motion

3. Expand with an Inverse Kinematic solution for path 
planning

4. Examine the robot’ stability as limbs are moved

The complete set of inputs to traverse the motion path 
is specified by using a Time Lookup Table component 
to read a dataset from a Microsoft® Excel spreadsheet 
attachment file. Different datasets can then be used to 
define different motion paths, and the robot’s behavior 
can be observed in simulation.  

Using the results window in MapleSim, any variable in 
the system can be plotted over time, and results from 
different simulation runs can be compared easily. When 
working with larger models, probes can be added 
to any connection line or port, making it easier to 
locate quantities of interest for plotting.  For example, 
placing a probe on the connection line between the 
ShoulderLeftPitch component and its position driver 
will enable its angle, speed, acceleration and torque 
to be measured, since it is a rotational connection. 

Figure 2. (a) LElbowYaw Parameters (b) Left Arm 
Subsystem (c) NAO diagram
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Additionally, attaching a Path Trace component to the 
end effector of the robot’s left hand will display the 
path along which the arm moves, during animation.

MapleSim is built on the symbolic technology of Maple, 
which enables in-depth system analysis using Maple’s 
advanced symbolic computation engine. This is done 
using any of the pre-built analysis templates within 
MapleSim, which are Maple-based worksheets that 
include:

Template Description

Code Generation Generate code from a model.

Equations Retrieve equations from a linear or 
non-linear model.

Linear System 
Analysis

View and analyze the equations of a 
linear system.

Linearization Create an estimated linear version of 
the original non-linear model.

Monte Carlo 
Simulation

Define a random distribution for a 
parameter, and run a simulation using 
this distribution

Multibody Analysis Retrieve multibody equations in a 
form that is suitable for manipulation 
and analysis

Optimization Optimize and analyze the parameters 
of a model and view possible 
simulation results.

Sensitivity Analysis Perform parameter sensitivity 
analysis

Table 1 – A selection of model analysis templates in 
MapleSim 

The Multibody Analysis template allows you to extract 
the system equations of the multibody portion of the 
model in a format that is suitable for manipulation and 
analysis. The equations can then be used as the starting 
point for performing advanced multibody analysis. For 
example, imagine that the robot is required to track 
a flying object using a camera on its forehead. The 
trajectory of the object can be used to calculate the 
angular rotations required to control the joints in the 
robot’s head, through inverse kinematics.

Once the multibody equations have been extracted 
from the model, the inverse kinematic problem can be 
defined. The solution is obtained using Maple’s symbolic 
computation and can be directly embedded into the 
model. The measurements from probes tracking the 
object’s trajectory and the camera position can be 
compared to determine the accuracy of the inverse 
kinematics calculation.

Multidomain Analysis
The second method of actuating the joints is to use 
additional models that represent physical drivers. In this 
case, a servomotor powered by a Lithium-ion battery 
pack is used. The servo motor consists of a position 
controller, DC motor, reduction gear and thermal 
conductivity between the motor and the atmosphere. 
The Lithium-ion battery pack driving the motor 
includes characteristics such as battery state of charge, 
electrochemical diffusion, intercalation, side reactions 
and thermal effects. This enables the user to investigate 
the influence of various design parameters such as the 
choice of materials, dimensions, and electrochemical 
properties. 

Figure 3. Inserting a probe at the shoulder pitch join

Figure 4. Using inverse kinematics to track a  
flying object
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Using the complete multidomain model, many different 
types of analyses can be performed using Maple. For 
example, over the duration of a set motion path of 
the multibody system, the battery’s state of charge, 
its electric and thermal behaviors, the servo motor’s 
electrical and mechanical characteristics, the shaft 
torque, and the overall stability of the robot can all 
be observed in the same environment. If a parameter 
value is changed, its effect across all the domains in 
the design can be easily analyzed, enabling effective 
optimization of the robot model. 

Users also have the ability to create custom worksheets, 
like the Motor Analysis worksheet shown below, which 
is used to analyze the performance of the servo motor 
actuating the robot’s left shoulder pitch joint. Using the 
worksheet, results of probes embedded in the model 
can be analyzed, based on four parameters of the servo 
motor: Armature Resistance, Armature Inductance, Gear 
Ratio and Rotor Inertia. 

The worksheet incorporates a number of embedded 
components, including sliders, drop-down boxes, a plot 
window, check boxes, and text fields. These graphical 
interface components are programmatically associated 
with pre-defined operations, and obfuscate the Maple 
code for action that is performed when the component 
is selected, or its value altered.  

Moving the sliders causes the servo motor parameters 
to be modified, and the new values are displayed 
in the adjacent text box.  The mode is re-simulated 
with the new parameter values, and the results are 
displayed in the plot window. Because the MapleSim 
model is initially compiled as a procedure in Maple, only 
integration is required whenever a parameter value 
is changed. This allows results to be returned much 
faster compared with having to re-generate the system 
equations and re-run a new simulation. This example 
worksheet also enables the user to overlay the results’ 
minimum, maximum or RMS values on the plot, to 
export the current parameters back to the MapleSim 
model, and to export the simulation results into an 
Excel spreadsheet.

Analysis worksheets, along with CAD components, data 
sets, and all other attachments, are saved as part of the 
MapleSim model.

In addition to building subsystems from the components 
in the various palettes, MapleSim also enables the user 
to incorporate custom components in a straightforward 
way. For example, the forces between the robot’s 
feet and the ground are added to the model using an 
equation-based custom component as shown in the 
next figure.

Figure 5. Actuating a joint with a servo motor

Figure 6.  Analyzing simulation results across  
multiple domains

Figure 7.  Custom worksheet for motor analysis
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Four contact points are modeled on the bottom of 
each foot, using components from the Signal Blocks and 
Multibody libraries, as well as custom components that 
represent the normal force and friction force. These are 
created by entering their corresponding DAEs into the 
custom component template. A Force Arrow component 
is used to visualize the direction and relative magnitude 
of the force at each contact point during simulation 
playback. 

Summary
In this paper, we demonstrated how MapleSim 
can be used to develop a multidomain model of a 
humanoid robot using its extensive multidomain 
library of components, which includes multibody 
and 1D mechanical components, as well as creating 
custom components. The use of CAD components 
adds 3D visualization during simulation playback, 
and contributes mass and inertia during simulation. 
The joints in the model are then actuated using two 
different methods. 

The system is analyzed using plots generated during 
simulation runs, built-in analysis templates, and the 
creation of custom analysis worksheets. Through 
multidomain analysis, the effects of each system 
parameter on the different domains within the design 
can be investigated, enabling efficient optimization 
across all domains. Multidomain analysis can also 
extend to observing the robot’s interactions with its 
environment - for example, monitoring the contact 
forces between the robot’s feet and the ground. 

The design and analysis of this robot model is facilitated 
through MapleSim’s access to the underlying system 
equations, and the symbolic computation engine in 
Maple. 

Figure 8.  Modeling a contact point on the  
robot’s foot

Figure 9.  Contact forces when the robot walks


