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Abstract 
 
 The purpose of this project was to gain experience with the MiniMover 5, create a control 

system for its motions, and to model it both mathematically and virtually. Extensive research was 

first conducted resulting in The Michigan MiniMover Robot Interface System, a research paper 

written by Bruce Gaya detailing the mechanical, electrical, and software interface for the 

MiniMover 5. At the conclusion of the research the existing electrical interface was removed and 

an external one was built. This was done so that the mechanical and electrical engineering 

department could take advantage of the MiniMover 5’s mechanical hardware while giving them 

room to upgrade the electrical control systems. The electrical hardware was supplied by Parallax. 

 Modeling of the MiniMover 5 for further analysis was then undertaken. A bond graph of 

the system was created and entered into a software program from which a mathematical model 

was generated. Two software packages were used to generate the mathematical: Camp-G and 

MATLAB. Virtual modeling of the MiniMover 5 was performed using SolidWorks to 

demonstrate how the bond graph corresponds to the physical model. This involved creating 

SolidWorks part and assembly files. In addition to bond graph verification, the SolidWorks 

models were created for later use by the mechanical engineering department for future dynamic 

analysis. 

 The software used to control the MiniMover 5 is Spin, the software that comes with the 

Parallax Propeller microcontroller. Due to the advanced capabilities of this microcontroller, each 

servo motor was controlled by a dedicated processor. Another processor was given the job of 

communicating with the human interface device. As a result of this program, seven processors in 

the microcontroller were used to gather data from a user and completely control the motions of 

the MiniMover 5. 
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Introduction  

  
 This MiniMover 5 project consists of several main areas; hardware specifications, 

mathematical representation, and software.  

 The mechanical hardware was in fully functional condition when the mechanical 

engineering department leant the MiniMover 5 to the student for this project. Because of this, no 

hardware modifications were necessary and thus none were made. Identification of mechanical 

components, and their use, were then researched and documented with aid from Bruce Gaya’s 

paper.  

 Gaya’s paper was also used when research was conducted on the onboard electronics. 

The programming language that the MiniMover 5 microcontroller came with was outmoded and 

outdated. With the counsel of several mechanical and electrical engineering faculty members, an 

external electronic control system was chosen to replace the existing onboard electronics. This 

would allow the mechanical engineering department the opportunity to control the MiniMover 5 

with a Parallax Basic Stamp and the electrical department to control it with a microcontroller 

product.  Creating the electrical interface took several hours. After its completion a Parallax 

Propeller was successfully interfaced to the MiniMover 5. The control system decided on would 

be external and, due to the time considerations, human operated.  

 A mathematical model of the MiniMover 5 forearm subsystem was then undertaken.  

Instead of deriving the mathematical model of the subsystem directly, a bond graph of the system 

was created and entered into a software program from which a mathematical model is generated. 

This involved modeling each element in the subsystem and identifying its bond graph equivalent.  

From these element models, a complete bond graph model of the subsystem was constructed. 

The bond graph was then entered into the software Camp-G, which generates and stores the 

system of equations into several .m files. These files were then opened and analyzed using 

MATLAB software. 

 SolidWorks software was used to create the virtual model of the MiniMover 5 to show 

haw a bond graph relates to a physical system. The SolidWorks models were also used to 

demonstrate the control system of the MiniMover 5 by using a virtual simulation. Creation of the 

MiniMover 5 in SolidWorks involved measuring by hand every component on the robotic arm 

with micro-calipers or a ruler and from this data creating SolidWorks part and assembly files. 



 

Page 2 

The main purpose of creating a complete SolidWorks model is to give future mechanical 

engineering students the ability to further model and analyze the MiniMover 5 and to get them 

involved in control systems. As a result of the SolidWorks modeling a number of animations 

were created to demonstrate the abilities of the MiniMover 5. 
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Mechanical Hardware  
  
 The MiniMover 5 is a five-jointed robotic arm manufactured by Microbot Incorporated 

located in Menlo Park, California. The MiniMover 5 is meant to demonstrate the capabilities of a 

robotic arm similar to those used in industrial application. 

 Figure 1 below shows the major components of the MiniMover 5.  

 

 
Figure 1 Mechanical Components of the MiniMover 5 

 
 

 The base originally housed an electronics board which was used to control the motions of 

the MiniMover 5 via a computer interface. The body houses the stepper motors and driving gears 

and is connected to the base by a base joint. Three stepper motors on one side control the base, 

elbow, and left wrist motions. The three motors on the other side control the shoulder, gripper, 

and right wrist motions. See Figure 2 for a diagram of these motions. The upper arm is connected 
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to the body by the shoulder joint. The forearm is connected to the upper arm by an elbow joint. 

Lastly the gripper or “hand” is connected to the forearm by a wrist joint. 

 

Image obtained from: The Michigan MiniMover Robot Interface System 

 
Figure 2 Motions of the MiniMover 5 

 

 

Figure 3 shows how the drive systems for the MiniMover 5 are housed inside the body, 

upper shoulder, and forearm. Each stepper motor drives a set of three gears which results in 

cables being extended or retracted and which increase the torque while lowering the angular 

velocity. All cables are wrapped around a common drive shaft and are then fed through various 

drive pulleys to finally attach to segments of the MiniMover 5. 
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Image obtained from: The Michigan MiniMover Robot Interface System 

 
Figure 3 Drive System of the MiniMover 5 

 

 A virtual model of the MiniMover 5 was build which contains more information on the 

mechanical components of the MiniMover 5; see the Modeling with SolidWorks section. The 

Michigan MiniMover Robot Interface System paper contains detailed explanations on the 

mechanical components of the MiniMover 5. 
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Electrical Hardware 
 

 The base originally housed an electronics board which was removed and replaced with 

the set up shown in Figure 4. Instead of connecting the motors to an internal control system 

(electronic components located inside the base), an external control system was decided on for 

this project. Thanks to the advice from an electrical engineering faculty member, Russ Tatro, an 

external control box was used for this project to allow other students in the coming years to take 

advantage of this hardware and create their own external control systems allowing the most 

flexibility. Mechanical engineering professor Estelle Eke also reinforced this idea stating that her 

future students could take advantage of the MiniMover 5 hardware and create a control system 

for it. In order for this project to occur the stepper motor wires needed to be extended to allow 

them to reach the external control system. This involved measuring, cutting, stripping, soldering, 

and shielding 38 wires; all operations being performed by hand. Special thanks to the Electrical 

Engineering tech shop staff, Jeremy and R.K. Ravuri, for their electrical support.  

 

 
Figure 4 Electrical Hardware 



 

Page 7 

 The controller decided upon for this project was the Parallax Propeller microcontroller. 

This controller was decided for three main reasons. First, the project leader had extensive 

experience with this microcontroller so most of the wiring and programming was ready to be 

implemented. Second, the Propeller has a unique architecture, an architecture which contains 

eight processers, or “cogs”, which are designed to process tasks in parallel. This parallel 

processing reduces the complexity of the program used to control the stepper motors. Lastly, the 

Propeller comes with a large community which offers excellent customer support if any 

problems arise.  

 Once the main controller was chosen the details of the control system for the MiniMover 

5 were then worked out. A number of circuit elements were mandatory which made their 

selection straightforward. A required circuit element were the Darlington dual-inline-package, 

DIP, chips which are used to buffer the Propeller from the high current required to operate the 

MiniMover 5. Other circuit elements required to operate the Propeller were also used. Lastly a 

human interface device, HID, was used to provide an external control on the system. The HID 

device decided on was the Nintendo Wii Nunchuck, due to its price and popularity. The 

specifications for these devices can be found in Appendix A.  

One of the benefits of the Propeller programming language – named Spin – is that 

electrical schematics can be included in the programming language itself. Due to this feature, the 

circuit diagrams were written at the beginning of the WiiMiniMover5Motions.spin program 

which is located in Appendix A. 
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Modeling with Bond Graph 
 

 A mathematical model of the MiniMover 5 elbow system was developed by first using a 

bond graph approach. Due to the complexity of this model, a complete analysis of the model 

using the bond graph technique will not be covered. This is primarily due to the nature of bond 

graphs, which have a marginal benefit when dealing with complex systems involving more than 

forty components. When dealing with larger systems it is preferred to represent them in a virtual 

environment and then run software which performs the analysis. See the modeling with 

SolidWorks section for more information regarding this method. One subsystem, the elbow, 

lends itself to the bong graph method due to its scope and its reliance on multi-energy domains. 

Each physical component present in the MiniMover 5 elbow will be modeled individually 

as a bond graph. After the bond graph of each part is created, all the individual parts will be 

brought together to form a bond graph model of the complete elbow system. Once the complete 

system is represented as a bond graph then the system will be placed in Camp-G software. Using 

the Camp-G software, the bond graph model is exported into MATLAB where it is represented 

in state space form. Thus by using the bond graph method the mathematical model of the elbow 

system can be derived rapidly. The Elbow system is depicted in Figure 10. Note that the number 

of gears, N, and the radius of a gear, r, will be used interchangeably in the next few examples. 

This is done because only the ratio of one gear to another is of importance. Because the number 

of teeth on a given gear is proportional to radius of that gear, the following relationship holds 

true in all cases for this system: r1/r2 = N1/N2. The angle �  (shown in Figure 5) is not given a 

definitive value because it will be changing as the elbow is moving up and down. A number of 

symbols will be used in this section; F represents a force, v a linear velocity, �  a torque, and �  an 

angular velocity. Finally, the mass (assigned the symbol M) in the schematic represents an object 

that is being held in the gripper. This mass is not defined because when the system is exported to 

MATLAB it will be tested using a variety of masses. 
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Figure 5 Complete System Schematic of Elbow System
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 For this complete elbow system, a number of component parts are of special interest and 

thus will be explained in further detail. Each component in the elbow system will be covered in 

the following order: stepper motor, gear train, gear assembly, pulley, and a lever system. 

 The driving component of the elbow system is the stepper motor. The actual diagram of 

the physical motor is depicted in Figure 6. However, due to time constraints the bond graph 

model that is specifically used for stepper motors was not used. Instead an equivalent DC motor 

circuit was used; this is done by sizing a resistor and inductor so that the DC motor circuit will 

behave as a four phase stepper motor. This equivalent DC motor circuit can be seen in Figure 7. 
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Figure 6 Bond Graph of Stepper Motor 

 

 Notice the bond graph in Figure 7 contains all of the elements in the physical system. The 

source effort is the applied voltage. The resistor, inductor, and DC motor are all connected in 

series as represented by the 1 junction. The DC motor is represented as a gyrator which outputs 

an angular rotation, � , that is proportional to the voltage drop across the motor, VDC, and a 

torque, � , which is proportional to the induced current, iDC , through the motor. 
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Figure 7 DC Motor Schematic and Bond Graph 

 

 The next component in the elbow system is the gear train. Two gears and their equivalent 

bond graphs are represented in Figure 8. A two gear system is represented as a transfer function 

which has the equivalent mathematic representation: 

� 2 = N2/N1* � 1 

� 1 = N2/N1* � 2 

 

�

 
Figure 8 Gear Train Schematic and Bond Graph 

 

 The gear assembly component is represented in Figure 9 in both its schematic and bond 

graph forms. From the bond graph diagram a system of two equations can be represented as 

shown: 

F2 = r1/r2*F1 

v1 = r1/r2* v2 
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Figure 9 Gear Assembly Schematic and Bond Graph 

 

 The translation to rotation, or “pulley”, component is represented in Figure 10 in both its 

schematic and bond graph forms. From the bond graph diagram a system of two equations can be 

represented as shown: (where r = D/2) 

�  = r * F, 

v = r * � , 

 

� ��� �

 
Figure 10 Mechanical Translation to Rotation Schematic and Bong Graph 

  

Lastly a lever component is present in the elbow system. The element and equivalent 

bond graph are depicted in Figure 11. The equations that can be derived from the bond graph are 

as follows: 

F2 = b/a*F1 
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v1 = b/a* v2 

Note: all variables are in terms of their magnitude not direction, otherwise F2 = - b/a*F1 

 

�

 
Figure 11 Mechanical Lever Schematic and Bond Graph 

  

Combining all of the individual components together the complete bond graph is depicted 

in Figure 12. Note the following relationships between elements 3 & 2 and 5 & 4 are 1-ports. 

This is due to the relation described in the gear assembly, Figure 9, that relates � ’s and � ’s. Also 

note that elements 6 and 8 are ignored entirely. This is because they behave as idle gears and 

simply preserve the one-to-one relationship between F’s and v’s as can be seen in the gear train, 

Figure 8. Except for the DC motor there are no resistant or compliant devices in the system. This 

is due to the fact that the gears and pulleys are so light and tough that any resistance or 

compliance associated with them would be insignificant. Note the use of sine and cosine in 

Figure 12 at the lever element to ensure that the forces considered are perpendicular to the length 

of the beam. The inertias, associated with the upper arm and forearm, are ignored in this case due 

to their complex geometry. Due to these two arm sections light weight, only a small amount of 

error will be associated with the resulting mathematical system. 
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Figure 12 Bond Graph of Complete Elbow System 
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After the bond graph was modeled it was input into Camp-G for further analysis. Figure 

13 shows the bond graph model in the Camp-G software environment. All the lone 1-ports have 

been removed from this model because they serve no purpose and simply make the model more 

cumbersome. The Interface feature of this program was then used to transfer the model of the 

elbow system into MATLAB. 

 

Figure 13 Bond Graph Model in Camp-G 
 

Once interfaced with MATLAB the symbolic .m file was used to determine the transfer 

function of the model. Figure 14 shows the transfer function of the forearm system. The transfer 

function is equal to the desired output over the input; for example X(s)/V(s), where X is a 

displacement and V is the input voltage. 
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Figure 14 Transfer Function of the Forearm System 

 

 Appendix C contains the full MATLAB source code for this forearm system. 

 

 In addition to Camp-G, there is also a Simulink blockset that can be used to create bond 

graph models. Figure 14 shows how the same bond graph looks in the Simulink environment. 

 

 
Figure 15 Bond Graph in Using Simulink Blockset 
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Modeling with SolidWorks  
  

 The SolidWorks model of the MiniMover 5 was build to demonstrate the relationship 

between the physical components of the robotic arm with that of the bond graph representation. 

Figure 16 shows the main elements of the elbow system while Figure 17 shows all three models 

in a side-by-side comparison. 

 

 

 
Figure 16 SolidWorks Complete Elbow System 

 

 For every component of the MiniMover 5 to be accurately represented in the SolidWorks 

environment, the dimensioning of every component had to be accomplished. Because of the age 

of the MiniMover 5, disassembly of the robotic arm was not an option. Thus every component of 

the MiniMover 5 was measured while still assembled, making the dimensioning of every 

component a tedious process. Despite this setback, nearly every component has been measured 

to within 1/64 of an inch although some parts had to be measured to 1/16 of an inch due to their 

placement. 
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Figure 17 Comparison of the Three Models 
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 The rest of the MiniMover 5 was also built in SolidWorks for later mechanical 

engineering students to take advantage of. Figure 18 shows the exploded view of the MiniMover 

5 while Figure 19 shows the exploded view of the gripper in detail. 

 

 
Figure 18 SolidWorks MiniMover 5 Exploded 

 

 
Figure 19 SolidWorks Gripper Exploded 
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  The most time consuming aspect of this project involved the creation of the gears and 

pulleys. The majority of gears and pulleys are located above the base in the main body of the 

MiniMover 5 as seen in Figure 20. In order to have the motors realistically move the robotic arm 

29 gear mates were used.  

 

 
Figure 20 Gears and Pulleys 

 
The completed MiniMover 5 SolidWorks model is depicted in Figure 21. 

 

 
Figure 21 The Complete MiniMover 5 Model 
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Software 
 

 The software used to operate the MiniMover 5 is Spin. Spin is the computer 

programming language that is built into the Parallax Propeller microcontroller. Spin was chosen 

because it is the only free software that can operate the Propeller chip and because of its ease to 

learn. Figure 26 in Appendix B contains the program that is loaded into the Propeller on startup. 

The programming of the Propeller chip is broken into several parts called sections. 

1. CON - Constants are declared first so no “magic numbers” – ill-documented numerical 

constants – will be used anywhere in the program. 

2. OBJ - Objects are selected and named for later use. Objects are like header files in C++ 

code. 

3. VAR - Where variables are created. Variables declared in the VAR section are global 

variables. 

4. PUB - A number of Public statements are used which make up the main body of the 

program. Variables declared here are termed local variables. 

5. DAT - Finally the Data section is used to contain larger portions of information which the 

code in the PUB section can call on. 

 

Because the main body of the program is contained in the Public sections these sections will be 

looked at in greater detail. 

·  init – This section contains the initialization routine (ran by processor or “cog” 0) which 

causes a number of events to take place; a piezospeaker beeps for two seconds, a serial 

terminal activates which displays information on the computer screen, and another 

processor (cog 1) is activated and runs the  GetNunchuckVal section. 

·  GetNunchuckVal – This section of code sets up a communication with the Wii nunchuck 

and propeller. Its stores input values from the user into variables for other cogs to use. 

·  Stepper – This section of code activates four other cogs to perform other processes and 

then repeatedly displays the values that cog 1 stored into four variables (remember cog 1 

is continuously running the GetNunchuckVal section). 
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·  Gripper, Base, Elbow, Wrist, and Shoulder – All of these sections are very similar in the 

tasks they perform, because of this only one of them will be studied in detail. The 

Gripper section takes one of the values that cog 1 stored into a variable and uses that user 

input data to drive the stepper motor that is connected to the gripper. DoStep and the 

DAT section function as subroutines that are used by each of the five sections and 

perform the actual moving of the motors. 
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Conclusion  
 

 As a result of this project the hardware, modeling, and software was investigated, created, 

and applied to the MiniMover 5. After researching the mechanical hardware, the major 

components of the MiniMover 5 were identified. The existing electrical controls were replaced 

by external controls. These external controls have the ability to be updated for further use by 

other engineering departments. The electrical components needed to create the control system 

were researched, purchased, and integrated into the MiniMover 5 taking into consideration the 

programming, adaptability, and user friendliness. Further improvements to the electrical systems 

for future use by the mechanical and electrical engineering departments would be to create a 

solid cable connection from the MiniMover base to the control system. This would ensure that 

when the cables are pulled repeatedly they will not fail and that they will be adequately labeled. 

Test of several different microcontrollers would also be beneficial to the MiniMover 5’s future 

use by both engineering departments. Lastly the Nintendo Wii does not contain the necessary 

human inputs to allow complete control of the MiniMover. A better choice would be a 

PlayStation 2 controller. 

 Modeling of the MiniMover 5, both mathematically and virtually, was successful. A bond 

graph, schematic, and a virtual model of the elbow control system was created. The bond graph 

of the system was successfully entered into Camp-G where it was transferred for post processing 

to MATLAB. Once in MATLAB the transfer function for the system was then determined. The 

MiniMover 5 was then recreated SolidWorks where its motions were then demonstrated using a 

generated video file. Further work on the bond graph would increase the mathematical accuracy 

as certain minor elements were ignored either due to their assessed minimal impact or 

complexity. The SolidWorks models were not used to fully demonstrate the control systems 

application due to the models complexity and the software’s limited computing power. 

 The Spin software was successfully used to control the MiniMover 5. Because each servo 

motor was controlled by a dedicated processor, the software used to program the MiniMover 5 

was more than capable of utilizing every feature this robotic arm had to offer. Although the 

program WiiMiniMover5Motions.spin had the user control the robotic arm’s position, further 

programs will be developed to utilize internal controls, possibly by use of encoders. 
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Appendix A: Mechanical Specifications 
 

 

Image obtained from: The Michigan MiniMover Robot Interface System 
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Figure 22 Mechanical Characteristics 
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Appendix B: Electronic Parts, Circuits, and Software 
 

Image obtained from: Nuts and Volts article found at www.parallax.com 
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Figure 23 ULN2803 Schematics 
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Image obtained from: www.parallax.com 
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Figure 24 Propeller Circuit for Programming 
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Figure 25 Wii NunChuck Adapter Schematics 
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The following 8 pages contain the schematics and programming done in Spin. 
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Figure 26 Propeller Spin Program 
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Appendix C:  Modeling MATLAB Code 
 
Symbolic State Space Model 
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