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Executive Summary

The Naval Research Laboratory employed BYU Capstone Team Neckatronics to design,
build, and test a prototype mechatronic neck that will carry a sensor package. Included in
the sensor package is a camera and laser range finder. Motivation for the project stems
from the NRL’s purchase of a robotic quadruped known as the Allegro Dog. Their hope is
to advance gait algorithms in legged robotics. With these requirements, Neckatronics de‐
veloped a stabilization platform.
In terms of functionality, the product will have the ability to actuate the pitch, roll, and
yaw of a camera while having the simultaneous ability to actuate a laser range finder in
pitch. An active stabilization algorithm will be needed to attenuate high‐frequency vibra‐
tions. A passively stabilized neck structure that emphasizes stabilization in heave will min‐
imize high to low‐frequency vibrations.
Through the application of these parameters the product will provide the NRL with a func‐
tional prototype. It will dampen strong vibrations associated with walking, jumping, and
potentially running. The project will be built with the anticipation to actively stabilize sub‐
tle vibrations. The system will be designed to provide orientation control in three dimen‐
sions, plus one for the laser range finder. Proper positioning and stabilization of the plat‐
form will provide the controller with a usable video feed from the Allegro Dog’s point of
view.
The result of the team's efforts is a prototype characterized by a passively stabilized four‐
bar linkage for the neck, and a dual‐seated gimbal capable of independent actuation of
the camera and laser range finder. Together these two components will work to stabilize
the sensor package during movement.
Implementation of a shake‐table aided design choices of the neck structure. Robustness
was validated using a surrogate Allegro Dog known as the Red Wagon. Robustness verifi‐
cation on the electronics components, including the nodes, encoders, camera, and laser
ranger finder were not performed as these products have pre‐specified operation limits.
Verification testing of low‐frequency dynamic actuation in heave was on target with de‐
sired values. The prototype also produced the desired ranges of motion in all degrees of
freedom associated with the gimbals physical orientation ability.
In the end the prototype exceeded the anticipated expectations of the team. Its ability to
actuate in the desired degrees of freedom, and to stabilize the sensor package put the
project on target with the NRL’s desired outcomes.
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Introduction

6.1 Background
The Naval Research Laboratory (NRL) recently purchased a legged robot known as the
Allegro Dog (see Figure 1). One of the potential end results of the NRL’s research is to
develop a robot that can be used by troops in environments where other robots like UAV’s
or rolling type vehicles would be ineffective. Before they can get to this point, however,
they need to develop an in‐depth un‐
derstanding of the gait algorithms in
with quadruped robotics. To this end
they asked Brigham Young University
for assistance.
Capstone Team Neckatronics was as‐
signed to the project. The goal was to
design, build, and test a prototype
mechatronic neck meant to carry a sen‐
sor package. It would need to have sev‐
eral integral components. Among the
most vital would be its ability to actuate
in multiple degrees of freedom and sim‐
ultaneously offer stability in each.

6.2 Development Process

Figure 1: Allegro Dog

Team Neckatronics broke down the development process into four stages: opportunity
development, concept development, sub‐system engineering, and system integration.
The following is a brief overview of each stage.

6.3 Opportunity Development
Careful analysis of the project and broad research of data feed stabilization, gave the
team an understanding of the diversity of potential solutions for the project. Topics that
were included in the research process included everything from vector thrusters to bio‐
mechanics in chickens. More information about this stage of development is located in
the Fall Report, Appendix H: Fall Semester Report.
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6.4 Concept Development
Developing the concept was initialized with a brainstorming session. This yielded over 100
different ideas. These ideas were categorized and measured. After careful analysis, elim‐
ination, and recombination, the team was able to select the best design for the project. A
four‐bar linkage with a gimbal mechanism. More information about this stage is located
in the Fall Report, Appendix H: Fall Semester Report.

6.5 Sub‐System Engineering
The concept was broken down into different areas. Each area was sectioned off into indi‐
vidual development projects. Neckatronics’ members were assigned to each project, ac‐
cording to their abilities. The projects were defined as the gimbal group, neck structure
group, and electronics and controls group.

6.6 System Integration
After designing the different aspects of the structure, the team combined the structures
and detailed the integration of the subsystem components. Though this step is portrayed
as the last step in the process of development it was more of a parallel phase with sub‐
system engineering.

6.7 Verification and Validation Overview
Throughout development the concept was continually verified and validated for function‐
ality and applicability. Especially in the final stages of development the prototype under‐
went extensive verification testing to ensure that it was to the standards of the project
guidelines. Validation testing was limited due to the constraints of the project.

3
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Project Requirements

7.1 Market Performance
The prototype required several distinct features centered on data stabilization and com‐
prehensive data acquisition. In order to obtain a significant amount of information about
the dynamic environment of the Allegro Dog, the system needed to be able to change its
orientation to encompass an extensive field of view around the robot. To maintain the
integrity of the data collection, which would take place via a laser range finder and cam‐
era, the platform had to be designed to attenuate a range of stimuli.
Implicit to the previously mentioned qualities, the system required a standard communi‐
cations protocol, a quick response to commands either external or internal, limited
weight, limited volume, possess a modular interface, and a self‐contained power supply.
Lastly, the prototype required a resistance to rollover or ground impact. Complete anal‐
ysis of the requirements yielded 15 evaluation criteria (Table 1). An in depth view of the
criteria is located in the product contract as well as the requirements matrix which can be
found in Appendix A: Product Requirements.
Table 1: Market Requirements
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Market Requirement
The product produces stabilized sensor platform
The product allows control of sensor platform pose
The product allows enables 3D scanning of the environment
The product provides accurate estimates of sensor platform pose
The product quickly responds to control inputs
The product is within the weight constraints of the robot
The product fits within size constraints of the robot
The product uses a modular mounting interface
The product mounts on the Allegro Dog robotic system
The product supports the sensor platform payload
The product withstands physical impulses from base
The product uses a standard communications protocol
The product has a sufficient communications bandwidth for control inputs
The product uses standard electrical connections
The product is designed for robustness withstand impacts from the robot
rolling over
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7.2 Surrogate Evaluation Criteria
Investigation of the market requirements generated 19 associated surrogate evaluation
criteria (see Table 2). Each of the criteria were generated according to the categories of
orientation, stabilization, survivability, modularity, electronics, and programing. Specifi‐
cally 7 criteria for orientation, 6 for stabilization, 1 criteria for survivability, 1 criteria for
modularity, and 11 criteria for electronics and programing. There were 3 criteria that did
not fall into any one category. This includes: weight limit, volume limit, and mount‐ability
to the Allegro Dog. Noting that there are only 19 surrogate evaluation criteria there are 7
areas of interdependency.
Through brainstorming, communication with the client, and prototyping, test value
ranges were created and refined. Each surrogate evaluation criteria has minimal, ideal,
and target values. Of the 19 criteria, 14 are quantitative and 5 are qualitative. Specific
values are located in the product contract and requirements matrix in Appendix A: Prod‐
uct Requirements.
Table 2: Surrogate Evaluation Criteria
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Surrogate Evaluation Criterion
Average attenuation of acceleration from base to camera (6 DOF) from 5‐10 Hz
Average attenuation of acceleration from base to camera (6 DOF) from 30‐60 Hz
Actuated camera field of view in yaw
Actuated camera field of view in pitch
Pitch range of motion for laser scanner
Pitch Frequency of laser scanner
Heave range of motion
Yaw and pitch positioning accuracy when robot is stationary
Translational pose estimate accuracy
Rotational pose estimate accuracy
Maximum closed loop positioning bandwidth for yaw and pitch
Total weight of system not including battery pack
Convex enclosing volume of product in resting configuration
The product mounts on the Allegro Dog system
Mounting bracket is interchangeable
The product uses a standard communications protocol
Minimum control input frequency
Uses commercially available connectors
Employs robust design techniques
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Product Description

8.1 Introduction
The prototype is broken down into two mechanical structures with one integrated elec‐
trical system. The first mechanical structure is the neck, second is the gimbal. Integrated
circuitry, motors, and encoders make up the electrical system of the prototype. These
parts work together to provide the capability of stabilizing the sensor package.

8.2 Neck Structure
The neck structure consists of a
four‐bar mechanism and a dual
crossed spring damper system
(see Figure 2). This configura‐
tion allows for a large range of
motion in heave and compen‐
sates for low frequency vibra‐
tions and large impulses from
the robot. The structure
mounts directly to the front of
the Allegro Dog and is designed
to be modular for use with
other robots. This component
was given a robust mechanical
design and aluminum was cho‐
sen as the primary construction
material to ensure durability
without significantly increasing
the weight of the prototype.

Figure 2: Four‐bar Linkage with Spring Dampers

This system integrates to Allegro Dog through four preexisting mounting holes on the
front of the robot. Its primary purpose is to stabilize the gimbal and protect it from large
impulses. The cantilever design also increases the viewable range for the gimbal struc‐
ture, allowing having a full range of motion. The gimbal structure is secured to the neck
structure with four bolts and supported with a bearing to accommodate any moments
caused by the gimbal structure.
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8.3 Gimbal Structure
Design of the gimbal includes two sensor package seats (see Figure 3). The upper seat
holds the camera, and the lower seat holds the laser range finder. This system can orient
the camera in roll, pitch and yaw. Also inclusive in the structure is the ability to actuate
the laser range finder in pitch.
Accommodating the NRL’s desire
to view the feet of the robot, the
gimbal was mounted below the
cantilever. This forms a direct con‐
nection with the yaw motor.
There are three additional motors
that can be seen in Figure 3. Two
motors orient pitch, either of the
camera, laser range finder, or both.
The other motor handles the roll of
the entire gimbal structure.
The primary material used in the
system was aluminum. This, in
combination with techniques fo‐
cusing on robustness, resulted in a
structure that can handle potential Figure 3: CAD rendering of gimbal with camera and
impacts. For additional information laser range finder
regarding the design of the gimbal
consult Appendix B: Product Design

8.4 Electronics and Controls
The electronics and controls are responsible for sensing the pose of the sensor platform,
actuating the gimbal, and providing orientation control for the gimbal.
Absolute encoders are used to sense the pose of the sensor platform. Five encoders are
used to sense the angle of the yaw, pitch, roll, laser pitch, and neck structure deflection
degrees of freedom. The selected encoders provide a sensing accuracy of ±0.1 degrees.
In addition, a six‐axis inertial measurement unit (IMU) is used to sense the inertial accel‐
erations and rotational rates experienced by the sensor platform.

7

The gimbal is actuated using brushless DC
(BLDC) motors designed specifically for gim‐
bal applications. These motors have a high
magnetic pole count and high internal re‐
sistance, allowing for high torques and
smooth operation at low rates of rotation.
The sensor integration, motor control, and
position control are done using SOMANET
hardware and software from Synapticon. The
SOMANET platform takes a distributed ap‐
Figure 4: SOMANET node hardware. proach to motion control, where each degree
of freedom is controlled by a dedicated,
Source: www.synapticon.com
modular hardware stack—referred to as a
node—and associated software. Figure 4 shows an example of a SOMANET hardware
node. Figure 5 shows a block diagram of the entire electronics system for the prototype
design. The system consists of a series of nodes, each connected to one or more sensors
and most connected to a BLDC motor. The nodes communicate with each other and with
the master Linux PC using the EtherCAT protocol. The master reads sensor data from the
SOMANET nodes, runs the position control loop, and sends torque commands to each of
the nodes. The nodes are responsible for reading the sensors and controlling the motors
to provide the specified torque. Details on the design of the hardware and software can
be found in Appendix B: Product Design.

Figure 5: Electronics System Block Diagram
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Critical Design Parameters

Preliminary development showed that there were specific traits of the prototype that had
to be within specific limits or the prototype would not function. Through prototyping,
modeling, thought experiments, and close communication with the sponsor, the team
determined which market criteria were critical. Similar methods also helped the team
identify additional critical criteria not specified in the market requirements. Additional
information regarding this decision process is located in Requirements and G1.

9.1 Actuated Camera Field of View in Yaw, Pitch
A requirement of the NRL is that the sensor package be able to gather a significant amount
of data about the environment of the Allegro Dog. If the prototype is unable to actuate
in yaw and pitch it will make the system ineffective as it will not give the NRL a compre‐
hensive understanding of the dynamic environment associated with the robot.

9.2 Pitch Range of Motion for the Laser Scanner
The ability to pitch the laser range finder is detrimental to the project as it must scan
through pitch in order to provide a depth analysis of the environment of the Allegro Dog.
If the laser range finder cannot be actuated as described it will make the product useless.

9.3 Standard Communications Protocol
The system must be able to communicate with the NRL’s computers. If the prototype
cannot communicate then data cannot be acquired and therefore the product would be
of no value to the client.

9.4 Average Attenuation
The system should achieve an average attenuation of ‐6 dB over the range of 5‐15 Hz and
30‐60Hz. If the prototype cannot reduce low and high frequency vibrations, the camera
cannot produce a good picture and the gimbal will likely be damaged over time.

1

Specifically see the market requirements matrix in the product contract. This is located in Appendix A. In
Appendix F see the fall report and FMEA.
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9.5 Mounts to the Allegro Dog
The structure must be mountable to the Allegro Dog chassis in such a way that it is re‐
movable and will not shear off the connection hardware. This mount should not interfere
with normal operations of the Allegro Dog and should be modular, such that it can be
easily modified for mounting on other robotic platforms.
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10 Verification and Validation
10.1 Verification
Several methods were used to verify the functionality of the prototype. Among the se‐
lected methods were decision matrices, low‐fidelity prototypes, computer modeling, fi‐
nite element analysis, and shake‐table tests. A summary of the key verification tests per‐
formed is given below. Verification of other design requirements that did not require ex‐
plicit testing is also included in this section.
10.1.1 Shake‐Table
The first testing system designed was a vibrating shake‐table. This was used as a verifica‐
tion tool for the neck structure. It was used as a means to demonstrate that the neck
structure would move according to external stimuli and reduce attenuation of the input
vibrations. Mounting an accelerometer at the base and end of the neck allowed for a
check of acceleration values and a calculation of achieved attenuation. Associated values
for this test are located in Figure 6and Table 3, and extensive data and methods used are
located in Appendix D: Acceptance Information.

Response Percent

RMS Frequency Response
1
0.9
0.8
0.7
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0
0
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Figure 6: RMS Frequency Response
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Table 3: Frequency Response Range Averages
Frequency Range
5 to 10 Average
30 to 60 Average

Full Range Average

Percent Reduction
0.184
0.808

dB
‐2.96
‐14.58

0.400

‐9.920

Results of this test show that there was a significant reduction over the full range of target
frequencies. On the low end, ‐3 dB was achieved over the very low range frequencies. In
contrast ‐14.5 dB was achieved for high range frequencies, which was well beyond target
values. To take it further the attenuation of the higher frequencies is also underrepre‐
sented due to the accelerometers only being limited to 25 Gs. The raw data for these tests
can be found on the attached DVD under /Raw Data/Neck Attenuation Data.xlsx
This test also allowed for verification that the neck design was robust under the relatively
harsh environment of the shake table, which vibrated at an amplitude of 0.25 inches at
up to 56 Hz. These tests put the neck through over 10,000 cycles.
10.1.2 Heave Modeling
Through the use of computer aided design the heave range of motion was analyzed. It
was found that the heave had the value of ±0.71 inches at theoretical maximum. This
value was verified by measuring on the hardware. A summary of the verification results
from this year is found in Table 4.
Table 4: Summary of Verification Results of Surrogate Evaluation Criteria
Critical
Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

Average attenuation of acceleration
from base to camera from 5‐10Hz

Yes

‐3

‐6

‐1

Decibels

Average attenuation of acceleration
from base to camera (6 DOF) from
30‐60Hz

No

‐14.6

‐6

‐1

Decibels

Heave range of motion

No

±0.71

±1

0

Inches

Employs robust design techniques

No

Yes

Yes

No

N/A

Surrogate Evaluation Criteria
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10.1.3 Finite Element Analysis
In an effort to lighten the gimbal, the largest structural elements for weight removal—the
large booms suspending the camera from above—were targeted. Weight had to be re‐
moved and robust design maintained. This was done through iterative FEA, where mate‐
rial was removed and the part was then analyzed. This checked that even when material
was removed that the boom was still able to hold up the gimbal in harsh operating con‐
ditions.
To replicate operating conditions, the bolt holes at the base of the boom were fixed, while
a 6G load of the entire gimbal weight was distributed over the two mounting holes at the
end. Figure 7 depicts the load distribution on the part and shows the resulting stress con‐
centrations.
This analysis showed that even under a 6G load, the principal stress on the gimbal boom
was still only 50% of 6061 aluminum yield strength. See Table 5 for a summary of the
results.

Figure 7: Gimbal Boom FEA Analysis
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Table 5: Summary of Results from FEA
Surrogate Evaluation
Criteria

Critical Design Pa‐
rameter

Actual Performance, with
citation (from report) of
verification

Ideal
Values

Minimal
Values

Units of
Measurement

Employs robust
design techniques

No

Yes

Yes

No

N/A

10.1.4 Motor Performance Tests and Simulations
Because design of the active control algorithms was removed from the scope of this pro‐
ject, the closed‐loop positioning bandwidth for the gimbal and the frequency of the la‐
ser scanner pitch actuation could not be verified directly. Instead, the team verified the
ability of the prototype to meet these requirements through the use of motor perfor‐
mance tests and simulations. The motor performance tests were done to evaluate the
torque capabilities of the motors. The response of a simple control algorithm on the
gimbal dynamics was then simulated to verify that the measured torque values would
be sufficient to obtain the desired performance characteristics. A summary of the re‐
sults for these procedures is located in Table 6 and extensive details are located in Ap‐
pendix D: Acceptance Information.
Table 6: Summary of Results from Motor Performance Tests

Surrogate Evaluation Criteria

Critical Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

Pitch frequency of laser scanner

No

0.5

0.5

0.125

Hertz

Maximum closed loop positioning
bandwidth for yaw and pitch

No

0.75

1

0.5

Hertz

10.1.5 Verification of Other Design Requirements
Other design requirements did not require explicit tests to verify. A summary of the veri‐
fication for these requirements is provided below, with values given in Table 7.



The weight of the system was measured by weighing the fully assembled proto‐
type on a scale
The convex enclosing volume was measured using a CAD system by calculating the
volume of a rectangular prism that completely encloses the neck and gimbal struc‐
tures
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The mounting system was designed to mount to the Allegro Dog, using CAD mod‐
els of the Allegro Dog as a reference; see Appendix B: Product Design for detailed
design information. The mounting holes in the bracket correspond to available
holes on the robot. The team did not have physical access to an Allegro Dog, so
validation of mounting compatibility will be performed by the sponsor upon re‐
ceipt of the prototype.
The mounting bracket was designed as an interchangeable and inexpensive com‐
ponent so that it can be switched out to accommodate different robotic platforms.
It consists of a single piece that can be laser cut out of plastic sheet material. See
Appendix B: Product Design for detailed design information.
The product uses the EtherCAT communication protocol, which is an industry‐
standard protocol for control applications. See Appendix B: Product Design for de‐
tailed design information.
The EtherCAT protocol supports transfers of up to 1486 bytes in a single frame,
which takes only 300µs to transfer (source: http://www.ethercat.org/en/technol‐
ogy.html#3.4). This is a worst‐case scenario, and in practice the control commands
for this application are sent in smaller frames. Therefore, the EtherCAT communi‐
cations used support an input frequency for control commands in excess of
3300Hz, which far exceeds the 250Hz requirement.
All connectors used in the design are commercially available connectors. See Ap‐
pendix B: Product Design for detailed design information.
Table 7: Summary of Design Requirements Verification
Critical
Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

Total weight of system not in‐
cluding battery pack

Yes

6.2

8.8

15.4

Pounds

Convex enclosing volume of
product in resting configura‐
tion

No

642

800

2000

Cubic Inches

The product mounts on the
Allegro Dog system

Yes

Yes

Yes

No

N/A

Mounting bracket is inter‐
changeable

No

Yes

Yes

No

N/A

The product uses a standard
communications protocol

Yes

Yes

Yes

No

N/A

Surrogate Evaluation Criteria
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Critical
Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

Minimum control input fre‐
quency

No

>3300

250

100

Hz

Uses commercially available
connectors

No

Yes

Yes

All
Custom

N/A

Surrogate Evaluation Criteria

10.2 Validation Testing
Final project validation will take place using the Allegro Dog with the NRL’s chosen camera
and laser range finder. This will allow for static and dynamic validation of the prototype.
Because of NRL restrictions, it was not possible to obtain an Allegro Dog or the NRL’s sen‐
sor package. As a surrogate for final validation which will take place after the project is
transferred back to NRL, approximate testing procedures were developed to validate the
device.
10.2.1 Orientation Test
In order to validate orientation limits the neck structure was each DOF of the gimbal was
manually rotated through its full range of motion. It was found that range of orientation
exceeded expectations in all DOFs (see Table 8). For information about the methods and
analysis used see Appendix D: Acceptance Information.
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Table 8: Summary of Orientation Test Results
Critical
Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

Actuated camera field of view in
yaw

Yes

±145

±135

±45

Degrees

Actuated camera field of view in
pitch

Yes

±140

±70

±35

Degrees

Pitch range of motion for laser
scanner

Yes

+15 to‐120

+15
to ‐90

0 to ‐45

Degrees

Surrogate Evaluation Criteria

10.2.2 Rollover Test
The team validated impact resistance by tipping the Red Wagon over with the neck struc‐
ture attached. After completely tipping the system over, the neck structure was exam‐
ined for damages, and it was found that it was undamaged. Thus the system past the
rollover test (see Table 9). A video file of the rollover test has been included in the sup‐
plemental DVD.
Table 9: Summary of Rollover Test Results

Surrogate Evaluation Criteria
Employs robust design techniques

Critical
Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

No

Yes

Yes

No

N/A
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10.2.3 Red Wagon
The “Red Wagon” is neither red, nor
a wagon, however its name stems
from the original brainstorming ses‐
sion where the team tried to devise a
surrogate validation testing protocol
that could provide real world simula‐
tion of the Allegro Dog motion. In
basic, the Red Wagon is a wheeled
base with cam wheels (see Figure 8)
that were designed to correspond to
the frequency and amplitude of the
Allegro Dog motion as obtained
through observation of publicly avail‐ Figure 8: Image of Red Wagon with Neck Struc‐
able video sources. The Red Wagon ture Attached
has a mounting point for the neck
structure that mimics the mount points on the Allegro Dog. Testing of the Red Wagon
consisted of placing the wagon on a treadmill at 1.2mph for an hour. This test was in‐
tended to validate the robustness of the design under simulated gait conditions. The re‐
sult of this test is in Table 10. The result was selected because the neck handled 3000
cycles without any damage. The testing methods and design of the Red Wagon are located
in Appendix D: Acceptance Information.

Table 10: Validation Results of Surrogate Evaluation Criteria for Red Wagon Test

Surrogate Evaluation Criteria

Critical
Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

Employs robust design techniques

No

Yes

Yes

No

N/A

10.3 Summary of Results
Verification and Validation testing quantified the 19 evaluation criteria. Through the use
the shake table, Red Wagon, and other verification and validation tests, the measured
performance for each evaluation criterion was acquired. For a complete summary of the
surrogate evaluation criteria values, see Table 11.
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Table 11: Summary of Verification and Validation Results of Evaluation Criteria
Critical
Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

Average attenuation of acceleration
from base to camera (6 DOF) from
5‐10 Hz

Yes

‐3

‐6

‐1

Decibels

Average attenuation of acceleration
from base to camera (6 DOF) from
30‐60Hz

No

‐14.6

‐6

‐1

Decibels

Actuated camera field of view in
yaw

Yes

±145

±135

±45

Degrees

Actuated camera field of view in
pitch

Yes

±140

±70

±35

Degrees

Pitch range of motion for laser scan‐
ner

Yes

+15 to‐120

+15 to
‐90

0 to ‐45

Degrees

Pitch frequency of laser scanner

No

0.5

0.5

0.125

Hertz

Heave range of motion

No

±0.71

±1

0

Inches

Yaw and pitch positioning accuracy
when robot is stationary

No

±0.2

±0.5

±2

Degrees

Translational pose estimate accu‐
racy

No

±0.012

±0.04

±0.2

Inches

Rotational pose estimate accuracy

No

±0.346

±0.5

±2

Degrees

Maximum closed loop positioning
bandwidth for yaw and pitch

No

0.75

1

0.5

Hertz

Total weight of system not including
battery pack

Yes

6.2

8.8

15.4

Pounds

Convex enclosing volume of prod‐
uct in resting configuration

No

642

800

2000

Cubic Inches

The product mounts on the Allegro
Dog system

Yes

Yes

Yes

No

N/A

Mounting bracket is interchangea‐
ble

No

Yes

Yes

No

N/A

Surrogate Evaluation Criteria
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Critical
Design
Parameter

Actual Performance,
with citation (from
report) of verification

Ideal
Values

Minimal
Values

Units of
Measurement

The product uses a standard com‐
munications protocol

Yes

Yes

Yes

No

N/A

Minimum control input frequency

No

>3300

250

100

Hz

Uses commercially available con‐
nectors

No

Yes

Yes

All
Custom

N/A

Employs robust design techniques

No

Yes

Yes

No

N/A

Surrogate Evaluation Criteria
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11 Final Product vs. Initial Goals
Initially, the NRL desired that Team Neckatronics create an actively stabilized platform for
a stereoscopic camera. This meant that the Team would be responsible for all of the hard‐
ware, software, and control algorithms.
During the development process the NRL made significant design requirements changes
to better suit their needs. The smaller changes to this project included a smaller and much
lighter camera, and the inclusion of a Laser range finder (LIDAR). The second addition
required another degree of freedom in pitch to orient the LIDAR.
The big change to the project was the removal of the need to design an active stabilization
controller and position controller. It was seen appropriate by the NRL to remove these
project requirements from the scope as they were deemed beyond reasonable expecta‐
tions for the time frame and allotted resources of the capstone project.

11.1 Current Status
The project is ready for the NRL to begin implementation of the active stabilization con‐
troller and position controller. Every piece of needed hardware and skeletal software has
been prepared for adaptation. Additionally, the platform provides adequate passive sta‐
bilization, and exceeds the requirements for orientation in all areas.

11.2 Recommendations
After gaining hands‐on experience with the hardware, the team has a few recommenda‐
tions for the NRL as they move forward with using this prototype design in their research
efforts. These recommendations are itemized below:


Motors: The motors used in this prototype were selected because they have de‐
sirable characteristics for gimbal applications (refer to Appendix B: Product De‐
sign). However, because they do not have integrated Hall‐effect sensors they in‐
troduce additional complexity into the motor commutation portion of the control
software. The fact that they are hobby‐grade motors also raises some concerns
about their long‐term durability. If the NRL decides at a future time that these risks
outweigh the performance benefits, it is recommended that they consider profes‐
sional grade motors such as Maxon Motor’s 200142 model for the gimbal drive
motors and the 339268 model for the LIDAR pitch drive motor.
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Encoder cables: The team encountered some difficulties with the selected en‐
coder cable solution. The flat ribbon cable does not work well with the crimp ter‐
minals for the encoder connector, which makes assembly difficult and resulted in
one short that damaged a SOMANET board. The team recommends that the NRL
purchases pre‐made encoder cables from Digi‐Key (P/N: CP‐AMT‐14C‐0‐036‐1‐
ND) and splice them with solder joints into the flat ribbon cables that connect to
the encoder interface board.
IMU: The inertial measurement unit selected is a viable option for sensing the mo‐
tion of the sensing platform. However, the NRL may want to consider switching to
individual MEMS rate gyros that could be mounted on each axis of the gimbal and
that produce analog rather than digital outputs. This would eliminate the need to
transform the gyro readings from the gimbal coordinate frame to each of the axis
coordinate frames. It would also simplify software development by allowing the
rate gyros to interface with the SOMANET IFM board through the analog input
ports rather than through the SPI interface.
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12 Conclusion
The NRL requested that Team Neckatronics develop an apparatus capable of stabilizing
the data feed from a camera and laser range finder. Through the process of development
the team choose the four‐bar linkage and gimbal structure as the concept to develop the
requested prototype. Verification and validation testing of the prototype yielded satis‐
factory results for the NRL. At this point in time the product is ready for reproduction and
active stabilization development. The required information for alteration has been as‐
sessed and made available for future projects the NRL will have in measuring gait algo‐
rithms.
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Useful Websites for future development
1) http://www.synapticon.com Contains contact information for the micro controller company
as well as information related to the product.
2) http://doc.synapticon.com/wiki/index.php/Main_Page Synapticon’s Documentation Wiki.
Contains specific information regarding the SOMANET line of products.
3) https://www.youtube.com/watch?v=_dPlkFPowCc Video of a chicken’s head automatically stabilizing itself. Helps understand the concepts of stabilization.
4) https://www.youtube.com/watch?v=rhc8_ppGX1U&list=PL_wqc9s24wGRXIhMwXC8lwd495PWJ4Aw Videos of Allegro Dog. Useful in understanding purpose of project.
5)

http://www.iflight-rc.com/product/iPower-Brushless-Motor-iPower-GBM-Series-iPowerGBM4114-120T.html Large motor used in the gimbal
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6) http://www.iflight-rc.com/product/iPower-Brushless-Motor-iPower-GBM-Motor-iPowerGBM3506-130T.html Small motor used in the gimbal
7) http://www.digikey.com/product-detail/en/MPU-6000/1428-1005-1-ND/4038006 Six axis
IMU used in gimbal
8) http://www.digikey.com/product-detail/en/AMT203-V/102-2050-ND/2278846 Absolute encoder used in pose estimation
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14 Appendix A: Product Requirements
This appendix includes a copy of the project contract and Requirements
Matrix. These document contains the surrogate evaluation criteria, their
associated values, the justification for these values, the development
budget, etc.
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15 Appendix B: Product Design
The information included in this section will facilitate in the reproduction of the proto‐
type. All necessary parts and drawings are included. Additional information regarding
distributers and retailers in also located in this section. Specifications of purchased parts
are also included in this appendix.
This appendix is broken down into several sections. First there is the Prototype break‐
down, which consists of the subsections of Neck Structure, Gimbal Structure, and elec‐
tronics and controls. These sections contain a complete breakdown of each structure
along with details of parts needed for assembly.
Purchased Parts is the second section. This includes all information relating to specifica‐
tions for each purchased part, and retail information for where and when the part was
purchased.
The third section contains file information. This is a list of all files contained on the ac‐
companying DVD and contains a file tree for navigation. This DVD contains all files that
were used in development of the prototype.
The final section contains all detailed CAD drawings necessary to completely reproduce
the prototype

15.1 Prototype Break Down
15.1.1 Neck Structure
Fundamentally, the neck structure is a set of two parallel four bar linkage mechanisms
working in unison. Spanning between diagonal joints of these mechanisms is a set of four
spring dampers in an X pattern. These shock absorbers support the weight of the gimbal,
resist impulses, and damp vibrations.
15.1.1.1 Materials
Aluminum 6061‐T6 extruded stock was the primary material of choice. With its machin‐
ability, availability, and lighter weight characteristics, this was an ideal material to work
with. Steel was selected for the pivot shafts in order to better resist shear. In order to
facilitate modularity in the shock mounts, Lexan was selected for its ability to be laser cut
quickly. Delrin was selected for shaft spacers because it is light, easy to machine, and
reduces friction in shock pivoting.
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15.1.1.2 Manufacture
15.1.1.2.1 TRANSVERSE LINKAGES
The transverse linkages were machined out aluminum bar stock. The bearing through
holes and slots were machined by hand, and the rounded ends were machined using a
CNC machine to ensure a uniform radius for all four links. Holes were then drilled and
tapped for attachment of the stiffeners.
15.1.1.2.2 BASE PLATES
The complex geometry, which varied for each base plate, facilitated the use of a CNC ma‐
chine. 1”x3” of aluminum bar stock was the material used. The G code for this process is
included on the DVD containing all pertinent files.
15.1.1.2.3 STIFFENERS
The two stiffeners were machined by hand from aluminum stock. The eighth inch plates
were clamped together and faced. Using a half inch end mill, the appropriate cuts were
made to remove material. To remove the middle section, the end mill was used to plunge
through the material and afterwards followed the appropriate path to remove the re‐
maining material. In order to avoid vibrations when removing material along the thin
sections, several small clamps were used to hold the material together.
15.1.1.2.4 SHOCK MOUNTS
The shock mounts were laser cut on an Epilogue 64x Laser Engraver/Cutter from Lexan.
Drawings of the shock mount were created from the corresponding CAD models, iterated
16 times and in a layout that corresponded to the size of material and sent to the laser
cutter.
15.1.1.2.5 SHAFTS
The steel shafts, which act as the pivot point for the neck structures linkages, were cut
from quarter inch steel rod stock, and parted to provide higher tolerances. One rod was
longer than the rest to accommodate an encoder.
15.1.1.2.6 FASTENERS
To secure the shocks to the mounts, we use a 2” 4‐40 Machine Screw and 2x 4‐40 nuts
per shock. These two nuts are torqued together to prevent vibrating off.
To secure the stiffeners to the links, use 8x 10‐24 machine screws and get the screws hand
tight.
To secure the neck to the Allegro Dog, use either 4x 4‐40 1” or longer machine screws
through the specified mounting holes on the base plate, through the Lexan mount plate,

15‐3

to the designated holes on the Allegro Dog. Secured on the alternate side of the Allegro
Dog with 4‐40 Nylock Nuts.
Alternatively, one can use 4x M3 1” or longer machine screws.
To secure the neck to the gimbal, use 4x 8‐32 machine screws to affix the mounting plate.
15.1.1.2.7 BEARINGS
Quarter inch ID steel needle roller bearings, McMaster‐Carr ‐ 5905K21, were used to inter‐
face the linkages and the rods. These bearings were press fit into the aluminum links and
allow smooth motion of the links about the fixed steel shaft.
15.1.1.2.8 SPACERS
To secure the shocks and shock mounts from lateral movement, spacers were cut from
3/8” Delrin. On a lathe, the Delrin spacers were drilled to fit the corresponding shafts,
and parted to the required lengths. Drawings, quantity, and location of these spacers can
be found in the attached drawings.
15.1.1.2.9 ALLEGRO DOG INTERFACE
A laser cut Lexan 1/8” plate provides a flush interface on the back of the neck structure
to the Allegro Dog and preserve the anodic finish of both the Allegro Dog and the neck.
This plate can be adjusted for future changes or interfaces with other robots.
15.1.1.2.10

GIMBAL INTERFACE

The roll motor, which supports the weight of the gimbal, fit inside a sheath that slides into
a two inch circular hole in the base plate, this sheath serves to align the thrust bearing
around the smaller diameter motor. To assist with the resultant moment of cantilevering
the gimbal off the neck structure, a steel thrust roller bearing, McMaster – 5909K43 along
with 2x 0.032” thick steel washers – 5909K56, was fitted to the outer surface of the base
plate, rolling against the back plate of the gimbal. This allows for smooth rotation in roll,
without putting unneeded stress on the shaft of the motor.
15.1.1.3 Shock Selection
Several shock options were considered for the neck structure. Shake table testing out‐
lined their superior performance in all testing, Traxxas 4 inch RC car shocks were selected,
available through the Traxxas 5862 Big Bore Shock Set. If less damping and stiffer springs
are desired, we recommend Redcat Racing Shock Absorbers ‐ BS903‐003‐b. The Redcat
shocks seem to perform better at high frequencies – above 10, while the Traxxas shocks
perform better in the 5‐10 Hz range.
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15.1.1.4 Assembly
Steps to aid the assembly and disassembly of the neck structure are provided here:
1. Gather Parts
a. 2 Base Plates
b. 4 Steel Rods
i. 1 rod is 0.5” longer to mount the encoder
c. 16 Lexan Shock Mounts
d. 4 Needle Roller Bearings
e. 4 Linkages
f. 2 Aluminum Stiffeners
g. 4 Shocks
h. 8 0.5” 10‐24 Machine Screws
i. 8 2” long 4‐40 Machine Screws
j. 20 Delrin Spacers
2. Base Plate Assembly
a. Insert a steel rod into one of the quarter inch holes.
b. Push the steel rod through the hole, inserting each shock mount in its cor‐
responding location, with the corresponding spacers as the rod progresses
through the base plate. Leave about a half inch of rod sticking from the
base plate on each side for the linkage bearings.
i. Do this according to the assembly drawings included.
c. Repeat this process for each rod. Four mounts should be present on each
rod. Two rods should be present on each base plate.
3. Linkage Assembly
a. Prepare each transverse linkage by press‐fitting two bearings per linkage
in the corresponding holes.
4. Base Plate and Linkage Assembly
a. Place the linkages on the corresponding rods. Each linkage should attach
to both base plates. Two linkages should be on each side. The rods should
be on the inside of the assembly.
b. Take the stiffeners and attach them using the 0.5” 10‐24 machine screws
to the top of each link. This will secure the linkages to the base plates,
restricting slop in the mechanism and limiting inaccuracies in roll.
5. Shock Mounting
a. Take a shock and the two corresponding spacers and hold them in place
between the shock mounts. Make sure to insert the shock in the general
direction that it will be fitted.
b. Take the long 4‐40 machine screws and insert them through the shock
mount, spacers and shock absorber, and fasten the bolt.
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c. To attach the shock to the other side, depress the shock if needed, and
place the corresponding spacers with the shock and place them between
the shock mounts.
d. Repeat the fastening process.
e. Repeat steps a. through d. for each additional shock.
15.1.2 Gimbal Structure
Comprised of four different sections, the gimbal structure is linked together through
brushless motors and adjoining shafts. The complete assembly is capable of controlled
movement and passive stabilization in yaw, pitch, and roll.
15.1.2.1 Stress and Load Reduction
The motors manage the majority of the structural load, but to reduce strain on the system
several additional components were added. As cases in point, there is a thrust bearing on
the motor responsible for roll. It reduces stress on the bearings and shaft. On each of the
pitch motor points there is a large moment arm that is produced by the weight of the
sections. A shaft and bearing were added to the opposing side of the structure. This re‐
moved the moment arm and produced an area for which we could attach and encoder.
Together with the motors, these components manage the structural loads.
15.1.2.2 Friction Reduction
Movement was facilitated by small ball bearings which were pressed into several joint
intersection components. This reduced the friction on the associated shafts, and allowed
for free movement of the whole structure.
15.1.2.3 Manufacturing Method
15.1.2.4 Electronics Components
15.1.2.4.1 ENCODERS
In terms of electronics, absolute encoders have been installed in structure to measure the
position of each joint, and to communicate with the motors. Specific locations of the en‐
coders are either on the shaft of the motor or on a preceding shaft on an opposing side
of any given motor location.
15.1.2.4.2 MOTORS
All though the four motors of the system had a secondary application as structural links,
their primary uses were in orientation and active stabilization. Of the four motors the only
one that focused solely on vibration attenuation was the motor responsible for rolling the
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gimbal structure. The motors that controlled the yaw and pitch of the camera had the
dual purpose of vibration attenuation and camera orientation. The last motor held a key
role, in that when it actuated it would move both the camera and the laser range finder
in sink. This was done to maintain location accuracy2.
15.1.2.5 Materials
The material used for the structure was aluminum. It was chosen because it has high ma‐
chinability, high strength to weight ratio, sufficient tensile strength, low cost, high availa‐
bility, and corrosion resistance.
15.1.3 Electronics and Programming
15.1.3.1 Hardware Components
15.1.3.1.1 MOTORS
The motors that were selected for actuating the gimbal are brushless DC (BLDC) motors
that are designed specifically for gimbal applications. These motors have a high pole
count to reduce torque ripple at low speeds. They also have a relatively high resistance
in the motor windings and a high torque constant to maximize efficiency and torque
output at low speeds. An iPower GBM4114‐120T motor was used to actuate the roll,
pitch, and yaw degrees of freedom, and a smaller iPower GBM3506‐130T motor was
used to actuate the laser scanner pitch DOF.
The torque characteristics of the motors were measured by energizing one of the motor
phases at 12V, and using a torque gage to measure the torque required to rotate the
motor shaft. The electrical current draw through the motor was also measured so the
motor torque constant could be calculated. See Appendix D: Acceptance Information for
details on the testing procedures. Table 12 summarizes the characteristics of each of the
motors used.
Table 12: Motor Characteristics

Outer Diameter
Height
Shaft Diameter

2

iPower GBM4114‐120T

iPower GBM3506‐130T

Units

45
35
4

42
14
4

mm
mm
mm

Once the desired location is achieved the camera will hold its location and the second pitch motor will
move the laser up and down until the same field of view, from the camera, is captured. The combination
of both camera and laser will give a viewable image for the operator as well as accurate depth readings of
the preceding objects.
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Weight
Magnetic Poles
Stall Torque
Stall Current
Torque Constant
Winding Resistance

iPower GBM4114‐120T
142
22
247
0.82
300
14.4

iPower GBM3506‐130T
64
14
127
0.98
130
11.3

Units
g
N/A
mNm
A
mNm/A
Ω

15.1.3.1.2 ENCODERS
Absolute encoders were selected in order to avoid complications associated with calibrat‐
ing or indexing incremental encoders on system startup. The selected encoder is the CUI
AMT203 absolute, capacitive modular encoder. This encoder has a resolution of 0.088°
and accuracy of 0.2°. It provides a traditional incremental quadrature encoder output as
well as an absolute 12‐bit digital output using the SPI communication protocol.
Datasheets, assembly instructions, and SPI application instructions for this encoder can
be found online at http://www.cui.com and in the included files (see Appendix G).
15.1.3.1.3 INERTIAL MEASUREMENT UNIT
The InvenSense MPU‐6000 six‐axis inertial measurement unit (IMU) was chosen to sense
motion of the sensor platform in an inertial reference frame. This sensor includes a 3‐axis
accelerometer to provide acceleration data in each of the axes, and a 3‐axis rate gyro‐
scope to provide data on the rate of rotation about each axis. A 16‐bit digital output is
available over either the SPI or I2C protocol. The MPU‐6000 is operated in SPI mode for
this application. The datasheet and register map are available for download at http://in‐
vensense.com, and are also included with the accompanying files (see Appendix G).
15.1.3.1.4 SOMANET NODES
The SOMANET platform is a motion control solution produced by Synapticon. It provides
functionality for onboard processing using an XMOS microcontroller, communications,
and motor control. Each DOF is controlled by a node, which consists of a modular stack of
three boards: a CORE board that handles the processing, a COM board that handles the
communications, and an IFM board that handles interfaces with the motors and sensors.
A series of these nodes is connected together to control multiple degrees of freedom.
For this prototype, five identically configured SOMANET nodes were used. Each node con‐
sists of a CORE C22 board, COM EtherCAT board, and IFM Drive DC 100 board. The CORE
C22 board contains a 4‐core XMOS microcontroller, where each core can run up to eight
concurrent threads. The COM EtherCAT board provides an EtherCAT slave controller and
two ports for EtherCAT communications. The IFM DC Drive 100 board provides position,
velocity, or torque control capabilities for a brushless DC motor, for digital I/O ports, four
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analog inputs, and a quadrature encoder interface. Datasheets for each of these compo‐
nents can be found online at http://doc.synapticon.com, and are included in the accom‐
panying files (see Appendix G).
The SOMANET nodes are connected to each other and to the other hardware as shown
in Error! Reference source not found.. Inter‐node communications are handled over
EtherCAT, and the nodes also communicate with the Linux PC master over EtherCAT
through the first node’s physical Ethernet connection with the computer.
15.1.3.1.5 MPU‐6000 IMU INTERFACE BOARD
The purpose of this board is to mount the MPU‐6000 IMU and make the digital interface
available over a standard connector. The MPU‐6000
can be operated in either SPI or I2C mode by populating
one of resistors R1 and R2 (see schematic for details).
When operating in I2C mode, the least‐significant ad‐
dress bit can be set using switch S1. For this prototype
the MPU‐6000 should be operated in SPI mode. Table
13: Connectors on the MPU‐6000 Encoder Interface
Board. provides details for each of the connectors on
the board. The schematic can be found in Appendix C: Figure 9: MPU‐6000 IMU Inter‐
Drawings, and datasheets for all components are in the face Board
included files (see Appendix G: Project DVD File Tree).

Table 13: Connectors on the MPU‐6000 Encoder Interface Board.
Refer to Table 15 for details on cable specifications.
Connector
J1

Connects To
IMU connector on the AMT203 encoder interface board

Cable

3
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15.1.3.1.6 AMT203 ENCODER INTERFACE BOARD
The purpose of this board is to interface the
AMT203 encoder and MPU‐6000 IMU to the
SOMANET IFM DC Drive 100 board. It makes
the AMT203’s quadrature encoder output
available over an RS‐422 serial connection for
interfacing with DC Drive 100’s quadrature
encoder interface (QEI) input, and connects
the AMT203 and MPU‐6000’s SPI interface to
digital I/O (GPIO‐D) input on the DC Drive 100.
Because the DC Drive 100 only provides
enough I/O pins to have one slave‐select line
for the SPI interface, this board also includes Figure 10: AMT203 Encoder Interface
Board
an inverter that inverts the slave‐select line
going to the IMU so that the currently se‐
lected slave can be toggled using only a single digital output from the DC Drive 100. The
board also includes a logic level translator to interface the 5V digital I/O of the AMT203
with the 3.3V digital I/O of the DC Drive 100. Table 14 provides details for each of the
connectors on the board. The schematic can be found in Appendix C, and datasheets for
all components are in the included files (see Appendix G).
Table 14: Connectors on AMT203 Encoder Interface Board.
Refer to Table 15 for details on cable specifications.
Connector

Silkscreen Label

Connects To

Cable

J1

AMT203

AMT203 encoder connector

2

J2

GPIO‐D

GPIO‐D connector of SOMANET IFM DC Drive
100

5

J3

QEI

QEI connector of SOMANET IF DC Drive 100

4

J4

IMU

Connector J1 of MPU‐6000 IMU interface board

3

15.1.3.1.7 CABLES AND CONNECTORS
Table 15: Cable Specifications provides details on all of the cables needed to connect the
various hardware components of the system. Figure 11 shows a picture of each of these
cables for reference. Table 16 provides additional details on which cable strands corre‐
spond to which connector pins for the AMT203 encoder connector. For all other cables,
pin 1 on the first end should correspond to pin 1 on the other end, and so forth.
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Table 15: Cable Specifications
Cable

Qty.

Cable Spec

Length

Connections
BLDC Motor

1

4

3‐strand,
22‐28 gage

4 ft

SOMANET IFM DC
Drive 100 motor
connector

Parts (Qty.)
Solder

N/A

Molex SPOX
HSG 8P Con‐
nector Hous‐
ing (1)

Molex
50‐37‐5083

Crimp Terminal
(3)

Molex
0008701039
or
0008701040

Connector
Housing (1)

SAMTEC
ISDF‐07‐D

Crimp Terminal
(10)

SAMTEC
CC03L‐2830‐
01‐G

AMT203 Encoder3
2

5

10‐strand
ribbon ca‐
ble, 28 gage

4 ft

AMT203 Encoder
TE Micro‐
Interface Board
Match con‐
AMT203 connector nector (1)
MPU‐6000 IMU In‐
terface Board con‐
nector
3

1

6‐strand,
28‐32 gage

4

3

5

TE Connectiv‐
ity 1‐215083‐0

Connector
Housing (1)

Molex
0510210600

Crimp Terminal
(6)

Molex
0500588000

Connector
Housing (1)

Molex
0510210600

Crimp Terminal
(6)

Molex
0500588000

TE Micro‐
Match con‐
nector (1)

TE Connectiv‐
ity 1‐215083‐0

4 ft
AMT203 Encoder
Interface Board
IMU connector

10‐strand
ribbon ca‐
ble, 28 gage

Part Numbers

2 in

AMT203 Encoder
Interface Board
QEI connector

The AMT203 connector has 14 pins, but only 10 are used. Refer to Table 16 for details on which pins are
used and which cable strands they connect to.
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Cable

5

6

Qty.

5

10

Cable Spec

8x single
strand, 32
gage

Single
strand, 18‐
24 gage

Length

Connections

Parts (Qty.)

Part Numbers

SOMANET IFM DC
Drive 100 QEI con‐
nector

TE Micro‐
Match con‐
nector (1)

TE Connectiv‐
ity 1‐215083‐0

AMT203 Encoder
Interface Board
GPIO‐D connector

JST SUR Con‐
nector (1)

JST
08SUR‐32S

SOMANET IFM DC
Drive 100 GPIO‐D
connector

JST SUR Con‐
nector (1)

JST
08SUR‐32S

SOMANET IF DC
Drive 100 power
connector

M3 ring termi‐
nal

Molex
0193240002

Power supply

User‐defined

User‐defined

2 in

User‐
defined

Figure 11: Cables needed for connecting hardware components.
Labels correspond to the numbers in Table 15.
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Table 16: AMT203 Encoder Connector Pin Specifications
Signal Name

Cable Strand

Connector Pin

CSB
MISO
GND
SCK
5V+
MOSI
B
A
X
T_Bit

1
2
3
4
5
6
7
8
9
10

2
3
4
5
6
7
8
10
12
14

15.1.3.2 Software
The SOMANET system includes a large repository of open‐source modules and example
applications. Using this repository as a starting point, custom software was developed for
this application. This software includes the firmware that runs on the SOMANET nodes as
well as the master application that runs on the Linux PC. Additional open‐source software
was used to enable EtherCAT communications over the PC’s standard Ethernet port.
15.1.3.2.1 SOMANET FIRMWARE
The SOMANET firmware developed for this application is based off of the examples in the
Synapticon repository (https://github.com/synapticon), and consists of the following
main components:






Motor control: This portion of the firmware is responsible for reading position
data using the quadrature encoder interface and for performing motor commuta‐
tion and control. Because the motors used do not include integrated commutation
sensors, commutation is performed using position data from the encoders.
EtherCAT communications handling: This portion of the firmware handles inbound
and outbound EtherCAT communications. Inbound communications consist pri‐
marily of control commands, while outbound communications consist primarily of
position information.
SPI communication: This portion of the firmware runs the SPI communications
needed to read data from the encoders’ absolute position SPI output and from the
IMU.

Additional firmware components are needed to run the core functionalities of the SOMA‐
NET hardware and to handle inter‐process communications between the components de‐
scribed above. The current state of the firmware is that motor control and EtherCAT com‐
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munications handling are implemented and functioning, and majority of the infrastruc‐
ture for SPI communication has been implemented but is not fully functioning. Detailed
information on the contents, organization, and configuration of the firmware code is in‐
cluded with the source code contained in the accompanying files (see Appendix G).
15.1.3.2.2 LINUX PC MASTER APPLICATION
The Linux PC master application is responsible for handling EtherCAT communications on
the PC side and for implementing the control algorithms for the gimbal. Because the de‐
sign of the control algorithms was removed from the scope of this project, the current
master application only implements EtherCAT communications. This application is also
based on the examples included in the Synapticon repository (https://github.com/synap‐
ticon). Detailed documentation on the contents, organization, and configuration of this
code is included with source code contained in the accompanying files (see Appendix G).
15.1.3.2.3 ETHERCAT MASTER SOFTWARE
The IgH EtherCAT Master stack from IgH EtherLAB (http://www.etherlab.org/en/ether‐
cat/index.php) needs to be installed on the master PC in order to provide EtherCAT com‐
munications over a standard Ethernet port. In order to install this software we recom‐
mended using the instructions and installation files provided at http://doc.synapti‐
con.com/wiki/index.php/EtherCAT_Master_Software. It is also recommended that this
software be installed on a computer running Ubuntu 12.04 as its operating system. Addi‐
tional information on the installation and configuration of this software is included with
the source code contained in the accompanying files (see Appendix G).
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16 Appendix C: Drawings
Contained in this section are complete drawings for the entire stabilization platform as‐
sembly. The first set of drawings describes the Gimbal Structure. Following these are
the Neck Structure Drawings and Electronics Drawings.
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17 Appendix D: Acceptance Information
In this appendix you will find succinct information regarding the verification and valida‐
tion process. Included are descriptions of testing procedures, testing apparatus construc‐
tion, and detailed testing data. Additionally, alternative concept designs are included in
this section.
This appendix is broken down into two primary sections. Validation testing is the first sec‐
tion. Included is information relating to the testing of the prototype. The second section
is the verification section. Verification related task data and assessment items are in‐
cluded. Additionally, section covers other concepts that were considered in the develop‐
ment process. This information is represented via images of the initial concept genera‐
tion, low fidelity prototypes, and verification matrices used to eliminate and alternate
concepts.

17.1 Verification Tests
17.1.1 Shake‐table
A custom designed shake table was built in order to facilitate the testing and guide the
design choices of the neck structure.
17.1.1.1 Procedures
The first step of testing is to mount the neck onto the sliding carriage of the shake table.
This is accomplished through 4x 4‐40 screws, screwed directly into the top plate of the
sliding carriage. Once mounted, affixed a representative mass. In our tests, a 1.5 kg steel
block was used to represent the gimbal.
A single axis accelerometer is then mounted to the base of the neck structure, while a
second single axis accelerometer is mounted to the end of the neck. This was done
through Hot Glue, which notably does not adhere to steel.
These both feedback to a LabQuest digital acquisition device, capable of recording values
from both units over time.
The power supply was started up, supplying a set voltage. Once a steady state was
achieved, data was collected from both accelerometer at 250 samples a second for two
seconds. The voltage was then increased in 1 V increments, with data being collected at
each increment once steady state was reached. These tests were performed 3 times.
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17.1.1.2 Formulas

Gravity Offset removed the negative 9.8 m/s^2 offset inherent to earthly operations.
RMS allowed used to look specifically at the average peaks in acceleration over the data
range.
Percent allowed us to calculate the percent reduction from the input and output acceler‐
ation.
dB converted percentage reduction to dB.
17.1.1.3 Apparatus Construction
This table consisted of 2x FR801‐001 Chiaphua Components Group Industrial Motor, each
connected to a cam linkage system. This cam placed a shaft offset by 0.125” from the
center of the motor shaft connected to an aluminum link. This aluminum link connected
from there to a sliding platform mounted on linear bearings which provided lubrication
across stainless steel rods.
The motors, connected in parallel to a variable power supply, allowed for the control of
the platform shaking frequency by changing the input voltage which controls the motor
RPM.
This shaking system was then mounted to section of steel C channel and welded to a large
steel block (215 lbs) for stability.
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Figure 12: Shake Table Top and Section View
17.1.2 Motor Performance Tests and Simulations
The tests and simulations described in this section were performed to measure the per‐
formance characteristics of the motors and to verify that this performance would be suf‐
ficient to attain the desired control performance for the gimbal system.
17.1.2.1 Motor Torque Tests
The stall torque of each type of motor, which is the maximum torque that can be pro‐
duced by a motor, was measured using a torque gage. The torque gage was attached to
the motor shaft, and one phase of the motor was energized with 12V by applying the
voltage directly across two of the motor leads. The torque gage was then slowly rotated
until the applied torque exceeded the stall torque of the motor and the motor moved,
and the maximum torque was then recorded as the stall torque. The electrical current
draw through the motor was also measured using an ammeter, and the torque constant
for the motor was approximated by dividing the stall torque by this current draw. Figure
13 shows the experimental test setup, and Table 17 summarizes the results.
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Figure 13: Motor Performance Test Setup
Table 17: Motor Performance Test Results
Motor

Stall Torque (mNm)

Current (A)

Torque Constant (mNm/A)

GBM4114‐120T

247

0.82

300

GBM3506‐130T

127

0.98

130

17.1.3 Gimbal Dynamics Simulations
The dynamics simulations presented in this section were performed to verify that the mo‐
tors could provide sufficient torque to obtain the desired control performance character‐
istics. Two simulations were performed. The first simulated the response of a simple PID
controller for rotational motion of the gimbal in response to a sinusoidal position com‐
mand input, and the second simulated the response of a PID controller for rotational mo‐
tion of the laser scanner in response to a triangle wave position command input. The sim‐
ulation setups were identical except for the values of the moments of inertia, control
gains, input wave shape, input wave frequency, and input wave amplitude.
17.1.3.1 System Dynamics
Both systems were modeled as simple masses rotating around a fixed point with an ap‐
plied torque. This results in system dynamics represented by the equation
where

is the angle of the gimbal or laser scanner,

is the applied torque, and is the
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mass moment of inertia about the axis of rotation. The values for the moments of inertia
were computed using a CAD program.
17.1.3.2 PID Controller
A simple PID controller was implemented to test the system response. The gains were
selected by equating the coefficients of the closed‐loop transfer function with the coeffi‐
cients of a canonical 2nd‐order dynamic system, and choosing the desired performance
characteristics. The gains were further tuned by hand to improve the performance. The
values of the performance characteristics and gains are included in Table 18.
17.1.3.3 Simulation
The simulation was carried out in MATLAB/Simulink using the parameters given in Table
18. Figure 15 shows the block diagram used for the gimbal simulation. The block diagram
for the laser scanner simulation is identical except that the sinusoidal wave input is re‐
placed with a triangle wave. The amplitude of the sinusoidal wave for the gimbal simula‐
tion is ±135°, and the triangle wave ranges from ‐15° to ‐90°. The simulation files are in‐
cluded in the accompany files (see Appendix G: Project DVD File Tree).
Table 18: Simulation Parameters
Parameter

,

Gimbal

Laser Scanner

0.0060 kg*m2

0.0002 kg*m2

0.247 N*m

0.127 N*m

1.0 rad/s

0.5 rad/s

0.7

0.7

7.6

0.039

0.84

0.0043
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Figure 14: Simulation block diagram
17.1.3.4 Results and Conclusions
By varying the input frequencies and observing the responses, it was found that the gim‐
bal motors could provide a maximum closed‐loop bandwidth of 0.75Hz, and that the la‐
ser scanner pitch motor could easily provide the desired 0.5Hz pitch frequency. XX
shows the response and torque inputs for the gimbal simulation at 0.75Hz, and XX
shows the same plots for the laser scanner simulation at 0.5Hz.

17.2 Surrogate Validation Testing
17.2.1 Procedures
Range of orientation was validated using manual apparatus manipulation. Each axis of
rotation was manipulated individually by hand through its physically allowed range of
motion.
Range of motion was extrapolated from pictures of the axis at negative and positive
maximums. This was done by superimposing a protractor onto the images. Vectors
were then created and the angle between the vectors was analyzed to give the ranges
of motion. Images of this validation test have been included (see Table 194).

4

Please note that full size images have been included on the DVD provided by Team Neckatronics. They
are found under the folder titled ‘Orientation Test.’
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17.2.2 Data
Table 19: Data from Orientation Test
Roll of Gimbal

±96.5

Degrees

Yaw of Gimbal

±145

Degrees

Pitch of Camera

±140

Degrees

Pitch of LIDAR

+15 to‐120

Degrees
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17.2.3 Orientation Test

Figure 15: Roll Range of Motion of Gimbal, 0 to 193 Degrees
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Figure 16: Yaw Range of Motion of Gimbal, 0 to 290 Degrees
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Figure 17: Pitch Range of Motion of Gimbal, 0 to 280 Degrees
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Figure 18: Pitch Range of Motion of LIDAR, 0 to 135 Degrees
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17.2.4 Rollover Test
17.2.4.1 Procedures
The rollover test was a scenario designed to demonstrate rollover conditions. The Neck
Structure was attached to the Red Wagon, and was then forcefully tipped over. The struc‐
ture landed on itself upside down. After tipping the wagon back up the Neck Structure
was analyzed. The structure did not take any damage. A video file of the procedure has
been included on the DVD (See Appendix G: Project DVD File Tree)
17.2.5 Red Wagon
The Red Wagon is a gait simulation platform, designed to approximate the walking of an
Allegro Dog. Its design features: custom cam wheels, plywood mounts, plywood base,
steel angle as the mounting plate and a plastic wagon as counter weight carriage.
The following contents are a breakdown of each of the individual components and their
construction.
17.2.5.1 Custom Cam Wheel Design
The Cam wheels were structured based off
of visual gait analysis. This was done via anal‐
ysis of YouTube videos of the Allegro Dog
walking. In order to properly interpret the
gait pattern, careful comparisons were made
to items in the background. Using relative
depth and height approximations, the step
height of .5 inches was acquired.
From the step height and a rough visual ap‐
proximation of the frequency of stepping, 6
inch diameter wheels with a .5 inch step
were designed. The step was given a wide
arc to help minimize the chances of skipping.
In consideration of variability in gait patterns
the wheels were designed around the con‐
cept of gait pattern adjustment. The design
feature a center plus sign broach in a middle
wheel. Two external wheels secure an axel Figure 19: Lateral View of Assembled
pin that is placed in a selected grove. This is Cam Wheels
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done via lock tight nuts and four screws. Drawings of the parts have been included in
Appendix C: Drawings for further clarification
17.2.5.2 Axels and related parts
The axel design consists of two 15 inch steel rods which measure a quarter inch in diam‐
eter. There are two pin holes in each axel that hold a half inch long locking steel pin. The
pin measures an eighth of an inch in diameter. There are a total of 4 PVC pipe spacers.
Each measures 3.25±.3 inches.

17.2.5.3 Mounts, Base, and Mounting Point
Construction of the base and mounts was don
with plywood. The eight axel mounts were con‐
structed from .5 inch plywood. They measure 2
inches by 3.875 inches. . Each mount has a single
quarter inch hole. Using wood glue, the mounts
were attached to the base.
The base consists of a single .75 inch plywood
sheet that measures 8 inches by 16 inches. At‐
tached to the base is a 2 by 4 base mount that
measures 8.9375 inches. Two 3/8‐24 X 3 holes
are used as attachment points for the base
mount and the angle steel mount. Measure‐
ments of the mount are 5.125 inches, by 3.5
inches, with a length of 1ft. See Figure 12 for
clarification.
Figure 20: Inferior View of Red Wagon
17.2.5.4 Counter Weight Carriage
Because the angel bar in combination with the Neck Structure moved the center of mass
so far forward, there was a worry that the system would be unstable during movement.
As a results the team implements a small plastic wagon as a weight carriage to redistrib‐
ute the total mass of the system.
17.2.5.5 Procedures
Validation of the Neck Structure’s robust design was done using the Red Wagon. The
wagon was placed on a treadmill and the treadmill was set to a speed of 1.2mph. The
test was conducted for one hour. Throughout the test, there was no observable issues.
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Upon completion, the Neck Structure was examined for any possible damage. The system
was found undamaged.
It was calculated that the Neck Structure went undamaged for 4000 cycles. This estima‐
tion was made based off of a single rotation of one wheel. Multiple wheels were not
taken into consideration because of the possibility of skipping.
There was a much higher level of strain placed on the system then the team could
properly quantify. This was noted from visual impulses coming from the rope inconsist‐
ently pulling on the structure to maintain an average speed of 1.2 mph.
17.2.5.6 Data
Treadmill
Test

Speed of
Treadmill

Distance
Traveled

Calculated cycles from distance traveled and
wheel circumference of 20.5 inches

Duration of
test

1.2 mph

1.3 mi

4017 cycles

1 hr

17.2.5.7 Materials List
Chassis










8 .5 inch pieces of plywood that measures 2 inches by 3.875 inches
1 .75 inch piece of plywood that measures 8 inches by 16 inches
1 2 by 4 that measures 9.9375 inches long
1 angle steel piece that measures 5.125 inches by 3.5 inches, with a length of 1ft
and thickness of .25 inches
2 SHCS 3/8‐24 X3 bolts
2 3/8‐24 YZ 8 NYLOCK NE nuts
4 3/8 USS F/W Z washers
A small plastic box to act as the weight counter balance carriage
4 DARCO DECK 10 X 4 C screws

Axle and Wheels








2 .25 inch diameter steel rods measuring 15 inches each
4 .125 inch diameter steel rods measuring .5 inches each
4 3.25 inch pieces of .5 inch PVC
1 33 inch by 24 inch sheet of .25 inch Lexan for the wheels
16 10‐32 NYLOCK YELLZINC nuts
16 10‐32 1 ¼ SHCS bolts
32 ¼ SplitL/W Z washers
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18 Bill of Materials
This appendix is a complete breakdown of costs and materials for the final version of the
neck structure. The cost breakdowns are separated by neck, gimbal, and electronics.

18.1 Neck Structure
Item

Dimension

Cost

1" x 3" Alu Bar
1.5" x 1.5" Alu Bar
3/8" x 3/4" Alu Bar
1/8" x 6" Alu Sheet
2" OD Alu Rod
0.25" OD Steel Rod
0.375" OD Delrin Rod
4‐40 Machine Screw
4‐40 Machine Screw
4‐40 Hex Nut
10‐24 Machine Screw
8‐32 Machine Screw
1/8" Polycarbonate Sheet
0.25 ID Thrust Roller Bearing
Thrust Roller Bearing

12"
3"
15"
2.25"
1.5"
25"
20"
1.5"
1"
3/32"
0.5"
0.25"
12" x 12"
0.3125"
2" ID 2.5" OD

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

24.34
10.11
5.23
2.39
12.10
2.46
0.92
5.22
2.80
0.81
4.02
2.44
8.73
5.00
4.74

1
6
24
1
3
3
1
50
100
100
100
100
1
1
1

Thrust Washer

0.032"

$ 2.38

1

Total

Package Of

Qty

Total

Stock #

1
1
1
1
1
1
2
8
4
16
12
1
1
8
1

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

24.34
10.11
5.23
2.39
12.10
2.46
1.84
5.22
2.80
0.81
4.02
2.44
8.73
40.00
4.74

8975K239
9008K46
8975K615
8975K83
1610T15
8920K115
8572K53
90272A190
90272A115
90480A005
90272A242
90272A190
8574K26
5905k21
5909K43

2

$

4.76

$ 131.99

5909K56
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18.2 Gimbal
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18.3 Electronics
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19 Appendix F: List of Terms
These terms have been included because it is expected that one or more of these con‐
cepts may be ambiguous.

1

Orientation Control ‐ the ability to input a command and have the sensor array
position itself accurately according to the desired location.

2

Pose Estimation ‐ the ability to have the sensor array report where it is posi‐
tioned at any given time.

3

Yaw ‐ moving the camera left and right. Example: looking left over one shoulder
and then over the other.

4

Pitch ‐ rotating the sensor array up and down. Example: looking up to the
sky and then down towards your feet.

5

Roll ‐ tilting the camera back and forth in a left or right motion.

6

Heave ‐ vertical translation of the camera.

7

Command Rate – the frequency at which the system can receive and process
control commands

8

Standard Communications ‐ our communication protocol being an industry
standard protocol currently on the market.

9

Closed‐loop positioning bandwidth ‐ the maximum frequency at which the sys‐
tem will track control inputs.

10

Power Requirements ‐ the amount of power consumed by the product at any
given time.

11

Structural Integrity ‐ the mechanism being able to withstand an impulse from the
base.

12

Convex Enclosing Volume ‐ the volume of space being occupied while the mecha‐
nism is in its resting position.
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20 Appendix G: Project DVD File Tree
1. CAD Files
a. Electronics
i. AMT203 Encoder Interface Board
ii. MPU‐6000 IMU Interface Board
b. Neck and Gimbal
i. Export
ii. Native SolidWorks Files
c. Shake Table
i. Export
ii. Native SolidWorks Files
2. Code
3. Data Sheets
4. Documentation
a. Fall Presentation
b. Fall Report
c. Project Fair Poster
d. Winter Presentation
5. Drawings
a. Electronics
b. Gimbal
c. Neck Structure
i. Native SolidWorks Files
ii. PDF
6. Raw Data

Videos
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21 Appendix H: Fall Semester Report
This documents is a complete synopsis of Team Neckatronics’ work from September
2013 to December 2013. Notable inclusions: opportunity development, concept devel‐
opment, low‐fidelity prototyping, decisions matrices, and statement of work
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