
Abstract. This white paper takes a look at using PyBullet + 
URDF to develop a control scheme for the ChipV2 Robot Dog 
Platform after previous attempts to control the platform 
proved insufficient. Previous attempts included employing a 
static standard creep-gait with no IMU feedback. Issues arose 
due to the large mass of the upper portion of the legs which 
caused significant shifts in the CoG making its location 
unpredictable and difficult to employ a static creep-gait to. 
This paper attempts to use real-time physics simulation to 
preemptively stabilize the platform while walking and then 
adds IMU feedback to hopefully correct errors in the model. 
We plan to deploy the simulation on the robot platform itself 
as a method of real-time state-estimation for control. For less-
experienced readers, it is recommended to read Appendices 
A and B before reading the paper.  

I. Introduction 

Control of legged robots is an incredibly 
complex and wide-ranging topic highly 
relevant to the robotics industry today. 
Legged robots are becoming increasingly 
prevalent, and more importantly useful, in 
a wide variety of applications. Legged 
robot generally employ forms of complex 
Model Predictive Control (MPC) or utilize a 
form of machine learning and simulation. 
This paper presents an approach on using 
simulation for state-estimation, 
kinematics, and dynamics in the control of 
the ChipV2 legged robot platform. Note 
that this paper is more for documentation 

of the work done on the ChipV2 platform 
rather than the novelty or rigor of the 
method involved. It was simply written for 
learning and/or future replication.  

I.1.0 Organization. This paper has several 
sections outlined in the list below. 

• High-level control system overview + 
functional block-diagrams 

• Kinematics through simulation 
• Dynamics through simulation 
• Walking + other experiments in motion 
• Conclusions + analysis  
• Appendices + extra information 
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The paper is laid out in the order the 
research was performed and attempts to 
go into enough detail for replication. The 
final code for the ChipV2 robot is available 
on GitHub.  

I.2.0 Background + Purpose. The ChipV2 
robot dog was designed and built purely 
for fun rather than any other purpose. We 
completed construction of the system 
around June of 2020. Prior to the 
approach presented in this paper many 
lower-level control methods were 
employed including simple creep-gait 
kinematic trajectories with no state 
feedback or dynamic analysis. 2D 
kinematic solutions were used for the legs 
and no kinematics was described for the 
body making even simple “roll,” “pitch,” 
and “yaw” control very difficult. 

We decided to take the January of 2021 to 
overhaul the control system into 
something where control was much more 
“useful” to the platform before we 
attempted to generate better walking and 
other platform motions. This approach was 
inspired by the SpotMicro AI project and 
their use of simulation. The process of 
reconstructing the software is what is 
documented in this paper.  

II. High-Level Overview 

This section will present a brief overview 
of the ChipV2 platform for reference 
before moving into a more detailed high-

level overview of the control system being 
presented in the rest of the paper. We will 
not be discussing mechanical design in 
any detail.  

II.1.0 Robot Description. The ChipV2 
robot is a 12 degree-of-freedom (DoF) 
robot quadruped with a front/rear 
asymmetrical leg configuration similar to 
that of most animals. The platform weighs 
a total of around 26kgs. The space-frame 
chassis is made from 6061-T6 aluminum, 
and the legs are made from a combination 
of steel-plate and carbon fiber. The 
actuators are REV Robotics NEO motors w/  
100:1 reduction gearboxes capable of 
5rad/s and 260Nm of stall torque. The 
actuators are structurally essential to the 
platform and take body-forces as shown in 
the CAD-screenshot below.  

Each leg has a shoulder joint, hinge joint, 
and knee joint for a total of 3DoF per leg. 
The leg motors are not in a typical 
configuration for most legged robots for 
ease of construction more than for 
mechanical design purposes. The feet are 
3D printed out of flexible TPU filament. 

II.1.1 Sensing System. The robot has the 
following on-board sensors, only some of 
which are discussed in this paper or used 
in the control algorithm. 
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• (1x) Here2 GPS Module 
• (1x) Ardupilot Pixhawk Cube FC w/ 

redundant IMUs, Compass, Barometer, 
and etc 

• (1x) Intel Realsense T265 Tracking 
Camera 

• (12x) Hall-effect encoder sensors for 
actuation control 

• (12x) Actuation current sensors 
• (1x) Main voltage-bus monitor 
• (1x) Long-range telemetry module  
• WiFi + Bluetooth  
• Xbox One connected gamepad 

The main controller is an Nvidia Jetson 
TX1 developer’s kit w/ Ubuntu 18.04 
running ROS Melodic. 

II.2.0 Controls System Overview. This 
section will described the high-level 
concepts and functional-block-diagrams 
behind the control system. We will not be 
touching low-level drivers, 
communications, sensing, or other 
hardware-focused components of the 
software.  

II.2.1 High-Level Conceptualization. The 
control system has a few major 
components listed below. The system 
functional-block-diagram is also shown 
below.  

• Full-platform model w/ inertial 
components 

• Simple state-machine 
• A combined numerical/analytical 

kinematics solver 
• Platform dynamics simulator + 

complex state-estimator 
• Combined feed-forward feedback 

controller 

All of these will be briefly described here 
and discussed further in later sections.  

II.2.2 Robot URDF Model. The control 
system starts with a good model of the 
robot. Starting with a CAD of the robot in 

Fusion360, we created a robot model 
using a standard PyBullet compatible 
URDF file. We utilized Fusion360 to 
calculate inertial data of each link before 
encoding it into the URDF file itself. 
Appendix A contains a detailed description 
on how we created the URDF file from 
CAD and platform data. 

Important contacts such as collisions 
between bodies making up the platform 
itself and friction between the feet and the 
ground were defined in the URDF as well. 
The model allows for both dynamics and 
kinematic simulation in PyBullet.  

II.2.3 Simple Iterative State-Machine. 
Currently the actual control commands are 
taken from the user via an Xbox One 
joypad wirelessly connected to the robot 
(there is no real automation of any of the 
robot functions at this time). Because of 
this, tracking of the last commanded body 
position and orientation is required in all 
control modes so a simple state machine 
that tracks the commanded body position 
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and orientation at each time-step was 
implemented. The state machine simply 
tracks the commanded state not the 
actual state (that is left to the feedback 
controller and simulator). This allows 
control commands to be updated each 
time-step.  

II.2.4 Numerical + Analytical Kinematics 
Solver. The inverse kinematics took the 
approach of breaking down the kinematics 
of the platform into the forward kinematics 
of the body and the inverse kinematics of 
the leg, an idea that came from [1].  

• The forward kinematics of the body 
was simple enough as was 
implemented as an analytical closed-
form solution.  

• The inverse kinematics of the leg was 
much more complicated due to the 
unconventional location of the hinge 
joint which made closed-form solutions  
fairly impossible. The kinematics of the 
leg, therefore, were solve numerically.  

Essentially to move a single leg, the 
kinematics can use just the numerical 
solver to perform inverse kinematics. 
When moving the body, a desired position 
is fed into the body’s forward-kinematics 
which determines the four “corner-points” 
that make up the body-plane. These 
points are fed into individual leg inverse-
kinematic solvers to determine joint 
positions.  

The kinematics and the state-machine are 
all that are used for standing and sitting 
and a few of the other simple motions. The 

output of the kinematics is used by both 
the simulator as well as the platform itself 
for actuation.  

II.2.5 Platform Dynamic Simulator + 
State-Estimator. The simulator 
essentially has one role and that is to 
predict when and how the platform will fall 
over. It’s for balance maintenance as that 
is somewhat complicated to predict. The 
control commands at each time-step are 
sent to the simulator which then deploys 
them to the robot model to see what 
would happen if these actuation 
commands were sent to the real platform. 
The control system uses the platform for 
complex state-estimation without sensor 
input.  

II.2.6 Feedback + Feedforward 
Controller. The feedback component of 
the control system takes the IMU 
measurements, joint velocities, and joint 
positions as inputs and uses them to 
correct/verify the simulation. The last 
component essentially makes the ChipV2 
control system into a full-state, discrete-
time feedback state-estimator and 
controller.  

However, we do describe the controller as 
a feedback and feed-forward controller 
because while certain components of 
feedback are used for essential functions 
such as balance. The feedback is mostly 
used for state-estimation and the state-
estimation is then used for feed-forward 
trajectory generation and control. This will 
all be discussed in more detail later. 

III. Kinematics


This section will present a more in-depth 
review of the kinematics solver 
implemented on the platform including a 
mathematics review as well as more 
details on the implementation and results.  
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We start with a high-level diagram of the 
kinematic solver (libIK).   

A command for body position and 
orientation is generated in the local 
coordinate frame, this is sent to the body 
kinematics node which develops desired 
positions for each of the four legs. These 
positions are sent to the PyBullet headless 
simulator which uses a second URDF 
model of an individual leg and a numerical 
solver to solve for the joint positions. 
These joint positions are sent through two 
coordinate transforms before being sent 
to the actuators.  

III.1.0 Body Analytical Kinematics. We 
analyzed the forward kinematics of the 
body using the method presented in [1]. 
That method is presented in further detail 
here. 

The first thing to note is that the body of 
the robot is a plane which consists of five 
distinct points, the centroid and four 
corner points. 

The body can be represented as a single 
plane where the plane is rotated about or 
translated along the three absolute 
coordinate directions as shown in the 
previous figure. 

The above three matrix definitions from [1] 
represent “rotation matrices” that allow 
coordinates in one coordinate frame to be 
projected into another, rotated coordinate 
frame. Notice that the corner points that 
make up the plane are also the points 
where the legs attach to the body. Also 
note that these points positions are always 
known in the body coordinate frame (the 
grey coordinate frame in the previous 
drawing). 

And note that the “total rotation matrix” of 
a system can be represented as the 
product of the rotation matrices about the 
individual axis.  

For rotation, we know that the coordinate 
transform from the target coordinate 
system back to the original global 
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coordinate system is given by the below 
formula for a test point “x_0” [25]. 

And finally we need to think about 
translation and all we need to consider is 
the fact that if we see a  
translation of the centroid, each of the 
corner points would have the same 
translation. Putting this all together, here 
is an example for the location of a single 
corner point given the desired position of 
the body. 

Note that “fll” stands for “front-left-leg.” 
This “x_fll” is then fed to the inverse 
kinematics system for a single leg. 

III.2.0 Single-Leg Numerical Kinematics. 
Given a desired body position we can 
determine the coordinates of the 
attachment point of each leg using the 
body forward-kinematics method above. 
But computing the inverse kinematics of a 
leg analytically is slightly more involved 
and requires more complex matrix-
equations for which closed-form solutions 
are difficult if not impossible. Therefore, 
we decided to use the in-built inverse 
kinematic solver in the PyBullet physics 
engine.  

III.2.1 Modeling a Leg in PyBullet. To give 
the PyBullet simulator all the information 
about the leg system that it needed to 
perform IK. We simply constructed a new 
URDF file of a single leg using the 
technique and information in Appendix A. 
An image of the model imported into the 
PyBullet simulator is found below.  

We generated a test program that allows 
us to set the (x, y, z) coordinates of the 

end-point of a leg and PyBullet will 
calculate the IK and move the leg in the 
simulator. The simulation has no 
dynamics, no friction, no gravity, and no 
constraints other than collision bodies 
allowing the kinematic solution to be as 
close to “perfect” as possible. Please see 
the PyBullet.calculateInverseKinematics() 
method for information on the actual 
solver.  

III.3.0 Linking Body FK to Leg IK. Going 
back to the results from section III.1.0, we 
need to convert this result to a “foot 
position” in the leg coordinate system to 
feed into the leg IK.  

To translate this to a foot position there’s 
only two simple rules we need to 
understand. 

• The z-position of the foot fed to 
inverse kinematics will generally always 
be (-) and will be the same magnitude 
of the desired z-position of the leg’s 
connection point to the body.  

• For the platform to move in the “x" or 
“y”direction the feet must move in the 
opposite direction (“-x” or “-y”) to 
“push” the body in the desired 
direction. 

(Δx , Δy, Δz )
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You may notice that technically both rules 
can be combined into a single rule which 
is to achieve a desired body or point 
motion the legs perform the exact 
opposite motion. Therefore we can say 
very simply that the following relation 
holds. 

This solution is fed to each leg’s numerical 
IK system to produce the final joint 
positions.  

III.4.0 IK Results w/ Pictures! We just 
want to show you the results of this 
inverse kinematics algorithm w/ a few 
pictures. All the images are straight from 
the IK system with no filtering or 
modification.  

The above (3x) pictures come from (3x) 
different z-position commands of the 
body. 

These are (2x) different y-position 
commands of the body.  

And these are (2x) different yaw 
commands. There’s a little bit of instability 
because of the slop in the joints. 

Just from the kinematics and utilization of 
a state machine to keep track of the 
command sent to the platform at each 
time-step, we can use just the joypad to 
make the robot stand/sit and shift its 
weight onto different legs. The next steps 
will be dynamics simulation and actually 
getting the platform walking.  
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IV. State-Estimation via 
Simulation


This section will cover the technique we 
used for robot state-estimation via 
simulation in the PyBullet physics engine. 
The state-estimator is a required 
component of the robot for all future and 
more complicated motions including 
walking. It will allow us to implement full-
state-feedback control of the platform for 
these more complicated actions. 

The state-estimator is a full-state-
feedback estimator; we will cover all of its 
individual components, and the reasons 
for each. Above is a system block-
diagram.* 

*We should mention that full-state-feedback refers to full-
state-position-feedback as velocity or acceleration of joints 
and the body are not recorded. This is due to the fact that we 
are unable to perform force or velocity control on the platform 
and these parameters were not necessary for the adequate 
control of the platform in the experimental environment. 

IV.1.0 Simulator Setup. We’ll first cover 
the PyBullet simulator itself as doing do 
helps you understand how the state-
estimator is going to try to estimate the 
state of the platform. Essentially, what we 
want the state-estimator to be able to do 
is track the orientation of the body in its 
local frame, and the foot positions in the 
body’s local frame as well as in the leg-
frame. This is essentially when generating 
complex walking trajectories where 
building a state-machine to keep track of 
previous commands and leg positions is 
very difficult. We’ll use the in-built 
features of PyBullet and feedback from 
the platform to do this.  

In section II.2.2 and Appendix A, we 
describe the creation of a URDF model of 
the robot to be used in PyBullet, we start 
by importing this model into the simulator.  

PyBullet has many simulation options to 
choose from on start-up. It is most known 
for its Gazebo-like dynamic simulation 
which would allow the platform to move 
around and every component of its 
physics to be simulated. We initially 
attempted creating a ground terrain and 
setting up accurate joint torques and 
velocities but we shifted from this plan for 
the following reasons. 

• The robot started to uncontrollably and 
unpredictably drift far from the global 
origin. 

• The dynamics of the simulation were 
not matching the dynamics in real-life 
(due to the nature of the actuators on 
the platform). This was true after 
repeated attempts at both torque and 
speed limiting. 

• The simulation was becoming 
computationally expensive and causing 
thermal issues for the computer.  

• This level of dynamic simulation is 
generally unnecessary in creep-gait. 
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Since we really just wanted to be able to 
keep track of the foot positions and body 
orientation, we took a different approach. 

• The model was imported as a “fixed 
base” where the centroid of the main 
body would always be located at the 
simulation’s global origin.  

• The physics simulation was shut off 
completely including any dynamics 
involving actuators moving to different 
positions.  

The following two methods from PyBullet’s 
library are important to understanding the 
rest of the simulation. 

Instead of dynamically “servo-ing” the 
legs and allowing the body to update its 
orientation on its own, at each time-step 
the robot updates the actuator positions 
and body orientation using the “reset” 
methods. The input data to these methods 
come purely from the platform’s sensors 
including the following. 

• (12x) Hall-Effect Encoders, one for 
each of the actuators.  

• (1x) Ardupilot w/ triple-redundancy 
IMU sensors. 

• (1x) Intel RealSense T-265 tracking 
camera. 

Each time a new sensor reading is 
acquired from the encoders or the IMU the 
platform state is updated in the simulation 
using the information gathered from 
sensor feedback.  

IV.2.0 Interfacing the Simulator w/ 
Sensors. Part of the implementation of 
the interface between the simulators and 
sensors is shown in the above code but 
explained further here for clarity.  

IV.2.1 Encoders. The encoders proved 
simple to interface with the simulator. The 
REV Robotics SparkMax controllers report 
the position of the actuator in terms of 
“number of revolutions from home-
position” at a rate of 60Hz. 
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• Some actuators have a different 
“positive rotation direction” than their 
corresponding joints in the simulator.  

• The simulator requires joint commands 
be in radians not rotations.  

• The “zero-position” for some actuators 
may be different in real-life than in the 
simulator.  

• The“order” of actuators in the 
command sent may differ from the 
platform and the simulator (i.e. the first 
three values correspond to FL vs. FR 
legs in the 12-value command). 

One you account for these issues, 
commands can be sent directly to the 
simulator from the encoders. Issue (3) is 
accounted for directly after reading the 
encoders, issues (1), (2), and (4) are 
accounted for in “driver_003” in the image 
on the previous page. The offsets, zero-
positions, positive directions for the 
actuators and simulated joints, and order 
for commands was determined 
experimentally.  

IV.2.2 Main Platform IMU Integration. 
The IMU was a simpler sensor to integrate 
than the encoders as the coordinate 
system of the IMU and the body of the 
robot in the URDF match exactly (the x-
axis points forward, the z-axis points up, 
and the system is right-handed). Initially 
we believed all that would be needed was 
to take the IMU quaternion from the 
Ardupilot—which serves as the platform’s 
main IMU as it is mounted at the centroid 
of the platform—and use that to reset the 
body’s orientation at every time-step. This 
worked very well for both the roll and pitch 
axis. This is shown in the “imu_callback” 
method on the previous page. 

Issues arose with the “yaw” angle, 
however. Because the Ardupilot is a drone 
flight-controller, its yaw command is fused 
with GPS heading estimates which are 
very unreliable below 25mph. This caused 
the platform to rotationally drift in yaw in 

the simulation even while it was stationary 
in real-life.  

IV.2.3 Fixing Yaw Data w/ RealSense 
T265. We wanted the platform on start-up 
to have a yaw-angle of 0.0° in the local 
coordinate frame, and the yaw data from 
the Ardupilot was proving unreliable. The 
platform also has on-board an Intel 
RealSense T265 tracking camera which 
uses its own IMU and stereo camera to 
generate extremely accurate odometery 
estimates.  

A very simple sensor-fusion algorithm was 
implemented where the roll and pitch 
angles were taken from the main IMU and 
the yaw angle was taken from the 
RealSense camera visual odometery 
estimate. The above images show the final 
state-estimation and the platform’s 
position for reference. The simulator is 
being run in “GUI” mode at the moment 
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but it can also be run in “DIRECT” mode 
(headless mode) to the same effect.  

IV.3.0 Foot-Position Estimation + 
Tracking in the Leg Coordinate Frame. 
Tracking the (x,y,z) position of the foot in 
the leg coordinate frame is essential to 
generating stepping trajectories (you need 
to know where you are before you can 
figure out where to go). The state-
estimator described above is capable of 
determining the foot positions in the 
robot’s global coordinate frame at any 
time-step; a few simple mathematical 
transformations will allow us to shift these 
into the leg coordinate frame.  

The above diagram begins to describe the 
transformation that needs to take place. 


• We know the position of the foot in the 
global coordinate-frame via simulation.


• We also know the position of the 
shoulder point for each leg in the rotated 
coordinate frame. 


• Finally, we know that the leg’s coordinate 
frame always follows the same rotations 
of the body-frame. 


To acquire the foot positions in the local 
“leg” coordinate frames, we first use the 
PyBullet simulator to acquire the positions of 
the foot links. We then use previously written 
methods to calculate the 3D rotation-matrix 
of the body. 


We also know that the following formula 
presented in III.1.0 holds and we can re-
arrange this formula for our needs [25].


And then the last step is to simple subtract 
the (x,y,z) position of the shoulder points to 
obtain the foot position in the leg coordinate 
frame for each leg. 


And here is the implementation of that in the 
LibIK library on the platform.
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The above image shows the result of both 
the simulation and the foot position 
estimation output.*


*Note that the y-coordinate of the foot positions on the right 
side of the platform is negative—as it should be. But the 
inverse kinematics algorithm requires a (+) y-coordinate for 
foot positions because of the nature of implementation so this 
coordinate will need to be negated before using the output for 
IK in our case. The numerical leg kinematics is only performed 
on “left” leg models and the results are then “reflected” into 
the right-leg frame for computational efficiency.


IV.4.0 Tracking Body Position. The last 
thing we want to implement in the state-
estimation is actual tracking of the body 
position such as the vertical height of the 
platform centroid from the ground-plane 
and the (x,y) position in the local 
coordinate-frame. Starting with height-
off-the-ground, we will make the following 
assumption. 

• At least (3x) of the robot’s feet are on 
the ground at any given point in time 
under “stable” circumstances. 

This actually makes the algorithm fairly 
simple. If we measure the foot z-positions in 

the global coordinate frame using the 
PyBullet simulation we can employ a simple 
filter to generate a “z_hat” height estimate of 
the platform above the ground. 


Essentially, the above filter takes the global 
z-position of all the four feet, negates them, 
and takes the average of the three largest as 
the platforms “z_hat” height estimate. Above 
is a block-diagram, below is the code and 
terminal-output. 


The terminal output was taken when the 
platform center was measured to be 
between 0.49m and 0.5m off the ground. We 
can likely say this estimate is fairly accurate. 


The only time this estimate is not accurate is 
<0.1m off the ground where other parts of 
the physical robot interfere with the ground 
and support the robot’s weight. This is ok 
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because the state-estimator is accurate 
when the robot’s feet are in contact with the 
ground and this is enough for out purposes. 


IV. Fixing the Low-Level 
Controller


Okay so we’re going to change the 
command from just position to position 
and velocity for all 12 motors 

<< OR INSTEAD OF POSITION CONTROL 
WE DO “SMART MOTION” >> 

(If we use smart motion we might be able 
to prevent the over-currenting due to the 
acceleration! And have the platform move 
faster) 

NOTES FOR LATER: 
- the current IP/NET/GATE 
- 10.20.20.12/255.0.0.0/10.20.20.1 

**trying “link-local” only!  
**says we can PING 

#SWITCHING THE LOCAL ROBOT 
NETWORK TO I2C… 

—Change Log— 
- first we changed the high level 

kinematics from the 2d simplification to 
a full 3d simulator and we added 

improved state estimation (which we 
may improve further depending) 

- Second, we got rid of the “network 
tables” and replaced it all with I2C 

- Then we changed the P-control to 
position + velocity control along with 
acceleration limiting (Motion Profiling) 

IV. Higher-Level Control + 
Walking


Step front two, then step rear two 
- would be nicer if we could get the leg to 

“step” faster than it “moves” 
- Would also be kinda cool if we could get 

the robot to balance on two legs or 
however many legs (on its own) 

- ^ if we can do that walking becomes 
easy, like automate the response to 
lifting a leg (keep the CoG in the 
triangle)  

- add in a balance controller when 
standing and things that stops robot 
from falling over or doing sommersaults  

- Use like a neural net to find the “ideal” 
foot positions and joint velocities, or use 
the Cheetah3 or Mini Cheetah paper! 

Then we might be able to go “fast” enough 
such that we can move the legs really quickly 
for balance and for other things! 
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Appendix A. URDF Model Creation  
We chose to use the Universal Robot Description Format (URDF) to create a model of the robot 
in the computer. We chose to use URDF because it provides many useful features when 
combined with PyBullet that take some load off of the hand calculations. 


• URDF allows us to specify physical properties of the links including (mass, moments of 
inertia, friction, and damping) which allow the PyBullet physics simulation to accurately 
predict robot movements.


• When combined w/ PyBullet, URDF can solve both inverse kinematics and dynamics 
models of the platform using the in-built library functions to allow for control of the 
platform.


• URDF allows us to specify collision boxes to ensure solutions from the above work on the 
platform in the physical world.


• URDF and PyBullet can be used to control a robot in real-time not just for simulation 
before-hand.


• Combined with OpenAI Gym, URDF + PyBullet allow us to train AI models that can be 
deployed on real robots for control. 


There are many options to generate a URDF model of a robot. Most CAD software have plugins 
that allow us to export URDF models from CAD assemblies, you may also define a URDF file 
by hand in the XML format as specified in [14].


• We chose not to export the ChipV2 CAD Model from Fusion360 to the URDF format as the 
exporter in [8] does not handle rigid groups and redefining the actuators would require too 
extensive a modification of the CAD files. 


• We decided to hand-code the XML file for URDF as this allows us to become more familiar 
with URDF and set the parameters directly. 


• Defining the URDF by hand also allows us to ensure compatibility with PyBullet and any 
other simulation software we would like to use throughout the paper. 


A.1.0 URDF Visual Model w/o Dynamics, Inertias, Masses, + etc. 

The goal here is to make a physically accurate but not necessarily visually accurate model of 
the robot that may be used for simulation and training. Below are images of the robot CAD as 
well as an actual picture of the robot without the fabric cover.
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Though the fabric cover adds some bulk, the physical components represented here are the 
only components we need to be concerned with regarding the collision of parts of the robot 
with itself or the environment. This is the most important part of the physical structure of the 
robot to capture in the URDF model. We want to start by defining the physical components of 
the system as bodies. We will utilize the measurements from the CAD including the location of 
the joints. https://mymodelrobot.appspot.com/5629499534213120


• We started with the main body shown above, we modeled the body as a “box” representing 
the part of the frame housing the electronics, and “rails” on the top and the bottom which 
are structural components of the robot shown in the CAD. Here they are just collision 
bodies. 
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• We then worked on defining a single leg in the URDF format. This consisted of the upper 
leg, lower leg, and the 90° bracket used to connect the leg assembly to the body. Above is 
a reference image of just the body and just the leg to compare to the above URDF models.


• There are two joints defined in the leg itself, the hinge joint between the 90° bracket and the 
leg itself, and the knee joint between the upper and lower legs. The shoulder joint is the 
connection between the body and the entire leg that we will explore next. 


• Now it’s important to note in the above we see a few extra components than on the 
previous page. We see “balls” for feet and little cylinders at the top of the upper leg. The 
cylinders represent the NEO motors on the upper arms. These were added as we felt the 
geometry was important to include when it comes to physical interactions in the simulation.
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• Finally, here is the robot with all actuators “zero’ed.” We set this as the zero-position as this 
is the same zero position as on the actual Chipv2 robot. There are still, however, a few 
things to look out for in terms of taking the outputs from URDF and controlling them on the 
actual robot. 


***Note on Collision Boundaries: The last thing to mention is when developing the URDF for this model, we set the “visual” 
geometry to be the same as the “collision” boundaries for all links. We did this for simplicity for now and may change its during 
training if that becomes an issue. You can think of every object you see in the image above as an impenetrable rigid body.  


A.2.0 Adding Dynamics, Inertias, Masses, + etc. 

The URDF model so far has no definitions of inertial properties which are very important to the 
simulation framework. According to, http://gazebosim.org/tutorials/?tut=ros_urdf, any link 
without inertial definition will be ignored or set to default values.


PyBullet + Gazebo are perfectly capable of calculating the dynamics of the platform 
automatically if each link has inertial information present. The above is an example of inertial 
information. 


Component Issue Solution

Shoulder Joints On the physical robot, rotating CCW is (+) on the motors, in the URDF 
model CCW is (-)

Commands from simulation to the shoulders should be NEGATED before 
being sent to the physical platform

Hinge Joints On the physical robot, the hinge joints are defined as outward movement 
of the leg is (+) rotation which is inconsistent with the RIGHT side of the 
URDF model

Commands to the RIGHT-side hinge motors must be NEGATED before 
being sent to the physical platform

All Joints On the physical robot, joint movement is majorly restricted by thick wires 
running from the body to the components, these restrictions are not yet 
reflected in the model

The physical restrictions must be accounted for before trying the 
generated trajectories on the robot itself, or a new URDF model should be 
constructed that incorporates joint limits. 

    <inertial> 
            <mass value="0.009" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0000005868"  ixy="0"  ixz="0" iyy="0.0000005868" iyz="0" izz="0.0000005868" /> 
    </inertial> 
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For each of the links we will take the following approach to measure the inertial values, mass 
values, and other information. Note that the origin is the location of the Center of Mass (CoM) 
from the link’s origin—which in PyBullet is defined as the centroid.


• We will assume the centroid and CoM to be the same for all links in the system as they 
should be for a symmetrical regular body.


• We will also require the Mass Moments of Inertia (MoI’s) about the CoM, and we must be 
careful in defining our axis to be the same as those in the URDF. 


We found the inertial information using the following method using the CAD software Fusion 
360. We only show one example below—for the rails on the top and bottom of the body—but 
this should be sufficient to explain the process.  


• Using physical measurements on the platform—https://www.adim.io/post/chip-updates-
preliminary-experiments-with-weight-cog-motion-analysis-updates—we were able to 
estimate the required weight of each of the components of the robot and set materials in 
the CAD that may not have been physically accurate but did match the weight of the 
component.*


*It’s important to note that this takes the approach of modeling every link on the robot as a mass-block with uniform density of size 
equivalent to its geometric size. That is the weight of each component is uniformly distributed across that component which isn’t 
technically true but good enough for our simulation.  

• We could then extract relevant data from Fusion360, these data are presented on the 
following pages.


The data was used to add in the inertial components for each part. Every link in the URDF was 
modeled and accounted for, and given a representative weight and MoI to avoid infinite 
accelerations and counter unknown/inaccurate values for mass and inertia being assigned to 
components by the simulator itself.  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of the part in question. Ensure the axis match 
the axis in the URDF. 

(2) Define the material in such that the part 
is of equivalent weight to what is measured in 
real-life. 

(3) Ensure the geometry of the part is the same 
or similar enough to the real component. 

(4) Ensure Fusion360 is set to “m” as the unit 
so MoI can be given in kgm^2 and mass in kg. 

(4) “right click”—>properties and allow 
Fusion360 to calculate all the required 
properties for you.
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A.2.1 Representative Inertial Data from Fusion360 Modeling. 

The following tables present the inertial and mass data for the individual components. 

Main Body of Platform Upper Portion of Legs w/ Actuators

Bodies (1) 
Area 0.628 m^2 
Density 1060.00 kg / m^3 
Mass 23.989 kg 
Volume 0.023 m^3 
Physical Material ABS Plastic 
Appearance ABS (White) 

Bounding Box 
 Length   0.33 m 
 Width   0.108 m 
 Height   0.635 m 
Center of Mass 0.00 m, 0.00 m, 0.00 m 

Moment of Inertia at Center of Mass   (kg m^2) 
 Ixx = 0.829 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 1.024 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 0.241 

Moment of Inertia at Origin   (kg m^2) 
 Ixx = 0.829 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 1.024 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 0.241 

Bodies (1) 
Area 0.092 m^2 
Density 1060.00 kg / m^3 
Mass 1.674 kg 
Volume 0.002 m^3 
Physical Material ABS Plastic 
Appearance ABS (White) 

Bounding Box 
 Length   0.079 m 
 Width   0.079 m 
 Height   0.253 m 
Center of Mass 0.00 m, 0.00 m, 0.00 m 

Moment of Inertia at Center of Mass   (kg m^2) 
 Ixx = 0.01 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 0.01 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 0.002 

Moment of Inertia at Origin   (kg m^2) 
 Ixx = 0.01 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 0.01 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 0.002 

Lower Portion of Legs—Carbon Fiber Rails—Component of the Main Body

Bodies (1) 
Area 0.066 m^2 
Density 1060.00 kg / m^3 
Mass 0.114 kg 
Volume 1.073E-04 m^3 
Physical Material ABS Plastic 
Appearance ABS (White) 

Bounding Box 
 Length   0.036 m 
 Width   0.036 m 
 Height   0.32 m 
Center of Mass 0.00 m, 0.00 m, 0.00 m 

Moment of Inertia at Center of Mass   (kg m^2) 
 Ixx = 0.0009860 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 0.0009860 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 0.00003078 

Moment of Inertia at Origin   (kg m^2) 
 Ixx = 9.860E-04 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 9.860E-04 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 3.078E-05 

Bodies (1) 
Area 0.064 m^2 
Density 2700.00 kg / m^3 
Mass 0.086 kg 
Volume 3.200E-05 m^3 
Physical Material Aluminum 6061 T6 80 Hot Formed 
Appearance Aluminum - Satin 

Bounding Box 
 Length   0.025 m 
 Width   0.33 m 
 Height   0.025 m 
Center of Mass 0.00 m, 6.359E-05 m, 0.00 m 

Moment of Inertia at Center of Mass   (kg m^2) 
 Ixx = 0.0007934 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 0.00001725 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 0.0007934 

Moment of Inertia at Origin   (kg m^2) 
 Ixx = 7.934E-04 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 1.725E-05 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 7.934E-04 
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*NOTE ONE: It’s important to note that these masses slightly overestimate the platform’s actual mass of each link. We think this is 
OK for our modeling purposes as the goal is to create a model that can estimate how the platform would respond to gravity, the 
environment and etc. It doesn’t have to be exact, it just needs to be accurate enough where we can use it to develop a trot-gait.  

*NOTE TWO: An observer may notice that no MoI or mass data was defined for the cylinders that model the NEO motors at the top 
of the upper-portion of the legs. This is because we used the data from the “hinge joints” for simplicity rather than for accuracy. The 
mass properties of the NEO are not important in the model as they are contained in the data for the upper portion of the legs and 
the NEO was only placed in the URDF for physical accuracy.   

Hinge Joints—Between Body + Legs Ball Feet—Ground Contact Model

Bodies (1) 
Area 0.046 m^2 
Density 2700.00 kg / m^3 
Mass 0.095 kg 
Volume 3.534E-05 m^3 
Physical Material Aluminum 
Appearance Aluminum - Satin 

Bounding Box 
 Length   0.076 m 
 Width   0.076 m 
 Height   0.076 m 
Center of Mass 0.00 m, 0.00 m, 0.00 m 

Moment of Inertia at Center of Mass   (kg m^2) 
 Ixx = 0.0001348 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 0.0001348 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 0.0001773 

Moment of Inertia at Origin   (kg m^2) 
 Ixx = 1.348E-04 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 1.348E-04 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 1.773E-04 

Bodies (1) 
Area 0.002 m^2 
Density 1060.00 kg / m^3 
Mass 0.009 kg 
Volume 8.580E-06 m^3 
Physical Material ABS Plastic 
Appearance ABS (White) 

Bounding Box 
 Length   0.025 m 
 Width   0.025 m 
 Height   0.025 m 
Center of Mass 0.00 m, 0.00 m, 0.00 m 

Moment of Inertia at Center of Mass   (kg m^2) 
 Ixx = 0.0000005868 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 0.0000005868 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 0.0000005868 

Moment of Inertia at Origin   (kg m^2) 
 Ixx = 5.868E-07 
 Ixy = 0.00 
 Ixz = 0.00 
 Iyx = 0.00 
 Iyy = 5.868E-07 
 Iyz = 0.00 
 Izx = 0.00 
 Izy = 0.00 
 Izz = 5.868E-07 
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A.3.0 Final URDF Model in Full—XML File. 

<?xml version="1.0" ?> 
<robot name="chip_v2"> 

    <!-- * * * Main Frame of Robot * * * --> 
    <link name="base_link"> 
        <inertial> 
            <mass value="23.989" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.829"  ixy="0"  ixz="0" izz="1.024" iyz="0" ixx="0.241" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.635 0.33 0.108"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.635 0.33 0.108"/> 
            </geometry> 
        </collision> 
    </link> 

    <link name="rail_tf"> 
        <inertial> 
            <mass value="0.086" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0007934"  ixy="0"  ixz="0" izz="0.0007934" iyz="0" iyy="0.00001725" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.0254 0.33 0.0286"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.0254 0.33 0.0286"/> 
            </geometry> 
        </collision> 
    </link> 

    <link name="rail_tb"> 
        <inertial> 
            <mass value="0.086" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0007934"  ixy="0"  ixz="0" izz="0.0007934" iyz="0" iyy="0.00001725" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.0254 0.33 0.0286"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.0254 0.33 0.0286"/> 
            </geometry> 
        </collision> 
    </link> 

    <link name="rail_bf"> 
        <inertial> 
            <mass value="0.086" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0007934"  ixy="0"  ixz="0" izz="0.0007934" iyz="0" iyy="0.00001725" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.0254 0.33 0.0286"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
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        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.0254 0.33 0.0286"/> 
            </geometry> 
        </collision> 
    </link> 

    <link name="rail_bb"> 
        <inertial> 
            <mass value="0.086" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0007934"  ixy="0"  ixz="0" izz="0.0007934" iyz="0" iyy="0.00001725" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.0254 0.33 0.0286"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.0254 0.33 0.0286"/> 
            </geometry> 
        </collision> 
    </link> 

    <!-- * * * JOINTS IN Main Frame of Robot * * * --> 
    <joint name="rigid_tf" type="fixed"> 
        <parent link="base_link"/> 
        <child link="rail_tf"/> 
        <origin xyz="0.1535 0 0.068" rpy="0 0 0"/> 
    </joint> 

    <joint name="rigid_tb" type="fixed"> 
        <parent link="base_link"/> 
        <child link="rail_tb"/> 
        <origin xyz="-0.1535 0 0.068" rpy="0 0 0"/> 
    </joint> 

    <joint name="rigid_bf" type="fixed"> 
        <parent link="base_link"/> 
        <child link="rail_bf"/> 
        <origin xyz="0.1535 0 -0.068" rpy="0 0 0"/> 
    </joint> 

    <joint name="rigid_bb" type="fixed"> 
        <parent link="base_link"/> 
        <child link="rail_bb"/> 
        <origin xyz="-0.1535 0 -0.068" rpy="0 0 0"/> 
    </joint> 
     
    <!-- * * * Legs of Robot * * * --> 
    <!--Front Left Leg--> 
    <!-- * * * Link Definitions * * * --> 
    <link name="BL_support"> 
        <inertial> 
            <mass value="0.095" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0001348"  ixy="0"  ixz="0" iyy="0.0001348" iyz="0" izz="0.0001773" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.057 0.076 0.076"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.057 0.076 0.076"/> 
            </geometry> 
        </collision> 
    </link> 

    <link name="BL_upper"> 
        <inertial> 
            <mass value="1.674" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.01"  ixy="0"  ixz="0" izz="0.01" iyz="0" ixx="0.002" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 

adim@mit.edu | NOT FOR PUBLICATION Page  of 23 39

mailto:adim@mit.edu


            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 
            </geometry> 
        </collision>     
    </link> 

    <link name="BL_lower"> 
        <inertial> 
            <mass value="0.114" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.0009860"  ixy="0"  ixz="0" izz="0.0009860" iyz="0" ixx="0.00003078" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 -0.142" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.018" length="0.32"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 -0.142" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.018" length="0.32"/> 
            </geometry> 
        </collision>     
    </link> 

    <!-- * * * Joint Definitions * * * --> 
    <joint name="BL_shoulder" type="revolute"> 
        <parent link="base_link"/> 
        <child link="BL_support"/> 
        <origin xyz="-0.2795 0.215 0" rpy="0 1.5708 0"/> 
        <axis xyz="0 1 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <joint name="BL_hinge" type="revolute"> 
        <parent link="BL_support"/> 
        <child link="BL_upper"/> 
        <origin xyz="0.079 0 0" rpy="0 0 0"/> 
        <axis xyz="1 0 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <joint name="BL_knee" type="revolute"> 
        <parent link="BL_upper"/> 
        <child link="BL_lower"/> 
        <origin xyz="0 0.07 -0.202" rpy="0 -3.1416 0"/> 
        <axis xyz="0 1 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <!--Back Left Leg--> 
    <!-- * * * Link Definitions * * * --> 
    <link name="FL_support"> 
        <inertial> 
            <mass value="0.095" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0001348"  ixy="0"  ixz="0" iyy="0.0001348" iyz="0" izz="0.0001773" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.057 0.076 0.076"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual>    
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.057 0.076 0.076"/> 
            </geometry> 
        </collision>     
    </link> 

    <link name="FL_upper"> 
        <inertial> 
            <mass value="1.674" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.01"  ixy="0"  ixz="0" izz="0.01" iyz="0" ixx="0.002" /> 
        </inertial> 
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        <visual> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 
            </geometry>  
        </collision> 
    </link> 

    <link name="FL_lower"> 
        <inertial> 
            <mass value="0.114" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.0009860"  ixy="0"  ixz="0" izz="0.0009860" iyz="0" ixx="0.00003078" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 -0.142" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.018" length="0.32"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 -0.142" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.018" length="0.32"/> 
            </geometry> 
        </collision>     
    </link> 

    <!-- * * * Joint Definitions * * * --> 
    <joint name="FL_shoulder" type="revolute"> 
        <parent link="base_link"/> 
        <child link="FL_support"/> 
        <origin xyz="0.2795 0.215 0" rpy="0 1.5708 0"/> 
        <axis xyz="0 1 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <joint name="FL_hinge" type="revolute"> 
        <parent link="FL_support"/> 
        <child link="FL_upper"/> 
        <origin xyz="0.079 0 0" rpy="0 0 0"/> 
        <axis xyz="1 0 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <joint name="FL_knee" type="revolute"> 
        <parent link="FL_upper"/> 
        <child link="FL_lower"/> 
        <origin xyz="0 0.07 -0.202" rpy="0 -3.1416 0"/> 
        <axis xyz="0 1 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <!--Back Right Leg--> 
    <!-- * * * Link Definitions * * * --> 
    <link name="BR_support"> 
        <inertial> 
            <mass value="0.095" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0001348"  ixy="0"  ixz="0" iyy="0.0001348" iyz="0" izz="0.0001773" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.057 0.076 0.076"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.057 0.076 0.076"/> 
            </geometry> 
        </collision>         
    </link> 

    <link name="BR_upper"> 
        <inertial> 
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            <mass value="1.674" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.01"  ixy="0"  ixz="0" izz="0.01" iyz="0" ixx="0.002" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 
            </geometry> 
        </collision>     
    </link> 

    <link name="BR_lower"> 
        <inertial> 
            <mass value="0.114" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.0009860"  ixy="0"  ixz="0" izz="0.0009860" iyz="0" ixx="0.00003078" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 -0.142" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.018" length="0.32"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 
            </geometry> 
        </collision>     
    </link> 

    <!-- * * * Joint Definitions * * * --> 
    <joint name="BR_shoulder" type="revolute"> 
        <parent link="base_link"/> 
        <child link="BR_support"/> 
        <origin xyz="-0.2795 -0.215 0" rpy="0 1.5708 0"/> 
        <axis xyz="0 1 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <joint name="BR_hinge" type="revolute"> 
        <parent link="BR_support"/> 
        <child link="BR_upper"/> 
        <origin xyz="0.079 0 0" rpy="0 0 0"/> 
        <axis xyz="1 0 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <joint name="BR_knee" type="revolute"> 
        <parent link="BR_upper"/> 
        <child link="BR_lower"/> 
        <origin xyz="0 -0.07 -0.202" rpy="0 -3.1416 0"/> 
        <axis xyz="0 1 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <!--Front Right Leg--> 
    <!-- * * * Link Definitions * * * --> 
    <link name="FR_support"> 
        <inertial> 
            <mass value="0.095" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0001348"  ixy="0"  ixz="0" iyy="0.0001348" iyz="0" izz="0.0001773" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.057 0.076 0.076"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.057 0.076 0.076"/> 
            </geometry> 
        </collision>         
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    </link> 

    <link name="FR_upper"> 
        <inertial> 
            <mass value="1.674" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.01"  ixy="0"  ixz="0" izz="0.01" iyz="0" ixx="0.002" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 -0.1015" rpy="0 0 0"/> 
            <geometry> 
                <box size="0.079 0.079 0.253"/> 
            </geometry> 
        </collision>     
    </link> 

    <link name="FR_lower"> 
        <inertial> 
            <mass value="0.114" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia iyy="0.0009860"  ixy="0"  ixz="0" izz="0.0009860" iyz="0" ixx="0.00003078" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 -0.142" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.018" length="0.32"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 -0.142" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.018" length="0.32"/> 
            </geometry> 
        </collision>     
    </link> 

    <!-- * * * Joint Definitions * * * --> 
    <joint name="FR_shoulder" type="revolute"> 
        <parent link="base_link"/> 
        <child link="FR_support"/> 
        <origin xyz="0.2795 -0.215 0" rpy="0 1.5708 0"/> 
        <axis xyz="0 1 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <joint name="FR_hinge" type="revolute"> 
        <parent link="FR_support"/> 
        <child link="FR_upper"/> 
        <origin xyz="0.079 0 0" rpy="0 0 0"/> 
        <axis xyz="1 0 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <joint name="FR_knee" type="revolute"> 
        <parent link="FR_upper"/> 
        <child link="FR_lower"/> 
        <origin xyz="0 -0.07 -0.202" rpy="0 -3.1416 0"/> 
        <axis xyz="0 1 0"/> 
        <limit lower="-3.1416" upper="3.1416" effort="10" velocity="3"/> 
    </joint> 

    <!-- * * * Some Finishing Geometery * * * --> 
    <link name="FL_motor"> 
        <inertial> 
            <mass value="0.095" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0001348"  ixy="0"  ixz="0" iyy="0.0001348" iyz="0" izz="0.0001348" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.03" length="0.05825"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
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                <cylinder radius="0.03" length="0.05825"/> 
            </geometry> 
        </collision>     
    </link> 

    <link name="BL_motor"> 
        <inertial> 
            <mass value="0.095" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0001348"  ixy="0"  ixz="0" iyy="0.0001348" iyz="0" izz="0.0001348" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.03" length="0.05825"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.03" length="0.05825"/> 
            </geometry> 
        </collision>     
    </link> 

    <link name="BR_motor"> 
        <inertial> 
            <mass value="0.095" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0001348"  ixy="0"  ixz="0" iyy="0.0001348" iyz="0" izz="0.0001348" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.03" length="0.05825"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.03" length="0.05825"/> 
            </geometry> 
        </collision>     
    </link> 

    <link name="FR_motor"> 
        <inertial> 
            <mass value="0.095" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0001348"  ixy="0"  ixz="0" iyy="0.0001348" iyz="0" izz="0.0001348" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.03" length="0.05825"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <cylinder radius="0.03" length="0.05825"/> 
            </geometry> 
        </collision>     
    </link> 

    <link name="FL_foot"> 
        <inertial> 
            <mass value="0.009" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0000005868"  ixy="0"  ixz="0" iyy="0.0000005868" iyz="0" izz="0.0000005868" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <sphere radius="0.02"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
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                <sphere radius="0.02"/> 
            </geometry> 
        </collision> 
    </link> 

    <link name="FR_foot"> 
        <inertial> 
            <mass value="0.009" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0000005868"  ixy="0"  ixz="0" iyy="0.0000005868" iyz="0" izz="0.0000005868" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <sphere radius="0.02"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <sphere radius="0.02"/> 
            </geometry> 
        </collision> 
    </link> 

    <link name="BL_foot"> 
        <inertial> 
            <mass value="0.009" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0000005868"  ixy="0"  ixz="0" iyy="0.0000005868" iyz="0" izz="0.0000005868" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <sphere radius="0.02"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <sphere radius="0.02"/> 
            </geometry> 
        </collision> 
    </link> 

    <link name="BR_foot"> 
        <inertial> 
            <mass value="0.009" /> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <inertia ixx="0.0000005868"  ixy="0"  ixz="0" iyy="0.0000005868" iyz="0" izz="0.0000005868" /> 
        </inertial> 
        <visual> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <sphere radius="0.02"/> 
            </geometry> 
            <material name="Cyan1"> 
                <color rgba="0 0.9 0.9 1.0"/> 
            </material> 
        </visual> 
        <collision> 
            <origin xyz="0 0 0" rpy="0 0 0"/> 
            <geometry> 
                <sphere radius="0.02"/> 
            </geometry> 
        </collision> 
    </link> 

    <!-- * * * Some Finishing Joints * * * --> 
    <joint name="rigid_motor_fl" type="fixed"> 
        <parent link="FL_upper"/> 
        <child link="FL_motor"/> 
        <origin xyz="0.05825 0 0" rpy="0 1.5708 0"/> 
    </joint> 

    <joint name="rigid_motor_bl" type="fixed"> 
        <parent link="BL_upper"/> 
        <child link="BL_motor"/> 
        <origin xyz="0.05825 0 0" rpy="0 1.5708 0"/> 
    </joint> 
     
    <joint name="rigid_motor_br" type="fixed"> 
        <parent link="BR_upper"/> 
        <child link="BR_motor"/> 
        <origin xyz="0.05825 0 0" rpy="0 1.5708 0"/> 
    </joint> 
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    <joint name="rigid_motor_fr" type="fixed"> 
        <parent link="FR_upper"/> 
        <child link="FR_motor"/> 
        <origin xyz="0.05825 0 0" rpy="0 1.5708 0"/> 
    </joint> 

    <joint name="foot_fl" type="fixed"> 
        <parent link="FL_lower"/> 
        <child link="FL_foot"/> 
        <origin xyz="0 0 -0.31" rpy="0 0 0"/> 
    </joint> 

    <joint name="foot_fr" type="fixed"> 
        <parent link="FR_lower"/> 
        <child link="FR_foot"/> 
        <origin xyz="0 0 -0.31" rpy="0 0 0"/> 
    </joint> 

    <joint name="foot_bl" type="fixed"> 
        <parent link="BL_lower"/> 
        <child link="BL_foot"/> 
        <origin xyz="0 0 -0.31" rpy="0 0 0"/> 
    </joint> 

    <joint name="foot_br" type="fixed"> 
        <parent link="BR_lower"/> 
        <child link="BR_foot"/> 
        <origin xyz="0 0 -0.31" rpy="0 0 0"/> 
    </joint> 

</robot> 

A.3.1 Final Notes on the URDF. 

We think that this URDF model of the robot is more than good enough for now for the purposes 
of inverse kinematics, dynamics, development of a working gait, and etc. In the future, we 
would build a more proper CAD model of the system and use URDF exporters to capture as 
many of the physical properties as we could including more accurate MoI’s and CoG’s.


• Note that friction, damping, stiffness coefficient, and etc are all discussed in Appendix B.

• Appendix B shows further setup of and interaction w/ this model in the PyBullet simulation 

environment.  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Appendix B. Setting up PyBullet for Dynamic Simulation  

B.1.0 Notes on the PyBullet vs Gazebo Decision. 

The first thing to touch on—really—is why we chose to use the PyBullet simulation environment 
over the more common Gazebo simulator. Gazebo is technically faster, it’s more widely 
supported and used, and it integrates more directly with ROS. Gazebo does have some 
disadvantages however; requiring mostly C/C++ for development it is less modular and more 
difficult to install than PyBullet. And the nature of Python makes it slower, but much easier to 
prototype in PyBullet as opposed to Gazebo. 


Some online community members (https://pybullet.org/Bullet/phpBB3/viewtopic.php?t=12053) 
have also said the way Gazebo handles rigid bodies by default is less optimal for robotics than 
the way PyBullet does. We don’t know enough about this topic to really discuss it. 


We chose PyBullet for its installation simplicity and because we prefer Python to C++ for this 
project as it’s simply easier to deal with. We don’t need the advantages of the increased speed 
of C/C++ and even though Gazebo integrates more naturally with ROS, PyBullet doesn’t 
necessarily lack in this area.


B.2.0 Basics of PyBullet Setup. 

This appendix will not talk about the details of the simulation, inverse kinematics and 
dynamics, and etc. That’s all part of the actual paper in terms of figuring out how to use the 
model we generate and the simulator to control the platform. This appendix simply puts 
together the basic setup of the PyBullet environment and testing the important characteristics 
of the URDF model.


B.2.1 Environment Setup. 

We utilized the PyBullet Quickstart Guide as well as example code (https://github.com/
erwincoumans/pybullet_robots) to build the initial framework for the simulation. This included 
generating a ground-plane, loading the URDF, setting the simulation to the framework of “GUI” 
rather than “headless,” and then testing. We also added control of the joints using user input 
parameters. 
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• Note that we will not be spending this appendix explaining the code as the online PyBullet 
documentation is fairly adequate in describing how to set up these environments. 


• We enabled gravity for all these situations setting g=-9.81 m/s^2.

• At the moment, the torques supplied by the actuators were set to a default 140Nm, this will 

be changed in a later section. 


B.3.0 Things that Needed Fixing. 

In Appendix A, we generated a URDF model that was physically accurate to the robotic 
platform ChipV2. Now we want to ensure the interactions between ChipV2 and the 
environment are fairly accurate. When we initially imported the model into PyBullet we ran into 
a few issues.


• The collision detection between individual links of the robot did not seem ideal. We were 
seeing penetration between bodies when links ran into each other. 


• When the robot was standing on its four legs, we could see the robot sliding around against 
the ground-plane. This indicated friction was lacking between the surfaces. 


B.3.1 Ground-Plane Friction. 

To fix the issue with ground-plane friction, we looked at PyBullet’s robot examples library on 
GitHub. Specifically at the URDF file of the Laikago robot dog and its corresponding simulation 
file: https://github.com/erwincoumans/pybullet_robots/blob/master/data/laikago/
laikago_toes.urdf 

We immediately noticed some differences between our definition of the robot’s foot and the 
definition in liakago_toes.urdf. The below code-block shows the definition of a single foot (they 
use the term toes on the GitHub).  

The above code-block shows a contact set being defined in the foot link block. The set is 
defined as a friction anchor and it defines the stiffness, damping, spinning, and lateral friction 
values. We will copy these exact values for our platform for now.  

<link name="toeFR"> 
    <contact> 
      <friction_anchor/> 
      <stiffness value="30000.0"/> 
      <damping value="1000.0"/> 
      <spinning_friction value="0.1"/> 
      <lateral_friction value="1.0"/> 
    </contact> 
    <visual> 
      <origin rpy="0 0 0" xyz="0 0 0"/> 
      <geometry> 
        <sphere radius="0.0"/> 
      </geometry> 
      <material name="white"/> 
    </visual> 
    <collision> 
      <origin rpy="0 0 0" xyz="0 0 0"/> 
      <geometry> 
        <sphere radius="0.03"/> 
      </geometry> 
    </collision> 
    <inertial> 
      <mass value="0.1"/> 
      <inertia ixx="0.000025" ixy="0" ixz="0" iyy="0.000025" iyz="0" izz="0.000025"/> 
    </inertial> 
</link> 
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The next discrepancy was in the definitions for all the other links. All links in the Laikago 
platform had a contact set with lateral friction defined. We will add the same into our model.  

Finally, we found a single discrepancy with the .py simulation file itself. Their import of the 
ground-plane was the same, as was the method they used to import the quadruped robot. 
However, this file added a “p.URDF_USE_SELF_COLLISION” flag to the URDF importer. We 
think this flag enables collision detection and enables the simulator to actually compute friction 
forces and collisions. “p.URDF_USE_SELF_COLLISION” essentially turns “on” collision 
detection between any bodies in the URDF file.  

B.4.0 Fixing Joint Torques Applied. 

The last thing to correct in the simulation before we move onto kinematics and the paper is 
setting a more accurate value for the torque that can be applied to each joint. Here are some 
important points to consider. 


• Each of the actuators at maximum are able to produce 260Nm with no limiting. 

• We have limited the maximum power output from the speed controllers to the motors to 

14% of the maximum possible power to limit the total current throughout the platform.   

<link name=“body”> 
    <contact> 
      <lateral_friction value="1.0"/> 
    </contact> 

    . . . 

</link> 

#p.setDefaultContactERP(0) 
#urdfFlags = p.URDF_USE_SELF_COLLISION+p.URDF_USE_SELF_COLLISION_EXCLUDE_ALL_PARENTS  
urdfFlags = p.URDF_USE_SELF_COLLISION 
quadruped = p.loadURDF("laikago/laikago_toes.urdf",[0,0,.5],[0,0.5,0.5,0], flags = urdfFlags,useFixedBase=False) 
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Now we can estimate the maximum torque that the actuators can produce under the limiting 
conditions to be around 36.4Nm. We will use this value for our values when it comes to setting 
the torque the actuators produce in the simulator.


The problem is this may not be an accurate value for the max torque as when we simulate the 
legs the platform doesn’t move when only 36Nm are applied to one leg. Our next step is to see 
the reaction of the platform in real life, maybe measure it somehow, and then program that into 
the simulator. We know from real life tests that the platform may move when torque is applied 
only to a leg, but we would have to test to be sure. 


B.4.1 Further Investigating Torques Applied. 

Before we start measuring the torques generated by the motors in the real ChipV2 platform, we 
wanted to take a look at the library to ensure that we were actually understanding what was 
happening. 


The “force” parameter in the joint control is the maximum possible motor force used to reach 
the target value as we are doing p.POSITION_CONTROL. We want to set this value to the 
maximum torque we think can be applied by the motors on the platform itself. As stated in 
B.4.0, this would be 260Nm had we not limited the output of the PID controllers for the motor. 


From the above system block-diagram from REV Robotics, for the SparkMAX Motor 
Controllers w/ NEO Motors it’s a little hard to determine exactly what is being limited without 

Maximum Torque from Actuators: 

260Nm * 0.14 = 36.4Nm 
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looking at the library in more detail. It could be peak voltage, peak current, duty cycle (but of 
what?). We determined it would be best to use experimentation and simulation to determine 
the value of the max-torque parameter.


So the next thing we decided to do is add a user-input-parameter for maximum possible 
torque that can be provided by the motors. While experimenting, we determined that a 
minimum of 52Nm was needed to have any form of reasonable control over a single joint of the 
platform (for that leg in the image to be able to lift the platform on its own).*


*NOTE THREE: It’s important to notice here that since we are really only using a fraction of the ChipV2 actuators to control the 
platform, the next version of Chip can use much smaller actuators and achieve the same results. The resulting platform would be 
lighter, use less power, and could be faster and more dynamic. We will take this into account when designing the next platform. 

 


B.4.2 A New Technique—Eliminating Dynamics Completely. 

Because dynamics was proving to be difficult and somewhat useless for our purposes, we 
setup the simulator for a more static form of state-estimation w/ feedback. See the following 
post on the “built-by-nerds” blog for more information: https://www.adim.io/post/chip-
updates-new-walking-order-we-haven-t-thought-of-before-updates
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Appendix C. Characterizing Mechanical Slop  
For the full experiment on CoG, slop, and internal characterizations of the ChipV2 platform, 
please see the following link (https://www.adim.io/post/scout-updates-quantifying-the-cog-of-
the-body-itself-and-the-slop-inertial-matrix-updates).


C.1.0 Characterizing System Slop. 

The main source of slop in the ChipV2 robot platform is that which results from within the 
gearbox and gear-train between the motors and the output links. We want to characterize this 
slop and “fix” it if it is considered to be too large. We think an “acceptable” amount of slop for 
this platform is in the range of 3-4° as the MIT Mini Cheetah has actuator slop of around 2.8° 
according to [28].


The procedure for “measuring” the slop is fairly simple. We will take a “digital-pitch-gauge” and 
use it to take a differential measurement of the angular travel of a link against the slop “hard-
stops.”


There are three possible locations of leg slop which correspond to the three joints themselves. 
The “hinge” and “shoulder” joint actuators are identical meaning the slop should be very similar 
if not exactly the same. The slop in the “knee” joint is expected to be higher due to the 
presence of a 90° bevel gear between the actuator and the link itself. The slop in the knee will 
be the slop from the gearbox added with the slop from the bevel gear. 


Acceptable Amount of “Actuator Slop”: ~3-4° 
* Anything > 4° will be mitigated w/ a counterbalance spring or mechanical fix 

Source of Interest (SoI) Stop-Angle ONE (°) Stop-Angle TWO (°) Total Slop (TWO-ONE)

Shoulder Joint 16.4 +/- 0.05 19.8 +/- 0.05 3.4 +/- 0.1

Hinge Joint —— —— 3.4 +/- 0.1

Knee Joint -5.8 +/- 0.05 3.1 +/- 0.05 8.9 +/- 0.1

Bevel Gear (alone) —— —— 5.5 +/- 0.2
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The “accuracy” of the measurements come from the “digital-pitch-gauge” accuracy (which is 
+/- 0.05°) and any accumulation of those errors due to calculation. What we can see from this 
is that the “shoulder” and “knee” actuators are only seeing a total slop of around 3.4° which is 
within the acceptable range for a system like this. However the knee joint is seeing almost 9° of 
slop where 5.5° comes just from the bevel gear. This is unacceptable and causes major issues 
in the robot’s state estimation. The slop in this joint was determined to be one of the reasons 
the robot falls over when shifting weight. 


C.2.0 Proposed Fixes. 

For now, we propose to not fix the slop within any of the actuators however we shall limit the 
bevel gear slop to the minimum possible amount. We propose two ways to do this outlined in 
the sections below.


C.2.1 Shimming the Bevel Gear. 

The far simpler method of the two comes from “shimming” the bevel gear to decrease the 
distance between its teeth and ultimately reduce the slop. We do not estimate this method will 
entirely limit the slop but it may bound it to within what we consider “reasonable” limits.  


The added side-effect of this method, however is the increased friction between the two bevel 
gears max cause some resistance and decrease in dynamic capabilities. However, this is not a 
concern right now as the increased friction is not estimated to affect performance to any 
appreciable degree but the decrease in slop will significantly boost state estimation abilities 
and general platform balance. 
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C.2.2 Continuous—Torque Counter Balancing. 

The second method is more costly and complicated and involves using a “constant-force 
spring” as a restoring-force-generator to pull the leg against one of the “slop-stops.” We would 
spec the spring and the location of the attachment point on the lower leg such that the 
restoring torque was equivalent to the torque required to rotate the actuator when not powered 
(the cogging torque multiplied by the gear ratio).





This method may also limit the general range of motion of the knee joint. From the images 
above we can see on “extension” the range of motion would likely not be limited. But should 
the leg want to “retract” past the spring and the zero-point in the other direction, such an 
action may damage the spring. This may not be an issue for our purposes but the fact it’s 
possible makes it less preferred than the previous option. Increase in time and expense also 
arise from machining time as well as costs of the required spring and hardware. 


C.3.0 Final Solution. 

For the final solution, we decided to use a combination of the above two methods. We began 
by attempting to shim the bevel gear using 16mm ID shim washers, and this method did 
eliminate some slop (~3°) but a large amount was still left. As a result, we attempted to 
eliminate the rest of the slop using the 9293K467 Constant-Force-Spring for McMaster.


Force @ Endpoint Required to “Lift” Leg: ~1.4Kg***  
Distance to Endpoint: ~0.27m 
T ~= 14N*0.27m = 3.78Nm 

***Measured when platform was “off,” T_cogging*r_gearbox 
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The shim washers were placed in-between the lower-bevel-gear and the bearing housing. Only 
one of the two bevel gears were shimmed and there was no indication if both were shimmed 
that this would have been more effective than shimming a single gear. 


FLL/FRL 
(2x) 0.3mm and (1x) 0.51mm washers for a total of 1.11mm of shimming

BLL 
(2x) 0.51mm washers for a total of 1.01mm of shimming

BRL 
(1x) 0.51mm washer and (1x) 0.3mm washer for a total of 0.81mm of shimming


**based on shoving as many washers in there as we could without it exploding 


—> we now observed 6.6 degrees of slop so this removed ~ 2.3 deg? 
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