Fall 2021 Reflection

Over the past semester, | have accomplished the following:

Constructed and characterized four pneumatic "McKibben" muscles for use in
constructing various soft robots.

Designed and fabricated multiple muscle mounting parts to arrange pneumatics
muscles into a wide array of different soft robot designs.

Set up ROS motion capture packages to measure the shape changes of the soft
robots. Experimentally obtained motion capture data using these motion capture
packages

Created scripts to automate the process of data collection and processing

Implement geometric curve-fitter to extract curvature from sparse motion capture
data by utilizing the underlying structure of the soft robots.

Created and presented a poster providing an overview of the work to an
undergraduate research symposium

At the end, there are also some remarks on personal learnings and retrospective.
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Muscle contraction vs pressure - confirms that the muscles
constructed here are equivalent proportionally to the muscles
constructed at Oregon State

A singular inflated muscle

The first thing | did this semester was constructing a four separate McKibben muscle
pneumatic actuators. The construction involved a simple rubber tube with a weaved
nylon sleeving around it. Because of the weaved pattern in the sleeving, if the ends of
the tube are clamped then inflating the tube will cause the muscle to contract, much like
a “Chinese Finger Trap”.

After constructing the muscles, | had to characterize them to input into the model.
Specifically, since the model takes in individual muscle lengths as its input parameters, |
had to characterize how the muscles change length in proportion to its total length,
according to input pressure changes. After measuring the muscle’s length at 15 different
pressures, | arrived at the curve shown above, which | then applied a polynomial fit to
within the matlab curve fitting toolbox (not shown here). From this experimental muscle
characterization data, we can see that the the muscles | constructed at Olin, despite
being half the length of the ones at Oregon State, contract the same amount
proportionally to its total length.

Assembled Soft Robots
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“Planar” arm - 2 mucsles, motion restricted to
within a plane.

“Spatial” arm: A planar arm with an additional
muscle is now able to bend in three dimensions

By twisting the mounting positions for the muscles we can create a helical muscle structure
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After constructing the muscles, | could then go on to create an array of different soft-
robot structures. Shown above are a 2D “planar” arm, a 3D “spatial” arm, and finally a
helical arm. Not pictured here were additional wider “planar” arm designs, and ones that
incorporated more muscles.

Much like with biological muscles, we can achieve a wide range of different bending
motions simply by varying how the individual muscles are constrained to each other.
Thus, despite only constructing four total individual muscles, by varying the design of
the separator mounts connecting between the muscles we can completely change how
the arms actuate.

Now that | had constructed the arms, | can then begin to look into capturing their
geometry.

ROS Motion Capture
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Now that we have constructed the robot arms, we would like to quantitatively capture
the shape of the arms so that we can actually compare against our proposed model.
Specifically, the model calculates not just positions but entire 6-DoF poses (position and
orientation) of frames-of-reference travelling along the curve. Thus, both due to our lack
of access to a sophisticated off-the-shelf motion capture system, and as a means to
capture these poses, we attached Apriltag fiducial markers along the length of the robot
arms. We then record footage of a (callibrated) webcam moving around the arm, and
process this footage with TagSLAM to arrive at a final mapping of all of the attached
fiducials.
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Tag poses estimated by TagSLAM based on the camera
footage.

Example of tag detection. While not

all tags are detected here they are

all detected at some point over the
footage

We can see in the above “benchmark” test the workflow of capturing camera footage,
performing Apriltag detection, and then finally using TagSLAM to transform these
detection into transformation frame poses. We can see that TagSLAM is indeed capable
of accurately reconstructing an arrangement of tags.
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https://berndpfrommer.github.io/tagslam_web/

Scripting

Created a suite of rosiaunch and bash scripts so that, data capture and labelling each
only takes a single command. Details can be found in the Github repository. Speficially,
data collection and processing scripts can be found under /iaunch and /scripts .

Curve Fitting

Muscle curvature fit
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Example of simulated curve fitting. Red arrows
represent the poses a tag should have, and Green
arrows represent noisy measurements of those poses.
The green curved line represents the fitted curvature,
while the black curved line is the actual curvature.

An example planar arm with attached
Apriltags

Traditionally with curve-fitting, a large amount of datapoints are needed to create an
accurate and robust fit. Here, however, the problem is a bit different: while we only have
four measurement points along the length of the robot arm, each of those points
contains both a position and orientation. Additionally, if we know a priori where they are
attached onto the robot arm, for any given arm curvature we will then know where the
tags should end up. Thus, utilizing the known geometry of the arm, we can then
transform the problem into finding the overall arm curvature that minimizes the
discrepancy between where the tags should be, given this curvature, and where the

Fall 2021 Reflection


https://github.com/wfan19/continuum_mocap

tags actually are. This problem is elegantly expressed in the language of transformation
matrices and differential geometry for robotics:

n}lin glog(exp(ho)goigf Y

Where g; denotes the transformation matrix that represents the tag’s measured
position, while exp(ho)gm- is the “supposed” tag position. Multiplying by the inverse of a
transformation gives the corresponding transformation between the two - the
displacement / discrepancy between the “should be” and actual position of each tag.
Finally, the logarithm map (matrix logarithm) reduces the transformation to the Lie
Algebra - critical for when extending the framework to three dimensions.

This optimization process was implemented in Matlab, and numerically solved using
fminsearch() . The result can be seen in the figure to the right. However, unfortunately |
did not have enough time to fully implement rosbag file reading to apply this curve fitting
to my measured experiment data. This will be happening within the first weeks of winter
break.

Research Symposium
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Soft Robot Snake Kinematics:

A Differential Geometry Perspective

Student: Bill Fan - Olin College of Engineering
Advisor: Ross Hatton - Oregon State University.

Introduction

Goal: Creating a mathematical model of a
soft snake robot's shape changes based on
muscle air pressures

® Geonerial s of

Continuum robotic scction

Example mathematical model

Modeling

(1) Conceptualizing "Overall Shape"

()

Soft robot arms constructed with evenly spaced identical separators can
be approximated as trajectories traced out by one of the separators:

(1): A physical soft robot arm with evenly spaced identical separators has
constant curvature

(2): Because of the constant curvature, it is as if there are "omnipresent”
identical separators.

(3): The "omnipresent" identical separators can be reframed as instances in
time while a singl m n robot arm - the
"base curve" - at a constant forward and angular velocity.

With this reformulation, the "overall shape" of a robot arm can be described by
a single vector encapsulating the constant body-velocity of a single separator
asittravels along the "base curve" of the robot arm.

Specifically, the 2D velocity vectors Vz [~ oot Vot
T have the following form vy |— g
W | — Tuming rate  curvature

The frame poses along the curve belong to the SE(2) Lie-group manifold,
while the velocity tracing out the curve belongs to its tangent space Lie
Algebra se(2).

Modelling Overview

Alarge class of problems can be solved by
finding the configuration that minimizes §
energy:
- Catenary problem (hanging rope/chain) 4
+ Classical Dynamics
- Energy methods in static mechanics

The equation fo the shape of a hanging rope/chain s derived
by fincing the paththat minimizes gravitatonsl energy

(3) Minimizing Energy

We can now easily parameterize "overall shapes" of the arm as a single velocity
vector. However, which of these "overall shapes" will the arm actually take on?

If unaffected by any constraints, an inflated muscle has a "unstrained" length that it naturally contracts
to. Ifwei a notion of the "unstrained length" of a muscle, we can find an arm i

that minimizes the deviation from the unstrained length (the middle arm below).

Now that we have the intuition, let's turn it into equations to solve:

Applying this methodology to the above class of soft robots, we want to
find the "overall shape” of a soft robot that minimizes energy, given:

1. The inflation pressures in each muscle

2. The geometric constraint between the muscles

Because of the Lie Algebraic structure of the velocities,
there exists a linear mapping between velocities known
as the Adjoint.

For any muscle X : XAdOhO = hx

The Adjoint map (4 Ad. : T.G'— T,G) maps between a Lie algebra element
(a velocity) located at the identity e or o, to an equivalent element located at g.

The matrix form of the Adjoint, A, is entirely determined by g itself.

With this mapping in mind, we can therefore find the velocity vectors

1) The "unstrained length" can be defined as the loy
unstrained and straight muscle velocity vectorhg with ~ ho = | 0 | (Zeronot"0")
unstrained length lo 0

2) For a given "base-curve" velocity vector,
the deformation vector Ahx for each

muscle X can therefore be calculated as:

lox
Ahx =hx - | 0
0

3) Using this deformation vector we can then
formulate the elastic energy stored in each
muscle X due to its elastic deformation:

Ux = AhLKAhx ;
(where:K: 01 0f)
00

0
4) The total energy in an arm with n muscles is the sum of ik
Ui = Y Ui
i=1

the energies in each muscle i of the n muscles:

pseudoinverse

0
*
h: = M*VI
(Where Mand V consist of linear x)
combinations of xAdoh, for each muscle

5) The arm "base-curve” velocity vector that minimizes
energy stored in the arm is the optimal h}, where VU
Solving this equation leads to our final solution:

(h3) =0

With this equation, we now have a mapping from the "undeformed" lengths of the muscles to the
corresponding overall arm shape. This concludes the derivation of the forward kinematics of a 2D robot
arm.

corresponding to each muscle hx given hy , the velocity of the separator
that traces out the "base curve".

After finding the velocity vectors corresponding to each muscle, we can
then calculate the corresponding positions/orientations in the world frame
through the Exponential Map.

The Exponential Map ( exp : T.G — G ) maps between the tangent space
of a manifold (the Lie algebra) to a corresponding element on the manifold
reached by travelling at the velocity for unit time

Using these tools, for any "overall shape” of a robot arm given by the "base
curve" velocity vectorh,, of the separator we can now calculate the points in
space that correspond to points along each muscle attached to the separators:

+ To extend this model to three-dimensions, one simply has to retrace the derivation but
using the structure of the SE(3) Lie group rather than SE(2)

+ Because the adjoint map encodes all information about the transformation between
muscles, this model is generalizable to arm designs using any separator disks, so long
as they are identical along the arm.

For and videos of si

arms driven by contraction, go to:
https://tinyurl.com/snake-model-demo-gifs

Results

Helical Robot Snakes

Spatial arm:

As suggested by an Olin alumn, | applied to and was accepted to present at the
Undergraduate Math Symposium event hosted by the University of Illinois at Chicago.

The event was held virtually as a poster session on Gather Town. For this event, | had
to create a poster that showcased my work, including some of the math behind it. The
poster was created hastily over the course of three days, so it definitely does not
represent my best work, but it is useful as a presentation tool.

Personal Learning

At the start of the semester, | began this research project as a continuation of my work

at Oregon State University this past summer. At the time, | set out with the following

schedule and list of goals/deliverables:

9/20 - Physical model parts ordered
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https://homepages.math.uic.edu/ums/
https://www.gather.town/

9/27 - Muscle assembly and characterization

10/06 - Planar arm model assembeled

10/20 - Planar arm dataset collected

11/03 - Spatial arm model assembly & dataset collection
11/10 - Helical arm model assembly & dataset collection
11/24 - Model comparison metrics and results

12/16 - Paper rough draft

Now that we are at the end of the semester, | can see that while | was able to somewhat
follow the schedule for the first half of the semester, finishing collection of the raw
footage for a Planar Arm dataset by late October. However, there were a couple things
that happened afterwards that threw me significantly off schedule:

¢ It took me a not-insignificant amount of time to setup and use TagSLAM and write
automation scripts.

+ While | had collected a dataset on-time, the experiment setup and muscle
attachement hardware was poorly designed and and not very robust. The robot arm
had to be held down by my foot while | inflated and deflated it. Redesigning and
fabricating all the parts ended up taking a significant amount of time.

o Finally, to present at the symposium | ended up dedicating an entire week’s worth of
work time to creating the poster.

Part of the learning experience with this project is the fact that this is really the first time
I've had to work on a hardware-focused project in over two years. It took a while to not
only get used to having to do a significant amount of CAD and fabrication work, but to
also relearn how to get over the activation energy of starting to work on the hardware.
Initially, the thought of doing CAD work filled me with dread, which lead to me finishing
the software work first, while leaving the bulk of my design and fabrication work for the
last three weeks of the semester.

Overall, over this project I've definitely sharpened a lot more of my hardware skills and
ability to manage hardware projects, while also keeping my software, robotics math, and
ROS skills fresh.

Next Steps
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Over break | plan to finish the rosbag to matlab file reading so that | finish creating a
guantitative comparison between my model’s estimated poses and the measured real
one.
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