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(a) Nightcrawler

(b) Kaa

Figure 1.4: Soft robot platforms developed and built by Otherlab.
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(c)

Figure 1.5: Large soft robot actuators used in this work. (a) Blow-molded Continuum actuator
(b) Bead Continuum actuator (c) Rubberized Rotary Elastic Chamber actuator (d) Fabric Rotary
Elastic Chamber actuator
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Figure 1.6: Fluidic Elastic Actuators used in this work from left to right: Large TPU, Medium
TPU, Small TPU and Small NinjaFlex.
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CHAPTER 2. METRICS

2.1 Metrics Introduction

As the field of soft robotics grows and develops there will be a need for more informed and
better metrics. All engineering fields have developed methods to examine and analyze their realms
of interest. For example in the field of control theory principles like observability, controllability,
and stability exist to help characterize different systems. Currently no soft robot specific metrics
exists for that allow us to compare two different platforms or two different actuation methods.
In traditional robotics there are several metrics that help to define how a particular robot will
perform at a given task such as reachability, manipulability, accuracy, repeatability, and maximum
payload to name a few. While some of these may be applied to soft robots, soft robots have unique
capabilities and mechanics that require additional metrics to allow for effective evaluation and
comparison.

While many measurements can be used to compare soft robots, it is important that the met-
rics chosen do not just enable classification but allow for actual evaluation. Additionally, effective
metrics can only be defined when a goal or purpose for the metric is first defined. For example,
the volume of several soft robots can be compared but it would not be a good metric unless the
volume of the robot will affect the performance of a robot for a defined goal or purpose. Also the
method of actuation of a soft robot, i.e. cable actuation, fluidic, or electro-static, can be used to
compare soft robots but this is only a classification instead of actual evaluation relative to a task.
Therefore it is necessary to be able to evaluate comparative metrics at a high (or task) level to avoid
simple classification. To evaluate potential metrics for soft robots we have developed three criteria
that can be used. These are the Metric Evaluation Criteria (MEC) with the following criteria and

descriptions:

» Task Utility - How well can a given metric inform the user about the direct utility of a soft

robot component in terms of a task or application?
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* Design Comparison - How well can a given metric allow for the exploration of the trade offs

that are present during the design of a soft robot component?

* Information - Does a given metric allow for more/different information to be described for a

soft robot component?

We first focused on developing metrics for soft robot manipulators and on picking metrics
that would help determine the Task Utility of a soft robot manipulator. We picked five tasks and
many different metrics that could describe the performance of a soft robot manipulator in perform-
ing those tasks. To reduce the number of metrics from 15 to 20 to a more manageable number
of metrics we developed a survey where we asked the soft robotics academic community to rank
the importance of seven different metrics relative to five different tasks. The details of the survey
and a summary of the results are included in Sections 2.2 and 2.3 respectively. The survey asked
the users to evaluate the importance of different metrics as they could be used to evaluate the per-
formance of a robot manipulator completing a specified task. While tasks and metrics have the
potential to be used for all robot manipulators the users were asked to focus on only applying the
metrics to soft robot manipulators.

Through the study and analysis of survey results it quickly became clear that an important
building block for evaluating any soft robot design had to start with evaluating the potential actua-
tors to be used. This led us to develop the three MEC discussed earlier and six soft robot actuator
metrics that can be used to evaluate fluidic rotational soft robot actuators. These metrics and their
evaluation using the MECs are presented and discussed in detail in Chapter 3. These soft robot
actuator metrics provide a fundamental level of metrics that can be used, allowing for the higher

level metrics found in the survey to build on them.

2.2 Soft Robot Manipulator Metrics

To determine which metrics the soft robotics community considered most important, we
used a weighted scoring method which is commonly used in the engineering design process. The
weighting was calculated as follows. For each individual who considered the metric as Extremely
Important, the metric was given 4 points, for Very Important it was given 3 points, for Moderately

Important 2 points, for Slightly Important 1 point, and O points for Not at all Important. The
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average of the points (the sum of the total points divided by the number of responses) was then
used as the final score for the metric with respect to the task.

The five different tasks that we had in the survey were as follows.

Vibration Task - A task where the end effector or the base of a robot is experiencing large

vibration (e.g., high frequency and/or large magnitude) such as a sanding task.

* Wiping Task - A task where a robot wipes a surface, whether an end effector or other parts

of the manipulator are used. An example includes the cleaning of a solar panel.

* Intentional Impact Task - A task where a robot is intentionally impacting something, such as

hammering.

* Incidental Impact Task - A task where a robot unintentionally makes contact with something.
This is a worst-case scenario where a robot may slip and impact the ground, another robot,

or human while performing another task.

* Pick and Place Task - The standard pick and place task where a robot picks up an object and

places it at a different location

The survey was presented to the soft robotics academic community using the robotics-
worldwide mailing list [13]. We had between 18 and 21 responses for each question as not all
participants answered every question. The average experience of the survey takers in the field of
robotics was 6.9 years with an average experience with robotic manipulators being 6.3 years and
the average experience with soft robotics being 3.7 years.

The full results, including the original survey, is included in Appendix A and at https:
//bit.1ly/38xe0fn while a summary is included here in the following section. Also included in

Appendix A are definitions of the metrics.

2.3 Survey Results

The following tables summarize the survey results. Each entry in the table represents the
number of individuals from the survey that ranked the corresponding metric with the corresponding

level of importance (e.g., as seen in Table 2.1 the metric Modes of Vibration had two individuals
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rank its importance as Extremely Important). The average importance score was calculated by
multiplying each row by the their respective row weightings (4 points, 3 points, etc.), summing the

columns and dividing by the total number of samples.

2.3.1 Vibration Task

For the Vibration task the survey results show that the highest ranked metric was the com-
pliance metric which also had a low standard deviation compared to the rest of the metrics. re-
peatability was the next highest ranked metric but was only slightly higher than the next three
metrics compliance at end effector (EE), resonant frequency ratio, and force control. The one met-
ric that did not seem very important to most who took the survey was modes of vibration signifying
that most of the researchers felt this would not determine the performance or a soft robot during a
vibration task. The spread of the average for the highest ranked metric to the lowest was 0.9 points

(see Table 2.1).

2.3.2 Wiping Task

The highest ranked metric for the wiping task was also compliance at the EE. The next two
metrics, force control and hardness/softness, had the same average importance and were ranked
second highest. The metric that the respondents felt was least important to capturing the perfor-
mance of a Wiping task for a soft robot was the metric time to completion. The spread of the

average for the highest ranked metric to the lowest was 0.85 points (see Table 2.2).

2.3.3 Intentional Impact Task

The highest ranked metric for this task was the maximum impact energy. The next highest
ranked metric was maximum force. These two metrics also had the lowest standard deviation
meaning there was the most consensus between the survey takers about the importance of these
metrics. Two metrics, compliance and tolerance about trajectory, both scored the lowest for this
task. The spread of the average for the highest ranked metric to the lowest was 0.84 points (see

Table 2.3).
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2.3.4 Incidental Impact Task

This task had two metrics that tied for the highest ranked metric, maximum impact energy
and compliance at the EE. The metric compliance was ranked just below the top two metrics
showing it was also considered very important. The two metrics, maximum velocity and strength
of links/joints were scored the lowest for this metric. The spread of the average for the highest

ranked metric to the lowest was 0.73 points(see Table 2.4).

2.3.5 Pick and Place Task

The highest ranked metric for the Pick and Place task is the steady state error. The next
highest was disturbance rejection. The metric that was the least important was maximum acceler-
ation. The spread of the average for the highest ranked metric to the lowest was 0.95 points(see

Table 2.5).

2.4 Discussion

By analyzing the results of the survey we aim to enable the development of soft robot
metrics and we at least show this in the case of soft robot actuators in Chapter 3. The top-ranked

metric from each task are the following:

Compliance (Vibration Task)
* Compliance at EE (Wiping Task, Incidental Impact)

* Maximum Impact Energy (Intentional Impact, Incidental Impact)

Steady State Error (Pick and Place)

Note that the metrics Compliance at EE and Maximum Impact Energy were ranked highest

for two tasks.

2.5 Conclusion

We would like to note that this survey is subjective and falls within the realm of engineering

design. However, as often happens in engineering it is useful to start development from good
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